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Preface to ”Quality Evaluation of Plant-Derived
Foods”

It is well established that preference (but not exclusivity) for plant-derived foods can result in

both health and environmental benefits. However, it must be acknowledged that not all plant-derived

foods present the same quality to consumers. Hence, traditional and novel tools to assure high quality

standards have to be applied to these types of foods. At the same time, the definition of quality may

be different from product to product, and must be studied accordingly. The composition in terms of

bioactive compounds content, fat content or fatty acid profile, vitamins, carbohydrates, and volatile

compounds, as well as microbial safety and sensorial characteristics, are some of the parameters that

can provide insight into the quality of plant-derived foods. Of course, these types of foods are usually

subjected to some kind of post-harvest processing or storage that can alter their properties. This has

also led to the need to study how these procedures change the characteristics of the original food.

This new MDPI book publishes important manuscripts dealing with “Quality Evaluation of

Plant-Derived Foods”. This includes novel approaches to this line of research, as well as the use

of established methodologies to analyze novel plant foods, understudied species, or to obtain new

data on known plant foods.

Ivo Vaz de Oliveira

Editor

vii
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Abstract: Browning of apple and apple products has been a topic of numerous research and there is
a great number of methods available for browning prevention. However, one of the most efficient
ways, and the one most acceptable for the consumers, is the selection of a non-browning cultivar.
Cultivar ‘Majda’ is a Slovenian cultivar, a cross between ‘Jonatan’ and ‘Golden Noble’. In this study, it
was thoroughly examined and compared to the well-known cultivar ‘Golden Delicious’ with the aim
to decipher the reason for non-browning. We have determined the content of sugars, organic acids,
vitamin C, glutathione and phenolics in apple flesh, with the addition of phenolic content in apple
peel and leaves. The change in color in halves and pomace was also measured and the activity of
peroxidase (POX) and polyphenol oxidase (PPO) were determined. Additionally, the analyses of flesh
were repeated post-storage. The most prominent results were high acidity (malic acid), low phenol
content, especially hydroxycinnamic acid and flavan-3-ol content of cultivar ‘Majda’ in comparison
to ‘Golden Delicious’, and no difference in PPO activity between cultivars. After the overview of the
results, we believe that both low phenol content and high reduced glutathione content impact the
non-browning characteristics of cultivar ‘Majda’.

Keywords: non-browning; polyphenol oxidase; phenolics; vitamin C; glutathione

1. Introduction

Browning is associated with deterioration. Its prevention, either by using additives
or choosing resistant cultivars, has taken a great part in horticultural and food research.
The conventional method to inhibit browning in fruit has been to utilize sulfites [1]. How-
ever, due to health concerns, alternative means of controlling enzymatic browning are
required [2]. In addition to numerous food processing techniques for prevention of brown-
ing, the initial decision on cultivar selection is crucial for all further steps. We now have
several known cultivars with a smaller rate or lack of browning, such as arctic apples,
‘Ambrosia’, ‘Eden’, ‘Aori27’, etc. [3–5]. The mechanism behind browning is oxidation of
polyphenols. Oxidation occurs when tissues are damaged, either by improper handling
causing bruising or by processing, cutting, peeling or grinding. Due to damaged cells, the
phenolics come into contact with polyphenol oxidase (PPO). In intact cells, PPO seems to
have little activity towards phenolics [6]. In addition to the phenolic content, the activity
of PPO is the reason for the development of browning [7]. PPO interacts with phenolic
substrates and molecular oxygen, since it is a bi-metalloenzyme with two copper-binding
domains [8]. The primary reaction is initiated by PPO accumulated in plastids, and not by
de novo formed enzyme, although high activation occurs in time after a cell-damaging event.
Furthermore, phenolic concentration increases in time after wounding [9]. What are the
main mechanisms behind non-browning cultivars? Arctic apple cultivars were genetically
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engineered with a transgene that produces specific RNAs to silence PPO genes [5]. Cultivar
‘Eden’ has a low phenolic content [3]. In addition to the low phenolic content, a low PPO
activity is also thought to be behind a lack of browning in cultivar ‘Aori 27’ [4]. The lack of
browning for cultivar ‘Ambrosia’ is explained by the lower activity of PPO enzyme [10].

Another important quality of a cultivar and its part of defense metabolism are two
major low-molecular-weight antioxidants, ascorbic acid (Vitamin C) and glutathione
(GSH) [11,12]. Ascorbic acid has an ability to reduce quinones back to phenolic com-
pounds prior to their subsequent reaction to form pigments. While GSH is directly linked
to cellular ascorbic acid metabolism through the ascorbate-glutathione cycle, GSH is used
as a source of reducing power for the enzymatic regeneration of oxidized ascorbic acid [13].
Furthermore, glutathionyl-chlorogenic acid conjugate was reported in apple juice [14].
Glutathionyl conjugates of hydroxycinnamic acids are known for limiting the browning
of grape juice, where GSH interferes by trapping the caftaric acid quinones produced by
oxidation in the form of 2-s-glutathionylcaftaric acid [15]. In addition, GSH has a role
in biosynthetic pathways, detoxification, antioxidant biochemistry, and redox homeosta-
sis [16].

All the above-mentioned metabolites have different preserving abilities during storage
that depend firstly on cultivar and pre- and post-harvest parameters. According to Awad
and Jager [17], total phenolics are relatively stable during storage. A good stability of the
main antioxidants (including GSH and ascorbic acid) was also reported [18]. Davey and
Keulemans [19] reported on the increased GSH content after 3 months of cold storage of
several apple cultivars, as well as increased vitamin C content. The increase, and in some
cases the decrease, of GSH and vitamin C mainly depended on the cultivar. However, a
weak correlation to the harvest time was implicated, as well.

Cultivar ‘Majda’ was confirmed as a variety in 1986 and was made from the cross
of ‘Jonatan’ and ‘Golden Noble’ [20]. The apple has a dark green basic color with a dark
red top color (Figure 1). Even though its non-browning characteristics were described
when it was introduced, it is not a well-known or a widely used cultivar. Only a few
growers have cv. ‘Majda’ planted in orchards. One of the reasons is probably the color of
fruit, which is not as appealing as the color of modern apple cultivars. It has high acidity
and is therefore mainly known for its use in processing. Cultivar ‘Golden Delicious’ is a
well-known cultivar and in numerous countries, the time of harvest and basic characteristic
of cultivars are compared to this cultivar. With respect to this, cultivar ‘Golden Delicious’
was chosen as a comparison to cultivar ‘Majda’. The first phenolic analysis of cultivar
‘Majda’ were made by Persic et al. [21], where they compared several cultivars in terms
of phenolic content and browning. They have correlated a stronger oxidation to the high
total phenolic content in apples. Their results urged us to focus on this cultivar, to further
explore the phenomenon of non-browning of cultivar ‘Majda’.
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The aim of this study was to establish the main parameters of inner quality of cultivar
‘Majda’ in comparison to ‘Golden Delicious’. We have determined the content of sugars,
organic acids, vitamin C, glutathione (GSH and GSSG), its precursors cysteine, methio-
nine, and phenolics in apple flesh, with the addition of phenolic content in apple peel.
Additionally, to establish if the low phenolic content also reflects in leaves, the content
of phenolics in leaves was determined. Furthermore, we wanted to decipher the main
reasons for its low susceptibility to browning. The change in color in halves and pomace
was also measured and the activity of peroxidase and polyphenol oxidase were determined.
Moreover, we have repeated the analysis on flesh post-storage to determine if the trait
persists after storage.

2. Results
2.1. Sugars

The results of total sugars and organic acids are presented in Figure 2 and their statis-
tical analysis in Table 1. All three factors (cultivar, time, and location) have a statistically
significant influence on sugar content. Moreover, the interactions between the cultivar
and time as well as the cultivar and location are significant. The contrast analysis showed
that there are statistically significant differences in the mean total sugar content between
‘Golden Delicious’ and ‘Majda’ at L2, whereas there were no statistically significant dif-
ferences between cultivars at L1. However, when also looking at confidence interval, one
can see that it is also close to a statistically significant difference at location L1 (Table S1).
Following storage, there are statistically significant differences between L1 and L2 with the
‘Golden Delicious’ cultivar. Time had a statistically significant influence on the content of
total sugars in ‘Majda’ at both locations. The composition of individual sugars also differs
between cultivars (Figure S1), with ‘Majda’ having a higher content of sucrose and sorbitol
and a lower content of glucose and fructose.
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Table 1. Three-factor ANOVA for cultivar (Cul: ‘Golden Delicious’ and ‘Majda’), location (Loc: L1 and L2), and time (T:
harvest and storage), as well as their interactions (p < 0.05).

Cul Loc T Cul:Loc T:Cul T:Loc T:Cul:Loc

Total sugars ** . *** NS ** . NS
Total acids *** NS *** ** NS ** ***

pH *** NS *** NS ** NS NS
Vitamin C *** ** *** ** *** * NS

Methionine *** *** *** NS *** *** *
Cysteine NS NS *** NS *** NS NS

GSH *** * *** NS . ** *
GSSG ** NS NS NS NS NS NS

Hydroxycinnamic acids *** ** *** NS NS NS NS
Dihydrochalcones *** NS *** NS ** NS NS

Flavonols *** ** . * NS NS NS
Flavan-3-ols *** NS NS NS NS NS NS

PPO * ** ** NS NS ** NS
POX NS NS *** ** NS NS NS

Cul T Trt Cul:T Trt:Cul Trt:T Tr:Cul:T
∆E ∆t−1 *** NS *** . NS *** NS

., Statistically significant differences at p < 0.1; *, statistically significant differences at p < 0.05; **, statistically significant differences at
p < 0.01; ***, statistically significant differences at p < 0.001; NS: Not significant.

2.2. Organic Acids

Malic and citric acid were quantified among organic acids (Table S2). Fumaric acid
was also determined, but its amount was exceptionally low and thereby not quantified.
Malic acid is the prevalent acid in apples, which is why its content has a decisive influence
on the total acid content in apple. When analyzing all the factors, we can see that there
is a statistically significant interaction between all of them. After the contrast analysis
was made, statistically significant differences were confirmed between cultivars within
locations at harvest and at location L1 following storage. Significant differences in the total
acid content following storage in ‘Golden Delicious’ at both locations were noted and in cv.
‘Majda’ at location L2.

2.3. pH

The results for apple juice mean that the pH values (±SE) are presented in Figure 3 and
statistical analysis in Table 1. The cultivar and time have a statistically significant influence
on pH as well as their interaction. Apple juice pH is not influenced by location. The analysis
of contrasts (Table S3) confirmed statistically significant differences between cultivars.
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2.4. Color Change

The change in color is notably different between cultivars (Figure 4 and Table 1).
Halves and pomace of cv. ‘Majda’ changed color far less in comparison to ‘Golden Deli-
cious’. The difference was more pronounced after harvest, but even following storage, cv.
‘Majda’ kept its potential of a lower rate of color change. The contrast analysis confirmed
statistical differences between cultivars (Table S5). Interestingly, following storage, there
were no statistically significant differences between halves and pomace of cv. ‘Majda’.
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for cultivars ‘Golden Delicious’ and ‘Majda’ at harvest and following storage.

2.5. Vitamin C, Methionine, L-cysteine, GSH and GSSG

The content of two major antioxidants in plants, vitamin C and glutathione (GSH
and GSSG) as well as GSH precursors L-cysteine and methionine, presented in Figure 5
and their statistics in Table 1. All the three factors (cultivar, time, and location) have a
statistically significant influence on the vitamin C content as well as on the methionine
and GSH content. The most interesting statistical difference for our study is the vitamin C
content in apple flesh following storage, where cv. ‘Majda’ flesh contains a higher content
of vitamin C in comparison to cv. ‘Golden Delicious’ (Table S5). In addition, interestingly,
there were no statistically significant changes in the vitamin C content in cv. ‘Majda’
between harvest and storage. The same pattern is also visible with methionine and GSH.
With the latter content differed already at harvest (between cultivars within locations).
Cysteine was highly influenced by the time and interaction between time and cultivar, its
content being statistically lower in cv. ‘Golden Delicious’ after storage in comparison to
harvest at both locations. The GSSG content depended on the cultivar, the content of GSSG
in cv. ‘Golden Delicious’ flesh representing 69% of the content of GSSG in cv. ‘Majda’ flesh.
Differences are also represented with the heatmap (Figure S2).
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which they are presented in Figures and mean contents of individual phenols are pre-
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cetin-3-galactoside; and flavan-3-ols: Catechin, epicatechin, procyanidin B1, procyanidin 
B2 + B4. In the peel of cv. ‘Majda’, cyanidin-3-galactoside was also determined, but was 
not included in the results. The 3-hydroxyphloretin was not determined in peel and the 
phenols neochlorogenic acid, 3-hydroxyphloridzin, 3-hydroxyphloretin, and quercetin-3-
rutinoside were not determined in apple flesh. There is a pronounced difference in the 
phenolic content between cultivars (Table 1). The strongest difference is visible in hy-
droxycinnamic acid and flavan-3-ol content. The hydroxycinnamic group of phenolics is 
influenced by all three factors, but there are no interactions between them. Cultivar 
‘Golden Delicious’ has on average 11 times higher hydroxycinnamic acid content in com-
parison to ‘Majda’ (Table S8). At L1, the average content of hydroxycinnamic acids repre-
sents 75% content of hydroxycinnamic acids at location L2. On the contrary, the flavan-3-
ol content was influenced only by factor cultivar, but with high significance. The dihydro-
chalcone content differed between cultivars only following storage but not at harvest. 
However, it was also statistically significantly different within both cultivars comparing 
apple flesh at harvest and following storage (Table S7). Flavonols, on the other hand, were 
not influenced by time, but by location in addition to the cultivar. At L1, the contrast anal-
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Figure 5. Vitamin C (C vit), methionine (Met), cysteine (Cys), reduced glutathione (GSH), and
oxidised glutathione (GSSG) content in apple flesh (mg kg−1 FW; mean ± SE) for cultivars ‘Golden
Delicious’ and ‘Majda’ at two different locations (L1 and L2) at harvest and following storage.

2.6. Phenolic Content

Phenolic content was determined in flesh (Figure 6), peel (Figure 7), and apple leaves
(Figure 8). Determined phenolics were arranged into four groups (for leaves, five) in which
they are presented in Figures and mean contents of individual phenols are presented in
Table S6 and Figure S3. Hydroxycinnamic acids: Cryptochlorogenic acid, chlorogenic acid,
p-coumaric acid, and neochlorogenic acid; dihydrochalcones: Phloridzin, phloretin 2’-O-
xylosyl-glucoside, 3-hydroxyphloridzin, and 3-hydroxyphloretin; flavonols: Quercetin-3-
rhamnoside, quercetin-3-rutinoside, and quercetin-3-glycoside + quercetin-3-galactoside;
and flavan-3-ols: Catechin, epicatechin, procyanidin B1, procyanidin B2 + B4. In the peel of
cv. ‘Majda’, cyanidin-3-galactoside was also determined, but was not included in the results.
The 3-hydroxyphloretin was not determined in peel and the phenols neochlorogenic acid,
3-hydroxyphloridzin, 3-hydroxyphloretin, and quercetin-3-rutinoside were not determined
in apple flesh. There is a pronounced difference in the phenolic content between cultivars
(Table 1). The strongest difference is visible in hydroxycinnamic acid and flavan-3-ol
content. The hydroxycinnamic group of phenolics is influenced by all three factors, but
there are no interactions between them. Cultivar ‘Golden Delicious’ has on average
11 times higher hydroxycinnamic acid content in comparison to ‘Majda’ (Table S8). At L1,
the average content of hydroxycinnamic acids represents 75% content of hydroxycinnamic
acids at location L2. On the contrary, the flavan-3-ol content was influenced only by factor
cultivar, but with high significance. The dihydrochalcone content differed between cultivars
only following storage but not at harvest. However, it was also statistically significantly
different within both cultivars comparing apple flesh at harvest and following storage
(Table S7). Flavonols, on the other hand, were not influenced by time, but by location in
addition to the cultivar. At L1, the contrast analysis confirmed the statistical difference
between cultivars.
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drochalcones, flavonols, and flavan-3-ols (mg kg−1 FW; mean ± SE) for cultivars ‘Golden Delicious’ 
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acids. Compared to cv. ‘Golden Delicious’, cv. ‘Majda’ has about 13 times lower content 
of hydroxycinnamic acids (Table S8). Location 1 represents 67% content of hy-
droxycinnamic acids at L2. There were no statistical differences between cultivars in di-
hydrochalcone and flavonol content, but the latter did vary between locations. Again, fla-
van-3-ol content differed in cv. ‘Golden Delicious’ (four times higher content) in compar-
ison to cv. ‘Majda’. 

Table 2. Two-factor ANOVA for cultivar (Cul: ‘Golden Delicious’ and ‘Majda’) and location (Loc: L1 and L2) and their 
interactions (p < 0.05). 

  Cul Loc Cul:Loc 
Peel       

Hydroxycinnamic acids *** *** NS 
Dihydrochalcones NS NS NS 

Flavonols NS * NS 
Flavan-3-ols *** *** NS 

Leaves    

Arbutin * ** NS 
Hydroxycinnamic acids * . NS 

Dihydrochalcones *** * NS 
Flavonols *** . NS 

Flavan-3-ols *** *** NS 
., statistically significant differences at p < 0.1; *, statistically significant differences at p < 0.05; **, statistically significant 
differences at p < 0.01; ***, statistically significant differences at p < 0.001; NS: Not significant. 

Figure 6. Phenolic content in apple flesh presented in four groups: Hydroxycinnamic acids, dihy-
drochalcones, flavonols, and flavan-3-ols (mg kg−1 FW; mean ± SE) for cultivars ‘Golden Delicious’
and ‘Majda’ at two different locations (L1 and L2) at harvest and following storage.

The pattern is quite similar in apple peel, but the differences are not that extreme
(Figure 7 and Table 2). Here, the highest difference is in the content of hydroxycinnamic
acids. Compared to cv. ‘Golden Delicious’, cv. ‘Majda’ has about 13 times lower content of
hydroxycinnamic acids (Table S8). Location 1 represents 67% content of hydroxycinnamic
acids at L2. There were no statistical differences between cultivars in dihydrochalcone
and flavonol content, but the latter did vary between locations. Again, flavan-3-ol content
differed in cv. ‘Golden Delicious’ (four times higher content) in comparison to cv. ‘Majda’.

Table 2. Two-factor ANOVA for cultivar (Cul: ‘Golden Delicious’ and ‘Majda’) and location (Loc: L1
and L2) and their interactions (p < 0.05).

Cul Loc Cul:Loc

Peel
Hydroxycinnamic acids *** *** NS

Dihydrochalcones NS NS NS
Flavonols NS * NS

Flavan-3-ols *** *** NS
Leaves
Arbutin * ** NS

Hydroxycinnamic acids * . NS
Dihydrochalcones *** * NS

Flavonols *** . NS
Flavan-3-ols *** *** NS

., statistically significant differences at p < 0.1; *, statistically significant differences at p < 0.05; **, statistically
significant differences at p < 0.01; ***, statistically significant differences at p < 0.001; NS: Not significant.
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In apple leaves, the differences are not as drastic as in fruits but are still present (Fig-
ure 8 and Table 2). All the phenolics were influenced by both cultivar and location, with 
hydroxycinnamic acids and flavonols having weak, statistically significant differences re-
garding location. However, there were no interactions between factors cultivar and loca-
tion. Cultivar ‘Golden Delicious’ had twice as much arbutin, 1.4 times higher flavonol 
content and 2.9 times higher flavan-3-ol content as cv. ‘Majda’ (Table S8). On the other 
hand, cv. ‘Golden Delicious’ had 70% and 92% content of the cv. ‘Majda’ content of hy-
droxycinnamic acids and dihydrochalcones, respectively. 

Figure 7. Phenolic content in apple peel presented in four groups: Hydroxycinnamic acids, dihy-
drochalcones, flavonols, and flavan-3-ols (mg kg−1 FW; mean ±SE) for cultivars ‘Golden Delicious’
and ‘Majda’ at two different locations (L1 and L2).

In apple leaves, the differences are not as drastic as in fruits but are still present
(Figure 8 and Table 2). All the phenolics were influenced by both cultivar and location,
with hydroxycinnamic acids and flavonols having weak, statistically significant differences
regarding location. However, there were no interactions between factors cultivar and
location. Cultivar ‘Golden Delicious’ had twice as much arbutin, 1.4 times higher flavonol
content and 2.9 times higher flavan-3-ol content as cv. ‘Majda’ (Table S8). On the other
hand, cv. ‘Golden Delicious’ had 70% and 92% content of the cv. ‘Majda’ content of
hydroxycinnamic acids and dihydrochalcones, respectively.
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and ‘Majda’ at two different locations (L1 and L2). 

2.7. PPO and POX 
The PPO and POX activities are presented in Figure 9 and statistics in Table 1. There 

were statistically significant differences in the PPO activity in all three factors. However, 
the contrast analysis showed no statistically significant differences between cultivars (Ta-
ble S9). There was a difference in the enzyme activity between apple flesh at harvest and 
following storage. With POX, time was the only statistically different factor and culti-
var:location was the statistically significant interaction. 

Figure 8. Phenolic content in apple leaves presented as arbutin and four groups: Hydroxycinnamic
acids, dihydrochalcones, flavonols, and flavan-3-ols (mg kg−1 DW) for cultivars ‘Golden Delicious’
and ‘Majda’ at two different locations (L1 and L2).

2.7. PPO and POX

The PPO and POX activities are presented in Figure 9 and statistics in Table 1. There
were statistically significant differences in the PPO activity in all three factors. However, the
contrast analysis showed no statistically significant differences between cultivars (Table S9).
There was a difference in the enzyme activity between apple flesh at harvest and following
storage. With POX, time was the only statistically different factor and cultivar:location was
the statistically significant interaction.
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Figure 9. Activity of PPO and POX (ΔA min−1) in apple flesh of cultivars ‘Golden Delicious’ and 
‘Majda’ at harvest and following storage. 

3. Discussion 
The results show some promising differences between cultivars. Cultivar ‘Majda’ 

contains a lower sugar content than cv. ‘Golden Delicious’. Cultivars also differ in indi-
vidual sugar composition. Even though according to Aprea et al. [22] sorbitol correlates 
to sweetness the most, its low share in total sugar composition and lower fructose and 
glucose content in cv. ‘Majda’ do not contribute so much to the sweetness. In addition, the 
study by Rymenants et al. [23] reported that the perceived sweetness was greatly influ-
enced by the acidity and vice versa. Apples with low acidity are perceived to be sweeter, 
whereas apples with a strong acidic taste are perceived as less sweet. This is most likely 
behind the cv. ‘Majda’ taste perception, further supported by Aprea et al. [22], who as-
sessed a negative correlation between malic acid and perceived sweetness (r = −0.449). The 
higher malic acid content in cv. ‘Majda’ could also be connected to non-browning. In the 
study by Morimoto et al. [24], they reported on the connection between high acidity alleles 
and the alleles for non-browning. The major locus controlling apple fruit acidity has been 
designated as Ma (malic acid), where Ma corresponds to the dominant high acidity or the 
low pH allele and ma is the low acidity or the high pH allele [25]. For cv. ‘Majda’, it was 
also believed that the high acidity and low pH are the main factors for its lack of browning. 
However, in accordance with the previously mentioned data, it might just be the conse-
quence of heritability rather than the key reason for non-browning. 

The difference in color change between cultivars is evident. Similar results were also 
reported by Joshi et al. [26] for cultivar ‘Eden’. In our research, the halves and pomace of 
cv. ‘Majda’ both had minimal change in color in comparison to cv. ‘Golden Delicious’. 
Next, we will discuss the main possible causes for this trait. 

Both vitamin C and GSH are major antioxidants and this characteristic is also recog-
nized and used in the food industry [2]. However, according to Nicolas [27] the endoge-
nous vitamin C has a marginal role in the prevention of browning. On the contrary, Joshi 
et al. [26] did find the correlation between the vitamin C content and the whiteness index. 
In our study, the cultivars did not differ in vitamin C content at harvest, but they did differ 
in retaining of vitamin C following storage. Following storage, the content of vitamin C 
remained higher in the cv. ‘Majda’ fruit. Davey and Keulemans [19] reported that cultivars 
differ substantially in their ability to maintain vitamin C during storage. In their study, 
the ‘Golden Delicious’ vitamin C decreased following storage, whereas in a few other cul-
tivars it increased. Furthermore, they report on the correlation between fruit vitamin C 
contents and the harvest date, such that cultivars with the highest vitamin C contents were 
harvested latest in the season and the lowest contents were found among the early culti-

Figure 9. Activity of PPO and POX (∆A min−1) in apple flesh of cultivars ‘Golden Delicious’ and
‘Majda’ at harvest and following storage.

3. Discussion

The results show some promising differences between cultivars. Cultivar ‘Majda’
contains a lower sugar content than cv. ‘Golden Delicious’. Cultivars also differ in individ-
ual sugar composition. Even though according to Aprea et al. [22] sorbitol correlates to
sweetness the most, its low share in total sugar composition and lower fructose and glucose
content in cv. ‘Majda’ do not contribute so much to the sweetness. In addition, the study by
Rymenants et al. [23] reported that the perceived sweetness was greatly influenced by the
acidity and vice versa. Apples with low acidity are perceived to be sweeter, whereas apples
with a strong acidic taste are perceived as less sweet. This is most likely behind the cv.
‘Majda’ taste perception, further supported by Aprea et al. [22], who assessed a negative
correlation between malic acid and perceived sweetness (r = −0.449). The higher malic acid
content in cv. ‘Majda’ could also be connected to non-browning. In the study by Morimoto
et al. [24], they reported on the connection between high acidity alleles and the alleles
for non-browning. The major locus controlling apple fruit acidity has been designated as
Ma (malic acid), where Ma corresponds to the dominant high acidity or the low pH allele
and ma is the low acidity or the high pH allele [25]. For cv. ‘Majda’, it was also believed
that the high acidity and low pH are the main factors for its lack of browning. However,
in accordance with the previously mentioned data, it might just be the consequence of
heritability rather than the key reason for non-browning.

The difference in color change between cultivars is evident. Similar results were also
reported by Joshi et al. [26] for cultivar ‘Eden’. In our research, the halves and pomace of cv.
‘Majda’ both had minimal change in color in comparison to cv. ‘Golden Delicious’. Next,
we will discuss the main possible causes for this trait.

Both vitamin C and GSH are major antioxidants and this characteristic is also recog-
nized and used in the food industry [2]. However, according to Nicolas [27] the endogenous
vitamin C has a marginal role in the prevention of browning. On the contrary, Joshi et al. [26]
did find the correlation between the vitamin C content and the whiteness index. In our
study, the cultivars did not differ in vitamin C content at harvest, but they did differ in
retaining of vitamin C following storage. Following storage, the content of vitamin C
remained higher in the cv. ‘Majda’ fruit. Davey and Keulemans [19] reported that cultivars
differ substantially in their ability to maintain vitamin C during storage. In their study,
the ‘Golden Delicious’ vitamin C decreased following storage, whereas in a few other
cultivars it increased. Furthermore, they report on the correlation between fruit vitamin
C contents and the harvest date, such that cultivars with the highest vitamin C contents
were harvested latest in the season and the lowest contents were found among the early
cultivars. It is suggested that this is linked to the cultivar’s capacity for longer storage.
However, at this point, we must emphasize on the better storage ability of cultivar ‘Golden
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Delicious’ in comparison to that of cultivar ‘Majda’ in CA storage (non-published data
and experience from growers). The contrast analysis also showed the difference in vitamin
C content in the flesh of cv. ‘Golden Delicious’ between locations, whereas the content
of vitamin C of cv. ‘Majda’ apples did not vary between locations. It is known that the
content of vitamin C is highly influenced by temperature and radiation [28], so this might
add an explanation to the higher vitamin C content at L2, but then again, since cv. ‘Majda’
did not show the similar response, this is just a speculation that needs to be addressed in
future studies. What we can see, though, is also a higher content of the reduced form of
GSH in cv. ‘Golden Delicious’ at harvest at L2. Therefore, location did influence these two
antioxidants in cv. ‘Golden Delicious’. However, what stands out with GSH is the statisti-
cally significant higher content of GSH in cv. ‘Majda’ at both locations and at both times.
What is more, if we look at the phenolic content in flesh, we can significantly see a lower
content of hydroxycinnamic acids. In a review on the role of glutathione in winemaking,
Kritzinger et al. [29] reported on an interesting observation, the ratio of hydroxycinnamic
acid and GSH (HCA/GSH) represents a good indication of the grape must susceptibility to
oxidation. A ratio of 0.9–2.2 characterizes a lightly colored must, while the medium and
dark must are characterized by 1.1–3.6 and 3.8–5.9 HCA/GSH ratio, respectively. If we
compare the HCA/GSH ratio in our samples we can see a great difference, 2.7–3.2 and
0.2–0.3, for cv. ‘Golden Delicious’ and cv. ‘Majda’, respectively. Therefore, we have two
aspects we need to take into account when discussing the lack of oxidation in cv. ‘Majda’:
Low hydroxycinnamic acid content and high GSH content.

In addition to the low hydroxycinnamic acid, the flavan-3-ols content shows the
significant differences in the content of main phenols responsible for browning, namely
chlorogenic acid, catechin, and epicatechin [30,31]. Furthermore, at harvest, none of the
procyanidins were determined nor were the cryptochlorogenic acid or p-coumaroylquinic
acid from flavanols and hydroxycinnamic acids groups, respectively. As Khanizadeh
et al. [3] described, the lack of substrate for PPO enzyme may be the cause of non-browning.
This statement may be further supported by the results of PPO activity, where no statis-
tically significant differences between our tested cultivars were determined. Following
storage, the activity of PPO decreased in both cultivars. The low PPO activity is the main
mechanism behind cv. ‘Ambrosia’ non-browning, but based on these results, it is rather the
lack of substrate than the lower PPO activity that is the cause, therefore it is more similar
to the ‘Eden’ cultivar’s background. The content of dihydrochalcones differed between
cultivars only following storage and the flavonol content varied between cultivars merely
at L1. Both groups are known for their antioxidant role in apple [32,33], but the content
of both groups in apple flesh is quite low. The POX activity was mostly influenced by
time, and only the interaction between cultivar and location is statistically significant. With
its various activities in plants, it is hard to make any assumptions without any further
investigation. Nonetheless, the main differences between cultivars are well summarized by
the heatmaps (Figures S1–S3).

Since the high phenolic content is preferred due to its beneficial role in human
health [34], we also wanted to evaluate the apple peel from both cultivars. As done
in flesh, the low sum of hydroxycinnamic acids and flavan-3-ols also stands out in the peel
in cv. ‘Majda’. There were no statistical differences in the contents of dihydrochalcones
and flavonols between cultivars. Therefore, the peel has similar properties to flesh. This
is not the best in the context of high antioxidant content. However, cv. ‘Majda’ contains
anthocyanin cyanidin-3-O-galactoside. Anthocyanins are known for their beneficial role in
human health [35].

With interesting results from flesh and peel, we wanted to broaden the knowledge
on the phenolic content in cv. ‘Majda’, to see if this trait is present through the whole
tree or if it is present just in the fruit. The group of flavonols and flavan-3-ols shows a
similar pattern as flesh and peel, while the hydroxycinnamic acids and dihydrochalcones
are even higher in cv. ‘Majda’ leaves in comparison to leaves of cv. ‘Golden Delicious’. Both
hydroxycinnamic acids and dihydrochalcones are known for their role as antioxidants and
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the role against various pathogens [32,36]. This might explain the overall lower sensitivity
to pathogens of cv. ‘Majda’, which is an important factor for growers. This is encouraging,
since in addition to the great fruit attributes, the sensitivity to diseases is a key concern for
growers. Location also had an influence on the phenolic content, which was expected due
to the different weather conditions.

4. Materials and Methods
4.1. Plant Material

Leaves and apples were harvested in 2019, at two different locations, in the experi-
mental orchard Brdo pri Lukovici (L1: Continental Slovenia; 46◦10’04.8” N, 14◦40’55.2” E,
altitude 368 m) and in the north-west part of Slovenia, in Sadovnjak Resje (L2: Latitude
46◦20” N, longitude 14◦12” E, altitude 500 m). Soils on location L1 are Dystric cambisol on
fine sediments (clay and silt) with pH = 4.8 (0.01 M CaCl2) and organic carbon content 2.1%
(Corg) in top 30 cm. On location L2, soils are deep (Eutric cambisol) with a similar organic
carbon content (Corg = 2.4%) but not so acidic (pH= 5.8) top soil. Weather conditions on
both locations during the vegetation period in 2019 are presented in Table S10 and Figure
S4. The amount of precipitation was very similar on both locations (731 mm on L1 and
753 mm on L2). The average daily air temperatures were 16.3 ◦C on L1 and 17.1 ◦C on
L2, the average daily minimum air temperatures were 10.8 and 11.5 ◦C and the average
daily maximum air temperatures were 21.8 and 23.5 ◦C, respectively. Rootstock M9 and the
slender spindle training system were used in both orchards. In addition to cv. ‘Majda’, cv.
‘Golden Delicious’ was collected as a comparison due to its position in the European market.
The leaves were incorporated in the study, to include another angle in comparison. They
were sampled on 22 July 2019 at both locations. The leaves were ground in liquid nitrogen
and lyophilized. The apples were harvested in their technological ripeness, as determined
by firmness, the total soluble solids and starch test of cv. ‘Golden Delicious’ and cv. ‘Majda’
were harvested on 19 and 29 of September 2019, respectively. Both locations were harvested
at the same time. Only apples of correct size (1st quality class) were collected and chosen
for further handling and analysis. Approximately 30 kg of apples for each location and
each cultivar were collected, half of which was immediately placed in cold storage and
the rest were peeled, cut directly into liquid nitrogen and stored for the analysis of sugar,
organic acid, phenolic content, and enzyme activity (POX and PPO). Apples were stored
for 2 months in a cold storage with the temperature of 4 ◦C.

4.2. Color Analysis

Apples were either cut in half or ground with a commercial juicer (Sana juicer by Omega
EUJ—707), and the change in color (Spectrophotometer CM-700d; Konica Minolta) was
monitored over time, 1 h for the halves and 10 min for the pomace. Parameters a*, b*, and L*
were recorded and parameter ∆E was calculated according to the following formula:

∆E =
√

∆a2 + ∆b2 + ∆L2

4.3. Sugar and Organic Acid Extraction and Analysis

Frozen flesh was briefly chopped, and 5 g were placed in a 100 mL beaker and
then homogenized with 25 mL of twice distilled water using Ultra-Turrax T-25 (Ika-
Labortechnik, Staufen im Breisgau, Germany). After 30 min of shaking and 10 min of cen-
trifuge (8400 rpm), the samples were filtered through a 45 µm cellulose filter (Chromafil®)
into vials until further analysis.

Sugars and organic acids were measured using the Agilent 1100 Series. The Rezex
RCM-monosaccharide column (300 × 7.8 mm; Phenomenex, Torrance, CA, USA) for sugars
and sorbitol and Rezex ROA organic acid column (300 × 7.8 mm; Phenomenex, Torrance,
CA, USA) for organic acids were used for analysis. To determine the sugar content, a
method described by Mikulic-Petkovsek et al. [37] was used, with an adjustment of the
column temperature to 80 ◦C. For organic acids, method OIV-MA-AS313-04: R2009 from
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the Compendium of international methods of analysis was used. The concentrations of
sugars and organic acids were calculated with the help of corresponding external standards
and were expressed in g kg−1 of fresh weight (FW).

4.4. Vitamin C Extraction and Analysis

Apples were processed on the day of the harvest to determine their vitamin C content.
The method used for the determination is compliant with standard SIST EN 14130:2003
(determination of vitamin C using HPLC (Agilent Technologies, Santa Clara, CA, USA).
Apples were quickly peeled, chopped, and immersed in liquid nitrogen prior to being
ground in a mortar, using ceramic knife and mortar. Twenty grams of flesh powder were
extracted with the metaphosphoric acid (Merck) and placed on the shaker for 30 min.
The further procedure was as described in the standard. HPLC (Agilent 1200) with the
UV-VIS detector at 265 nm was used for detection. The Gemini C18 110A (250 × 4.6 mm,
5 µm) column with the flow rate 0.7 mL min−1 was used. The results are in mg per kg of
fresh sample.

4.5. Phenolic Content Extraction and Analysis

The phenolic content was determined from the apple powder and leaf powder gained
from grounding in the mortar with the help of liquid nitrogen. The extraction and de-
termination of phenolics was made following the protocol of Vrhovsek et al. [38]. Two
grams of apple powder were extracted using aqueous 80% methanol (Honeywell, LC-MS
Chromasolv). For leaves, a slight modification was made, 1 g of lyophilized leaf pow-
der was used and extracted with 4.8 mL of MeOH:H2O (2:1) and 3.2 mL of chloroform
(Honeywell, LC-MS Chromasolv). An ultraperformance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS) was used for the analysis. Two µL of samples were
injected and processed through 100 × 2.1 mm, 1.8 µm column (Acquitiy HSS T3, Waters),
maintained at 40 ◦C, with the flow rate of 0.4 mL min−1. The gradient profile of mobile
phases was as described in Vrhovsek et al. [38]. The mass spectrometry detection was
performed on Waters Xevo TQMS (Milford, MA, USA), equipped with an electrospray
(ESI) source in positive and negative modes [38]. Results are presented in mg kg−1 of fresh
weight (FW) for flesh and mg kg−1 of dry weight for leaves.

4.6. Glutathione (GSH, GSSH), Cystein and Methionine Extraction, and Analysis

The frozen apple flesh (−80 ◦C storage) was ground under cryogenic conditions
(−196 ◦C) using AK11 mill (IKA), rapidly weighted into ice cold MeOH with sample
weight to solvent volume (w/v) ratios of 1:4, shaken at room temperature for 15 min, and
centrifuged (10,000× g, 4 ◦C) for 10 min. The volume was adjusted, samples were filtered
through a 0.2 µm PVDF filter (Agilent technologies) into dark vials and directly injected
onto UHPLC-MS/MS (Agilent technologies), and analyzed as described [39].

4.7. POX and PPO Activity Determination

For the enzyme activity, the frozen material from −80 ◦C of storage was used. We
were following the protocol described in Zupan et al. [40] for the preparation of samples for
the POX activity and Cebulj et al. [41] for the preparation of samples for the PPO activity.
Measurements were made according to the Worthington manual (Worthington Biochemical
Corporation, 1972). The enzyme activity was calculated in ∆A min−1.

4.8. Statistics

A three-factor analysis of variance (ANOVA) with factors cultivar, location, and time
was used for the flesh samples. All the factors had two levels: Cultivar (‘Majda’ and ‘Golden
Delicious’), location (L1 and L2), and time (harvest and storage). For peel and leaves,
the two-factor ANOVA was used (factors cultivar and location). For the determination
of sugars, organic acids, and phenolic compounds, the samples were prepared in five
replicates. For leaves, four replicates were used. For the enzyme activity, three replicates
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were performed per treatment (each with three technical repetitions). Some variables
were log-transformed before the statistical analysis to meet the assumption of constant
variance between treatments. When the ANOVA showed a statistical significance, a contrast
analysis was performed with user-defined contrasts. When the interactions between the
factors did not show a statistically significant difference, Tukey’s HSD test was used for
comparison. The contrasts with statistical significances, heatmap of individual sugars, as
well as the means with SE of individual phenolics are presented in supplementary materials
(Tables S1–S9 and Figures S1–S3). If the p-value for differences between the means was less
than 0.05, it was considered statistically significant.

5. Conclusions

In conclusion, cv. ‘Majda’ is one of the rare cultivars from traditional cross-breeding
with a non-oxidation trait. We have screened some of the main actors of oxidation in apple
flesh glutathione, vitamin C, phenolic content, and PPO activity. Based on the results, we
conclude that the low phenolic content and high reduced glutathione content are the major
reasons for the cv. ‘Majda’ lack of oxidation. We have upgraded the knowledge on cv.
‘Majda’ by also analyzing glutathione, and this feature will have to be further researched.
Its high acidity is feasibly a consequence of heredity, rather than the main reason for non-
oxidation, but one must not disregard that the high acidity with a low pH can contribute to
a slower oxidation by reducing PPO efficiency. This will be further researched by the gene
expression analysis. This work also touches upon another topic: Fruit processing. Today,
the consumers seek products for a quick consumption, such as prepared snacks, but with
as little as possible additives to preserve them. Cultivar ‘Majda’ is suitable for this role and
has a great potential for use as a minimally processed product, as well as a regular apple
product with no additives for the prevention of oxidation. This will also be addressed in
our future research. Furthermore, cultivar ‘Majda’ is not an overly sensitive cultivar and is
thereby undemanding for fruit growers.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10071402/s1. Figure S1: Heatmap for standardized variables: Individual sugars:
Sucrose, Suc; glucose, Glu; fructose, Fru; sorbitol, Sorb; organic acids: Citric acid, Cit_ac; malic
acid, Mal_ac; and pH for cultivars ‘Golden Delicious’ (GD) and ‘Majda’ (MA) at two different
locations (L1 and L2) at harvest and following storage, dendrogram based on Ward’s clustering
squared Euclidian distance. Figure S2: Heatmap for standardized variables: Vitamin C, C vit; me-
thionine, Met; cysteine, Cys; reduced glutathione, GSH; oxidised glutathione, GSSG; polyphenol
oxidase, PPO; peroxidase, POX for cultivars ‘Golden Delicious’ (GD) and ‘Majda’ (MA) at two
different locations (L1 and L2) at harvest and following storage, dendrogram based on Ward’s
clustering squared Euclidian distance. Figure S3: Heatmap for standardized variables: Hydroxycin-
namic acids: Cryptochlorogenic acid, X4-CQA; chlorogenic acid, X3-CQA; neochlorogenic acid, X5-
CQA; and p-coumaric acid, p_coum_ac; dihydrochalcones: Phloridzin, Phl; phloretin 2’-O- xylosyl-
glucoside, Phl_xy_phl; 3-hydroxyphloridzin, X3_Hy_phl; and 3-hydroxyphloretin, X3_Hyd_phl;
flavonols: Quercetin-3-rhamnoside, Q-Rha; quercetin-3-rutinoside, Q-Rut; and quercetin-3-glycoside
+ quercetin-3-galactoside, Q-Glc_Gal; flavan-3-ols: Catechin, Cat; epicatechin, Epicat; procyanidin
B1, P_B1; procyanidin B2 + B4, P_B2_B4 for cultivars ‘Golden Delicious’ (GD) and ‘Majda’ (MA) at
two different locations (L1 and L2) at harvest and following storage, dendrogram based on Ward’s
clustering squared Euclidian distance. Figure S4: Daily precipitations, daily minimum and maximum
air temperature for the locations L1 and L2. Table S1: The contrast analysis for total sugars with
estimated differences between averages and corresponding 95% confidence intervals (lwr, lower
boundary; upr, upper boundary), for time (harvest, storage), location (L1 and L2), and cultivar (GD,
‘Golden Delicious’; MA, ‘Majda’). Table S2: The contrast analysis for total organic acids with estimated
differences between averages and corresponding 95% confidence intervals (lwr, lower boundary;
upr, upper boundary), for time (harvest, storage), location (L1 and L2), and cultivar (GD, ‘Golden
Delicious’; MA, ‘Majda’). Table S3: The contrast analysis for pH with estimated differences between
averages and corresponding 95% confidence intervals (lwr, lower boundary; upr, upper boundary),
for time (harvest, storage), location (L1 and L2), and cultivar (GD, ‘Golden Delicious’; MA, ‘Majda’).
Table S4: The contrast analysis for change in color (∆E ∆t−1) with estimated ratios of averages and cor-
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responding 95% confidence intervals (lwr, lower boundary; upr, upper boundary), for time (harvest,
storage), location (L1 and L2), and cultivar (GD, ‘Golden Delicious’; MA, ‘Majda’). Table S5: The con-
trast analysis for vitamin C, methionine, cysteine, and glutathione (GSH and GSSG) with estimated
ratios of averages and corresponding 95% confidence intervals (lwr, lower boundary; upr, upper
boundary), for time (harvest, storage), location (L1 and L2), and cultivar (GD, ‘Golden Delicious’;
MA, ‘Majda’). Table S6: Individual phenols (mean ± SE) in flesh (mg kg−1 FW), peels (mg kg−1 FW),
and leaves (mg kg−1 DW). Hydroxycinnamic acids: Cryptochlorogenic acid, 4-CQA; chlorogenic
acid, 3-CQA; neochlorogenic acid, 5-CQA; and p-coumaric acid, p_coum_ac; dihydrochalcones:
Phloridzin, Phl; phloretin 2’-O- xylosyl-glucoside, Phl_xy_phl; 3-hydroxyphloridzin, 3_Hy_phl; and
3-hydroxyphloretin, 3_Hyd_phl; flavonols: Quercetin-3-rhamnoside, Q-Rha; quercetin-3-rutinoside,
Q-Rut; and quercetin-3-glycoside + quercetin-3-galactoside, Q-Glc_Gal; flavan-3-ols: Catechin, Cat;
epicatechin, Epicat; procyanidin B1, P_B1; and procyanidin B2 + B4, P_B2_B4. Table S7: The contrast
analysis for phenolic groups dihydrochalcones and flavonols in apple flesh with estimated ratios of
averages and corresponding 95% confidence intervals (lwr, lower boundary; upr, upper boundary),
for time (harvest, storage), location (L1 and L2), and cultivar (GD, ‘Golden Delicious’; MA, ‘Majda’).
Table S8: HSD test for phenolic groups, hydroxycinnamic acids, dihydrochalcones, flavonols and
flavan-3-ols in apple flesh, peel and leaves with estimated ratios of averages and corresponding 95%
confidence intervals (lwr, lower boundary; upr, upper boundary), for time (harvest, storage), location
(L1 and L2), and cultivar (GD, ‘Golden Delicious’; MA, ‘Majda’). Table S9: The contrast analysis for
PPO and POX with estimated ratios of averages and corresponding 95% confidence intervals (lwr,
lower boundary; upr, upper boundary), for time (harvest, storage), location (L1 and L2), and cultivar
(GD, ‘Golden Delicious’; MA, ‘Majda’). Table S10: Meteorological conditions during the vegetation
period (1. 4. 2019–30. 9. 2021) on locations L1 and L2.
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Abstract: Fruit cracking is one of the main concerns in sweet cherry production and is caused by a
heavy rainfall before and during the harvest. This physiological disorder leads to severe economic
losses, which can be more or less effective depending on the cracked region of the fruit: in the cheeks
(side cracks), in the stylar scar region, or in the stem cavity region. Sweet cherry cracking can be affected
by several factors such as cultivar, growing conditions, rootstock, fruit size, flesh osmotic potential,
cuticular characteristics of the skin, and stage of fruit development. In this sense, the objective of this
work was to evaluate the cracking incidence in two sweet cherry cultivars (Early Bigi and Lapins
grafted on “Saint Lucie 64” rootstock) and correlate the cracking index with other quality parameters.
Fruits were harvested on 2 May (cv. Early Bigi) and on 27 May (cv. Lapins) 2019 at their commercial
ripening stage. In the field, the total yield and the trunk cross-sectional area were determined for each
tree in order to calculate the yield efficiency. In the laboratory, the cracking index was determined
in 150 fruits without visual defects. In addition, fruit size and weight, wax content, flesh firmness,
epidermis rupture force, total soluble solids, pH, titratable acidity, and maturity index of 30 fruits
were also evaluated. In general, all the analyzed quality parameters were influenced by the cultivar,
being that cv. Lapins presented larger, heavier, firmer, and sweeter fruits, with more acidity and
higher maturation index. However, cv. Lapins also presented higher cracking index, which was
positively correlated with all the parameters above-mentioned and negatively correlated with the wax
content. In fact, cv. Early Bigi presented a high wax content and simultaneously a low cracking index.
The stylar scar region cracks were the most prevalent in both cultivars. These results allowed us to
conclude that, in the North Portugal region, the Lapins cherries presented better quality attributes
than the Early Bigi cherries. However, the latter are still very valuable to the region due to its early
ripening. Additionally, it was also possible to conclude that bigger, firmer, more mature, and with
lower wax content cherries were more sensitive to cracking than the smaller fruits, soft-fleshed,
less mature, and with higher wax content.

Keywords: cracking index; fruit quality; sweet cherry fruit; yield efficiency

1. Introduction

Sweet cherries (Prunus avium L.) are one of the most attractive and appreciated spring–summer
fruits, especially due to its attractive appearance, color, taste, and sweetness [1].
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According to FAOSTAT (Food and Agriculture Organization of the United Nations), in 2018,
2,547,944 tons of sweet cherry were produced in the world, in a global cultivated area of 432,314 ha [2].
In that year, the main producers in the world were Turkey, United States of America, Uzbekistan,
Chile, and Iran [2]. Within Europe, Italy (114,798 tons), Spain (106,584 tons), Romania (90,837 tons),
and Greece (90,290 tons) were the top sweet cherry producing countries, while Portugal produced,
in the same year, 17,461 tons in a total cultivated area of 6056 ha [2].

Sweet cherries are extremely perishable fruits (short shelf life of 7–14 days in air cold storage) with
a short harvest season. Its quality is highly affected by the environmental conditions, since excessive
rainfall before and during the harvest can lead to the fruit cracking. This physiological disorder
causes production and economic losses [3,4] and originates from the excess uptake of water by the
fruit surface, which results in localized bursting of the skin [5,6]. Other authors support that fruit
cracking is the result of skin shrinking after rapid cooling caused by rainfall or by a sharp temperature
drop [7]. Cracking in sweet cherries can be divided in macro-cracks (extending into the epidermal
and hypodermal cell layers and visible to the naked eye) and micro-cracks (induced by water and
not detected by visual inspection) [6,8]. According to [9], three different types of macro-cracking can
occur in sweet cherries: in the cheek region, in the stylar scar region (apical end), and in the stem
cavity region.

The cracking susceptibility is difficult to quantify in the field, since the level, distribution,
and duration of rainfall, fruit maturity stage, orchard factors, and environmental conditions are not
standardized [10]. Indeed, fruit cracking can be affected by several factors such as cultivar, growing
conditions, rootstock, fruit size, flesh osmotic potential, cuticular characteristics of the skin, and stage
of fruit development [3,11]. Among the several factors affecting the cracking of sweet cherry, the effect
of the cultivar on this disorder was evaluated in the present work. The cultivars studied were Early
Bigi and Lapins.

The cv. Early Bigi, also known as Bigi Sol, is a self-sterile cherry cultivar, large in size but with
less flavor than other cultivars such as Burlat and Lapins. However, it is of great agronomic interest,
since it is one of the very early cultivars produced in Resende.

The cv. Lapins, also marketed as Cherokee, is a hybrid of Van (variety very used in cross
pollinations for its excellent attributes) and Stella (first self-fertile variety) cultivars and it is currently
the sweet cherry cultivar most planted around the world. This cultivar is a late-season sweet cherry
cultivar, ripening about one month later than Early Bigi. Its fruit is of excellent quality, producing some
of the largest and juiciest of the sweet cherries. Furthermore, this cultivar is self-fertile and do not
require a pollinator.

The sensitivity of different cultivars to cracking is not completely understood. However,
some authors support that by choosing the right cultivar, it is possible to minimize the cracking
incidence. The authors in [12,13] also defended that good results in productivity, fruit size, firmness,
and tolerance against cracking were the main criteria for cultivar selection.

In this sense, the main objective of this work was to evaluate the fruit cracking incidence and
cracking characteristics of two sweet cherry cultivars Early Bigi and Lapins (early vs. late) and correlate
it with other fruit quality parameters, namely, fruit size and weight, firmness, epidermis rupture force,
wax content, total soluble solids, titratable acidity, maturity index, and pH.

2. Results and Discussion

2.1. Total Yield and Yield Efficiency

According to [14], high yield efficiency is an important characteristic that determines the
commercial value of a given cultivar.

The results of the yield per tree evaluated in the field at harvesting time and the yield efficiency
are presented in the Figure 1. No significant differences were observed in both parameters for the
two studied cultivars (p = 0.805 and p = 0.657, respectively). Despite no significant differences were
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observed in the total yield per tree, 50.1% of the fruits of cv. Early Bigi were harvested already cracked,
due to heavy rains during the maturity period (especially the month of April), while no cracked fruits
were collected for cv. Lapins. This can be explained by the low rainfall during the month of May (only
0.3 mm of rain). In fact, high rainfall during the maturity period and near the harvest time usually
leads to a higher cracking index.

Figure 1. (A) Yield (kg tree−1) and (B) yield efficiency (kg cm−2) of two sweet cherry cultivars (Early Bigi.
and Lapins). Data are expressed as mean ± standard deviation. Similar letters indicate no statistically
significant differences (p > 0.05) between cultivars for each variable, according to Tukey’s test.

The yield efficiency also did not present significant differences between cultivars. However,
the highest values were observed in cv. Lapins. In a previous work developed by [13], in Slovenia,
cv. Early Bigi presented a higher yield efficiency (0.25 kg cm−2) than our trees, which can be explained
by the different ages of the trees, different soils, and edaphoclimatic conditions.

2.2. Cracking Index and Crack Type Incidence

The CI (cracking index) of both sweet cherry cultivars after an immersion in distilled water during
6 h and the crack type incidence are presented in Figure 2. The cv. Lapins presented a significantly
higher cracking index than cv. Early Bigi (p = 0.001), with a fold increase of 440%, despite being
considered as a moderately resistant cultivar to cracking.

Figure 2. (A) Cracking index (%) and (B) crack type incidence (%) of two sweet cherry cultivars (Early
Bigi and Lapins). SCR—stem cavity region, SSR—stylar scar region, and CR—cheek region. Data are
expressed as mean ± standard deviation. Different letters indicate statistically significant differences
(p < 0.05) between cultivars for each variable, according to Tukey’s test.

Taking into account the different types of cracking, in the present work, the SSR cracks were
the most frequent in both cultivars (86.41% in cv. Early Bigi and 96.12% in cv. Lapins). This can be
explained by the higher osmotic concentration of solutes in this part of the fruit, which accounted
for a more rapid water absorption through the skin, resulting in a quicker formation of cracks [15].
Furthermore, cv. Early Bigi also presented 13.59% of CR cracks and no SCR-type cracking was found
in this cultivar, while cv. Lapins presented 3.1% of SCR cracks and only around 0.78% of CR cracks.
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According to [15], the small cracks at the base and top end of the fruit (SCR and SSR cracks) often
occurred at a very early stage, when the fruits were not yet mature. The same author [9] also suggested
that cherries with these two types of cracks were tolerated by consumers since no fungal infection is
present. However, fruit with CR cracks (more predominant in cv. Early Bigi than in cv. Lapins) are
usually rejected by the consumers.

Despite the higher cracking index of cv. Lapins observed in the present work and determined in
the laboratory, it is necessary to take in account that cracking of fruit attached to the tree and that of
fruit detached and submerged differs significantly. In fact, according to [16], fruit attached to the tree
cracked more slowly and required more water to crack.

2.3. Cracking Index and Biometric Attributes

Fruit size is considered as the main benchmark in commercial cherry grading, being a large factor
in consumer preference, and is a huge determinant of both farm gate and market price.

The correlations between the CI and the fruit width and its weight are presented in Figure 3A,B.
In Figure 3A, it is possible to observe that cv. Early Bigi presented simultaneously lower values of CI
and width, which means that these two parameters were positively correlated (R2 = 0.9529, p = 0.001).
The same profile was observed in Figure 3B. Indeed, CI and fruit weight were also positively correlated
(R2 = 0.9482, p = 0.001), with the highest values of both parameters to be observed in cv. Lapins.
In fact, the weight of fruits from cv. Lapins was significantly higher (11.12 g of average weight) than
in cv. Early Bigi (6.10 g of average weight) (p = 0.000). According to several authors, the fruit size
depends on cultivar, maturation stage, agricultural practices, and environmental conditions [17–19].
In this work, the higher CI observed in cv. Lapins may have been influenced by the big fruit size of
this cultivar (29.00 mm of average width) in contrast to cv. Early Bigi (24.46 mm of average width),
thus there were significant differences between cultivars (p = 0.000). In fact, according to [20] and [21],
larger fruits are more prone to cracking than small ones. In fact, in big fruits, the physical stress on the
enclosing membrane (the skin) is bigger, and consequently, cracks occur in areas of the fruit where
stress is the greatest [4]. However, the first author also suggested that the correlation between the CI
and the fruit size was greater within a cultivar than between cultivars, since it is necessary to take into
account the specificities of each cultivar.

Figure 3. Correlation between (A) the cracking index (%) and the fruit width (mm) and (B) the cracking
index (%) and the fruit weight (g) of two sweet cherry cultivars: Early Bigi and Lapins.
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2.4. Cracking Index, Soluble Cuticular Wax Content, and Texture Parameters

The fruit cuticle is a hydrophobic and semi-permeable membrane consisting of two major lipid
types: cutin and cuticular waxes [22]. Cuticular waxes play an important role in the water permeability
of sweet cherries [23].

The correlation between the CI and the cuticular wax content is presented in Figure 4A.
Cv. Early Bigi presented lower CI, but significantly higher wax content than cv. Lapins (p = 0.000).
This means that these two parameters were negatively correlated (R2 = 0.8389, p = 0.012). In general,
the lower the wax content, the greater the water intake for the fruit, and consequently, the higher the
cracking index. Indeed, according to [24], cultivars more tolerant to cracking have higher wax contents.

Figure 4. Correlations between (A) the cracking index (%) and the wax content (µg g−1), (B) the
cracking index (%) and the flesh firmness (N mm−1), and (C) the cracking index (%) and the epidermis
rupture force (N) of two sweet cherry cultivars: Early Bigi and Lapins.

Fruit firmness (FF) is an important quality attribute in sweet cherries, which is associated with a
greater resistance to decay and mechanical damage, and consequently, to the increase of storage life [25].
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In the present work, according to Figure 4B, the CI is positively correlated with the FF (R2 = 0.7755,
p = 0.021), being that cv. Lapins presented the highest values for both parameters. Indeed, cv. Lapins
presented a significantly higher FF than cv. Early Bigi (p = 0.000). According to [26], sweet cherries
with higher flesh firmness can have consequently fewer physiological disorders during handling,
storage, and shipping, but according to [21], these firmer fruits are simultaneously more affected by
cracking. In fact, it is usually assumed that cultivars with firm-fleshed fruits have more tendency
to cracks, but the literature concerning this correlation is still very unclear [19]. It is likely that the
epidermis elasticity is smaller in the hardest fruits.

In a previous work developed by [27,28], cv. Lapins presented an average fruit firmness of 2.65 N
at harvest, which was lower than the results obtained in the present work for both cultivars (3.75 N
for Lapins and 3.74 N for Early Bigi), perhaps due to the pre-harvest applied treatments and/or the
different edaphoclimatic conditions.

No correlation was observed between the CI and the epidermis rupture force (ERF) (R2 = 0.0099,
p = 0.870) (Figure 4C). Furthermore, no significant differences were observed in ERF between cultivars
(p = 0.963).

2.5. Cracking Index (CI) and Maturity Evaluation Parameters

The cv. Lapins presented higher values for all the analyzed routine parameters (Figure 5A–D).
According to [29], total soluble solids (TSS) depend on cultivar, mainly due to glucose and fructose and
less to the presence of sucrose and sorbitol, being related to flavor intensity. In this work, cv. Lapins
presented a TSS value twice higher than that of cv. Early Bigi (averages of 19.37 and 9.80 ◦Brix,
respectively), indicating a significantly higher sugar content in cv. Lapins (p = 0.000). Maturity
index (MI), as the ratio between TSS and TA (titratable acidity), is also an indicator of sweetness and
consequently of maturity [30,31], allowing us to conclude that cv. Lapins (MI = 2.77) was significantly
more mature at harvesting time than cv. Early Bigi (MI = 1.73) (p = 0.000). As cv. Early Bigi is one of
the earliest cultivars collected in the Resende region, it can be sold at a good price and it is therefore a
very profitable cultivar in the region.

Figure 5. Correlations between (A) the cracking index (%) and the total soluble solids (◦Brix), (B) the
cracking index (%) and the titratable acidity (g citric acid 100 g−1), (C) the cracking index (%) and the
maturity index (TSS/TA), and (D) the cracking index (%) and the pH of two sweet cherry cultivars:
Early Bigi and Lapins.
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Positive correlations were observed between the CI and all the analyzed routine parameters,
with the exception of pH (Figure 5A–D). This means that the higher the total soluble solids, the titratable
acidity and the maturity index, the greater the CI. Stronger correlations were found between the CI
and TSS (R2 = 0.9633, p = 0.001) and the CI and the MI (R2 = 0.9544, p = 0.001). These results were
consistent with the findings of [32], who also reported a positive correlation between the TSS and fruit
cracking in sweet cherry cultivars. [33] also demonstrated that the susceptibility to cracking increased
with the maturation stage.

2.6. Principal Component Analysis (PCA)

To better understand the correlations between all the evaluated parameters, a chemometric
analysis was performed integrating all the data (Figure 6). The PCA based on the correlation matrix
standardizes the data and this analysis was performed using a correlation matrix (Corr-PCA). In this
analysis, the first two factorial axes (PC1 and PC2) represent 95.04% of the total variance, with factor
1 the one that presents the higher weight (82.81%).

1 
 

 

Figure 6. Principal component analysis using the whole dataset of two sweet cherry cultivars (Early
Bigi and Lapins). Analyzed parameters: WC—wax content; ERF—epidermis rupture force; FF—flesh
firmness; pH; CI—cracking index; FW—fruit weight; FS—fruit size (width); TA—titratable acidity;
TSS—total soluble solids; MI—maturity index.

The CI as well as the most of the analyzed parameters (fruit size, fruit weight, total soluble solids,
titratable acidity, and maturity index) were together in the right PCA quadrant as well as flesh firmness,
epidermis rupture force, and pH, although the latter were further away from the remaining parameters.
On the other hand, the wax content was spatially separated and placed in the left PCA quadrant,
corroborating the negative correlation between this parameter and the CI.

3. Material and Methods

3.1. Experimental Design and Sweet Cherry Raw Material

The experiment was conducted in 2019 in a 10 year-old sweet cherry orchard located in São João
de Fontoura, Resende (Viseu district, Northern Portugal; latitude 41◦12′ N, longitude 7◦93′ W,
altitude 149 m).

Weather data were recorded by a weather station located near the experimental site. The daily
minimum temperature in March, when the first flowers appeared in the trees, ranged between 3.7 and
12.2 ◦C and the daily maximum temperature ranged between 11.9 and 22.6 ◦C. The total precipitation
in that month was 4.1 mm, with day 6 as the rainiest. April was a very rainy month, with a total rainfall
of 8.1 mm throughout the month. The daily minimum temperature ranged between 2.0 and 14.3 ◦C
and the daily maximum temperature varied between 10.9 and 26.0 ◦C. The hottest days were 29 and
30 April. May was the warmest month (daily minimum temperature ranged between 6.4 and 17.4 ◦C
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and daily maximum temperature fluctuated between 16.2 and 32.9 ◦C) and the least rainy month (only
0.3 mm of total precipitation).

For this study, ten trees of each sweet cherry cultivar (Early Bigi and Lapins, grafted on ‘Saint Lucie
64′ rootstock) were used. Trees were spaced 3.0 m between rows and 2.5 m from each other in the
row. Fruits were hand-picked at their commercial ripening stage, which was on 2 May and 27 May
2019 for cv. Early Bigi and cv. Lapins, respectively. The commercial ripening stage for each cultivar
was defined by the producer. In fact, the fruits to analyze were collected at the same time that the
producer harvested it to send to the market. Within each cultivar, about 500 g samples of fruit were
collected randomly from all trees and two fruits per tree were additionally collected to determine
the wax content. In the field, collected fruits were kept on ice and placed in the refrigerator upon
reaching the laboratory. There, fruits were randomly divided into two sub batches. The first sub
batch (150 sweet cherries without visual defects) was assigned to the evaluation of the cracking index
(CI), while the second sub batch, consisting of 30 sweet cherries, was assigned for fruit weight (FW),
size (FS), epidermis rupture force (ERF), flesh firmness (FF), total soluble solids (TSS), titratable acidity
(TA), maturity index (MI), and pH measurements.

3.2. Production and Yield Efficiency

At harvest time, the production per tree was assessed, evaluating the weight of healthy and
cracked cherries, separately. The perimeter of the trunks was also measured to determine the trunk
cross-sectional area (TCSA) and the yield efficiency was determined as the ratio between the yield and
the TCSA (kg cm−2).

3.3. Cracking Index

The cracking index (CI) was determined in the first sub batch of cherries according to the method
of [34], and modified by [15]. For this, the 150 cherries were divided into three replicates of 50 fruits
and immersed in 2 L containers filled with distilled water (20 ± 1 ◦C). After 2, 4, and 6 h, the fruits
were observed for macroscopic cracks. At each time, cracked cherries were removed and counted,
and fruits without cracks were re-incubated. The CI was calculated as follows:

CI = ((5a + 3b + c) ∗ 100)/250 (1)

where a, b, and c represent the number of cracked cherries after 2, 4, and 6 h of immersion, respectively.
The crack type (CT) incidence (%) was also determined and expressed as the number of cracks of

a particular type (SCR—stem cavity region, SSR—stylar scar region or CR—cheek region) compared to
the total number of cracks.

3.4. Soluble Cuticular Waxes Content

Total soluble epi- and intra-cuticular wax content of sweet cherries was determined using two
fruits per tree, by the method of [35]. Two fruits without peduncle per tree were weighed and immersed
in a mix of chloroform:methanol (3:1) for 2 min at 25 ◦C. After that, the fruits were discarded and the
solution was filtered and placed in a glass previously identified and weighed. After about a week,
when the glasses were dry, they were weighted again. The weight of the fruits and the difference in
the weight of the glasses were used to calculate the wax content, which was expressed as µg g−1 of
fresh weight.

3.5. Fruit Weight and Size

Fruit weight and size were determined for the 30 fruits of the second sub batch. Fruit weight
(g) was evaluated using an electronic balance (EW2200-2NM, Kern, Germany) and fruit size was
determined by measuring the width (mm) using electronic calipers (500-196-30, Mitutoyo, UK).
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3.6. Epidermis Rupture Force and Flesh Firmness

The same 30 fruits from the second sub batch were used to determine the texture parameters,
epidermis rupture force (N) and flesh firmness (N mm−1) using a TA.XT.plus texture analyzer (Stable
Micro Systems, Godalming, UK) employing a 50 N loading cell and a 2.0 mm diameter cylindrical
probe. The maximum force when compressing 5 mm was measured at a speed of 1 mm s−1.

3.7. Total Soluble Solids, Titratable Acidity, Maturity Index, and pH

After determining the texture, the same 30 fruits from the second sub batch were divided into
three groups of 10 fruits. The juice from these 10 fruits was extracted with an electrical extractor
(ZN350C70, Tefal Elea, China) for one minute. Total soluble solids (TSS, in ◦Brix) were determined
using a digital refractometer (PR-101, Atago, Tokyo, Japan) and expressed as the percentage of soluble
solids in juice (%). Then, pH was also measured using a pH meter (3310 Jenway). Titratable acidity
(TA, in g citric acid 100 g−1 of fresh weight) was determined by diluting 10 mL of fruit juice with 10 mL
of distilled water and titrating with 0.1 mol L−1 sodium hydroxide (NaHO) until reaching pH 8.2 using
a Schott Easy Titroline automatic titrator. The maturity index was expressed as the ratio of TSS and TA.

3.8. Statistical Analysis

Statistical analysis was performed using SPSS V.25 software (SPSS-IBM, Corp., Armonk, New York,
NY, USA). Statistical differences between the two cultivars were evaluated by one-way analysis of
variance (ANOVA), followed by Tukey’s post-hoc multiple range test (p < 0.05). In addition, Pearson’s
rank correlation was performed for the relationship between the cracking index and the other quality
parameters (three average values for each cultivar). Principal component analysis (PCA) was also
performed. PCA is mostly used as a tool in exploratory data analysis and for making predictive models.
PCA was performed by eigenvalue decomposition of the data correlation (Corr-PCA) matrix after
normalizing the data matrix for each attribute.

4. Conclusions

Nowadays, the big challenge of producers is to guarantee high production without affecting the
quality of the fruit. For this, the selection of the best cultivars for each region is crucial.

In the present work, cv. Lapins cherries presented better quality attributes than the cv. Early Bigi
cherries, having potentially greater commercial value and is an ideal cultivar for the Resende region.
Lapins cherries simultaneously presented a higher cracking index, which was related to the bigger
size, higher fruit firmness, more mature fruits, and less wax content. However, it is necessary to take
into account that the cracking index is higher in detached fruits compared to cracking in fruits on the
trees. Even so, Lapins cherries presented higher susceptibility for cracking in the laboratory assays,
indicating a possible higher cracking incidence in the orchard if intensive rains occur near or during
the harvest.

Although it has not shown itself as an ideal cultivar in terms of quality parameters, the cv. Early Bigi
is still very valuable to producers in the Resende region due to its early ripening. The differences in
terms of productivity and harvest time of these two cultivars are also important to the producers,
especially due to the climate change and irregular rainfall that can affect one cultivar more than the
other, according to its maturity stage.
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Abstract: Almond is one of the most commonly consumed nuts worldwide, with health benefits
associated with availability of bioactive compounds and fatty acids. Almond is often eaten raw or
after some processing steps. However, the latter can positively or negatively influence chemical and
sensorial attributes of almonds. This work was carried out to assess the effects of two processing
treatments, namely; roasting and blanching on (i) contents of bioactive compounds, (ii) contents
of fatty acids (3) antioxidant activities (4), sensorial characteristics of four neglected Portuguese
almond cultivars (Casanova, Molar, Pegarinhos and Refêgo) and two foreign cultivars (Ferragnès and
Glorieta). Results showed that in general, levels of bioactive compounds and antioxidant activities
increased with roasting and decreased with blanching. Fatty acid profiles of raw kernels of all cultivars
were generally identical although Refêgo exhibited a high content of α-linolenic acid. Following
roasting and blanching, content of polyunsaturated fatty acids increased while saturated fatty acids,
monounsaturated fatty acids and several health lipid indices decreased. Roasting positively affected
perception of skin color and sweetness of Ferragnès and Glorieta as well as skin roughness of Molar
and Pegarinhos. Blanching on the other hand led to positive changes in textural properties of Refêgo
and Pegarinhos. This study reveals the nutritive benefits of consuming neglected almond cultivars in
Portugal, and the novel data reported here could be of interest to growers, processing companies
and consumers.

Keywords: Prunus dulcis; processing; sensorial analysis; fatty acids; antioxidant

1. Introduction

The consumption of nuts, including almonds, is associated with some positive health benefits
such as antioxidant capacities, anticancer and antiatherogenic actions, as well as the regulation of
immune and inflammatory responses [1]. The health benefits of almond are related to the availability of
unsaturated fatty acids [2] and polyphenols which are known to improve human health [3]. Although
almonds are mainly eaten in the raw state, sliced, or roasted, almonds can also be processed to obtain
products such as marzipan, butter, milk, and oil [4]. Besides their direct consumption, almonds are
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added to several sweet or savory dishes and food products for special purposes, such as improve
complexion or texture. Two major methods used in the processing of almonds are roasting and
blanching [5]. Roasting and blanching can significantly alter the physical, chemical, and nutritive
properties of the almond kernel, thus resulting in desired changes in texture, color, flavor, aroma,
and taste [6]. Positive changes are particularly evident in the case of the brittle roasted almond,
whose pleasant color and aroma results from the decrease in moisture level observed after roasting [7].
Modifications at a microstructural level due to processing can also lead to unwanted changes such as
lipid oxidation and nutrient loss [8]. Almond processing can also result in unpleasant odor, flavor,
and color [9] which influences sensorial acceptance by consumers [10]. The chemical composition of
almonds is greatly influenced by pre-harvest factors such as geographical location, physiological events,
cultural practices, harvesting plans (e.g., the maturity stage of the fruit at harvest) and genotype often
regarded as the most important [11,12]. Thus, it can be hypothesized that the effect of processing on the
composition of almond will vary based on the cultivars. In the north of Portugal, there is a large area of
almond cultivation which has been assigned a Protected Designation of Origin (PDO) status: Amêndoa
Douro. The cultivars grown in Amêndoa Douro have been the subject of few scientific studies [13–15].
Preliminary data indicate that these cultivars are low-yielding due to unsuitable soils and environments
as well as poor management practices [13]. Currently, new orchards are being planted with foreign
almond cultivars, including the French cultivar Ferragnès and the Spanish cultivar Glorieta [16].
Lack of knowledge about the nutritive value of Portuguese cultivars has led to the assumption that
these cultivars are of low quality. As a result, most growers and processing companies have lost interest
in the Portuguese cultivars. The overall goal of this study was to determine and compare raw, roasted,
and blanched Portuguese (cultivars Casanova, Molar, Pegarinhos, and Refêgo) and foreign cultivars
(Ferragnès and Glorieta) concerning their nutritive value (fatty acid composition), eating qualities
(sensorial characteristics) and bioactivities (content of bioactive compounds and antioxidant activities).

2. Results and Discussion

2.1. Content of Bioactive Compounds in Almond Cultivars

Significant cultivar differences were observed in the total phenolic and total flavonoid contents of raw
kernels (Table 1). The total phenolic content ranged from 0.048 in Glorieta to 0.189 mg gallic acid equivalent
(GAE)/g in Pegarinhos. The above range is similar to the range reported for other Portuguese cultivars
(0.09–1.63 mg GAE/g; [17], but lower than the values reported for California (1.27–2.41 mg GAE/g; [18])
almonds. The values obtained for the total phenolic content in the present study are considerably different
from the values obtained in our previous work using the same cultivars harvested in 2017 [14–16].
The above observation may be attributed to climate variability among the different growing seasons.
Averagely, Portuguese cultivars had higher levels of phenolics (0.10 mg GAE/g) than the foreign cultivars
(0.06 mg GAE/g in Ferragnès and 0.05 mg GAE/g in Glorieta). The total flavonoid content ranged from
0.35 in Pegarinhos to 1.86 mg catechin equivalents (CE)/g in Refêgo; the above values were considerably
lower than those reported for the same cultivars harvested in previous years in Portugal [14]. Besides
differences linked to the genotype, a strong influence of the harvest time is already known, suggesting
that the synthesis of antioxidant compounds can occur in the last stage of ripening has already been
reported. In the present work, all samples were harvested at commercial maturity, but slight variations on
the ripening stage might be also linked to the differences between years.

2.2. Effects of Roasting and Blanching on the Content of Bioactive Compounds in Almond

Processing had a significant effect on the content of bioactive compounds in all almond cultivars
(Table 1). Analysis of the results showed higher levels of phenolics in roasted kernels relative to
raw kernels as observed in previous studies [19–21]. The above observation may be related to the
potential increase in phenol extractability after the destruction of cellular structures in roasted kernels.
In blanched almonds, the total phenolic content was generally reduced when compared to raw almonds
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although no significant effect was found for Casanova, Ferragnès, and Glorieta. Since blanched
samples were also roasted, it may be assumed that the observed reductions in the total phenolic
content in blanched kernels are due to skin removal. Indeed, 70–100% of almond phenolics is present
in the skin [22] which is removed during blanching. Similarly, blanching led to reduced levels of
flavonoids in the kernels. Accordingly, the total flavonoid content was similar for all cultivars after
blanching but lower than contents in both raw and roasted samples. In general, roasting had no
effect on the total flavonoid content of almond cultivars except for a 58% decrease for Molar and
a 72% decrease for Refêgo. The above results are in contradiction to the increase in total phenolic
content observed in all cultivars after roasting and might be an indication of the degradation of more
complex phenolic structures such as polymerized proanthocyanidins and glycosylated flavonoids at
high temperatures [19–21].

Table 1. Total phenolic content, total flavonoid content, and antioxidant activities of raw and processed
almond kernels (mean f.w., n = 3).

Cultivar Raw Roasted Blanched p Value

Phenolics
(mg GAE/g FW)

Casanova 0.09B a,b 0.49A b 0.04B b 0.001
Ferragnès 0.06B b 0.58A b 0.05B a,b 0.001
Glorieta 0.05B b 1.33A a,b 0.01B c 0.000
Molar 0.09B a,b 1.16A a,b 0.02C b,c 0.007

Pegarinhos 0.19B a B 0.88A a,b 0.08C a 0.003
Refêgo 0.02B b 2.66A a 0.01C c 0.013

p value 0.002 0.019 0.023

Flavonoids
(mg CE/g FW)

Casanova 0.76A b,c 1.23A a 0.09B 0.002
Ferragnès 0.59A c 0.85A a,b 0.16B 0.033
Glorieta 0.77A b,c 0.62A a,b 0.08B 0.020
Molar 1.38A a,b 0.58A b 0.06C 0.000

Pegarinhos 0.35A c 0.44A b 0.14B 0.000
Refêgo 1.86A a 0.53A b 0.11B 0.001

p value 0.000 0.014 0.578

DPPH
(µg Trolox/g)

Casanova 4.02B b 9.48A b 0.48C a,b 0.000
Ferragnès 2.82B c 12.96A a 0.42C b 0.001
Glorieta 1.54B d 4.86A b 0.70C a 0.016
Molar 3.37A b,c 4.51A b 0.49B a,b 0.016

Pegarinhos 6.42A a 7.60A b 0.64B a 0.004
Refêgo 1.01A d 0.33B c 0.01C c 0.000

p value 0.000 0.000 0.014

ABTS
(µg Trolox/g)

Casanova 8.81B a,b 13.96A a 0.47C b 0.000
Ferragnès 5.07B c,d 14.23A a 0.56C a,b 0.000
Glorieta 2.51B d,e 8.92A b 0.44C b 0.000
Molar 7.27A b,c 8.05A b 0.52B a,b 0.000

Pegarinhos 11.59A a 11.14A a,b 0.68B a 0.000
Refêgo 1.56A e 2.64A c 0.41B b 0.009

p value 0.000 0.000 0.004

ß carotene
bleaching assay
(% inhibition)

Casanova 92.77A a,b 78.50B 71.41C 0.000
Ferragnès 95.85A a,b 78.25B 70.79C 0.000
Glorieta 96.22A a 80.65B 67.16C 0.000
Molar 88.60A b,c 76.08B 69.75C 0.005

Pegarinhos 84.89A 6c 71.33B 62.265C 0.000
Refêgo 89.62A b,c 80.77A 67.91B 0.005

p value 0.001 0.119 0.157

Different small letters in front of mean within a column indicate significant differences among cultivars for the same
treatment. Different capital letters in front of mean within a row indicate significant differences among treatments
for the same cultivar (p < 0.05, ANOVA Tukey’s test).
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2.3. Antioxidant Activities of Almond Raw Extracts

The antioxidant potential of the six almond cultivars was evaluated using three different methods
(ABTS, DPPH and β-carotene) which enabled elucidation of the mechanism of action. Raw extract
data presented in Table 1 show that highest ABTS and DPPH activities were obtained with Pegarinhos,
followed by Casanova. The highest percentage inhibition of lipid peroxidation (β-carotene-linoleic
acid bleaching assay) on the other hand was obtained with Glorieta, Casanova and Ferragnès. Overall,
the lowest antioxidant activities were recorded in Refêgo.

No correlations were found between the total flavonoid content and antioxidant activities.
Nevertheless, positive correlations were found between the total phenolic content and ABTS (R2 = 0.7057,
y = 50.67x + 1.7828) and between the total phenolic content and DPPH (R2 = 0.7892, y = 0.0298x
– 0.0093). Such correlations have already been reported in previous works using the same almond
cultivars [14–16] (and in studies using walnut [23].

2.4. Effects of Roasting and Blanching on the Antioxidant Activities of Almond Extracts

Even if not significant, the average DPPH and ABTS activities of all the extracts increased after
roasting except for the DPPH for Refêgo which was reduced by 67%. As shown in Table 1, Ferragnès
had the highest antioxidant activities after roasting followed by Casanova and Pegarinhos. Refêgo on
the other hand exhibited the lowest activities. Additionally, Refêgo exhibited the lowest antioxidant
activities after blanching. Blanching in general led to huge drops in DPPH and ABTS activities for all
almond extracts. Indeed, the highest mean DPPH activity of 0.70 µg Trolox/g observed for Glorieta
(statistically similar to Casanova, Molar, and Pegarinhos) blanched kernels was two times lower than
that of the raw kernels; the highest mean ABTS activity of 0.68 µg Trolox/g observed for Pegarinhos
(statistically similar to Ferragnès and Molar) blanched kernels was 17 times lower than that of the
raw kernels. Results of the β-carotene-linoleic acid assay showed that roasting reduced the potential
of almond samples to inhibit lipid peroxidation. The ability for almond to inhibit peroxidation was
further reduced after blanching (Table 1).

Correlation analyses using data from roasted samples showed that ABTS (R2 = 0.708, y =−3.76362x
+ 14.27525) and DPPH (R2 = 0.545, y = −2.48231x + 16.18607) negatively correlated with the total
phenolic content, a finding inconsistent with what was observed for raw samples. There were no
significant correlations found with data from blanched samples. Negative correlations between
phenolic levels and antioxidant activities were reported in few studies [24,25] linked these negative
correlations to the unspecific nature of the Folin–Ciocalteu assay since the reagent targets all compounds
with phenolic units with no consideration for the number of hydroxyl groups in a compound [26] or
interfering compounds [27]. In the present study, negative correlations were likely due to different
magnitudes of change due to roasting. For example, the 11000% increase in the total phenolic content
of Refêgo after roasting was accompanied by only a 69% increase in the ABTS activity.

2.5. Fatty Acid Composition of Almond Cultivars

A total of 23 fatty acids were identified in the six almond cultivars. This number is similar to what
was previously reported by Oliveira et al. (2019) [15] and Beyhan et al. (2011) [11]. Lower number
of fatty acids in almonds have been reported in several studies [28,29]. These differences can be
attributed mainly to genotype [30]. In the present study, 13 fatty acids exhibited high abundance
and/or significant changes due to processing as shown in Table 2. In raw kernels, the most abundant
fatty acid was C18:1 (elaidic + oleic acids), followed by C18:2 (linoleic + linolelaidic acids) except for
Refêgo which had α-linolenic acid as the second abundant fatty acid. Other major fatty acids were
α-linolenic and palmitic acids (Table 2). Most studies have reported oleic, linoleic, palmitic, and stearic
acids [15,28,31–34] as the most abundant fatty acids in almond. The content of α-linolenic acid in almond
is usually reported to be around 1%. Thus, the 16.21% of α-linolenic acid found in the present study for
Refêgo can be considered high even when compared to the 11.00 % and 9.45% reported by Askin et al.
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(2007) [35] and Oliveira et al. (2019) [15], respectively. This finding is extremely relevant given the
important role that α-linolenic acid plays in the reduction of diabetes and coronary heart diseases [36].
α-linolenic acid is also the precursor of long-chain polyunsaturated fatty acids in the human body
(e.g., eicosapentaenoic and docosahexaenoic acids) which have positive impacts on prothrombotic risk
factors [37]. However, oils rich in linoleic and linolenic acids have reduced oxidative stability and
hence are more prone to rancidity; this consequently results in the production of undesirable volatile
compounds and off-flavors [38]. Oils rich in oleic acid on the other hand have better resistance to
oxidation, longer shelf life and higher nutritional values [39]. Differences in the fatty acid composition of
the six almond cultivars can be related to several factors such as the genotype and growing temperature
which are the most important [11,40].

2.6. Effects of Roasting and Blanching on the Fatty Acid Composition of Almonds

Although not always the case, both processing treatments (roasting and blanching) had similar
effects on the fatty acid profile of almonds; however, the effect of blanching was stronger than that
of roasting. After roasting, the major fatty acid in all cultivars remained C18:1 (elaidic + oleic acids).
However, the second most abundant fatty acid in raw kernels (C18:2) was substituted in roasted
kernels with α-linolenic acid. Indeed, there was a sharp increase in the level of α-linolenic acid in
all cultivars after roasting except for Refêgo. Other major fatty acids identified in roasted kernels
were erucic acid (third most abundant fatty acid in Casanova, Glorieta, and Pegarinhos), nervonic
acid (third most abundant fatty acid in Ferragnès) and palmitic acid (second most abundant fatty
acid in Refêgo and third in Molar). C18:1 (elaidic + oleic acids) and α-linolenic acid were also the
most abundant fatty acids after blanching except for Molar which had erucic acid as the second most
abundant compound. Other fatty acids found in high contents after blanching were palmitic acid (third
major fatty acid in Casanova), erucic acid (second major fatty acid in Molar and third in Ferragnès,
Pegarinhos, and Refêgo) and nervonic acid (third major fatty acid in Molar).

Both roasting and blanching led to decreases in the contents of C18:1 (elaidic + oleic acids) and
C18:2 (linoleic + linolelaidic acids) with the exception of Refêgo where an increase in the content
of C18:1 was found after roasting. In fact, C18:2 (linoleic + linolelaidic acids) was undetectable in
Ferragnès after roasting. Several studies [6,37,41,42] have identified both increases and decreases in
C18:1 levels after subjecting almonds to different processing treatments, although the changes observed
in these studies were much lower in magnitude than those found in the present study. The content
of palmitic acid generally decreased in almond samples after roasting and blanching (except for an
increase for Molar and Refêgo after roasting and no change for Casanova, Glorieta and Molar after
blanching). Research shows that roasting lead to increased levels of palmitic acid in almond [6,43];
the effect however, depends on the roasting temperature and time. In fact, the content of palmitic acid
can be gradually reduced with prolonged exposure of kernels to high temperatures [41]. The content
of stearic acid in almonds tended to decrease after roasting (except for an increase for Pegarinhos and
Refêgo) and to increase after blanching (except for a decrease for Casanova and Refêgo).
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Following roasting or blanching, the content of α-linolenic acid considerably increased in all
cultivars, except for Refêgo, which showed an opposite response. Few studies found significant changes
in the content of α-linolenic acid after processing of almonds: Ghazzawi and Al-Ismail (2017) [37]
recorded a slight increase in the content of linolenic acid after frying, but not after roasting; Schlörmann
et al. (2015) [42] did not detect this fatty acid in raw and roasted almond samples. In fact, the low
level of linolenic acid in several cultivars is likely responsible for the lack of data regarding the effects
of processing on almond lipids. In walnut, increases or decreases in the content of α-linolenic were
found, depending on the roasting conditions [42,44]; In cashew, pistachio and pine nuts, these changes
depended on the processing method [37]. In all cultivars, the amount of γ-linolenic acid rose or tended
to increase after roasting (except for Refêgo in which it was not detected) and blanching (except for a
decrease in Casanova). Additional fatty acids whose contents rose in all cultivars after roasting or
blanching were erucic and nervonic acids. In the case of nervonic acid however, two exceptions were
found: for a decrease in Refêgo after roasting, and a decrease in Ferragnès after blanching.

Interestingly, three long-chain polyunsaturated fatty acids are reported in this study that were
undetected in raw almond kernels, and only emerge after processing. These included after roasting
cis-11,14-eicosadienoic acid in. Casanova, Glorieta and Pegarinhos, cis-8,11,14-eicosatrienoic in Molar
and Pegarinhos, andcis-5,8,11,14,17-eicosapentaenoic acid in Molar and Pegarinhos. With the exception
of cis-11,14-eicosadienoic acid in Casanova, the three long-chain polyunsaturated fatty acids were
detected in all cultivars following blanching.

2.7. Health Lipid Indices of Almond Cultivars

The content of saturated fatty acids (SFA) ranged from 4.36 % in Glorieta to 18.04 % in Molar
(Table 3). SFA values were close to the threshold of 10 % [40] and similar to those reported for the same
cultivars by Oliveira et al. (2019) [15]. Research shows that high-fat fruit rich in SFA are less susceptible
to lipid oxidation and rapid deterioration than low-fat fruit. Similarly, Molar’s ability to resist oxidation
than the other cultivars can be deduced from its high SFA content. Significant differences in cultivars
relative to the content of monounsaturated fatty acids (MUFA) were also observed and values ranged
from 65.58 % to 78.09 %, in agreement with previous studies [15,45]. The content of polyunsaturated
fatty acids (PUFA) ranged from 16.37 % in Molar to 23.81 % (Table 3). It is reported that nuts with high
levels of MUFA (oleic acid in particular) are more stable and less susceptible to oxidative rancidity
than those with high levels of PUFA [29,39]. In the present study, PUFA/MUFA values were similar for
all cultivars and lower than 1, indicating good oil stability. The UFA/SFA ratio is another parameter
related to the shelf life of food products; the lower the UFA/SFA ratio, the higher the prospective
shelf life of almonds [46]. In this study, the lowest UFA/SFA value of 4.57 % was calculated for Molar,
which indicates its ability to withstand long storage periods. It is important to note that despite their
relevance to the oxidative stability of almonds, SFA at high levels are harmful to the cardiovascular
system [29].

The atherogenicity index (AI) is defined as the relationship between the main saturated
(pro-atherogenic) and unsaturated (anti-atherogenic) fatty acids. The lower the AI values, the less
likely the cardiovascular risk [47]. AI values were similar for all cultivars with the exception of Molar
which obtained the highest value due to the abundance of SFA (Table 3). The thrombogenicity index
(TI) indicates the propensity of lipids to form clots in blood vessels and is defined as the relationship
between saturated (pro-thrombogenetic) and unsaturated (MUFAs, PUFAs—n6, and PUFAs—n3;
anti-thrombogenetic) fatty acids. The lower the TI values, the healthier the oil or the fat contained in a
food (Ulbricht and Southgate, 1991). The “cultivar” factor significantly affected TI and the highest
value of 0.16 was calculated for Molar. The hypocholesterolemic/hypercholesterolemic (h/H) ratio
estimates the functional role of fatty acids in the metabolism of lipoproteins involved in the transport
of plasmatic cholesterol. Thus, the h/H can be used as an indicator for the risk level of cardiovascular
disease incidence [48] (Santos-Silva et al., 2002). Glorieta obtained the highest h/H value indicating its
ability to contribute to improved cardiovascular health.
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2.8. Effects of Roasting and Blanching on Almond Health Lipid Indices

With some exceptions, blanching similarly affected health lipid indices of all almond cultivars
(Table 3). Casanova, Ferragnès, Glorieta, Molar, and Pegarinhos exhibited similar responses after
roasting, in contrast to Refêgo. Besides Casanova and Glorieta in which increases were observed,
there was a decrease in the content of SFA in almond cultivars after roasting. Furthermore, almond
cultivars showed a decreasing trend in SFA content after blanching with the exception of Glorieta and
Refêgo. The content of MUFA generally decreased in almond samples after roasting and blanching
except for Refêgo after roasting; the inverse was true for the PUFA content. The most common
responses observed after nut processing are increases in SFA [37,41,42] and decreases in PUFA and
MUFA [37] levels. In the study by Valdés et al. (2015) [6], the contents of SFA and MUFA increased
while that of PUFA decreased in almond after processing. In the present study, both increases and
decreases were found in relation to the contents of SFA, MUFA, and PUFA. Beside the “cultivar” effect,
these variations are most likely related to processing conditions and basal levels of all fatty acids,
but also to the fact that minor fatty acids are not usually quantified by investigators.

Similar to the PUFA content, an increasing trend was observed in relation to the PUFA/MUFA
ratio of all cultivar after processing with the exception of that of Refêgo after roasting. The lowest
PUFA/MUFA value obtained after roasting was found for Refêgo. In the case of blanching, both Refêgo
and Casanova achieved the lowest PUFA/MUFA. The above observation indicates that these cultivars
are most likely to be less prone to oxidation after processing. After roasting, the UFA/SFA ratio increased
in four cultivars (Ferragnès, Molar, Pegarinhos, and Refêgo) and decreased in two cultivars (Casanova
and Glorieta). Both Casanova and Refêgo attained the lowest UFA/SFA values, as also observed with the
PUFA/MUFA values. Blanching differentially affected the UFA/SFA ratio: The UFA/SFA ratio calculated
for Refêgo and Glorieta decreased whereas an increase was recorded for Ferragnès and Molar. Casanova
and Pegarinhos on the other hand showed no significant changes relative to the UFA/SFA ratio.

Health lipid indices were significantly affected by both processing treatments. The AI and TI
values decreased or tended to decrease in all cultivars with the exception of Refêgo in which an
increase was observed after roasting. The h/H ratio on the other hand generally increased after roasting
and blanching although some exceptions were observed. For instance, a decrease in the h/H ratio
was observed for Refêgo and Glorieta after roasting and blanching respectively. In roasted kernels,
AI and TI values were similar for all cultivars with the exception of Refêgo which obtained high
values. These high values of AI and TI observed for Refêgo can be associated with increased risks
to cardiovascular problems; indeed, Refêgo exhibited the lowest h/H value after roasting. Overall,
the highest h/H value was calculated for the oil extracted from roasted kernels of Pegarinhos.

2.9. Sensorial Analysis of Raw Almond Samples

The sensory profiles of raw kernels from all almond cultivars studied were similar to that shown
in Figure 1A. Significant differences were observed relative to skin color, bitter almond flavor and
bitter taste. Skin color was found to be darker in the foreign cultivars (Glorieta and Ferragnès) than
the Portuguese cultivars. Bitter almond flavor and bitter taste were more associated with Molar
and Pegarinhos than the rest of the cultivars. The primary taste characteristics easily identified by
consumers are sweetness and astringency followed by bitterness or sourness [49]. The bitter taste
derived from eating raw kernels of Molar and Pegarinhos might be due to a high concentration of
benzaldehyde in these cultivars. Indeed, benzaldehyde is a chemical with a bitter taste and a low
odor threshold [50]. Several Portuguese almond cultivars including Pegarinhos have high levels of
benzaldehyde [14].
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Figure 1. Spider plot of the sensory profile of raw (A), roasted (B) and blanched (C) almond kernles.
Asterisks (*) indicate represent significant differences among cultivars p < 0.05, ANOVA Tukey’s test.
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2.10. Effects of Roasting and Blanching on Sensory Characteristics of Almonds

The main sensory attributes differentiating the six almond cultivars after roasting were found to
be skin color, bitter almond flavor, bitter taste, skin roughness, and sweet almond flavor (Figure 1B).
Skin color rated highest for the foreign cultivars (Ferragnès and Glorieta) and lowest for Molar
and Pegarinhos. Relative to skin roughness, the skin of Molar and Pegarinhos were found to be
rough whereas that of Casanova was found to be smooth. The sweet almond flavor was strongly
associated with Ferragnès and barely perceived for Pegarinhos. Pegarinhos and Refêgo achieved
the highest rating for bitter almond flavor and bitter taste whereas Glorieta was rated lowest for
bitter almond flavor. Roasting is known to increase the levels of compounds such as pyrazines,
furans, and pyrrols in food products. The above compound represents three groups of chemicals
with nutty and roasted aromas [50,51] that are formed through non-enzymatic Maillard browning
reactions [52]; these compounds are also known to enhance the aromas of roasted almonds [40]. In our
previous work [14], pyrazines were not detected in any of the six cultivars studied; it was, however,
detected in the Portuguese cultivar Amendoão. Xiao et al. (2014) [53] reported decreases in the
levels of benzaldehyde and several alcohols in food products after roasting. For the six cultivars
object of the present study an increase in the amount of benzaldehyde was observed after roasting.
The above observation may partly account for the significant differences among cultivars relative to
bitter sensorial characteristics.

In the case of blanched kernels, differences in sensorial characteristics among cultivars were only
recorded for textural parameters, namely first chew hardness and force to grind pieces (Figure 1C).
Both characteristics rated highest for Refêgo and Pegarinhos and lowest for Ferragnès and Molar.
These changes in textural parameters are likely due to the low water content of blanched kernels which
were subjected to two processing steps both involving heating. Indeed, water is known to directly
influence the hardness, crispness, crunchiness and toothpack attributes of almonds [54]. Consumers
usually show a preference for crispy, crunchy [54,55], and sweet almonds [55]. Hence, good ratings by
the panelist for blanched kernels relative to textural properties could have positive implications for the
almond industry. Indeed, hard, fracturable and crunchy almonds are used as cooking ingredients to
improve food texture while moist and chewy almonds are suitable for beverages [56].

2.11. Multivariate Analyses of Bioactive Compounds, Antioxidant Activities and Fatty Acids Data

All data obtained (with the exception of those from sensorial analyses) were submitted to linear
discriminant analysis (LDA) to identify parameters that could be used to differentiate both the almond
cultivars and the processing methods. Seventeen variables which differed significantly between
cultivars and processing treatments were selected using LDA and subjected to Principal component
analysis (PCA) (Figure 2). PCA generated a 17-component model that explained 100% of the total
variance in the data. The first and second components accounted for 43.398% and 17.992% (for a total of
61.318%) of the total variance respectively (Figure 2a). All cultivars and processing methods were well
separated on the PCA except for roasted and blanched kernels of Refêgo and Casanova respectively.
Indeed, the loading plot in Figure 2B showed that palmitic acid, MUFA, AI and TI contributed the
most to the separation of Refêgo from other cultivars. Blanched kernels of Casanova on the other hand
contained high levels of C18:1 (elaidic + oleic acid), palmitic acid, MUFA and AI and low levels of
α-linolenic acid.
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Figure 2. Principal component analysis of bioactive compounds, antioxidant activities and fatty acids
data from raw, roasted and blanched almond kernels: scores plot of the first and second principal
components (a) showing the clustering of cultivars and treatments; loadings plot (b) reflecting the
influence of parameters on the separation of samples.

3. Materials and Methods

3.1. Almond Samples and Processing Treatments

Almond samples were obtained in 2019 from growers in the municipality of Torre de Moncorvo
(Northeastern Portugal, 41◦10′26′′ N 7◦3′0′′ W), and were constituted of fruit of the Portuguese
traditional cultivars (Casanova, Molar, Pegarinhos and Refêgo), French cultivar Ferragnès and Spanish
cultivar Glorieta. Samples from each cultivar were harvested at commercial maturity and subdivided
into three parts to obtain three replicates. Before processing, almond fruit were deshelled to obtain
raw kernels which included the skin. Medium roasting of the kernels was conducted at 138 ◦C for
33 min [53]. Blanching was performed using the method described by Milbury et al. [18] with some
modifications; kernels were immersed in boiling water for 30 s and the skins were removed by hand.
Deskinned kernels were left to dry at room temperature and this was followed by roasting at 138 ◦C for
33 min. These treatments were selected due to their extensive use in industrial processing of almonds.
Raw, roasted, and blanched kernels were finely ground to obtain a fresh flour for chemical analyses.

3.2. Bioactive Compounds: Total Phenolic and Total Flavonoid Contents

An “antioxidant extract” was prepared by vortex-mixing 40 mg of the sample with 1 mL of 70 %
methanol. The mixture obtained was heated for 30 min at 70 ◦C, and then centrifuged (Eppendorf
Centrifuge 5804 R, Hamburg, Germany) at 25,200 rcf for 15 min at 1 ◦C. The supernatant which
constituted the “antioxidant extract” was filtered (Spartan filters 0.2 mm) into HPLC amber vials
and used for the determination of the total phenolic content, total flavonoid content, and antioxidant
activities. A slight modification of the methodology of Singleton and Rossi [26] (1965) was used
for quantification of total phenolics as follows: 20 µL of the “antioxidant extract” was mixed with
100 µL of Folin-Ciocalteu phenol reagent (1:10 v/v/in bidistilled H2O) and 80 µL of 7.5% Na2CO3 in
a 96-well microplate (Multiskan™ FC Microplate Photometer, Waltham, MA, USA). The microplate
was incubated in the dark for 15 min at 45 ◦C. Afterward, the absorbance values against the blank
value were recorded at 765 nm in a microplate reader (Multiskan GO Microplate Spectrophotometer,
Thermo Scientific, Vantaa, Finland). Simultaneously, gallic acid solutions of different concentrations
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were analyzed and a calibration curve was constructed for quantitation purposes. The total phenolic
content was expressed as mg gallic acid equivalent (GAE)/g f.w (fresh weight). The total flavonoid
content was determined using the colorimetric method described in Dewanto et al. [21] with some
modifications. In a 96-well microplate, 25 µL of “antioxidant extract” was combined with 100 µL of
water and 10 µL of NaNO2. The microplate was placed in the dark at room temperature. After 5 min,
15 µL of 10% AlCl3 was added to the wells and the microplate was incubated again at room temperature
in the dark for 6 min. Then, 50 µL of NaOH 1M and 50 µL of water were added. The absorbance
values against the blank value were recorded at 510 nm. Simultaneously, catechin solutions of different
concentrations were analyzed. The total flavonoid content was quantified using the calibration curve
of catechin and expressed as mg catechin equivalent (CE)/g f.w.

3.3. Antioxidant Activities

The 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic) acid (ABTS) radical scavenging activity was
evaluated in a 96-well microplate using the method of Re et al. [57]. An ABTS radical solution was
prepared by mixing 7 mM of ABTS at pH 7.4 (5 mM NaH2PO4, 5 mM Na2HPO4, and 154 mM NaCl)
with 2.5 mM K2S2O8. After incubation in the dark at room temperature for 16 h, the ABTS solution was
diluted with ethanol until an absorbance of 0.70 ± 0.02 units at 734 nm obtained. In each microplate
well, 15 µL of the “antioxidant extract” was combined with 285 µL of freshly prepared ABTS solution.
The mixtures were incubated at room temperature in the dark for 10 min and absorbance values were
measured at 734 nm. ABTS activity was expressed using the linear calibration curve of trolox as g trolox
equivalent/g f.w. The 2,2-diphenyl-1-picrylhydrazyl (DPPH) antioxidant activity assay was performed
by spectrophotometry as described by Siddhraju & Becker [58]. Briefly, 20 µL of the “antioxidant extract”
and 280 µL of freshly prepared methanolic radical DPPH solution (6 × 10–5 mol/L) were introduced
into a 96-well microplate. The microplates were covered with a foil paper and left for 30 min at room
temperature. The reduction in absorbance was measured at 517 nm. The DPPH activity was expressed
using the linear calibration curve of trolox as g trolox equivalent/g f.w. To assess the ability of almond
extracts to inhibit lipid oxidation, the β-carotene-linoleic acid bleaching assay was performed using the
method described by Salleh et al. [59] with minor modifications as follows: a mixture of β-carotene and
linoleic acid was prepared by adding 0.5 mg β-carotene with 1 mL chloroform (HPLC grade), 25 µL
linoleic acid and 200 mg Tween 40. After complete evaporation of the chloroform under vacuum, 100 mL
of water was added to the residue which was gently stirred to form a yellowish emulsion. To 50 µL
of the “antioxidant abstract” were added 0.25 µL of the yellowish emulsion. After thorough mixing,
the mixture was incubated in a water bath at 50 ◦C for 2 h followed by the measurement of absorbance
values at 470 nm against a blank. Percentage inhibition (I%) of lipid peroxidation was calculated using
the following equation:

I% = (Aβ-carotene after 2 h/Ainitial β-carotene) × 100; (1)

where Aβ-carotene after 2 h is the absorbance value of β-carotene after 2 h of incubation and Ainitial
β-carotene is the absorbance value of β-carotene before incubation.

3.4. Fatty Acids

Total oil was extracted from 5 g almond sample with petroleum ether in a Soxhlet apparatus [30]
operating at 135 ◦C for 2 h. The extracted oil was used to prepare methyl esters of the corresponding
fatty acids (FAME) according to EEC (1991) [60]. The resulting FAMEs were analyzed with a Shimadzu
GC-2010 Plus gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a flame ionization detector
(FID-2010 Plus). Component peak separation was obtained on a DB-225MS capillary column (0.25 µm,
30 m × 0.25 mm i.d., Agilent Technologies, Wilmington, DE, USA). Helium was used as the carrier
gas (200 kPa, constant flow, 1 mL/min). The temperature of the column was maintained for 10 min
at 200 ◦C and then increased to 220 ◦C at 5◦C per min. The inlet and detector temperatures were set
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at 270 ◦C. The split ratio was 5:1 and the injected volume was 1.0 µL. The constituent FAMEs were
identified by comparison with standard FAME mixtures (FAME 37, Supelco, Bellefonte, PA, USA).
The amount of each FAME was expressed as a weight percentage (%) of the total FAMEs represented in
the chromatogram, with the assumption that no other major lipids and other substances were present
in the almond oils. In several samples, the peaks for elaidic and oleic acids co-eluted, as well as the
peaks for linoleic and linolelaidic acids. Thus, peak areas corresponding to these compounds were
summed in the calculations. Fatty acid data was used for the calculation of several health lipid indices.
The atherogenic index (AI) and the thrombogenic index (TI) were calculated using the equations
proposed by Ulbricht and Southgate [47].

The hypocholesterolemic/hypercholesterolemic (h/H) index indicates the sample’s potential to
provide good over bad cholesterol and was calculated using the equation proposed by Santos-Silva
et al. [48].

3.5. Sensorial Analysis

Raw, roasted, and blanched almond kernels were evaluated by a panel of 12 tasters from
Departamento de Biologia e Ambiente (DeBA-ECVA), Universidade de Trás-os-Montes e Alto Douro
in Portugal. The panelist was well trained and have participated in sensory tests from previous
studies. The test took place between 4:00 pm and 5:00 pm in a room with regulated temperature and
air pressure/flow. Almond kernels were presented to the tasters in white pyrex dishes. The testing
environment and procedure/equipment were all following ISO 8589:2007. Three tasting sessions were
carried out; the first, second and third sessions were done using raw, roasted, and blanched almonds
respectively. A Quantitative Descriptive Analysis (QDA) was performed using 20 descriptors adapted
from Civille et al. [49] and a structured scale from 1 (least intense) to 5 (most intense) for each descriptor
(ISO 4121:2003).

3.6. Statistical Analyses

Data are presented as mean (f.w) of three replicates. Differences among means were determined by
analysis of variance (ANOVA) using SPSS (Statistical Package for Social Sciences) 19.0 (IBM Corporation,
New York, NY, USA). The fulfillment of ANOVA requirements, namely the normal distribution of
the residuals and the homogeneity of variance was evaluated using the Shapiro–Wilk’s test (n < 50)
and the Levene’s test, respectively. The Tukey test was used for the comparison of means which were
considered different at a 5% significance level. A stepwise linear discriminant analysis (LDA) was
performed to find the linear combination of parameters that best characterized raw, roasted, or blanched
samples. The LDA involved the use of a combination of forward selection and backward elimination
procedures for variable separation. Before selecting a new variable to be included in the model, it was
ascertained that all previously selected variables were still significant which enabled identification of
all possible significant variables. The Wilk’s lambda test was applied for variable selection through
verification of the significance of each canonical discriminant functions using the probabilities F = 3.84
to add and F = 2.71 to remove. To avoid overoptimistic data modulation, the model performance
was assessed using a leave-one-out cross validation procedure. Principal component analysis (PCA)
was performed by plotting all data in a multidimensional space using LDA significant variables as
dimensions (factor scores). With this approach, the number of variables was reduced to a smaller
number of newly derived variables (principal component or factors) that adequately summarized
the original information, and highlighted underlying patterns in the data collected. Scree plots were
used for retaining the most useful factors taking into consideration eigenvalues greater than one and
internal consistencies of high Cronbach α values.

4. Conclusions

This study evaluated the effects of processing (roasting and blanching) on the levels of phenolics,
flavonoids and fatty acids in four Portuguese (Casanova, Molar, Pegarinhos and Refêgo) and two
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foreign (Ferragnès and Glorieta) almond cultivars, as well as on the antioxidant activities and sensorial
characteristics of kernels. Antioxidant activities and levels of bioactive compounds were generally
enhanced following roasting but reduced following blanching. The increased antioxidant activity upon
roasting may at first seem unexpected, as heat could be envisaged to decrease (oxidize) phenolics.
However, we interpret that roasting may either induce cell wall disruption allowing better antioxidant
extraction, or may alternatively cause chemical alterations that result in heat-induced production
of hyper-antiradical scavenging species. This might be linked to browning reaction s compounds,
known to affect total phenolics quantification and antioxidant activities. Roasting and blanching
reduced the ability of all cultivars to inhibit lipid oxidation. The fatty acid profiles of all cultivars were
similar although raw kernels of Refêgo exhibited a high content of α-linolenic acid. Glorieta and Molar
were characterized by a low and a high content of SFA respectively. Both roasting and blanching led to
significant changes in the fatty acid profiles of almonds, similar for all cultivars with the exception of
Refêgo, and the effect of blanching was stronger than that of roasting. Relative to health lipid indices,
Pegarinhos and Molar had better responses to roasting and blanching than the other cultivars. Very few
significant differences in cultivars and treatments relative to sensorial characteristics were found.
The negative features bitter taste and bitter almond flavor were noticed for raw kernels of Molar and
Pegarinhos. Roasting of Ferragnès led to kernels with a strong sweet almond flavor, while blanching
positively affected the textural properties of Refêgo and Pegarinhos. The findings of this study shed
light on the nutritive and eating qualities of raw and processed kernels from neglected Portuguese
almond cultivars, and highlight the potential use of these cultivars in various food industries.
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35-601 Rzeszów, Poland

2 Department of Food and Agriculture Production Engineering, University of Rzeszow, St. Zelwerowicza 4,
35-601 Rzeszów, Poland; nmatlok@ur.edu.pl (N.M.); mzardzewialy@ur.edu.pl (M.Z.)

3 Department of Chemistry and Food Toxicology, University of Rzeszow, St. Ćwiklińskiej 1a, 35-601 Rzeszów,
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Abstract: The aim of this research was to show the effect of the ozonation process on the quality of
sea buckthorn (Hippophae rhamnoides L.). The quality of the ozonated berries of sea buckthorn was
assessed. Prior to and after the ozone treatment, a number of parameters, including the mechanical
properties, moisture content, microbial load, content of bioactive compounds, and composition of
volatile compounds, were determined. The influence of the ozonation process on the composition
of volatile compounds and mechanical properties was demonstrated. The ozonation had negligible
impact on the weight and moisture of the samples immediately following the treatment. Significant
differences in water content were recorded after 7 days of storage. It was shown that the highest dose
of ozone (concentration and process time) amounting to 100 ppm for 30 min significantly reduced
the water loss. The microbiological analyses showed the effect of ozone on the total count of aerobic
bacteria, yeast, and mold. The applied process conditions resulted in the reduction of the number of
aerobic bacteria colonies by 3 log cfu g−1 compared to the control (non-ozonated) sample, whereas
the number of yeast and mold colonies decreased by 1 log cfu g−1 after the application of 100 ppm
ozone gas for 30 min. As a consequence, ozone treatment enhanced the plant quality and extended
plant’s storage life.

Keywords: ozone; sea buckthorn; mechanical properties; microbial load; bioactive components

1. Introduction

The sea buckthorn (Hippophae rhamnoides L.) is a spiny, deciduous shrub which belongs
to the oleaster family (Elaeagnaceae Juss.) The fruits are rich in a variety of phytochemi-
cals with physiological properties, such as lipids, carotenoids, ascorbic acid, tocopherols,
and flavonoids [1,2]. A characteristic feature of Hippophae rhamnoides L. is intense orange
berries that densely overgrow the shoots. A peculiar smell is caused by the presence of
chemical compounds such as alcohols, aldehydes, ketones, and terpenes [3]. Sea buck-
thorn contains carotenoids, flavonoids, phospholipids, tannins, vitamins, and macro- and
microelements [4]. Due to its abundance of the biologically active compounds, the sea
buckthorn is widely used as a human health-promoter. This plant is a valuable material,
particularly in pharmaceutical, cosmetic, and food industries [5]. Ozone, a highly reactive
triatomic form of oxygen, is a powerful agent able to degrade organic substances. Gaseous
ozone, due to its properties, has been approved by the Food and Drug Administration
for direct contact with food, and can have a significant impact on the quality of the fruit.
Numerous studies have confirmed its beneficial effect on the quality of products, evidenced
in the extension of their shelf life [6,7]. Due to ozonation, select parameters of plant materi-
als, such as antioxidant potential, polyphenol content, or enzymatic activity, are modified.
Many studies have confirmed that ozone treatment inhibits the growth of microorganisms
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responsible for fruit spoilage, and reduces the loss of nutritional and sensory value of
fruit during storage [8–17]. These studies have shown that the use of ozonated water is
only effective in combination with blanching [8,13]. Using ozone gas is more effective,
but it is necessary to change the atmosphere with other gases [9,12]. A plant composition
change may occur as a result of the ozonation process [14,15]. This gas, as confirmed by
numerous studies undertaken by the Environmental Protection Agency, is considerably
safer than chlorine or other sanitizers [18]. In contact with solid materials, it decomposes
into molecular oxygen and does not cause additional fouling.

The studies undertaken to date on the utilization of ozone treatment in fruit storage
have principally concerned the effect of ozonation on the level of microbial contamination,
biological activity of the fruit, and fruits’ sensory characteristics [14,15,19]. However, the
available data on changes in the bioactive compounds of ozonated fruits are variable and
difficult to compare because they are related to different factors, forms, and concentrations
of ozone, in addition to different fruits and environmental conditions in which they are
produced [20].

No reports have been published about the effect of ozone treatment on the quality of
sea buckthorn (Hippophae rhamnoides L.). To obtain factual information, we conducted a
survey, the results of which are shown below. The aim of the research was to show the
effect of the ozonation process on the quality of sea buckthorn (Hippophae rhamnoides L.).

2. Results and Discussion
2.1. Moisture Content

Sea buckthorn berries consist of more than 80% water, which fluctuates greatly during
storage. The moisture content depends largely on the storage conditions. Fruit stored in
the same conditions should therefore maintain similar quality and strength parameters,
which are dependent on the moisture content. The fruit shelf life can be influenced by
the metabolic system being activated. This can be performed by adjusting the storage to
proper conditions (appropriate storage temperature) or by making use of both biotic and
abiotic factors (in the form of nutrition, cutting, light, water, etc.). One such factor (abiotic)
is the ozone gaseous form, which may be used to slow the ripening process. The findings
of our experiment show the effects on the ozone concentration and its duration on the
moisture content.

The applied ozone treatment had a direct influence on the sea buckthorn shelf life. The
observed changes in moisture content depended on ozone concentrations and exposure
time (Figure 1). The largest water loss, which amounted to 5.20%, was observed in the
control sample (0 ppm, 0 min) on the 7th day of storage, and the lowest water loss of 3.65%
was recorded in the samples subjected to ozone treatment at a rate of 100 ppm, for the
duration of 30 min. The performed statistical analysis showed a significant influence of
ozone concentration and ozone exposure time (LSD0.05 (least significant difference) 0.47)
on the moisture content of the sea buckhorn berries. This corresponds to the observation
of the lowest microbial load for fruit subjected to ozonation under these conditions. It is
most likely that this was caused by a decrease in the activity of microorganisms on the
surface of this fruit. Ozone, as an agent that disinfects fruit surfaces, affects the activity
of microorganisms and the storage process. Microbial inactivation by ozone, mainly due
to the rupture of its cellular membranes, prevents damage of the fruit surface, leading
to a reduction in water loss and increasing the membranes’ mechanical strength. The
influence of the ozonation process on the reduction of water loss in stored plant material
has been also confirmed in other studies. Zardzewiały et al. [21] observed a similar effect
of ozone treatment applied to rhubarb petioles. The authors recorded the lowest water
loss for the exposure of 30 min with an ozone concentration of 100 ppm. The influence of
the ozonation process on improving quality parameters and reducing water loss in stored
ground cucumbers was also confirmed by Gorzelany et al. [22]. Antos et al. [23], using
ozone on stored apples, observed a similar relationship.
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Figure 1. Effect of the ozone treatment concentration (OC), ozone exposure time (OE), and storage time (S) on moisture
content of Hippophae rhamnoides L. fruit.

2.2. The Mechanical Properties

The mechanical parameters determine the quality of the raw material plants, which
is important in terms of the storage ability. During the storage time, all ozonated sea
buckthorn berries showed a higher resistance to the destructive force (Fmax) compared to
non-ozonated fruits (Table 1). The mean values of indentation force in the control sample
amounted to 6.84 N. To correlate moisture content with selected mechanical properties,
these parameters were measured at the same time of storage (on the 1st, 4th, and 7th days).
The results of the test show that water loss from cellular structures directly affects the
parameters of the mechanical properties. The value of destructive force (Fmax) subjected to
these conditions after the 1st day of storage was 10.1% higher compared to non-ozonated
fruits. Significantly better results were recorded on the 4th and the 7th day of storage,
when the value of Fmax was 36.3% and 58.6% higher, respectively, compared to the control
sample (non-ozonated). The result shows that, as in the case of moisture content, the
highest measured parameter was recorded on the 7th day following treatment at the
ozone rate of 100 ppm for 30 min (Fmax = 9.69 N). This was likely the result of less
damage to the ozonated surface of the fruit caused by microbes. Increasing the resistance
of ozonated sea buckthorn berries to the destructive force has been associated with the
alteration of the fruit surface due to ozone gas. Similar relationships were observed on
the recorded deformation of sea buckthorn berries to the point of destruction (dl to Fmax)
and destructive force (Fmax/Lmax). These parameters were significantly higher in the
case of fruit exposed to gaseous ozone. The performed statistical analysis showed a
significant influence of ozone treatment concentration, ozone exposure time, and storage
time on the mechanical parameters (Table 1). The impact of the ozonation process on
selected mechanical parameters of the plant material was also confirmed in other studies.
Zardzewiały et al. [21] observed a similar effect of the ozonation process on the mechanical
resistance of rhubarb in the compression test. The best results were found in the case of
the material subjected to the process of ozone treatment for 15 min with a concentration
of 10 ppm. Gorzelany et al. [22], using gaseous ozone for post-harvest ground cucumber,
obtained a material with improved mechanical and sensory properties compared to the
control. The increase in the parameters of the destructive power of ozonated apples was
noted by Antos et al. [23]. Using cyclic gaseous ozone on apples, the authors observed a
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similar relationship between the conditions of the ozonation process and the mechanical
parameters of the stored fruit.

Table 1. Effect of ozone treatment concentration (OC), ozone exposure time (OE), and storage time (S) on the mechanical
parameters of Hippophae rhamnoides L. fruit.

Parameter
Treat Storage [Days]

Ozone Concentration
[ppm]

Ozone Exposure
[min] 1 4 7

Fmax [N]

0 0 6.82 6.20 6.11

10
5 6.06 de 6.26 de 5.86 e

15 7.31 bcde 8.05 abc 8.17 ab

30 7.45 bcde 6.99 cde 8.30 a

100
5 6.46 cde 6.28 e 6.57 cde

15 7.69 bcd 7.36 abcde 7.71 bd

30 7.53 bc 8.45 b 9.69 a

LSD0.05 for: OC = 0.13; OE = 0.23; S = 0.17; OC/OE = 0.30; OC/S = n.s; * OE/S = 0.30

dl to Fmax [mm]

0 0 2.32 2.30 2.06

10
5 2.65 abc 2.37 abcd 2.44 ab

15 2.30 abcd 2.34 cd 2.02 d

30 2.80 ab 2.41 abcd 2.60 abc

100
5 2.57 abc 2.58 abc 2.26 bcd

15 2.82 ab 2.59 abc 2.42 abc

30 2.69 abc 2.87 a 2.45 abc

LSD0.05 for: OC = 0.02; OE = 0.04; S = 0.05; OC/OE = 0.05,OC/S = 0.06; OE/S = n.s

W to Fmax [J]

0 0 5.22 4.67 4.32

10
5 6.48 abc 6.51 abc 6.22 abc

15 4.80 bcd 4.48 cd 3.91 d

30 7.29 a 6.17 abc 7.05 a

100
5 5.76 abcd 5.39 abcd 5.63 abcd

15 6.88 ab 6.21 abc 6.09 abc

30 6.78 abc 6.60 a 6.61 abc

LSD0.05 for: OC = 0.10; OE = 0.24; S = 0.24; OC/OE = 0.29; OC/S = n.s; OE/S = 0.41

Fmax/Lmax
[N/mm2]

0 0 11.93 16.65 15.29

10
5 11.30 i 26.06 ab 18.75 def

15 13.23 ghi 30.07 a 18.63 defg

30 9.65 i 18.48 defg 19.86 cdeg

100
5 11.97 i 12.20 hi 13.17 fghi

15 11.97 hi 17.17 efgh 23.72 bc

30 14.38 efghi 23.09 bc 19.50 def

LSD0.05 for: OC = 0.55; OE = 0.62; S = 0.68; OC/OE = 0.90; OC/S = 0.96; OE/S = 1.15

Note: * n.s.—non-significant difference; Fmax—destructive force (N), dL to Fmax—deflection at the moment of destruction (mm), W to
Fmax—energy required for destruction (J), Fmax/Lmax—destructive force measurement (N/mm2). a,b,c,d,e,f,g,h,i—statistically significant
differences for the effect: ozone concentration (ppm) × ozone exposure (min) × storage (days).

2.3. Content of Bioactive Compounds

The results of the present study show increased total polyphenol content after 24 h
(Figure 2A). This was determined by the duration of the process and the ozone concentra-
tion. The best results were observed when the plant was exposed to ozone for 5 min with
an ozone concentration of 10 ppm. In this case, the change in the total polyphenol content
was 15.9% higher compared to the control sample (non-ozonated fruit). When higher ozone
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concentrations of 100 ppm were used, the best results were achieved after 15 min. In this
case, an increase in total polyphenol growth of more than 12.8% was found in the ozonated
plant. A strong relationship with ozone dose was observed in the case of antioxidant
potential (Figure 2B). The antioxidant capacity of the fruit 24 h after the ozone treatment of
100 ppm for 15 min was higher by 11.5% compared to the control sample (non-ozonated
fruit). A quantity of 100 ppm of ozone significantly disturbed the fruit balance, which
caused oscillation of the content of components, particularly polyphenols. Such oscillations
were not observed for the antioxidant potential. Statistical analysis showed the impact of
the ozone concentration and ozone exposure time on the total content of polyphenols in
sea buckthorn berries (LSD0.05 = 53.07), and their antioxidant properties (LSD0.05 = 145.77).
In addition, the antioxidant potential depended significantly on the time of the ozonation
(LSD0.05 = 103.84) and ozone concentrations (LSD0.05 = 133.95). The increase in the concen-
tration of secondary metabolites in ozonated sea buckthorn berries after 24 h of storage
can be attributed to metabolic changes due to the occurrence of oxidative stress caused
by ozone. The effect of ozone on the total polyphenol content and antioxidant potential
of the ozonated fruit has been confirmed by other scientists. Rodoni et al. [24] recorded a
50% increase in the total polyphenol content compared to the non-ozonated fruit, on the
sixth day after the ozone treatment, while examining the effect of 10 min ozone exposure at
a dose of 10 µL L−1 on tomato fruits. The increase in total polyphenol content was also
observed in the case of the ozonated fruits of Carica papaya L. [25]. Alothman et al. [26],
using ozone at a flow of 8 ± 0.2 mL s−1 for 0, 10, 20 and 30 min to ozonate pineapple
and banana fruits, found an increase in the total polyphenols in ozonated fruit. The best
results were achieved when the ozonation process was conducted for 30 min. Furthermore,
the total polyphenol content of the ozonated pineapple and bananas was higher by 9.5%
and 23.5%, respectively, compared to non-treated fruit. The process of ozonation under
properly selected conditions may influence an increase in ascorbic acid content in the plant
material [21,27]. Ozone treatment on the buckthorn berries resulted in changes in ascorbic
acid content after 24 h of the conducted process (Figure 2C). However, this impact was
different depending on the concentration of the ozone used and the duration of the process.
The best results were obtained for 30 min using ozone at a concentration of 10 ppm. At
that time, the ascorbic acid content in the tested material was higher by 12.7% compared
to the control sample (non-ozonated fruit). However, when the ozone concentration was
increased to 100 ppm (30 min), a significant decrease in the ascorbic acid content was
observed. It is likely that the observed effects of the oxidation of ascorbic acid was the
result of the activation of ascorbate oxidase being maintained by stress related to the action
of ozone gas. This enzyme degrades ascorbic acid to dehydroascorbic acid [28]. The degra-
dation of ascorbic acid under the influence of inappropriate selection of process conditions
for the type of ozonated plant material was also confirmed by others. Alothman et al. [26],
treating guava fruit with ozone with a flow rate of 8 ± 0.2 mL s−1 for 30 min, noted a
decrease in ascorbic acid by 67.1% compared to fruit not exposed to this gas (control test).
The increase in the content of ascorbic acid in the plant material subjected to the ozone
treatment in properly selected conditions (concentration and time of ozone exposure) was
also confirmed in other studies. Piechowiak et al. [15], while ozonating raspberry fruits
with ozone at a concentration of 8–10 ppm for 30 min, observed an increase in ascorbic
acid content in fruits subjected to the ozonation process. The performed statistical analysis
showed a significant influence of the interaction of ozone concentration and ozonation
time on the ascorbic acid content in sea buckthorn berries (LSD0.05 = 12.46).
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Figure 2. The impact of ozonation process on the polyphenolic content (A), antioxidant activity
against DPPH radical (B), and total ascorbic acid content (C) in Hippophae rhamnoides L. fruit (n = 3).
Note: LSD for α = 0.05 for the impact of ozone treatment concentration (OC), ozone exposure time
(OE), and the interaction between tested parameters (OC)/(OE).
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2.4. Microbial Load in the Raw Material

The ozone treatment resulted in a reduction of the microbial load in the plant material
after 24 h of the conducted process (Table 2). The results of microbiological and statistical
analyses showed the impact of ozone on the total number of aerobic bacteria colonies, in
addition to yeasts and molds. Exposure of sea buckthorn berries to the effect of gaseous
ozone at a concentration of 100 ppm for 30 min resulted in the lowest number of colonies of
aerobic bacteria (cfu g−1). The applied process conditions resulted in the reduction of the
number of aerobic bacteria colonies by 3 log cfu g−1 compared to the control (non-ozonated)
sample. Similar effects of gaseous ozone were observed in the case of reducing the number
of yeast and mold colonies on the surface of ozonated sea buckthorn berries. The number
of yeast and mold colonies after the application of 100 ppm gaseous ozone for 30 min
decreased by 1 log cfu g−1 compared to non-ozone fruit. The reduction of the microbial
load was due to the antimicrobial effect of gaseous ozone, which results from its strong
oxidizing properties [24]. The influence of the ozonation process on the reduction of the
microbial load of fruits has been confirmed in the studies of other authors. Piechowiak
et al. [19] found a decrease in the total number of mesophilic aerobic bacteria, by 1.18 log
cfu g−1, at 48 h after the first ozone treatment of raspberry fruit (8–10 ppm for 30 min every
12 h), compared to the control.

Table 2. Microbiological load of sea buckthorn berries 24 h after the ozonation process (n = 3).

Parameter
Treat Storage

Ozone Concentration [ppm] Ozone Exposure [min] 1 Day

Count of yeast and mould
[cfu g−1]

0 0 4.82

10
5 4.07 c

15 3.91 d

30 4.26 a

100
5 4.14 b

15 3.55 e

30 3.55 e

LSD0.05: OC = 2.64; OE =2.98; OC/OE= 2.92

Count of aerobic bacteria
[cfu g−1]

0 0 6.28

10
5 6.71 a

15 5.10 c

30 4.61 c

100
5 5.84 b

15 3.64 c

30 3.63 c

LSD0.05: OC = 4.96; OE = 5.07; OC/OE= 5.15

Note: LSD for α = 0.05 for the impact of ozone treatment concentration (OC), ozone exposure time (OE), and the interaction between tested
parameters (OC)/(OE). a,b,c,d,e statistically significant differences for the effect: ozone concentration (ppm) × ozone exposure (min).

2.5. Profile of Volatile Compounds

The ozonation process affected the chemical composition of the sea buckthorn berries.
The group of compounds that are particularly susceptible to decomposition under the
influence of this process are volatile compounds (Table 3). In sea buckthorn fruits, these
compounds belong to main two groups: organic acid esters (compounds with a fruity
smell) and terpene derivatives. The first group of compounds are aliphatic derivatives
that are resistant to the oxidation process. HS-SPME analysis showed that the percentages
of these substances vary depending on the ozonation conditions used, but their mutual
proportions are similar. The differences in the percentage composition are due to the
loss of other compounds that were most likely susceptible to the ozone decomposition
process. The greatest differences were observed for carvacrol presence. Carvacrol is a
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phenol derivative that was identified only in the control sample (non-ozonated fruit). This
is an interesting observation because the aromatic compounds show a moderate tendency
to ozonolysis [29]. The process carried out with the use of gaseous ozone mainly affects the
surface of the ozonated raw material. The secondary metabolites are often found on the
surface of the fruit in tissues capable of storing hydrophobic substances. They are often
components of the cuticle, which is a barrier rich in hydrophobic compounds. Terpenes
are hydrophobic substances that are often found in the cuticle. One of the components
of the volatile fraction of sea buckthorn berries is carvacrol. Carvacrol is a component
with a low boiling point and a relatively high vapor pressure, which makes the compound
susceptible to the surface action of ozone. The HS-SPME technique used makes it possible
to identify volatile compounds present in the headland phase. The lack of carvacrol in
this phase in the case of ozonated fruit (Figure 3) indicates that it has been removed from
the top layers of sea buckthorn berries, but this does not exclude its presence in deeper
structures. It should be noted, however, that the lack of this substance in the headspace
will likely affect the subjective smell of ozonated fruits. A cursory sensory analysis did
not reveal the absence of foreign odors. Ozonolysis can lead to the formation of carbonyl
derivatives, which often exhibit strong aromatizing properties. These compounds can arise
as oxidation products of unsaturated fatty acids in the deeper layers of plant tissues [30,31].
However, they arise from long-chain unsaturated hydrocarbon derivatives. In the case of
sea buckthorn berries, the aromatic hydrocarbon derivative (carvacrol) was degraded, and
presumably degraded into highly volatile compounds (glyoxal), the presence of which was
not detected. No significant losses of the esters, which are mainly responsible for the fruity
fragrance, were observed during the ozonation process. As shown by Slynko et al. [32],
these esters are the main ingredients in the scent of sea buckthorn berries and represent
71.45% of the ingredients of Hippophae scents. In the case of ozonated fruit, the proportion
of these esters ranges from 97% (100 ppm, 30 min) to 60.98% for non-ozonated fruit.

Figure 3. Chromatogram SPME-GC for the volatile fraction of Hippophae rhamnoides L. fruit.
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3. Materials and Methods
3.1. Plant Material

The research material was acquired from a local producer in a neighborhood of
Rzeszów (southern Poland) after harvest. The plant material was analyzed at the Depart-
ment of Food Chemistry and Toxicology University of Rzeszów.

3.2. Ozone Exposure

Apparatus for the ozone treatment of plant material was fed with ozone generated by
a TS 30 (Ozone Solution, Hull, MA, USA) ozone generator, and the ozone concentration
was measured by a 106 M UV Ozone Solution detector (Ozone Solution, Hull, MA, USA),
with the range of 0–1000 ppm [33]. The plant material was placed into the reactor chamber.
Samples (500 g) of the sea buckthorn were exposed to ozone at the concentration of 10 ppm
and 100 ppm for 10, 15, and 30 min respectively with the gas flow rate of 4 m3 h−1 at room
temperature (20 ◦C). The experiments were conducted in triplicate.

3.3. Determination of the Moisture Content

The moisture content in the plant material was determined using a SLW 115 SMART
moisture analyzer (POL-EKO-APARATURA, Wodzisław Śląski Poland). The maximal
temperature during this procedure was 105 ◦C.

3.4. Measurement of Mechanical Properties

Hippophae rhamnoides L. samples were subjected to the puncture strength test with
a pen puncture probe with a diameter of: a~8 mm, b~6 mm, using Zwick/ Roell Z010
machine (Zwick Roell Polska Sp. z o.o. Sp. K., Wrocław, Poland). Measurements of the
mechanical properties were conducted at the preliminary power F = 1 N (initial force), and
the speed of traverse of the beam load cell V = 0.3 mm·mins−1 (crosshead return speed).
The measurements were conducted in 36 repetitions for each of the analyzed varieties, on
the fresh and the ozonated fruit after the first, the fourth, and the seventh day of storage at
a temperature of 4 ◦C.

3.5. Content of Bioactive Compounds

The content of polyphenols in Hippophae rhamnoides L. fruit was measured in accor-
dance with the methodology described by Matłok et al. [34] utilizing the Folin–Ciocalteu
method. The total ascorbic acid content and the antioxidant activity DPPH were determined
according to the methodology described by Oszmiański et al. [35] and Piechowiak et al. [19].
The analysis was performed in three replicates.

3.6. Microbiological Analysis

Microbiological analyses consisting of the indication of the total number of yeasts
(cfu g−1) and mold and aerobic bacteria (cfu g−1) were carried out in accordance with the
methods described by Matlok et al. [36]. The analyses were performed in three replications.

3.7. Head Space-Solid Phase Microextraction (HS-SPME) and Chromatographic Analysis

Head Space–Solid Phase Microextraction (HS-SPME) and chromatographic analysis
was conducted in accordance with the method described by Matłok et al. [36]. The analyses
were performed in three replications.

3.8. Statistical Analysis

The significance of the differences was checked for each term of analysis. The re-
sults were statistically processed using the analysis of variance in a two-factor random
block design. Furthermore, the effect of storage time on the specified quality parameter
of the control and ozonated fruit in terms of the value of the specified mechanical qual-
ity parameter and moisture content was determined using the analysis of variance in a
three-factor random blocks design. The significance of differences with LSD of 0.05 was
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evaluated using Tukey’s multiple test. Statistical analysis of results was carried out using
the ANALWAR—5.3 FR programme by Franciszek Rudnicki (University of Life Science
and Technology in Bydgoszcz, Poland)

4. Conclusions

The results of the present study show the effect of ozone treatment on the quality of sea
buckthorn (Hippophae rhamnoides L.) The study shows that the application of gaseous ozone
leads to reduced microbial load and loss of water, and improved mechanical properties in
the plant material. Furthermore, the findings show increased ascorbic acid content after
ozone treatment (for 10 ppm at 30 min and 100 ppm at 15 min), and higher total content
of polyphenols. Moreover, the observed increase was dependent on the applied dose of
ozone. The current findings show that ozone treatment may effectively be used to extend
the shelf life of sea buckthorn.
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Abstract: Seed meals and cakes, deriving from minor oilseed crops, represent interesting co-products
for the presence of a high content of proteins and bioactive compounds that could be successfully
explored as valuable plant-derived feedstocks for food and non-food purposes. In this contest,
flaxseed (Linum usitatissimum L.) and camelina (Camelina sativa (L.) Crantz) are becoming increasingly
important in the health food market as functional foods and cosmetic ingredients. Thus, this study
aimed to evaluate the effect of genetic characteristics and cultivation sites on the chemical features of
seed meals deriving from two flaxseed varieties (Sideral and Buenos Aires) and a camelina cultivar
(Italia), cultivated in Central and Northern Italy (Pisa and Bologna). The content of total phenols
and flavonoids, seed oil, proteins and fatty acids have been evaluated, together with the chemical
profiles of flaxseed and camelina meals. In addition, radical-scavenging activity has been investigated.
All the examined seed meals resulted as rich in bioactive compounds. In particular, flaxseed meal
is a good source of the lignan secoisolariciresinol diglucoside (SDG) and hydroxycinnamic acid
glucosides, while camelina meal contains glucosinolates and quercetin glycosides. Furthermore, all
extracts exhibited a very strong radical-scavenging activity, that make these plant-derived products
interesting sources for food or cosmetic ingredients with health outcomes.

Keywords: Linum usitatissimum; Camelina sativa; antioxidant capacity; bioactive compounds; glucosi-
nolates; lignans; phenols; co-products valorization

1. Introduction

In recent years, new perspectives for oilseed crops have revealed them to be renewable
and valuable feedstocks for biorefinery processes, responding to the urgent need to transi-
tion toward a circular economy model based on the zero-waste concept [1]. These crops, in
fact, are particularly suitable for obtaining, through a cascading use of total biomass, highest
added-value products (pharmaceuticals, nutraceuticals, fine chemicals, cosmetics, agro-
chemicals, biomaterials), over bioenergy. In particular, oilseed meals and cakes, deriving
from seed oil extraction, represent interesting co-products due to their high protein content,
also for the presence of bioactive substances, such as phenolic acids, flavonoids, lignans and
other antioxidant compounds [2], which could be used as food additives, supplements or
cosmeceutical additives for foods and human health protection. In addition to the main
oilseed crops, such as soybean and rapeseed used for food, feed and biofuel production,
there is a growing interest in other minor oilseed crops suitable for marginal land, which
could have a positive impact on the sustainability and resilience of agroecosystems. In this
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contest, flaxseed (Linum usitatissimum L., family Linaceae) and camelina (Camelina sativa
(L.) Crantz, family Brassicaceae) are becoming more and more important in the health food
market as a functional food and cosmetic ingredients [3,4]. Both crops, compared to the
traditional oilseeds, display several agronomic advantages, such as great adaptability and
phenotypic plasticity, low water and nutrient requirements, as well as good tolerance to
pests and pathogens [5,6]. These positive agronomic attributes make these oilseed crops
promising to be introduced in Mediterranean agroecosystems, where they might represent
useful tools for enhancing biodiversity and cropping system diversification. These crops are
not only characterized by positive agronomic traits, but they also have interesting chemical
and functional features due to their products and co-products compositions. The nutritional
importance of flaxseed is due to the high content of proteins (22%), lipids (43%) and minerals
(3%). Its oil represents an important source of omega-3 fatty acids, especially linolenic acid
(ALA) (more than 50% of the total fatty acids) [7]. Furthermore, flaxseed seeds, oil and cake
are the richest source of the lignan secoisolariciresinol diglucoside (SDG), a natural cancer
chemopreventive agent [8], in form of high molecular oligomers. At the same time, the high
potential of camelina for nutritional applications is attributed to the distinctive fatty acid
composition of its oil, rich in alpha-linolenic (18:3) and linoleic (18:2) acids [9,10]. Being an
essential omega-3, alpha-linolenic acid has beneficial health effects on humans [11]. The
presence of eicosenoic acid (11–19%) and tocopherols in relatively large amounts, and the
low content of anti-nutritionals such as erucic acid, are additional distinctive differences
of camelina in comparison with other commonly used vegetable oils [9,12]. All these com-
pounds have antioxidant and free-radical scavenging activities and can play an important
role in preventing several human diseases thanks their potential anti-tumoral, antiviral,
antibacterial, and anti-mutagenic abilities [13]. For the aforementioned properties, flaxseed
and camelina meals have interesting usable potential as ingredients for food and non-food
purposes. Cake/meals composition is known to have a wide range of variability, depending
on genetic and environmental growing conditions, and the extraction method. However, the
current state of knowledge about the chemical composition of camelina and flaxseed meals,
depending on the variety/cultivar and environmental conditions in which the plant is
grown, is scarce. Therefore, the present study aimed to evaluate the role of environment and
genotype in defining the chemical features of flaxseed and camelina meals. Consequently,
the seed meals, obtained after solvent oil extraction, deriving from two flaxseed varieties
(Sideral and Buenos Aires) and a camelina cultivar (Italia), cultivated in two environments
of central and northern Italy (Pisa and Bologna), were analyzed for their phytochemical
content and tested for their radical-scavenging activity. At the same time, the seed yield, oil
and protein content and oil yield as well as fatty acid profile, were investigated for all the
tested varieties in both environments, providing useful information about camelina and
flaxseed yield potential under the climate conditions of Mediterranean region.

2. Results
2.1. Seed Yield and Qualitative Characteristics

In Figures 1 and 2, the main agronomic (seed and oil yield) and qualitative (seed oil and
protein contents and fatty acid profile) traits, for all oilseed crops and sites were reported.
Regarding flaxseed, the highest seed yield was obtained for Sideral in Pisa, while Buenos
Aires in Bologna was characterized by the lowest crop yield. The same trend was observed
for oil seed yield, with the highest value in Pisa for Sideral and the lowest one, once again,
for Buenos Aires, grown in Bologna. On the contrary, no significant differences were found
for oil content (%), indicating that the seed oil yield depended on seed yield rather than
seed oil content. The seeds of Buenos Aires cultivated in Pisa were characterized by the
lowest crude protein content (Figure 1).

Regarding camelina, the crop grown in Pisa showed the highest seed yield as well as
the highest seed oil content, oil yield, and protein amount (Figure 1).

In Figure 2, the fatty acid composition of flaxseed and camelina seeds has been shown.
Data highlighted that, for both flaxseed varieties, fatty acid composition did not vary
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depending on the cultivation site, while differences were observed between the two cultivars.
In particular, Buenos Aires seeds were characterized by a lower content of linoleic acid
and a higher content of α-linolenic one, in comparison with Sideral. On the contrary, for
camelina, the cultivation site seemed to have a significant effect on the acidic composition,
with higher contents of oleic and linoleic acids and a lower amount of α-linolenic acid in
seeds obtained from the Pisa crop, compared with the fatty acid profile of camelina seed
obtained in Bologna.

Figure 1. Seed yield (A), oil content (B), oil yield (C) and crude protein content (D) of the two oilseed crops (mean† ± SD)
grown in two cultivation sites (Pisa and Bologna). † Values are the means of four replicates. Means followed by different
letters are significantly different according to LSD0.05 or Student’s t-test.
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Figure 2. Fatty acid composition of oils of flaxseed (Sideral and Buenos Aires) and camelina (Italia) grown in two cultivation
sites (Pisa and Bologna).

2.2. Phytochemical Screening and Anti-Radical Activity of Seed Meals

In Tables 1 and 2, the content of total phenols and flavonoids and anti-radical activity of
flaxseed and camelina seed meals are shown. Regarding the phytochemical characteristics
of flaxseed meal, ANOVA analysis showed no significant effect of variety and cultivation
site on both the TPC (total phenolic content) and TFC (total flavonoids content) (Table 1).

A similar trend was also observed for anti-radical activity (Table 2), even if significant
differences have been observed between varieties and sites for EC50 estimated by the DPPH
assay. In particular, lower values, indicating a major anti-radical activity, were registered for
meal obtained from Buenos Aires seeds and in general, for flaxseed meals deriving from
the seeds produced in Pisa (Table 2). In camelina, the highest value of TPC was found in
the defatted meal deriving from the seeds produced in Pisa (Table 1), while no differences
between the two cultivation sites were observed for the flavonoid content. According to the
phenol content, seed meals deriving from camelina produced in Pisa were characterized by
the lowest anti-radical activity. The lower the EC50 value is, the higher the extract ability
to scavenge radicals is, particularly peroxy radicals, which are the propagators of the
autoxidation of lipid molecules and thereby break the free radical chain reaction (Table 2).
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2.3. LC–PDA/UV–ESI–MS Profiles
2.3.1. Lignan Content of Flaxseed Meal

Flaxseed is known as a major source of lignan SDG, which is present in the form
of high molecular oligomers due to ester bonds with 3-hydroxy-3-methylglutaric acid
(HMGA) and glycosidic linkages with phenolic compounds, such as hydroxycinnamic
acid derivatives and herbacetin diglucoside [14]. Both alkaline and acid hydrolysis of SDG
oligomers is commonly used to analyze the lignan content of flaxseed [15]. In the present
study, the chemical characterization of flaxseed lignans from the four analyzed extracts
(defatted seed meal of flaxseed Sideral and Buenos Aires in the two cultivation sites Pisa
and Bologna) was performed on the alkaline hydrolysates of SDG oligomers by the means
of HPLC coupled to a PDA/UV detector and an electrospray ionization mass spectrometer
(ESI–MS). The PDA/UV chromatograms (Figure 3) were acquired at 280 nm, which is
the maximum absorption of SDG. All the extracts showed very similar profiles, with the
presence of phenolic compounds due to the breaking of oligomer ester linkages. Indeed,
the alkaline hydrolysis led to the formation of phenolic acid glucosides, such as p-coumaric
acid glucoside (two isomeric forms, peaks 1 and 2) and ferulic acid glucoside (two isomeric
forms, peaks 3 and 4), the flavonoid herbacetin diglucoside (peak 5), the lignan SDG (two
isomeric forms, peaks 6 and 7), and ferulic acid (peak 8), according to previous studies [15].
The tentative identification of all compounds was carried out comparing their elution order,
ESI–MS/MS and PDA/UV data (Table 3) with those previously reported [16].

Masses of identified phenolics were detected in negative ion mode, originating de-
protonated [M − H]− molecules and except for compound 6, formiate [M + HCOO]− and
acetate [M + CH3COO]− adducts, leading to establish the molecular weight of detected sub-
stances. MS/MS of [M + CH3COO]− ions for compounds 1/2 (m/z 385) and 3/4 (m/z 415)
showed losses of a hexosyl moiety ([M−162]−) due to the cleavage of the O-sugar bond,
generating aglycon portions attributable to p-coumaric acid and ferulic acid, respectively.
Thus, compounds 1/2 and 3/4 were identified as two isomeric forms of p-coumaric acid
glucoside and ferulic acid glucoside, respectively, that cannot be distinguished on the basis
of UV and MS data. The alkaline hydrolysates showed also the presence of ferulic acid (8),
with λmax 237 and 323 nm and diagnostic product ions (m/z 178, 149, and 134) generated
in the MS/MS of deprotonated molecule [M − H]− at m/z 193. The full mass spectrum
of compound 5 showed a deprotonated molecule [M − H]− at m/z 625, while MS/MS
displayed two diagnostic fragment ions at m/z 463 and 301 generated by the subsequent
losses of two hexosyl moieties. Thus, compound 5 was identified as herbacetin diglucoside,
a flavonol considered part of the lignan macromolecule [17]. Compounds 6 and 7 were
identified as two isomeric forms of SDG, the most abundant lignan present in linseed. The
MS/MS experiment for the acetate adduct [M + CH3COO]− at m/z 745 provided a product
ion at m/z 583, due to the loss of a hexosyl moiety, according to the presence of a glucosyl
residue. A few minor peaks remained unidentified.

The percentage composition of SDG oligomers in terms of detected phenols 1–8 after
alkaline hydrolysis, calculated by integrating the peak areas at 280 nm in all camelina
extracts, is shown in Figure 4. The most representative compound was p-coumaric acid
glucoside (isomers 1 and 2) with a percentage amount ranging from 48.8 to 60.0%, followed
by SDG (isomers 6 and 7; 20.2–26.4%), ferulic acid glucoside (isomers 3 and 4, 7.6–16.0%),
ferulic acid (8. 4.2–9.4%), and herbacetin diglucoside (5. 1.0–2.1%). Based on these results,
meal extract from flaxseed Sideral cultivated in Pisa was the richest in p-coumaric acid
glucoside, while meal extract from flaxseed Buenos Aires cultivated in Bologna was the
richest in SDG and ferulic acid glucoside.
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Figure 3. HPLC–PDA/UV profiles (detected at 280 nm) of secoisolariciresinol diglucoside (SDG)
oligomers alkaline hydrolysates from the defatted seed meal extracts of flaxseed Sideral cultivated in
Bologna (A) and Pisa (B), and Buenos Aires cultivated in Bologna (C) and Pisa (D). For peak data,
see Table 3.
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Figure 4. Percentage amount of identified phenols in secoisolariciresinol diglucoside (SDG) oligomers
after the alkaline hydrolysis of flaxseed meal extracts from Sideral and Buenos Aires in two Italian
cultivation sites, Pisa and Bologna.

2.3.2. Glucosinolate and Phenol Contents of Camelina Meal

The LC–ESI–MS analyses of camelina meal extracts (Figure 5), registered in negative
ion mode, showed the presence of two major classes of compounds, represented by glucosi-
nolates (peaks 9, 10, and 15) and flavonoids (peaks 11–13). The compounds were tentatively
identified on the basis of spectral data. The MS/MS of all glucosinolates ([M−H]− at m/z 506,
520, and 534) showed diagnostic fragments due to the losses of a SO2 molecule and were iden-
tified as glucoarabin (9), glucocamelinin (10), and 11-(methylsulfinyl)undecylglucosinolate
(15), in agreement with previous studies [18,19]. The three detected flavonoids, characterized
by two strong UV absorptions at 256–258 and 350–356 nm were all in the form of glycosides
characterized by the presence of the same aglycone identified as quercetin due to the di-
agnostic fragment at m/z 301 in the MS/MS. Compound 11 ([M − H]− at m/z 741) was a
triglycoside as deduced by its fragmentation pathway ([M −H − 132 − 146 − 162]−) and
was identified as quercetin 2”-O-apiosyl-3-O-rutinoside, previously isolated from camelina
by Quéro et al. [18]. Both compounds 12 ([M − H]− at m/z 595) and 13 ([M − H]− at m/z
609) contain a disaccharide chain constituted by pentose–hexose and deoxyhexose–hexose,
respectively. Thus, compound 13 was identified as quercetin 3-O-rutinoside (rutin) [19],
while compound 12 is probably a quercetin apiosyl-glucoside in which the exact position
of sugars cannot be determined only on the basis of MS/MS data; based on similar compo-
nents previously found in camelina seeds, it can be assumed that compound 12 is quercetin
2”-O-apiosyl-3-O-glucoside. Finally, compound 14 ([M − H]− at m/z 623) remained not
completely identified, but it could be a synapoil derivative as can be deduced by the presence
of fragment [M −H − 206]− at m/z 417.

The LC–MS quantitative analyses (Table 5) showed that among glucosinolates gluco-
camelinin was the most representative in both camelina meal extracts, while rutin was the
most abundant among flavonoids. Furthermore, meal extract from camelina cultivated
in Bologna showed the highest content in term of glucosinolates [18.6 ± 0.3 vs. 14.5 ±
0.5 mg/g dry weight (DW)], whereas meal extract from camelina cultivated in Pisa showed
the highest content in terms of flavonol glycosides (4.8 ± 0.08 vs. 4.5 ± 0.06 mg/g DW).
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Figure 5. HPLC–ESI–MS profiles (registered in negative ion mode) of camelina meal extracts culti-
vated in Pisa (A) and Bologna (B). For peak data, see Table 4.

Table 4. Spectral (UV and ESI–MS/MS) and chromatographic data (tR, retention time) of compounds 9–15, detected in
camelina meal extracts.

Peak a Compound tR (min) [M − H]− MS/MS Ions (m/z) λmax (nm)

Glucosinolates

9 Glucoarabin
(9-(methylsulfinyl)nonylglucosinolate) 31.4 506 491, 442, 248 240

10 Glucocamelinin
(10-(methylsulfinyl)decylglucosinolate) 38.9 520 505, 456, 262 239

15 11-(methylsulfinyl)undecylglucosinolate 47.1 534 519, 470 256
Flavonol glycosides

11 Quercetin 2”-O-apiosyl-3-O-rutinoside 40.2 741 609, 300, 301 256, 354
12 Quercetin O-apiosyl-glucoside 40.9 595 463, 300, 301 258, 350
13 Quercetin 3-O-rutinoside (rutin) 42.9 609 463, 301 257, 356

Other compound
14 Synapoil derivative 44.6 623 417, 399, 209 249, 328

a Compound numbers correspond with peak numbers in Figure 5.
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Table 5. Quantitative amount (mg/g ± SD DW) of constituents found in meal extracts from Camelina
sativa Italia in two cultivation sites, Pisa and Bologna.

Peak n. (in Figure 4) Pisa Bologna

Glucosinolates
Glucoarabin 9 3.4 ± 0.04 3.9 ± 0.08

Glucocamelinin 10 9.3 ± 0.4 12.3 ± 0.2
11-(methylsulfinyl)undecylglucosinolate 15 1.8 ± 0.06 2.4 ± 0.04

Total 14.5 ± 0.5 18.6 ± 0.3
Flavonol glycosides

Quercetin 2”-O-apiosyl-3-O-rutinoside 11 1.8 ± 0.03 1.7 ± 0.02
Quercetin apiosyl-glucoside 12 0.14 ± 0.004 0.21 ± 0.005

Quercetin 3-O-rutinoside 13 2.9 ± 0.05 2.6 ± 0.04
Total 4.8 ± 0.08 4.5 ± 0.06

DW: dry weight; SD: standard deviation.

3. Discussion

The obtained results showed that both flaxseed and camelina were able to reach
satisfactory yields in both environments, even if clear effects of environment and variety
were observed, with the highest productive performance reached by Sideral and Italia
grown in Pisa. The obtained results are consistent with those reported in the literature for
different environments and cultivars [4,20–22]. The analysis of the chemical composition
of flax seeds showed that oil contents were not significantly different under the influence
of variety or environmental conditions, with average values of 46%. This content was
higher in comparison with those reported in previous studies [23,24] in which flaxseed oil
content ranged between 34 and 45%, depending on the geographical area, genotype and
environmental conditions. Flaxseeds were characterized by a very stable proportion of
polyunsaturated fatty acids, in both varieties and environments, with α-linolenic acid as
the most abundant fatty acid. It is known that this fatty acid is characterized by beneficial
effects on the prevention of several diseases, such as cardiovascular diseases, hypercholes-
terolemia, chronic kidney diseases, atherosclerosis, and neurological disorders [25,26].
In the present study, the content of α-linolenic acid in both flaxseed varieties, ranging from
57 to 65%, consistent and sometimes higher than that reported in literature (from 50 to 59%,
depending on genotype and environment) [27,28].

In camelina, oil content and fatty acid profiles were dependent on the environment,
with higher oil and oleic acid contents in Pisa samples, compared to the Bologna ones. On
the contrary, the seed oil of camelina grown in Bologna showed an increased content of
eicosenoic acid and α-linolenic one. These differences could be due to the highest tempera-
tures experienced during flowering and seed filling by the crop cultivated in Pisa, for which a
spring sowing was performed. It is known that elevated temperatures during flowering and
seed ripening determine a rise in oleic acid since temperature can interfere with the activity
of the enzymes involved in the biosynthesis of fatty acids [29]. Interestingly, eicosenoic acid
can be a valuable source of medium chain fatty acids for the bio-based industry, which
nowadays are not produced in Europe as they are totally derived from palm and coconut
oils [30]. Nonetheless, the oil content fell in the range typically reported for this oilseed
crop [21,30]. Finally, as a general observation, the crude protein content of both types of
oilseeds was negatively correlated with the oil content confirming previous findings [5,31].

The evaluation of the total phenols and flavonoids and their related antioxidant ac-
tivities showed that both types of meal were characterized by interesting levels of these
beneficial substances, regardless of the variety and growing environment, except for that
given for total phenolic content and the anti-radical activity of camelina meals. In this case,
in fact, higher phenols and stronger anti-radical activity, measured by DPPH, were observed
for defatted meal deriving from camelina grown in Pisa, in comparison with camelina meal
obtained from Bologna. In the literature, regarding total phenols and flavonoids in flaxseed
and camelina cakes and/or meals, lower and higher values are reported, in comparison with
our findings, depending on the variety, extraction method, and growing conditions [32–35].
For example, Teh and Birch [32] found, in defatted flaxseed cake, levels of total phenols
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and total flavonoids in the range of 474–807 mg GAE/100 g FW (FW = fresh weight) and
5.6–15.6 mg luteolin equivalents (LUE)/100 g FW, respectively, depending on the extraction
method (ultrasonic and conventional method), solvent volume and extraction temperature.
In the defatted camelina meal, Rahman et al. [34] observed a mean total phenolic content
of 11.69 ± 0.44 mg GAE/g DW with a total flavonoid content equal to 6.81 ± 0.68 mg
CAE/g DW.

Phenolic compounds are recognized as important food metabolites able to prevent
several pathologies, such as cardiovascular and neurodegenerative diseases and cancer [36,37].
Polyphenols exhibit, in fact, interesting antioxidant activity thanks to their ability to trans-
fer a hydrogen atom or an electron, acting as a reducing agent, as well as by the possible
chelation of metal ions and the inhibition of the activity of oxidases [38]. The antioxidant
activity of the hydroalcoholic extracts of the two kinds of meals tested in the present study
was in line with the results on phenol and flavonoid concentration. In fact, a lower value
of EC50 (for both DPPH and ABTS assays) were revealed for camelina meal, suggesting
a positive correlation with the higher phenols and flavonoids detected in this kind of
meal. The lower the EC50 value is, in fact, the higher the ability of the extract to scavenge
radicals is. Previous reports underlined that camelina and flaxseed meals, after solvent
oil extraction, contain good amounts not only of phytochemicals but also crude proteins
(32–45%, with the presence of important essential amino acids, such as lysine, methionine
and cysteine), insoluble fiber, carbohydrates and minerals [34,39–41], which make these
meals good candidates for food and feed applications.

As expected, all flaxseed meal extracts were found to be a good source of SDG,
herbacetin diglucoside, and hydroxycinnamic acid glucosides (ferulic and p-coumaric acid
glucosides), herein characterized by HPLC–UV–MS analyses of alkaline hydrolysate, since
they are accumulated in flaxseed seeds in form of oligomers [15]. Although the chemical
compositions of the four extracts showed the same profiles in terms of constituents and
their relative abundance, Buenos Aires flaxseed’s meal cultivated in Bologna resulted, even
if with small distances from others, the major source of SDG, a lignan whose potential
health benefits are under investigation in many recent studies [8]. SDG, one of the most
representative monomeric constituents of the lignan macromolecule, is reported to have
many biological activities such as antioxidant and anti-inflammatory properties, playing a
role in the prevention against chronic diseases, such as cardiovascular events and metabolic
syndrome [8].

In agreement with previous investigations [18], three major glucosinolates were found
in camelina meals, showing glucocamelinin as the most representative (about 64 and 66% of
the total glucosinolate composition in the varieties growing in Pisa and Bologna, respec-
tively). Long-chain glucosinolates predominate in camelina compared with short-chain
glucosinolates that comprise the majority of glucosinolates in canola meal. Previous studies
evidenced that glucosinolate content in camelina seeds is dependent on the geographic
origin of seeds, as well as climatic factors and soil conditions [9]. A large variation was
also observed between different cultivars [42]. In a recent work, Russo and Reggiani [43]
reported an amount of total glucosinolates ranging from 19.6 to 40.3 mmol/kg DW in
camelina meal from 47 accessions, with an average of 30.3 mmol/kg DW. Compared to
these data, the amount of total glucosinolates in camelina meal obtained in the present work
from the two Italian cultivation sites were moderately high, with camelina from Bologna
richer (35.7 mmol/kg DW) than camelina from Pisa (27.9 mmol/kg DW), probably due to
the different environmental conditions. In addition to glucosinolates, both camelina extracts
were shown to contain phenolic constituents in quite a similar amount, with camelina from
Pisa slightly above camelina from Bologna. Flavonoids, mainly kaempferol and quercetin
derivatives, were previously reported in camelina seeds [19] and their profile compared
to that of camelina meal [34,35]. The LC–MS analyses of camelina meal extracts from Pisa
and Bologna showed that both samples contained three major quercetin glycosides, with
quercetin 3-O-rutinoside the most representative, followed by quercetin 2”-O-apiosyl-3-O-
rutinoside, herein more expressed than previous studies. The presence of glucosinolates and
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flavonoids is important for defining the nutraceutical value of camelina meals. Glucosino-
lates, secondary metabolites typical of the Brassicaceae family, have received great attention
for their potential benefits in the prevention of carcinogenesis as well as cardiovascular and
neurological diseases [44–46]. In a recent preliminary study, glucocamelinin and glucoarabin
from defatted seed meal showed an ability to upregulate the phase II detoxification enzyme
quinone reductase (NQO1) [18]. Similarly, rutin, a common flavonol glycoside found in
a large number of plant species, is known for its antioxidant activity and its role in the
treatment and prevention of various diseases [47].

4. Materials and Methods
4.1. Reagents and Standards

Methanol, formic acid and acetic acid for HPLC–MS analyses, and all analytical grade
solvents and reagents were purchased from VWR (Milano, Italy). Water HPLC grade
(18 mΩ) was prepared by Mill-Ω purification system (Millipore Co., Bedford, MA, USA).
Folin–Ciocalteu reagent was purchased from Merck (Darmstadt, Germany). ABTS and
DPPH were purchased from Sigma Aldrich (St. Louis, MO, USA). Rutin (purity ≥ 99%)
and glucoraphanin (purity ≥ 98%) were purchased from Extrasynthese (Genay, France).

4.2. Experimental Conditions and Plant Material

Field plot experiments were carried out during the 2013–2014 growing season at
the Centre for Agro-Environmental Research “Enrico Avanzi” of the University of Pisa
located in San Piero a Grado (Pisa, central Italy, 43◦40′ N; 10◦19′ E, 1 m above sea level)
and at the CREA (Council for Agricultural Research and Economics) experimental farm
in Budrio (Bologna, northern Italy, 44◦32′ N; 11◦29′ E, 28 m above sea level), by adopting
a randomized block design with four replicates (plots size of 6.5 m × 3.0 m) for each
species and/or cultivars. Both sites were characterized by flat land with alluvial deep
loam soils. In Pisa, the soil was a typic Xerofluvent, representative of the lower Arno
river plain, characterized by a low level of organic matter (1.7%), and a medium content
of available phosphorous (12.0 mg/kg) and total nitrogen (1.1 g/kg), with a moderately
alkaline reaction (pH 8.2) and slightly calcareous (total CaCO3 3.1%). In Bologna, the soil
was moderately alkaline (pH 8.1), characterized by good contents of organic matter (2.1%)
and total nitrogen (1.4 g/kg), very good level of available P (33.3 mg/kg), and moderately
calcareous (total CaCO3 10.3%). In both environments, the two flaxseed varieties used
in the experiment were Sideral and Buenos Aires. Sideral is a variety registered in the
EC (European Commission) common catalogue of varieties and commercially available
(Semfor s.r.l., Verona, Italy), characterized by high resistance to cold and lodging and early
ripening with blue-violet flowers and brown colored seeds [5]. Buenos Aires belongs to the
germplasm collection of CREA-CI (Bologna, Italy), and it is characterized by a low cold
resistance and an early ripening, with white flowers and yellow-colored seeds. Regarding
camelina, the cultivar Italia, belonging to CREA-CI germplasm collection, was used [48].
The previous crop in both locations was durum wheat (Triticum turgidum L. subsp. durum
(Desf.) Husn.), assuming a rotation with cereals. All flaxseed crops were sown during the
fall, from mid- to the end of October, after the cereal crop harvest. Camelina was analyzed
as a separate experiment comparing a winter crop in Bologna (sown in mid-October 2013)
with a spring crop in Pisa (sown in mid-March 2014). Both crops have been harvested from
the beginning to the end of June, at full seed maturity.

4.3. Agronomic Evaluations

At full seed maturity, four randomized sample areas of 2 m2 were collected within
each experimental plot for each crop and in each environment to assess harvestable crop
yield. The plants were manually cut and gathered and then threshed by a fixed machine,
using sieves suitable for small seeds, and evaluated for their moisture and seed yield.
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4.4. Seed Processing and Analysis

Seed moisture was determined by oven-drying the seeds at 40 ◦C until constant weight
for dry weight determination and the moisture content was calculated as the difference
between the seed weight before and after the treatment. Oil was extracted by Buchi E-816
ECE (Soxhlet-like extractor) for 210 min, with hexane and trans-methylated in 2N KOH
methanol solution [49]. Fatty acid profile was evaluated by a gas chromatography equipped
with a flame ionization detector (Carlo Erba HRGC 5300 MEGA SERIES) and a capillary
column Restek RT× 2330 (30 m× 0.25 mm× 0.2 µm), following the internal normalization
method (ISO 12966–4:2015). The crude protein content was expressed as the percentage of
dry matter and calculated from nitrogen using the conventional factor of 6.25. The obtained
meals were dried at room temperature, vacuum-sealed and then stored away from light
and heat, until the subsequent analysis.

4.5. Extraction of Bioactive Compounds

Flaxseed and camelina meals (0.25 g) were extracted with 5 mL of methanol–water
(80% v/v) and sonicated for 30 min at room temperature. After centrifugation, the su-
pernatant was filtered through a sterile 0.45 µm Minisart Syringe Filter and the resulting
extracts were stored at −20 ◦C before use for up to a week.

4.6. Analysis of Total Phenols and Flavonoids

Total phenols were determined using the Folin–Ciocalteu method according to Single-
ton et al. [50]. The absorbance of the blue complex formation was determined at 765 nm
by UV–vis spectrophotometer (Varian Cary 1E, Palo Alto, CA, USA). The results were
expressed as mg gallic acid equivalent (GAE) per gram of seed meal on dry basis. Total
flavonoids were determined using the method described by Jia et al. [51] measuring the
absorbance of the pink complex at 510 nm using a UV–vis spectrophotometer (Varian Cary
1E, Palo Alto, CA, USA). The results were expressed as mg catechin equivalent (CAE) per
gram of seed meal on dry basis. Measurements were replicated three times for each sample.

4.7. HPLC–PDA/UV–ESI–MS/MS Analyses of Camelina and Flaxseed Meal Extracts
4.7.1. Alkaline Hydrolysis of Flaxseed Oligomers

For the hydrolysis of the SDG oligomers, the four dried flaxseed extracts were dis-
solved in methanol (100 mg/mL) and mixed to an equal volume of 2M NaOH solution.
The alkaline hydrolysis was carried out for 2 h at room temperature, then stopped by
the addition of HCl 36% (1.2 M final concentration) [52]. The samples were successively
centrifugated. Each supernatant was finally subjected to HPLC analysis at a concentration
of 2.0 mg/mL.

4.7.2. HPLC–UV–MS Analyses

After alkaline hydrolysis, the chemical content of each flaxseed meal extract, together
with camelina meal extracts, was analyzed by HPLC–PDA/UV–ESI–MS/MS technique.
The LC–PDA/UV ESI–MS system was composed by a Surveyor LC pump, a Surveyor
autosampler, coupled with a Surveyor PDA detector, and a LCQ Advantage ion trap mass
spectrometer (ThermoFinnigan, San Jose, CA, USA) equipped with Xcalibur 3.1 software.

Analyses were performed using a 4.6 × 250 mm, 4 µm, Synergi Fusion-RP column
(Phenomenex, Bologna, Italy). The eluent was a mixture of methanol (solvent A) and a 0.1%
v/v aqueous solution of acetic acid (solvent B). For flaxseed meal extract analysis, a linear
gradient of increasing 5 to 35% A was developed within 30 min, while for camelina meal
extract, a linear gradient of increasing 5 to 60% A was used within 55 min. The column
was successively washed with methanol an equilibrated with 5% A for 10 min.

Elutions were performed at a flow rate of 0.8 mL/min with a splitting system of
2:8 to MS detector (160 µL/min) and PDA detector (640 µL/min), respectively [53]. The
volume of the injected methanol solutions was 20 µL. Analyses were performed with an
ESI interface in the negative ion mode. The ionization conditions were optimized and the
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parameters used were as follows: capillary temperature, 270 ◦C; capillary voltage, −16.0 V;
tube lens offset, −5 V; sheath gas flow rate, 60.00 arbitrary units; auxiliary gas flow rate,
3.00 arbitrary units; spray voltage, 4.50 kV; scan range of m/z 150–1500. N2 was used as the
sheath and auxiliary gas. PDA data were recorded within the 200–600 nm range, with the
UV preferential channel as the detection wavelength of 280 nm.

For quantitative analyses of glucosinolates and flavonoids in camelina seed cake
extracts, calibration curves were constructed by using glucoraphanin (concentration range
0.06–0.5 mg/mL) and rutin (concentration range 0.01–0.25 mg/mL), as external standards,
respectively. Standard methanol solutions at different concentrations were prepared by
serial dilution from stock solution (1 mg/mL), then analyzed by triplicate injections, and
finally used with respect to the area obtained from the integration of the MS base peak [M
− H]− of each standard to generate a calibration curve. The relations between variables
were analyzed by using a linear simple correlation (R2 = 0.9829 for rutin and 0.9837 for
glucoraphanin). The phenol amounts were obtained by using a Microsoft® Office Excel
(Redmond, WA, USA) and finally expressed as mg/g of dried cakes.

4.8. Free Radical-Scavenging Assay

The free radical-scavenging activity was evaluated by the DPPH (1,1-diphenyl-2-
picryl-hydrazil radical) and ABTS free radical assay according to the method described by
Brand-Williams et al. [54] and spectrophotometrically estimating the solution discoloration
at 515 and 734 nm, respectively. The concentration required to obtain a 50% antioxidant
effect (EC50) was evaluated as the concentration of extract (mg of defatted seed meal ×
mL−1 of extraction solvent) causing the 50% inhibition of the initial color production.
A series of dilutions in 80% methanol was prepared for each extract and standard. An
Infinite M200 PRO microplate reader was used for spectrophotometric assays. Trolox and
butylated hydroxyanisole (BHA) were used as the reference standards. Measurements
were replicated three times for each sample.

4.9. Statistical Analyses

All the agronomic and phytochemical variables were subjected to the analysis of
variance (ANOVA) using the statistical software CO-STAT Cohort, 2002 (CoHort Software,
Monterey, CA, USA). A factorial design with variety (V) and cultivation site (S) as main
treatments was used for flaxseed deriving data. Means were separated on the basis of least
significance difference (LSD) post-hoc test only when the ANOVA F-test per treatment was
significant at ≤ 0.05 probability level. For the camelina data, a Student’s t-test analysis was
performed in order to estimate the effect of a cultivation site.

5. Conclusions

In summary, this study pointed out the interesting functional properties of flaxseed
and camelina meals, thanks to the abundant presence of antioxidants and phytochemi-
cals, which represent high-value components of these important plant-derived products.
In particular, all the examined flaxseed meals resulted as rich in phenol content, as deduced
from LC–UV–MS analyses of each extract after alkaline hydrolysis of SDG oligomers. On
the other hand, camelina defatted meals, showed comparable content of glucosinolates
and flavonols glycosides quercetin derivatives, with glucocamelinin and rutin the most
representative, respectively.

Thus, flaxseed and camelina meals investigated in the present work could be con-
sidered in further biological studies as potential dietary sources of health-beneficial com-
pounds, able to play an important role in the reduction in the incidence of non-communicable
diseases, including obesity, diabetes, cancer, and other chronic conditions. Thanks to their
interesting chemical composition, their edible defatted meals can be used in human con-
sumption as processed ingredients and/or as a source of antioxidants, and incorporated,
for example, in bakery, infant products, and multipurpose supplements. At the same time,
taking into account the increasing environmental issues, the use of these co-products and
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the recovering/recapturing of valuable components can be a sustainable tool for reduc-
ing waste disposal and developing new environmental-friendly functional foods and/or
ingredients.
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52. Waszkowiak, K.; Gliszczyńska-Świgło, A.; Barthet, V.; Skręty, J. Effect of extraction method on the phenolic and cyanogenic
glucoside profile of flaxseed extracts and their antioxidant capacity. J. Am. Oil Chem. Soc. 2015, 92, 1609–1619. [CrossRef]

53. Felice, F.; Fabiano, A.; De Leo, M.; Piras, A.M.; Beconcini, D.; Cesare, M.M.; Braca, A.; Zambito, Y.; Di Stefano, R. Antioxidant
effect of cocoa by-product and cherry polyphenol extracts: A comparative study. Antioxidants 2020, 9, 132. [CrossRef] [PubMed]

54. Brand-Williams, W.; Cuvelier, M.; Berset, C. Use of a free radical method to evaluate antioxidant activity. LWT 1995, 28, 25–30.
[CrossRef]

78



plants

Article

Impact of Germination on the Microstructural and
Physicochemical Properties of Different Legume Types

Denisa Atudorei, Silviu-Gabriel Stroe and Georgiana Gabriela Codină *

����������
�������

Citation: Atudorei, D.; Stroe, S.-G.;
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Abstract: The microstructural and physicochemical compositions of bean (Phaseolus vulgaris), lentil
(Lens culinaris Merr.), soybean (Glycine max L.), chickpea (Cicer aretinium L.) and lupine (Lupinus
albus) were investigated over 2 and 4 days of germination. Different changes were noticed during
microscopic observations (Stereo Microscope, SEM) of the legume seeds subjected to germination,
mostly related to the breakages of the seed structure. The germination caused the increase in protein
content for bean, lentil, and chickpea and of ash content for lentil, soybean and chickpea. Germination
increased the availability of sodium, magnesium, iron, zinc and also the acidity for all legume types.
The content of fat decreased for lentil, chickpea, and lupine, whereas the content of carbohydrates
and pH decreased for all legume types during the four-day germination period. Fourier transform
infrared spectroscopic (FT-IR) spectra show that the compositions of germinated seeds were different
from the control and varied depending on the type of legume. The multivariate analysis of the
data shows close associations between chickpea, lentil, and bean and between lupine and soybean
samples during the germination process. Significant negative correlations were obtained between
carbohydrate contents and protein, fat and ash at the 0.01 level.

Keywords: legume; germination; lyophilization; microstructure; chemical compounds; FT-IR analysis;
principal component analysis

1. Introduction

Today, we are witnessing continuous progress at all levels. This is why it is necessary
to synchronize the trends in the food industry with those of today, which should, of course,
include the requirements and preferences of consumers. What is of increasing interest
nowadays is the concept of innovation, which is required more and more by the food
industry. In this field, the concept is related to the obtention of new food products that
may satisfy and attract as many categories of consumers as possible. The possibility of
using different legume types in various forms in order to create innovative foods such
as pasta [1], yoghurt [2,3], bakery products [4,5], drinks [6], etc., is an increasing trend
nowadays that may satisfy the consumer demand. Studying the consumer market and
also the literature, it was observed that consumer interest in healthy diets has increased in
recent years. This is a result of the fact that more and more people nowadays face various
food deficiencies or various health conditions caused by inadequate nutrition [7–11]. By
closely studying what people purchase from pharmacies, it was observed that more and
more people buy food supplements based on vitamins and minerals [12]. However, these
are produced in laboratories by chemical methods. However, nutritionists recommend
that the population adopt a balanced diet that fully meets the vitamin and mineral needs
of consumers of all ages. Unfortunately, even if the population understands this, it is not
always possible to adopt a healthy lifestyle because some foods, even basic ones, are poor
in nutrients and rich in high-calorie compounds [13–16].

Considering the fact that legumes have a balanced nutritional composition, being an
ideal source of minerals, vitamins, proteins, etc. [17,18], but also the fact that they help
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prevent and treat various diseases [19,20], their use for consumption would be desirable.
However, they are also known to contain a number of antinutritive compounds [21–23],
which prevent the absorption of nutrients into the body. A suitable solution to decrease
or even to eliminate the antinutritive compounds from legumes would be to use the
germination process to balance them. Studies in the field have repeatedly highlighted,
through concrete data, the advantages of the germination process over the nutritional
profile of legumes [24,25]. If we also think about the fact that germination is a relatively
simple process that does not require special uses and techniques and is also friendly to the
environment, then the preference for this process increases. However, studies conducted
so far show that the number of advantages depends on how the germination process
is conducted. Therefore, in the first phase, it would be necessary to carefully study the
influence of the germination process on legumes in order to establish an optimum process.

The importance of this study is supported by the idea that germination is of particular
interest in the food industry. Therefore, there are a lot of studies in the literature that
have highlighted the possibility of using different legumes in germinated form or flours
from them, emphasizing the influence of this addition, both in terms of optimizing the
nutritional profile of the food products and on their quality characteristics. Thus, the
authors of various articles have outlined the fact that legumes in a germinated form can
be used as an addition (as such or in powder form) in a wide range of foods, such as
drinks [26], sweet products [27], various salty foods, bakery products, dairy products [28],
pasta [29], crackers [30], etc. Depending on the food products, the addition of legumes
in a germinated form has different effects. Therefore, studies are needed to highlight all
these effects, but these studies should first start by highlighting all the transformations that
take place in the grain during germination to better understand how the addition of it in a
germination form would influence the food product quality.

Germination is an advantageous process that can be used successfully to improve the nu-
tritional profile of grains subjected to this process, as evidenced by studies in the field [31,32].
This is of interest process because grains in a germinated form can be incorporated as such
or in powder form in various recipes of many categories of foods in order to improve
their sensory and nutritional quality, but also to reduce the number of chemical additives
used. For example, they can be used successfully to replace the addition of enzymes in the
bread-making process because during germination the enzymes in the grain are activated,
having an essential role in producing bakery products of a high-quality. This is an example
of the possibility of using these grains in a germinated form, but the examples can continue
with other food products.

This study highlights the influence of the germination process on the internal profile
of the different types of legumes (bean, lentil, soybean, chickpea and lupine) and on their
nutritional profile (minerals, lipids, proteins, ash) before the germination process begins,
at two days and four days, respectively, of the germination period. The germination
process effects on different types of legume seeds were analyzed using different modern
instruments such as a stereo microscope, scanning electron microscope (SEM), atomic
absorption spectrometry, Fourier transform infrared spectroscopic (FT-IR) spectrometer,
etc., on nongerminated and germinated seeds for 2 and 4 days. All this must be highlighted
in the literature because, before the legumes in the germinated form are used as an addition
in the recipes for the manufacture of various foods, it is necessary to understand the
germination mechanism and the physical and physiological transformations in the grain,
so that the germination form to be used with success, depending on the desired goal. The
study is of particular interest due to the fact that, to our knowledge, in the literature there
are not many publications related to the germination of different legumes, especially since
each legume undergoes specific changes during the germination process.

80



Plants 2021, 10, 592

2. Results
2.1. Appearance of Legume Seeds during Germination Period

Figure 1 shows the images captured with the stereo microscope device before sub-
jecting the legume seeds (bean, lentil, soybean, chickpea and lupine) to the germination
process and during the second and the fourth days of the germination period.

Plants 2021, 10, x FOR PEER REVIEW 3 of 19 
 

 

2.1. Appearance of Legume Seeds during Germination Period 
Figure 1 shows the images captured with the stereo microscope device before sub-

jecting the legume seeds (bean, lentil, soybean, chickpea and lupine) to the germination 
process and during the second and the fourth days of the germination period.  

Samples Germination Time, [Days] 
0 2 4 

Bean 

   

Lentil 

   

Lupine 

   

Chickpea 

   

Soybean 

   
Figure 1. Stereomicroscope images of legumes during germination. 

2.2. SEM Analysis 
In Figure 2a, the microscopy images (SEM) of raw bean, lentil, soybean, chickpea, 

and lupine seeds can be seen. These were similar to those published in the literature [33–
37]. 

  

Figure 1. Stereomicroscope images of legumes during germination.

2.2. SEM Analysis

In Figure 2a, the microscopy images (SEM) of raw bean, lentil, soybean, chickpea, and
lupine seeds can be seen. These were similar to those published in the literature [33–37].
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2.3. Physical-Chemical Characterization of Legume Seeds during the Germination Period

The results from Table 1 show that proteins in legume seed flours varied between
19.4 and 40.3% (dry weight), this amount being high due to the fact that the legume seeds
are among the richest sources of proteins for animal and human nutrition [38]. Soybean
and lupine flours are richer in protein compared to the bean, lentil and chickpea flours,
which are around the 20–30% value. Similar data for the protein content of these legume
types has also been reported by different researchers [39,40]. Bean, chickpea and lentil
flours in germinated form presented an increase in total protein content compared to
nongerminated seeds flour. As may be seen from the data obtained, germination for up
to four days increased the total protein content by 15.04% in beans, by 8.76% in chickpea
and by 3.14% in lentil. Similar results were also reported for germinated bean [41–43],
chickpea [44–46] and lentil seeds [45]. However, for lupine flour the total protein content
value decreased by 1.25%, whereas for soybean flour any significant variation (p < 0.05)
during the four-day germination period was not noticed.

Table 1. Physical-chemical properties of legume seeds during germination period.

Legume
Type

Germination
Period, Days

Protein
(%)

Fat
(%)

Ash
(%) Moisture (%) Carbohydrates

(%) pH Acidity (◦)

Bean
0 22.6 ± 0.28 cC 1.6 ± 0.07 aD 3.6 ± 0.07 aB 10.9 ± 0.07 aA 61.3 ± 0.14 aB 6.55 ± 0.007 aB 7.15 ± 0.007 cB

2 24.1 ± 0.14 bO 1.2 ± 0.14 aO 3.4 ± 0.07 abM 10.5 ± 0.14 abL 60.6 ± 0.14 bL 6.50 ± 0.021 aL 8.12 ± 0.021 bP

4 26.0 ± 0.28 aY 1.4 ± 0.07 aY 3.0 ± 0.14 bV 10.1 ± 0.14 bUV 59.7 ± 0.14 cV 6.41 ± 0.021 bV 15.07 ± 0.056 aY

Lentil
0 28.6 ± 0.28 bB 1.2 ± 0.07 aD 2.6 ± 0.07 bD 7.6 ± 0.07 aC 60.0 ± 0.07 aC 6.63 ± 0.014 aA 5.16 ± 0.035 cD

2 30.0 ± 0.14 aN 1.1 ± 0.00 aP 2.8 ± 0.07 bN 8.9 ± 0.14 aN 58.9 ± 0.07 bM 6.51 ± 0.021 bL 10.66 ± 0.021 bM

4 29.5 ± 0.14 abX 1.0 ± 0.07 aY 3.1 ± 0.14 aV 8.8 ± 0.28 aX 59.0 ± 0.14 bX 6.48 ± 0.007 bU 16.28 ± 0.021 aX

Soybean
0 40.3 ± 0.07 aA 16.6 ± 0.14 bA 4.5 ± 0.07 aA 9.8 ± 0.28 bC 28.8 ± 0.14 aE 6.62 ± 0.028

aA 5.68 ± 0. 007 cC

2 40.3 ± 0.07 aL 17.6 ± 0.07 aL 4.7 ± 0.07 aL 10.4 ± 0.07 aL 27.0 ± 0.07 bO 6.50 ± 0.007 bL 9.83 ± 0.042 bO

4 40.2 ± 0.07 aU 17.9 ± 0.07 aU 5.1 ± 0.28 aU 10.5 ± 0.14 aU 26.3 ± 0.14 cZ 6.32 ± 0.021 cX 16.29 ± 0.028 aX

Chickpea
0 19.4 ± 0.07 bD 5.9 ± 0.14 aC 3.1 ± 0.07 bC 10.3 ± 0.28 aB 61.3 ± 0.14 aA 6.42 ± 0.007 aC 4.2 ± 0.141 cE

2 20.7 ± 0.28 aP 5.4 ± 0.00 bN 3.5 ± 0.07 aM 9.7 ± 0.07 abM 60.7 ± 0.07 bL 6.22 ± 0.028 bM 10.24 ± 0.021 bN

4 21.1 ± 0.00 aZ 5.2 ± 0.07 bX 3.6 ± 0.07 aV 9.4 ± 0.07 bVX 60.7 ± 0.07 bU 6.11 ± 0.014 cY 20.45 ± 0.629 aV

Lupine
0 39.9 ± 0.14 aA 9.3 ± 0.21 aB 3.3 ± 0.07 aB 7.7 ± 0.14 bD 39.8 ± 0.14 bD 5.62 ± 0.007 aD 14.53 ± 0.014 cA

2 39.3 ± 0.07 bM 7.5 ± 0.00 bM 3.3 ± 0.07 aM 10.1 ± 0.07 aL 39.8 ± 0.07 bN 5.55 ± 0.007 bN 20.87 ± 0.035 bL

4 39.4 ± 0.07 bV 6.9 ± 0.07 cV 3.4 ± 0.07 aV 10.3 ± 0.14 aU 40.0 ± 0.07 aY 5.53 ± 0.007 bZ 31.9 ± 0. 007 aU

Means followed by the different letter (a,b,c) within the same column, for each legume type, are significantly different (p < 0.05). Means
followed by different letter within the same column, for each germination period (A,B,C,D,E for 0 day; L,M,N,O,P for 2 days; U,V,X,Y,Z, for 4 days),
are significantly different (p < 0.05).

For soybean, the lipid content increased in a significant way (p < 0.05), especially after
2 days of germination period; these data are in agreement with those reported by [47].
Considering all legume types analyzed, soybean presented the highest fat contents. It is
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a species of legume that it is classified as an oilseed due to its high fat content. It is well
known that oil crop fat accumulation takes place during maturation and seed development.
Regarding the variation of lipid content from the bean flour, it may be seen that its content
did not significantly change (p < 0.05) during the germination process.

Ash content of nongerminated seeds ranged from 2.6% in lentil flour to 4.5% in
soybean flour. On germination, there was a significant increase (p < 0.05) in ash content
for lentil, soybean and chickpea flours. However, for bean flour the ash content decreased,
whereas for lupine flour the ash content did not present any significant variations (p < 0.05)
during the germination process.

The moisture content in nongerminated flour samples ranged from 7.6 to 10.9%. After
germination and lyophilization, the moisture content of the germinated seed flour did not
exceed the 10.5% value, a fact that allowed us to store them for a longer period of time in
order to be used as ingredients in different food products.

Carbohydrate contents after germination decreased for all the analyzed samples,
except lupine, whose value did not vary in a significant way (p < 0.05). However, seed
types whose protein levels decreased during the germination process, such as lupine, had
slightly increased carbohydrate contents.

The pH decreased and acidity increased in a significant way (p < 0.05) for all seed
samples during the germination period.

Sodium, magnesium, iron and zinc contents increased for all the seed samples during
the germination period, as may be seen in Table 2. Germination led to an increase in
sodium and magnesium for all types of legumes during the germination period. This
increase was significant (p < 0.05) for all seeds in the four-day germination compared to the
control samples. The beneficial influence on iron and zinc contents was similar to that of
sodium and magnesium for all germinated seed samples. However, this increase was not
significant (p > 0.05) one for legume seeds in the case of zinc and for bean in the case of
iron during the germination period.

Table 2. Minerals of legumes during germination period.

Legume
Type

Germination
Period, (Days)

Na
(mg 100 g−1)

Mg
(mg 100 g−1)

Fe
(mg 100 g−1)

Zn
(mg 100 g−1)

Bean
0 38.15 ± 2.61 bB 141.65 ± 0.17 cB 7.57 ± 0.75 aA 3.22 ± 0.20 aA

2 62.62 ± 2.18 aL 148.50 ± 0.11 bM 7.83 ± 0.75 aL 3.23 ± 0.20 aL

4 64.42 ± 0.71 aV 152.15 ± 0.01 aX 7.89 ± 0.80 aU 3.25 ± 0.20 aU

Lentil
0 26.08 ± 0.61 cD 122.35 ± 0.06 cD 2.62 ± 0.18 aC 3.07 ± 0.20 aA

2 48.89 ± 0.94 bM 126.82 ± 0.09 bO 2.66 ± 0.18 aN 3.10 ± 0.20 aL

4 53.52 ± 1.57 aX 146.63 ± 0.12 aY 2.75 ± 0.20 aX 3.12 ± 0.22 aU

Soybean
0 47.50 ± 1.06 cA 90.30 ± 0.10 cE 5.31 ± 0.14 aB 1.91 ± 0.15 aB

2 60.38 ± 1.59 bL 92.41 ± 0.27 bP 5.32 ± 0.20 aM 1.93 ± 0.10 aM

4 70.19 ± 2.03 aUV 106.88 ± 0.08 aZ 5.38 ± 0.21 aV 1.94 ± 0.15 aV

Chickpea
0 40.11 ± 1.03 cB 168.31 ± 0.05 cA 5.27 ± 0.30 aB 3.25 ± 0.20 aA

2 58.66 ± 1.31 bL 172.56 ± 0.16 bL 5.29 ± 0.29 aM 3.26 ± 0.18 aL

4 74.81 ± 3.50 aU 174.06 ± 0.03 aU 5.36 ± 0.30 aV 3.28 ± 0.20 aU

Lupine
0 31.94 ± 0.66 cC 128.98 ± 0.02 cC 4.58 ± 0.26 aB 3.22 ± 0.20 aA

2 45.20 ± 1.25 bM 137.75 ± 0.11 bN 4.61 ± 0.20 aM 3.23 ± 0.20 aL

4 69.43 ± 2.08 aUV 166.63 ± 0.12 aV 4.73 ± 0.35 aV 3.25 ± 0.20 aU

Means followed by different letter (a,b,c) within the same column, for each legume type, are significantly different
(p < 0.05). Means followed by different letter within the same column, for each germination period (A,B,C,D,E for
0 day; L,M,N,O,P for 2 days; U,V,X,Y,Z, for 4 days), are significantly different (p < 0.05).

2.4. FT-IR Analysis

Analyzing the spectra shown in Figure 3, which were obtained using Fourier transform
infrared spectroscopy, it can be seen that the compositions in terms of chemical compounds
for nongerminated legume seeds and seeds subjected to germination for 2 days and 4 days,
respectively, were different. From the analysis of Figure 3, it can be concluded that in the
studied spectral range (4000–800 cm−1), there were several peaks that correspond to the
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different molecular bonds of chemical compounds (proteins, lipids, carbohydrates) that
interact with infrared radiation. In the literature, it was highlighted that the spectral range
between 3000 and 2800 cm−1 corresponds to lipid compounds, due to vibrations produced
by carbonyl groups of triglycerides (C-H) [48–50].
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2.5. Relationships between Physico-Chemical Values of Legume Seeds during the
Germination Period

In order to underline the correlations between the physico-chemical values of legume
seeds during the germination period, PCA was used. As can be seen in Figure 4, the
first two principal components (PCs) explain 66.25% (PC1—44.26% and PC2—21.99%) of
the total variation. The plot of PC1 vs. PC2 loadings shows a close association between
soybean and lupine samples, as well as and between chickpea, lentil and bean samples
during the germination period. This may be explainable since soybean and lupine contain
less carbohydrates and more proteins than the others legume samples analyzed. The
carbohydrate parameter, which is predominant in the contents of chickpea, lentil and bean
samples, is the closest placed to them and in opposition to the soybean and lupine samples
of which protein are closely situated. Additionally, a close association was noticed between
nongerminated lentil, bean and chickpea seeds, probably due to the fact that they present
more similar compositions than those of nongerminated soybean and lupine seeds.
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3. Discussion
3.1. Appearance of Legume Seeds during Germination Period

In the case of beans, an increase in the volume of the grain due to the fact that it
absorbed water can be clearly seen. On the second day, the radicle developed up to 2.5 mm,
which increased by five times at the fourth day of the germination period. In the four day
of the germination period, it may also be seen that the root of the future plant developed.
All these physical and physiological changes of the bean seeds during the germination
period are in accordance with those described in the international literature by different
researchers [51,52].

The influence of germination on the lentil development was also in agreement with
different studies reported in the international literature [53]. On the second day of germi-
nation, it was clearly seen that the lentil increased in volume and began to develop the
radicle, which had a size of 2.5 mm. On day 4 of germination, the radicle was high, the
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plumule had developed, and the dimensions of the two components of the germ were 6
mm for the radicle and 5 mm for the plumule.

The development of lupine seeds during the germination process has also been
previously reported by other authors [54]. As can be seen, on the second day of germination,
in the case of lupine, the radicle was 3 mm in size. Starting on the fourth day, the germs
began to synthesize chlorophyll, the radicle size being 11 mm.

In the case of chickpea germination, on the second day of germination period seed
radicle development was clearly seen, of which the size was of 3 mm. In the fourth day of
the germination period, the radicle size increased five times more, its length being of 16
mm. Additionally, on the fourth day of germination period how the leaves of the future
plant developed was clearly seen.

For soybean, it can be said that radicle development began on the second day of
germination and had the size of 3 mm on this day. The image from the second day of
soybean germination clearly shows the degradation of the outer shell of the grain in order to
allow the development of the radicle. In the image showing the fourth day of germination,
it can be seen how the leaf developed inside the bean. The size of the radicle reached
24 mm in length on this day of germination. Similar changes during soybean germination
have also been reported by different researchers [55,56].

3.2. SEM Analysis

Analyzing the microscopy images (SEM) of raw bean, lentil, soybean, chickpea and
lupine seeds, middle lamellas separating seed cells and cell walls were clearly visible in all
images of nongerminated seeds. In the case of bean, chickpea and lentil, cotyledon cells
composed of protein materials which cover elongated starch granules were seen. In the
case of soybean and lupine seeds, which contain less starch, more dense compactness of
the protein agglomerates was visible.

In germinated seeds, significant structural changes may be seen in cotyledon cells for
all analyzed samples. Middle lamellas separating seeds cells and cell walls were visible.
In the case of chickpea and bean, a high number of depicted starch granules, spherical
ones with smooth surfaces covered in some parts by amorphous protein structures, could
clearly be seen. As the germination period went on, cell structures from the germinated
seeds continued to change. It may be seen that starch granules were still separated by
proteins and presented smooth surfaces but with higher disruption of the cellular order,
probably due to the increased activity of the hydrolytic enzymes. More tiny filaments
between starch granules and their neighboring proteins appeared. Furthermore, some
precipitate was seen on starch granules, probably due to the increase in the proteolytic
activity with the increase in the germination period [36]. With the germination process, the
changes were more pronounced in the cotyledon cells. Some breakages of the surface were
clearly distinguishable. Lupine seeds, as well as soybean and also lentil seeds, presented
a different microstructure during germination than those of bean and chickpea. These
were probably due to their higher content of protein and lower amount in starch in the
case of soybean and lupine seeds. Spherical to oval protein bodies were visible in the
continuous cell matrix which appeared to be denser materials. After germination, the cells
were more loosely packed with large intercellular spaces between them. These intercellular
spaces varied from a few in nongerminated seeds to many in seeds where the germination
period was longer. A shorter germination period led to a higher compactness of the
protein structure, whereas a longer germination period led to a more open structure of
protein agglomerates. The protein structure appeared to be granular with multiple cracking
caused by seed germination, which was only slightly visible in the case of nongerminated
seeds. The middle lamella, which is a pectin layer, absorbs water during germination and
expands, being more visible to the germination seeds [37]. It can be clearly seen that, after
germination, ruptures appear around the cells, which makes visible the middle lamella and
the cell walls. Secondly, the cracks presented on the seed coat surface may be related to the
water uptake during the germination process. Crack distribution may also coincide with
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the sites of initial water uptake [34]. After lyophilization, the water from the germination
process was removed, leaving many cracks in the seeds’ structures, which were clearly
visible in all the germinated seed samples.

3.3. Physical-Chemical Characterization of Legume Seeds during the Germination Period

The increase in the amount of protein after germination may be due to the fact that,
during this process, hydrolysis of some proteins, which are inaccessible within the nonger-
minated seeds structure, may take place [56]. In legume seeds, the proteins are mainly
localized to the seed cotyledon tissues but also to the embryonic axis and testas, which
contribute less to the total protein content, mainly due to the fact that these components
represent small amounts of the seed mass [57]. During seed development, stored proteins
are hydrolyzed to provide carbon skeletons, nitrogen and energy required for growth
and protein synthesis [58]. The proteins stored in the vegetative cells are used for seed
formation, whereas the embryonic proteins stored are used for seed germination [56].
Protein release from the cell structure during the germination process varies between seed
type. However, in the case of lupine and soy, the influence on the amount of protein can
be attributed to a stronger hydrolysis effect on storage proteins which causes their degra-
dation and loss for seed development [40]. It must be mentioned that the small protein
variation in the case of soy may be better highlighted by the water-soluble protein through
FTIR analysis [59]. Studies indicate that during the germination process the solubility
of proteins increases for enzymatic activity and the development of the new tissues (the
components of germs). Therefore, the amount of water-soluble proteins increases due
to the germination process [56]. In this regard, FTIR analysis (presented in Section 2.4)
highlighted in a better way how the amount of water-soluble protein varies depending on
the increase in germination time.

In general, the germination of the legume seeds decreased the lipid content dur-
ing the germination period. These data are in agreement with other studies which have
also reported a decreased lipid content of some legume seeds during the germination
period [42,43]. This decrease may be due to the fact that the lipid was used as an important
source of energy during the sprouting process necessary for the development of seed em-
bryos during the germination process [42]. The reduction in the lipid content of germinated
flours may be an advantage for their storage due to the fact that may improve its stabil-
ity [43]. In germinating soybean seeds, also characterized by high protein contents, the
main metabolites in the first stage of germination may be amino acids which are important
respiratory substrates and may be used in many anabolic processes, and may cause a
lower breakdown of storage lipid content [39]. Additionally, even if an increase in free
fatty acids and a decrease in triacylglycerol take place during the germination process,
some studies [60] have reported that some complex lipids, such as phospholipids, can be
synthesized during germination. These facts may lead to a constant or a slight increase in
the total lipid content, especially in the first stage of the germination period. In the case of
bean, a nonsignificant change of lipid content during the germination process has also been
reported by Ferreira (2019) [46] for chickpea germination over a 48 h period. According
to this study, this behavior may be due to the short germination period reported for this
seed type, which presented the highest size from all the analyzed legume types. Lipids
are polymeric structures used for storage, mainly in the form of triacylglycerol. In order
to be used for energy generation, the lipases must act on triglycerides to release free fatty
acids. In the case of beans, the use of lipids may not have been so high during the 4 days of
germination.

The significant increase (p < 0.05) in ash content for lentil, soybean and chickpea flour
could be due to the increase in phytase activity during germination, which hydrolyzed
the bond between the proteins, enzymes and minerals, to release the minerals [43,61]. The
decrease in the amount of ash in the case of beans may be due to a shorter germination
period reported to the seed type. A reduction in the ash content during the germination
period has also been reported by Ferreira (2019) [46] for chickpea germination during the
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48 h period. It seems that the ash variation during the germination process depends on
the grain type and the germination period [42,62]. Different studies reported that the ash
value presented the highest value after 72 h of germination period, the time used by us for
the legume germination [63,64]. Additionally, some studies reported that the increase in
ash content occurs due to the reduction in total soluble solids [65]. This is probably due to
hydrolytic enzymes that have not favored the accumulation of total soluble solids, which
led to their increased levels [66].

The reduction in carbohydrate contents after germination may be attributed to amy-
lases activity which increases during germination, leading to a starch degradation pro-
cess [67]. Additionally, this decrease may be due to the carbohydrates use as a substrate
during the germination period leading to an increase in the protein levels [46]. However,
the amount of carbohydrate variation during the germination process depends on the
legume type probably due to a stronger or weaker hydrolyses of them. During the germi-
nation period, the carbohydrates were solubilized in order to support the development of
the components of the germs [56].

The pH decrease and acidity increase could be due to the activity of the lipase,
which acts on triacylglycerols converting them into free fatty acids necessary for energy
generation [46].

The increase in the availability of the analyzed minerals was a general effect of the
germination process, which is related to the phytase action, phytate content, extent of
binding of minerals within the matrix, or interaction of these factors. Legumes are rich
in α-amylase inhibitors, polyphenolic compounds, protease inhibitors, tannins, lectins
and phytic acid that cause poor absorption and digestibility of minerals and nutrients.
More, legumes contain phytase enzymes that are activated by germination to destroy
phytate [68]. Phytate is found in legumes in the form of phytic acid and is considered to
be a chelating agent because it forms phytates with minerals. During germination, there
is a decrease in the amount of phytate due to its hydrolysis by the enzyme phytase [69].
Phytase is a phytate-specific phosphatase. This hydrolyzes phytate to inositol and free
orthophosphate and releases minerals [70]. This may be a reason why the amount of
minerals increases after germination. Studies have also shown that with the increase
in the amount of minerals after germination, there is an improvement in their digestive
availability. Therefore, in the longer germination period, the legumes’ mineral contents
increase. These data agree with those obtained by different researchers or various types
of vegetables during the germination process [71,72]. The literature does not indicate
particular mechanisms for each mineral substance that may elucidate the increase in the
amount of this following the germination process. Each increase is attributed to the three
processes—namely, the decrease in the amount of phytic acid, the activation of phytase and
the release of minerals found in legumes in bound form (in the constitution of different
complex substances) [65,68,70,73,74]. These transformations occur due to the fact that
germination is a catabolic process by which, in the first stage, with the absorption of water,
the reserve substances from seeds are hydrolyzed in order to provide nutrients important
for the development of germs. A decrease in phytic acid content lad to an increase in some
mineral contents from the seed subjected to germination [75]. However, all these variations
are different for each grain.

3.4. FT-IR Analysis

By analyzing the spectra obtained for bean in both raw and germinated forms, it can
be seen that the highest absorbance at the wavelength range specified above was recorded
in the case of nongerminated beans and the lowest absorbance value was recorded in the
case of beans that germinated for two days. The peaks recorded in this spectral range are
also due to the vibrations of the -C-H(CH2) and -C-H(CH3) groups in the composition of
fatty acids, as explained in the literature [50]. Additionally, the literature highlights the
fact that the peaks recorded around the wavelength 1750 cm−1 are determined by the C=O
bonds of the ester or carboxylic acid groups, in the FT-IR spectra this peak is in the range
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of 1800–1700 cm−1. The spectral range between 1700 and 1500 cm−1 corresponds to the
protein content of the samples. Analyzing the spectra obtained in the case of beans, it can
be concluded that the absorbance recorded a higher value in the case of beans subjected
to germination for 4 days and the lowest value for nongerminated beans. The two peaks
that are very clearly visible are suitable for amide I (C=O, C-N), with a wavelength of
about 1650 cm−1, and for amide II (N-H, C-N), with a wavelength of about 1550 cm−1, as
shown by the interpretation of the bean spectra. Additionally, the second peak recorded
is due to the peptide (CO-NH) bond [76,77]. Thus, it can be concluded that the peaks in
the range of 1700–1500 cm−1 are due to the vibrations produced by the peptide bonds
and thus they can be an indicator for the protein content of the samples. To characterize
the carbohydrates in the samples using FT-IR determination, different researchers have
showed that the wavelengths in the range 1200–900 cm−1 correspond to carbohydrates [78].
By analyzing the obtained spectra, it can be concluded that the absorbance recorded a
higher value in the case of nongerminated beans and the lowest value for two days of bean
germination. The highest intensity of the peak was recorded for the wavelength of about
1050 cm−1, which corresponds to the OH group of carbohydrates. It was also observed
that the peaks differ more in intensity values, not in the shapes of the peaks.

Analyzing the spectra obtained for nongerminated lentil and for the lentil germinated
(two and four days), it can be concluded that the wavelength between 1700 and 15,000 cm−1

corresponds to the amount of protein. The maximum height of the peak was obtained for
the wavelength of 1700 cm−1. The recording of the peak at this wavelength is due to the
vibration made by the OH and C=O groups in the amide I region [79,80], which provides
indications of the protein content of the sample. The second peak in this spectral region is
due to the vibration caused by the N-H and C-N groups associated with amide II [81]. The
wide peak corresponding to the maximum wavelength of 1050 cm−1 corresponds to the
vibration of the C-O groups from the carbohydrate content [80,82].

From the analysis of the obtained spectra for the nongerminated and germinated
lupine grains (at two days and at four days of germination, respectively), it can be con-
cluded that the spectra for nongerminated lupine and those for 2 days and 4 days of
germination, respectively, are similar—only the value of absorbance differs. For example,
in the spectral range of 1200–800 cm−1, there were peaks with high absorbance values in the
case of germinated chickpeas for 4 days. In this spectral range, peaks provide indications
of carbohydrate concentration [83]. In this case, the values recorded correspond to those
indicated by us through physicochemical data.

The spectral range between wavelengths 1700 and 1300 cm−1 provides indications
of the amount of protein. The maximum value of absorbance was recorded in the case
of nongerminated soybeans, with a wavelength value of approximately 1650 cm−1. The
lowest peak height in this spectral range was recorded for soybeans germinated for 4 days.
Regarding carbohydrate compounds that correspond to the wavelength between 1200 and
1900 cm−1, and according to the spectra obtained, it can be concluded that the peak had a
higher value in the case of nongerminated soybeans and a lower value with the increase
in the germination period. Thus, it can be concluded that the amount of carbohydrates
decreased with an increasing germination period. The recording of peaks in this spectral
range was achieved due to the vibrations of the C-OH and C-O-C groups [84]. The inter-
pretation of the data obtained by using FT-IR analysis corresponds to the physicochemical
data which also indicated that in the case of germinated soybeans the amount of protein
and carbohydrates was lower when the germination period increased.

In the case of chickpeas, from the spectra obtained from the FT-IR analysis, it may
be clearly seen that in the wavelength range between 3000–2850 cm−1, corresponding to
lipid compounds [85], the highest value of the absorbance was recorded for nongerminated
chickpea, and the value decreased with a longer germination period. Previous studies
indicate similar data, namely that the peaks from the spectral range 3050–2800 cm−1 are
due to the CH3 and CH2 groups which are in the composition of hydrocarbons from the
lipid constitution. The wavelength around 3000 cm−1 corresponds to the vibration of
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the groups =C-H from the composition of fatty acids [86]. Comparing the data obtained
from the FT-IR analysis and the physicochemical ones, it can be concluded that there is a
correlation between the data obtained, in the sense that by physicochemical determinations
it was also shown that the amount of lipids decreased with increasing germination time in
the case of chickpea seeds.

3.5. Relationships between Physico-Chemical Values of Legume Seeds during the
Germination Period

The first main component (PC1) opposes the pH and acidity values, obtaining a
significant reverse correlation (r = −0.776) for a level of 0.01. This fact is explainable
since it is well known that the higher the acidity, the lower the pH. Additionally, the
carbohydrate contents, which are in predominant in all legume types analyzed, are in
opposition with all chemical data of protein, fat and ash, which present high significant
negative correlations of r = −0.930, r = −0.922 and r = −0.809 for a level of 0.01. It is
known that nitrogenous substances accumulate in the grains before the starch. The more
starch that accumulates in the grain during the maturation process, the lower its contents
of protein and other substances are. Of the carbohydrates content, starch is predominant,
and therefore the negative correlation between carbohydrates and protein, fat and ash is
somehow predictable. Closeness of moisture and iron (Fe) to the center of PC shows that
these variables are not useful when describing the differences between legumes analyzed.
As for the second component (PC2), the lupine and soybean legume types were placed in
the left part of the graph, while chickpea, bean and lentil were placed in the right part of
the graph, with very good correlations shown between these samples. From the mineral
association point of view with the analyzed legumes, it seems that magnesium (Mg) and
zinc (Zn) minerals are more correlated with chickpea samples, which, according to the
data obtained, are in the highest amount, whereas sodium (Na) is the most associated with
lupine samples.

4. Materials and Methods
4.1. Materials

Bean (Phaseolus vulgaris), lentil (Lens culinaris Merr.), soybean (Glycine max L.), chickpea
(Cicer aretinium L.) and lupine (Lupinus albus) from the 2019 crop year were cultivated in
Romania and were not genetically modified according to the manufacturer declaration.

4.2. Germination and Lyophilization of Legume Seeds

Before the germination, the legumes were soaked for 6 h (small grains: lentils, soy-
beans) or for 12 h (larger grains: beans, lupine, chickpeas), in pure water, with a temperature
of 20 ◦C in order to activate the germination process. The germination of the grains was
carried out using filter paper. The germination temperature was 25 ◦C. The humidity of
80% was kept constant throughout the entire germination period. The germination process
was carried out exclusively in dark conditions. The maximum germination time was 4 days.
At the end of the germination period, this process was stopped. For this, the freeze-drying
process was used because, compared to other moisture removal alternatives, this process
has the least influence on the nutritional profile of germinated seed samples [87,88]. For this
purpose, an Alpha 1–4 LSC plus lyophilizer was used for lyophilization. Lyophilization
was performed at −50 ◦C, for 72 h, at a pressure of 4.2 Pa.

4.3. Appearance of Legume Seeds Analysis

In order to highlight the physical and physiological changes that occur in the legume
profiles during the germination period, the Motic SMZ-140 stereo microscope device was
used, which allowed the capturing of images with legumes in the dorsal, frontal, and
ventral positions and in the section of them. For this, the stereo microscope was equipped
with a Moticam 10× camera. The use of the stereo microscope made it possible to highlight
the changes in legume profiles: increase in volume due to water absorption, degradation
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of the outer layer, the appearance of the radicle, root and plumule depending on legume
type. The determinations were made taking into account the procedure described in the
literature [89,90]. All these transformations were correlated with the determination of the
size of the constituent parts of the germs (radicle and plumule), using a Modelcraft Vernier
Caliper of 125 mm. Additionally, the caliper was used taking into account the procedure
described in the literature [91].

4.4. SEM Analysis

The study of the microstructures of the vegetable samples was performed using a
scanning electron microscope (SEM) Vega II LMU-Tescan (Brno-Kohoutovice, Czech Re-
public) equipped with a SE detector, which works only in a high vacuum environment, and
a BSE detector, a scintillation detector that works in high and low vacuum environments.
The Vega II LMU-Tescan microscope, used in this research, allows the study of samples
in a pressure range between 10–2 Pa and 2 kPa. The vegetable samples were sectioned
longitudinally in order to obtain a flat surface, were placed on an aluminum sample holder
using a double-sided adhesive tape and were studied at an acceleration potential of 30 kV.

4.5. Physico-Chemical Composition Analysis

Protein, fat, ash and moisture contents were determined using AACC International
Approved Methods 46-12.01, 30-25.01, 08-01.01 and 44-15.02, respectively. The pH was
measured with a HQ30d portable pH Meter (HACK, Germany) on a slurry prepared with
10 g legume flours in 40 mL of boiled, deionized water according to official AOAC proce-
dures (AOAC, 02-52.01). The total acidity value was determined according to Romanian
standard method SR 90:2007. Carbohydrate contents of the legume samples were calcu-
lated according to the following formulas [92]: carbohydrates, % = 100 − (protein, % + fat,
% + ash, % + moisture, % content of legumes).

The Na, Mg, Fe and Zn contents of the vegetable samples were analyzed by flame
atomic absorption spectrometry (FAAS) (AA-6300 Shimadzu, Kyoto, Japan) equipped with
air-acetylene flame. Hollow cathode lamps of Na, Mg, Fe and Zn were used. In total, 10 g
with an accuracy of 10 mg from each sample was used for calcination. The calcination
temperature was increased with a maximum speed of 50 ◦C/h up to 450 ◦C. The calcination
time was 8 h. Ash digestion was performed using 10 mL 0.1 mol/L nitric acid (HNO3)
(Sigma-Aldrich/Merck, Darmstadt, Germany) on a hot plate. After digestion of the ash
samples, up to 50 mL was filled with bidistilled and deionized water. Standard solutions of
Na, Mg, Fe and Zn (Sigma-Aldrich/Merck, Darmstadt, Germany) were used and diluted
as necessary to obtain working standards. In order to eliminate the risk of contamination,
all glassware was washed after each use with HNO3 solution and rinsed with bidistilled
and deionized water. The instrumental conditions for determining the mineral content of
vegetable samples by FAAS method are shown in Table 3.

Table 3. Instrumental conditions for mineral analysis to flame atomic absorption spectrometry (FAAS).

Element Wavelength
(nm)

Slit Width
(nm)

Fuel Gas Flow
Rate (L/min)

Support Gas Flow
Rate (L/min) Flame Type Pre-Spray

Time (s)
Integration

Time (s)
Response
Time (s)

Na 589.0 0.2 1.8 15.0 Air-C2H2 10 5 1
Mg 285.2 0.7 1.8 15.0 Air-C2H2 10 5 1
Fe 248.3 0.2 2.2 15.0 Air-C2H2 10 5 1
Zn 213.9 0.7 2.0 15.0 Air-C2H2 10 5 1

The number of injections of the solutions in the flame was: standard solution—5; blank solution—3; sample solution—3. In order to
eliminate analytical errors, each sample was analyzed three times.

4.6. FT-IR Analysis

In order to highlight the changes in the composition of grains subjected to germination
process, FT-IR analysis was also used. This allows the realization of a correlation between
the spectra and the physicochemical data obtained previously. To obtain the spectra, a FT-IR
spectrometer (Thermo Scientific, Karlsruhe, Dieselstraße, Germany) was used, equipped
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with the ATR IX option, which allowed the obtention of accurate data, using a detector at
4 cm−1. Therefore, an attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR) was used to obtain the spectra. This technique is based on tracking the
interaction between infrared radiation and the material under analysis. Fourier transform
infrared spectroscopy (FT-IR) contains a source of light with infrared radiation which
passes through the sample and this absorbs luminous energy. At the same time, occur
vibrational movements due to the chemical bonds inside the molecules. These vibrational
movements provide information about the chemical structure of the sample and these
are provided as an FT-IR spectrum. FT-IR spectra were recorded in the spectral range
situated between 800 and 4000 cm−1. This spectral range was suitable for characterizing
the chemical compounds present in the seed samples: proteins, carbohydrates, lipids, etc.

4.7. Statistical Analysis

All of the data were made in duplicate and are expressed as the means of the measure-
ments ± standard deviation. The one-way analysis of variance (ANOVA) with Tukey’s test
were made to test the differences between means at a 5% significance level by using the
XLSTAT statistical package (2021 version, Addinsoft, Inc., Brooklyn, NY, USA).

5. Conclusions

The germination period significantly influenced the growth of the seeds, leading grad-
ually to development of the radicle and first leaves. The seed development was captured by
a stereo microscope device which showed that a four-day germination may be optimum for
legumes used in food consumption. The microstructures of the seeds during germination
changed, ascribed in the case of bean, chickpea and lentil mainly to the starch, and in
the case of lupine and soybean to the protein. Germination of seeds resulted in increased
protein and ash contents for lentil and chickpea, whereas for the rest of the legume seeds
their contents showed different variations. Additionally, during the germination period
the fat content varied for bean and soybean, whereas it decreased for lentil, chickpea, and
lupine. Mineral contents (sodium, magnesium, zinc, iron) of the germinated legume seeds
increased during germination in all legume seeds, showing the beneficial influences of ger-
mination on the nutritional profile of legumes. An increase in acidity values and a decrease
in pH and carbohydrate contents have also been recorded for all legume types during the
germination period. Fourier transform infrared spectroscopy (FT-IR) highlighted variation
in chemical compounds of legume seeds during the germination period. According to the
wavelength and peak height of the FT-IR spectra, we clearly showed the fact that different
compounds such as protein, carbohydrates and lipids varied depending on germination
period and each legume type. Principal component analysis was performed on the com-
bined physico-chemical and minerals data, clustering the legume types obtained during
the germination process in the PC space. PCA highlighted an association between lentil,
bean and chickpea samples which were placed in the right part of the graph and between
soybean and lupine samples which were placed in the left part of the graph, indicating
similar compositions of these samples. From the physical-chemical data point of view,
significant negative correlations were obtained between carbohydrate contents and protein,
fat and ash variables at a level of 0.01.
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Abstract: Beetroot is a good source of minerals, fibers, and bioactive components. The present research
work was conducted to evaluate the nutritional quality of beetroots (juice, peels, leaves and pomace)
enhancing the extracted bioactive components, and developing a functional probiotic beverage. Chemical
composition and minerals content of beetroot parts were estimated. The bioactive components were
extracted by instant extraction method (IEM) and overnight extraction method (at −20 ◦C) (OEM)
to determine total phenolics, flavonoids, and DPPH inhibition ratio. The extracted beetroot juice
was mixed with milk for valorization of the beverage nutritional value and fermented with LA-5
and ABT-5 cultures to create a novel functional beverage. Chemical composition, minerals content,
and bioactive components of beverages were estimated. The leaves exhibited the highest calcium content
(1200 mg/100 g). Juice showed the highest amount of all minerals except for calcium and magnesium.
Overnight extraction method (OEM) increased the antioxidant activity in peels and stems. Natural juice
exhibited the highest activity compared to extracts. Fermentation of beet-milk beverage with LA-5 and
ABT-5 cultures enhanced the beverage taste, flavor, and antioxidant capacity. Beetroot wastes and juice
comprise a valuable nutritional source. Fermentation improved the nutritional value of beetroot and the
acceptability of the product.

Keywords: Beetroot (Beta vulgaris L.); juice; bioactive components; fermented beverage; probiotics

1. Introduction

During the latest decades, the humans’ awareness regarding the importance of vegetable
consumptions elevated with believe that vegetables and fruits are a rich source of bioactive components
which confirmed their participation in health improvement rather than the use of supplements [1,2].
Accordingly, the production of vegetables increased worldwide significantly from 682.43 million
tons in 2000 to 1088.9 million tons in 2018 [1–3]. Consequently, root and tuber vegetable production
raised from 8.99 million tons in 2008 to 10.53 million tons in 2018 worldwide, where Egypt ranked
as the first producer country in North Africa by nearly 5221 tons [4]. Beetroot (Beta vulgaris L.) is
an herbaceous biennial plant classified as one of the Chenopodiaceae family. The taproot found either
in yellow pulp color or red [5–7] where the red root utilized in salad, juice, food coloring, and as
a medicine [6,8] that emerged along the Mediterranean coast. Beets are considered as one of the
most effective vegetables, they are a source of betalain pigment in addition to phenolic acids such as
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gallic, syringic, and caffeic acids and flavonoids. It has anti-inflammatory, and antioxidant effects,
which scavenge free radical from the cells promoting cancer prevention by inhibiting the tumor
cells proliferation, reducing the risk of cardiovascular diseases, and expelling kidney stones [5,6].
Studies also revealed that it reduced the low-density lipoprotein (LDL) oxidation by 50% [9], decline
the blood glucose after beetroot consumption by 40% [10]. Beetroot also considered as a good source
of minerals such as iron, calcium, phosphorus, potassium, sodium, and zinc, in addition to vitamins
like biotin, niacin, folate [11]. Exposure of beetroot to thermal processing increases the loss and the
degradation of vitamins, minerals, and bioactive components, resulting in a significant reduction in
the concerning health benefits. Fermentation of beetroot by lactic acid bacteria aids in the prevention
of bioactive components degradation, where fermented beetroot juice retained its antimutagenic
effect for 30 days under refrigerating [12]. Juice is a good source of carbohydrates, which is a
suitable medium for homo-fermentation by probiotic strains [13] such as Lactobacillus acidophilus,
Lactobacillus plantarum, Lactobacillus casei, and Bifidobacterium bifidum [14]. During fermentation, lactic
acid bacteria produce vitamins that have the ability to enhance the nutritional value of the products [13],
and lactic acid that is responsible for lowering the pH of the juice thus reducing the growth of the
spoilage microorganisms [15], thus prolonging the shelf life [13]. The globally widespread of fermented
beverages could be due to its health properties; as lactic acid bacteria decrease the B-glucuronidase
activity which resulted in the prevention of cancer, particularly colon cancer besides, the reduction of the
pathogens, and it is also proper for the lactose-intolerance people [14]. Additionally, studies revealed
that probiotics could enhance immunity and participate in memory impairment [16]. Incorporating
beetroot juice in the production of fermented product could affect the human’ health positively, as the
phytochemicals can bind the carcinogens reducing their transferability into the cell, thus preventing
the cellular DNA mutation [12]. Extraction of the juice from the beetroot plant resulted in extra peels
and pomace, in addition to the removed stems and leaves wastes. The residues from processing of
the beetroots like peels, seeds, stems, and pomaces reached up to 1.3 billion tons yearly as estimated
by FAO which represented one-third of food industry production [17]. Those wastes were discarded
for a long time by manufacturers or used as animal feed, or fertilizers until recent studies showed
that they are a valuable source of bioactive components which could be used as food additives or
formulating novel functional foods [17,18]. Furthermore, those by-products exhibited a significant
anti-microbial effect compared to the influence of synthetic antibiotics [19,20]. Beet peels showed
a high antioxidant activity because it contains the highest betalain content compared to the other
parts [9,19,20]. Like peels, the beet pulp revealed an extraordinary antioxidant effect due to its
significant amount of betalain, as well as the presence of other phenolic compounds like “ferulic,
vanillic, p-hydroxybenzoic, caffeic, and catechuic acid [19,20]. Leaves are an impressive nutritive source
as they contain a tremendous concentration of polyunsaturated fatty acids particularly, alpha-linolenic
acid. However, it is cut off from pulps and discarded, mostly because of the dietary habits and the low
information about its health benefits [8]. In Egypt, limited studies were carried out to determine the
nutritional quality of beetroot peels and pomaces resulting from the juice extraction, stems, and leaves.
Therefore, the current study was conducted to evaluate the nutritional quality of the beetroots to
ascertain its potential use in food technology. Furthermore, explore the effect of using the probiotic
strains [LA5 strain (Lactobacillus acidophilus), and ABT5 strain which consist of (Lactobacillus acidophilus,
Bifidobacterium bifidum, and Streptococcus thermophilus)] on the nutritional quality and sensory attributes
of beetroot juice mixed with 40% milk.

2. Results and Discussion

2.1. Chemical Composition

The proximate chemical composition of beetroot plant parts is shown in (Table 1). There are no
significant differences (p > 0.05) detected between peels and pomace regarding all the chemical parameters,
this might be due to the difficulty of removing the thin peel from the pulp. Consequently, the juice also
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showed no significant differences (p > 0.05) with peels and pomace concerning total lipids, total sugars,
and ash content. Interestingly, the leaves had the highest amount of protein (5.64%), which comprised
a promising good source of protein. The obtained results were higher than that previously reported
by Biondo et al. [8] where protein content was 3.81%. Furthermore, there was a discrepancy between
the protein content of pomace (1.13%) in the present study and the other previous studies; It was much
less compared to 45.53% by Shyamala and Jamuna [21], and slightly fewer than 1.6% as noted by Neha
et al. [22]. These differences reasonably attributed to the different nitrogen content that resulted from
the variations in nitrogen fertilization, the properties of the soil and other environmental conditions.
It is also worth mentioning that leaves and stems exhibited the highest total lipids content (0.43 and
0.41%), respectively. These findings disagreed with Biondo et al. [8] who reported 0.78%, with a high
concentration of the essential fatty acid (linolenic acid). Whereas, pomace contain fewer lipids portion
(0.15%) which was in agreement with the USDA value (0.17%) described by Neha et al. [22], but it was
lower than 0.31% as evaluated by Shyamala and Jamuna [21]. The sugar content in pomace and peel
was 8.79% and 8.4%, respectively, which was slightly less than 9.56% in beetroot plant as reported by
Neha et al. [22]. The sugar content in leaves was 0.44% which was nearly twenty times less than the
sugar content in the pomace. These results were much less than 3.98% evaluated by Biondo et al. [8].
On the other hand, the juice sugar content was 4.8% which was higher than Kazimierczak et al. [23],
who reported that the sugar content was 3.33% in the juice. The crude fiber was 2.6, 1.97, 2, and 2.15 in
peels, pomaces, stems, and leaves, respectively. The value in pomace was less than the expected value
(2.8%) as in USDA nutritional data reported by Neha et al. [22], and 35.53% as reported by Shyamala
and Jamuna [21]. It might be the filtration of pomace during preparation decreased its fiber content.
The obtained results revealed that the beetroots plant is a promising nutritional source for macronutrients
which make it a good source for supporting several kinds of food products.

Table 1. Proximate chemical composition and minerals content of beetroot plant parts.

Sample Type Peel Pomace Stems Leaves Juice

Proximate analysis 1

Moisture % 86.3 ± 0.98 b 86.8 ± 1.98 b 91 ± 0.99 a 90.7 ± 0.42 a 92.9 ± 0.1 a

Total lipids % 0.2 ± 0.04 b 0.15 ± 0.04 b 0.41 ± 0.02 a 0.43 ±0.04 a 0.16 ± 0.03 b

Protein % 1.02 ± 0.1 c 1.13 ± 0.18 c 2.45 ± 0.2 b 5.64 ± 0.28 a 1.21 ± 0.14 c

Crude fibers % 2.6 ± 0.12 a 1.97 ± 0.23 a 2 ± 1.41 a 2.15 ± 0.42 a ND *

Ash % 1.48 ± 0.21 a 1.16 ± 0.3 a,b 1.27 ± 0.15 a 0.64 ± 0.22 b 0.93 ± 0.01 a,b

Total sugars % ** 8.4 ± 0.76 a 8.79 ± 2.28 a 2.87 ± 2.22 b 0.44 ± 1.31 b 4.8 ± 1.11 a,b

Minerals (mg/100 g) 2

P 32.43 ± 0.01 b 41.02 ± 0.74 b 36.24 ± 7.42 b 40.23 ± 0.83 b 256 ± 12.01 a

K 635 ± 134.6 c 1971.6 ± 129.53 b 2831.3 ± 242.26 a 2196.1 ± 146.94 b 3053.7 ± 75.97 a

Ca 235.36 ± 89.24 c,d 154.92 ± 20.46 d 495.7 ± 71.74 b 1200 ± 127.1 a 412.52 ± 0.18 b,c

Mg 311.44 ± 65.37 a 116.4 ± 19.81 c 48.22 ± 3.47 c 58.02 ± 3.11 c 217.6 ± 39.84 b

Fe 121.19 ± 13.62 b 99.19 ± 19.01 b 1.29 ± 0.45 c 13.71 ± 3.36 c 911.65 ± 20.11 a

Cu 1.95 ± 0.1 b 1.32 ± 0.18 b,c 1.65 ± 0.13 b 0.17 ± 0.06 c 6.32 ± 1.01 a

Mn 5.19 ± 0.74 b 4.73 ± 1.51 b 0.10 ± 0.32 b 0.89 ± 0.44 b 27.30 ± 3.68 a

Zn 3.81 ± 0.68 b 1.77 ± 0.6 b 2.03 ± 0.35 b 1.98 ± 0.91 b 319.03 ± 26.78 a

Mean values in a raw having different superscript are significantly different at (p ≤ 0.05); ND * (Not detected);
** Total sugars calculated by difference; (1) proximate analysis parameters expressed in (g/100 g); (2) minerals content
expressed in (mg/100 g).

2.2. Minerals Content

The analysis of minerals content revealed that, juice contained the highest level of all detected
minerals, except for calcium (412.52 mg/100 g) and magnesium (217.6 mg/100 g) (Table 1). At the same
time, it is worth mentioning that all samples in the present study were high in potassium content
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ranged from 635 mg/100 g to 3053.7 mg/100 g; which is known to manage the blood pressure and
cardiovascular system on the long-term usage [24,25]. In addition, the juice showed the highest value of
iron (911.65 mg/100 g) which plays a role in anemia prevention [22]. On the other hand, Phosphorus in
pomace was 41.02 mg/100 g which is in a variation range of (32.43–256 mg/100 g), and close to 40 mg
as reported by Neha et al. [22], but less than 293.81 mg/100 g detected by Shyamala and Jamuna [21].
Results also revealed that potassium in leaves was 2196.1 mg/100 g which agreed with Biondo et al. [8]
being 2078.4 mg/100 g. Potassium in pomace were 1971.6 mg/100 g which is six times higher than the
USDA result reported by Neha et al. [22]. The highest amount of calcium found in leaves (1200 mg/100 g),
which was significantly higher than that reported by Biondo et al. [8] being 186.46 mg/100 g. Although,
pomaces had the lowest calcium content (154.92 mg/100 g), it was higher than that reported by Neha et
al. [22] being 16 mg/100 g. Iron is considered one of the most crucial minerals, as it has a vital role in anemia
treatment. The highest amount of Fe was in juice (911.65 mg/100 g), followed by peels (121.19 mg/100
g) and pomaces (99.19 mg/100 g). This value in pomaces was much higher than that reported by Neha
et al. [22] being 0.8 mg, and Shyamala and Jamuna [21] who reported 11.61 mg/100 g of Fe. But the
resulted value in leaves (13.71 mg/100 g) was less than that reported by Biondo et al. [8] being 25.63 mg/100
g. The obtained results in the current study emphasized the considerable content of crucial minerals
that are necessary for human health and confirmed the importance of the beetroots as a good source of
micro-and macro-elements.

2.3. Extraction Yield

Generally, phytochemicals extraction varied according to the solvent polarity and the nature of the
extracted molecules, in addition to temperature [26]. Accordingly, using different solvents, temperatures,
and extraction time resulted in various amounts of bioactive components (Figure 1). Ethanol (II) (OEM)
exhibited the highest phenolic extraction capacity from juice (21.44%) compared to ethanol (I) (IEM)
(6.70%). However, methanol (II) revealed the highest yield from stems and leaves, (18.70 and 17.10%)
respectively, while methanol (I) extracted 12 and 14.70% from stems and leaves, respectively. On the
other hand, methanol (I) extracted the highest bioactive compounds from peel and pomace (22.70 and
17.30%) respectively. The obtained yield from peel and pomace by methanol (I) was close to the amount
obtained by ethanol (II) (19.80 and 15.34%) respectively (Figure 1). The extraction efficiency of phenolic
compounds from different plant materials and different parts depends on the nature of the phenolic
substances, polarity of the extraction solvents, time and temperature of the extraction.

Figure 1. Yield of extraction of different solvents expressed in % of the dry matter; (I): IEM; (II): OEM
at −20 ◦C.
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2.4. Total Phenolic Content

The natural juice had the highest phenolic content value (11.58 mg/g) compared to the phenolics
obtained in the juice extracts (Figure 2), being nine times higher than the obtained amount by
Kazimierczak et al. [23] (1.29 mg). It is also worth to be mentioning that (OEM) revealed a high phenolic
extraction for stems and peels, while no significant differences were detected in the total phenolics
obtained by IEM and OEM in pomace and leaves. As mentioned previously, OEM, particularly ethanol
(II), exhibited high extraction efficiency with stems recording 14.58 mg/g, compared to 9.35 mg/g
obtained by ethanol (I). Whereas in leaves, ethanol (I) extracted 8.54 mg/g, which is close amount as
that extracted by methanol (II) (8.12 mg/g). The obtained results were less than the results reported by
Biondo et al. [8]. Phenolic compounds extracted from pomace by methanol (II) were 6.66 mg/g which
was significantly higher than that reported by Shyamala and Jamuna [21] (2.2 mg/g), while less than
that obtained by Čanadanović-Brunet et al. [27] (376.4 mg/g). However, methanol II extracted 9.96 mg/g
from peels, which was less than that value reported by Kujala et al. [28] (15.5 mg/g). This discrepancy
in the extraction capacity of different methods in different parts and plant origins might have resulted
to the environmental biotic and abiotic stresses, which influence the presence and distribution of the
phenolic compounds in the plant [26] and also might be resulted to the essence and nature of the
phenolics compounds and their concentration in the plant materials.

Figure 2. Total phenolics in beetroot extracts (mg gallic acid/g); (I): IEM; (II): OEM at −20 ◦C.

2.5. Total Flavonoids

Juice showed a high flavonoids content (10.73 mg/g) compared to the flavonoids content determined
in the other beet parts which declined significantly by 81% in the juice methanolic (I) (IEM) extract
(Figure 3). However, this value was higher than the amount obtained by Kazimierczak et al. [23]
(0.2 mg/g). While peels and stems ethanolic (II) (OEM) extracts exhibited the highest values of
flavonoids being 4.78 and 4.84 mg/g, respectively, compared to 0.93 mg/g and 1.19 mg/g obtained
by ethanol (I) peel and stems extract, respectively. Methanol (I) is more effective in the extraction of
flavonoids in pomace (1.80 mg/g), which agreed with results of El-Beltagi et al. [29] being 1.54 mg/g,
however, it was less than Čanadanović-Brunet et al. [27] being 253.5 mg/g. On the other hand, ethanol
(I) extract exhibited the highest extraction ability of flavonoids from leaves (4.85 mg/g). Based on our
findings, the beetroot is considered a good source of phenolic compounds and flavonoids which raises
its nutritional value and benefits in food processing.

2.6. Betalain Content

Betalains are composed of red-violet betacyanins and yellow-orange betaxanthins [6]. The distribution
of betalain pigment differs not only according to the beetroot parts, but also the extraction method
(Figure 4). Generally, OEM extracted the highest betalain content compared to IEM in all parts. On the
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other hand, beetroot peels, pulps, and juice exhibited the highest betalain content compared to of leaves
and stems, regardless of the used solvent. Methanol (II) OEM extracted the highest betalain content from
peel (0.81 mg/g) compared to extracted by methanol (I) IEM (0.39 mg/g) (Figure 4). While ethanol (II)
extracted the highest amount of betalain from pulp (0.81 mg/g), leaves (0.48 mg/g), and juice (0.79 mg/g)
compared to 0.40, 0.18, and 0.40 mg/g obtained by ethanol (I) from pomace, leaves, and juice, respectively.
The obtained betalain from beetroot peel, pulp, and juice was higher than 274.4 mg/kg detected in ethanolic
extract (50%) of beetroot puree treated at 120 ◦C for 60 min [30]. Methanol (II) extracted 0.5 mg of
betacyanin from peel and pulp, while 0.31 and 0.29 mg/g of betacyanin were detected in peel and pulp,
respectively. The obtained result of betacyanin and betaxanthin was higher than 37.22 mg/100 g of betanin
and 0.71 mg/100 g of vulgaxanthin I detected by Vulic et al. [20] in fresh beetroot pomace ethanolic extract.
However, the obtained betalain from peel and pulp (0.81 mg/g) agreed with the betalain content of Redval
and Forono varieties from Australia 853 and 826 mg/L, respectively [31]. On the other hand, Wruss et
al. [31] detected another betalain concentrations ranged from 767 to 1309 mg/L in the different Austrian
beetroot varieties. The findings in the current invistigation showed that the different parts of Egyptian
beetroots are rich betalain sources particularly peels, pomace and juice. At the same time methanol is the
best solvent for the extraction of betalain from different parts of beetroots.

Figure 3. Total flavonoids of beetroot extract (mg catechin/g) based on the dry weight; (I): IEM; (II):
OEM at −20 ◦C.

2.7. HPLC Analysis for Total Phenolics

The HPLC chromatogram classified the phenolic acids and flavonoids in natural juice, and ethanolic
(OEM) extracts of peels, leaves, and stems (Table 2). Chlorogenic (32.96 µg/g), gallic (25.19 µg/g),
syringic (2.74 µg/g), and cinnamic acid (0.35 µg/g) were recognized in juice as phenolic acids in addition
to catechin (93.56 µg/g). This result indicated not only the composition of juice but also the pomace.
More phenolic acids and flavonoids were observed in peel extract, where catechin and gallic acid
recorded the highest content than other parts being 184.50 and 137.23 µg/g, respectively. The obtained
resulted compounds in peels were disagreed with the phenolics identified by Koubaier et al. [32]
and El-Beltagi et al. [29]. The obtained results indicated that, the stems contained abundant phenolic
compounds than the other parts, where rutin was the highest content followed by catechin being 241.58
and 149.9 µg/g, respectively. However, gallic and chlorogenic acids were not recognized in stem extract,
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which is disagreed with Koubaier et al. [32]. These differences in the level of phenolic compounds
in different parts may refer to changes in growth conditions, especially availability which plays a
crucial role in the accumulation level of phenolic compounds in different plant parts [33]. The higher
of level of the phenolic compounds is responsible for the higher DPPH scavenging activity of all parts
of the plant.

Figure 4. Betaxanthin, betacyanin, and betalain content of beetroot parts (mg/g); (I): IEM; (II): OEM at
−20 ◦C.

Table 2. Phenolic acids and flavonoids identification of beetroot plant parts.

Sample/Compound Juice Peel Leaves Stem

Phenolics (µg/g)
Gallic acid 25.19 137.23 5.54 ND *

Chlorogenic acid 32.96 7.52 7.27 ND *
Cinnamic acid 0.35 ND * 0.14 9.94

Ferulic acid ND * 1.81 1.21 59.18
Caffeine ND * ND * 1.47 39.66

Coffeic acid ND * ND * ND * 61.36
Syringic acid 2.74 20.73 ND * 50.85
Ellagic acid ND * ND * ND * 87.56

Coumaric acid ND * 4.11 28.97 59.90
Vanillin ND * ND * ND * 70.44

Flavonoids (µg/g)
Rutin ND * ND * ND * 241.58

Naringenin ND * 2.75 12.83 61.43
Propyl Gallate ND * ND * 0.67 18.18

4’,7-DihydroxyisoFlavone ND * ND * 0.79 20.33
Querectin ND * 0.88 ND * 87.68
Catechin 93.56 184.50 22.31 149.91

ND * Not detected.
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2.8. DPPH Scavenging Activity

DPPH• is a stable free radical that reduced in the presence of antioxidants, resulting in color changing
from purple to yellow [34]. Methanol (OEM) extracts exploited high DPPH• inhibition ratio compared
to the other extracts, except for stem and juice (Figure 5). Where the natural juice revealed the highest
antioxidant, activity compared to the extracts being 205.32%. Similarly, the ethanolic OEM extract of stems
revealed the highest inhibition ratio (375.35%) at 91.8 mg/mL compared to 109.86% obtained from stem
ethanol IEM extract, which agreed with the phenolic content detected in this extract. In leaves, methanol II
extract revealed an antioxidant activity higher than that detected in the other extracts being 185.21% at
170 mg/mL. The inhibition ratios in peel and pomace methanolic OEM extracts were179.58 and 254.23%,
respectively, which agreed with the phenolic content of this extract. The obtained results in the present
investigation were higher than that reported by Vodnar et al. [19], who reported 45% in one gram of dried
beetroot waste. In all cases, the beetroots extracts exhibited a high antioxidant power, which is greatly
beneficial for human health and encourage us to fortify our food products with the beetroots extract.

Figure 5. DPPH inhibition ratio% of beetroot extract based on the dry weight; (I): Instant Extraction
method (IEM); (II): Overnight extraction method at −20 ◦C.

2.9. Fermented Beet-Milk Beverage

2.9.1. Total Viable Bacterial Count (TVBC) and Acidity

Probiotic products have proved to have at least 108 colony forming unit (cfu) of prebiotic strains/mL
juice [15]. Probiotic LA-5 and ABT-5 strains were used in this study to produce a probiotic beetroot-milk
fermented beverage. The total viable cells of LA-5 and ABT-5 in addition to the beverage’s pH and
acidity % during the fermentation were illustrated in Table 3. The milk was added to the beet juice
to enhance the bacterial growth, as the LA-5 and ABT-5 numbers declined significantly after 6, 24,
and 48 h of the fermentation of beet juice according to the preliminary studies. As noticed from the
obtained results, pH value was reduced significantly at the end of the fermentation process from 6.6 in
both LA-5 and ABT-5 fermented juices to 5.14 and 5.16, respectively (p < 0.05). The reduction of the
pH was due to the production of lactic acid [35], which was confirmed by the % acidity of the juices.
The acidity significantly increased from 0.41% of both samples at (zero time) to 1.84% and 1.94% at 6 h
of fermentation for LA-5 and ABT-5 beverages, respectively (p < 0.05). L. acidophilus was increased
significantly in LA-5 fermented beet-milk beverage after six hours of fermentation from 1.75 × 107

to 1.25 × 1010 (p < 0.05). Similarly, the ABT-5 probiotic strain raised significantly from 2.37 × 107 to
3.7 × 109 after six hours of fermentation (p < 0.05). The obtained viable bacterial count in the present
study was higher than 27.8 × 108 resulted in beetroot juice after 72 h of fermentation with LA-5 strain
as mentioned by Yoon et al. [35], and 7 × 108 resulted from the fermentation of beet juice by LA-5 for
8 h [13]. Thus, adding 40% full-fat milk to the beetroot enhanced the bacterial growth and reduced the
fermentation period.
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Table 3. PH, acidity, and viable cell count of LA-5 and ABT-5 beet-milk beverage.

Time (h) PH Acidity * CFU/mL **

LA-5 Beet-milk Fermented Juice
0 6.6 ± 0.01 a 0.41 ± 0.01 c 1.75 × 107 ± 1.1 b

3 6.17 ± 0.02 b 0.59 ± 0.01 b 5.45 × 107 ± 0.28 b

6 5.14 ± 0.03 c 1.84 ± 0.05 a 1.25 × 1010 ± 25.07 a

ABT-5 Beet-milk Fermented Juice
0 6.6 ± 0.01 a 0.41 ± 0.01 c 2.37 × 107 ± 0.65 b

3 6.16 ± 0.01 b 0.61 ± 0.00 b 6.5 × 107 ± 0.28 b

6 5.16 ± 0.05 c 1.94 ± 0.06 a 3.7 × 109 ± 3.54 a

Different superscripts are significantly different at (p≤ 0.05); * Acidity expressed as % of lactic acid; ** CFU/mL: colony
forming unit of probiotic culture/mL of beet-milk beverage.

2.9.2. Chemical Analysis

Table 4 illustrates the chemical composition of control and fermented beet-milk beverages.
Generally, no significant differences were detected in moisture, ash, lipids, and protein content of
LA-5, ABT-5 fermented beverage, and the control sample (p > 0.05). Where the moisture content
was ranged from 84.85 to 85.83 g/100 mL, total lipids were in a range of 3.03 to 3.06 g/100 mL which
constituted about 21.5% of the beverage’ total dry matter. While the protein represented nearly 11.31%
of the beverages dry matter, ranged from 1.48 to 1.68 g/100 mL. Ash content was about 1 g/100 mL.
This result might be attributed to the short fermentation period, as the bacterial strains did not affect
the nutrients in the beverage. On the other hand, carbohydrates constituted the highest part of all
beverages, it was 8.61 g/100 mL for the control. However, it was reduced in the fermented beverages
by nearly 30% as a result of the presence of the bacteria that converted the lactose into lactate to reach
a value of 6.52 g/100 mL in LA-5 beverage, and 5.89 g/100 mL in ABT-5 beverage. As noticed in
Table 4, no significant differences were detected between the fermented beet-milk beverages and the
control beet-milk in magnesium, manganese, iron, copper, potassium, and sodium content (p > 0.05).
Whereas, the calcium content was reduced after fermentation by 40% to reach 12.71 mg/100 mL in LA-5
fermented beverage, and 12.64 mg/100 mL in ABT-5 beverage compared to control (21.11 mg/100 mL).
As noticed by Tang et al. [36], the calcium content was reduced after 12 h of fermentation of soymilk
with lactobacillus acidophilus strains before being increased after 24 h of fermentation. Phosphorous
content similarly was reduced after fermentation of the beverages by nearly 12%, being 53.71 mg/100 mL
and 54.64 mg/100 mL in LA-5 and ABT-5 fermented beverages, respectively. The reduction of calcium
and phosphorous could be due to the utilization of the probiotic culture of those elements in their
growth [37]. On the other hand, fermentation recorded a slight increase in the zinc content of LA-5
and ABT-5 fermented beverages by 16% (0.27 mg/100 mL and 0.29 mg/100 g, respectively) compared
to control, which might be resulted from releasing the metal from chelated complex compounds by
bacterial activity and increasing its bioavailability [37].

2.9.3. Phenolics Content and Antioxidant Activity

Table 5 shows total phenolics, flavonoids content, and % DPPH free radical scavenging activity
of control and fermented beet-milk beverages. Fermentation of beet-milk beverage with LA-5 and
ABT-5 probiotic strains raised the total phenolic content significantly compared to the control beverage.
As total phenolics in LA-5 fermented beverage increased by 40% to reach a value of 17.51 mg/mL
(Table 5). While a 31% increase in the total phenolics content was reported in ABT-5 fermented beverage
to reach 16.38 mg/mL (p < 0.05). The increase in the total phenolics might be associated with the probiotic
activity during the fermentation. The total phenolic content of fermented beverages could demonstrate
the rise in the DPPH free radicals scavenging activity of LA-5 and ABT-5 beverages compared to the
control, being 98.11, 97.89, 95.2%, respectively. On the other hand, no significant differences (p > 0.05)
were determined concerning the flavonoid content of the LA-5 fermented beverages (9.91 mg/mL),
ABT-5 fermented beverage (10.06 mg/mL), and the control sample (9.66 mg/mL).
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2.9.4. Sensory Evaluation

The data of the current investigation showed that, the fermentation process enhanced the taste
and the flavor and consequently, the overall acceptance of LA-5 and ABT-5 fermented beverages
compared to control beet-milk beverage. These results might be attributed to the formed lactic
acid by probiotic strains [13]. On the other hand, no significant differences were detected in the
acceptability of the fermented beverages and the control concerning color and consistency (Figure 6).
So, the formulated fermented beverage-based-beetroots did not affect the sensory properties of the
formulated functional beverage.

Table 4. Proximate chemical composition of control beet-milk and fermented beet-milk.

Parameters Beet-Milk (Control) Beet-Milk (LAB-5) Beet-Milk (ABT-5)

Chemical Compositional Analysis *

Moisture % 85.83 ± 2.78 a 84.85 ± 1.31 a 85.67 ± 0.93 a

Total lipids % 3.06 ± 0.06 a 3.03 ± 0.04 a 3.04 ± 0.08 a

Total protein % 1.48 ± 0.11 a 1.65 ± 0.03 a 1.68 ± 0.04 a

Total carbohydrates % 8.61 ± 2.9 a 6.52 ± 1.43 b 5.89 ± 0.67 b

Ash % 1.00 ± 0.03 a 0.98 ± 0.13 a 1.1 ± 0.14 a

Minerals (mg/100 g) **

Ca 21.11 ± 1.29 a 12.71 ± 1.99 b 12.64 ± 3.31 b

P 61.87 ± 1.23 a 53.71 ± 0.7 b 54.64 ± 1.58 b

mg 14.6 ± 1.56 a 14.02 ± 1.81 a 13.32 ± 0.17 a

K 121 ± 1.4 a 120 ± 0.71 a 119.3 ± 1.1 a

Na 37.5 ± 5.79 a 48.25 ± 4.17 a 50.5 ± 0.7 a

Fe 2.95 ± 0.31 a 2.78 ± 0.47 a 2.63 ± 0.49 a

Mn 0.07 ± 0.03 a 0.13 ± 0.01 a 0.12 ± 0.02 a

Cu 0.09 ± 0.1 a 0.07 ± 0.02 a 0.44 ± 0.55 a

Zn 0.24 ± 0.31 b 0.27 ± 0.02 a,b 0.29 ± 0.0a a

Different superscripts are significantly different at (p ≤ 0.05); * Calculated as g/100 gm wet matter; ** Expressed in
mg/100 gm dry weight basis.

Table 5. Total phenolics, total flavonoids, and DPPH% free radicals scavenging activity of control and
fermented beet-milk.

Beverage TP * TF ** DPPH % ***

Control Beet-Milk 12.48 ± 1.00 b 9.66 ± 0.52 a 95.2 ± 0.88 b

LA-5 Beet-Milk 17.51 ± 0.16 a 9.91 ± 0.37 a 98.11 ± 0.93 a

ABT-5 Beet-Milk 16.38 ± 1.17 a 10.06 ± 1.00 a 97.89 ± 1.00 a

Different superscript is significantly different at (p ≤ 0.05); TP * (total phenolics), TF ** (total flavonoids) are expressed
in mg/mL wet weight basis; DPPH % ***: % of free radical’s inhibition ratio.

Figure 6. Sensory evaluation of control and fermented beet-milk beverages with LA-5 and ABT-5
probiotic cultures.
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3. Materials and Methods

3.1. Materials and Reagents

Twenty-five kilograms of beetroot collected from Alexandria’s local market, Egypt. Fresh full
cream milk was purchased from a local market in Alexandria (protein 2.6%, fat 3%, carbohydrates
4.6% calcium 97 mg/100 mL and phosphorus 79.61 mg/100 mL). Two freeze-dried lactic probiotic
cultures; ABT-5 probiotic consists of (Lactobacillus acidophilus LA-5, Bifidobacterium bifidum BB-12,
and Streptococcus thermophilus), and (Lactobacillus acidophilus LA-5) were obtained from Christian
Hansen’s, Denmark. Absolute ethanol and methanol, chloroform, sodium hydroxide, sulphuric acid,
boric acid, monopotassium phosphate, sodium carbonate, aluminium chloride and other commercial
chemicals were supplied from Aljumhoria Company for chemicals, Alexandria, Egypt, Fine chemicals
such as Folin-Ciocalteu, DPPH and phenolics standards purchased from Merk, Germany.

3.2. Preparation of the Beetroot Samples

Stems, and leaves were separated and washed, while the roots washed thoroughly to get rid of
any soil residues. After peeling, the juice was extracted from the pulp. Peel, pomace, juice, leaves,
and stems were used for further analysis. The plant parts were dried at 50 ± 2 ◦C for three days in
(Wt-binder) drying oven; then each was milled until getting a fine powder by grinder (Kenwood FP691,
UK). Afterward, the powder was packed into polyethylene bags as well as the extracted juice and
stored at −20 ± 9 ◦C till used [21].

3.3. A Proximate Chemical Analysis

Moisture content was carried out using (Wt-binder) oven at 105 ± 2 ◦C for 24 h. till getting a
constant weight of the samples. The ash content was determined by using a muffle furnace at 500 ◦C.
Crude fibers was determined according to AOAC [38] by boiling the samples for 30 min with 1.25% of
H2SO4, then NaOH after filtration and washing with hot water. The samples were dried in an oven,
weighed (W1) and re-dried in a muffle till gray ash was formed and re-weighed (W2), then the crude
fiber was calculated as g/100 g by the following Equation (1):

Crude fibers =
W1−W2

Sample weight
× 100 (1)

Total fat extracted with chloroform-methanol solvent according to Folch method [39]. The protein
content was determined by the micro-Kjeldahl method according to Peach and Tracy [40]. Total sugar
was calculated by difference according to the following Equation (2):

Total sugar content = 100 − (moisture + lipids + protein + fibers + ash) (2)

3.4. Minerals

Dried samples (1 g) of each wet-digested using conc. H2SO4-H2O2 mixture as described by
Lowther [41]. Phosphorus content estimated by Vanadomolybdophosphoric yellow color method
and the absorbance of the sample was measured at 405 nm. The concentration of phosphorus was
determined by using monopotassium phosphate standard curve [42], Whereas the potassium content
measured by the Backman flame photometer as described by Jackson [42]. Calcium, Magnesium,
manganese, copper, iron, and zinc estimated by using the Inductively Coupled Argon Plasma (ICAP
6500 Duo, Thermo Scientific, Gloucester, UK), which standardized by 1000 mg/L multi-element certified
standard solution, Merck, Germany.

3.5. Extraction Methods

The phytochemical compounds in the samples were extracted by the following two methods:
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Instant extraction method (IEM): the extraction performed using ethanol (I) 70%, methanol (I)
80%, and water (I) as Vasconcellos et al. [43] with a slight modification, where each sample was vortexed
with each solvent in a ratio of 1:10 (w/v) for 1 min, centrifuged for 10 min at 6000× g, and filtered.
The pellet of each sample was re-extracted with the same solvent twice, and the filtrates combined
before evaporating the solvent at 40 ◦C. The yield calculated as g/100 g, then the lyophilized samples
were stored at −20 ± 9 ◦C till used.

Overnight extraction method (at −20 ◦C) (OEM): Each sample was vortexed with methanol (II)
80%, and ethanol (II) 70% solvents in the same prior ratios and stored overnight at −20 ± 9 ◦C before
extracting to increase the time of exposure of the plant part to the solvent for enhancing the extraction
without being affected by the high temperature followed by the extraction of bioactive component as
mentioned previously.

3.6. Total Phenolic Content (TP)

Total phenolic content was determined according to the Folin-Ciocalteu method as described
by Vondar et al. and Raupp et al. [19,44]. 200 µL of the extract was mixed with 1 mL of 0.2N
Folin-Ciocalteu reagent, and 800 µL of Na2CO3 (7.5%). The mixture incubated for 2 h in the dark
at the room temperature, before reading the absorbance at 760 nm by using (Jenway 6405UV/VIS)
spectrophotometer. The total phenolics expressed in mg/g as gallic acid equivalent based on the dry
weight using a standard curve of gallic acid.

3.7. Total Flavonoids Content (TF)

Total flavonoids content was determined by aluminum chloride method as described by
Čanadanović-Brunet et al. and Baba and Maik [27,45]. 1 mL of each extract was mixed with
4 mL dH2O and 0.3 mL 5% NaNO2 before incubating the mixture for 5 min. Afterward, 0.3 mL of
10% AlCl3 was added, and the samples were incubated for 6 min. Later, 2 mL of NaOH (1 mol/L) was
added, and the volume completed with dH2O up to 10 mL. The mixture then incubated for 15 min
before measuring the absorbance at 510 nm. The total flavonoid value expressed as mg/g of catechin
on dry matter basis.

3.8. Betalain Content

Betalain content of beetroot parts extracts were estimated spectrophotometrically as described
by Anand et al. and Castellanos-Santiago and Yahia [46,47]. Betacyanin and betaxanthin content
were measured in the extracts at 535 and 483 nm, respectively by using (Jenway 6405UV/VIS)
spectrophotometer. Betalain content was calculated as mg/g by the following Equations (3) and (4):

Betacyanin / Betaxanthin (mg/g) =
A×DF×MW×V

εLW
(3)

where: A is the maximum recorded absorption for betacyanins and betaxanthins, respectively, DF is the
dilution factor, V is the extract volume (mL), W is the dried sample weight (g), and L is the path-length
(1 cm) of the cuvette. The molecular weight and molar extinction coefficient (ε) of betacyanin are
550 g/mol, 60,000 L/(mol cm) in water, and of betaxanthin are 308 g/mol, 48,000 L/(mol cm) in
water, respectively.

Betalain content mg/g = betacyanin (mg/g) + betaxanthin (mg/g) (4)

3.9. HPLC Profile of Phenolic Compounds

Phenolic compounds profile identified in natural juice, ethanolic (II) extract of peels, stem,
and leaves by using an Agilent 1260 series HPLC with a multi-wavelength detector monitored at
280 nm. The injected 10 µL of each extract separated on a C18 column (4.6 mm × 250 mm i.d., 5 µm)
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at 35 ◦C, and a mobile phase consisting of water (A) and acetonitrile (B) at a flow rate 1 mL/min.
Where the mobile phase was programmed consecutively in a linear gradient as follows: 0 min (80% A);
0–5 min (80% A); 5–8 min (40% A); 8–12 min (50% A); 12–14 min (80% A), and 14–16 min (80% A).
The unknown compounds characterized by matching its retention time to the standard’s retention time.

3.10. DPPH Free Radical Scavenging Assay

DPPH assay was carried out according to Do et al. [34]. 0.5 mL of freshly prepared 0.3 mM
methanolic DPPH mixed with 0.5 mL of the extract, then the mixture incubated at room temperature
for 20 min. Afterward, the absorbance of the control (DPPH methanolic solution), and the samples
measured at 517 nm. The inhibition ratio % was calculated by the following equation:

% Inhibition = (absorbance of control − absorbance of sample/absorbance of control) × 100

3.11. Preparation of the Fermented Juice

Beetroot juice was mixed with 40% full fat milk before being homogenized and heated at 80 ◦C
for 20 min to mimic pasteurization step [16]. After heating, the mixture was cooled to 40 ◦C and
aseptically inoculated with 0.2 gm/L of ABT-5 and 0.33 gm/L of LA-5 probiotic direct vat cultures for
the preparation of ABT-5 juice and LA-5 juice, respectively. Afterwards, the inoculated juices were
homogenized incubated at 37 ◦C for six h [48].

3.12. Total Viable Bacterial Count (TVBC)

The total viable bacterial count was determined in ABT-5 and LA-5 juices at the zero time, 3 and
6 h of fermentation. The viable cell count (CFU/mL) in the ABT-5 and LA-5 juice samples was counted
in an MRS medium by using ten-fold serial dilution in peptone-water and a MRS standard plate count,
the results were expressed as log of (cfu/mL juice) [35,48].

3.13. pH and Acidity Analysis

pH of the functional beverage samples was measured by a calibrated PH meter (Adwa, AD1030).
The acidity was determined according to Kazimierczak et al. and Yoon et al. [23,35] by titrating the
juices with 0.2N NaOH till the pH reached 8.2. The total acidity was expressed as % of lactic acid by
using the following Equation (5):

% Acidity = (V × N × 0.09/W × 100) (5)

where: (V) is mL of NaOH, (N) normality of NaOH, and (W) weight of the sample.

3.14. A Proximate Chemical Analysis of Fermented Beverage

Moisture and ash content of LA-5 and ABT-5 fermented beet-milk beverages and beet-milk
control were determined according to AOAC [38]. Total fat of beverages was estimated by Folch
method [39], protein was determined by the micro-Kjeldahl method according to Peach and Tracy [40].
While the total carbohydrates were estimated by Phenol-Sulfuric acid method [49]. Mineral content
was determined as described previously at Section 3.4.

3.15. Bioactive Components and Antioxidant Power of Fermented Beverage

Total phenolics, total flavonoids, and DPPH free radicals scavenging were determined as mentioned
by Vodnar et al. [19], Baba and Malik [45], and Do et al. [34], respectively.

3.16. Sensory Evaluation

Taste, flavor, consistency, and the overall acceptance were estimated in the ABT-5 and LA-5 juice
compared to the control juice by ten panelists (6 females and 4 males) in ages average between 25 to 60.
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The control juice was served to the panelists, followed by randomized, coded fermented beetroot-milk juices
to assess the different sensory characteristics by recording a score of nine based on (1–9) Hedonic scale [50].

3.17. Statistical Analysis

All experiments were conducted in triplicates. SPSS program version 16 was used to determine
the difference between means by one-way ANOVA test and univariate test for bioactive component
yield, total phenolics, flavonoids, and DPPH assay. Means were compared by using Duncan’s test at
(p < 0.05).

4. Conclusions

The current study was conducted to evaluate the nutritional quality of beetroots to ascertain
its potential use for formulation of novel functional foods. Furthermore, using beetroot juice in the
development of a probiotic beetroot beverage using LA-5 and ABT-5 probiotic strains and evaluate
the effect of the fermentation on the nutritional value of the beverage. The discarded beetroot wastes
are rich in phenolics and antioxidants rather than crude fibers and minerals. Where the leaves had
significant amounts of fibers, and lipids. Additionally, consuming 100 g of dried leaves powder meets
the daily calcium recommendations as described by FDA (1000 mg/day). Beet juice, peels, and pomace
exceed the daily iron recommendations (18 mg/day), which is considered an excellent source for iron
and function as anti-malnutrition and anemia. Stems shared high antioxidant activity due to the
high presence of phenolic compounds. Adding 40% milk to beet juice enhanced the growth of the
probiotic strains on fermented beet beverage. The fermentation process resulted in a high lactate
formation, which in turns resulted in a better taste, flavor, and thickening the consistency. Moreover,
the fermentation increased zinc content in addition to antioxidant capacity. Hence, the finding of the
current study emphasized the health benefits of beetroot’ leaves and stems -which represent beetroots
by-products-due to their high content of antioxidants and minerals. That is encourage utilizing
beetroots by-products as a good source of novel food additives, food supplements and formulation of
some novel functional foods.
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Abstract: Wheat noodles incorporated with isomaltodextrin were assessed in relation to physico-
chemical properties (color), microstructure features, biochemical composition (fiber profile), cooking
properties, textural attributes, and sensory evaluations during different storage temperatures (25,
4, −20 ◦C) and periods (0, 3, 6, 9, 12, 15, 18, 21, 24 months). Meanwhile, an accelerated study was
also carried out at 40 ◦C storage conditions for 12 months to evaluate the fiber profile changes.
Under different conditions, the overall quality of both raw and cooked noodle samples depended
slightly on both the type and amount of added fiber isomaltodextrin, resistant starch (RS), insoluble
high-molecular-weight dietary fiber (IHMWDF), and soluble high-molecular-weight dietary fiber
(SHMWDF). However, this significantly changed for the fiber profile under 40 ◦C of storage for
12 months. Cooking quality, fiber profile, and color parameter did not differ by storage at −20 ◦C after
24 months than at 0 months, and noodles only slightly differed in texture and sensory characteristics.
On sensory analysis, noodle samples were acceptable by panelists, with an acceptability score >5. In
short, storage temperature is one of the most important factors in preserving food stability and retail
properties. Isomaltodextrin noodles samples should be stored at low temperature to preserve the
product functionality.

Keywords: wheat noodles; isomaltodextrin; storage stability; cooking quality; sensory evaluation;
microstructure

1. Introduction

The glycemic index (GI), which is based on glycemic response, is a well-established
indicator of the increase in blood glucose potential of a carbohydrate food [1]. Low GI diets
play a vital role in the management and control of diabetes [2]. Previous research reported
that the probable effects of a low-GI diet are lowering insulin secretion in type 2 diabetes
and decreasing daily insulin requirements in type 1 diabetes [3]. Higher consumption of
water-soluble dietary fiber, such as isomaltodextrin, above the level recommended by the
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American Diabetes Association (ADA) enhances glycemic control, reduces hyperinsuline-
mia, and lowers plasma lipid concentrations in people with type 2 diabetes [4]. However,
noodles that are primarily formulated with wheat flour are not suitable for consumption
by people with diabetes because of the high GI effects, which are evaluated for glycemic
response (higher digestion rate or glucose absorption rate in the small intestine) [5,6].

In 2016, isomaltodextrin was assessed as a food that is generally recognized as safe
(GRAS) by the US Food and Drug Administration (FDA) [7]. Isomaltodextrin presented
health effects such as inhibition of fat absorption [8], anti-inflammatory properties, reduced
risk of developing insulin resistance and associated metabolic diseases [9], diminished post-
prandial blood glucose [10], positive effects on intestinal flora [11], and inhibition of hen
egg ovalbumin allergic response by inducing immune tolerance in mice [12]. Isomaltodex-
trin, a low-viscosity, water-soluble dietary fiber, which is enzymatically produced from
corn starch, is also useful in reducing insulin secretion due to the reduction in sugar ab-
sorption by inhibiting the disaccharidase-related transport system in both rats and healthy
humans [13]. Furthermore, isomaltodextrin improved glucose tolerance after sucrose,
maltose, and maltodextrin loading and also greatly lowered the accumulation of body fat,
regardless of changes in body weight in male Sprague–Dawley rats [14]. Hence, because
typical noodles will simply increase blood glucose level, fortification of low-GI ingredients
(isomaltodextrin) in noodles may benefit people with diabetes and allow then to enjoy
noodles as part of a healthy diet. However, few studies have investigated the stability and
physicochemical of isomaltodextrin under different storage conditions.

Storage stability studies of food products is a vital characteristic for both manufac-
turers and consumers, particularly in terms of food safety. Additionally important are
physical and chemical features, appearances, and sensorial properties (organoleptic). Stor-
age stability studies can provide important information to manufacturers and consumers to
certify a high-quality product throughout the storage period [15]. Meanwhile, the products
must be acceptable for consumers and comply with the nutritional value on the labeling.
Choosing suitable storage-stability study models and data-analysis techniques are impor-
tant to anticipate the shelf life, consider the changeability in environmental conditions, and
guarantee real-time monitoring of products [16]. Appropriate scientific estimation and
calculation of the storage stability of food commodities maintains the safety and quality of
the products and can prevent food waste during the distribution and consumption stages
of the food chain [17].

Therefore, this study aimed to investigate and evaluate the storage stability study of
wheat noodles fortified with isomaltodextrin, in terms of physicochemical characteristics,
microstructure features, dietary fiber profile, cooking quality, and sensory attributes during
different storage temperature and periods. Meanwhile, it is hypothesized that isomaltodex-
trin wheat noodles along the 24 months of storage at low temperature, which is 4 and
−20 ◦C, with only minor alterations in texture and sensory quality.

2. Materials and Methods

All chemical and reagents used in this study were purchased from Sigma-Aldrich
Chemical (St. Louis, MO, USA) (ACS certified grade). Total dietary fiber assay kit (K-TDFR)
was provided by Megazyme (Wicklow, Ireland). Isomaltodextrin (GRAS no. 610) was
purchased from the Hayashibara (Okayama, Japan). All samples were established and
analyzed in triplicate.

2.1. Noodles Sample

Wheat flour composed of hard red spring wheat and hard red winter wheat in a 2:3
proportion was provided by Chi-Fa Enterprise (Taichung, Taiwan). The analysis of mois-
ture (Method 934.01), crude protein (Method 984.13), and ash content of corms followed
the methods of the Association of Official Agricultural Chemists (1990). The moisture,
crude protein, and ash content of wheat flour was 13.52, 11.74, and 0.35%, respectively.
Isomaltodextrin was blended by using a domestic blender and passed through a 100-mesh
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(150 µm) sieve. Wheat noodles were prepared as described [18] with modification. The
formulated flours were prepared (5% of isomaltodextrin), and 2% salt was added; this
mixture was mixed with water at low speeds for 3 min then rolled into a 2 mm thick sheet
of dough. Folding and sheeting were repeated twice more. The dough sheet could rest
for 30 min then was put through the sheeting rolls 3 times at progressively decreasing roll
gaps of 2.60, 2.33, and 2.00 mm. From this dough sheet, the noodle strands were cut into
strands of 18.1 × 0.12 × 0.11 cm, and the prepared noodles were dried in an oven at 55 ◦C
for 12 h. Next, the dried noodle samples were packed in high-density polyethylene (HDPE)
bags and stored in a dry box until further analysis use.

2.2. Storage Stability Study

To understand the effect of storage conditions on the product quality, and by referring
the method of ICH Q1A (R2) Stability Testing of New Drug Substances and Products (Euro-
pean Medicines Agency), the noodle samples were stored under four different conditions,
which is in general ambient condition (25 ◦C ± 2 ◦C/60% RH ± 5% RH), refrigerated
storage temperature (5 ◦C ± 3 ◦C), freezing temperature (−20 ◦C ± 5 ◦C) for 24 months,
and accelerated (40 ◦C ± 2 ◦C/75% RH ± 5% RH) conditions for 12 months (Figure S1).
The noodle samples, packed in HDPE bags and stored under these conditions, were ana-
lyzed for physicochemical properties, such as cooking quality, color characteristics, texture
analysis; changes in isomaltodextrin, resistant starch (RS), insoluble high-molecular-weight
dietary fiber (IHMWDF), soluble high-molecular-weight dietary fiber (SHMWDF), sen-
sory characteristics, as well as microstructure properties by scanning electron microscope
(SEM). The noodle samples placed under different conditions were withdrawn at 3-month
intervals for the above analyses. Still, the analyses were completed within 5 days of every
single withdrawal, and the analyses were carried out in three replications.

2.3. Cooking Quality

The impact of storage conditions on the cooking characteristics of noodle samples
was analyzed by the method of the American Association for Clinical Chemistry (AACC)
(66–50) (AACC 2000). Cooking time (min) of the noodle samples was determined by
starting the timer when adding one sample of 25 g to a beaker containing 300 mL boiling
distilled water. The sample was stirred to ensure that noodles were separated. Cooking
time corresponded to the disappearance of the opaque center core of the noodle when the
noodle was squeezed between two clear glass plates. Cooking loss (%) was examined by
drying the cooking water in an oven at 105 ◦C until constant weight was achieved. Cooking
loss was calculated as follows:

Cooking loss (%) =
weight of dried residues in noodles cooking water (g)

weight of uncooked noodles (g)
× 100 (1)

2.4. Dietary Fiber Profile Analysis
2.4.1. Determining Resistant Starch (RS)

The RS of noodle samples was analyzed by using the Megazyme kit (Megazyme
K-TDFR, Wicklow, Ireland), which recognizes the method of the Association of Official
Analytical Chemists (AOAC) (Method 2002.02/AACC Method 32-40.01).

2.4.2. Determining Isomaltodextrin

In this study, the content of isomaltodextrin usually was based on AOAC Method
991.43 “Total, Soluble, and Insoluble Dietary Fiber in Foods” (First Action 1991) and AACC
Method 32-07.01 “Determination of Soluble, Insoluble, and Total Dietary Fiber in Foods
and Food Products” (Final Approval 10-16-91).

2.4.3. Determining IHMWDF and SHMWDF

Analysis of IHMWDF was based on the AOAC Official Method 2011.25 “Insoluble,
Soluble, and Total Dietary Fiber in Foods” (First Action 2011).
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2.5. Color Measurement

Color of noodle samples was measured with a ZE2000 Color Measurement colorimeter
(Nippon Denshoku) by using the CIE L*a*b* system. Color parameter was reported as
lightness (L*); positive a* represents the redness, and negative a* is green; positive b* is
yellowness, and negative b* is blue. A standard black and white ceramic tile was used to
calibrate the instrument before every measurement. Color measurements were performed
at room temperature in pentaplicates for every test sample.

2.6. Texture Profile Analysis

Texture analyzer model Brookfield CT3 Texture Analyzer (AMK CT3) specific for the
food industry was used to measure noodle texture. Five noodle strands were arranged
adjacent to each other on the fixture base tables and tested for hardness (g), adhesiveness
(g.s), maximum tensile strength (g), and tensile fracture distance (mm) under the experi-
mental conditions of 250 kg load cell and 10 mm/s cross head speed. The analyses were
carried out with three repetitions and five replicates.

2.7. Sensory Evaluation

A total of 30 panelists (15 females and 15 males), aged from 25–35 years old, who were
students from the College of Biotechnology and Bioresources, were randomly selected to
participate in this sensory evaluation session. The sensory evaluation test was conducted
in a sensory laboratory at room temperature and strictly followed the GB/T 13662-2008
and ISO 4121 criteria.

2.8. Microstructural Characteristics

The noodle samples stored under three different conditions 25, 4, −20 ◦C for 3, 12,
and 24 months were coated with gold-palladium (Model JBS-ES 150, Ion sputter coater,
Topon Corp., Japan), and the instrument was used with a model of the ABT-150S system
(Topon Corp., Kyoto, Japan) equipped with an Olympus BX53 polarized light microscope
(PLM) and a CCD camera to detect the collaboration and effects of the noodles matrix and
variations during the storage study.

2.9. Statistical Analysis

Experimental assessments and analysis were carried out in triplicate. Data were
reported as a mean score for each individual attribute. For statistical analysis, all data
were assessed by using single-factor ANOVA. If the F-value was significant (p < 0.05) on
ANOVA, then Duncan’s new multiple range tests was used to correlate treatment means.

3. Results and Discussions
3.1. Effects of Storage on Cooking Quality

Cooking quality and characteristics of wheat noodles fortified with isomaltodextrin
during storage periods of 0 to 24 months, at 25, 4, and −20 ◦C are summarized in Table 1.
Determining the cooking quality aimed to understand the interrelationship between storage
temperature and storage time in terms of noodle quality, to ensure consumer acceptancy
and the mouthfeel of the products. The cooked weight gain of the noodles stored at
4 and −20 ◦C did not significantly differ from 0 to 24 months. However, the cooked
weight gain significantly differed after 18 months for noodles stored at 25 ◦C (62.62 ± 0.15,
62.56 ± 0.16, 62.37 ± 0.16 g for 18, 21, and 24 months, respectively) as compared with
0 months (63.97 ± 0.60 g). The results agreed with a previous study [19], finding that the
reduction in cooked weight was probably due to an increase in cooking loss. Cooking loss
was to measure the number of solids remaining in the cooking water, which was caused
by the leaking of amylose and solubilization of soluble proteins [20]. The cooking loss for
noodles stored at 25 ◦C significantly differed from 3.71 ± 0.02 to 3.93 ± 0.04, 3.98 ± 0.05,
4.08 ± 0.07, and 4.13 ± 0.07 at 0, 15, 21, and 24 months. Appropriate cooking time and
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adequate cooking water may control the cooking loss, which deeply affects the texture and
sensory attributes of the noodles.

Table 1. Cooking quality characteristics of wheat noodles fortified with isomaltodextrin during
different storage periods and temperature.

Months Temperature
(◦C)

Cooking Time
(min)

Cooked Weight
Gained (g)

Cooking Loss
(%)

0 25 7.38 ± 0.05 c 63.97 ± 0.60 ab 3.71 ± 0.02 bc

4 7.34 ± 0.07 c 64.12 ± 0.37 a 3.79 ± 0.03 bc

−20 7.38 ± 0.06 c 63.99 ± 0.36 ab 3.87 ± 0.05 ab

3 25 7.43 ± 0.07 bc 63.58 ± 0.50 bc 3.78 ± 0.04 bc

4 7.43 ± 0.06 bc 64.16 ± 0.56 a 3.75 ± 0.06 bc

−20 7.41 ± 0.09 bc 63.93 ± 0.21 ab 3.81 ± 0.05 bc

6 25 7.50 ± 0.18 a 63.93 ± 1.08 ab 3.74 ± 0.09 bc

4 7.39 ± 0.07 c 63.96 ± 0.26 ab 3.81 ± 0.08 bc

−20 7.35 ± 0.04 c 63.62 ± 0.62 bc 3.77 ± 0.06 bc

9 25 7.43 ± 0.04 bc 64.19 ± 0.93 a 3.79 ± 0.08 bc

4 7.47 ± 0.06 ab 63.39 ± 0.01 bc 3.85 ± 0.06 bc

−20 7.43 ± 0.02 bc 64.11 ± 0.49 a 3.86 ± 0.02 ab

12 25 7.47 ± 0.09 a 63.49 ± 0.08 bc 3.89 ± 0.07 ab

4 7.45 ± 0.06 bc 63.21 ± 0.06 c 3.74 ± 0.04 bc

−20 7.46 ± 0.08 ab 64.53 ± 0.70 a 3.78 ± 0.04 bc

15 25 7.44 ± 0.02 bc 63.36 ± 0.26 bc 3.93 ± 0.04 a

4 7.47 ± 0.15 a 63.58 ± 0.42 bc 3.88 ± 0.04 ab

−20 7.38 ± 0.05 c 64.25 ± 0.84 a 3.86 ± 0.04 ab

18 25 7.55 ± 0.04 a 62.62 ± 0.15 c 3.98 ± 0.05 a

4 7.45 ± 0.05 bc 63.72 ± 0.52 ab 3.87 ± 0.11 ab

−20 7.45 ± 0.04 bc 64.29 ± 0.84 a 3.85 ± 0.02 bc

21 25 7.39 ± 0.03 c 62.56 ± 0.16 c 4.08 ± 0.07 a

4 7.44 ± 0.03 bc 63.55 ± 0.46 bc 3.88 ± 0.07 ab

−20 7.42 ± 0.05 bc 64.19 ± 0.87 a 3.87 ± 0.05 ab

24 25 7.36 ± 0.03 c 62.37 ± 0.16 c 4.13 ± 0.07 a

4 7.43 ± 0.01 bc 63.85 ± 0.62 ab 3.97 ± 0.05 a

−20 7.45 ± 0.08 bc 63.54 ± 0.55 bc 3.92 ± 0.03 a

Scores are presented as mean ± SD of triplicate analysis. The lowercase letters indicated significant difference in
each column (p < 0.05).

3.2. Effects of Storage on Fiber Profile

Because of different structural characteristics of fibers, molecular weight distribution
and spatial density of different dietary fibers added to noodles compounds can have posi-
tive or negative effects on noodles properties [21]. Therefore, assurances and preserved
product quality control have become more crucial and have led to the need to determine
the amount of dietary fiber composition in final products. Figure 1 illustrates the fiber
profile of wheat noodles fortified with isomaltodextrin during the different storage periods
at 25, 4, and −20 ◦C storage. Figure 2 shows the fiber profile of wheat noodles fortified
with isomaltodextrin during the different storage periods at 40 ◦C storage. The isomal-
todextrin content ranged from 9.47 ± 0.06 to 9.31 ± 0.03%, RS content from 0.24 ± 0.01
to 0.22 ± 0.02%, IHMWDF content from 7.96 ± 0.04 to 7.44 ± 0.04%, and SHMWDF con-
tent from 0.95 ± 0.02 to 0.61 ± 0.02%, from 0 to 24 months of storage at 25 ◦C (Table S1).
However, storage at 4 ◦C and −20 ◦C slowed the degradation of SHMWDF, which was
1.01 ± 0.05 to 0.79 ± 0.03% and 1.01 ± 0.04 to 0.80 ± 0.03%, respectively, from 0 to 24 months
of storage (Tables S2 and S3). The composition of isomaltodextrin, RS, and IHMWDF did
not differ by storage and storage temperature. Regardless, SHMWDF content was degraded
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with storage at ambient temperature. Previous study has revealed that dietary fibers with
high molecular weight have stronger viscosity than those with low molecular weight [22].
Moreover, high-molecular-weight dietary fiber, including cellulose, RS, and guar gum,
originally from wheat flour, had a better effect on noodles than low-molecular-weight
dietary fiber (Table S4) [23].
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Dietary fiber is proclaimed to help avoid obesity caused by high-fat diets [24], by
reducing energy intake, increasing the viscosity of intestinal contents, delaying gastric
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exhaustion, and augmenting the short-chain fatty acid content in the large bowel, thus pre-
venting central appetite and encouraging the release of anorexic intestinal hormones [25].
Meanwhile, dietary fiber as a food additive helps to maintain the level of fiber content in
food and encourage the technological functionalities of food, such as gelatinization, prod-
uct consistency, colloidal stability, texture, and viscosity [26]. As compared with insoluble
dietary fiber, soluble dietary fiber is more common because of its critical physiological roles
and benefits in physical and chemical properties [27], for example, the release of hyperlipi-
demia, controlling diabetes mellitus, effect on cardiovascular disease, and monitoring of
colon cancer [28]. Because of the characteristics of water retention, gel formation, fat simu-
lation, and thickening effects, the addition of soluble dietary fiber can significantly enhance
the texture, shelf life, stability, and sensory properties of starch-based food; decrease the
rate of aging; preserve the relative stability of the rheological and tissue properties [29].

3.3. Effects of Storage on Color Parameters

The impact of color characteristics on wheat noodles fortified with isomaltodextrin
during different storage periods is in Table 2. The appearance of cooked wheat noodles
fortified with isomaltodextrin for 0, 6, 12, 18, and 24 months of storage at 25, 4, and −20 ◦C
is in Figure 3. Color parameters of L*, a*, and b* of noodle samples stored at 25 ◦C showed
a significant deviation from 0 to 24 months. For noodle samples stored at 4 ◦C, the L* and a*
value started to change beyond 9 months of storage. The a* and b* values of noodle samples
stored at −20 ◦C did not differ; only the L* value differed after 6 months. Fortification of
noodle samples with isomaltodextrin may alter the microstructure of the noodles, causing
a disrupted starch, protein, and dietary fiber matrix. Changing the microstructure of the
noodle samples may trigger a chemical reaction, such as browning effects and oxidation.
Mohamed, Xu, and Singh (2010) [30] found that the Maillard reaction occurring in between
reducing sugar and proteins may lead to the lightlessness of the cooked noodles. Color
deterioration of food products during storage is mainly due to an enzymatic or chemical
reaction [31]. Furthermore, during storage, the moisture is absorbed, and an oxidation
reaction may also be responsible in part for the changes in color value [6]. Results of
this color parameter study revealed that storage condition and duration of storage has a
corresponding effect on the color of the noodle samples.

Table 2. Color characteristics of wheat noodles fortified with isomaltodextrin during different
storage periods.

Months Temperature (◦C) L* a* b*

0 25 53.90 ± 1.59 a −2.95 ± 0.08 b 4.19 ± 0.07 c

4 53.22 ± 1.96 a −2.95 ± 0.09 b 4.25 ± 0.08 bc

−20 53.18 ± 1.95 a −2.88 ± 0.13 ab 4.36 ± 0.07 bc

3 25 53.60 ± 3.09 a −2.94 ± 0.09 b 4.20 ± 0.08 c

4 48.51 ± 3.78 bc −2.86 ± 0.06 ab 4.27 ± 0.07 bc

−20 50.59 ± 1.84 a −2.78 ± 0.08 a 4.44 ± 0.09 bc

6 25 49.38 ± 0.89 bc −2.96 ± 0.11 b 4.01 ± 0.58 c

4 50.40 ± 1.16 a −2.92 ± 0.11 b 4.27 ± 0.07 bc

−20 49.87 ± 0.96 bc −2.74 ± 0.04 a 4.52 ± 0.11 ab

9 25 49.13 ± 0.92 bc −3.17 ± 0.09 c 4.59 ± 0.08 ab

4 48.37 ± 0.44 bc −2.83 ± 0.07 a 4.13 ± 0.11 c

−20 48.65 ± 0.67 bc −2.78 ± 0.07 a 4.28 ± 0.09 bc

12 25 47.60 ± 1.23 bc −3.25 ± 0.09 c 4.78 ± 0.07 a

4 49.01 ± 0.29 bc −2.87 ± 0.07 ab 4.30 ± 0.05 bc

−20 48.87 ± 0.57 bc −2.77 ± 0.03 a 4.51 ± 0.11 ab

15 25 46.46 ± 1.06 c −3.33 ± 0.07 c 4.68 ± 0.05 a

4 48.65 ± 0.95 bc −2.89 ± 0.06 ab 4.30 ± 0.03 bc

−20 48.23 ± 0.31 bc −2.81 ± 0.11 a 4.51 ± 0.06 ab
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Table 2. Cont.

Months Temperature (◦C) L* a* b*

18 25 46.39 ± 1.11 c −3.38 ± 0.04 c 4.82 ± 0.04 a

4 47.63 ± 0.95 bc −3.08 ± 0.08 b 4.35 ± 0.06 bc

−20 47.96 ± 0.66 bc −2.83 ± 0.09 a 4.34 ± 0.13 bc

21 25 44.88 ± 1.25 c −3.46 ± 0.04 c 4.93 ± 0.03 a

4 47.23 ± 0.22 bc −3.09 ± 0.08 b 4.34 ± 0.05 bc

−20 47.29 ± 0.16 bc −2.83 ± 0.09 a 4.26 ± 0.04 bc

24 25 42.83 ± 0.71 c −3.52 ± 0.22 c 5.12 ± 0.04 a

4 47.21 ± 0.21 bc −3.19 ± 0.08 c 4.36 ± 0.15 bc

−20 47.12 ± 0.05 bc −2.74 ± 0.02 a 4.34 ± 0.04 bc

Scores are presented as mean ± SD of triplicate analysis. The lowercase letters indicated significant differences in
each column (p < 0.05).
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3.4. Effects of Storage on Texture Profile

Sensory attributes of fortified noodles rely on cooking qualities and texture of the
cooked products, which also play an important role in affecting the acceptability of con-
sumers. The texture profile of the cooked wheat noodles fortified with isomaltodextrin
during different storage periods and temperatures is in Table 3. The hardness of the noodle
samples stored at 25, 4, and −20 ◦C increased greatly from 4164.02 ± 49.37, 4172.81 ± 47.29,
and 4189.19 ± 81.31 to 4271.44 ± 29.7, 4211.14 ± 53.34, and 4235.07 ± 47.84, respectively,
at 24 months of storage. At 25 ◦C storage, the adhesiveness, maximum tensile strength,
and tensile fracture distance significantly differed after 6, 12, and 9 months of storage,
respectively. However, noodles stored at 4 and −20 ◦C showed significant differences for
only hardness and adhesiveness at 24 months of storage period. The increase in adhe-
siveness of isomaltodextrin noodles during storage may be due to the increase in cooking
loss encouraging disintegration of more soluble proteins and starch during cooking. In
contrast, the partially soluble proteins and starch are attached on the surface of noodles,
causing aggravation of this sticky behavior [32]. The increase in hardness and adhesiveness
of the isomaltodextrin noodles indicated the deterioration of the noodle samples during
storage, especially at 25 ◦C storage. The texture quality change in the isomaltodextrin
noodle samples at different storage temperatures and periods may be due to the fiber
supplements disturbing the fiber–starch matrix within the microstructure of noodles [33].

Table 3. Texture analysis of wheat noodles fortified with isomaltodextrin during different storage periods.

Months Temperature (◦C) Hardness (g) Adhesiveness
(g/s)

Maximum Tensile
Strength (g)

Tensile Fracture
Distance (mm)

0 25 4164.02 ± 49.37 c 77.36 ± 0.83 c 41.99 ± 0.65 ab 107.07 ± 2.66 a

4 4172.81 ± 47.29 bc 76.78 ± 1.96 c 42.03 ± 0.27 ab 107.65 ± 1.18 a

−20 4189.19 ± 81.31 bc 77.81 ± 0.31 bc 42.81 ± 0.31 ab 107.52 ± 1.22 a

3 25 4145.84 ± 50.49 c 77.79 ± 1.26 c 37.62 ± 0.51 b 101.17 ± 1.24 ab

4 4217.83 ± 9.86 a 77.01 ± 1.55 c 40.94 ± 0.22 ab 101.29 ± 1.09 ab

−20 4210.43 ± 54.29 a 79.20 ± 0.94 ab 42.36 ± 0.75 ab 105.52 ± 1.52 a

6 25 4154.76 ± 15.41 c 78.28 ± 1.08 bc 35.70 ± 0.42 c 94.82 ± 1.49 ab

4 4180.45 ± 44.59 bc 77.59 ± 0.93 c 39.66 ± 0.25 ab 103.09 ± 1.49 ab

−20 4198.39 ± 5.35 bc 76.98 ± 0.82 c 41.76 ± 0.59 ab 101.07 ± 0.76 ab

9 25 4187.61 ± 15.02 bc 77.91 ± 0.59 bc 34.06 ± 0.16 c 85.47 ± 1.25 c

4 4204.14 ± 6.53 bc 76.09 ± 1.33 c 39.11 ± 0.15 ab 99.87 ± 0.24 ab

−20 4196.64 ± 18.46 bc 77.97 ± 1.84 bc 41.71 ± 0.44 ab 99.61 ± 0.80 ab

12 25 4173.11 ± 31.86 bc 79.05 ± 1.23 ab 31.57 ± 0.27 c 80.28 ± 1.81 c

4 4221.64 ± 91.03 a 76.61 ± 1.74 c 38.53 ± 0.39 b 98.44 ± 0.77 ab

−20 4190.13 ± 48.19 bc 78.19 ± 0.97 bc 41.54 ± 0.99 ab 97.49 ± 1.02 ab

15 25 4186.11 ± 62.61 bc 79.31 ± 1.14 ab 29.01 ± 0.67 c 76.01 ± 1.54 c

4 4157.65 ± 36.65 c 78.75 ± 0.45 ab 38.43 ± 0.26 b 97.46 ± 0.96 ab

−20 4176.12 ± 63.16 bc 79.64 ± 0.56 ab 41.49 ± 1.61 ab 98.21 ± 0.93 ab

18 25 4210.48 ± 11.73 a 80.05 ± 1.52 a 26.94 ± 0.21 c 74.23 ± 0.94 c

4 4128.51 ± 5.76 c 76.64 ± 1.28 c 36.61 ± 0.27 b 95.79 ± 0.44 ab

−20 4243.74 ± 35.85 a 79.39 ± 0.82 ab 40.32 ± 0.56 ab 95.75 ± 2.04 ab

21 25 4190.08 ± 61.47 bc 80.86 ± 2.02 a 23.64 ± 0.48 c 70.19 ± 0.93 c

4 4197.26 ± 41.38 bc 78.41 ± 0.72 bc 35.62 ± 0.31 c 94.59 ± 0.45 ab

−20 4188.53 ± 10.96 bc 79.39 ± 0.82 ab 39.80 ± 0.52 ab 97.26 ± 0.88 ab

24 25 4271.44 ± 29.71 a 82.71 ± 3.46 a 21.84 ± 0.27 c 67.47 ± 0.94 c

4 4211.14 ± 53.34 a 80.24 ± 1.06 a 35.65 ± 0.21 c 94.65 ± 0.48 ab

−20 4235.07 ± 47.84 a 79.89 ± 0.51 a 39.05 ± 0.66 ab 95.58 ± 0.61 ab

Scores are presented as mean ± SD of triplicate analysis. The lowercase letters indicated significant differences in each column (p < 0.05).
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3.5. Effects of Storage on Sensory Properties

Figure 4 illustrates the sensory evaluation of wheat noodles fortified with isomaltodex-
trin during different storage periods (0, 3, 6, 9, 12, 15, 18, 21, and 24 months) at 25, 4, and
−20 ◦C storage. The cooked isomaltodextrin noodles were evaluated for sensory charac-
teristics such as color, odor, taste, firmness, and overall acceptance. Long-term storage
reduced the overall acceptance of the noodle samples, which may due to the odor changed
during the long-term storage. However, taste, firmness, and color did not differ for the
isomaltodextrin noodles stored at −20 ◦C. Sensory attributes, including color, odor, taste,
firmness, and even overall acceptance of the isomaltodextrin noodles stored at ambient
temperature slowly deteriorated during the storage study, from 0 to 24 months. Even
though the sensory attributes and overall acceptance of the isomaltodextrin noodles stored
at 25, 4, and −20 ◦C was slightly reduced by time, all the samples were acceptable to the
panelists, with a score >5. The firmness of the isomaltodextrin noodles was increased
slightly for the noodles stored at 25, 4, and −20 ◦C, from 0 to 24 months, which may due to
the loss of moisture and breakdown of sample matrix interconnection during the long-term
storage and directly affects the cooking characteristics of the noodle samples [6].

3.6. Effects of Storage on Microstructural Characteristics

Scanning electron microscope (SEM) was used to collect data on the structural integrity,
size, shape, and arrangement of particles of both raw and cooked wheat noodles fortified
with isomaltodextrin, which closely correlated with the cooking quality, texture profile, and
sensory characteristics [34]. Figures 5–7 show the SEM micrographs of wheat noodles forti-
fied with isomaltodextrin during different storage periods at 25, 4, and −20 ◦C, respectively.
Micrographs of the raw isomaltodextrin noodle samples (before cooking) at 25 ◦C showed
the well-formed fiber–starch matrix, with clearly seen isomaltodextrin particles attached to
the starch granules. At 4 ◦C storage, the isomaltodextrin particles were partially adhered
between each molecule and with the starch granules. The isomaltodextrin particles were
frosted and held within starch granules to form a compact fiber–starch network because
of the low temperature (storage temperature −20 ◦C). The starch granules within the
noodle samples seemed to be a little swollen and with irregular size and shape, possibly
demonstrating a gelatinization that occurred during the extrusion process [34]. Storage
period did not affect the microstructure of the wheat noodles fortified with isomaltodextrin.
SEM micrographs of raw noodle samples with isomaltodextrin showed a higher inclusion
rate of soluble fiber in the binding relationship between starch and fiber (isomaltodextrin),
which altered the general structural complexity of the noodle system.

Gelatinization of starch granules within the cooked noodle samples seems to be
integrated into a developed fiber matrix to form a compacted noodles structure. The
isomaltodextrin disturbs the structure with starch granules within the noodle matrix,
causing loss of the regular structure and triggering the gelatinization process during
cooking. The disruption to the isomaltodextrin noodles structures significantly affected
the overall cooking quality and texture profiles of the isomaltodextrin noodles, which is
described in Tables 1 and 3.
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4. Conclusions

During a storage and stability study, food products may go through physical, chemical,
and biochemical deterioration along with environmental condition, such as temperature
and time range, which may cause changes in the product’s physical, chemical, quality, and
sensory attributes. These changes affect the safety of products and consumer acceptability.
Hence, the quality and characteristics of the food products must be evaluated in a storage
stability study to sustain the product’s stability. In this study, during 24 months of storage
at low temperatures (4 ◦C and −20 ◦C), cooking quality, fiber profile, and color did not
differ from 0 months, with only minor differences in texture and sensory characteristics.
Therefore, isomaltodextrin noodles could be stored at low temperature to preserve the
product’s functionality and quality.
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Abstract: Foliar spray with selenium salts can be used to fortify tomatoes, but the results vary in
relation to the Se concentration and the plant developmental stage. The effects of foliar spraying with
sodium selenate at concentrations of 0, 1, and 1.5 mg Se L−1 at flowering and fruit immature green
stage on Se accumulation and quality traits of tomatoes at ripening were investigated. Selenium
accumulated up to 0.95 µg 100 g FW−1, with no significant difference between the two concentrations
used in fruit of the first truss. The treatment performed at the flowering stage resulted in a higher
selenium concentration compared to the immature green treatment in the fruit of the second truss.
Cu, Zn, K, and Ca content was slightly modified by Se application, with no decrease in fruit quality.
When applied at the immature green stage, Se reduced the incidence of blossom-end rot. A group
of volatile organic compounds (2-phenylethyl alcohol, guaiacol, (E)-2-heptenal, 1-penten-3-one and
(E)-2-pentenal), positively correlated with consumer liking and flavor intensity, increased following
Se treatment. These findings indicate that foliar spraying, particularly if performed at flowering
stage, is an efficient method to enrich tomatoes with Se, also resulting in positive changes in fruit
aroma profile.

Keywords: biofortification; fruit quality; ripening; selenium; Solanum lycopersicum; volatile organic
compounds (VOCs)

1. Introduction

Selenium plays several crucial roles in human metabolism [1–3]. At the right concen-
trations, it positively affects DNA synthesis, fertility, reproduction, and muscle function.
Selenium helps to slow down aging, prevent certain cancers, and reduce the incidence of
viral infections, cardiovascular damage, arthritis, and alterations of the immune system [4].
Due to its ability to oxidize thiol groups in the virus protein disulfide isomerase, selenite
may even prevent COVID-19 contagion [5].

The recommended dietary allowance (RDA) for selenium is 55 µg day−1, and the
tolerable upper intake for adults is 400 µg day−1 [6]. The European Food Safety Authority
set the RDA for adults at 70 µg Se day−1 [7].

Worldwide, approximately one in eight people may have insufficient Se intake [8].
Those living in areas with low selenium in the soil, and consequently low levels in their
daily diet, need to replenish a deficiency through medicines or nutraceuticals. Agronomic
biofortification with Se fertilization is considered an effective way to produce Se-rich crops,
thus improving the Se intake in the target population [9–11].

Selenium is not considered an essential element in plants, but it elicits the production of
secondary metabolites and increases the enzymatic and non-enzymatic antioxidant capacity.
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Thus, in addition to biofortification, Se enhances the levels of specific bio-active/health-
promoting compounds that may also have positive effects on the plant physiology and
metabolism [12,13]. In fact, plants supplemented with Se can better counteract oxidative
stress as well as abiotic (salt, drought) and biotic stresses [14].

Although the exact mechanisms of Se action are still poorly understood [15], positive
effects of Se on delaying senescence and, in crops bearing fleshy fruits, modulating ripening
and metabolic profiling and composition of the produce have been reported [16–23].

Se-enrichment of fruits to be consumed as fresh produce is of great interest since some
selenium is lost after cooking or processing [24]. Given that tomatoes (Solanum lycopersicum)
are mostly consumed fresh and do not require heat processing, and since tomato is the
second-most important vegetable crop worldwide, it is one of the best commodities for
producing a selenium biofortified fruit for dietary supplementation.

Various strategies can be used for the Se-biofortification of different crops, including
tomato [14]. Se supplementation (as sodium selenate or sodium selenite) to tomato plants
via the root system (hydroponic, soils, or artificial substrate fertilization) enriches tomato
fruit [13,18,20,25,26].

However, with the global focus on sustainability, ensuring that such strategies are safe
for the environment is challenging. Excessive remaining chemicals in the growth substrate
or solution, which are not taken up by plants, may cause water pollution [27] or increase
soil salinity [28].

Foliar spraying is a feasible alternative, but few papers have investigated the effects
of this method on Se-enrichment and on the metabolic, compositional, and physiological
changes occurring in tomato fruit [13,19,22,29,30]. The results of these studies demonstrate
that the enrichment effects of foliar treatments on tomato plants depend not only on the Se
concentration and chemical form but also on the plant developmental stage when treatment
is performed.

Since the range of Se concentration between essentiality and toxicity for humans and
for plant tissues is quite narrow [31], the protocols need to be designed to enrich tomatoes
with no risks for the consumers and no negative effects on the plants.

We investigated the responses to sodium selenate foliar spraying at flowering (FL) and
fruit immature green stage (IG) in terms of Se accumulation in tomato fruit, and specific
composition and quality-related traits at ripening, with a specific focus on volatile organic
compound (VOC) profiles.

2. Results and Discussion
2.1. Selenium Concentration

Spraying tomato plants with sodium selenate resulted in a significant increase in
selenium concentration in the fruit of both trusses (Table 1). The time of treatment did not
affect the Se content in the fruit of the first truss, whereas in the second truss, the treatment
performed at FL gave a higher selenium concentration compared to the IG treatment.
The two doses of Se applied (1 and 1.5 mg L−1) did not result in statistically different
accumulations of Se in the fruit tissues.

The selenium concentration in the fruits of sprayed plants was much lower than the
fruits of plants grown in the nutrient solution supplied with sodium selenate at the same
concentration [18,20]. In fact, in those two studies, the uptake of selenium by roots, and its
translocation to the aerial part, led to a higher accumulation of Se in fruit.

In plants sprayed with selenate, the composition of the cuticle (epicuticular wax or
the deposition of wax platelets) and the leaf tomentosity could have hampered selenium
absorption. The lower Se absorption could also be ascribed to the absence of adhesive
substances in the spraying solution, which generally facilitate better penetration of the
active ingredients and prevent their washout.
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Table 1. Selenium concentration (µg kg−1 DW) in tomato fruit sprayed with sodium selenate
(Na2SeO4) at different selenium concentrations and distributed at FL and fruit IG stages.

Treatment Time Se Spray
mg L−1

[Se] µg kg DW−1

1st Truss 2nd Truss

Flowering
0 0 a 0 a

1.0 108 b 123 c
1.5 146 b 131 c

Immature green 0 0 a 0 a
1.0 92 b 84 b
1.5 105 b 95.2 bc

Variance analysis
Treatment time (A) ns ***

Se dosage (B) *** ***
Interaction A × B ns ***

Significance is as follows: ns, not significant; *** significant at 0.1%. Different letters in each column correspond to
significantly different values for p < 0.05 according to the LSD (least significant difference) test.

The selenium concentration in the fruit of plants treated with 1 mg Se L−1 was lower
than that reported by Zhu et al. [29], i.e., 500 µg Se kg−1, in plants treated with the same
dose of selenium at the onset of flowering. Different growing and environmental conditions,
as well as different genotypes, might explain the observed discrepancy of results.

The selenium content in 100 g of fresh tomatoes was calculated by multiplying the
concentration of Se by the percentage of dry matter. Values ranged between 0.62 and
0.95 µg Se 100 g FW−1 in the fruit of the first truss and between 0.35 and 0.66 µg Se
100 g FW−1 in the fruit of the second truss (data not shown). Thus, the daily consumption
of treated tomatoes appears to increase the selenium supplementation, with no risk of
toxicity for humans.

2.2. Mineral Element Content

The enrichment with selenium affected the content of all the minerals, except for Fe in
the fruit of the first truss, and for K in fruit of the second truss (Tables 2 and 3).

In the first truss, the supply with the higher dose of selenium increased the content of
Ca when plants were treated at IG stage, whereas it decreased the content of Cu, Ca, and
Zn in the fruit of plants sprayed at FL and of K in plants sprayed at the IG stage.

Selenium treatment decreased the content of all the minerals, except for Fe, in fruit of
the second truss. To the best of our knowledge, only one study has been conducted on the
effects of foliar spraying with selenium on the mineral content of tomato fruit [26]. The
results of that study showed that foliar spraying at 10 and 20 mg Se L−1, repeated every
20 days, did not modify the content of Ca, Mg, and K.

2.3. Effect of Selenium on Blossom-End Rot

A statistical analysis of data relating to blossom-end rot highlights that the biofortifica-
tion with selenium at IG phase, at both concentrations, significantly reduced the incidence
of this rot, but only in fruit of the second truss (Table 4).

Blossom-end rot is believed to be caused by a calcium imbalance within the plant, but
in our trial, the selenium treatment did not increase the calcium content in fruit. Factors
other than Se-concentration and/or Ca content should thus be considered in terms of the
incidence of this physiological disorder.
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Table 2. Macro- and microelements concentration (mg kg–1) in tomato fruit of the first truss treated with sodium selenate
(Na2SeO4) at different concentrations of Se at FL and fruit IG stages.

Treatment Time
Se Spray Cu Zn Mn Fe K Ca Mg

mg L−1 mg kg −1

Flowering
0 14.4 a 60.4 a 79.7 b 484 a 1672 a 429 ab 978 a

1.0 13.5 a 65.5 a 88.6 b 493 a 1076 a 511 a 1007 a
1.5 7.4 a 35.5 c 51.3 c 363 a 1540 ab 375 b 781 b

Immature green
0 14.1 a 60.2 a 80.0 b 479 a 1668 a 431 ab 980 a

1.0 9.9 a 50.0 b 77.1 b 437 a 1374 b 458 a 909 a
1.5 13.4 a 61.6 a 106 a 401 a 1005 c 540 a 1053 a

Variance analysis
Treatment time (A) ns *** ** ns ns ns **

Se dosage (B) ** *** ns ns *** ** ns
Interaction A × B ** *** *** ns ** *** ***

Significance is as follows: ns, not significant; ** significant at 1%; *** significant at 0.1%. Different letters in each column correspond to
significantly different values for p < 0.05 according to the LSD (least significant difference) test.

Table 3. Macro and microelements concentration (mg kg–1) in tomato fruit of the second truss treated with sodium selenate
(Na2SeO4) at different concentrations of Se at FL and fruit IG stages.

Treatment Time
Se Spray Cu Zn Mn Fe K Ca Mg

mg L−1 mg kg −1

Flowering 0 14.3 a 67.1 a 95.0 a 550 a 1320 a 628 a 1074 a
1.0 15.4 a 67.0 a 94.3 a 580 a 402 a 594 a 1054 a
1.5 9.8 b 44.3 c 68.9 a 320 b 1355 a 516 b 851 b

Immature green phase 0 14.5 a 67.4 a 94.9 a 556 a 1327 a 630 a 1072 a
1.0 8.9 b 39.8 c 55.2 a 392 b 1469 a 462 b 785 b
1.5 10.5 b 53.8 c 84.1 a 366 b 1508 a 603 a 908 b

Variance analysis
Treatment time (A) *** *** ns ns ns ns ns

Se dosage (B) * *** ** ** ns *** ***
Interaction A × B ** *** ** * ns *** **

Significance is as follows: ns, not significant; * significant at 5%; ** significant at 1%; *** significant at 0.1%. Different letters in each column
correspond to significantly different values for p < 0.05 according to the LSD (least significant difference) test.

Table 4. Incidence of blossom-end rot on fruits of plants treated with sodium selenate (Na2SeO4), at
different selenium concentrations and distributed at FL and fruit IG stages.

Treatment Time
Se Spray
mg L−1

Blossom−End Rot Incidence
Affected/Total Fruit Ratio

1st Truss 2nd Truss

Flowering 0 25.3 a 40.4 a
1.0 19.4 ab 33.0 ab
1.5 14.4 ab 31.2 bc

Immature green 0 18.2 ab 36.8 a
1.0 9.2 b 31.4 b
1.5 9.6 b 20.2 c

Variance analysis
Treatment time (A) * ns

Se dosage (B) ns *
Interaction A × B ns ns

Significance is as follows: ns, not significant; * significant at 5%. Different letters in each column correspond to
significantly different values for p < 0.05 according to the LSD (least significant difference) test.
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2.4. Qualitative Characteristics of Fruit
2.4.1. Fruit Composition

Biofortification with selenium, both at FL and IG, affected the compositional traits of
fruit collected at the red-ripe stage. In the fruit of the first truss, Se enrichment decreased
titratable acidity and increased dry weight compared to the control (Table 5), while SSC
(soluble solid content) and maturity index were not affected. In the fruit of the second
truss (Table 6), dry weight and titratable acidity showed the same effects as Se-enrichment,
as observed in the first truss, whereas SSC increased. Thus, the maturity index was
significantly affected by Se-enrichment.

Table 5. Qualitative characteristics of tomato fruits of the first truss treated with sodium selenate
(Na2SeO4) at different concentrations of selenium and distributed at FL and fruit IG stages.

Treatment Time Se Spray
mg L−1

DW
%

SSC
◦Brix

Titrable Acidity
g Citric Acid 100 mL−1

Maturity
Index

Taste
Index

0 5.0 c 6.5 a 0.8 a 8.0 a 1.1 a
Flowering 1.0 7.1 a 6.1 a 0.7 b 8.5 a 1 b

1.5 6.5 a 6.4 a 0.7 b 9.3 a 0.9 b

0 5.1 c 6.3 a 0.9 a 8.1 a 1 a
Immature green 1.0 6.7 a 6.4 a 0.8 ab 8.4 a 1 ab

1.5 5.9 b 6.2 a 0.7 b 8.9 a 0.9 b

Variance Analysis
Treatment time (A) *** ns ns ns ns

Se dosage (B) *** ns *** ns **
Interaction A × B * ns ns ns ns

Significance is as follows: ns, not significant; *, significant at 5%; **, significant at 1%; ***, significant at 0.1%.
Different letters in each column correspond to significantly different values for p < 0.05 according to the LSD
(least significant difference) test.

Table 6. Qualitative characteristics of tomato fruits of the second truss treated with sodium selenate
(Na2SeO4) at different concentrations of selenium and distributed at FL and fruit IG stages.

Treatment Time Se Spray
mg L−1

DW
%

SSC
◦Brix

Titrable Acidity
g Citric Acid 100 mL−1

Maturity
Index

Taste
Index

0 4.5 bc 6.2 c 0.8 a 7.5 b 1 a
Flowering 1.0 5.4 a 7.0 a 0.7 a 9.4 a 1 a

1.5 4.8 b 6.3 bc 0.6 b 10.2 a 0.8 c

0 4.6 bc 6.0 c 0.8 a 7.6 b 1 a
Immature green 1.0 4.2 c 6.3 bc 0.7 a 8.8 a 0.9 b

1.5 5.3 a 6.5 b 0.7 a 9.4 a 0.9 b

Variance Analysis
Treatment time (A) *** ns ns ns ns

Se dosage (B) *** ** ** * **
Interaction A × B *** *** *** ns ***

Significance is as follows: ns, not significant; *, significant at 5%; **, significant at 1%; ***, significant at 0.1%.
Different letters in each column correspond to significantly different values for p < 0.05 according to the LSD
(least significant difference) test.

The taste index, based on brix and titratable values, slightly decreased in fruit treated
with 1.5 mg Se L−1 of both protocols and in fruit treated with 1 mg Se L−1 at the IG stage.
Considering that a taste index of <0.7 is associated with low quality [32], plants treated
with selenium selenate produced tasty fruit. These results on fruit composition agree with
previous studies conducted by our research group [18,20] in which tomato plants grown in
hydroponics were enriched with the same concentration of Se, as sodium selenate, which
was added to the nutrient solution.

2.4.2. Aroma Profiles

Fresh tomato fruit produces several hundred VOCs, some of which are major con-
tributors to the overall aroma and consequently affect consumer experience [33]. Specific
pathways are involved in the metabolism of the VOCs, and their concentration in ripe
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fruit depends on factors affecting fruit development and physiology. To assess whether
Se-enrichment affects this important quality trait, we carried out specific VOC analyses
on red-ripe fruit of the second truss from the control and from plants treated with 1.0
and 1.5 Se L−1 at FL. A total of 39 VOCs were identified in the three sets of samples
(Supplementary material, Table S1).

Partial least squares regression analysis indicated that sodium selenate treatment
affects the volatile profile of the tomatoes at ripening (Figure 1). Overall, the validated
PLSDA (Partial least squares discriminant analysis) model explains about 90% (first and
second factors together) of the variability recorded between sample groups. In fact, a
clear segregation of the different treatments was observed, with Se-enriched samples
clustering separately from the control tomatoes and from each other. This clustering
indicates important differences in terms of the numbers of VOCs specifically induced by
the different levels of Se applied at the flowering stage. In addition, the fact that the analysis
was repeatable was highlighted by the correct positioning of the different analyzed fruit
replicates, with samples from the same treatment being close together.
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trient solution for about a week before being transferred to rock wool slabs (1 × 0.15 × 0.75 
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Figure 1. Partial least squares discriminant analysis (PLSDA). Treatment was employed as response variable, while the
identified VOCs were used as predictor variables. Variable importance in projection (VIP) scores were used to filter
compounds varying the most between different theses, and only compounds with a VIP score higher than 0.8 were included
in the analysis. Circles, triangles, and inverted triangles were used to depict control fruit, 1 mg L−1, and 1.5 mg L−1 sodium
selenate-treated fruit, respectively.
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Lipoxygenase pathway-related compounds, such as hexanal, (Z)-3-hexenal and 1-
hexanol, were associated with control fruit. Specific C5 and C7 compounds and derivatives
instead appeared to be more abundantly accumulated in Se-biofortified fruit. In particular,
(E)-2-heptenal and methyl heptenone, together with phenylethyl alcohol, characterized
the 1.5 mg Se L−1-treated fruit. On the other hand, 1-penten-3-ol, 1-penten-3-one, and
(E)-2-pentenal sit, in the PLSDA score plot, closer to the 1.0 mg Se L−1-treated samples,
which also showed a strict association with guaiacol and methyl salicylate.

2-phenylethyl alcohol, guaiacol, and (E)-2-heptenal, together with 1-penten-3-one and
(E)-2-pentenal, were identified by Tieman et al. [33] as compounds positively correlated
with consumer liking and overall flavor intensity, with decreased accumulation in modern
cultivars compared to heirloom S. lycopersicum varieties. Thus, Se-enriched tomatoes may
possibly also benefit from the treatment in terms of organoleptic properties and more
attractive traits for consumers. Of particular interest appears to be the increase in methyl
salicylate characterizing the fruit treated with 1 mg Se L−1. This compound is one of several
phenylpropanoids that significantly contribute to the unique flavor of tomato fruit and is
also considered to be better than salicylic acid as the signal molecule transmitted in the
systemic acquired resistance (SAR) response [34]. Together with linalool, methyl salicylate
is involved in the immune response against Pseudomonas syringae bacterial attack [35].

The association of both compounds with selenium treatments rather than with control
clusters may indicate a better immunity response of fruit treated with selenium against
some bacterial diseases. The association of methylated compounds (methyl salicylate
and methyl heptanone) with Se-treated fruit may show how selenium affects tomato
methyltransferases. In fact, in a proteomics study, Zeng et al. [36] demonstrated that
methyl transferases are among the differentially expressed proteins in naturally selenium-
enriched rice.

3. Materials and Methods
3.1. Experimental Set-Up

The experiment was conducted in a greenhouse located at the Department of Agricul-
tural, Food, and Agro-Environmental Sciences (DISAAAa) of the University of Pisa (PI),
characterized by a controlled temperature system (13–30 ◦C) and a ventilation air temper-
ature of 27 ◦C. The seedlings of Solanum lycopersicum var. Kreos were provided in rock
wool cubes (GRODAN, ROCKWOOL Group, 75 × 75 × 65 mm) supplied with a nutrient
solution for about a week before being transferred to rock wool slabs (1 × 0.15 × 0.75 m).

Plants were grown in a hydroponic system with a density of 3 plants m−2. They were
trimmed above the second truss. Pollination was performed by mechanical vibration of
the inflorescences. The nutrient solution, characterized by E.C. of 2.6 mS cm−1 and pH
value of 5.6, was distributed through a drip irrigation system, three times a day in the
early phenological phases of plant growth, and five times a day in the final phases. The
composition of the nutrient solution was the following: 14 mM L−1 N-NO3, 1 mM L−1

N-NH4, 1 mM L−1 P, 8 mM L−1 K, 5 mM L−1 Ca, 1.6 mM L−1 Mg, 5.23 mM L−1 Na,
1.71 mM L−1 S-SO4, 3.43 mM L−1 Cl, 15 µM L−1 Fe, 20 µM L−1 B, 1 mM L−1 Cu, 5 µM L−1

Zn, 10 µM L−1 Mn, and 1 µM L−1 Mo.
The experimental scheme was organized in randomized blocks. Selenium was sprayed

as sodium selenate solution (Sigma Aldrich, colorless crystalline powder) at concentrations
of 0.1 and 1.5 mg Se L−1. Each plant was treated with 250 mL of Se-enriched solution,
whereas each control plant was sprayed with 250 mL of distilled water. When the solution
was supplied, the surrounding plants were shielded with plastic sheets to avoid contami-
nation. For each selenium dosage, half of the plants were treated at flowering (FL) (June),
and the other half at the immature green (IG) fruit stage (July). Fruits were harvested for
all the analyses at the red ripening stage.

After harvesting, the selenium content in the fruit of both trusses was analyzed.
Composition, taste index, micro- and macro element concentrations, and VOC profiles of
fruit were determined.
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3.2. Selenium and Mineral Content Analyses

Total selenium and micro- and macro- element concentrations were determined in the
fruit of Se-enriched and control plants. Collected fruit samples were oven-dried at 50 ◦C
and then ground in a mortar. A total of 0.5 g of powder for each replicate was digested
with nitric and perchloric acids. The mineral elements (Cu, Zn, Mn, Fe, K, Ca, Mg) were
determined with a fast sequential atomic absorption spectrometer (AA240FS, Agilent). To
calculate the selenium content, the digests were reduced by hydrochloric acid, following
Zasoski and Burau [37], and the atomic absorption spectrometer was coupled to a hydride
generator (Varian VGA 77) [38].

3.3. Fruit Composition and Quality Parameters

Fresh and dry weights of harvested fruit were determined. Titratable acidity was
measured on 10 mL of tomato juice with an automatic titrator, using sodium hydroxide
(0.1 M NaOH) as the titling and phenophthalein as the indicator. The result was expressed
in g of citric acid per 100 mL of juice. Soluble solid content, expressed in ◦Brix, was
investigated using a digital refractometer (model 53011, Turoni, Forlì, Italy). Maturation
and taste indexes were calculated using Navez et al.’s [32] formula, on the basis of ◦Brix,
and titratable acidity as proposed by Hernandez Suarez et al. [39]:

Maturity Index = ◦ Brix acidity (1)

Taste Index = (◦ Brix/20 × acidity) + acidity (2)

We also tried to detect the possible effect of Se dosage and time of treatment on the
incidence of blossom-end rot. The percentage of fruit affected by blossom-end rot was
evaluated by calculating the percentage of fruit that showed the symptoms on the total of
fruit present at each flowering stage. Percentage data were then transformed into angular
values before statistical analysis.

3.4. HS-SPME-GC-MS Analysis

For the VOC analysis, a slightly modified method optimized by Brizzolara et al. [40,41]
was used. A total of 15 g of pericarp tissue (without seeds) were homogenized with 15 mL
1M NaCl water solution in a 50 mL plastic tube using T25 Ultra-Turrax (IKA, Königswinter,
Germany) homogenizer. The obtained puree was frozen in liquid nitrogen and stored at
−80 ◦C. Three replicates per treatment were analyzed for both the red ripe stage with a
different level of Se accumulation in fruit.

VOCs were identified using a gas-chromatograph (Perkin Elmer Clarus 680) coupled
with a mass spectrometer (Perkin Elmer Clarus 600 S). A total of 5 g of tomato puree was
transferred into a 20 mL crimp vial (Sigma Aldrich, Milano, Italy) and was thawed at 15 ◦C
for 15 min. Samples were incubated for 60 min at 40 ◦C, and VOCs were extracted for
45 min at the same temperature using an SPME Fiber (50/30 µm, DVB/CAR/PDMS, Sigma
Aldrich, Italy).

We used the following GC temperature program: the initial temperature was 40 ◦C,
which was maintained for 1 min; the temperature was then increased to 250 ◦C at a rate of
4 ◦C min−1 and held for 1 min; finally, the temperature was increased to 280 ◦C at a rate of
15 ◦C min−1 and held for 2 min.

Desorption was performed in spitless mode using a PSSI injector at 260 ◦C. A fused
silica 30 m × 0.25 mm × 0.25 µm film thickness SLB-5MS column was used for the analysis,
and helium was used as a carrier gas at a constant flow of 1 mL min−1. Chromatograms
were analyzed using AMDIS (National Institute of Standards and Technology, Gaithersburg,
MD, United States), and compound identification was carried out by comparing detected
spectra with NIST v. 2 (National Institute of Standards and Technology, United States).
Only compounds with 80%, or higher, levels of matching were considered. The retention
index (RI) information was used to increase the identification efficiency. VOCs were also
compared with molecules in the literature on tomato fruit [35,42]. In order to reduce
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variability due to the SPME fiber decay, the raw peak area was normalized on the sum of
the areas for each specific chromatogram.

3.5. Statistical Analysis

Data were processed by means of two-way ANOVA, using Statgraphics and consid-
ering the selenium concentration and time of its administration as variables. The results
were then analyzed with the least significant difference (LSD) test (p < 0.05). Statistically
significant values were indicated with different letters. VOCs were analyzed by partial
least squares discriminant analysis (PLSDA) using JMP®, v. 16 (SAS Institute Inc., Cary,
NC, USA).

4. Conclusions

Although less effective than supplementation via nutrient solution, selenium treat-
ments performed by spraying tomato plants with 1 and 1.5 mg L−1 sodium selenate are
effective in enriching tomatoes with Se concentrations, with no risks of toxicity for the
human diet. In addition to the Se dosage, the developmental stage of the plant also seems to
affect the biofortification effectiveness of the treatment with limited effects on fruit compo-
sition. Our approach to studying the physiological effect of Se-biofortification of fleshy fruit
supports the evidence that the uptake of selenium causes metabolic changes in ripening
fruit. This, then, results in increases in specific VOCs putatively associated with higher
consumer preference scores. These changes in the aroma profile induced by Se represent a
new and interesting aspect to study in future research, considering that the poor aroma of
the commercial tomato varieties is one of the major causes of consumer complaints.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10061050/s1, Table S1: List of VOCs identified in control and Se-enriched fruit samples.
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Abstract: Since scientific interest in rhubarb from a culinary point of view is a relatively new issue, the
aim of this study was to test five edible cultivars of Rheum rhabarbarum L. (‘Poncho’, ‘Canadian Red’,
‘Valentine’, ‘Red Champagne’, and ‘Victoria’) from a specific culinary perspective, i.e., processing
into juice. Total yields (t/ha) were established in six harvests during a two-year field experiment. For
juice production and subsequent laboratory analysis, rhubarb petioles from two different harvest
terms were used (i.e., harvest term A (HTA) and harvest term B (HTB)). Analyses of total sugar,
glucose, fructose, total soluble solids (TSS), total acidity, malic acid, and pH level were determined
by FT-IR spectrophotometer. Total yields of petioles varied between 28.77 t/ha (‘Canadian Red’) and
45.58 t/ha (‘Red Champagne’) at a density of 11,000 pl/ha. ‘Red Champagne’ significantly (p < 0.05)
reached the highest juice yield potential (85%) and the highest values of glucose (9.97 g/L), total
soluble solids (4.37 g/L), and total sugars (54.96 g/L).

Keywords: rhubarb; sugars; organic acids; juices; yield of petioles

1. Introduction

Rhubarb (Rheum rhabarbarum L.) is a perennial plant from the family Polygonacea
with valuable nutritional and medicinal properties [1] and high potential for cultivation
as it provides early yields when the vegetable supply to market is deficient. Rhubarb is
grown for its large, thick leaf stalks or petioles that are consumed as food [2]. The leaf
stalks are of various widths, with a range of 30–50 mm in diameter. The stems range in
length from 300 to 500 mm and can be green to anthocyanin in color. The position of the
stems can be upright or semi-upright to horizontal [3]. The enlarged petioles develop from
a central crown of the rhubarb plant. Petiole color is associated with rhubarb quality and
the order of preference is red, pink, and green [2]. Although rhubarb is a well-known
vegetable, scientific interest in this plant is a relatively new issue; most of the evidence of
its biological activities and therapeutic potential derives from the last 15 years [4]. It shows
high levels of both polyphenol content and antioxidant capacity in edible parts [5], which
are petioles characterized by very high antioxidant properties and rich in many compounds
that have a pro-health effect on the human body [6]. There is a wide variety of rhubarb
cultivars that contain bioactive compounds such as flavonoids, anthraquinone, glycosides,
tannins, volatile oils, and saponins [1]. The chemical composition of rhubarb includes
anthraquinones, anthrones, stilbenes, tannins, polysaccharides, etc., which show extensive
pharmacological activities including gastrointestinal regulation, anticancer and antimicro-
bial properties, hepatoprotection, cardiovascular and cerebrovascular anti-inflammatory
protection, etc. [7,8]. The main characteristics of rhubarb quality are taste and aroma, which
depend on the chemical composition [9]. Studies on the phytochemical composition of
different species of rhubarb have provided information on the presence of a variety of
inorganic and organic acids (including tartaric, oxalic, citric, malic, and ascorbic acids) [4].
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Increased interest in the application of natural biologically active substances in human
nutrition has led scientists to develop functional foods. The production of functional drinks
is an ever-changing aspect of the beverage industry, as there are still new and prospective
trends in this area [10]. Some examples of these kinds of foods include juices that are not
obtained from concentrate (NFC) and freshly squeezed non-pasteurized juices (FS). These
juices are obtained from the fruit tissue by pressing and centrifugation of the pulp [11].
Nutritionists recommend the consumption of fruit or vegetable juices instead of replacing
natural products with synthetic vitamin and mineral supplements [12]. Fruit juices as
functional drinks offer promoting good health by reducing the risk of serious illness. These
beverages contain ingredients that provide specific benefits and are enriched with vitamins,
minerals, amino acids, fiber, or antioxidants [13]. Products made from rhubarb have a
favorable taste due to a high content of organic acids and rhubarb stalks taste best in early
spring when they are ripe. Because rhubarb leaves are toxic due to their content of oxalic
acid [14], the petioles are used for processing juices.

It should be noted that the scientific literature lacks studies on this plant and its
application in the food industry. Therefore, for constant development and consumers’
search for new solutions, it is necessary to focus attention on this plant [6]. It has been
utilized for thousands of years for medicinal purposes, but only recently identified for its
culinary use [15]; it was not until the 18th century that the culinary use of petioles was
first reported [16]. In culinary rhubarb, the high oxalate content is a major drawback. A
renewed interest in rhubarb production is now directed towards the use of stalks from
low-oxalate cultivars as a cheap filler for industrial production of marmalade, jam, and
syrup [17]. It has potential importance in the food and pharmaceutical industries to expand
the range of products in the future by adding a new product with outstanding antioxidant
properties [6]. Therefore, the aim of this study was to test selected rhubarb cultivars from a
specific culinary perspective, i.e., processing into juice. From qualitative parameters, the
sugars and acids were established in rhubarb juices which are important from a sensory
analysis point of view. In addition, the juice yield of the plant was tested as an important
parameter in the case of practical uses.

2. Materials and Methods

This 2-year vegetation field experiment was carried out at the Botanical Garden (BG),
Slovak University of Agriculture (SUA), in 2018 and 2019 (Nitra, Slovak Republic, 48◦18′ N,
18◦05′ E, 144 masl).

2.1. Rhubarb Cultivars’ Characterization

Morphological characterization and quantitative parameters of petioles of selected
cultivars of Rheum rhabarbarum L. are summarized in Tables 1 and 2.

Table 1. Rhubarb cultivars’ characterization (morphological description according to UPOV
(1999)) [18].

Morphological Description of Petiole Picture of the Petioles *

‘Poncho’

Semi-erect attitude, type of cross-section 1,
green ground color of skin, entire distribution

of skin superimposed color at base, absent
distribution of skin superimposed color at

middle, absent distribution of skin
superimposed color just below leaf blade,

present hairiness just below leaf blade, absent
or very weak ribbing of dorsal side, green color

of flesh
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Table 1. Cont.

Morphological Description of Petiole Picture of the Petioles *

‘Victoria’

Erect attitude, type of cross-section 2, green
ground color of skin, entire distribution of skin

superimposed color at base, speckled
distribution of skin superimposed color at

middle, absent distribution of skin
superimposed color just below leaf blade,

present hairiness just below leaf blade, weak
ribbing of dorsal side, green color of flesh
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‘Valentine’

Erect attitude, type of cross-section 3, red
ground color of skin, entire distribution of skin

superimposed color at base, speckled
distribution of skin superimposed color at

middle, speckled distribution of skin
superimposed color just below leaf blade,

absent hairiness just below leaf blade, medium
ribbing of dorsal side, pink color of flesh
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‘Red Champagne’

Erect attitude, type of cross-section 2, red
ground color of skin, entire distribution of skin

superimposed color at base, speckled
distribution of skin superimposed color at

middle, speckled distribution of skin
superimposed color just below leaf blade,

present hairiness just below leaf blade, weak
ribbing of dorsal side, green color of flesh
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ground color of skin, entire distribution of skin
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just below leaf blade, strong ribbing of dorsal

side, green color of flesh
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Table 2. Quantitative parameters of Rheum rhabarbarum L. petioles (n = 100).

Cultivar Length (cm) Width (cm) Thickness (cm) Weight (g)

‘Poncho’ 29.42 ± 6.21 a 1.79 ± 0.33 a 1.16 ± 0.29 cd 49.35 ± 21.88 a
‘Victoria’ 33.99 ± 6.39 b 1.78 ± 0.28 a 0.97 ± 0.19 a 54.38 ± 15.80 a

‘Valentine’ 33.38 ± 6.64 b 2.31 ± 0.34 c 1.29 ± 0.30 d 77.61 ± 33.60 c
‘Red Champagne’ 37.03 ± 7.14 c 1.96 ± 0.48 b 1.02 ± 0.22 ab 63.04 ± 25.58 b

‘Canadian Red’ 29.55 ± 4.09 a 2.27 ± 0.30 c 1.07 ± 0.28 bc 62.47 ± 20.43 b
Values with different letters are significantly different at p < 0.05 by LSD test in ANOVA (Statgraphic XVII).

2.2. Soil and Climate Characteristics

The soil type of the experimental area is brown soil to chernozem on loess and loess
loams and the part along the river Nitra belongs to the area of fluvial soils, where the
original soil type was fluvial and fluvial glue. The plants were grown in growing substrate
suitable for Rheum rhabarbarum L. In terms of climate classification of the region, Nitra
is situated in a warm and dry area of Slovakia. The evaluations of experimental years
according to climate normals are given in Tables 3 and 4.
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Table 3. Evaluation of months according to air temperature climate normals 1961–1990.

Month Normal 1961–1990
(◦C) T (◦C) 2018 Characteristic—

2018 T (◦C) 2019 Characteristic—
2019

III 5.0 3.4 cold 8.1 very hot

IV 10.4 15.4 extremely hot 9.4 normal

V 15.1 18.8 very hot 9.3 very cold

VI 18.0 20.7 hot 18.7 normal

VII 19.8 21.7 hot 21.9 hot

Table 4. Evaluation of months according to annual precipitation climate normals 1961–1990.

Month Normal 1961–1990
(mm) PRC (mm) 2018 Characteristic—

2018 PRC (mm) 2019 Characteristic—
2019

III 30 36 normal 16 very dry

IV 39 16 very dry 21 dry

V 58 29 very dry 135 extremely wet

VI 66 44 dry 29 very dry

VII 52 13 very dry 21 very dry

2.3. Organization of the Experiment

The cultivation of plant material was carried out in accordance with modern agrotech-
nical practices of rhubarb cultivation. The plants were purchased from the perennial nurs-
ery VICTORIA (Čab, Slovakia) and were planted on 5 May 2017, in spacing 1.0 × 0.9 m
(density of 11,000 pl/ha). A total of 100 petioles from each cultivar were monitored. The
petioles were harvested at the stage of consumption maturity at BBCH 39/49 (rosette
development completed/typical leaf mass reached). When collecting the petioles, the mini-
mum 20 cm length and 1 cm width (diameter) was respected. The harvest was conducted
manually and gradually over two months (6 realized dates in the case of total yields and
morphological descriptions) from the middle of April to the middle of June, at intervals
of 1 time per week. For juice production and subsequent laboratory analysis, the rhubarb
petioles from two different harvest terms were used, in a time span of 1 month, i.e., harvest
term A (HTA) carried out on 18 May 2018 and harvest term B (HTB) on 17 June 2018. In
2019, HTA was carried out on May 13 and HTB was carried out on June 13.

2.4. Sample Preparation

Subsequent washing and analyses were conducted in the Laboratory of Beverages
of Research Centre AgroBioTech SAU in Nitra. A total weight of 500 g of petioles was
washed and harvested in 100 mm long pieces. They were processed on a commercial
fruit juicer with 1200 rpm without heating (Magimix Duo Le Plus XL, Vincennes, France).
The total volume of obtained juice was approximately 400 mL from each rhubarb cultivar
replication. Immediately after juicing, the average juice yield from each cultivar was
calculated. Following that, juice was strained through sieves of 0.2 mm diameter and
processed through a centrifuge (Hettich BV-20, Tuttlingen, Germany) for 120 s at 6000 RPM
in 8 × 10 mL plastic test tubes.

2.5. Juice Yield

The efficiency of juicing was calculated using the formula according to Wilczyński,
2019 [11]:

Wj (%) = Mj/Mi × 100
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where Wj is the efficiency of juicing (%), Mj is the mass of juice after juicing (kg), and Mi is
the mass of input material (kg).

2.6. Testing of Selected Parameters in Juice

Analyses of total sugar, glucose, fructose, total soluble solids, total acidity, malic acid,
and pH level were analyzed by FT-IR spectrophotometer (Alpha Wine Analyzer, module
for juices, Bruker Optics, Billerica, MA, USA) [19] which uses invisible infrared light of
which certain wave lengths are absorbed by the sample, depending on its characteristics.
It analyzes the sample by utilizing the attenuated total reflection (ATR) measurement
technique. The core of the ATR technique is a diamond crystal that reflects the incoming
light at a right angle to the detector. A sample is placed on top of the diamond and a
fraction of the light penetrates the sample and is attenuated according to the absorption
characteristics of the sample. This attenuation is measured by the detector and transformed
into a spectrum [20,21]. The parameters were determined in three replicates for each
sample of extracted juice.

2.7. Statistical Analyses

The analysis of variance (ANOVA), the multifactor analysis of variance (ANOVA),
and the multiple Range test were done using the Statgraphic Centurion XVII (Stat Point
Inc., Warrenton, Virginia, USA). Differences were tested depending on cultivar, year and
term of harvest, and interactions by LSD test with significance: non-significant (NS) or
significant at p ≤ 0.05 (*), p ≤ 0.01 (**), or p ≤ 0.001 (***), respectively.

3. Results and Discussion
3.1. Yield Per Hectare

The total yield of petioles was estimated from data of six harvests per every tested
cultivar grown at a density of 11,000 pl/ha. According to Table 5, the highest average
values reached ‘Red Champagne’ (45.58 t/ha) and the lowest ‘Canadian Red’ (28.77 t/ha).
As shown in Figure 1, the influence of the cultivar effect was significant (p < 0.001), as well
as the year influence (p < 0.0025), when the average yield was higher in 2019.
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Figure 1. Effect of the experimental year and cultivar on the mean juice yield of all rhubarb cultivars.
Abbreviations: PON, ‘Poncho’; CRE, ‘Canadian Red’; VAL, ‘Valentine’; RCH, ‘Red Champagne’; VIC,
‘Victoria’. LSD test with significance: significant at p ≤ 0.01 (**), or p = 0.0000 (****).
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Table 5. The yields of rhubarb petioles.

Cultivar
Yield (t/ha)

2018 2019 2018–2019

PON 30.48 ± 4.22 a 28.40 ± 1.10 ab 29.44 ± 1.47 a

CRE 29.87 ± 1.12 a 27.66 ± 3.20 a 28.77 ± 1.56 a

VAL 36.61 ± 0.36 b 32.35 ± 3.32 b 34.48 ± 3.01 b

RCH 47.46 ± 3.60 c 43.70 ± 1.24 c 45.58 ± 2.65 c

VIC 32.70 ± 4.14 ab 29.26 ± 2.36 ab 30.98 ± 2.43 ab
Values with different letters are significantly different at p < 0.05 by LSD test in ANOVA (Statgraphic XVII).
Abbreviations: PON, ‘Poncho’; CRE, ‘Canadian Red’; VAL, ‘Valentine’; RCH, ‘Red Champagne’; VIC, ‘Victoria’.

The yield of the rhubarb cultivars is influenced both by the cultivar and the density
according to Cojocaru et al. [14], where the total yield varied between 27.20 t/ha in the case
of the ‘Glanskin’s perpetual’ cultivar, at a reduced density, up to 39.02 t/ ha in the case of
the ‘Moldova Local population’ cultivar, at a high density. A study by Stoleru et al. [9] on
the establishment of the rhubarb crop highlighted the fact that in the first year after a crop
was established, there were obtained yields of 0.7 kg/pl. at a density of 8000 pl/ha. In
the second and third year of a plantation, intensive plant growth was observed according
to Salata and Kozak [22]. Our plants were harvested in the second and third years after
the planting. The results correspond with the study by Stoleru et al. [9] who reported that,
at a density of 13,300 pl/ha, the Victoria cultivar obtained an overall yield of 46.64 t/ha
as compared with at a density of 8000 pl/ha, where the obtained yield was 21.72 t/ha.
Lepse [23] observed no differences in total yield and yield quality in the second year
of a plantation in an experimental study on rhubarb propagation by different methods.
Very good commercial yields for rhubarb are approximately 1.5–3 kg of petioles per plant
according to Welbaum [2], which corresponds with our results as shown in Figure 2.
The average yields per plant varied between 2489.3 (‘Victoria’) and 3933.4 g/plant (‘Red
Champagne’).
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Figure 2. Average petiole yield for tested rhubarb cultivars. Values with different letters are significantly different at p < 0.05
by LSD test in ANOVA (Statgraphic XVII).
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3.2. Juice Yield

As shown in Table 6, the juice yield significantly (p < 0.05) differed among the tested
rhubarb cultivars. The average juice yield of the rhubarb cultivars ranged from 75%
(‘Poncho’, HTA) to 85% (‘Red Champagne’, HTB). Generally, ‘Red Champagne’ was charac-
terized by the highest juice yield potential for both harvests, as it significantly reached the
highest values as compared with other tested cultivars. The statistical analysis of all tested
results (Figure 3) showed significant differences (p < 0.001) in the case of morphological
variability and influence of tested years on rhubarb juice yield. The term of harvests has
not been shown to be significantly important to juice yield. The yield and composition of
petioles are clearly influenced by the technology applied to a crop, especially the cultivar,
the planting distance, and the nutritional regimen [14]. There were no data about juice yield
of rhubarb found in the available literature. A comparison to similar celery petioles showed
that high yield of celery juice was easy with a household juicer according to Donaldson,
2020 [24]. The juice yield and enzyme activity were tested in carrot, apples, spinach, and
celery. The petiole juice yield of celery varied between 67.3% and 87.5% depending on
juicer type. The yield of pressing ranged from 61.9% to 71.6% in the case of three apple
cultivars according to Wilczyński et al. [11]. In addition, the dry matter of roots, in the case
of carrot, were estimated to be from 41.1% to 65.2% depending on the juicer type [24].

Table 6. Influence of cultivar and term of harvest on juice yield of rhubarb petioles.

Cultivar
2018 (HTA) 2019 (HTA) 2018–2019 (HTA)

JY (%) JY (%) JY (%)

PON 77 ± 2 a 74 ± 3 abc 75 ± 1 a

CRE 79 ± 2 ab 80 ± 3 cd 79 ± 2 abc

VAL 88 ± 2 c 72 ± 2 ab 80 ± 3 abc

RCH 90 ± 3 c 79 ± 3 bcd 84 ± 2 c

VIC 87 ± 3 c 78 ± 2 bcd 82 ± 2 bc

2018 (HTB) 2019 (HTB) 2018–2019 (HTB)

PON 84 ± 2 bc 76 ± 2 abc 80 ± 3 abc

CRE 83 ± 3 abc 70 ± 2 a 77 ± 2 ab

VAL 84 ± 3 bc 80 ± 2 cd 82 ± 2 bc

RCH 87 ± 1 c 84 ± 3 d 85 ± 1 c

VIC 84 ± 2 abc 75 ± 1 abc 79 ± 2 abc
Values with different letters are significantly different at p < 0.05 by LSD test in ANOVA (Statgraphic XVII).
Abbreviations: PON, ‘Poncho’; CRE, ‘Canadian Red’; VAL, ‘Valentine’; RCH, ‘Red Champagne’; VIC, ‘Victoria’.
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3.3. Sugar Content

The average fructose content ranged from 33.93 (‘Valentine’, HTA) to 37.93 g/L
(‘Valentine’, HTB), but cultivars significantly differed (p < 0.05) in fructose content only
in the later harvest term (HTB), as shown in Table 7. When comparing all data from the
cultivar variability point of view, the differences had not been proved (Figure 4). Fructose
is highly represented in rhubarb. Its percentage representation is from 67% to 78% (as
compared with total sugar content) according to the average from all results (Figure 5);
therefore, it has high sensorial value in juice production. On the one hand, a statistically
significant effect (p < 0.05) of the experimental year on fructose content was not found
among rhubarb cultivars.

Table 7. Effect of cultivar on fructose and glucose content in rhubarb juice.

Cultivar
2018 (term HTA) 2019 (HTA) 2018–2019 (HTA)

Fructose (g/L) Glucose (g/L) Fructose (g/L) Glucose (g/L) Fructose (g/L) Glucose (g/L)

PON 35.40 ± 0.34 cd 7.88 ± 0.19 d 35.03 ± 0.27 c 7.77 ± 0.18 e 35.22 ± 0.26 abc 7.83 ± 0.08 cde

CRE 34.58 ± 0.20 b 7.47 ± 0.16 c 34.40 ± 0.36 bc 5.69 ± 0.21 c 34.49 ± 0.13 ab 6.58 ± 1.26 ab

VAL 33.35 ± 0.45 a 6.34 ± 0.28 a 34.50 ± 0.21 bc 6.65 ± 0.12 d 33.93 ± 0.82 ab 6.50 ± 0.22 ab

RCH 35.50 ± 0.80 cd 9.48 ± 0.08 f 34.05 ± 0.71 b 5.33 ± 0.14 b 34.78 ± 1.03 ab 7.40 ± 2.93 bcd

VIC 36.03 ± 0.43 d 7.78 ± 0.07 d 32.80 ± 0.53 a 4.74 ± 0.07 a 34.41 ± 2.28 a 6.26 ± 2.15 a

2018 (HTB) 2019 (HTB) 2018–2019 (HTB)

PON 33.58 ± 0.49 a 6.86 ± 0.10 b 38.18 ± 0.58 e 7.81 ± 0.15 e 35.88 ± 3.25 bc 7.34 ± 0.67 abcd

CRE 38.20 ± 0.41 ef 6.90 ± 0.21 b 36.63 ± 0.50 d 6.82 ± 0.15 d 37.42 ± 1.11 de 6.86 ± 0.05 abc

VAL 38.46 ± 0.30 f 8.71 ± 0.12 e 37.40 ± 0.27 de 8.89 ± 0.18 g 37.93 ± 0.75 e 8.80 ± 0.12 e

RCH 37.56 ± 0.09 e 11.74 ± 0.13 g 34.87 ± 1.00 bc 8.20 ± 0.21 f 36.21 ± 1.90 cd 9.97 ± 2.51 f

VIC 34.89 ± 0.44 bc 8.48 ± 0.13 e 33.99 ± 0.19 b 8.19 ± 0.10 f 34.44 ± 0.64 a 8.33 ± 0.21 de

Values with different letters in columns are significantly different at p < 0.05 by LSD test in ANOVA (Statgraphic XVII). Abbreviations:
PON, ‘Poncho’; CRE, ‘Canadian Red’; VAL, ‘Valentine’; RCH, ‘Red Champagne’; VIC, ‘Victoria’.
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Figure 5. Share of fructose, glucose, and malic acid in total sugar and total acid content in the evaluated rhubarb cultivars.
TS, total sugars and TA, total acid. Values are average from both harvests and years 2018–2019.

Values with different letters in columns are significantly different at p < 0.05 by LSD
test in ANOVA (Statgraphic XVII). Abbreviations: PON, ‘Poncho’; CRE, ‘Canadian Red’;
VAL, ‘Valentine’; RCH, ‘Red Champagne’; VIC, ‘Victoria’.

On the other hand, the term of harvest had a significant effect (p < 0.001) on the
fructose content (Figure 4), which was higher in the second harvest.

According to Table 7, the glucose content in the tested cultivars varied from 6.26
(‘Victoria’, HTA) to 9.97 g/L (‘Red Champagne’, HTB), which was 14–16% of the total sugar
content of the evaluated rhubarb cultivars (Figure 5). The obtained results confirmed the
statistically significant impact of cultivars on the glucose content of rhubarb (Table 7). The
higher values were found in the HTB and, like the case of fructose, those differences were
proven at the p < 0.001 level (Figure 6). The impact of the year on glucose content was
significantly important when following all data (for both harvests and all cultivars).
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The total soluble solids, defined by Hegedűsová et al. [25] as additive quantity that
expresses the content of dissolved substances, mainly sugars, in vegetable or fruit extracts,
were also tested and are summarized in Table 8. The values for total soluble solids ranged
from 3.54 (‘Valentine’, HTA) to 4.37 ◦BRIX (‘Red Champagne’, HTB). Significant differences
(p < 0.05) were found between the tested cultivars and the values were higher in the second
harvest (Table 8). When comparing all data in Figure 7, the significant effect (p < 0.001) of
the cultivar, term of the harvest, and experimental year on the mean total soluble solids
values of all rhubarb cultivars were found. The higher values in the late term of harvest
could relate to the total soluble solid content increasing during ripening. This parameter
is a very practical index of internal fruit quality and an accurate criterion for the decision
to harvest in the field [26]. The mean value 3.8 ◦Brix was observed, with a range from 2.2
to 6.1◦ according to Pantoja and Kuhl [15], where they evaluated fifteen morphological
characteristics to differentiate rhubarb cultivars.
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Figure 7. Effect of the experimental year, cultivar, and term of the harvest on the mean total soluble
solid content of all rhubarb cultivars. Abbreviations: PON, ‘Poncho’; CRE, ‘Canadian Red’; VAL,
‘Valentine’; RCH, ‘Red Champagne’; VIC, ‘Victoria’. LSD test with significance: significant at p ≤ 0.05
(*) or p ≤ 0.001 (***).
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Table 8. Effect of cultivar on total soluble solid content and total sugar content in rhubarb juice.

Cultivar

2018 (HTA) 2019 (HTA) 2018–2019 (HTA)

TSS Total sugar TSS Total sugar TSS Total sugar
◦BRIX (g/L) ◦BRIX (g/L) ◦BRIX (g/L)

PON 3.98 ± 0.03 d 44.89 ± 0.40 c 4.22 ± 0.02 h 52.82 ± 0.80 f 4.10 ± 0.17 cd 48.86 ± 5.61 bc

CRE 3.74 ± 0.02 b 45.35 ± 0.14 c 3.44 ± 0.04 b 43.22 ± 0.11 a 3.59 ± 0.21 ab 44.29 ± 1.50 a

VAL 3.48 ± 0.03 a 43.32 ± 0.12 a 3.60 ± 0.02 c 45.06 ± 0.15 b 3.54 ± 0.08 a 44.19 ± 1.23 a

RCH 4.15 ± 0.02 f 52.59 ± 0.10 ef 3.25 ± 0.01 a 50.14 ± 0.37 e 3.70 ± 0.63 ab 51.36 ± 1.73 c

VIC 3.87 ± 0.04 c 50.69 ± 0.22 d 3.23 ± 0.01 a 47.90 ± 0.48 d 3.55 ± 0.45 a 49.30 ± 1.91 c

2018 (HTB) 2019 (HTB) 2018–2019 (HTB)

PON 3.76 ± 0.03 b 43.99 ± 0.16 b 3.95 ± 0.02 f 46.82 ± 0.11 c 3.86 ± 0.13 abc 45.40 ± 2.00 ab

CRE 4.04 ± 0.05 e 52.12 ± 0.57 e 3.60 ± 0.03 c 45.25 ± 0.19 b 3.82 ± 0.32 abc 48.69 ± 4.86 bc

VAL 4.50 ± 0.08 g 54.43 ± 0.59 h 4.12 ± 0.02 g 48.20 ± 0.23 d 4.31 ± 0.27 d 51.31 ± 4.41 c

RCH 4.86 ± 0.06 h 60.14 ± 0.43 i 3.88 ± 0.03 e 49.78 ± 0.26 e 4.37 ± 0.70 d 54.96 ± 7.33 d

VIC 4.03 ± 0.12 e 52.85 ± 0.33 g 3.76 ± 0.03 d 48.51 ± 0.43 d 3.90 ± 0.20 bc 50.68 ± 3.07 c

Values with different letters in columns are significantly different at p < 0.05 by LSD test in ANOVA (Statgraphic XVII). Abbreviations:
PON, ‘Poncho’; CRE, ‘Canadian Red’; VAL, ‘Valentine’; RCH, ‘Red Champagne’; VIC, ‘Victoria’.

The total sugar content varied between 44.19 (‘Valentine’, HTA) and 54.96 g/L (‘Red
Champagne’, HTB) and according to Table 8 the differences between the tested cultivars
were significant (p < 0.05). The values were higher at the later harvest (HTB), in which
differences between the two harvests were also significantly proven at p < 0.001 (Figure 8).
The year impact also significantly (p < 0.01) influenced the total sugar content parameter
when comparing all cultivars and both harvests. The significant differences (p < 0.001)
in terms of harvest influence on tested sugars as well as in the case of agrotechnical and
soil/climate conditions through the tested years are in accordance with the study by
Kalisz et al. [6] where the chemical composition of organic acids, minerals, carbohydrates,
proteins, and vitamins highly depended on the cultivation and harvesting period.
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Figure 8. Effect of the experimental year, cultivar, and term of the harvest on the total sugar content
of all rhubarb cultivars. Abbreviations: PON, ‘Poncho’; CRE, ‘Canadian Red’; VAL, ‘Valentine’; RCH,
‘Red Champagne’; VIC, ‘Victoria’. LSD test with significance: non-significant (NS) or significant at p
≤ 0.05 (*), p ≤ 0.01 (**), or p ≤ 0.001 (***).
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3.4. Organic Acids and pH

Malic acid is the primary acid in rhubarb. Its value ranged from 14.06 (‘Red Cham-
pagne’, HTA) to 21.03 g/L (‘Valentine’, HTB). ‘Valentine’ reached the highest values for
both harvests and the morphological variability was statistically improved at p < 0.05
(Table 9) in the frame of each harvest as well as in the statistical analyses of all data at
p < 0.001 (Figure 9). Any significant differences were found in terms of harvest and the
year influence on malic acid content (Figure 9). A similar situation was observed in the case
of total acid content. In Table 9, cultivar variability on total acid content was significantly
proven, where total acid content values were the highest in the case of the cultivar ‘Valen-
tine’ for both harvests (21.88 g/L for HTA, and 22.95 g/L for HTB). The lowest value was
reached by ‘Canadian Red’ at the second harvest (15.29 g/L) followed by ‘Red Champagne’
with a value of 15.45 g/L at the first harvest. As shown in Figure 10, cultivar variability had
a significant impact (p < 0.001) on total acids content, as well as the year impact (p < 0.01).
The term of harvest was not significantly important (p = 0.8747).
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Table 9. Effect of cultivar on malic acid and total acid content in rhubarb juice.

Cultivar

2018 (HTA) 2019 (HTA) 2018–2019 (HTA)

Malic Acid Total Acids Malic Acid Total Acids MALIC ACID Total Acids

(g/L) (g/L) (g/L) (g/L) (g/L) (g/L)

PON 21.62 ± 0.16 h 24.73 ± 2.23 i 15.34 ± 0.59 d 17.43 ± 0.55 e 18.48 ± 4.45 c 21.08 ± 5.16 c

CRE 16.47 ± 1.06 e 18.49 ± 0.10 e 16.99 ± 1.04 g 18.42 ± 1.04 f 16.73 ± 0.37 b 18.46 ± 0.25 b

VAL 19.40 ± 2.03 f 21.92 ± 1.05 f 20.19 ± 2.06 j 21.84 ± 0.88 h 19.80 ± 0.56 cd 21.88 ± 0.46 cd

RCH 14.43 ± 1.07 a 15.17 ± 0.03 a 13.69 ± 0.16 c 15.72 ± 1.06 b 14.06 ± 0.52 a 15.45 ± 0.39 a

VIC 15.49 ± 0.94 c 16.14 ± 0.65 c 12.13 ± 0.17 a 15.89 ± 2.14 c 13.81 ± 2.38 a 16.01 ± 0.17 a

2018 (HTB) 2019 (HTB) 2018–2019 (HTB)

PON 19.79 ± 1.03 g 22.39 ± 1.06 g 18.03 ± 1.05 h 19.44 ± 2.07 g 18.91 ± 1.25 c 20.92 ± 2.08 c

CRE 15.08 ± 0.25 b 16.16 ± 1.03 c 13.44 ± 1.09 b 14.42 ± 0.22 a 14.26 ± 1.16 a 15.29 ± 1.23 a

VAL 22.63 ± 2.08 i 24.16 ± 2.13 h 19.43 ± 1.06 i 21.74 ± 0.83 h 21.03 ± 2.27 d 22.95 ± 1.71 d

RCH 14.97 ± 1.06 b 15.90 ± 1.09 b 15.81 ± 0.25 e 17.10 ± 1.05 d 15.39 ± 0.60 ab 16.50 ± 0.85 a

VIC 15.71 ± 1.12 d 16.75 ± 0.14 d 16.21 ± 0.39 f 17.06 ± 2.08 d 15.96 ± 0.35 b 16.90 ± 0.22 ab

Values with different letters in columns are significantly different at p < 0.05 by LSD test in ANOVA (Statgraphic XVII). Abbreviations:
PON, ‘Poncho’; CRE, ‘Canadian Red’; VAL, ‘Valentine’; RCH, ‘Red Champagne’; VIC, ‘Victoria’.

Organic acids play a biochemical role in maintaining the nutritional value and the
quality of a vegetable species, and therefore they are among the frequently quantified
compounds [27]. According to Welbaum [2], rhubarb leaves contain oxalic acid and should
not be eaten. The petiole juice has a sharp acidic flavor. The oxalic acid in the petioles is
much lower, the proportion of oxalic acid is about 10% of the total 2–2.5% acidity, which is
dominated by nontoxic malic acid [7]. This means that the stalks are not hazardous to eat
but have a very tart taste [2]. Malic acid is the predominant one, and citric and oxalic acids
are also present in a smaller quantity in rhubarb plants according to Will and Dietrich [28].
The share of malic acid in total acid content varied between 89% and 92% in the evaluated
rhubarb cultivars, as shown in Figure 5. Among the organic acids, the highest content was
found in the case of malic acid, with average values of 679 ± 2.88 mg.100 g−1 fresh weight,
according to Stoleru et al. [9]. Our results showed higher values because, in early petiole
harvest, malic acid content is higher and decreases with vegetation period advancement
in which the malic acid is naturally decomposed. According to the same study, the total
acid content was 2239 mg.100 g−1 fresh weight. The chemical composition in organic acids
highly depends on the cultivation and harvesting period [6].

The flavor of fruits and vegetable can also be determined by the sugar/acid (S/A)
ratio that, in our case, expresses the ratio between total sugars and total acids; when the
ratio is higher, the juice is subjectively less acidic. As shown in Table 10, the lowest S/A
ratio of 2.02 was detected in the ‘Valentine’ cultivar, which means that there are 2.02 parts
of sugars per one part of acid and the ‘Valentine’ is sensorially sweeter as compared with
the ‘Red Champagne’ with the highest value of S/A ratio (3.35). The year and term of
harvest did not have a significant effect on the S/A ratio according to the statistical analyses
(Figure 11). Although the SSC/TA ratio is currently used as a maturity index for some
types of fruit, it has been recognized that this measurement does not always correlate well
with the perception of sweetness or tartness in other fruits [29].
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Table 10. Effect of cultivar on pH level and the S/A ratio in rhubarb juice.

Cultivar
2018 (HTA) 2019 (HTA) 2018–2019 (HTA)

pH S/A Ratio pH S/A Ratio pH S/A Ratio

PON 2.60 ± 0.02 a 1.82 ± 0.03 a 2.95 ± 0.04 d 3.03 ± 0.05 g 2.77 ± 0.08 b 2.42 ± 0.86 b

CRE 2.86 ± 0.22 bc 2.45 ± 0.01 d 2.93 ± 0.12 d 2.35 ± 0.00 c 2.90 ± 0.24 b 2.40 ± 0.07 b

VAL 2.73 ± 0.13 ab 1.98 ± 0.00 b 2.76 ± 0.14 a 2.06 ± 0.00 a 2.74 ± 0.25 a 2.02 ± 0.06 a

RCH 2.99 ± 0.21 c 3.47 ± 0.01 g 3.18 ± 0.18 g 3.19 ± 0.03 i 3.09 ± 0.06 cd 3.33 ± 0.20 cd

VIC 3.00 ± 0.32 c 3.14 ± 0.00 e 3.31 ± 0.11 h 3.01 ± 0.05 g 3.16 ± 0.04 de 3.08 ± 0.09 cd

2018 (B) 2019 (B) 2018–2019 (B)

PON 2.66 ± 0.04 a 1.96 ± 0.01 b 3.08 ± 0.18 e 2.41 ± 0.00 d 2.87 ± 0.29 b 2.19 ± 0.31 ab

CRE 3.39 ± 0.28 d 3.23 ± 0.04 f 3.11 ± 0.16 f 3.14 ± 0.02 h 3.25 ± 0.20 e 3.18 ± 0.06 cd

VAL 2.88 ± 0.03 c 2.25 ± 0.03 c 2.80 ± 0.06 b 2.22 ± 0.01 b 2.84 ± 0.09 b 2.24 ± 0.03 ab

RCH 2.99 ± 0.02 c 3.78 ± 0.05 h 2.88 ± 0.09 c 2.91 ± 0.02 f 2.93 ± 0.06 bc 3.35 ± 0.62 d

VIC 2.93 ± 0.01 c 3.16 ± 0.04 e 2.90 ± 0.06 c 2.84 ± 0.03 e 2.92 ± 0.11 b 3.00 ± 0.22 c

Values with different letters in columns are significantly different at P < 0.05 by LSD test in ANOVA (Statgraphic XVII). Abbreviations:
PON, ‘Poncho’; CRE, ‘Canadian Red’; VAL, ‘Valentine’; RCH, ‘Red Champagne’; VIC, ‘Victoria’.
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Figure 11. Effect of the experimental year, cultivar, and term of the harvest on the sugar/acid ratio in
the rhubarb cultivars. Abbreviations: PON, ‘Poncho’; CRE, ‘Canadian Red’; VAL, ‘Valentine’; RCH,
‘Red Champagne’; VIC, ‘Victoria’. LSD test with significance: p ≤ 0.001 (***).

The pH of rhubarb juice varied between 2.77 (‘Poncho’, THA) and 3.25 (‘Canadian
Red’, HTB), as shown in Table 10, which corresponded with Welbaum [2], where the pH of
rhubarb juice was measured to be 3.2; therefore, large quantities of sugar are often used
to prepare rhubarb dishes. The cultivar had a significant influence (p < 0.001) on pH, as
shown in Figure 12, while the year and term of harvest did not have a significant influence.
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4. Conclusions

Since fresh rhubarb is considered to be not tasty, i.e., it is very sour and slightly sweet,
the ideal solution for using its concentrated nutrients and antioxidants is to use it as a juice,
or as an additive to mixed juices. Among the given cultivars, the highest yield was achieved
by the cultivar ‘Red Champagne’ (45.58 t/ha), with the highest juice yield potential (85%),
which is also interesting from the tested parameters point of view. It reached the highest
values of glucose (9.97 g/L), total soluble solids (4.37 g/L), and total sugars (54.96 g/L).
In contrast, ‘Valentine’ had glucose (6.50 g/L) and total sugar content (44.19 g/L) at the
lowest level with the highest total acids (22.95 g/L). The juice yield of the plant was tested
as an important parameter in the case of practical uses and its value varied in the following
order: ‘Poncho’ < ‘Canadian Red’ < ‘Valentine’ < ‘Victoria’ < ‘Red Champagne’. The quality
of the juice was significantly affected by the harvest term, where in the later term (HTB)
the values were higher in the case of sugars (total sugars, TSS, fructose, and glucose).
The acids were not changed by the term of harvest. In the case of some parameters, the
significant influence of the year was also amplified, as there were significant differences in
the agroclimatic characteristics tested for the two years. Since studying the sensory analysis
of rhubarb juice is a new scientific issue, the results can serve as a basis for widespread use
of this health-promoting crop, especially in the context of gastronomic use. We recommend
adding rhubarb juice to vitalize, for example, apples harvested too late, where the share of
malic acid is too low and achieves a balanced ratio between sugars and acids. The results
show that rhubarb juice is a very suitable fortifier for such fruits, especially apples, which
are unsaleable after long-term storage and juices made from such apples are often faint
because malic acid has been degraded during the storage process. By enriching such juices
with a rhubarb component, we achieve an optimal level of acidity in relation to the content
of total sugars, which creates a very refreshing drink.
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Abstract: Grape peels (GP) use in pasta formulation represents an economic and eco-friendly way to
create value-added products with multiple nutritional benefits. This study aimed to evaluate the
effect of the GP by-product on common wheat flour (Triticum aestivum), dough and pasta properties in
order to achieve the optimal level that can be incorporated. Response surface methodology (RSM) was
performed taking into account the influence of GP level on flour viscosity, dough cohesiveness and
complex modulus, pasta color, fracturability, chewiness, cooking loss, total polyphenols, dietary fibers
and resistant starch amounts. The result show that 4.62% GP can be added to wheat flour to obtain
higher total polyphenols, resistant starch and dietary fiber contents with minimum negative effects
on pasta quality. Flour viscosity, dough cohesiveness, complex modulus and pasta fracturability
of the optimal sample were higher compared to the control, while chewiness was lower. Proteins’
secondary structures were influenced by GP addition, while starch was not affected. Smooth starch
grains embedded in a compact protein structure containing GP fiber was observed. These results
show that GP can be successfully incorporated in wheat pasta, offering nutritional benefits by their
antioxidants and fiber contents, without many negative effects on the final product’s properties.

Keywords: grape peels; pasta; wheat flour; fibers; antioxidants

1. Introduction

Nowadays, consumer behavior is changing and functional foods with significant
health benefits are gaining increasing attention. The food industry generates high amounts
of by-products that may be considered an opportunity for a sustainable valorization in order
to minimize the waste impact and to ensure environmental protection. Winery by-products’
conversion into value-added products is of high interest for producers, consumers and
researchers. One method of valorization is the inclusion of byproducts in food products
in order to increase their nutritional value. Pasta is consumed worldwide and can be
considered a good matrix for bioactive compounds’ incorporation [1].

About 50% of the grape pomace is composed of grape peels (GP), depending on the
grape variety and pedo-climatic conditions [2,3]. Some health problems such as cardio-
vascular diseases, stroke and some cancer types can be prevented by an adequate intake
of fruits and vegetables due to their high amounts of bioactive compounds [4]. GP are
a source of polyphenolic compounds and dietary fiber [5–7], components that can exert
antioxidant an antimicrobial action [8,9]. The most important GP components with antioxi-
dant characters are anthocyanins, hydroxycinnamic acids, catechins and flavonols, which
can determine the inhibition of oxidative processes of low-density lipoproteins [10,11].

The potential applications of polyphenols and dietary fiber to preserve foods and
prolong their shelf-life were demonstrated in some previous studies [12,13]. GP contain up
to 60% (dm) dietary fiber, the insoluble fraction prevailing, followed by sugars, which can
total up to 70%, depending on the vinery process applied [10,14]. Due to the essential role
played by dietary fiber for human health, such as improvement of gastrointestinal activity,
reducing glycemic responses and cholesterol levels in the blood [13], it is necessary to take
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alternative sources of dietary fiber to achieve the recommended consumption, which is
about 25–30 g per day [1].

There are some studies revealing the possibility to create value-added products by
incorporating grape by-products in bakery products or pasta [15–18]. Grape by-products
can be used as semolina replacer in pasta with many positive effects on the technological
properties, such as firmness and adhesiveness, but also on the physico-chemical and
functional characteristics of the final product, such as increased total polyphenolics content
and antioxidant activity, and lowering of the glycaemic index trough resistant starch
content increase [1]. Simonato et al. [19] studied the effects of Moringa oleifera leaf powder
on wheat fresh pasta and observed an increase of cooking loss and a reduced firmness along
with nutritional value enhancement given by higher phenols and mineral contents. The
addition of coconut by-products to wheat pasta led to lower firmness and color changes,
while the fiber, protein and lipid contents increased [20]. Sobota et al. [21] underlined
the possibility to increase durum wheat pasta fiber content by incorporating different
vegetables powders (beet, carrot, kale), along with significant changes of color. According
to the results presented by Xu et al. [22], the incorporation of apple pomace in noodles
caused a cohesiveness and tensile strength reduction and a cooking loss increase, with the
hardness and adhesiveness of the noodles not being changed, while gumminess, chewiness,
and springiness recorded differences. Fortification of durum wheat pasta with onion skin
by-products resulted in increased dietary fiber, ash, total phenolic compounds, flavonoids
content and antioxidant activity, while cooking loss, water solubility index and redness
were higher and the optimal cooking time lower [23]. Zarzycki et al. [24] showed that the
addition of Moldavian dragonhead seeds residue in pasta resulted in higher nutritional
value by increasing proteins, dietary fiber and mineral contents, without negative effects
on the cooking and sensory characteristics of the pasta. Another study made by Simonato
et al. [25] underlined the opportunity to increase total polyphenol contents and antioxidant
capacity of pasta by supplementation with olive pomace. The authors found a decrease
of rapidly digestible starch and an increase of slowly digestible starch, resistant starch,
swelling index, water absorption, cooking loss and pasta firmness [25].

The addition of fiber-rich ingredients can have significant effects on dough rheological
properties and on the final product texture, microstructure and color. The effects of grape
by-products on the composite flour and final product properties are proportional to the
addition level [3]. Mironeasa et al. [16] revealed some negative effects of GP on dough
rheology caused by gluten dilution, which can be minimized by particle size reduction.
Food texture, volume and color are strongly affected by high levels of grape by-products,
Gaita et al. [17] suggesting that amounts up to 6% GP can be incorporated into pasta
containing eggs without significant negative effects on the sensory acceptance. On the
other hand, fortification of bakery and pasta products with grape by-products led to a
nutritional value increase due to the intake of fiber and polyphenolics with antioxidant
activity [4,5,15]. Grape peels’ phenolics, such as phenolic acids, tannins and flavonoids,
could have reducing effects on starch digestibility due to their abilities to inhibit enzyme
activity or by the formation of starch-polyphenol complexes with resistance to enzyme
attacks [26]. Furthermore, polyphenols can slow down starch gelatinization via the inter-
action through hydrogen bonds with amylose molecules [27]. Saad et al. [28] found that
wheat pasta dough rheological properties in terms of extensibility and water absorption
increased, while elasticity decreased, when cucumber pomace was added. The mineral
and polyphenols content of noodles were improved, while a reduction of protein and
carbohydrate contents was observed [28].

In countries where durum wheat is not widely cultivated, common wheat usually
represents the basic ingredient for pasta production. There are some studies revealing the
possibility to use fiber and polyphenols-rich ingredients in pasta formulation, but to our
knowledge, there are no studies revealing the effects of GP on common white wheat flour
for pasta production. The approach of this study is complex, evidencing the technological,
nutritional, molecular and structural changes of flour, dough and pasta. The knowledge of
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the interactions of grape peels with other biopolymers from wheat is very important for
the development of novel pasta products. Thus, the aim of this study was to underline the
impact of GP components on white wheat flour (WWF), dough and pasta properties, and
to optimize the addition level in order to obtain the best product quality. Furthermore, a
characterization of the optimum and control products was made.

2. Results
2.1. Diagnostic Checking of the Models

The ANOVA results for the model fitting presented in Table 1 show that all of the
mathematic models chosen were significant and predicted accurately the responses, the
F-value being significant (p < 0.01) in all cases and R2 values being more than 0.76.

Table 1. ANOVA results for the fitted models for different characteristics of flour, dough and pasta.

Response Model F-Value p-Value R2 Adj.-R2

ηmax (Pa·s) quadratic 36.23 <0.01 0.83 0.81
G* (Pa) quartic 31.27 <0.01 0.91 0.88

Co quadratic 24.14 <0.01 0.76 0.73
C* quartic 32.72 <0.01 0.91 0.88

F (g) quartic 179.30 <0.01 0.98 0.98
Ch (J) quadratic 26.38 <0.01 0.78 0.75

CL (%) quartic 91.58 <0.01 0.97 0.96
RS (%) cubic 181.00 <0.01 0.98 0.97

TPC (µg GAE/g) quartic 85.84 <0.01 0.96 0.95
TDF (%) fifth 1503.06 <0.01 0.99 0.99

ηmax—peak viscosity, G*—complex modulus, Co—cohesiveness, C*—chroma, F—fracturability, Ch—chewiness,
CL—cooking loss, RS—resistant starch, TPC—total polyphenols content, TDF—total dietary fiber.

Flour peak viscosity (ηmax), dough cohesiveness (Co) and boiled pasta chewiness (Ch)
data were fitted to the quadratic model, which described 83%, 76% and 78% of the data
variation, respectively. Dough complex modulus (G*), dry pasta chroma (C*), fracturability
(F), cooking loss (CL) and polyphenolic content (TPC) results were fitted to the quartic
model, with 91%, 91%, 98%, 97% and 96%, respectively, of the data variation being ex-
plained. The cubic model explained 98% of data variation for resistant starch content (RS),
while the results for the dietary fiber content (TDF) were fitted to the fifth model, which
explained 99% of the variation.

2.2. Effects of GP on Flour and Pasta Characteristics

A Supplementary Materials section containing the graphics for the variation of the
responses with GP level is provided.

Peak viscosity increased with GP level increase (Figure S1), the biggest significant
(p < 0.01) positive influence being obtained for the linear term Equation (1).

ηmax(Pa·s) = 0.42 + 0.14A∗∗ − 0.01A2 (1)

where ηmax—peak viscosity, A—GP level, ** significant at p < 0.01.
An increase of G* as the GP level was higher was observed (Figure S2a), the linear and

quadratic terms having significant influence (p < 0.05) on the response Equation (2).

G∗(Pa) = 96083.29 + 23997.76A∗∗ + 38352.65A2∗ + 808.26A3 − 27020.94A4 (2)

where G*—complex modulus, A—GP level, ** significant at p < 0.01, * significant at p < 0.05.
More cohesive dough was obtained as the GP addition level was higher (Figure S2b),

the linear term having the greatest significant (p < 0.01) influence Equation (3). The negative
effects of GP, which are a fiber-rich ingredient, were minimized because small particle size
(<180 µm) was used.

Co = 0.40 + 0.02A∗∗ + 0.01A2 (3)
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where Co—cohesiveness, A—GP level, ** significant at p < 0.01.
Pasta color was affected by GP incorporation, a significant (p < 0.01) decrease of C*

being observed with the addition level increase (Figure S3a). The biggest negative influence
was obtained for the linear term of the factor Equation (4).

C∗ = 23.08 − 2.72A∗∗ + 1.42A2 − 0.35A3 + 0.03A4 (4)

where C*—chroma, A—GP level, ** significant at p < 0.01.
Dry pasta fracturability expressed as the maximum force needed to break the sample

can be an indicator of pasta resistance to transport and manipulation. The addition of GP
caused an increase of F with the level increase (Figure S3b). The linear and cubic terms
presented significant positive influence (p < 0.05), while the quadratic term had a negative
effect on the response Equation (5).

F(g) = 3158.72 + 1837.63A∗∗ − 1052.11A2∗∗ + 256.32A3∗ − 19.84A4∗ (5)

where F—fracturability, A—GP level, ** significant at p < 0.01, * significant at p < 0.05.
GP addition caused a CL rise with the level increase (Figure S4a), the linear, quadratic

and quartic terms presenting significant (p < 0.05) influences based on Equation (6). An
acceptable cooking loss value should be less than 12% [5].

CL(%) = 0.66 + 6.33A∗∗ − 3.02A2∗ + 0.61A3 − 0.04A4∗ (6)

where CL—cooking loss, A—GP level, ** significant at p < 0.01, * significant at p < 0.05.
Pasta chewiness is expressed as the energy required to chop the sample until it is

ready to swallow [29]. GP level increase caused a proportional decrease of pasta chewiness
(Figure S4b), the highest influence being observed for the linear term Equation (7).

Ch = 3696.18 − 287.20A∗∗ + 79.49A2 (7)

where Ch—chewiness, A—GP level, ** significant at p < 0.01.
Resistant starch content was significantly influenced (p < 0.01) by the linear, quadratic

and cubic terms in Equation (8). A rise in RS with GP addition level increase was observed
(Figure S5a).

RS(%) = 4.49 + 0.34A∗∗ − 0.43A2∗∗ + 0.50A3∗∗ (8)

where RS—resistant starch content, A—GP level, ** significant at p < 0.01.
A significant positive influence (p < 0.01) was obtained for the linear term of GP

level, while the quadratic and quartic terms exhibited a negative and significant (p < 0.05)
effect on TPC response (Equation (9). TPC showed higher values with GP level increase
(Figure S5b), as a result of polyphenols present in the added ingredient.

TPC(%) = 29.25 + 117.50A∗∗ − 55.362A2∗ + 11.17A3 − 0.77A4∗ (9)

where TPC—total polyphenols content, A—GP level, ** significant at p < 0.01, * significant
at p < 0.05.

GP are a rich source of soluble and insoluble dietary fibers, their incorporation in
wheat pasta determining an increase of TDF with the level increase (Figure S5c). Significant
positive influences (p < 0.01) were obtained for the linear, cubic and fifth terms, while the
quadratic and quartic terms presented negative effects on the response (Equation (10)).

TDF(%) = −4.58 + 9.17A∗∗ − 6.31A2∗∗ + 2.01A3∗∗ − 0.30A4∗∗ + 0.02A5∗∗ (10)

where TDF—total dietary fiber content, A—GP level, ** significant at p < 0.01.
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2.3. Optimization of GP Level and Models Validation

To obtain the maximum nutritional benefits with minimum quality characteristics’
impairment, the optimization of GP level as a function of the considered responses showed
that wheat flour can be supplemented with 4.62% GP (Table 2), with a desirability of 0.57.

Table 2. Confirmation of the optimized parameters and control sample characteristics.

Parameter
OGP

Control
Predicted Value Experimental Value Relative Deviation * (%)

A-GP (%) 4.62 ± 0.00 4.62 ± 0.00 - -
ηmax (Pa·s) 0.83 ± 0.06 x 0.85 ± 0.06 xa 2.35 0.42 ± 0.02 b

G* (Pa) 113,595.55 ± 6604.45 x 113,733.33 ± 950.44 xa 0.12 51,170.00 ± 1822.44 b

Co 0.41 ± 0.01 x 0.41 ± 0.01 xa 0.00 0.36 ± 0.01 b

C* 19.07 ± 0.40 x 19.26 ± 0.06 ya 0.99 21.89 ± 0.06 b

F (g) 5432.15 ± 106.15 x 5659.67 ± 159.22 xa 4.02 4207.33 ± 123.18 b

Ch (J) 3583.12 ± 116.08 x 3353.11 ± 162.77 xa −6.86 4910.27 ± 72.29 b

CL (%) 6.81 ± 0.25 x 7.03 ± 0.24 xa 3.13 5.53 ± 0.19 b

RS (%) 4.60 ± 0.10 x 4.79 ± 0.01 ya 3.97 2.58 ± 0.10 b

TPC (µg GAE/g) 141.48 ± 4.21 x 144.99 ± 2.78 xa 2.42 106.75 ± 4.18 b

TDF (%) 1.43 ± 0.03 x 1.38 ± 0.03 xa −3.62 0.02 ± 0.00 b

OGP—optimal formulation of wheat flour with grape peels, A—GP (grape peels) level, ηmax—peak viscosity, G*—complex modulus,
Co—cohesiveness, C*—chroma, F—fracturability, Ch—chewiness, CL—cooking loss, RS—resistant starch, TPC—total polyphenols content,
TDF—total dietary fiber, means in the same row followed by different letters (x–y for differences among predicted and observed values,
a–b for differences between OGP and control) are significantly different (p < 0.05), * relative deviation = [(experimental value − predicted
value)/experimental value] × 100.

For the model’s validation, a pasta sample was made using the optimal level of GP that
resulted after optimization. The responses were checked in triplicate and the experimental
values were less than 5% different from the predicted ones (Table 2), except for chewiness,
which was lower by 6.86% than the predicted value. Compared to the control, significantly
(p < 0.01) higher G*, ηmax, dough Co, F, CL, RS, TPC and TDF contents were obtained,
while C* and boiled pasta Ch were smaller (Table 2). Consequently, the nutritional and
functional values of the optimized pasta were enhanced compared to the control and the
quality parameters were kept. Even if higher CL was obtained (6.81%), the value was less
than 12%, the limit recommended for acceptable pasta. The OGP sample presented a more
cohesive, elastic and viscous dough, which was probably related to the higher resistance to
break (F) of pasta, which was desirable.

2.4. Determination of Control and Optimal Product Properties
2.4.1. FTIR Analysis of Flours

FTIR analysis allowed the identification of changes in bonding and possible interac-
tions between composite flour components, underlying the impact of GP addition to WWF.
The representative spectra of OGP and control samples is presented in Figure 1 and shows
the peaks of the functional groups and the vibration ways of the compounds. Several
peaks were identified in the analyzed spectra (650–4000 cm–1) and were attributed to the
molecular linkages of some chemical components such as starch, proteins and polyphenols.

The deconvoluted spectra in the range of 800–1300 cm−1 (Figure 1b1) showed the
characteristics of starch grains. The amount of hydrated starch structures was identified at
995 cm−1, the amorphous starch at 1022 cm−1 and the short-ordered starch structures at
1047 cm−1 [30]. No significant changes (p > 0.05) were observed in starch structure between
OGP and control samples (Table 3). The intermolecular associations were identified at
1613–1620 cm−1, the intramolecular associations at 1627–1635 cm−1, β-sheets structures
at 1620–1644 cm−1, α-helix at 1650–1660 cm−1 and β-turn at 1660–1680 cm−1 [31,32]. The
OGP sample presented higher inter- and intra-molecular associations compared to the con-
trol, which lacked absorbance for intramolecular associations. Significant lower (p < 0.01)
α-helix conformations were identified for OGP compared to the control, while β-turn and
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antiparallel β-sheets structures were higher (Table 3). The presence of fibers could be
observed from the peaks at 1149 and 1077 cm−1 [30], while the phenolic compounds could
be identified at 1609–1608 and 1519–1516 cm−1 [33] (Figure 1b2) and 1747 cm−1.
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Figure 1. (a) Average spectra of optimal wheat-grape peels (OGP) and control samples in mid-infrared region; (b1) starch
components’ deconvoluted spectra; (b2) protein and polyphenol components’ deconvoluted spectra.

Table 3. Optimal and control product properties.

Parameter OGP Control

Intermolecular associations (%) 1.71 ± 0.09 a 0.00 ± 0.00 b

Intramolecular associations (%) 4.75 ± 0.05 a 0.00 ± 0.00 b

β-sheets (%) 13.17 ± 0.44 a 13.23 ± 0.58 a

α-helix (%) 17.25 ± 0.71 a 26.67 ± 1.89 b

β-turn (%) 13.22 ± 0.39 a 2.23 ± 0.59 b

Antiparallel β-sheets (%) 19.74 ± 0.93 a 5.44 ± 0.85 b

Hydrated crystallin starch structure (%) 32.16 ± 0.37 a 34.66 ± 1.90 a

Short-ordered crystallin starch structure (%) 27.26 ± 0.20 a 27.25 ± 0.20 a

Amorphous starch structure (%) 34.26 ± 0.13 a 34.00 ± 0.31 a

Protein content (% dm) 14.29 ± 0.10 a 13.93 ± 0.09 b

Lipid content (% dm) 0.21 ± 0.02 a 0.13 ± 0.02 b

Ash (% dm) 0.80 ± 0.08 a 0.63 ± 0.01 a

Carbohydrates (% dm) 83.07 ± 0.22 a 85.28 ± 0.11 b

Radical scavenging activity (%) 38.74 ± 1.14 a 20.15 ± 0.26 b

RDS (% dm) 54.38 ± 0.24 a 69.78 ± 0.69 b

SDS (% dm) 19.61 ± 0.95 a 17.35 ± 0.20 b

OGP—optimal formulation of wheat flour with grape peels, RDS—rapid digestible starch, SDS—slowly digestible
starch, dm—dry matter, a–b means in the same row followed by different letters are significantly different
(p < 0.05).
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2.4.2. Pasta Chemical Properties

The chemical compositions of the OGP and control sample are presented in Table 3.
GP addition to wheat flour caused a significant (p < 0.01) increase of the protein, lipid,

ash and carbohydrate contents (Table 3) of pasta. The OGP sample presented higher radical
scavenging activity (38.74%) compared to the control (20.15%). On the other hand, cooked
pasta RDS significantly decreased (p < 0.01) when GP was added, while SDS increased
compared to the control.

2.4.3. Microstructure Analysis

Dry pasta microstructure analysis revealed a well-developed matrix comprised of a
gluten network, which encompassed starch grains and fiber fractions (Figure 2). In both
the control and OGP samples round and lenticular starch shapes with smooth surfaces
were observed. The addition of GP resulted in a compact dough structure in which the
proteins embedded the fine particles of fibers and starch grains.
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Dough ingredients influenced the pasta extrusion process, which resulted in surface
structure changes. The addition of GP caused a slight increase of pasta surface roughness,
as can be seen in Figure 3. OGP pasta presented an uneven surface compared to the control.
The alternation of high and low regions was given by the use of the rigatoni mold.
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3. Discussion
3.1. Effects of Grape Peels on Flour, Dough and Pasta Quality

GP caused an increase of flour slurry peak viscosity, a similar trend being reported
by Mironeasa et al. [34] for wheat flour supplemented with GP and can be related to the
affinity of GP for water, which may determine a viscosity increase. Probably, the pectin
content of GP can be another factor responsible for the viscosity increase since it may assist
starch swelling [35]. Masoodi et al. [36] also reported a reduction of wheat flour peak
viscosity when more than 5% apple pomace was incorporated.

The dynamic complex modulus’ proportional increase with GP level could be ex-
plained by the strengthening effect of GP on the gluten network due to the presence of
non-starch polysaccharides, tannins and polyphenols, which can form complexes with
proteins [37]. Additionally, the oxidation of sulfhydryl groups to disulfides caused by the
raised content of oxidizing compounds can possibly contribute to the complex modulus
increase [3]. In this study, GP caused more cohesive dough. Mironeasa et al. [34] reported
increased dough cohesiveness when small particle sizes of GP were used probably due to
the ability of fine particles to better absorb water. GP fibers present many hydroxyl groups
in their structure, which will determine higher interactions with water trough hydrogen
bonds [38]. The sugars present in GP can also influence dough cohesiveness due to their
water solubility [39]. Saad et al. [28] showed that pasta soft wheat dough supplemented
with cucumber pomace rheological properties changed compared to the control, an increase
of the extensibility and water absorption and a decrease of elasticity being observed.

Dry pasta chroma decreased as the amount of GP was higher. In the literature, Smith
and Yu [40] reported higher b* (yellow nuance) and lower a* (red nuance) values of bread
supplemented with grape pomace. High amounts of sugars found in GP can promote
Maillard reactions and, along with the polyphenol’s presence, may determine C* decrease.
Additionally, the natural pigments from GP are responsible for color intensity decrease [41].
Other studies reveled that the addition of by-products such as dragonhead seeds, coconut
residue or Moringa oleifera L. leaf [19,20,24] produced significant changes in pasta color,
depending on the pigments present in the ingredient added. The quality of the final product
depends on the chemical composition of the ingredient added, soluble dietary fibers such as
inulin and fructooligosaccharides playing an important role in pasta network strength [42].
Polyphenol interactions with proteins can determine stronger dough structure [18,43],
leading to higher fracturability values.

The higher cooking loss obtained in this study for pasta enriched with GP can be
attributed to the polymer interactions in the gluten matrix and/or to the competition of
proteins for water, leading to starch loss [44]. A similar trend of cooking loss was reported
for fettuccini pasta supplemented with grape marc [5] and can be due to the dietary fiber
content of the added ingredient. Xu et al. [22] reported also a proportional increase of pasta
cooking loss with the addition level of apple pomace increase. Pasta texture can be a good
predictor for consumer preferences. The results obtained showed a decreasing trend of
pasta chewiness with GP level increase. The interference of GP components with starch,
which led to a reduction of starch gelatinization during cooking, can be associated with
lower chewiness [45]. The use of a small particle size (<180 µm) for GP flour can be an
advantage for pasta quality by diminishing the negative impact on the texture. A study
regarding the influence of apple pomace on wheat pasta showed that this fortification
caused a decrease of pasta chewiness as the level was higher [22], similar trend being
reported also by Chen et al. [33] for pasta enriched with more than 1% grape seeds.

The nutritional value of wheat pasta was increased by the incorporation of GP. The
raised resistant starch content of pasta enriched with GP can be attributed to the interac-
tions between polyphenols and starch [46,47] through non-covalent linkages formation.
Furthermore, starch digestion diminution produced by the formation of linkages between
polyphenols and starch can occur from the starch molecular structure modifications. A
similar RS increase was reported by Simonato et al. [25] for pasta fortified with olive
pomace. For instance, some studies revealed that these interactions can contribute to the
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ordered structure or development of starch crystallin areas, inducing RS formation [48,49].
On the other hand, the polyphenolics content of pasta increased with GP level increase.
Gaita et al. [17] also reported higher polyphenolic contents for pasta supplemented with
grape peels, the increase being directly proportional to the amount added. A study per-
formed by Michalak-Majewska et al. [23] showed that the addition of onion skin powder
caused an increase in total phenolic compounds, flavonoids content and antioxidant activity.
The phenolic compounds present in grape by-products are highly accessible and available
for metabolization in the human intestine [50]. In addition, the bioavailability polyphenols
in pasta are directly related to the hydrogen, ionic, covalent, and hydrophobic interactions
with proteins [3]. The addition of fiber-rich ingredients can be a useful technique to increase
the nutritional value of the final product. Wheat pasta fiber content was enhanced by GP
addition. Acun and Gül [51] also reported raised fiber content of cookies enhanced with
seedless grape pomace. Similar to our study, Saad et al. [28] showed that the addition
of cucumber pomace in soft wheat pasta induced the increase of fibers and polyphenol
contents. Fibers are known to have some biological functions, such as activity against
cancer, amelioration of gastrointestinal systems functioning, improvement of cardiovas-
cular system activity, and decrease of cholesterol and glycaemia levels in blood [52]. Balli
et al. [53] found that durum wheat tagliatelle with grape and olive pomace resulted in
improved quality in terms of organoleptic and nutritional properties, with high levels of
phenolic compounds and increased fibers content.

3.2. Control and Optimal Product Properties

In this study, the optimal amount of GP was found to be 4.62%; at this level accept-
able technological characteristics and superior nutritional value compared to the control
were obtained. The optimal sample with GP (OGP) and the control made of wheat flour
were characterized.

FTIR spectra showed the interactions between components of the composite flours.
The peak at 3284 cm−1 was attributed to the -OH stretching vibrations, while the peak
at 2926 cm−1 was assigned to the C-H stretching and showed higher absorbances for
OGP probably due to the phenolic compound’s presence [54]. The phenolic compounds
found in GP have specific absorptions at 1712–1704 cm−1 corresponding to the carbonyl
stretching and 1609–1608 and 1519–1516 cm−1 given by the stretching vibrations of
C=C [55] (Figure 1b2). The galloyl group’s presence could possibly be observed at about
1747 cm−1 (Figure 1b2), which corresponds to the stretching vibrations of carbonyl groups
(C=O) [54]. In the case of OGP, an increase of peak intensities at 1149 and 1077 cm−1

compared to the control could be due to the intake of small hemicellulose, cellulose and
pectin [30] found in GP. Starch structure characterized by the vibrations given at 1022 cm−1

for amorphous and at 1047 cm−1 for short-ordered regions [30] was not significantly af-
fected by the addition of GP. The absorption at 1700–1600 cm−1 was assigned to the Amide
I fraction, which could offer information about the secondary structure of proteins [30].
GP addition in wheat flour caused inter- and intramolecular associations compared to
the control, which lacked absorbance for these structures. Lower α-helix conformations
were observed for OGP compared to the control, while β-turn and antiparallel β-sheet
structures were present in higher proportion. These changes could be possibly related to
the protein–polyphenols interactions in the dough matrix, a similar opinion being reported
by Ertürk and Meral [56]. Sivam et al. [57] also reported lower α-helices and lower inter-
molecular associations when polyphenols were added to bread. Chen et al. [33] obtained
a reduction of β-turn conformational composition of gluten proteins with grape seeds’
level increase, while β-sheet conformations increased. The α-helix secondary structures
were dominant for both the OGP and control samples, similar results being obtained by
Nawrocka et al. [58], who studied the influence of dietary fibers on gluten proteins. Dough
rheological properties are directly influenced by protein secondary structure. Our results
indicated a stronger and more cohesive dough structure of OGP, which can be related to
the formation of protein–fiber complexes. The band at 1670 cm−1 is due to non-hydrogen
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linkages of carbonyl groups in the β-turn structures of proteins; when carbonyl groups are
hydrogen bonded with other compounds, a decrease of their absorption band to smaller
wavenumbers should be observed [58]. The results of the present study revealed that in
the control sample the protein carbonyl groups were bonded trough non-hydrogen link-
ages, a fact evidenced by the presence of the 1670 cm−1 band, while in OGP the carbonyl
groups would have formed hydrogen bonds with fibers or other GP components, a fact
suggested by the shift to the left of the absorption band. This band shift could possibly
be attributed also to the presence of polysaccharides such as pectin from GP [58]. On
the other hand, the appearance of the absorption band at 1661 cm−1 in the OGP sample
(Figure 1b2) could be related to the development of intramolecular and intermolecular
hydrogen linkages between glutamine side chains and peptide groups, which was probably
due to the influence of the GP fiber-rich ingredient [58]. The band at 1625 cm−1 observed
for OGP can be associated with the hydrogen bonding of protein aggregates and/or of
polypeptide chains complexed with phenolic compounds [59] from GP, as shown by their
chemical composition.

GP raised the protein, lipid, ash and carbohydrate contents of pasta due to their intake
of nutrients. Compared to our study, Saad et al. [28] showed that cucumber pomace addi-
tion in soft wheat noodles increased the mineral and polyphenols content, but decreased
protein and carbohydrates. The addition of GP caused higher radical scavenging activity
compared to the control, in agreement with the polyphenols content, which presented a
raised value for pasta samples with GP. Gaita et al. [17] also reported higher antioxidant
capacity of pasta enriched with grape peels. Cooked pasta RDS significantly decreased
(p < 0.01) when GP were added, while SDS increased compared to the control. Similar
trends of RDS and SDS were reported by Simonato et al. [25] when wheat pasta was forti-
fied with olive pomace, which may be due to the starch content reduction caused by the
addition of the fiber-rich ingredient. These results could be related to the starch–polyphenol
interactions that may occur during pasta making. It has been demonstrated that polyphe-
nols can reduce starch digestion rates due to their interactions trough hydrophobic forces
with amylose and the linear fraction of amylopectin and/or to the inhibition effects on
enzymes [49]. On the other hand, fibers from GP could compete with starch granule for
water, reducing starch gelatinization, thereby causing starch digestibility limitation [25].

GP incorporation resulted in a compact dough structure in which the proteins em-
bedded the fine particles of fibers and starch grains. Similar results were presented by
Tolve et al. [1] for durum wheat pasta with grape pomace. The denser gluten network of
pasta with GP is probably due to the intake of protein, cellulose and polysaccharides, which
can act as fillers in the gluten matrix, while the polyphenols present in GP may interact
with gluten proteins to support the formation of a gluten matrix, similar observations being
made by Chen et al. [33] for pasta enriched with 1% grape seeds. Huang et al. [60] also
reported a dense structure of wheat noodles formed of starch granules embedded in a
developed fiber matrix. Pasta surface roughness was higher when GP was added. This
increase could be possibly due to the difference in the water absorption capacity of the
composite flour compared to the control, a difference caused by the presence of fibers from
GP [34]. According to the study of Chen et al. [33], the incorporation of more than 3%
grape seeds in wheat noodles induced the appearance of jagged edges and uneven mesh
structure of pasta caused by the non-gluten components.

4. Materials and Methods
4.1. Materials

The research was conducted on 650 white wheat (Triticum aestivum) flour (WWF) type
from the 2019 harvest, provided by Dizing S.R.L. (Brusturi, Neamt, Romania). Wheat
flour chemical components reported to dry matter were: lipids content of 1.11 ± 0.03%,
protein content of 14.41 ± 0.21%, carbohydrates 81.26 ± 0.16%, ash content of 0.60 ± 0.05%,
moisture of 14.01 ± 0.16%, total polyphenols content of 105.59 ± 4.42 µg GAE/g. The
falling number was 404 ± 1.73 s, wet gluten content was 29.75 ± 0.15%, dry gluten was
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10.04 ± 0.13%, gluten deformation index was 6.17 ± 0.29 mm and the water absorption
capacity was 59.54 ± 0.31%. Grape pomace from the Fetească Regală variety was provided
by Ias, i Research and Development Center for Viticulture and Vinification and was dried in
a convection oven at 50 ◦C for 18 h. Grape peels were manually separated, ground and
sieved to obtain the particle size of <180 µm. Grape peels contained 2.50 ± 0.19% lipids,
9.85 ± 0.05% proteins, 25.25 ± 0.05% fibers, 55.73 ± 0.20% carbohydrates, 4.47 ± 0.03% ash,
8.00 ± 0.08% moisture and 1448.69 ± 15.39 µg GAE/g polyphenols, 0.40 ± 0.01% pectin
reported to dry matter (dm) and a water absorption capacity of 271.10 ± 4.34%. Wheat
flour was sieved before mixing in order to achieve a particle size of <300 µm. Composite
flours were mixed for 15 min in a Yucebas Y21 machine (Izmir, Turkey).

4.2. Pasta Processing

Pasta dough was mixed in a Kitchen Aid mixer (Whirlpool Corporation, Benton
Harbor, MI, USA) by adding the amount of water calculated in order to obtain 40% moisture.
Pasta modeling was performed after 15 min of the dough resting at room temperature,
by using a rigatoni mold of the Kitchen Aid machine. Pasta drying was performed in a
convection oven, according to the method described by Bergman et al. (1994) as follows:
30 min drying in open air at room temperature, followed by a first step of drying for 60 min
at 40 ◦C, a second for 120 min at 80 ◦C and a third for 120 min at 40 ◦C.

4.3. Evaluation of GP Effects on WWF and Pasta Quality
4.3.1. Flour Pasting Properties

Flour pasting behavior in terms of peak viscosity ηmax (Pa·s) was simulated on a
dynamic rheometer Thermo-HAAKE, MARS 40 (Karlsruhe, Germany) with a Peltier tem-
perature controller, by using a cup-cylinder geometry. The method described by Ahmed
et al. [61] was adapted as follows: the slurry was kept at 50 ◦C for 60 s, followed by a
heating at 95 ◦C for 222 s, keeping at 95 ◦C for 210 s, cooling at 50 ◦C for 228 s and keeping
at 50 ◦C for 120 s.

4.3.2. Fundamental Rheological Behavior

Laminated dough samples were rested for 30 min for internal strain removal and
tested for linear viscoelastic region (LVR) by using a Thermo-HAAKE, MARS 40 (Karlsruhe,
Germany). A frequency sweep test was performed for the determination of the complex
modulus G* (Pa). For this purpose, the sample was placed between the parallel plates
at a 3 mm gap and a vaseline layer was applied on the exposed edges for moisture loss
prevention. The frequency was varied from 0.1 to 20 Hz, at a strain of 15 Pa that was in
the LVR.

4.3.3. Dough Texture

For dough cohesiveness (Co) determination, a texture analysis was performed by
using a Perten TVT-6700 texturometer (Perten Instruments, Hägersten, Sweden). A double
compression was applied to dough balls of 50 g weight, at 50% height, a speed of 5.0 mm/s
and a trigger force of 20 g [62].

4.3.4. Dry Pasta Color

Pasta chroma C* Equation (11) of the CIE Lab system was determined by reflectance
by using a Konica Minolta CR-400 (Tokyo, Japonia) colorimeter.

C∗ =
√

a∗2 + b∗2 (11)

where C*—chroma, a*—red or green nuance, b*—yellow or blue nuance.
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4.3.5. Pasta Fracturability

Pasta fracturability as the maximum force F (g) required to break a dry pasta piece
was determined with a Perten TVT-6700 texturometer (Perten Instruments, Sweden). An
aluminum break rig set adjusted to 13 mm width was used, the test speed being set to
3 mm/s and the trigger force to 50 g [62].

4.3.6. Total Polyphenolics Content

The extracts were prepared according to the method described by Melilli et al. [63].
An amount of 2 g of grinded uncooked dry pasta was extracted with 20 mL of methanol
80% (v/v) in a sonication bath at 37 ◦C and 45 Hz for 40 min, and then the mix was filtered.
Total polyphenols content (TPC) (µg GAE/g dm) of dry pasta was evaluated by using the
Folin–Ciocalteu method [64]. The extract was diluted in a ratio of 1:4 with distillated water
and mixed with Folin–Ciocalteu reagent (1N) and sodium carbonate 20% (v/v) and left
to rest in darkness for 40 min. The absorbance was read at 725 nm on an UV–VIS–NIR
Shimadzu 3600 (Tokyo, Japan) spectrophotometer. TPC was calculated from a calibration
curve (R2 = 0.99) made with gallic acid (GAE).

4.3.7. Total Dietary Fiber Content

For dietary fiber content TDF (% dm) estimation, a FOSS 6500 NIR (FOSS NIRSystems,
Silver Springs, FL, USA) infrared spectrometer was used. Uncooked dry pasta samples
were ground before the analysis and the spectra were collected at room temperature. For
calibration, off the shelf INGOT commercial calibrations (AUNIR, Towcester, UK) were
used. Standard materials provided by AUNIR were used for bias corrections [65].

4.3.8. Pasta Cooking Behavior

The loss of solids CL (%) during pasta cooking was determined gravimetrically by
evaporation of the water that resulted after boiling 10 g of pasta in 200 mL of water for the
optimum cooking time previously established [66].

4.3.9. Boiled Pasta Texture

Pasta chewiness Ch (J) was determined by double cycle compression on one piece of
pasta by using a Perten TVT-6700 device (Perten Instruments, Sweden) equipped with a
35 mm cylinder probe, at 50% of the sample height, a test speed of 5.0 mm/s and a trigger
force of 20 g [62].

4.3.10. Rapid Digestible Starch (RDS), Slowly Digestible Starch (SDS) and Resistant Starch
(RS) Contents

The international AOAC 2017.16 method was used for RDS, SDS and RS determination
from boiled pasta, by using Megazyme kit. After 20 min (for RDS), 120 min (for SDS) or
240 min (for RS) of sample digestion with α-amylase and amyloglucosidase the reaction
was stopped and the mix was digested again with amyloglucosidase. The resulting glucose
was determined by using GOPOD reagent and reading of the absorbance at 510 nm. The
results were reported as percent to dry matter.

4.4. Optimization of Grape Peels Level and Models Validation

GP level optimization was performed by using the trial version of Design Expert
software (Stat-Ease, Inc., Minneapolis, USA). For this purpose, the multiple response
optimization and the desirability function were used and the goals were selected as follows:
G*, Co, C*, F, TPC, TDF and RS were maximized, CL and Ch were minimized, and ηmax*
was kept in range. The experimental design matrix containing mean values of three
replications of the responses is presented in Table 4.
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For model validation, pasta was made using the optimal level of GP obtained and the
response values were checked. The real values of the optimum sample characteristics were
compared to the control made of untreated wheat flour. For the evaluation of differences
among the predicted and the experimental results of the optimal solution, and among the
optimal and control sample, t tests for two samples (p < 0.05) were performed.

4.5. Determination of Control and Optimal Product Properties
4.5.1. Chemical Composition and Antioxidant Activity

The chemical composition was determined according to the Romanian and Inter-
national standard methods and the results are reported to dry matter: moisture (SR EN
ISO 712/2010), ash (SR ISO 2171/2002), protein (SR EN ISO 20483/2007) and lipids (SR
91/2007). TDF was determined by NIR (as described in Section 4.3.6) and the carbohydrates
were calculated by difference.

The radical scavenging activity (%) was evaluated by using 2, 2-di (4-tert-octylphenyl)-
1-picrylhydrazyl (DPPH). The extract prepared as described in Section 4.3.5 (0.5 mL) was
diluted with methanol 80% (0.5 mL) and mixed with 5 mL of DPPH. After resting 30 min
in the darkness the absorbance was read at 517 nm on an UV–VIS–NIR Shimadzu 3600
(Tokyo, Japan) spectrophotometer [67].

4.5.2. ATR-FT-IR Analysis of Flour

FT-IR spectra of the flours were collected in triplicate in the range of 650 to 4000 cm−1

by using a Thermo Scientific Nicolet iS20 (Waltham, MA, USA) spectrometer, at a reso-
lution of 8 cm−1 by 64 scans. The fractions of amide I (1835–1585 cm−1), polyphenols
(1516–1747 cm−1) and starch (800–1300 cm−1) were identified, the data being processed
with OMNIC software. The starch, polyphenols and protein structures were assessed
according to previous studies [31,68–70]. Fourier deconvolution was applied in order to
characterize starch and protein structures.

4.5.3. Microstructure

Electronic scanning microscopy was employed for flour microstructure evaluation
with a VEGA II LSH scanning electronic microscope (Tescan, Brno, Czech Republic). The
acceleration tension was 30 kV and the magnification 1000×, the samples being fixed with
adhesive carbon bands.

Pasta surface structure analysis was performed on a Mahr CWM100 microscope
(Gottingen, Germany). The data collected were processed with Mountain Map trial version
software (Digital Surf, Besançon, France).

4.6. Statistical Analysis

All of the analyses in the present study were performed in triplicate. XLSTAT for Excel
2021 version (Addinsoft, New York, USA) was used for statistical analysis of the data. In
order to evaluate the significant differences (p < 0.05) among samples the t-test was used.

For the assessment of GP addition effects on WWF and pasta quality, mathematical
modeling of the results was carried out by using the trial version of Design Expert software
(Stat-Ease, Inc., Minneapolis, USA), by applying response surface methodology (RSM). The
effect of GP level factor on the responses (ηmax, G*, Co, C*, Ch, F, CL, TPC, TDF and RS)
was observed by using a D-optimal design with one factor varied at six levels (1, 2, 3, 4, 5,
6%) and three replications. The model’s fitting was evaluated through a sequential Fisher
test, coefficients of determination (R2) and adjusted coefficient of determination (Adj.-R2),
at a 95% confidence level. The most suitable model was selected according to the highest
Adj.-R2 value.
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5. Conclusions

The addition of grape peels increased the amounts of nutrients in wheat pasta, espe-
cially fibers, resistant starch and polyphenols, which are compounds with many health
benefits. The optimal quantity of grape peels that can be added to wheat flour was found
to be 4.62%. Dough cohesiveness, dry pasta fracturability and cooked pasta chewiness
were enhanced compared to the control, while the cooking losses were within acceptable
limits (<12%). Starch digestibility of pasta was positively influenced by grape peels, higher
resistant starch, slowly digestible starch and lower rapid digestible starch being obtained.
Interactions between wheat flour and grape peels were shown trough FT-IR analysis, signif-
icant changes of protein structures being observed. A compact microstructure of pasta was
noticed at 4.62% addition of small particle sizes (<180 µm). Thus, this study can be helpful
for both processors and consumers, underlying the opportunity to enhance the nutritional
value of wheat pasta by incorporating grape peels, with benefits for human health and
environmental waste management. This research was performed on a laboratory scale, and
thus more investigations at the industrial level are needed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10050926/s1, Figure S1: Effect of GP level on peak viscosity (ηmax); Figure S2: Effect of
GP level on dough: a. complex modulus (G*), b. cohesiveness (Co); Figure S3: Effect of GP level on
dry pasta: a. chroma (C*), b. fracturability (F); Figure S4: Effect of GP level on pasta: a. cooking loss
(CL), b. chewiness (Ch); Figure S5: Effect of GP level on pasta: a. resistant starch content (RS), b. total
polyphenols content (TPC), c. total dietary fiber (TDF).
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