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Abstract: During growth, plants produce bioactive compounds—secondary metabolites. Their
concentration can be stimulated by the presence of a stressful factor—an elicitor. Since chlorine
dioxide is commonly used in water plants to disinfect drinking water, its application as a plant
elicitor seems to be very attractive. The aim of this work was to investigate the influence of a new
elicitor, ClO,, on the quality of seeds and bioactive compounds of sprouts. Elicitation of radish and
broccoli seeds using ClO, solutions did not significantly reduce their germination percentage (GP
remained over 90%). Radish sprouts sprouted from seeds elicited in chlorine dioxide solutions with
concentrations up to 800 ppm did not differ statistically significantly in terms of polyphenol content.
Sprouts which were grown in the presence of ClO, contained significantly fewer polyphenolic
compounds. Elicitation of broccoli seeds in 800-1000 ppm ClO, solutions causes an increase in
total phenolic content and concentration of ascorbic acid in sprouts. Elicitation in chlorine dioxide
solutions not only increased concentrations of selected bioactive compounds but also improved the
microbiological quality of sprouts.

Keywords: sprouts; microbial quality; bioactive compounds; elicitation; chlorine dioxide

1. Introduction

Plants are the source of many biologically active compounds, which can be divided
into nutrients such as proteins, carbohydrates, or fats, and other components like phyto-
chemicals, vitamins, minerals, alkaloids, etc. [1]. The second group is called secondary
metabolites [2]. These compounds are specific to plant species so different plants will
have individual chemical compositions. Secondary metabolites are chemical compounds
different from those needed to meet basic nutritional needs and are not involved in the
processes of general metabolism, but are essential to plants” adaptation to changing en-
vironmental conditions and reacting to pathogen invasion [3]. Unlike animals, plants do
not have specialised defensive cells to defend against microbial invasion. Their defence
systems have evolved in such a way that each cell has acquired the capability to respond to
attempted infection and to build up a defensive response. This mechanism is manifested in
the activation of secondary metabolite pathways [4,5]. Secondary metabolites are able to
protect plants from pathogens and insects. These compounds are also capable of absorb-
ing UV radiation [6,7]. Secondary metabolites present in plants play a significant role as
health-promoting compounds and are important in the prevention of metabolic disorders,
infectious diseases, and so-called lifestyle diseases such as diabetes, heart disease, stroke,
or cancers [8]. Consumption of food rich in bioactive compounds affects the functioning of
the human body and can strengthen, weaken, or modify the physiological and metabolic
functions of the body:.

Due to the growing consumer awareness of the nutritional value and quality of food,
one of the directions of development of the food industry is towards functional and forti-
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fied food. Products with health-promoting properties are sought after by consumers. In
addition, this type of food, apart from meeting the basic needs of the organism, i.e., nutri-
tion, also has a scientifically proven impact on improving health and well-being and/or
reducing the risk of diseases. The beneficial effect of functional food on organism func-
tions is caused by the presence of specific bioactive compounds. Therefore, increasing the
concentration of the bioactive compounds in food products can increase health-promoting
effects and also increase the economic benefits of the industry due to the increased interest
in purchasing.

One method of enriching food products is adding bioactive compounds during food
processing. Valuable secondary metabolites can be obtained using biotechnological meth-
ods of plant cell or organ cultures, which seems to be an attractive alternative to the
extraction of whole plant material [9]. Since plants are raw materials for food produc-
tion, methods of enhancing bioactive compound concentration are more appropriate. To
improve the nutritional and nutraceutical quality of plants and crops, many agricultural
practices such as mineral nutrition, biofortification, the manipulation of the environment,
and the use of biochemical and microbial elicitors are used [10].

Elicitation is a specific response of the plants to a stressful factor (the elicitor), which
is similar to a defence mechanism triggered by the presence of pathogens or other envi-
ronmental factors [1,9,11]. The induction of such a mechanism increases the synthesis of
phytochemical compounds. During plant response, specific biochemical pathways are
activated which leads to the synthesis of secondary metabolites. Elicitors may be physic-
ochemical factors, chemical substances, and phytohormones acting as mediators (abiotic
factors: jasmonic acid, gibberellins, cytokinins, ethanol, acetic acid, and inorganic salts
such as mercury (II) chloride, copper (II) sulphate) and microorganisms and fungal or
bacterial extracts (biotic factors: cellulose, chitin, poly- and oligosaccharides, and yeast
cells) [6,9]. From a scientific point of view, it is important to understand the impact of
stress factors on plants and the direction of their action, especially the link between the
factor and the induced metabolic pathways. Typically, elicitation is used to obtain plant
raw materials with an increased content of bioactive ingredients for further processing or
to obtain enriched unprocessed vegetables and fruits.

Recently, there has been a growing research interest in chlorine and its use as an
activator for stimulating plant defences [12]. Scientists have made an effort to describe
the mechanism that activates plant defence by the presence of different elicitors [13-15].
Among chemical elicitors, chlorine compounds, and chlorine dioxide are of particular
interest. Chlorine dioxide is a greenish-yellow gas with a characteristic odour similar to
ozone [16]. Due to the odd number of chlorine atoms and the presence of an unpaired
electron, the chlorine dioxide molecule is considered a free radical [17]. This property
makes chlorine dioxide very reactive [18]. It dissolves well in water (up to 3 g/L) and
does not hydrolyse. Chlorine dioxide dissolved in water is relatively stable in refrigerated
conditions in the absence of light [17,18]. The great advantage of chlorine dioxide over
other chlorine compounds is that it generates halogenated organic compounds only in
trace amounts. Additionally, chlorine dioxide does not react with ammonium ions, so
no chloramines are formed as a result of its presence [19]. Using aqueous solutions of
chlorine dioxide for sprout treatment did not change the organoleptic properties of the
product [20].

Chlorine dioxide is commonly used to disinfect drinking water and sewage [21]. The
first use of chlorine dioxide for drinking water treatment was recorded in 1944 in the
USA, and nowadays more and more water treatment plants choose ClO, over chlorine
gas and ozone [22-24]. The reason for disinfecting drinking water with chlorine dioxide
is that a smaller amount of harmful by-products are generated in the process compared
to the commonly used disinfectants [25]. Additionally, chlorine dioxide has a lower
effective concentration compared to chlorine gas [26]. It has been proven that in the case
of human exposure to ClO;, this compound and its metabolites are eliminated from the
body more rapidly than chlorine, and they do not appear to increase trihalomethane
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concentrations at low dosages [27]. The disinfecting effect of chlorine dioxide solutions
has been used in the agri-food industry [21,28,29]. Chlorine dioxide solutions are used
to clean food contact surfaces, greenhouses, and animal rooms [30]. Chlorine dioxide is
also found in stationary CIP (clean-in-place) cleaning devices, as well as in bottle washers
used in breweries and beverage production [31]. In some cases, ClO, can be used in
the processing of fruits and vegetables for washing, or to wash and disinfect fish and
seafood [19,30,32]. Due to a low effective concentration, chlorine dioxide use should not
cause surface corrosion [19].

Since chlorine dioxide is commonly used to disinfect drinking water, its application
as a plant elicitor, especially to sprouts, seems to be very attractive. Sprouts are one of
the plant food products that have gained popularity in recent years and can be easily
subjected to elicitation [20,33-35]. These young plants provide essential nutrients and also
biologically active compounds [36,37]. Depending on the plant origin, the type and the
concentration of bioactive compounds are different. Some sprouts additionally exhibit
antimicrobial, anticancer, anti-inflammatory as well as anti-obesity properties [38,39], espe-
cially in the case of broccoli sprouts, which contain high levels of glucoraphanin which is
transformed by myrosinase into sulphoraphane with proven anti-cancer properties. Strong
antioxidant properties are also shown by other cruciferous sprouts (e.g., radish) which
contain higher concentrations of bioactive compounds than their mature equivalents [39].
The great advantage of sprouts over fruit or vegetables is their year-round availability,
short growth period, and the simple methods of obtaining them, which do not involve
large financial outlays. In the case of sprouts, elicitation can be carried out at the stage of
initiating plant growth by soaking seeds in elicitors, fumigation (introducing elicitors in
gas form to the sprouting environment), as well as during growth by spraying/watering
with elicitor solution or providing an eliciting factor in a growing medium/soil. Due to
the elicitation, sprouts can constitute functional food. Sprouts subjected to treatments that
activate secondary metabolites pathways can also be a source of bioactive compounds
dedicated to enriching other food products, used as pharmaceuticals, or used in other indus-
tries, e.g., in polymer processing as a source of compounds improving the thermal stability
of plastics or as a compound in active or intelligent packaging [13,14,39-42]. Nowadays,
scientists are interested in improving polymer properties with essential oils, which, when
incorporated into a polymer matrix or applied to a polymer film surface, can give new
properties like antimicrobial or antioxidant features to the polymer [43,44]. Thermal stability
can be enhanced by adding, e.g., lignin, curcuminoids, and eugenol [45-47].

The aim of this work was to investigate the influence of a new elicitor, chlorine dioxide,
on the quality of radish and broccoli seeds and sprouts, especially bioactive components
present in sprouts, to verify if sprouts submitted to the proposed treatment meet require-
ments for functional food. In addition, the influence of ClO, on the microbiological quality
and organoleptic characteristics was also verified.

2. Materials and Methods
2.1. Materials
Seeds and Sprouts

Seeds of broccoli Brassica olreacea var. italica cv. Calabrese Natalino and radish Raphanus
sativus var. sativus cv. Opolanka were purchased from TORSEED S.A. Garden Seed and
Nursery Stock Company in Torur (Torun, Poland). Sprouts for comparing the properties
between elicited sprouts and sprouts available on the market were purchased from a local
store in Bydgoszcz, Poland.

2.2. Methods
2.2.1. Sprouting

To obtain sprouts, a tank method that ensures continuous access to water, air, and
light during the germination process was used (Figure 1). Sprouting was conducted in
a glass reactor with a volume of 1 L. The reactor consists of two parts—a conical bottom
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with a stub pipe to provide compressed air (flow 2 L/min) and an upper cylindrical part.
The germination reactor was poured with a growing medium, either distilled water or
ClO; solution up to 90% of tank volume, and seeds which constituted a 5% suspension.
The growing medium was changed every 24 h. Sprouting of radish and broccoli seeds
lasted, respectively, 2 and 3 days. When sprouts reached the appropriate age, they were
separated from the growing medium on a sieve, where excess water was drained. Next,
the remaining water was gently removed with the use of blotting paper.

6
| g
Figure 1. Scheme of a sprouting stand (1—a glass reactor, 2—air bubbles, 3—growing medium, 4—a
plug with a stub pipe, 5—a valve, 6—an air pump).

Preparing ClO, Solutions

Chlorine dioxide (ClO,) used in the research was prepared from commercially avail-
able compounds—a stabilised solution of chlorine dioxide Armex 5 (Mexeo, Poland) and
its activator, an aqueous solution of citric acid Mexacid D (Mexeo, Poland). Both liquids
were mixed with distilled water in a ratio of 1 mL:1 mL:23 mL (stabilised chlorine dioxide:
citric acid: water), thus obtaining a solution of chlorine dioxide with a content of approx-
imately 2000 ppm. The initial solution was diluted with distilled water into solutions of
concentration from 10 to 1000 ppm ClOs.

Elicitation

Elicitation was performed by immersing seeds in chlorine dioxide solution with
concentrations of 100, 200, 400, 600, 800, and 1000 ppm. Seed elicitation time was 60 min
and seeds to ClO, solution ratio was 1:9. After the treatment, seeds were immersed in
distilled water while maintaining the same 1:9 ratio as during elicitation. Seed washing
time was 15 min and the procedure was performed twice. Then, the seeds were dried in a
convection dryer with forced air circulation (SLW 115 STD, POL-EKO, Wodzistaw Slaski,
Poland) at an air temperature of 40 °C for 12 h. Seeds of one of the elicitation variants
(immered in 800 ppm CIlO; solution) were also elicited with chlorine dioxide solutions
(concertation from 10 to 50 ppm) during growth (germination). The growing medium
(ClO; solution) was changed every 24 h.
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2.2.2. Effect of Chlorine Dioxide Solutions on Seed Germination

Elicited seeds were tested only in the case of their viability. Seed quality was deter-
mined according to the guidelines of the International Seed Testing Association (ISTA) [48].
The number of sprouted seeds was counted on the 4th and 6th days of germination in the
case of radish seeds, and on the 4th and 10th days in the case of broccoli seeds.

2.2.3. Determination of Bioactive Compounds
Determination of Concentration of Total Phenolic Compounds in Sprouts

To determine the total phenolic content in sprout extracts, the Folin—Ciocalteu method
was used [49]. The extract was obtained by grinding 2 g of whole sprouts (first leaves,
a stem, and a root) in a mortar, which next was transferred to a test tube with 40 mL of
1% acetic acid in methanol and subjected to sonification in a cold water bath for 8§ min
(PS-10A Ultrasonic Waterbath Adverti, £6dz, Poland). During extraction, the samples
were protected from light. After extraction, samples were centrifuged at 3500 rpm for
5 min (Rotina 380 Hettich, Kirchlengern, Germany). A total of 1 mL of supernatant was
transferred to a test tube and mixed with 6 mL of distilled water and 0.5 mL of Folin—
Ciocalteu reagent (Chempur, Piekary Slaskie, Poland). After 2 min of incubation, 1.5 mL of
saturated disodium carbonite solution (Chempur, Poland) and 1.9 mL of distilled water
were added. Next, the sample was vortexed (LLG-uniTEXER 1 LLG-Labware, Meckenheim,
Germany) and incubated for 30 min in a water bath (37 °C) (WNB 22, Memmert, Schwabach,
Germany). Finally, the absorbance of the sample was measured at 765 nm (HP/Agilent
8453 UV /Vis Spectrophotometer, Santa Clara, CA, USA). The content of total phenolic
compounds was expressed as mg of gallic acid equivalent (mg GAE) per g of fresh weight,
based on the standard curve.

Determination of Ascorbic Acid Content in Sprouts

To determine the ascorbic acid content of the sprout extracts, the spectrophotometric
method with Tillmans (2,6-dichlorophenolindophenol, POCH, Gliwice, Poland) reagent
solution was used [50]. Extracts were obtained by homogenizing 5 g of whole sprouts (first
leaves, a stem and a root) with 30 mL 2% oxalic acid solution (POCH, Poland) at 15,000 rpm
for 2 min (H 500 POL-EKO, Wodzistaw Slaski, Poland). Homogenate was then diluted
to 50 mL with 2% oxalic acid solution and centrifuged at 3500 rpm for 10 min (Rotina
380 Hettich, Kirchlengern, Germany). Next, 5 mL of supernatant was transferred to the
test tube with 5 mL 2% oxalic acid solution and 1 mL 40% formaldehyde solution (POCH,
Poland). The sample was mixed and incubated for 24 h at 4 °C. Then, 2 mL Tillmans reagent
solution and 10 mL xylene (POCH, Poland) were added. After vortexing (LLG-uniTEXER
1 LLG-Labware, Meckenheim, Germany) for 10 s, the phase separation top layer was
taken for measuring absorbance at 500 nm (HP/ Agilent 8453 UV /ViS Spectrophotometer,
Santa Clara, CA USA). Total ascorbic acid content was expressed as mg per 100 g of fresh
weight, based on the standard curve.

Determination of Chlorophyll Content in Sprouts

To determine chlorophyll content in sprouts, a spectrophotometric method was
used [51]. Extracts were obtained by grinding 2 g of whole sprouts (first leaves, a stem and
a root) with 20 mL 80% aqueous acetone solution (POCH, Gliwice, Poland) in a mortar.
Homogenate was then transferred to the test tube and diluted to 50 mL with 80% aqueous
acetone solution. The sample was then centrifuged at 3500 rpm for 10 min. Finally, the
absorbance of the supernatant was measured at 646 and 663 nm (HP/Agilent 8453 UV /ViS
Spectrophotometer, Santa Clara, CA, USA). Based on the absorbance and formulas (1-2),
the contents of chlorophyll 2 and chlorophyll b were calculated. The results were expressed
as pug per 100 g of fresh weight.

Chl, = 12.25-Aggz — 2.55-Aas, (1)
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Chlp = 20.31-Agag — 4.91-Ages, )

where:
Chl,—content of chlorophyll a in sample (ug/100 g FW),
Chl,—content of chlorophyll b in sample (ug/100 g FW),
Axxx—absorbance at chosen wavelength.

2.2.4. Colourimetric Measurements

The colour of whole sprouts was assessed according to the guidelines of the Com-
mission Internationale de I’Eclairage (CIE) by measuring the L*a*b* colour coordinates. A
sample of sprouts weighing approximately 10 g was placed in a measurement dish. L*
(brightness), a* (red-green), and b* (yellow-blue) were recorded using a colourimetric spec-
trophotometer (Chroma Meter CR-410, Tokyo, Japan) where an illuminant and a reference
angle were D65 and 10°, respectively. The total colour difference (AE) was calculated as
follows [52]:

AE = [(AL*? + (Aa*)? + (Ab*)?]1/2 3)

2.2.5. Microbial Analysis

For microbial population analysis of the total number of bacteria, yeast, mould, and
Enterobacteriaceae, 10 g of whole sprouts (first leaves, a stem, and a root) were homogenised
in a Stomacher Lab Blender (model 400 Circulator, Seward Laboratory) with 90 mL sterilised
normal saline, and then serially diluted. Then, 1 mL of the selected dilution was transferred
onto a plate and a liquid medium was added (pour-plate method). Plates with cultures
were incubated under conditions depending on the type of microorganisms:

e  Total number of aerobic mesophilic and psychrophilic bacteria according to PN-EN
ISO 4833-1:2013-12 [53]. Duplicate plates with nutrient broth (BIOCORP, Warsaw,
Poland) were counted after incubation at 37 £ 1 °C for 2448 h for mesophilic, and
15 £ 1 °C for 72-96 h for psychrophilic.

e  Total number of aerobic mesophilic and psychrophilic yeasts and moulds according
to PN-EN ISO 21527-1:2009 [54]. Duplicate plates with medium containing antibi-
otic Chloramphenicol (BIOCORP, Warsaw, Poland) were counted after incubation at
30 £ 1 °C for 72 h for mesophilic, and 15 & 1 °C for 5-7 days for psychrophilic.

e  Enterobacteriaceae enumeration according to PN-EN ISO 21528-2:2017-08 [55]. Duplicate
plates with Violet Red Bile Lactose Agar selective medium (OXOID, Hampshire, UK)
were counted after incubation at 37 & 1 °C for 24 h.

The colonies were counted as the number of viable microorganisms in cfu/g of
fresh weight.

2.2.6. Organoleptic Tests

The organoleptic tests were carried out by 25 participants (13 women and 12 men)
trained for this purpose. Panellists were selected, trained, and monitored according to
PN-EN ISO 8586:2014-03 [56]. The methodology and testing sheets of organoleptic tests
were based on PN-ISO 4121:1998 [57]. Tests were carried out by using the five-point
method. Quality features such as appearance, flavour, aroma, texture, and colour were
evaluated. The tested properties were components of the overall assessment, and the impact
of individual features on the overall quality of sprouts was determined using weighting
factors (Supplementary Materials).

2.2.7. Statistical Analysis

The presented results of chemical and physical properties are the average of three
repetitions. Averages are presented as values with standard deviation (average + SD). A
one-way variance analysis ANOVA was used to evaluate significant statistical differences
in parameters. The comparison of averages was performed using Tukey’s method. Sta-
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tistical calculations were performed in Microsoft Excel 2016. Significance was defined as
p <0.05.

3. Results and Discussion
3.1. Effect of Chlorine Dioxide Solutions on Seed Germination

Radish seeds that were exposed to the eliciting solution of C1O, with a concentration of
up to 800 ppm were characterised by a percentage of sprouted seeds above 90%, similar to
untreated control samples (Table 1). Similar observations were made in the case of broccoli
seeds. Due to the high viability and germination rate (number of counted seedlings on the
4th day of germination) of both species, there were no statistically significant differences
observed between 4 and 6 days of sprouting for radish seeds and between 4 and 10 days
of sprouting for broccoli seeds. Elicitation with ClO; solution of concentrations up to
400 ppm did not statistically differ in the percentage of sprouted radish and broccoli
seeds in comparison to untreated seeds, which amounted to about 94-95%. Increasing
the concentration of the elicitor from 400 to 800 ppm decreased the percentage of both
species’ sprouted seeds to about 90%. These results corroborate with the ones reported
by Singh et al. [58], who studied chlorine dioxide and its effect on alfalfa seeds. Alfalfa
seeds were immersed in ClO; solutions with concentrations ranging from 10 to 50 ppm
and time of exposition from 3 to 10 min. This treatment did not influence the germination
percentage of alfalfa, which was approximately 90%. Hassan et al. [15] also observed the
impact of elicitor on the percentage of sprouted seeds. Application of ultrasound treatment
on sorghum seeds caused changes, both increases and decreases, in the number of sprouted
seeds depending on the amplitude and exposure time. The application of different organic
acids and acids with chitosan mixtures had an impact on the sprouting of kidney bean
seeds [59]. The authors showed that ascorbic acid caused the biggest increase in the
germination rate in the first 4 days of sprouting, with no significant changes in sprouting
between 6 and 8 days. On the other hand, folic acid caused the biggest decrease in the
germination rate in the first 4 days, and the biggest increase from 6 to 8 days. Therefore, it
can be concluded that the percentage of sprouted seeds depends on the type of applied
elicitor, its concentration, and sprouting time.

Table 1. Effect of ClO, elicitation on percentage of germination of broccoli and radish seeds.

. Concentration of C10, Solutions Percentage of Germination GP (%)
Species of Seeds L
Used in Elicitation (ppm) First Count * Final Count ** Abnormal Seedlings
7 a % 7 a % b %%
Control/untreated 9 i 9 o 3:t L
952 952 5 abe
942 942 5 abe
100 ) o '
952 95a 3¢
) 200 ) 1 o
Broccoli L b 1
400 o1 91 6 abe
9b 9o b 7a
600 o Y >
9P 90b 7a
800 ioc e >
7 ¢ 7c abc
1000 8 8 5

+2 +2 +1
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Table 1. Cont.
Species of Seeds Concentration of C10; Solutions Percentage of Germination GP (%)
Used in Elicitation (ppm) First Count * Final Count ** Abnormal Seedlings

952 952 4°
Control /untreated +1 +1 +1
94 abc 94 abc 6 b
0 +2 +2 +1
942 942 5¢
100 +0 +0 +0
b b bc

200 % % i
Radish - 5 o
adis a a be

400 > % :
+1 +1 +2
90 < 90 7%
600 +1 +1 +1
92 bd 92 bd 7 ab
800 +1 +1 +1
89 d g9 d Che
1000 42 +2 +1

* seeds elicited in 800 ppm ClO; solution for 1 h, washed, dried and sprouted in the growing medium in the
presence of the elicitor, second mark is ClO, concentration (ppm) in the growing medium. ** 4—average values
in columns denoted with the same letters do not differ statistically significantly at p < 0.05 for one seed species.

3.2. Determination of Bioactive Compounds

Elicited broccoli sprouts with ClO, concentrations ranging from 0 to 600 ppm did
not differ in the concentration of polyphenols (Table 2). As the elicitor concentration used
for seed treatment increased in the range of 600-1000 ppm, the total phenolic compounds
(TPCs) also increased in comparison to the control sample. Application of 800 and 1000 ppm
ClO; solution for broccoli seed elicitation caused an increase in total phenolic compounds
concentration from 109.8 mg GAE/100 g FW for the control sample to 197.3 and 236.3 mg
GAE/100 g FW, respectively. The presence of phenolic acids, such as gallic, protocatechuic,
caffeic, p-coumaric, ferulic, chlorogenic, and sinapic, can be expected [60]. When the elicitor
was present during sprouting, the content of polyphenols decreased, but sprouts grown
in ClO; solutions were characterised with higher polyphenols content than sprouts from
raw seeds (Table 2). The concentration of polyphenols in radish sprouts decreased with
increased concentration of the elicitor (Table 2). TPCs were from 6 to 15% lower after
elicitation in comparison with the control radish sprouts; however, changes in TPCs in
sprouts elicited with ClO; solutions of concentration between 100 and 800 ppm were not
statistically significant and amounted to approximately 630 mg GAE/100 g FW. Among
these compounds, the presence of phenolic acids can be expected, including gallic, proto-
catechuic, caffeic, p-coumaric, ferulic, and sinapic [60]. The presence of the elicitor during
germination decreased total phenolic compound concentration in radish sprouts, even by
fivefold (Table 2). Since broccoli and radish sprouts are among the most popular sprouts
available on the market [36,38], those species are the subject of research by scientists. De-
pending on the variety, broccoli sprouts contain from 200 to 412 mg GAE/100 g FW, while
radish sprouts contain from 75 to 292 mg GAE /100 g FW [51,60-65]. Przybysz et al. [66]
supplemented radish sprouts during growth in magnesium in the form of MgSO,-H,O.
The presence of Mg caused an increase in phenolic compound concentration from 13.9 to
21.7% in comparison to the control. The elicitation of radishes with saline changed the
total phenolic contents of 3- and 5-day-old sprouts, and TPCs were significantly increased
by 25-50% after treatment with 100 mM of NaCl [65]. In the case of elicitation treatment,
more research was conducted with broccoli sprouts since broccoli is a great source of
sulforaphane possessing potent anti-cancer activity, and [67-69] studied the influence of
hydrogen peroxide on broccoli sprouts. Elicitation by 0-1000 mM H,O, solutions did not
cause a significant change in total phenolic compounds concentration in the fresh matter of
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sprouts, and it was approximately 160 mg GAE/100 g FW. However, on the dry weight
basis, the highest HO, concentration caused a small but significant reduction of 17% in
the phenolics content as compared to the control. Elicitation of broccoli sprouts studied
by Pérez-Balibrea et al. [70] resulted in an increase in total phenolic concentration when
exogenous elicitors chitosan, salicylic acid, and methyl jasmonate were sprayed at low
concentrations during germination. The presence of light also influences the chemical
composition of sprouts. Pasko et al. [71] compared phenolic content in amaranthus sprouts
which were sprouted with and without access to light. Sprouts germinated in the presence
of light had 1/3 more polyphenols than sprouts with limited light, and TPCs was 2.9 and
2.0 mg GAE/g DM, respectively [71].

Broccoli sprouts contain from 6.8 to 51.7 mg/100 g FW ascorbic acid [51,61,72].
Radish sprouts are a greater source of this bioactive compound, containing from 11.6
to 71.9 mg/100 g FW [51,61,73]. In the present research, untreated broccoli and radish
sprouts contained 8.3 and 18.9 mg/100 g FW, respectively (Table 2). Elicitation in Cl1O,
solutions changed ascorbic acid content in sprouts. In the case of broccoli sprouts, a
positive correlation can be observed (Table 2). When broccoli sprouts were exposed
to chlorine dioxide solutions during growth, ascorbic acid content decreased almost
twice, up to 16.4 mg/100 g FW in comparison to the control sample (Table 2). Elicitation
with ClO; solutions of radish seeds and sprouts resulted in a decrease in vitamin C
content. Even if the concentration of ascorbic acid in radish sprouts was 50% lower than
in untreated sprouts, in comparison to sprouts purchased from the local market elicited
radish sprouts had three times more vitamin C (Table 2). Elicitation of broccoli sprouts
with methionine and tryptophan caused a decrease in vitamin C, while the presence
of methyl jasmonate did not change vitamin C concentration when sprouts were older
than 5 days. The presence of salicylic acid and chitosan positively affected ascorbic acid
concentration in 5- and 7-day-old sprouts [70]. Salicylic acid is a well-known inducer of
plant systemic acquired resistance (SAR) and has diverse effects on tolerance to abiotic
stress, so it was expected to influence the increase in secondary metabolic pathways and
biosynthesis of vitamins [74]. In the case of broccoli sprouts, chlorine dioxide can also be
considered as a stimulator of the synthesis of bioactive compounds, like vitamins and
phenolic compounds [65,75,76].

Depending on the plant species, sprouts can range in colour from white through yellow
to vivid green or red-violet. The pink, red, and purple colours are caused by the presence
of anthocyanins. The green colour of sprouts is related to the presence of chlorophylls,
and the concentration of this compound is associated with access to light during growth.
In Asia, legume sprouts are usually grown in climatic cabinets in the dark, hence their
colour is rather white and yellow [77]. Chlorophylls are desirable not only because of the
appearance of the sprouts and their attractiveness but also because of the biological activity
of chlorophylls, manifested, among other ways, in their antioxidant properties [73]. There
are very limited data in the literature regarding the content of chlorophylls in broccoli and
radish sprouts. The concentration of chlorophylls is related to both the plant variety and
the growing conditions. Michalczyk and Macura [51] in their research on the impact of
storage conditions on the quality of minimally processed vegetable products determined
chlorophylls in radish sprouts at the level of 5.5 mg/100 g FW, while Gatazka-Czarnecka
and Krala [73] in similar research used radish sprouts, which contained 102.1 mg/100 g
DM. In the case of broccoli sprouts, the literature states that their chlorophyll content ranges
from 0.83 to approximately 3.0 mg/100 g DM [62]. Untreated radish and broccoli sprouts
contained 15.39 and 7.30 mg/100 g DM chlorophylls, respectively. Elicitation in CIO,
solutions caused a decrease in chlorophyll concentration in radish and broccoli sprouts
(Table 2). Additionally, the biggest decrease was observed in sprouts germinated in 50 ppm
ClO; solution as the growing medium.



Processes 2024, 12, 174 10 of 19

Table 2. Effect of ClO, elicitation on content of selected bioactive compounds in sprouts.

Concentration of C1O, Selected Bioactive Compounds Content

Species of

Sprouted Seeds ;. mSE‘ﬁ‘c‘ltt‘;‘:Zn (opm) Tgfrlnlll};i‘:ggc Ascorbic Acid ~ Chlorophylla  Chlorophyll b
(mg GAE/g FW) (mg/100 g FW) (ug/100 g FW) (ug/100 g FW)

110.0 de # 8.3 Cx* 4,87 b xx 2433 %

Control/untreated +4.0 418 +0.79 +0.21
104.7 de 8.7 be 5.122 1.82ab

0 +6.8 +0.2 +0.07 +0.29

100 102.2 de 9.7be 470 abe 1.93ab

+7.8 +1.7 +0.23 +0.25

200 103.0© 9.8 be 3.83 be 1.763b

+0.6 +1.1 +0.73 +0.10

200 101.1 de 9.6 be 3.02°¢ 1.512b

+5.6 +0.6 +0.10 +0.05

600 118.1 de 10.2 be 3.18°¢ 1.69 3P
Broccoli +35 +0.2 +0.28 +0.28

500 197.3b 12.1b 3.25¢ 1.11°

+6.9 +3.1 +0.23 +0.13

161.9 be 1642 321°¢ 1.512b

800/10* +16.1 +1.0 +0.22 +0.13

156.3 ¢ 12.0P 1.794d 1.09P

800/25* +13.1 +0.8 +0.67 +0.22

137.0d 12.3 be 0.974 0.80"

800/50* +12.6 +0.2 +0.17 +0.13

1000 236.22 10.8 be 335¢ 1.502b

+10.5 +0.9 +0.02 +0.19

Sprouts available on 183.7° 414 1604 0.87°
the market +8.6 +0.2 +0.31 +0.06

ab a abc a

Control/untreated 6?12.8 13(?5 115:%?72 ig?w
654.9 2 17.12 12.59 2 3.44 b

0 +10.8 +1.1 +0.18 +0.04

100 640.8 abe 12.7 be 10.05 abe 1.694

+17.3 +09 +0.86 +0.09

200 631.5 abe 12.6 bc 9.95 be 2.15¢d

178 403 +0.13 40.39

200 602.4 ab 11.3¢ 10.16 abc 2.89b

+27.8¢ +0.3 +0.41 +0.02

600 635.2 abe 13.4 be 10.04 abe 3.02P

Radish 478 405 +0.42 +0.07

800 628.1 abe 12.9 be 9.65 be 2.80P

478 +0.2 +0.09 +0.12

. 258.7 d 14.1b 6.734d 240°¢

800/10 +23.2 +0.3 +0.90 +0.16

. 194.4 de 115¢ 2.74¢ 1564

800/25 +17.8 +0.9 +0.49 +0.28

. 126.1¢ 11.8°¢ 0.74f 0.94¢

800/50 +18.1 +0.8 +0.06 +0.06

1000 579.1°¢ 135 be 349¢ 1.554

+19.3 +0.2 +0.08 +0.15

Sprouts available on 161.3 ¢ 424 2.32¢ 0.83¢
the market +12.1 +0.1 +0.72 +0.12

* seeds elicited in 800 ppm ClO; solution for 1 h, washed, dried and sprouted in the growing medium in the
presence of the elicitor, second mark is ClO, concentration (ppm) in the growing medium. ** f—average values
in columns denoted with the same letters do not differ statistically significantly at p < 0.05 for one seed species.
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3.3. Colourimetric Measurements

Colour parameters L* and b* of elicited radish and broccoli sprouts did not differ
significantly (Table 3). In the case of broccoli sprouts, the highest value of L* parameter
was observed for the control sample (52.9) and the lowest for sprouts elicited for 1 h in
800 ppm ClO; solution, then sprouted in 10 ppm ClO, solution (47.9). Parameter b* was
between 9.7 and 13.0. Significant differences were observed for a* parameter (green to red).
Immersing broccoli seeds in ClO, solutions changed a* parameter from —2.9 to —1.9 for
control sprouts and elicited with 1000 ppm ClO; solution, respectively. Modification of the
growing medium by adding chlorine dioxide had the biggest impact on the green colour of
sprouts. The presence of ClO; solutions during sprouting changed a* parameter to —0.6 and
—0.2 when the growing medium was 10 and 25 ppm ClO; solutions, respectively, and even
caused the appearance of the red colour (3.0 of a* parameter) when the growing medium
was 50 ppm ClO; solution. In the case of radish sprouts, the L* parameter increased after
using ClO, solution as the elicitor (Table 3). The lowest value of L* was observed for
the control sample (46.0) and the highest value for sprouts elicited with 100 ppm ClO,
solution (51.3). Elicitation caused a decrease in the b* parameter; however, changes were
not statistically significant. Elicitation with ClO, solutions significantly changed the value
of the a* parameter from —6.9 for the control sample to 3.4 for the sample elicited for 1 h
with 800 ppm ClO; solution, then sprouted with 50 ppm ClO, solution. A significantly
lower share of green colour was also observed for sprouts elicited in 1000 ppm ClO,
solution. The colour parameters of sprouts correspond with chlorophyll concentration. The
presence of chlorophylls affects the appearance and colour of the sprouts. These features
of sprouts impact consumers’ decisions when choosing food products. The application
of ClO; solution as the elicitor caused a decrease in the chlorophyll concentration, which
caused changes in the colour of the sprouts from greenish to reddish. Such a change may,
to some extent, confuse the consumer, who will usually expect the sprouts to have a vivid
green colour or other characteristic appearance. Colour can have a significant impact on
consumer perception and decision-making [78,79]. In the case of elicited sprouts, their
colour changes unfavourably, but broccoli sprouts are characterised by a higher content of
bioactive compounds and this may offset this disadvantage for consumers.

Table 3. Effect of ClO; elicitation on the colour of sprouts in CIELab colour space and Adobe RGB space.

Species of Concentration of Colour Parameters
Sprouted ClO; Solutions Used
Seeds in Elicitation (ppm) L* a* b* AE R G B Colour
Control/untreated 51911.)1** _i%;” 1181?2** - 130 127 104
0 4:556 ; _il(')?gc lif; 3.7 123 118 98
100 5j(3178b ;:2&; 206; 24 126 121 99
200 5i2173]: fé?; 1E00 : 0.6 130 126 103
400 Si'zl.lb —:tZ(.).24C li19za 21 126 122 101
Broceoli 600 5j(3222b 7j:1(-)é8c 1;322 2a 3.9 124 120 102
800 4i9§).8b ;26.7; i;; 47 119 118 101
800/10 * 4;2 1b ’io(‘f; 1;.11; 5.8 118 111 93
800/25* 4i491b ;%21; 1;)29: 4.2 127 118 95
800/50 * 4i9':28b ig: lizl ; 7.1 130 114 94
1000 4:343 : ;:1(')?; li1793 39 122 117 97
. a _9sg9c a

Sprouts availableon 547 2 . 25 136 132 106
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Table 3. Cont.
Species of Concentration of Colour Parameters
Sprouted Cl0O, Solutions Used
Seeds in Elicitation (ppm) L* a* b* AE R G B Colour
Control/untreated 41620; _fl'?; li537; - 107 112 82
0 SEff fg; lﬁf; 5.7 120 123 99
100 5;'3; ;:61'?; 1;:126 2a 54 121 125 97
200 4ﬁ£9b ;42'?; 13241 aa 43 117 118 94
400 4:319; f(')i; lﬁf; 5.3 115 119 95
Roeh 600 4£'Z; fl'(.)lc 1i)0293 41 116 117 93
800 41‘(2); ;41"5; lﬁf; 3.1 113 113 88
800/10 * 4:3'19; f(')?; l:ilzla 4.6 118 118 94
800/25 * 8 1b ;:; zb ) 75 124 116 9
800/50 * 4ﬁ£2b ié; lﬁf; 11.1 133 116 96
1000 4:?:’5.: ;:1(’)(.]; lﬁ(’)S; 6.0 117 109 85
. a _ogb a

* seeds elicited in 800 ppm ClO; solution for 1 h, washed, dried and sprouted in the growing medium in the
presence of the elicitor, second mark is ClO, concentration (ppm) in the growing medium. ** *“—average values
in columns denoted with the same letters do not differ statistically significantly at p < 0.05 for one seed species.

3.4. Microbial Analysis

Sprouts are valued for their health-promoting and nutritional values. Much recent
research confirms that sprouts may be important in cancer prevention and in the prevention
and treatment of civilization diseases (diseases that affect an increasing number of people
every year connected with their lifestyle and the environment), but sprouts may carry risks
as they are a source of pathogens. Sprouts present a unique risk to consumers because they
require humidity and warmth to grow. These same conditions are ideal for pathogens. The
presence of pathogenic microflora on sprouts may result from its presence on the seeds.
Sprouts may also become infected during germination as a result of failure to provide
hygienic conditions [80-82]. Kordusiené [61] determined the total number of bacteria
on radish, alfalfa, amaranth and broccoli seeds and sprouts. Seeds were characterised
with levels of contamination ranging from 1.3 x 103 to 4.5 x 10° cfu/g. However, as a
result of germination, this number increased and ranged from 3.1 x 10° to 5.4 x 10° cfu/g.
Martinez-Villaluenga et al. [72] assessed the microbiological quality of broccoli and radish
seeds and sprouts. The total number of mesophilic and psychrophilic bacteria in the seeds
was 10°-107 cfu/g. Sprouting caused in both broccoli and radish sprouts an increase
in contamination, and the number of microbes was 100 times higher. Michalczyk and
Macura [51] examined sprouts commercially available on the Polish market. The total
number of bacteria and the total number of yeasts in sunflower, alfalfa and radish sprouts
were 108-10° cfu/g and 10°-10° cfu/g, respectively. Other studies have shown that the
contamination of sprouts and their mix available on the Polish market with bacteria ranges
from 10% to 1010 cfu/ g [83]. Similar studies carried out on sprouts available on the Spanish
market showed that microbial contamination amounted to 107108 cfu/ g [84]. This data
proves the high risk connected to sprout consumption.

For the assessment of microbiological and organoleptic quality, the number of elici-
tation variants was limited. In the case of the aerobic mesophilic, psychrophilic bacteria,
aerobic mesophilic moulds, and aerobic psychrophilic yeast and moulds, radish sprouts
had higher levels of contamination than broccoli sprouts (Table 4). Furthermore, changes
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in the chemical composition of sprouts elicited in ClO, solutions caused an additional
important effect by improving microbiological quality. For both broccoli and radish sprouts,
immersing seeds for 1 h in 800 ppm ClO, solution and modifying the growing medium
by the addition of ClO, solution caused a decrease in the total number of all analysed
bacteria, yeast, and moulds. Additionally, increasing the concentration of ClO; in the
growing medium to 25 and 50 ppm reduces the number of microbials below the limit of
detection (10 cfu/g) (Table 4). Chlorine dioxide solutions have been used to disinfect fresh
sprouts. It has been proven that the short-term impact of ClO; can eliminate pathogens
present on the surface of sprouts. When mung bean sprouts were soaked in a 100 ppm
chlorine dioxide solution for 5 min, the number of L. monocytogenes and S. typhimurium
present on the surface was reduced by 1.5 log and 3 log cfu/g, respectively [85]. Broccoli
sprouts were washed in a 50 ppm chlorine dioxide solution for 5 min. This variant resulted
in a reduction in the population of bacteria present on the surface in the range of 10! to
102 cfu/g [86]. Similar observations were made when ozone was applied as an elicitor.
Ozonation can be introduced at the stage of sowing seeds, planting, or during growth.
Plant ozone defence responses depend on the interconnectedness between many complex
signalling pathways and metabolic signals [3]. Sharma et al. [87] soaked alfalfa seeds and
sprouts and sprayed them with ozonated water with an ozone concentration of 21 ppm for
64 min. There was a 2.2 log reduction in the number of E. coli when ozone was applied by
spraying for 64 min and a 0.85 log reduction when ozone was applied by soaking, observed
by [87]. Wade et al. [88] conducted a similar experiment in which, after 20 min of treatment
of alfalfa seeds in ozonated water with a concentration of 21.8 ppm of ozone, they achieved
a 50% reduction in the population L. monocytogenes (from 2.99 to 1.51 log).

Table 4. Effect of ClO, elicitation on microbiological quality of sprouts.

Microbial Indicators

. . Total Number of Total Number of
Species of ~ Concentration of CI0, -y ) Nymber of Total Number of Aerobic Aerobic
Sprouted Solutions Used in Aerobic Aerobic Psychrophili hilic Ye d Psychrophilic Ye d Number of
Seeds Elicitation (ppm) ore ychrophitic Mesophilic Yeast an sychrophilic Yeast an Enterobacteriaceae
Mesophilic Bacteria Molds (cfu/g) Molds (cfu/g) fu/
Bacteria (cfu/g) (cfu/g) (cfu/g)
Yeast Moulds Yeast Moulds
0 1.4 x 10° 2.0 x 10° <10 <10 <10 <10 6.6 x 10°
Broccoli 800/10 * 7.0 x 10* 8.5 x 10* <10 <10 <10 <10 6.0 x 10*
800/25 <10 <10 <10 <10 <10 <10 <10
800/50 <10 <10 <10 <10 <10 <10 <10
0 2.9 x 10° 6.0 x 10° <10 6.0 x 102 7.0 x 10* <10 6.2 x 10°
Radish 800/10 * 2.8 x 10° 54 x 10° <10 <10 9.0 x 10* 1.0 x 10* 1.0 x 10°
800/25* <10 <10 <10 <10 <10 <10 <10
800/50 * <10 <10 <10 <10 <10 <10 <10

* seeds elicited in 800 ppm ClO; solution for 1 h, washed, dried and sprouted in the growing medium in the
presence of the elicitor, second mark is ClO, concentration (ppm) in the growing medium.

3.5. Organoleptic Tests

Organoleptic quality assessment was carried out for three sprout variants: the control,
elicited by immersing for 1 h in 800 ppm ClO, solution then sprouted in 25 ppm ClO,
solution, and commercially available sprouts purchased from the local market (Table 5).
In the case of appearance, texture, and overall quality of broccoli and radish sprouts, the
highest note was given to the control sample, in contrast to sprouts purchased from the
market, which were given the lowest note. Both the control samples of radish and broccoli
sprouts were rated the highest note in terms of colour. They were evaluated with higher
than 4.0 notes, which means that radish sprouts were characterised by green leaves and
white to white-red roots, and broccoli sprouts had green leaves and white to white-yellow
roots (Figure 2). The leaves of the remaining compared sprouts were yellow-green. The
aroma of sprouts germinated in the presence of ClO; was moderately noticeable, free from
unusual and foreign odours, but still characteristic and proper for sprouts. In the case of
the commercially available sprouts and the control samples, the evaluation team detected
foreign odours. Some evaluators described the smell of the control sprouts as musty and
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unpleasant. All sprouts had an intense and typical taste. The texture of radish sprouts did
not differ statistically significantly, and the evaluators found the radish sprouts firm and
crispy. Commercially available broccoli sprouts obtained the lowest score in the case of the
texture (3.3), which corresponds to average crispiness. In the organoleptic evaluation, the
best notes were given to the control samples. The overall quality of radish and broccoli
sprouts germinated in ClO, solution was lower than that of the control samples, but the
difference was not statistically significant, so they can be classified with the same quality in

the organoleptic evaluation. Commercially available sprouts were rated the worst in the
overall assessment.

(a) {5

) (e)

(c) (f)

Figure 2. Appearance of radish and broccoli sprouts: (a) the control sample of radish sprouts;
(b) radish sprouts grown from seeds disinfected for an hour in a chlorine dioxide solution at a
concentration of 800 ppm and then sprouted in the presence of 25 ppm chlorine dioxide; (c) radish
sprouts purchased from the market; (d) the control sample of broccoli sprouts grown from untreated
seeds; (e) broccoli sprouts grown from seeds subjected to an hour of disinfection in a chlorine dioxide
solution at a concentration of 800 ppm and then sprouted in the presence of 25 ppm chlorine dioxide;
(f) broccoli sprouts purchased from the market.
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Table 5. Effect of ClO; elicitation on organoleptic quality of sprouts.
Quality Factors
Species of Concentration of ClO, Solutions
Sprouted Seeds Used in Elicitation (ppm) Appearance  Colour Aroma Texture  Flavour ~ OVeral
Quality
4.0 a k% 4’1 a ok 2'9 a k¥ 4‘3 a ok 4'5 a k% 4.0 a %
Control/untreated +0.8 +0.6 405 +0.6 +14 0.7
402 3.0P 322 3.8 412 3.6
o *
Broccoli 800/25 +0.8 +0.5 +0.6 +0.6 +1.2 +0.8
. 25P 35P 292 33P 424 33b
Sprouts available on the market 105 105 106 105 113 108
Control /untreated 414 424 2442 444 434 394
ontrol/untreate +0.9 +0.6 +0.7 +0.7 +1.3 +0.8
. . 3.6 3.3P 3.0 402 402 3.6
Radish 800/25 +0.9 +0.8 +0.9 +0.7 +1.2 +0.8
. 2.7b 28P 292 3.82 452 33P
Sprouts available on the market 111 109 109 106 114 109

* seeds elicited in 800 ppm ClO; solution for 1 h, washed, dried and sprouted in the growing medium in the
presence of the elicitor, second mark is CIO, concentration (ppm) in the growing medium. ** *®—average values
in columns denoted with the same letters do not differ statistically significantly at p < 0.05 for one seed species.

During the examination of elicitation by ozone on alfalfa sprouts, Wade et al. [88] also
analysed the sensory quality of sprouts. On the first day of storage, sprouts soaked in water
with ozone did not differ significantly in terms of appearance, colour and aroma from
sprouts soaked in water. After 7 days of storage, differences in organoleptic assessment
between sprouts were significant and sprouts treated with ozone were considered the worst.
Taormina and Beuchat [89] have used sodium hypochlorite, calcium hypochlorite, chlorine
dioxide, hydrogen peroxide, and sodium phosphate (V) for the elicitation of alfalfa sprouts.
Within a certain range of concentrations of chemical compounds used, the organoleptic
properties of the sprouts did not deteriorate and were even better than the control sprouts
with which no elicitation was used. The application of vitamin C, folic acid, and chitosan
in different concentrations changed some of the sensory properties of elicited sprouts [90].
The most significant changes were observed especially in the case of the texture and overall
acceptability which increased after eliciting with chitosan in both concentrations (1000 and
1500 ppm).

4. Conclusions

Generally, due to the high concentration of bioactive compounds, sprouts can be
classified as an example of a functional food. The concentration of selected bioactive
compounds can be increased by stimulating metabolic pathways. Elicitation in chlorine
dioxide solutions can be considered as a feasible tool to obtain sprouts with enhanced levels
of health-promoting compounds, such as vitamin C or phenolic compounds. However,
because of the growing conditions, storage with relatively high humidity and concentration
of nutrients such as saccharides and proteins, sprouts may be a source of pathogens. Hence,
the huge advantage of chlorine dioxide as the elicitor is its antimicrobial properties. Elicita-
tion in chlorine dioxide solutions not only increased concentrations of selected bioactive
compounds but also improved the microbiological quality of sprouts. The reduction in
microbiological contamination obtained in this study while improving the phytochemical
value by increasing the concentration of health-promoting compounds may contribute to
increasing the multi-aspect quality of sprouts.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr12010174/s1, Table S1. Definitions of score notes in the radish
sprouts evaluation survey. Table S2. Definitions of score notes in the broccoli sprout evaluation survey.
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