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Glucosinolate-containing foods, such as vegetables from the plant order Brassicales
and its derivative products, are valued for their health-beneficial properties. The latter are
linked to glucosinolate hydrolysis products, such as isothiocyanates [1].

The Special Issue “Advanced Research on Glucosinolates in Food Products” aimed
to collect the latest research on the impact of the whole food supply chain, including
production, as well as domestic food preparation, on glucosinolates and the formation and
chemistry of their breakdown products in vegetables and further foods. In this context,
the consequences for human health are important, too. This Special Issue includes eleven
research articles that cover research on the effect of pre-harvest factors on glucosinolates,
their hydrolyzing enzymes, and the formation of volatile hydrolysis products [2–5]. Further
topics include the linkage between glucosinolates and sensory aspects [2,6,7], and the
effects of food preparation and follow-up reactivity [7–10]. Finally, two articles focus on
the bioavailability and functional effects of isothiocyanates for human health [1,11].

Given that they are evolutionary plant defense compounds, glucosinolates and their
hydrolysis in Brassicaceae vegetables are strongly affected by plant genotype and ecophys-
iological parameters. One of the studies described by Oloyede et al. revealed that cabbage
grown in the field at lower temperatures exhibited higher myrosinase activity compared to
greenhouse-grown plants, but the effect on glucosinolates and their hydrolysis products
differed between cabbage morphotypes [5]. In another study, Chowdhury et al. showed
that the growth conditions in a plant factory that are optimal for the plant growth of kale
can differ from the optimal conditions for higher glucosinolate contents, as glucosinolate
levels decrease as temperatures and humidity levels increase, though they are positively
affected by increased CO2 levels [3]. In contrast, Bell et al. revealed a positive correlation
between the presence of glucosinolates and the average growth temperature of rocket
(Diplotaxis tenuifolia and Eruca sativa), demonstrating this with multiple leaf cuts, showing
how the process affected the perception of pepperiness, bitterness, and hotness, which
in turn reduced consumer acceptance [2]. These findings pose a challenge for the aim to
increase health-promoting isothiocyanate levels, as this could reduce consumer acceptance
and thereby the consumption of these products. Growth conditions also seem to affect
glucosinolate hydrolysis outcomes, as in a study with commercial white and red cabbages
purchased over a 3-month period. Red cabbages especially showed higher isothiocyanate
release in late summer compared to cabbages purchased in late autumn, with the latter
also being more intense producers of nitriles and epithionitriles [4].

The processing of these vegetables during food preparation can considerably affect
glucosinolates, their product formation, and also the flavor of the products. Thermal
treatments inactivate myrosinase, thereby stopping enzymatic glucosinolate hydrolysis,
resulting in diminished isothiocyanate formation [10]. Stir-frying maintains myrosinase
activity and, consequently, reduced glucosinolate contents were observed in stir-fried foods.
In contrast, steaming retains glucosinolate levels the best and often favors a forced isothio-
cyanate formation [10]. However, a high content of glucosinolates in boiled vegetables can
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affect consumer acceptance as well, because intact glucosinolates were positively correlated
with a bitter taste [7]. In contrast, isothiocyanates are very reactive compounds and un-
dergo a transformation with nucleophiles, thereby reducing their contents in a food matrix
and forming reaction products. Krell et al. investigated the fate of glucosinolates during
the baking of bread enriched with nasturtium (Tropaeolum majus L.). Next to the thermal
degradation of glucosinolates to nitriles, Krell et al. showed that isothiocyanates react
with the lysine residues of the wheat proteins in the bread crumb [9]. Another example
of follow-up reactivity is the isothiocyanate 4-methylthio-3-butenyl isothiocyanate being
known as a precursor to the yellow pigment 2-[3-(2-thioxopyrrolidin-3-ylidene)methyl]-
tryptophan, present in the traditional Japanese salted radish root ‘takuan-zuke’. Kobayashi
et al. studied the formation mechanism and found that the yellowing of takuan-zuke is
accelerated at pH values below 5 and that the color of air-dried takuan-zuke was deeper
than that of the salt-pressed product. Moreover, the findings in the study described by
Kobayashi et al. led to the assumption that a so far unknown pigment is responsible for
the color, as 2-[3-(2-thioxopyrrolidin-3-ylidene)methyl]-tryptophan levels were too low to
account for the color alone [8].

When eating Brassicales plants or products thereof, glucosinolates, and especially
their isothiocyanates, are valued for their positive effects on human health. However, con-
version to isothiocyanates and bioavailability determines the effects of these compounds
tremendously. Shekarri and Dekker described a physiologically based model to simulate
the bioavailability and absorption kinetics of sulforaphane (4-(methylsulfinyl)butyl isoth-
iocyanate, which is found in broccoli and also in red cabbage). This model represents
a preliminary step in enabling the prediction of the biological effect of isothiocyanates
and can be used in the growing field of personalized nutrition [11]. Novel insights into
the immunomodulating effects of watercress (Nasturtium officinale) isothiocyanates on
exercise-induced inflammation are presented in a human intervention study described by
Schulze et al. [1] After the consumption of fresh watercress (a source of 2-phenylethyl isoth-
iocyanate), a mild pro-inflammatory reaction was observed, though the immune response
was more pronounced for both pro-inflammatory and anti-inflammatory markers after an
exercise unit compared to a control meal. However, during the recovery phase, watercress
consumption led to a stronger anti-inflammatory downregulation of the pro-inflammatory
cytokines IL-6 and TNF-α. Thus, the study came to the conclusion that fresh watercress
causes a stronger pro-inflammatory response and anti-inflammatory counter-regulation
during and after exercise [1].

Due to the inclusion of well-designed studies and well-written articles, this Special
Issue offers a valuable contribution to the ambition of producing vegetables rich in valuable
glucosinolates as a source of health-promoting isothiocyanates. However, the research also
reveals that this ambition might negatively affect consumer liking and acceptance, and
therefore this needs to be considered in the future as well. New insights into the effect of
food processing on glucosinolates and the formation and fate of their breakdown in follow-
up products are presented. These processes are still far away from being fully understood.
Evaluating the role of glucosinolates in supporting human health still remains challenging.

Author Contributions: Conceptualization, F.S.H. and S.R.; writing—original draft preparation, F.S.H.
and S.R.; writing—review and editing, F.S.H. and S.R.; funding acquisition, F.S.H. All authors have
read and agreed to the published version of the manuscript.

Funding: Franziska S. Hanschen is funded by the Leibniz-Association (Leibniz-Junior Research
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2



Foods 2021, 10, 3148 3 of 3

References

1. Schulze, H.; Hornbacher, J.; Wasserfurth, P.; Reichel, T.; Günther, T.; Krings, U.; Krüger, K.; Hahn, A.; Papenbrock, J.;
Schuchardt, J.P. Immunomodulating Effect of the Consumption of Watercress (Nasturtium officinale) on Exercise-Induced Inflam-
mation in Humans. Foods 2021, 10, 1774. [CrossRef] [PubMed]

2. Bell, L.; Lignou, S.; Wagstaff, C. High Glucosinolate Content in Rocket Leaves (Diplotaxis tenuifolia and Eruca sativa) after Multiple
Harvests Is Associated with Increased Bitterness, Pungency, and Reduced Consumer Liking. Foods 2020, 9, 1799. [CrossRef]
[PubMed]

3. Chowdhury, M.; Kiraga, S.; Islam, M.N.; Ali, M.; Reza, M.N.; Lee, W.-H.; Chung, S.-O. Effects of Temperature, Relative Humidity,
and Carbon Dioxide Concentration on Growth and Glucosinolate Content of Kale Grown in a Plant Factory. Foods 2021, 10, 1524.
[CrossRef] [PubMed]

4. Wermter, N.S.; Rohn, S.; Hanschen, F.S. Seasonal Variation of Glucosinolate Hydrolysis Products in Commercial White and Red
Cabbages (Brassica oleracea var. capitata). Foods 2020, 9, 1682. [CrossRef] [PubMed]

5. Oloyede, O.O.; Wagstaff, C.; Methven, L. Influence of Cabbage (Brassica oleracea) Accession and Growing Conditions on
Myrosinase Activity, Glucosinolates and Their Hydrolysis Products. Foods 2021, 10, 2903. [CrossRef]

6. Bell, L.; Kitsopanou, E.; Oloyede, O.O.; Lignou, S. Important Odorants of Four Brassicaceae Species, and Discrepancies between
Glucosinolate Profiles and Observed Hydrolysis Products. Foods 2021, 10, 1055. [CrossRef] [PubMed]

7. Nor, N.D.M.; Lignou, S.; Bell, L.; Houston-Price, C.; Harvey, K.; Methven, L. The Relationship between Glucosinolates and the
Sensory Characteristics of Steamed-Pureed Turnip (Brassica Rapa subsp. Rapa L.). Foods 2020, 9, 1719. [CrossRef] [PubMed]

8. Kobayashi, T.; Kumakura, K.; Takahashi, A.; Matsuoka, H. Low pH Enhances the Glucosinolate-Mediated Yellowing of Takuan-
zuke under Low Salt Conditions. Foods 2020, 9, 1524. [CrossRef] [PubMed]

9. Krell, M.; Cvancar, L.; Poloczek, M.; Hanschen, F.S.; Rohn, S. Determination of Isothiocyanate-Protein Conjugates in a Vegetable-
Enriched Bread. Foods 2021, 10, 1300. [CrossRef] [PubMed]

10. Oloyede, O.O.; Wagstaff, C.; Methven, L. The Impact of Domestic Cooking Methods on Myrosinase Stability, Glucosinolates and
Their Hydrolysis Products in Different Cabbage (Brassica oleracea) Accessions. Foods 2021, 10, 2908. [CrossRef]

11. Shekarri, Q.; Dekker, M. A Physiological-Based Model for Simulating the Bioavailability and Kinetics of Sulforaphane from
Broccoli Products. Foods 2021, 10, 2761. [CrossRef] [PubMed]

3





foods

Article

Effects of Temperature, Relative Humidity, and Carbon Dioxide
Concentration on Growth and Glucosinolate Content of Kale
Grown in a Plant Factory

Milon Chowdhury 1,2, Shafik Kiraga 2, Md Nafiul Islam 1,2, Mohammod Ali 1, Md Nasim Reza 1,2,

Wang-Hee Lee 1,2 and Sun-Ok Chung 1,2,*

Citation: Chowdhury, M.; Kiraga, S.;

Islam, M.N.; Ali, M.; Reza, M.N.; Lee,

W.-H.; Chung, S.-O. Effects of

Temperature, Relative Humidity, and

Carbon Dioxide Concentration on

Growth and Glucosinolate Content of

Kale Grown in a Plant Factory. Foods

2021, 10, 1524. https://doi.org/

10.3390/foods10071524

Academic Editors: Franziska

S. Hanschen and Sascha Rohn

Received: 16 May 2021

Accepted: 29 June 2021

Published: 1 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Agricultural Machinery Engineering, Graduate School, Chungnam National University,
Daejeon 34134, Korea; chowdhurym90@cnu.ac.kr (M.C.); nafiulislam@cnu.ac.kr (M.N.I.);
sdali77@o.cnu.ac.kr (M.A.); reza5575@cnu.ac.kr (M.N.R.); wanghee@cnu.ac.kr (W.-H.L.)

2 Department of Smart Agricultural Systems, Graduate School, Chungnam National University,
Daejeon 34134, Korea; kiragashafik@o.cnu.ac.kr

* Correspondence: sochung@cnu.ac.kr; Tel.: +82-42-821-6712

Abstract: The growth of plants and their glucosinolate content largely depend on the cultivation
environment; however, there are limited reports on the optimization of ambient environmental
factors for kale grown in plant factories. This study was conducted to investigate the effects of
temperature, relative humidity, and the carbon dioxide (CO2) concentration on kale growth and
glucosinolate content in different growth stages of cultivation in a plant factory. Kale was grown
under different temperatures (14, 17, 20, 23, and 26 ◦C), relative humidities (45, 55, 65, 75, and
85%), and CO2 concentrations (400, 700, 1000, 1300, and 1600 ppm) in a plant factory. Two and
four weeks after transplantation, leaf samples were collected to evaluate the physical growth and
glucosinolate contents. The statistical significance of the treatment effects was determined by two-
way analysis of variance, and Duncan’s multiple range test was used to compare the means. A
correlation matrix was constructed to show possible linear trends among the dependent variables.
The observed optimal temperature, relative humidity, and CO2 range for growth (20–23 ◦C, 85%, and
700–1000 ppm) and total glucosinolate content (14–17 ◦C, 55–75%, and 1300–1600 ppm) were different.
Furthermore, the glucosinolate content in kale decreased with the increase of temperature and
relative humidity levels, and increased with the increase of CO2 concentration. Most of the physical
growth variables showed strong positive correlations with each other but negative correlations with
glucosinolate components. The findings of this study could be used by growers to maintain optimum
environmental conditions for the better growth and production of glucosinolate-rich kale leaves in
protected cultivation facilities.

Keywords: Brassica; plant growth; glucosinolates; protected horticulture; environmental conditions

1. Introduction

Kale (Brassica oleracea var. alboglabra Bailey) is a salad species that is one of the most
versatile and commercially valuable vegetables due to its short growth period, various
uses, and desirable metabolic and nutritional profiles [1–3]. This crisp and hearty vegetable
is often consumed raw in salads and smoothies but can also be consumed in steamed,
sautéed, or cooked states. Kale originates from China and has since gained particular
attention in other countries due to its constituent cancer-preventive and human-health-
promoting phytochemicals (i.e., glucosinolates, carotenoids, phenols, and vitamins) [4–6].
Glucosinolates are amino-acid-derived, active secondary metabolites that mainly contain
sulfur- and nitrogen-related compounds (i.e., β-D-thioglucose, tryptophan, phenylalanine,
sulfonated oxime moiety). They can be classified into aliphatic, aromatic, and indole
groups [7], where each group consists of several chemical constituents. Progoitrin, sinigrin,
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glucoraphanin, and gluconapin are the major constituents of the aliphatic group. Similarly,
4-hydroxyglucobrassicin, glucobrassicin, 4-methoxyglucobrassicin and neoglucobrassicin,
and gluconasturtiin are the major indole and aromatic glucosinolate constituents, respec-
tively [1]. Glucosinolates are composed of relatively few amino acids and chain-elongated
homologs through an independent metabolic pathway (Figure 1) and are available in all
parts of almost all varieties of plants of the Brassicales order; however, the content is higher
in the reproductive tissues (i.e., flowers and seeds) than in vegetative tissues [8]. The break-
down products of glucosinolates have a significant amount of anticarcinogenic activity for
decreasing the risk of developing lung, stomach, colon, and rectum cancers; helping to
maintain low blood pressure and reducing the risk of developing type 2 diabetes [6,9,10].

Figure 1. Synthesis of glucosinolates in Brassicaceous plants [11].

Kale growth and the formation of glucosinolates depend on crop genetic factors, tissue
type, crop health, agronomic factors (i.e., water supply and fertigation), cultivation facilities
(i.e., plant factory, greenhouse, and open field), and environmental factors such as tem-
perature, relative humidity, carbon dioxide (CO2), light type, intensity, photoperiod, and
cultivation methods [12–14]. The physical development stage is also a major determinant of
the glucosinolates composition in kale [15]. Although kale can be easily cultivated in open
fields using traditional methods, the quality and quantity of the growth and glucosinolate
content cannot be ensured, as they are extremely sensitive to climatic and field condi-
tions [16]. In recent years, farmers have produced kale in protected cultivation facilities,
such as plant factories and greenhouses, due to the possibility of adjusting the growth
environment and achieving fast and sustainable growth rates, functional component-rich
and high-quality yield, lower rates of disease and pest infestation, and lower labor costs
in addition to the possibility of year-round production with minimum influence from
geological and climatic conditions [17–19]. Moreover, hydroponic cultivation systems
with ion-specific (ISE-sensor-based) nutrient management could enhance the growth and
nutritional profile of kale by 15% to 60% [20–25]. However, major environmental factors
(i.e., temperature, relative humidity, and CO2) have to be specifically optimized according
to crop to ensure sustainable kale growth and glucosinolate formation.

The physical growth of kale can be easily determined by measuring its physical prop-
erties such as plant length, width, weight, number of leaves, and stem diameter, whereas
the glucosinolate content needs to be identified by laboratory analysis. The deposition of

6
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glucosinolates in growing plants and their distribution to plant organs are significantly
affected by environmental factors [26], with temperature being one of the key factors.
Several studies have been conducted to determine the process and effects of temperature
on seed germination, physical development, flower formation, and yield [27–30]. However,
physiological processes and their integration are sped up under higher temperatures with
both positive and negative effects. For example, high temperatures promote faster growth
and greater fruit production of plants, especially in cereal crops, but they also remove
functional components from leaves through high transpiration rates [31]. Generally, ele-
vated temperatures affect the structural components of chloroplasts significantly, causing
effects such as variation in thylakoids, granum stacking, and swelling with photosystem II
reduction, resulting in disruption to the cellular cytoplasm, cell breakdown and, ultimately,
cell death. In addition, rising temperatures interrupt protein mechanisms, RNA synthesis,
enzymatic interactions, and cell function. As a result, these imbalances and abnormal cell
functioning affect the growth and accumulation of glucosinolate synthesis [32,33].

The relative humidity of the ambient environment also directly affects plant growth
by resisting water and nutrient consumption. During transpiration, the relative humidity
level becomes saturated. As a result, plants halt transpiration and nutrient uptake from the
soil or growing media at high relative humidity levels where there is a lack of air circula-
tion, resulting in gradual rotting in cases of long-term humidity saturation [34–36]. The
maintenance of optimum relative humidity is essential for better growth and glucosinolate
accumulation. Several researchers have reported that the photosynthesis rate is propor-
tional to the relative humidity level as a higher range of relative humidity lowers water
stress in the leaves and increases stomatal conductance. Although higher relative humidity
increases the nutrient concentration, the nutrient solution supply and plant transpiration
rate need to be monitored carefully [34,37].

The CO2 concentration influences the photosynthetic rate, metabolism, and physio-
logical and chemical defense of plants [13,38]. A lack of CO2 would not only result in a
lower biomass but the plants would also be of inferior quality and strength. As an essential
substrate of the photosynthesis process, CO2 is directly absorbed by plants. CO2 also
influences the transpiration process of plants. A meta-analysis was conducted, and it was
reported that elevated CO2 could reduce transpiration by up to 22% in different plant
species [39]. CO2 also preserves the essential nutrient components along with water by re-
ducing the transpiration rate [40,41]. La et al. [38] investigated the effects of CO2 elevation
at different nitrogen levels on the growth and glucosinolate content of Chinese kale and
reported that all physical growth variables significantly increased with the elevation of
CO2 at each nitrogen level; however, total glucosinolate content was only increased under
low nitrogen level and elevated CO2 concentration.

The temperature, relative humidity, and CO2 concentration are the basic environmen-
tal factors that affect kale growth and, especially, glucosinolate formation. As they are
interrelated, these factors should not be studied in isolation. The proper combination of
these factors needs to be specifically confirmed for each crop to ensure optimal growth, a
favorable nutritional profile, and identification of the ideal harvesting time. To date, very
few studies have investigated the effects of these environmental factors on kale, especially
when grown in plant factories using hydroponic cultivation methods. Therefore, the ob-
jective of this study was to investigate the effects of temperature, relative humidity, and
CO2 on the growth and glucosinolate content at different stages of kale growth based on
cultivation in a plant factory.

2. Materials and Methods

2.1. Plant Factory and Seedling Preparation

Plant factories are fully-closed crop cultivation systems that are fitted with artificial
lights and used to grow high-value vegetables and medicinal plants throughout the year
by utilizing artificially controlled ambient environmental factors [17,19]. In this study,
five small chambers were prepared, as shown in Figure 2, to implement five different
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treatment conditions with varied temperature, relative humidity, and CO2 concentrations.
The targeted environmental factors (i.e., temperature, relative humidity, and CO2) and
other environmental factors (i.e., light sources, light intensity, photoperiod, and nutrient
solution (EC and pH)) were maintained according to the experimental plan (Table 1).
A wireless sensor network (XBee-Pro, Digi, Hopkins, MN, USA) was used to monitor
the ambient environmental parameters and control the relevant actuators, as detailed by
Chung et al. [42]. Three plant beds were placed vertically in each cultivation chamber, and
a nutrient solution tank was kept at the bottom (floor). Each plant bed had 24 planting
positions and 6 mist spray nozzles for spraying the nutrient solution onto plant roots as a
fine mist for a duration of 2 min at 13-min intervals. Commercial nutrient solutions A and
B (Daeyu Co., Ltd., Seoul, Korea) were used, and the target nutrient level was monitored
and managed once a day using EC and pH sensors.

Figure 2. (a) Layout of the plant factory (control room and cultivation chambers); (b) fabricated individual chamber; and (c)
ambient environment monitoring and control system. All dimensions are presented in millimeters (mm).

A commercial kale variety with green smooth leaves and a hard and fibered stem was
cultivated in the experiments using a recycle-type aeroponic nutrient management system.
Kale seeds were sown in a hydroponic germination sponge, covered with wet paper (until
germination), kept in the plant factory under a controlled environment for germination,
and grown until transplantation (Figure 3). The maintained temperature, relative humidity,
CO2 concentration, light type, and photoperiod were 25 ± 3 ◦C, 65 ± 5%, 1000 ± 100 ppm,
fluorescent, and 16/8 (day/night hours), respectively. Nutrient-rich water was provided
into the root zone, and the EC and pH of the nutrient solution were 1.2 ± 1.00 (dS m−1)
and 6.5 ± 0.5, respectively. After three weeks of germination, healthy seedlings with true
leaves were transplanted into the plant bed with the sponge.
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Table 1. Different treatments of temperature, relative humidity, and CO2 during the kale cultivation in the plant factory.

Environmental
Variables

Targeted Levels
Monitored

Levels
Used SensorExperiment 1

(Temp.)
Experiment 2

(Humi.)
Experiment 3

(CO2)

Temperature (◦C)

14 ± 1

20 ± 1 20 ± 1

14.58 ± 0.74

ETH-01DV, ECONARAE,
Seoul, Korea

17 ± 1 17.34 ± 1.80
20 ± 1 20.25 ± 0.69
23 ± 1 23.26 ± 0.52
26 ± 1 25.97 ± 1.64

Relative
humidity (%) 65 ± 5

45 ± 5

65 ± 5

44.78 ± 5.23

ETH-01DV, ECONARAE,
Seoul, Korea

55 ± 5 56.06 ± 4.35
65 ± 5 67.66 ± 4.67
75 ± 5 76.85 ± 4.49
85 ± 5 82.66 ± 5.65

CO2 (ppm) 1000 ± 100 1000 ± 100

400 ± 100 475.62 ± 106.30

SH-300-DS, SOHA TECH CO.
Ltd., Seoul, Korea

700 ± 100 723.29 ± 140.60
1000 ± 100 980.75 ± 125.36
1300 ± 100 1318.34 ± 125.11
1600 ± 100 1672.30 ± 93.21

Light source
(LED color ratio) R:B = 11:7 - -

Light intensity
(μmol m−2 s−1) 160 160 ± 25 GY-30, ROHM Co. Ltd.,

Kyoto, Japan

Photoperiod
(day/night hrs) 16/8 - MaxiRex 5QT, Legrand Korea

Co., Ltd., Seoul, Korea

pH 6.50 ± 0.5 6.55 ± 0.52 PH-BTA, Vernier, OR, USA

EC (dS m−1) 1.2 ± 1.00 1.28 ± 0.29 CON-BTA, Vernier, OR, USA

 

Figure 3. Preparation of kale seedlings for transplantation: (a) kale seeds were sown and covered; (b)
germinated seeds; and (c) two-week-old seedlings under controlled environment conditions.

2.2. Experimental and Analytical Procedures
2.2.1. Experimental Design

Different separate experiments were conducted to investigate the influences of tem-
perature, relative humidity, and CO2 on kale growth and glucosinolate content. Five
treatments with various environmental factors were applied in each experiment. For ex-
ample, temperatures of 14, 17, 20, 23, and 26 ◦C were varied while other factors were
kept constant. Similarly, five relative humidity levels and CO2 concentrations were im-
plemented in experiments 2 and 3 to evaluate the effects of relative humidity and CO2,
respectively. The targeted and monitored levels of temperature, relative humidity, and
CO2 along with other growth factors are summarized in Table 1. The light source and
ratio, intensity, photoperiod, and pH and EC levels were selected following the findings of
Zhang et al. [43], Lefsrud et al. [44], Naznin et al. [45], and Jones [24], respectively.
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2.2.2. Sample Collection and Data Acquisition

Two and four weeks after transplantation (Figure 4), sample collection was performed
in two steps. First, mature and healthy plants were visually selected and collected from
the plant beds for physical growth evaluation. Three plants from each bed and nine plants
from three beds (replicates) of each cultivation chamber were collected randomly among
72 plants (24 plants/bed × 3 plant beds). To analyze the glucosinolate content, three
normal-sized, mature, healthy leaves were harvested from each plant bed (one leaf from
each collected plant), and a total of nine leaves were collected from three plant beds (as a
replication) from each cultivation chamber. The measured values for each growth parame-
ter and the glucosinolate content were averaged to represent one data point. As a result,
nine data points for growth parameters and one data point for the glucosinolate content
were recorded from each plant bed. In total, 270 data points were collected for growth evalu-
ation (9 data points/bed × 2 sampling times × 3 replications × 5 treatments) and 30 data
points were collected to assess the glucosinolate content (1 data point/bed × 2 sampling
times × 3 replications × 5 treatments) for each experiment. The physical growth variables,
namely, the plant height, width, weight, number of leaves, stem diameter, chlorophyll level,
leaf length, width, and weight were measured, and the leaves were transferred to the chem-
ical laboratory immediately (to minimize the degradation) for glucosinolate analysis using
a commercial high-performance liquid chromatography (HPLC) machine (model: 1200
series, Agilent Technologies, Santa Clara, CA, USA). The chlorophyll concentration was
also measured using a commercial device (model: SPAD 502DL, Spectrum Technology Inc.,
Aurora, IL, USA).

 

Figure 4. Growth condition of kale after different periods of transplantation: (a) transplantation day;
(b) 2 weeks after transplantation; and (c) 4 weeks after transplantation.

2.2.3. Estimation of Glucosinolate Content

The glucosinolates of the freshly harvested kale leaves were extracted and analyzed
as described by Doheny-Adams et al. [46]. The whole process was conducted according to
the ISO 9167:2019 [47], and the process is divided into four major steps: (a) tissue disrup-
tion, (b) extraction in methanol, (c) purification and desulfation, and (d) separation and
identification of glucosinolates by HPLC analysis (1200 series, Agilent Technologies, Santa
Clara, CA, USA). The collected leaf samples were stored in an airtight box, taken to the
chemical laboratory immediately to freeze in liquid nitrogen, and stored at −80 ◦C for 48 h
to reduce the activity of myrosinase. For freeze-drying, samples were lightly wrapped with
aluminum foil and transported on dry ice to load into the freeze drier (Lyotrap, LTE scien-
tific Ltd., Oldham, UK) within 30 s. The freeze-dried leaf samples were ground to make a
homogenized fine powder using a grinder (EK2311, Salter, Tonbridge, UK). Then, 100 mg
of the freeze-dried samples was preheated for 3 min at 75 ◦C and 4.5 mL of preheated
70% methanol at 75 ◦C was added. The sample was incubated for 10 min at 75 ◦C (with
manual shaking every 2 min) and then centrifuged by a rotor at 4000 rpm (B 3.11, Jouan,
Nantes, France) for 10 min. In the purification step, 25 mg of sulfatase and 1ml of 40%
ethanol were mixed and centrifuged for 1 min at 8000 rpm. The supernatant was shifted to
a new Eppendorf tube and 1 mL of pure ethanol was injected for precipitating the sulfatase
before the second centrifugation. Finally, the sulfatase pellet was air dried after separating
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from the supernatant and diluted in 2 mL of water. For desulfation, 0.5 cc of Sephadex
slurry was used to prepare the columns and 2 mL of imizadole formate (6 M) was added
on each for activation. The columns were cleaned twice with 1 mL of water each time. The
columns were washed again using 1 mL of 20 mM sodium acetate, and 75 μL of purified
sulfatase (0.05–0.3 U/mL) was injected. After that, columns were incubated for 24 h at
28 ◦C before desulfoglucosinolates were eluted with two 1 mL volumes of water. After
24 h of incubation, elution of desulfoglucosinolates was performed thrice using 1.5 mL
of distilled water and filtered through 0.45-μm polytetrafluoroethylene (PTFE) syringe
filters (Millipore, Bedford, MA, USA) into an HPLC vial. A reverse phase C18 column
(150 × 3.0 mm, 3 μm, Inertsil ODS-3, GL Sciences, Tokyo, Japan) was used, which was
equilibrated for 30 min using ultrapure water (solvent A) and 100% acetonitrile (solvent B)
with detection at 227 nm. The flow rate was 0.4 mL min−1, and separation was performed
according to the default program. As an external standard, sinigrin (0.1 mg/mL; Sigma,
St. Louis, MO, USA) was utilized. The identification and quantification of individual glu-
cosinolate components was performed by comparing the sinigrin retention time and using
their HPLC areas and response factor, respectively. In this study, the obtained retention time
for progoitrin, sinigrin, glucobrassicin, 4-methoxyglucobrassicin, and neoglucobrassicin
were 5.97, 7.13, 21.93, 24.68, and 30.37 min, respectively.

2.2.4. Statistical Analysis

All the presented physical growth parameters and glucosinolate content values are
the means of independent measurements for different treatments of each environmental
factor. The significance of differences between mean values was determined by two-way
analysis of variance (ANOVA). Data were analyzed considering 95% confidence levels
and two-sided confidence intervals. Duncan’s multiple range test was used to simulta-
neously compare means (SAS Institute Inc, Campus drive Cary, NC, USA). A correla-
tion matrix recording correlation coefficients was created to show the inter-relationships
between variables.

3. Results

3.1. ANOVA of the Environmental Factors

The effects of ambient environmental factors (temperature, relative humidity, and CO2)
on plant physical growth variables and total glucosinolate content were analyzed using
two-way ANOVA analysis. Five different treatment conditions for each environmental
factor and two sampling times were considered when conducting the ANOVA analysis for
each growth variable and the glucosinolate content. The results of the two-way ANOVA
analysis for the plant height, width, weight, and total glucosinolate content are shown in
Table 2 out of nine physical variables and five identified glucosinolate components. The
F-values of the treatments and sampling times were higher than the F crit values, except
for some growth and glucosinolate variables under the CO2 treatments, which confirms
the adequacy of the hypothesis. This ANOVA analysis indicates that the treatments and
sampling times had significant impacts (p < 0.05) on the growth and glucosinolate content
(except for some CO2 treatments). However, some P-values under the CO2 treatments were
higher than 0.05, which also indicates that those growth or glucosinolate variables were not
notably affected by the CO2 treatments. The overall results show that a single unit change
of each environmental factor will affect the plant growth and glucosinolate content.
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Table 2. Two-way ANOVA test showing the individual effects of the treatments (Tr) and sampling times (ST) on growth
variables and total glucosinolate content of kale.

SV
Plant Height Plant Width Plant Weight Total Glucosinolates

Tr ST Err Tr ST Err Tr ST Err Tr ST Err

Temperature effect

SS 4.1 × 104 2.3 × 105 6.6 × 103 1.4 × 104 4.3 × 104 3.2 × 103 206.9 1.03 × 103 298.2 8.7 × 103 3.7 × 103 3.2 × 103

df 4 1 20 4 1 20 4 1 20 4 1 20
MS 1.0 × 104 2.3 × 105 334.1 3.5 × 103 4.3 × 104 162.1 51.71 1.3 × 103 14.91 2.1 × 103 3.7 × 103 162.6
F-value 30.89 714.63 21.71 269.3 3.46 69.01 13.45 22.99
p-value <0.001 <0.001 <0.001 <0.001 <0.05 <0.001 <0.001 <0.001
F crit 2.87 4.35 2.87 4.35 2.87 4.35 2.87 4.35

Relative humidity effect

SS 5.1 × 103 2.03 × 104 4708 1.8 × 104 1.1 × 105 1.3 × 104 6.53 192.53 7.33 0.34 1.16 1.93
df 4 1 20 4 1 4 4 1 20 4 1 20
MS 1.3 × 103 2.03 × 104 235.4 4607.4 1.1 × 105 632.4 1.63 192.53 0.37 0.08 1.16 0.09
F-value 5.49 86.37 7.29 189.27 4.45 525.09 0.88 12.01
p-value <0.05 <0.001 <0.001 <0.001 <0.05 <0.001 0.49 <0.05
F crit 2.867 4.35 2.87 4.35 2.87 4.35 2.87 0.41

CO2 effect

SS 652.8 3020 1187.3 311.67 4.4 × 104 1.4 × 104 0.252 898.7 4.08 64.46 3.18 55.65
df 4 1 20 4 1 20 4 1 20 4 1 20
MS 163.2 3020 59.37 77.91 4.4 × 104 748.5 0.06 898.7 0.204 16.11 3.18 2.78
F-value 2.75 50.8 0.10 59.31 0.31 4398.3 5.79 1.14
p-value 0.05 <0.001 0.97 <0.001 0.86 <0.001 <0.05 0.29
F crit 2.87 4.35 2.87 4.35 2.87 4.35 2.87 4.35

SV: source of variation, SS: sum of square, df: degree of freedom, MS: mean square, F crit: critical value in the F distribution, Tr: treatment,
ST: sampling times, Err: error, E: exponential.

3.2. Correlation of the Glucosinolates Components

Table 3 shows the magnitude, direction, and linear pairwise relationship between the
identified glucosinolate variables under the considered ambient environmental factors
(temperature, relative humidity, and CO2). Among the five identified glucosinolate vari-
ables under the temperature experiments, sinigrin and glucobrassicin were strongly and
positively correlated among them and identified glucosinolate variables under the relative
humidity experiments, and they were strongly and negatively correlated with the variables
identified in the CO2 experiments. The correlations were statistically significant at a 0.1%
level (except for some variables). Although, progoitrin had a significant positive correla-
tion with each of the five identified glucosinolate variables under the CO2 experiments,
no significant correlations were observed with other variables. Except for some strong
correlations, 4-methoxyglucobrassicin, and neoglucobrassicin were also not significantly
correlated with other identified glucosinolate variables. Strong negative correlations with
a 0.1% significance level were observed for most of the identified glucosinolate variables
under the relative humidity and CO2 experiments. However, identified glucosinolate
variables under the CO2 experiments were strongly and positively correlated. They were
statistically significant at a 0.1% level (except for the C_Sin). The multicollinearity issue
can also be predicted from the correlation matrix. A highly correlated value (>0.7) hinders
the evaluation of the true effects of the predictor variables. According to Table 3, some of
the glucosinolate variables had notable evidence of strong correlation. For example, C_Pro
showed positive correlations of 0.90, 0.90, and 0.99 with C_Glu, C_4-met, and C_Neo,
respectively, and C_4-met showed negative correlations of −0.91 and −0.93, with T_Sin
and T_Glu, respectively. Variance inflation factor (VIF) was also investigated and the values
varied from 1 to 3 for most of the variables, indicating that the variables were slightly
explained by other independent variables. However, the VIF values of T_Sin (4.72) and
T_Glu (6.46) were relatively high [48].

3.3. Evaluation of Temperature Effects

A statistical analysis was conducted to evaluate the effects of temperature on kale
growth, and the results are shown in Table 4. Regarding kale physical properties, an
overall high growth rate was observed at 20–23 ◦C, and the lowest growth rate occurred
at 14 ◦C. However, some physical parameters showed greater numbers at 17 and 26 ◦C.
They were plant height (17 ◦C) and width (26 ◦C) after two weeks of transplantation, and
chlorophyll level (17 ◦C), leaf length and weight (26 ◦C) after four weeks of transplantation.
The data points of no. of leaves, stem diameter, and leaf parameters (length, width, and
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weight) were very close to the mean (low standard deviation); however, the data points of
other growth variables, especially plant height and width, were spread out over a wide
range of values. Standard deviation was greater in samples collected after four weeks
of cultivation, compared to the two weeks. According to Duncan’s range test results,
significant differences were observed for the plant width, weight, and leaf parameters
(length, width, and weight) at 2-week sampling time, and the plant height, and leaf
parameters at 4-week sampling time, depending on the temperature levels. Contrariwise,
the rest of the growth variables (specifically the number of leaves, stem diameter, and
chlorophyll level) did not show statistical significance regarding the temperature variations.

Table 3. Correlation matrix of the identified glucosinolate components under the temperature, humidity, and CO2

treatments.

Variables T_Pro T_Sin T_Glu
T_4-
met

T_Neo H_Pro H_Sin H_Glu
H_4-
met

H_Neo C_Pro C_Sin C_Glu
C_4-
met

C_Neo

T_Pro 1.00
T_Sin −0.02 1.00

 T_Glu −0.12 0.96
*** 1.00

T_4-
met −0.13 −0.65

***
−0.59

*** 1.00 Strong
negative Not correlated Strong

positive

T_Neo 0.51*** 0.74
***

0.76
***

−0.52
*** 1.00

H_Pro −0.52
*** 0.24 0.50

*** −0.08 0.25 1.00

H_Sin −0.13 0.08 −0.06 −0.66
*** −0.26 −0.35

* 1.00

H_Glu −0.01 0.53
***

0.66
*** 0.14 0.65

***
0.59
***

−0.79
*** 1.00

H_4-
met −0.21 −0.54

***
−0.36

*
0.88
*** −0.29 0.37 * −0.82

***
0.41
** 1.00

H_Neo 0.00 0.52
*** 0.35 * 0.11 0.16 −0.38

* −0.13 0.30 * −0.17 1.00

C_Pro 0.70
***

−0.64
***

−0.69
*** 0.06 −0.11 −0.50

*** 0.13 −0.54
*** −0.03 −0.53

*** 1.00

C_Sin 0.37 * 0.68
***

0.71
***

−0.84
***

0.86
*** 0.31 * 0.17 0.30 * −0.56

*** −0.17 −0.01 1.00

C_Glu 0.70
*** −0.63*** −0.58

*** 0.27 0.04 −0.22 −0.28 −0.16 0.31 * −0.57
***

0.90
*** 0.01 1.00

C_4-
met 0.36 * −0.91

***
−0.93

*** 0.36 * −0.52
***

−0.45
** 0.11 −0.66

*** 0.22 −0.57
***

0.90
***

−0.40
**

0.80
*** 1.00

C_Neo 0.77
***

−0.50
***

−0.56
*** −0.08 0.03 −0.47

** 0.17 −0.49
** −0.14 −0.53

***
0.99
*** 0.16 0.88

***
0.81
*** 1.00

VIF 1.06 4.72 6.46 2.83 1.57 1.32 1.09 1.14 1.47 1.01 1.56 2.39 1.63 2.92 1.28

*, **, *** indicate the 5%, 1%, and 0.1% significance levels, respectively. T_Pro, T_Sin, T_Glu, T_4-met, T_Neo: progoitrin, sinigrin,
glucobrassicin, 4-methoxyglucobrassicin, and neoglucobrassicin observed under experiment 1 (temperature effect); H_Pro, H_Sin, H_Glu,
H_4-met, H_Neo: progoitrin, sinigrin, glucobrassicin, 4-methoxyglucobrassicin, and neoglucobrassicin observed under experiment 2
(relative humidity effect); C_Pro, C_Sin, C_Glu, C_4-met, C_Neo: progoitrin, sinigrin, glucobrassicin, 4-methoxyglucobrassicin, and
neoglucobrassicin observed under experiment 3 (CO2 effect), respectively. VIF: variance inflation factor.

Table 4. Effects of different temperature levels on kale growth at different cultivation periods.

Sampling Time
Temp.
Level
(◦C)

Growth Variables

P_Height
(mm)

P_Width
(mm)

P_Weight
(g)

No_Leaf
Stem dia.

(mm)
Chlor_Level

(ppm)
L_Length

(mm)
L_Width

(mm)
L_Weight

(g)

2
w

ee
ks

14 95.0 ± 4.5 a 161.7 ± 8.1 b 11.9 ± 1.2 b 7.0 ± 0.0 a 2.4 ± 0.1 a 46.9 ± 1.0 a 8.4 ± 0.5 c 7.4 ± 0.4 c 2.9 ± 0.2 b

17 99.3 ± 4.7 a 186.0 ± 24.3 ab 12.6 ± 0.3 a 6.7 ± 3.7 a 2.5 ± 0.2 a 49.1 ± 0.6 a 10.6 ± 0.2 b 9.4 ± 0.4 b 5.2 ± 0.6 a

20 84.7 ± 1.2 a 167.0 ± 22.7 b 13.3 ± 0.2 a 7.0 ± 0.1 a 2.7 ± 0.1 a 53.4 ± 5.4 a 13.0 ± 0.4 a 11.3 ± 0.6 a 6.3 ± 0.4 a

23 92.3 ± 11 a 196.0 ± 14.2 ab 13.0 ± 0.3 a 7.0 ± 0.1 a 2.8 ± 0.9 a 57.0 ± 2.8 a 12.8 ± 0.8 a 11.1 ± 0.6 ab 6.0 ± 1.1 a

26 90.3 ± 8.9 a 215.0 ± 14.1 a 13.3 ± 0.3 a 7.0 ± 0.8 a 2.8 ± 0.2 a 52.0 ± 0.3 a 12.6 ± 0.9 a 11.3 ± 0.4 a 5.8 ± 0.2 a

4
w

ee
ks

14 115.3 ± 8.3 b 274.3 ± 15.0 a 21.3 ± 4.1 a 11.1 ± 0.2 a 13.0 ± 0.0 a 55.5 ± 4.3 a 19.9 ± 0.8 c 12.6 ± 0.46 b 9.2 ± 0.9 b

17 129.7 ± 5.3 b 260.3 ± 39.4 a 23.6 ± 6.2 a 12.7 ± 0.5 a 14.3 ± 0.5 a 61.2 ± 2.4 a 26.7 ± 0.2 b 17.1 ± 1.1 ab 16.0 ± 3.3 ab

20 143.3 ± 6.5 ab 286.3 ± 13.5 a 28.3 ± 4.3 a 12.0 ± 0.7 a 15.7 ± 0.4 a 48.4 ± 15.1 a 31.2 ± 2.0 ab 19.0 ± 1.4 a 19.1 ± 6.1 a

23 137.3 ± 8.6 ab 278.3 ± 36.5 a 25.4 ± 3.2 a 13.5 ± 1.3 a 17.7 ± 0.4 a 58.5 ± 1.7 a 31.8 ± 2.5 ab 20.2 ± 1.8 a 20.0 ± 3.8 a

26 176.3 ± 27.7 a 277.0 ± 12.8 a 22.2 ± 4.8 a 10.0 ± 0.4 a 15.6 ± 0.9 a 53.6 ± 4.3 a 37.0 ± 2.5 a 19.8 ± 1.5 a 20.1 ± 5.7 a

a, b, c Different letters in the same column indicate a significant difference (p ≤ 0.05). P_height: plant height, P_width: plant width, P_weight:
plant weight, No_leaf: number of leaves, Stem dia.: stem diameter, Chlor_level: chlorophyll level, L_length: leaf length, L_width: leaf
width, L_weight: leaf weight.
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Figure 5 shows the effects of temperature on the glucosinolate content, based on
various components, of harvested kale leaves after two and four weeks of transplanta-
tion. Glucobrassicin was found to be a dominant glucosinolate component in both cases.
However, an inverse relationship was observed between the contents of all glucosinolate
components and increased ambient temperature levels and cultivation period. The total glu-
cosinolate content became lower at each increased temperature level, and the lowest total
glucosinolate of kale leaves in each sampling time was observed at 26 ◦C. A high standard
deviation trend was observed for each glucosinolate component due to the low sampling
number. Among the five levels of temperature, the total glucosinolate content was higher at
14–17 ◦C in both cultivation periods. According to Duncan’s range test, the concentrations
of sinigrin, glucobrassicin, and 4-methoxyglucobrassicin were significantly different for
each temperature level in samples collected after two weeks of cultivation; however, no
significant differences were observed among the other glucosinolate components (except
sinigrin at 4th week) for different temperature levels and cultivation periods.

 

Figure 5. Concentrations of glucosinolate components (μmol/g DW) under different temperature treatments and cultivation
periods: two weeks after transplantation (a) and four weeks after transplantation (b). a, b, c levels of components with the
same letters are not significantly different at p < 0.05.

The interactions of each growth variable and glucosinolate component under the
different temperature treatments after four weeks of transplantation were analyzed using
the correlation matrix and the results are summarized in Table 5, where the level of
significance and VIF are also mentioned. In many cases, strong positive and negative
correlation coefficients were observed. The physical growth variables were found to be
strongly correlated with each other (around 0.50–0.98). However, the chlorophyll level
showed negative correlations with all the growth variables, and positive correlations
were observed with progoitrin, sinigrin, and glucobrassicin. The progoitrin, sinigrin, and
glucobrassicin were strongly positively correlated with each other and negatively correlated
with 4-methoxyglucobrassicin and neoglucobrassicin. Moreover, the detected glucosinolate
components (except 4-methoxyglucobrassicin) were negatively correlated with most of
the physical growth variables. According to the VIF analysis, most of the variables were
moderately correlated; however, some variables (i.e., leaf length and glucobrassicin) were
highly correlated, which might adversely affect other variables.

3.4. Evaluation of Relative Humidity Effects

The effects of relative humidity on kale growth properties are summarized in Table 6.
The growth status was evaluated at two different stages (two and four weeks after trans-
plantation). Most of the physical growth variables were prominent at the 85% relative
humidity level at both sampling periods, except for the number of leaves, stem diameter,
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chlorophyll level (55%), and leaf length (75%) in the second week, and the number of
leaves, leaf weight (65%), and chlorophyll level (45%) in the fourth week of cultivation.
Except for some growth variables, the overall lowest growth performance was observed at
the 45% relative humidity level in both sampling times. The data points of some growth
variables, such as plant height and width, leaf length and width, were spread out over
a wide range compared to other growth variables, and greater standard deviations were
observed in samples collected after four weeks of cultivation, compared to the two weeks
of cultivation. According to Duncan’s range test, all the growth variables (except the
chlorophyll level) were significantly different at the 2-week sampling time depending on
the relative humidity levels. A similar result was observed (except for the plant weight,
chlorophyll level, and leaf width) at the 4-week sampling time.

Table 5. Correlation matrix showing kale growth and glucosinolate variables and their constituents (experiment 1).

Variables P_Height P_Width P_Weight No_Leaf Stem dia. Chlor_Level L_Length L_Width L_Weight Pro Sin Glu 4-Met Neo

P_height 1
P_width 0.98 *** 1

 P_weight 0.81 *** 0.73 *** 1
No_leaf 0.08 −0.08 0.54 *** 1 Strong negative Not correlated Strong positive
Stem dia. 0.76 *** 0.86 *** 0.36 ** −0.57 *** 1
Chlor_level −0.36 ** −0.22 −0.63 *** −0.65 *** 0.12 1
L_length 0.85 *** 0.85 *** 0.78 *** −0.04 0.76 *** −0.50 *** 1
L_width 0.60 *** 0.60 *** 0.63 *** −0.1 0.63 *** −0.51 *** 0.93 *** 1
L_weight 0.55 *** 0.52 *** 0.66 *** 0.05 0.49 *** −0.64 *** 0.90 *** 0.98 *** 1
Pro −0.60 *** −0.55 *** −0.66 *** −0.13 −0.45 *** 0.78 *** −0.88 *** −0.93 *** −0.96 *** 1
Sin −0.68 *** −0.70 *** −0.38 ** 0.32 * −0.76 *** 0.43 *** −0.83 *** −0.77 *** −0.72 *** 0.81 *** 1
Glu −0.96 *** −0.96 *** −0.76 *** 0.06 −0.84 *** 0.41 ** −0.95 *** −0.77 *** −0.72 *** 0.75 *** 0.83 *** 1
4-Met 0.52 *** 0.52 *** 0.38 ** −0.20 0.57 *** −0.59 *** 0.81 *** 0.86 *** 0.85 *** −0.92 *** −0.94 *** −0.72 *** 1
Neo −0.21 −0.33 * 0.33 * 0.68 *** −0.54 *** −0.74 *** 0.10 0.31 * 0.47 *** −0.46 *** 0.10 0.14 0.20 1
VIF 3.47 4.08 3.65 1.06 4.21 2.16 16.67 4.64 2.99 3.09 5.81 11.99 3.46 1.01

*, **, *** indicate the 5%, 1%, and 0.1% significance levels, respectively. P_height: plant height, P_width: plant width, P_weight: plant
weight, No_leaf: number of leaves, Stem dia.: stem diameter, Chlor_level: chlorophyll level, L_length: leaf length, L_width: leaf width,
L_weight: leaf weight, Pro: progoitrin, Sin: sinigrin, Glu: glucobrassicin, 4-Met: 4-methoxyglucobrassicin, and Neo: neoglucobrassicin. VIF:
variance inflation factor.

Table 6. Effects of different relative humidity levels on kale growth in different cultivation periods.

Sampling Time
Humi.
Level

(%)

Growth Variables

P_Height
(mm)

P_Width
(mm)

P_Weight
(g)

No_Leaf
Stem Dia.

(mm)
Chlor_Level

(ppm)
L_Length

(mm)
L_Width

(mm)
L_Weight

(g)

2
w

ee
ks

45 68.7 ± 7.6 b 171.7 ± 8.1 b 5.5 ± 0.1 c 8.0 ± 0.0 ab 2.9 ± 0.2 c 60.5 ± 4.3 a 97.7 ± 9.5 c 58.0 ± 2.0 c 1.1 ± 0.1 c

55 74.3 ± 10.3 b 196.0 ± 24.3 ab 8.2 ± 1.2 ab 8.7 ± 0.6 a 3.8 ± 0.3 a 66.2 ± 2.4 a 111.7 ± 9.5 bc 67.7 ± 5.5 bc 1.8 ± 0.4 b

65 79.3 ± 5.1 ab 177.0 ± 22.6 b 6.3 ± 1.4 bc 7.7 ± 0.6 b 3.3 ± 0.2 b 53.4 ± 15.1 a 114.0 ± 5.6 b 67.3 ± 5.1 bc 1.8 ± 0.2 b

75 83.0 ± 1.0 ab 206.0 ± 14.2 ab 7.7 ± 1.2 abc 8.0 ± 0.1 ab 3.2 ± 0.2 bc 63.5 ± 1.7 a 133.3 ± 9.1 a 76.7 ± 4.6 ab 2.1 ± 0.3 ab

85 93.3 ± 6.8 a 225.0 ± 14.1 a 8.9 ± 1.5 a 8.0 ± 0.0 ab 3.5 ± 0.1 ab 58.6 ± 4.3 a 132.3 ± 8.6 a 81.7 ± 8.4 a 2.5 ± 0.3 a

4
w

ee
ks

45 114.3 ± 9.3 b 291.7 ± 62.8 b 23.4 ± 10.2 a 13.0 ± 1.0 bc 5.0 ± 0.7 c 66.1 ± 1.6 a 158.7 ± 25.2 b 105.3 ± 21.7 a 5.3 ± 1.3 b

55 119.7 ± 15.3 b 302.0 ± 18.1 b 29.4 ± 3.5 a 13.3 ± 0.6 ab 5.2 ± 0.3 bc 65.3 ± 1.8 a 171.0 ± 14.1 ab 118.0 ± 7.9 a 8.9 ± 1.5 a

65 133.3 ± 16.5 ab 314.0 ± 18.0 b 33.0 ± 4.9 a 14.7 ± 0.6 a 5.0 ± 0.2 c 47.1 ± 2.8 a 172.3 ± 17.1 ab 111.3 ± 9.1 a 9.1 ± 1.1 a

75 125.3 ± 9.6 b 316.3 ± 7.6 b 25.7 ± 0.9 a 11.7 ± 0.6 c 5.7 ± 0.3 ab 61.3 ± 3.1 a 186.3 ± 6.4 ab 114.7 ± 9.7 a 8.9 ± 2.2 a

85 166.3 ± 37.9 a 383.3 ± 10.1 a 34.7 ± 6.9 a 13.0 ± 1.0 bc 6.1 ± 0.1 a 59.2 ± 3.1 a 191.0 ± 11.5 a 126.0 ± 12.5 a 8.7 ± 2.3 a

a, b, c Different letters in the same column indicate significant differences (p ≤ 0.05). P_height: plant height, P_width: plant width, P_weight:
plant weight, No_leaf: number of leaves, Stem dia.: stem diameter, Chlor_level: chlorophyll level, L_length: leaf length, L_width: leaf
width, L_weight: leaf weight.

The results of the glucosinolate analysis for different relative humidity treatments and
cultivation periods are shown in Figure 6. The aliphatic glucosinolates (i.e., progoitrin,
sinigrin) and indole glucosinolate (i.e., glucobrassicin) were the most prominent compo-
nents at both of the sampling times. The overall glucosinolate concentrations decreased
slightly in the samples collected after the fourth week of cultivation. A high standard devi-
ation was observed, especially for the glucobrassicin, as the sample number was low and
sometimes all glucosinolate components were not detected in some samples. According
to Duncan’s range test, no significant differences were observed among the glucosinolate
components (except for the progoitrin, glucobrassicin, and 4-methoxyglucobrassicin at the
2-week sampling time) for different relative humidity treatments and cultivation periods.

Table 7 shows the correlation matrix of physical and glucosinolate properties for
different relative humidity treatments after four weeks of cultivation. All physical growth
variables, except for the number of leaves and the chlorophyll level, showed strong positive
correlations with one another. A fairly good correlation (both positive and negative) was ob-
served between the physical variables and glucosinolate components. However, most of the
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glucosinolate components were negatively correlated with each other. Moreover, the VIF
values were also determined. Except for the leaf length (VIF: 11.93), other predictors were
moderately correlated, which resulted in a low influence on other independent variables.

 

Figure 6. Concentrations of glucosinolate components (μmol/g DW) under different relative humidity treatments and
cultivation periods: two weeks after transplantation (a) and four weeks after transplantation (b). a, b levels of components
with the same letters are not significantly different at p < 0.05.

Table 7. Correlation matrix showing kale growth and glucosinolate variables and their constituents (experiment 2).

Variables P_Height P_Width P_Weight No_Leaf Stem Dia. Chlor_Level L_Length L_Width L_Weight Pro Sin Glu 4-Met Neo

P_height 1
P_width 0.99 *** 1

 
P_weight 0.81 *** 0.73 *** 1
No_leaf 0.08 −0.08 0.54 *** 1 Strong negative Not correlated Strong positive
Stem dia. 0.76 *** 0.86 *** 0.36 ** −0.57 *** 1
Chlor_level −0.36 ** −0.22 −0.63 *** −0.65 *** 0.12 1
L_length 0.76 *** 0.81 *** 0.53 *** −0.39 ** 0.91 *** −0.21 1
L_width 0.80 *** 0.85 *** 0.71 *** −0.14 0.81 *** −0.02 0.82 *** 1
L_weight 0.42 *** 0.40 ** 0.67 *** 0.12 0.37 ** −0.50 *** 0.69 *** 0.65 *** 1
Pro −0.17 −0.13 −0.60 *** −0.50 *** 0.09 0.09 −0.04 −0.51 *** −0.54 *** 1
Sin 0.61 *** 0.62 *** 0.38 ** −0.29 * 0.69 *** −0.50 *** 0.85 *** 0.42 *** 0.55 *** 0.34 ** 1
Glu −0.49 *** −0.59 *** 0.04 0.74 *** −0.85 *** −0.13 −0.72 *** −0.37 ** −0.05 −0.60 *** −0.76 *** 1
4-Met −0.39 ** −0.35 ** −0.47 *** −0.03 −0.40 ** 0.73 *** −0.68 *** −0.31 * −0.79 *** −0.05 −0.86 *** 0.35 ** 1
Neo 0.28 * 0.20 0.70 *** 0.46 *** 0.03 −0.68 *** 0.41 ** 0.42 *** 0.93 *** −0.64 *** 0.34 ** 0.28* −0.72 *** 1
VIF 3.47 4.07 2.65 1.06 4.21 1.16 11.93 2.56 1.78 1.11 4.97 2.01 1.42 1.22

*, **, *** indicates 5%, 1%, and 0.1% significance levels, respectively. P_height: plant height, P_width: plant width, P_weight: plant weight,
No_leaf: number of leaves, Stem dia.: stem diameter, Chlor_level: chlorophyll level, L_length: leaf length, L_width: leaf width, L_weight:
leaf weight, Pro: progoitrin, Sin: sinigrin, Glu: glucobrassicin, 4-met: 4-methoxyglucobrassicin, and Neo: neoglucobrassicin. VIF: variance
inflation factor.

3.5. Evaluation of CO2 Effects

A summary of the effects of CO2 treatments and cultivation periods on kale growth
is given in Table 8. The overall growth performance was higher under 700–1000 ppm
CO2. However, a notable growth rate of some parameters (i.e., chlorophyll level and leaf
length at the 2-week sampling time, and plant height and chlorophyll level at the 4-week
sampling time) was observed under 400 ppm of CO2. Relatively low growth performance
was observed under 1300 and 1600 ppm of CO2 in both sampling periods. Besides this, the
spread of standard deviations of the growth variables was almost similar for both of the
sampling periods. Comparatively high standard deviations were observed for the plant
parameters (height, width, and weight) and chlorophyll level compared to other growth
variables. Based on Duncan’s range test results, there were no significant differences for the
growth parameters (except the plant height at the 4-week sampling time) under different
CO2 concentrations and cultivation periods.

The effects of different CO2 concentrations on the glucosinolate content are shown in
Figure 7. The optimal CO2 level in relation to the total glucosinolate content was 1300 ppm
at both the second and fourth weeks of cultivation. The progoitrin, sinigrin, and neogluco-
brassicin contents decreased after the two weeks of cultivation. The low sampling number
caused high standard deviations of the detected glucosinolate components. Glucobrassicin
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was found to be a dominant component in the samples collected after 4-weeks. The results
of Duncan’s range test showed a significant difference in glucosinolate components (except
for the 4-methoxyglucobrassicin and neoglucobrassicin at the 2-week sampling, and sini-
grin, glucobrassicin, and neoglucobrassicin at the 4-week sampling time) under different
CO2 concentrations and both cultivation periods.

Table 8. Effects of different carbon dioxide levels on kale growth at different cultivation periods.

Sampling Time
CO2

Level (ppm)

Growth Variables

P_Height
(mm)

P_Width
(mm)

P_Weight
(g)

No_Leaf
Stem Dia.

(mm)
Chlor_Level

(ppm)
L_Length

(mm)
L_Width

(mm)
L_Weight

(g)

2
w

ee
ks

400 85.0 ± 4.5 a 213.0 ± 9.2 a 11.0 ± 1.8 a 4.2 ± 0.3 a 11.3 ± 0.4 a 142.0 ± 10.0 a 53.0 ± 4.2 a 60.1 ± 1.4 a 3.5 ± 0.2 a

700 89.3 ± 4.7 a 228.0 ± 11.7 a 11.3 ± 1.7 a 4.2 ± 0.2 a 11.7 ± 0.4 a 140.7 ± 5.4 a 47.7 ± 1.2 a 63.0 ± 4.3 a 3.6 ± 1.1 a

1000 74.7 ± 1.2 a 196.3 ± 16.8 a 10.4 ± 1.4 a 4.3 ± 0.3 a 11.7 ± 0.4 a 127.0 ± 6.1 a 50.0 ± 4.0 a 64.1 ± 3.2 a 3.4 ± 0.4 a

1300 82.3 ± 11.0 a 211.3 ± 4.5 a 8.9 ± 0.4 a 4.0 ± 0.1 a 11.0 ± 0.8 a 125.0 ± 1.4 a 45.3 ± 4.1 a 69.8 ± 1.1 a 3.2 ± 0.6 a

1600 80.3 ± 8.9 a 194.0 ± 17.2 a 7.5 ± 0.6 a 4.0 ± 0.3 a 11.7 ± 0.9 a 123.0 ± 7.2 a 52.3 ± 3.2 a 66.8 ± 1.3 a 2.9 ± 0.2 a

4
w

ee
ks

400 111.7 ± 6.5 a 284.3 ± 13.0 a 22.2 ± 4.8 a 7.0 ± 0.4 a 14.7 ± 0.9 a 186.0 ± 14.3 a 68.0 ± 2.1 a 62.7 ± 2.8 a 5.7 ± 1.7 a

700 105.3 ± 4.7 ab 270.3 ± 49.4 a 28.4 ± 3.2 a 7.1 ± 0.3 a 15.7 ± 0.4 a 179.0 ± 9.9 a 67.3 ± 4.7 a 66.9 ± 1.3 a 5.3 ± 0.8 a

1000 102.7 ± 4.9 ab 296.3 ± 6.5 a 25.0 ± 4.3 a 7.4 ± 0.4 a 15.7 ± 0.4 a 175.7 ± 5.2 a 70.3 ± 2.4 a 65.6 ± 0.8 a 4.5 ± 0.1 a

1300 99.3 ± 5.5 ab 288.3 ± 36.5 a 23.6 ± 6.2 a 6.7 ± 0.5 a 14.3 ± 0.5 a 169.3 ± 12.0 a 63.0 ± 2.0 a 67.7 ± 1.2 a 4.7 ± 1.3 a

1600 93.0 ± 5.0 b 288.0 ± 12.8 a 25.3 ± 4.1 a 7.1 ± 0.2 a 15.0 ± 0.0 a 179.0 ± 11.3 a 68.3 ± 4.1 a 66.4 ± 2.4 a 4.9 ± 0.9 a

a, b Different letters in the same column indicate significant differences (p ≤ 0.05). P_height: plant height, P_width: plant width, P_weight:
plant weight, No_leaf: number of leaves, Stem dia.: stem diameter, Chlor_level: chlorophyll level, L_length: leaf length, L_width: leaf
width, L_weight: leaf weight.

 

Figure 7. Concentrations of glucosinolate components (μmol/g DW) under different CO2 treatments and cultivation
periods: two weeks after transplantation (a) and four weeks after transplantation (b). a, b levels of components with the
same letters are not significantly different at p < 0.05.

Table 9 shows the interactions of each physical and functional parameter with one
another, along with the significance levels for different CO2 treatments after four weeks of
transplantation. Weak correlations (both positive and negative) were detected among most
of the physical growth variables. However, the glucosinolate components (except sinigrin)
were strongly positively correlated with each other and mostly negatively correlated
with physical growth variables. According to the VIF analysis, the VIF values of the
physical variables varied from 1 to 2, except plant height (4.23), indicating low correlations.
Contrariwise, the VIF values of the glucosinolate components (except progoitrin) were
comparatively high, which indicated highly correlated relationships and influences on
other predictors.

17



Foods 2021, 10, 1524

Table 9. Correlation matrix showing kale growth and glucosinolate variables and their constituents (experiment 3).

Variables P_Height P_Width P_Weight No_Leaf Stem Dia. Chlor_Level L_Length L_Width L_Weight Pro Sin Glu 4-Met Neo

P_height 1
P_width −0.32 * 1
P_weight −0.16 −0.87 *** 1
No_leaf 0.06 0.20 −0.37 ** 1 Strong negative Not correlated Strong positive
Stem dia. 0.09 −0.19 0.01 0.88 *** 1
Chlor_level 0.56 *** −0.31 * 0.08 0.29 * 0.16 1
L_length 0.15 0.21 −0.38 ** 0.94 *** 0.72 *** 0.57 *** 1
L_width −0.69 *** −0.12 0.41 ** −0.22 0.08 −0.84 *** −0.50 *** 1
L_weight −0.16 −0.87 *** 1.00 *** −0.37 ** 0.01 0.08 −0.38 ** 0.41 ** 1
Pro −0.58 *** 0.25 0.10 −0.75 *** −0.70 *** −0.78 *** −0.84 *** 0.63 *** 0.10 1
Sin 0.92 *** −0.04 −0.43 *** 0.01 −0.03 0.25 0.03 −0.56 *** −0.43 *** −0.36 ** 1
Glu −0.50 *** 0.19 0.19 −0.80 *** −0.88 *** −0.27 * −0.66 *** 0.2 0.19 0.80 *** −0.45 *** 1
4-Met −0.65 *** −0.05 0.48 *** −0.52 *** −0.55 *** −0.03 −0.37 ** 0.23 0.48 *** 0.53 *** −0.76 *** 0.85 *** 1
Neo −0.54 *** −0.24 0.64 *** −0.66 *** −0.59 *** −0.05 −0.53 *** 0.29 * 0.64 *** 0.56 *** −0.68 *** 0.85 *** 0.97 *** 1
VIF 4.23 1.22 1.51 1.75 1.03 1.62 1.79 1.5 1.51 1.82 3.81 6.85 3.15 7.9

*, **, *** indicates the 5%, 1%, and 0.1% significance level, respectively. P_height: plant height, P_width: plant width, P_weight: plant
weight, No_leaf: number of leaves, Stem dia.: stem diameter, Chlor_level: chlorophyll level, L_length: leaf length, L_width: leaf width,
L_weight: leaf weight, Pro: progoitrin, Sin: sinigrin, Glu: glucobrassicin, 4-Met: 4-methoxyglucobrassicin, and Neo: neoglucobrassicin. VIF:
variance inflation factor.

4. Discussion

There is an interaction between plant growth and glucosinolate concentration, which
strongly depends on the environmental conditions and water–nutrient consumption rate,
along with the plant species, growth method, cultivation period, and cultivation facilities
used [12–14,16,49,50]. In this study, the growth rate of kale increased with the cultiva-
tion period. The overall maximum growth rate was observed at 20–23 ◦C, around 85%
relative humidity, and 700–1000 ppm CO2 (Tables 4, 6 and 8). The optimal temperature,
relative humidity, and CO2 range for total glucosinolate content were 14–17 ◦C, 55–75%,
and 1300–1600 ppm. However, the glucosinolate content of kale decreased notably as
cultivation period, temperature, and relative humidity level increased (Figures 5 and 6).
Contrariwise, it increased with increased CO2 concentration (Figure 7). All biological pro-
cesses of plants speed up at higher temperatures [51]. However, the sensitivity of plants to
the atmospheric temperature depends on the growth stage. Plants always seek to maintain
a balance between the plant-body temperature and air temperature. If the plant is heated
up, the transpiration rate increases to cool down plants, which increases water and nutrient
uptake, resulting in phonological changes in plants [52,53]. This assimilation process
occurs quickly in the early growth stage. We observed a high growth rate at 23–26 ◦C in
the 2nd week, which was reduced along with the temperature range (to 20–23 ◦C) in the
4th week. However, the rapid transpiration process also ejects many nutrient components,
which lowers the concentration of glucosinolate components, as shown in Figure 5 [33].
Conversely, a high level of accumulation of functional components (i.e., glucosinolates)
occurs at low temperatures. Steindal et al. [29] explained that low temperatures activate
cold acclimatization processes, including many biochemical and physiological changes, to
improve the cold tolerance capacity. These procedures reduce the growth and accumulation
of osmolytes and the functional component composition. In this study, the lowest rate
of physical growth and the highest concentration of glucosinolates were also observed at
14 ◦C (Table 4, Figure 5). Velasco et al. [49] reported an inverse relationship between low
temperatures and the total glucosinolate content. Relative humidity is directly related to
CO2 acclimation through the stomata response, which is connected with plant growth and
nutritional levels. Ahmed et al. [54] reviewed several studies and reported that a relative
humidity of lower than 40% and higher than 85% causes stomatal malfunctioning, inhibit-
ing the plant growth rate and photosynthesis. They also mentioned that the optimal range
of relative humidity for leafy vegetables (i.e., lettuce) is 70–80%. In this study, maximal
growth was found at a relative humidity range of 75–85%, and no significant difference
was observed at a relative humidity range of 45–85% for the glucosinolate components
(Figure 6), which matches the findings of previous studies. In addition to the effects of
temperature and relative humidity, a significant impact of the CO2 concentration was
observed on the accumulation of glucosinolate components rather than the growth rate of
kale. In open environments, the concentration of CO2 remains constant (300–400 ppm), but
this concentration can be increased in protected cultivation facilities (i.e., greenhouses and
plant factories). Usually, the demand for CO2 increases with the increment of plant growth
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parameters and biomass [55]. In this study, CO2 concentrations of 700 to 1000 ppm were
associated with better growth performance (Table 8), and higher glucosinolate formation
was observed under 1300 to 1600 ppm range of CO2 (Figure 7). Higher concentrations of
CO2 help to synthesize larger amounts of carbohydrates and other functional components
through photosynthesis [13,38,40]. Moreover, lower reduction of the photosynthetic in-
gredients under elevated CO2 concentrations improves the glucosinolate content [39,41].
An overaccumulation of glucosinolates was observed under experiment-1 (temperature)
compared to experiments-2 and 3 (relative humidity and CO2). We know glucosinolates are
significantly affected by the variety, genetics, plant growth stage, irrigation level, growing
media, and environmental variables (i.e., temperature, humidity, CO2, and light condi-
tions). For example, Chen et al. [56] investigated the variation of glucosinolates in Chinese
Brassica campestris vegetables (Chinese cabbage, purple cai-tai, choysum, pakchoi, and
turnip) and reported that total glucosinolates varied from 14–130 mg/100 g fresh weight
(FW), where He et al. [57] observed the minimum (28.9 μmol/100 g FW) in broccoli and
maximum (278 μmol/100 g FW) in Chinese kale. From seedling to early flowering, the
total glucosinolate content increased with plant age in B. oleracea leaves. After that point,
the aliphatic glucosinolate content decreased dramatically over time as the glucosinolates
transferred in the flower buds [49]. Qian et al. [58] investigated the effect of light quality on
glucosinolate composition and content of Chinese kale sprouts under 23 ◦C temperature,
80% relative humidity, 16/8 h photoperiod, and red: blue: white light condition, and
observed 167.32–288.70 and 72.66–87.48 μmol/g DW of total glucosinolates in shoots and
roots, respectively. Similarly, temperature, humidity, and CO2 have an individual effect
on glucosinolate components and accumulation. Rosa and Rodrigues [59] reported that
the amount of glucosinolates increases 4–35% in the Brassica species in summer compared
to winter seasons. They also observed 386 ± 71 μmol/100 g DW of total glucosinolates in
the Chinese cabbage leaves under 20 ◦C, which increased up to 409 ± 104 μmol/100 g DW
under 30 ◦C. The possible reason behind this increment is the proportional relationship
between temperature and the photosynthesis rate. However, glucosinolate components
and contents are degraded under both very hot and cold temperatures. Although the light
types, intensity, photoperiod, and EC-pH were kept constant in this study (for experiments
1, 2, and 3), the variation of glucosinolate levels was observed due to the individual effect
of temperature, humidity, and CO2. As the experiment 1, 2, and 3 were conducted sepa-
rately, the overaccumulation of glucosinolates under temperature treatments might have
occurred due to the overall growing condition; however, it is very important to maintain
consistency between experiments. To minimize the inconsistency between experiments,
the following measurements could be considered to handle and minimize the variations.
First, similar seedlings could be prepared as much as possible, so that pre-transplanting
cannot affect the final harvested product. Moreover, the number of samples could be
increased by cultivating kale in bigger and multiple plant beds. Finally, maintenance of the
same cultivation condition through more accurate and precise control of the environmental
variables is necessary.

In the correlation matrixes, strong positive correlations were observed among all the
physical growth variables, except for the chlorophyll level. Negative correlations with
other growth variables were shown. The most likely reason for this phenomenon is that
chlorophyll is an indicator of the health of the photosynthetic apparatus, and the concen-
tration (amount per mass) is a function of the leaf area. As the midrib and petiole of kale
(depending on the cultivar) are large, the midrib might become enlarged, diluting the con-
centration of chlorophyll in the lamina during the growth period, which results in negative
correlations with other growth variables [60]. Moreover, the efficiency of chlorophyll varies
over time due to the engagement–disengagement of assorted photoprotective mechanisms
under fluctuating light conditions. This results in energy loss (absorbed by chlorophyll as
heat) and affects carbohydrate (glucose) accumulation. This might be another reason for the
negative correlation with kale growth [61,62]. Besides this, glucosinolate components were
strongly positively correlated with each other under elevated CO2 concentrations, because
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glucosinolate synthesis is proportionally related to photosynthesis [38]. The mechanisms
of biochemical reactions are, in fact, very complex, and in many processes, the biochemical
pathways are only hypothetical or assumed, and the intermediate reactions and products
are not fully known. At any stage in the biochemical chain, double bonds, which are
very reactive, may be affected by temperature, relative humidity, and CO2 as well as by
free radicals in the environment. Particularly, glucosinolate synthesis can be illustrated
according to the following steps: (1) radical substitution and the addition of water occurs at
elevated temperatures and/or in the presence of radicals; (2) addition reactions to carbon–
nitrogen double bonds, resulting in carbonic acid esters; (3) electrophilic addition of water
to double bonds that creates two new sigma bonds, resulting in the formation of alcohol;
and (4) the occurrence of rearrangement, transposition, and isomerization involving double
bonds, allyl radicals, and the glucose cycle. The increased reactivity of double bonds makes
them very susceptible to environmental factors, specifically temperature, relative humidity,
and CO2.

Cartea and Velasco [6] reported that the concentrations of glucosinolate components
vary depending on genetics and environmental factors, along with the crop cultivation
methods, harvest, storage, and even the processes of meal preparation. Velasco et al. [49]
specifically showed that the concentrations of aliphatic glucosinolate components gradually
increase in vegetative tissues (i.e., leaves) and are transferred to the reproductive tissues
(i.e., flowers and seeds) during the flowering period. In addition, the indole glucosinolate
components of leaves and flower buds gradually decrease after a certain period of culti-
vation. However, the concentrations of aromatic glucosinolates do not vary significantly
with the cultivation period. In this study, kale was cultivated in the plant factory using an
aeroponic method (one type of hydroponics). The fast growth rate due to proper ambient
environment and nutrient management might be a reason for high glucosinolate accu-
mulation in the early stage (two weeks after transplantation), and it gradually declined
with the cultivation period (four weeks after transplantation). Determination of the proper
harvesting time of brassicaceous plants has been investigated in several studies [63,64].
Based on the environmental factors and cultivation methods used in this study, early
harvesting (2–3 weeks after transplantation) is suggested as a possible strategy to achieve
glucosinolate-rich kale.

5. Conclusions

This study was conducted to investigate the effects of temperature, relative humidity,
and CO2 on the growth and glucosinolate content of kale plants hydroponically grown in a
plant factory, where five different treatments of each environmental variable were applied
separately, and samples were collected after two different periods of cultivation. According
to the results, the optimal temperature, relative humidity, and CO2 range for growth and
total glucosinolate content were 20–23 ◦C, 85%, and 700–1000 ppm, and 14–17 ◦C, 55–75%,
and 1300–1600 ppm, respectively. The glucosinolate content of kale was high in the early
growth stage, with low temperature and humidity levels, and elevated CO2 concentrations.
Strong positive correlations were observed among the physical growth variables, and weak
correlations were found between the growth and glucosinolate parameters, which indicated
that high physical growth might not ensure the high concentration of glucosinolates. Ac-
cording to the findings of this study, early harvesting (i.e., after 2 weeks of transplantation)
could be preferred. As the optimum level of temperature, humidity, and CO2 was different
in two- and four-week sampling times, dynamic ambient environment management might
be adopted. Farmers could maintain the optimum range of each environmental variable
separately based on their target (growth or glucosinolate level), or preferred combined
management of the temperature, relative humidity, and CO2 during kale cultivation within
protected cultivation facilities.
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Abstract: Brassica vegetables contain glucosinolates, which are well-known for their potential to form
health-promoting isothiocyanates. Among those crucifers, white and red cabbage are commonly
consumed vegetables, exhibiting different glucosinolate and hydrolysis profiles thereof. Regarding
the health beneficial effects from these vegetables, more information, especially concerning the
seasonal variation of glucosinolate profiles and the formation of their bioactive hydrolysis products
in commercial cabbages, is needed. In this study, glucosinolates and glucosinolate hydrolysis product
profiles in red and white cabbages from three different food retailers were monitored over six
different sampling dates across the selling season in autumn. For the first time, it was shown that,
while glucosinolate profiles were similar in each cabbage variety, glucosinolate hydrolysis product
profiles and hydrolysis behavior varied considerably over the season. The highest total isothiocyanate
concentrations were observed in conventional red (1.66 μmol/g FW) and organic white (0.93 μmol/g
FW) cabbages purchased at the first sampling date in September. Here, red cabbage was with up
to 1.06 μmol/g FW of 4-(methylsulfinyl)butyl isothiocyanate (sulforaphane), an excellent source for
this health-promoting isothiocyanate. Cabbages purchased 11 weeks later in autumn released lower
levels of isothiocyanates, but mainly nitriles and epithionitriles. The results indicate that commercial
cabbages purchased in early autumn could be healthier options than those purchased later in the year.

Keywords: glucosinolate; cabbage; isothiocyanate; epithionitrile; nitrile; Brassica; seasonal variation;
food retailer

1. Introduction

With a consumption of 5.2 kg/person and year in 2017/2018, red cabbage (Brassica oleracea var.
capitata f. rubra) and white cabbage (Brassica oleracea var. capitata f. alba) are the most consumed
Brassicaceae vegetables in Germany, contributing to 5% of total vegetable intake [1]. These vegetables
are rich in glucosinolates (GLSs), secondary, sulfurous plant constituents, which are particularly present
in vacuoles of plant cells of the Brassicaceae family. The chemical GLS structure is determined by
the nature of the side chain, depending on the amino acid inserted during biosynthesis [2,3] and
GLSs typically contain a glucose unit, bound with a central carbon atom with nitrogen grouping via
a thioether bridge. The carbon atom, in turn, is linked to a sulfate group and an organic aglycone
residue, possessing an alkyl, alkenyl, aryl, or indole group [2]. This organic residue is inherent
to the GLS, its chemical properties and its flavor, respectively [4,5]. Upon attack by herbivores or
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due to cutting or chopping of vegetables rich in GLSs, GLSs, which were previously present in
spatially separated cell vacuoles, are hydrolyzed by myrosinase to various herbivore-toxic degradation
products [6,7]. Hydrolysis by myrosinase occurs due to enzymatic cleavage of the thioglycoside
bond, first resulting in an unstable aglucone (thiohydroximate-O-sulfate). The aglucone can then
undergo a lossen-like rearrangement to form isothiocyanates (ITCs) or decompose into nitriles and
molecular sulfur. Moreover, in the presence of certain proteins such as the epithiospecifier protein
(ESP), an aglycone with a terminal double bond favors epithionitrile (ETN) formation [7].

Consumption of ITCs can positively affect human health as they have antimicrobial,
antidiabetogenic, chemopreventive, and anticarcinogenic properties [8,9]. Previous studies have
shown a positive correlation between ITC uptake and cancer prevention [8,10,11], and especially
4-(methylsulfinyl)butyl ITC (sulforaphane; 4MSOB-ITC) is valued for its anticarcinogenic potential [8].
Simple nitriles and ETNs on the other hand, seem to have less health beneficial effects [12,13]. Studies
have elucidated that Brassica vegetables, not only ITCs, but also nitriles and ETNs can be the most
predominant degradation products [14,15]. Consequently, in order to estimate the health beneficial
potential of Brassica vegetables, it is of great importance to not only analyze intact GLSs, but also their
behavior during hydrolysis.

The natural GLS content in vegetables varies in accordance with genotype, plant developmental
step, soil and cultivation conditions, and other ecophysiological influences, but it is also affected by
storage [14,16,17]. Moreover, GLS levels vary over the growth season and several studies reported
higher GLS levels in B. oleracea plants grown in spring compared to plants grown in autumn [17],
while in broccoli (B. oleracea var. italica), GLS levels were higher when grown in the summer season
compared to the spring season [18]. Similarly, Nuñez-Gómez et al. (2020) recently reported higher
GLS levels in broccoli grown in autumn compared to broccoli grown in the spring season. Moreover,
when comparing two spring seasons, the one with less rainy days and higher temperature resulted in
higher GLS levels [19]. Experiments performed under controlled conditions indicate that temperature,
as well as day length affect GLS biosynthesis in B. oleracea in a structure-dependent way [20–22].

In order to predict GLS-based health beneficial properties, more information especially concerning
GLS profiles and especially on their hydrolysis behavior in Brassica foods available for the consumer,
is needed. Possessing a long harvesting period—typically ranging from June to November—red and
white cabbages are facing seasonal changes and different ecophysiological influences, which can have
a great impact on the GLS profile [16,20] and might also affect the potential to form health-preventive
ITC. To date, little is known about how GLS hydrolysis products are affected by different cultivation
conditions. No revealing insight has been given on how GLS, and even more importantly, the formation
behavior of their hydrolysis products varies in commercial cabbages across the whole season. Therefore,
the objective of this study was to monitor the variation of GLS levels and the formation of their bioactive
hydrolysis products in commercial red and white cabbage heads obtained from three local retailers in
Germany and to link the data with the cultivation practices and post-harvest storage conditions.

2. Materials and Methods

2.1. Chemicals

Allyl GLS (Allyl; ≥99%, reference compound), 4-hydroxybenzyl GLS (4OHbenzyl; purity
≥99%, internal standard), and methylene chloride (GC Ultra Grade, solvent) were purchased
from Carl Roth GmbH and Co. KG (Karlsruhe, Germany). Allyl ITC (Allyl-ITC; ≥99%,
reference compound), benzonitrile (≥99.9%, internal standard), DEAE-Sephadex A-25 (anion
exchanger), and the reference compounds 3-butenenitrile (Allyl-CN; ≥98%), 4-pentenenitrile
(3But-CN; ≥97%), 3-phenylpropanenitrile (≥99%), were obtained from Sigma-Aldrich Chemie
GmbH (Steinheim, Germany). The reference compounds 3-butenyl ITC (3But-ITC; ≥95%) and
4-pentenyl ITC (≥95%) were purchased from TCI Deutschland GmbH (Eschborn, Germany).
3-(Methylsulfinyl)propyl ITC (3MSOP-ITC) and 4-(methylsulfanyl)butyl ITC (4MTB-ITC; ≥98%)
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were purchased from Santa Cruz Biotechnology (Heidelberg, Germany). 4-(Methylsulfinyl)butyl
ITC (4MSOB-ITC) was purchased from Enzo Life Sciences GmbH (Lörrach, Germany). The ETN
1-cyano-2,3-epithiopropane (CETP; ≥95%) was synthesized by Taros Chemicals GmbH and Co. KG
(Dortmund, Germany) and 1-cyano-3,4-epithiobutane (CETB; ≥95%) was synthetized by ASCA
GmbH Angewandte Synthesechemie Adlershof (Berlin, Germany). 5-(Methylsulfanyl)pentanenitrile
(4MTB-CN) and 5-(methylsulfinyl)pentanenitrile (4MSOB-CN) were purchased from Enamine (SIA
Enamine, Latvia, Riga). 3-Butenyl GLS (3But; ≥95%), 2(R)-hydroxy-3-butenyl GLS (2OH3But;
≥98%), 4-(methylsulfanyl)butyl GLS (4MTB; ≥98%), 4-(methylsulfinyl)butyl GLS (4MSOB; ≥98%),
3-(methylsulfinyl)propyl GLS (3MSOP; ≥98%), and 2-phenylethyl GLS (2PE; ≥98%) were acquired
from Phytolab GmbH and Co. KG, Vestenbergsgreuth, Germany. The solvents methanol (≥99.95%),
acetonitrile (LC-MS grade), and arylsulfatase (enzyme) were purchased from Th. Geyer GmbH and
Co. KG (Renningen, Germany).

2.2. Plant Material

Three red cabbages (Brassica oleracea convar. capitata var. rubra L.) and three white cabbages
(Brassica oleracea convar. capitata var. alba) were purchased at regular intervals from the same two
local conventional supermarkets (CON1, CON2) and from the same organic supermarket (ORG1) in
Brandenburg, Germany over a period of 3 months (September–November 2019). The supermarkets
were selected with regard to different German food trading companies. The two conventional
supermarkets selected belong to the two biggest food trading companies in Germany and the organic
supermarket also belongs to a big organic food supermarket chain. The exact sampling dates (S1–S6) are
given in Table 1. Additionally, red and white cabbage heads, grown in the field at the Leibniz-Institute
of Vegetable and Ornamental Crops (IGZ) in Grossbeeren, Germany, were harvested freshly in order
to compare GLSs and their hydrolysis products with commercial cabbages. Therefore, red (cultivar
‘Redma RZ F1′) and white (cultivar ‘Dottenfelder Dauer’) cabbage seeds were sown (13.06.2019 and
20.06.2019) on loamy soil (pH 7.3) and then grown for 3 months at the IGZ (52◦20′59.0′′N 13◦18′57.5′′ E).
The red cabbage was cultivated with 100% of the required nitrogen level and fertilized using calcium
ammonium nitrate and Patentkali® (419 kg N/ha). Before cultivation, the field was fertilized once
with calcium ammonium nitrate (CAN) and Patentkali® and later fertilized a second time, with CAN
only during the cultivation period. In total, 377.78 kg CAN/ha and 40.74 kg Patentkali® were applied
for fertilization.

For white cabbage, Aminofert® Vinasse fertilizer (BayWa AG, Munich, Germany) was applied
(60 kg N/ha) with 30% of the required nitrogen level. Here, fertilization occurred before the sowing
of the seeds on 06 June 2019 and a second time on 25 June 2019 for head formation. The origin and
cultivation background of commercial cabbages were investigated by interrogating service staff at
supermarkets and by contacting growers. Cabbages sold at CON1 and ORG1 were procured from
different farming areas in northern Germany (CON1: Neuenkirchen and Helse (Schleswig-Holstein),
Germany; ORG1: Blankensee (Mecklenburg-Western Pomerania), Hedwigenkoog (Schleswig-Holstein),
Vierlinden and Seeblick (Brandenburg, Germany), whereas cabbages purchased from CON2 could
continuously be procured from the same farming area, but on different fields within a 30 km perimeter
in Neuenkirchen, Schleswig-Holstein, Germany) (Table 2). With regard to the cultivars, mainly white
cabbage varieties such as “Storema”, “Lennox”, “Marcello”, and “Impala” and red cabbage varieties,
especially “Futurima”, “Rodima”, “Bandolero”, and “Klimaro” were cultivated in the Dithmarschen
region (Helse, Neuenkirchen) for CON1 and CON2. Cultivars “Rodynda”(red cabbage) and “Dowinda”
(white cabbage) were mainly cultivated in Hohennauen, Germany for ORG1. Early cabbage cultivars
(“Marcello”, “Bandolero”) were likely purchased between 04 and 05 September 2019, whereas later
cabbage cultivars (“Storema”, “Lennox”, “Impala”, “Futurima”, “Klimaro”, “Rodynda”, “Dowinda”)
could be purchased between 09 September 2019 and 06 November 2019.
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Table 1. Overview of the dates of the purchased and harvested red and white cabbage heads.

Date of Purchase

Supplier Abbreviation White Cabbage Red Cabbage

CON1

S1 04.09.2019 04.09.2019
S2 16.09.2019 16.09.2019
S3 30.09.2019 30.09.2019
S4 21.10.2019 21.10.2019
S5 04.11.2019 04.11.2019
S6 18.11.2019 18.11.2019

CON2

S1 05.09.2019 05.09.2019
S2 16.09.2019 16.09.2019
S3 30.09.2019 30.09.2019/01.10.2019
S4 21.10.2019 21.10.2019/23.10.2019
S5 04.11.2019 4.11.2019/06.11.2019
S6 18.11.2019 18.11.2019

ORG1

S1 09.09.2019 09.09.2019
S2 19.09.2019 19.09.2019
S3 01.10.2019 01.10.2019
S4 23.10.2019 23.10.2019
S5 06.11.2019 06.11.2019
S6 20.11.2019 20.11.2019

Fresh harvest from field (IGZ)
Date of harvest

White Cabbage Red Cabbage

29.10.2019 10.10.2019
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Long-term stored white cabbages (‘Storema”, “Lennox”, “Impala”, “Dowinda”) were purchased
as of 18 November 2019 and stored at 0.1–0.3 ◦C in warehouses at the wholesaler. Cabbages from
CON1 and CON2 were fertilized using a combination of urea, calcium ammonium nitrate, phosphate
and potassium, whilst organically cultivated cabbage ORG1 was fertilized using hair-meal pellets
(200 kg N/ha) or compost (Table 2). According to growers in Blankensee, Neuenkirchen, Vierlinden,
and Helse, only hybrid cultivars such as “Storema”, “Impala”, “Lennox”, and “Bandolero” were
grown, harvested, and later sold as ripe cabbages to CON1 and CON2, whereas non-hybrid cultivars
such as “Rodynda” and “Dowinda” (grown for ORG1) were generally grown in Hedwigenkoog and
Hohennauen. According to growers in Helse, seeds were sown from the 16th to the 20th calendar week
of 2019, and cabbages were harvested from the 23rd to the 46th calendar week on heavy, sea marsh
soil. Similar sowing and harvesting dates also applied for cabbages cultivated in Neuenkirchen, which
were harvested between weeks 23 to 45 and also grown on heavy, sea marsh soil. According to growers
in Helse, which supplied CON1 with cabbage, cabbage heads grown for the conventional market
generally grew slower in the Dithmarschen region and were grown for 150 d in Helse on sea marsh
soil (late cabbage). The growth of early cultivars (S1 sampling of CON1 and CON2) was accelerated
with non-woven fibre barriers. The alleged storage conditions, according to all growers before the
selling period and conditions in the supermarket during selling time, according to salespersons in
CON1, CON2, and ORG1 are listed in Table 2, while in Supplemental Table S1 all information collected
during this study on the analyzed cabbages are given for each cabbage separately and in more detail.

In order to give a better understanding of how GLSs and their hydrolysis products can differ in
commercial cabbages and how they might change within the season, GLSs and their hydrolysis products
were additionally monitored by comparing cabbage heads from an organic and two conventional
supermarkets (ORG1, CON1, CON2) with cabbage heads grown at the Leibniz-Institute of Vegetable
and Ornamental Crops (IGZ), Grossbeeren, Germany. A further aim of this work was to link the results
with the common cultivation practices and the alleged storage conditions (Table 2).

2.3. Sample Preparation

Fresh cabbage heads were chopped in half. Of the two obtained halves, one of the halves was
halved again, and two quarters were obtained. Afterwards, one of the obtained quarters was divided
into 2–3 strips (weight: 70–180 g, width: 1–1.5 cm) along the middle, and the strips were frozen at
−20 ◦C overnight before lyophilization (11 d) and were later ground. The remaining plant material of
the same quarter, from which the strips were obtained, was then cut into small pieces of 1 cm width.
The chopped plant material was thoroughly mixed by hand, and 15–20 g fresh cabbage was then given
into a round bottom glass vessel for homogenization. Afterwards, 15–20 mL of distilled water was
added, in order to obtain a 1:1 ratio of plant material and water. Then, samples were homogenized for
1 min at a rate of 20,000 rpm using a mixer (H04, Edmund Bühler GmbH, Tübingen, Germany) and
incubated for 1 h at room temperature (22 ◦C).

2.4. Analysis of Glucosinolates

To determine the profiles and concentrations of GLS in red and white cabbages, 10 mg of
lyophilized powder was extracted and GLS was analyzed as their desulfo-form [23]. Briefly, 10 mg
of dry plant powder was extracted thrice using 70% of hot methanol in the presence of 0.025 μmol
4-hydroxybenzyl GLS as an internal standard. The extracts were combined and desulfated on a
DEAE-Sephadex A-25 ion-exchanger column using aryl sulfatase. Afterwards, desulfo-GLSs were
eluted with 1 mL of water and analyzed using an Agilent UHPLC-DAD-ToF-MS system equipped
with a Poroshell 120 EC-C18 column (100 × 2.1 mm, 2.7 μm; Agilent Technologies), a gradient of water,
and 40% acetonitrile, as described previously [23]. Desulfo-GLSs were quantified at 229 nm via the
internal standard and the calibration factor reported in the DIN EN ISO 9167-1 and calculated on this
basis for 4-hydroxybenzyl GLS.
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2.5. Determination of Glucosinolate Breakdown Products

For the analysis of GLS hydrolysis products released from red and white cabbage tissue, the protocol
described by Hanschen and Schreiner (2017) was followed with small modifications [14]: Briefly,
500 mg of the homogenized fresh samples (containing 50% of water) were weighed into solvent
resistant centrifuge tubes. During the first two samplings, 1 g of sample homogenate was used, which
might have led to reduced recoveries for nitriles and epithionitriles, due to higher water to solvent
ratio. Then, the internal standard benzonitrile (0.2 μmol) was added and GLS hydrolysis products were
extracted 3 times using methylene chloride: 2 mL during the first extraction and 1.5 mL of methylene
chloride in the second and third extraction. Then, samples were analyzed as described previously [14],
except that in the present study an Agilent J&W VF-5ms GC-MS column (30 m × 0.25 mm × 0.25 μm)
coupled to a 10 m EZ-Guard P/N:CP9013 column was used for analyte separation.

2.6. Statistical Analysis

To investigate differences between different sampling dates (S1–S6), means were compared using
ANOVA and Tukey’s HSD test and STATISTICA version 13.5.0.17 software (TIBCO Software Inc.,
Palo Alto, CA, USA) with a significance level of p ≤ 0.05. All analyses were carried out in triplicate by
analyzing three biological replicates.

3. Results

Samples (three cabbage heads) from each of the three retailers (conventional supermarkets CON1,
CON2, and organic supermarket ORG1) were collected between September and November 2019 every
2 to 3 weeks, summing up to a total of six sampling dates (S1–S6). GLS-profiles and the corresponding
GLS hydrolysis products were monitored over the six sampling periods and additionally compared to
fresh samples (four red and white cabbage heads) harvested from a field at the IGZ in Grossbeeren,
Germany. Most analyzed cabbage heads differed in their regional origin and harvest time (Table 2).
The dates of the purchased or harvested cabbages over the six sampling periods (S1–S6) are listed in
Table 1.

3.1. Glucosinolates in White and Red Cabbage from Local Food Retailers

The GLS profile of the most abundant GLS of white cabbage purchased from the different food
retailers over the 3-month period is given in Figure 1A–C, whilst the GLS profile for red cabbage is
displayed in Figure 1D–F. Table 3 shows the chemical structures of the most abundant cabbage GLS,
as well as their GLS hydrolysis product names including the abbreviations. In the heads of the analyzed
white and red cabbage cultivars, a total of 12 chemically different GLSs were detected (Table S2).
The main GLSs were allyl GLS (Allyl), 3-butenyl GLS (3But), 2-hydroxy-3-butenyl GLS (2OH3But),
3-(methylsulfinyl)propyl GLS (3MSOP), 4-(methylsulfinyl)butyl GLS (4MSOB), and indol-3-ylmethyl
GLS (I3M) (Figure 1). The GLS profile in white and red cabbage cultivars between different supermarkets
was often found to be similar within the same cabbage variety. In that way, Allyl, 3MSOP, and I3M
were found to be most dominant in white cabbage, with maximum Allyl concentrations reaching
0.71 ± 0.02 μmol/g FW in S5 (Figure 1A), up to 0.64 ± 0.17 μmol/g FW 3MSOP in S1 of ORG1, and up to
0.49 ± 0.12 μmol/g FW I3M in S4 of ORG1 (Figure 1C). Red cabbage was often the richest in 2OH3But
and 4MSOB (Figure 1D–F), with up to 0.99 ± 0.19 μmol/g FW 2OH3But in S1 of CON1 (Figure 1D) and
0.93 ± 0.05 μmol/g FW 4MSOB in S1 of CON1 (Figure 1D), respectively. However, Allyl, 3But, 3MSOP,
and I3M were also formed in considerable amounts in red cabbage (Figure 1D–F).
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In general, red cabbage heads produced higher levels of GLSs (Figure 1D–F) compared to white
cabbage heads (Figure 1A–C). The highest total GLS levels in red cabbage heads were detected in S1
from CON1 (3.12 ± 0.27 μmol/g FW) (Figure 1D), whereas the highest total GLS content for white
cabbage was observed in S5 from CON1 (1.61 ± 0.11 μmol/g FW) (Figure 1A).

Whilst general increases in total GLS concentration were found from sampling S1 to S6 (especially
due to Allyl) in white cabbages from CON2 (Figure 1B), a general decreasing trend in total GLS
concentration was detected in white cabbages procured from ORG1 (Figure 1C). In red cabbage,
total GLSs varied for the individual samples from the same food retailers in all purchased red cabbage
heads (Figure 1D–F), and no specific trend was noted between purchase dates from the different
retailers. With regard to individual GLSs, many GLSs in cabbages from the three supermarkets did
not significantly change over the different sampling dates, such as GLSs in red cabbage from CON2

(Figure 1E), while others were affected (Figure 1).
The two major GLSs detected in white cabbage heads were 3MSOP and Allyl. In white cabbages

procured from CON1 (S1-S6, Figure 1A), Allyl increased by 2.1-fold from S1 to S5 and then decreased
in S6 to levels similar to S1. In white cabbages, which were purchased from CON2, a general increase
in Allyl content was observed from S1 to S6 (0.17 ± 0.03 to 0.61 ± 0.07 μmol/g FW) (Figure 1B),
while in white cabbages purchased from ORG1 (Figure 1C), Allyl did not significantly change over
time. In red cabbage, no significant changes were observable for Allyl (Figure 1D–F). 3MSOP as the
other main GLS of white cabbage stayed the same over the sampling period in cabbages from CON2

and ORG1, but displayed increased levels in S4 and S5 of cabbages from CON1 compared to the S1-S3
samples (Figure 1A). In red cabbage, 3MSOP did not change across the consecutive sampling dates
(Figure 1D–F). 4MSOB as a major GLS in red cabbage displayed reduced content in S2-S4 compared to
S1 in CON1-cabbage (Figure 1D), but did not change in cabbages from CON2 and ORG1. Likewise,
in white cabbage of ORG1, 4MSOB was not affected. In white cabbage from CON1, 4MSOB slightly
decreased from S1 to S5 but was highest in S6 (Figure 1A), and in CON2-cabbages, this GLS generally
displayed similar levels over the sampling dates (Figure 1B). Similarly, 2OH3But varied significantly
only in white and red cabbage procured from CON1 (Figure 1A,D), but not in cabbages from the other
supermarkets. In CON1-cabbages, 2OH3But was highest in S1 (red cabbage) or S2 (white cabbage)
samples, then decreased until S4 (red cabbage) or S5 (white cabbage) and then again increased in
the last samples (by tendency in red cabbage; significantly in white cabbage). The indole GLS I3M
generally had similar levels over the different sampling dates in white and red cabbages, as well
(Figure 1).
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3.2. Glucosinolate Hydrolysis Product Formation in White and Red Cabbages from Local Food Retailers

Resulting from the homogenization of the fresh cabbage material, GLSs in cabbages from the
different food retailers were degraded. The most pronounced GLS hydrolysis products released from
white and red cabbages included the ITCs (or follow-up products from ITC) 3-(methylsulfinyl)propyl
ITC (3MSOP-ITC), 4-(methylsulfinyl)butyl ITC (4MSOB-ITC), 3-butenyl ITC (3But-ITC), and
5-vinyloxazolidine-2-thione (OZT), the nitriles 5-(methylsulfinyl)pentanenitrile (4MSOB-CN) and
4-(methylsulfinyl)butanenitrile (3MSOP-CN) and the ETNs 1-cyano-2,3-epthiopropane (CETP),
1-cyano-3,4-epithiobutane (CETB), and isomers of 1-cyano-2-hydroxy-3,4-epithiobutane (CHETB
A, CHETB B) (Table S3). Overall, the main GLS hydrolysis products in white cabbages were
3-MSOP-CN and 3MSOP-ITC, which were formed from 3MSOP and CETP, originating from the GLS
Allyl (Figure 2A–C).

Red cabbages released mainly 4MSOB-CN and 4MSOB-ITC, originating from 4MSOB and CETP,
but also 3MSOP-products and CETB and CHETB were often released in higher amounts (Figure 2D–F).
Usually, homogenized red cabbages released more GLS-hydrolysis products compared to white
cabbages (Figures 2 and 3). The formation of the cancer-preventive ITC 4MSOB-ITC was highest in
red cabbages procured from CON1 in the S1 sample (1.06 ± 0.25 μmol/g FW), where it was also the
main GLS-hydrolysis product. Although still being the main GLS-hydrolysis product in some samples,
less 4MSOB-ITC was released in CON2- and ORG1- cabbages (up to 0.33 ± 0.18 μmol/g FW in S3
from CON2 and up to 0.44 ± 0.16 μmol/g FW in S2 from ORG1) (Figure 2D–F). The formation of GLS
hydrolysis products in cabbages purchased from the three different supermarkets generally varied
over the course of the sampling period (Figures 2 and 3). Overall, the S5 sample of red cabbages with
2.68 ± 0.57 μmol/g FW displayed the highest total level of released GLS-hydrolysis products.

Regarding white cabbages, total ITC concentrations were highest with up to 0.50 ± 0.19 μmol/g FW
in the later samples S4 and S5 from CON1, where they were also the main GLS hydrolysis product type.
In addition, total nitrile levels were higher in these later samples. Total ETN levels were also highest in
S5 (Figure 3A). In white cabbages from CON2, total ITC levels did not change during the sampling
season, while ETN levels increased in later samples (S3–S6) and nitriles only displayed increased levels
in S4 (Figure 3B). In organic white cabbages from ORG1, cabbages from the first sampling date (S1)
released with up to 0.96 ± 0.14 μmol/g FW mainly ITCs, which was generally the highest observed
ITC level in white cabbages. On the other hand, samples S3, S5, and S6 only showed low levels of
ITC formation (0.02–0.06 μmol/g FW) with nitriles and ETNs as the most dominant GLS-hydrolysis
products (Figure 3C).

Red cabbages from the first samples (S1–S3) usually mainly released ITCs, while later samples
(S3–S6) mainly released nitriles or ETNs (Figure 3D–F). More specifically, the total ITC formation
was highest in the first samples and peaked in cabbages from S1 (CON1 and CON2) or S2 (ORG1),
while later samples released much lower total ITCs (Figure 3D–E). In red cabbages from CON1,
ETNs and nitriles displayed increased levels in S5 and S6 cabbages compared to S1–S4 (Figure 3D).
Comparably, in CON2, the red cabbages total ETN formation was also higher in S5, but nitriles were
not affected (Figure 3E). In organic red cabbages from ORG1, total nitriles were also highest in S5,
while ETN-formation fluctuated and displayed increased levels in S2 and S5 compared to S3 and S6
(Figure 3F).
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Regarding the ratios (%) of total EPTs, nitriles, and ITCs relative to the total amount of formed GLS
hydrolysis products, usually the relative ITC formation was higher in the first samples of cabbages,
where they were often the main GLS hydrolysis products, but ITC formation decreased towards later
sampling dates. Relative nitrile formation often behaved the other way around and was higher in later
samples compared to early samples (Figure 4). More specifically, in white cabbages from CON1, the %
of ITCs more than halved, while relative nitrile levels more than tripled from S1 to S6 and relative ETN
formation was slightly increased in S2 compared to the other samples (Figure 4A). In white cabbages
from CON2, the relative ITC formation was highest in S2 with 63 ± 11% and then decreased to S5 by
56% to 28 ± 9% of ITC formation. While relative nitrile formation was hardly affected, relative ETN
formation increased from S1 to S5 to 46 ± 10% of ETN formation in S5 (Figure 4B). In organic white
cabbages from ORG1, GLSs also mainly released ITCs with 75 ± 3% in S1, while cabbages from later
samples (S3, S5, and S6) mainly released nitriles with up to 65 ± 7% (in S5) (Figure 4C). Red cabbages
showed a very similar GLS hydrolysis behavior: With up to 75 ± 7% of ITC formation (S1 from CON1)
the first samples (S1-S3) released mainly ITCs and the formation decreased towards later sampling
dates, while nitrile formation increased in reverse with later samples to up to 64 ± 8% (S5 from ORG1).

The relative ETN release was not affected in red cabbages from CON2 and ORG1, but increased
with later samples in CON1 up to 45 ± 9% of all GLS products (in S5) (Figure 4D–F). As an indicator of
ESP-activity, the relative formation of CETP, Allyl-ITC, and Allyl-CN were monitored, as well. In red
cabbages from CON1 and ORG1, the relative release of CEPT increased from first to last samples, while
in white cabbages, an increase from S1 to S2–S5 was found (Supplemental Figure S1). The relative
CETP formation was unaffected in red cabbages from CON2 and conventional white cabbages.
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3.3. Glucosinolates and Glucosinolate Hydrolysis Products Formation in Freshly Harvested White and
Red Cabbages

The GLS profile of freshly harvested white and red cabbages was similar to the commercial ones,
and 3MSOP and Allyl were most dominant in white cabbage (Figure 5A), whilst 2OH3But and 4MSOB
contributed the most towards the total GLS content of freshly harvested red cabbage (Figure 5D).
The total GLS and GLS-hydrolysis product level of red cabbages was higher compared to the freshly
harvested white cabbages. With regard to individual GLS hydrolysis product formation, the main
GLS hydrolysis products released from homogenized freshly harvested white cabbages were CETP
and 3MSOP-CN (Figure 5B) and from freshly harvested red cabbages 4MSOB-CN and 4MSOB-ITC
(Figure 5E). Of the detected GLS hydrolysis products from freshly harvested white cabbages, 36 ± 13%
were nitriles (mainly 3MSOP-CN), 34 ± 7% were ETNs, and 30 ± 9% were ITCs (Figure 5C), while in
red cabbages GLSs were degraded to 52 ± 3% nitriles (mainly 4MSOB-CN), 28 ± 2% ETNs, and 20 ± 4%
ITCs (Figure 5F).

Figure 5. Glucosinolate (GLS) (A,D) and their absolute (B,E) and relative (C,F) hydrolysis product
formation in white (A–C) and red cabbages (D–F) harvested freshly from the field. Each color in
the bar of the given bar chart represents the mean plus standard deviation (SD) of the GLS (A,D),
their respective hydrolysis products (B,E), or the ratio of relative isothiocyanates (ITCs), nitriles (CNs),
and epithionitriles (ETNs) (C,F) from three cabbage heads freshly harvested from the field (n = 3).
Abbreviations: FW: Fresh weight; abbreviations of compounds are listed in Table 3.

4. Discussion

In this study, the GLS content and formation of GLS hydrolysis products was evaluated in
commercial white and red cabbages purchased from two conventional and one organic supermarket
in Germany over a period of 3 months and compared to freshly harvested cabbages. In general,
the composition of individual GLSs in red and white cabbages among different food retailers displayed
only slight fluctuations and the GLS profile and levels were similar over the six sampling periods
(Figure 1). With Allyl and 3MSOP being the main GLS in commercial and freshly harvested white
cabbages and red cabbages being rich in 4MSOB and 2OH3But, (but also of Allyl, 3But, 3MSOP,
and I3M), the GLS profiles and levels were in accordance to previous reports [14,24]. The small
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variability in GLS levels is an unexpected observation, as the analyzed white and red cabbages differed
in genotype, came from different regions, were cultivated on different soil types using different
fertilizers and storage practices, and were also purchased from different food retailers that belonged to
different food trading companies (Table 2, Supplemental Table S1). Previous studies showed that GLS
levels in Brassica oleracea vegetables are affected by cultivar (genotype) [14,25], nutrient supply [26,27],
climatic conditions [17,20,28], as well as storage conditions [29,30]. As the variability of the GLSs
was relatively low, it is suspected that genotypes were similar in their initial GLS concentrations and
that also cultivation practices and storage conditions had no major effect on the GLS content of the
cabbages, when they were finally sold in the supermarket. On the other hand, long-term storage
(2 ◦C, 95% of relative humidity, up to 100 days) was shown to decrease the GLS content in Chinese
cabbage (Brassica rapa L. spp. pekinensis), with GLSs being more stable in cabbages stored under a
controlled atmosphere (CA) (2% O2 and 2% CO2) [31]. Accordingly, Osher et al. (2018) even reported
an increase for aliphatic ITC-formation in cabbage (B. oleracea) stored at 1 ◦C under CA for 60 days
(CA: 2% O2, 5% CO2), while ITC formation declined when stored under normal atmosphere (up to
45 and 72% decline in Allyl-ITC after 60 and 90 days, respectively) [32]. In the present study, I3M
levels of organic white and red cabbages from ORG1 were often higher, compared to the cabbages
from the conventional food retailers CON1 and CON2 (Figure 1C). Likewise, using NMR spectroscopy,
Lucarini et al. (2020) recently also found nearly 3 times as much I3M in organic broccoli compared to
conventionally grown ones [33]. In that study, the main difference in both farming practices was the
fertilization practice, as no pesticides were used. While the same amount of nitrogen was supplied to
the soil, for conventional broccoli with 0.2 t/ha urea and 15 t/ha bovine manure were applied, while
organic grown broccoli was fertilized with 28 t/ha [33]. Nevertheless, increased I3M biosynthesis could
be also explained due to the absence of chemical pesticides in organic cultivation practices, resulting in
the stimulation of indole GLS biosynthesis upon herbivory damage via the methyl jasmonate signalling
pathway [34].

Upon homogenization, GLSs were hydrolyzed in cabbages, yielding nitriles, ITC (or breakdown
product thereof), and ETNs. Usually, the recovery of aliphatic GLS hydrolysis products was good
with recoveries in a range of 60–130%. However, in some samples, low recoveries of aliphatic GLS
hydrolysis samples were also observed (for example, S3 and S6 white cabbage samples and the S3
red cabbage sample from ORG1) (Figures 1 and 2). Regarding this observation, myrosinase activity
in these samples was probably low, therefore, resulting in a low recovery of hydrolysis products.
In pre-experiments performed for the current study, the recovery of GLS hydrolysis products did not
benefit from longer incubation times. Probably due to chemical instabilities of the products [35,36],
it is likely that the myrosinase activity decreases with incubation time and that the initial myrosinase
activity might be a major factor for the recovery of products. This hypothesis is further supported by
the observation that sulfate, which is released during GLS hydrolysis, is a competitive inhibitor of
myrosinase activity [37].

With regard to the differences in GLS hydrolysis products in the different samples, in contrast to
GLS, the formation of GLS hydrolysis products varied strongly between the purchase dates (S1–S6;
Figure 2). Especially during the first samples (S1–S3) mainly ITCs were released from red cabbages,
while in later samples nitriles were preferentially formed (S5, S6) (Figure 3). Likewise, the relative ITC
formation in white and red cabbages generally decreased until the last sample, while nitriles were
usually the major hydrolysis products (Figure 4). These results show that in contrast to some previous
reports [14,38], ITCs can be the main hydrolysis products in cabbages, as this was the case for cabbages
purchased in early autumn. Here, red cabbage could be an excellent source for cancer-preventive
4MSOB-ITC (sulforaphane) (up to 1.06 μmol/g FW in red cabbage from CON1 at S1), releasing levels,
which were 6-times higher compared to mature broccoli and comparable to the 4MSOB-ITC release
from broccoli sprouts [14].

With regard to the high nitrile and ETN formation at later purchase dates, the ESP protein activity
is made responsible for ETN-release from alkenyl GLS and for increased formation in simple nitriles
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from non-alkenyl GLS [39,40]. Therefore, it was suspected that the ESP-activity increased towards later
samples, while it remained low in the first samples. When regarding the relative formation of Allyl
hydrolysis products, as an indicator of ESP activity, it can be further supported that the ESP activity
increased with later purchase dates in red cabbage from CON1 and organic cabbage, while it was
not considerably affected in conventional white cabbage (Figure S1). As the relative nitrile formation
significantly increased in white cabbage from CON1 in later samples (Figure 4A) (but relative CETP
release not, Figure S1), it is suspected, that next to the ESP activity, also other factors influence GLS
hydrolysis, which could have resulted in changes in hydrolysis product behavior from S1 to S6 due
to their variation. As especially nitriles increased (Figure 4A), it is suspected that white cabbage
contains nitrile specifier proteins, which are involved in nitrile formation in Arabidopsis thaliana [41].
This suspicion is strengthened by the observation that Brassica oleracea contains a gene with a homology
of 80% compared to the nitrile specifier protein 1 of A. thaliana [42]. Further, this hypothesis is supported
by a recent study, which could neither prove the nitrile specifier protein activity for three B. oleracea
ESP isoforms in vitro nor in vivo, but nitrile formation from alkyl GLS was observed [43].

To date, there is little data how pre- and postharvest factors affect glucosinolate hydrolysis.
Freshly harvested white and red cabbages showed a similar GLS hydrolysis behavior compared to the
supermarket cabbages purchased during similar dates (S5 white cabbage, S4 red cabbage) (Figure 5;
Figures 2–4). Due to this finding and due to the different storage conditions of growers and retailers,
in the present study storage does not seem to be the factor that caused a reduced ITC release in
cabbages purchased in later autumn. With regard to preharvest factors, nitrogen and sulfur supply
affected the release of GLS hydrolysis products in the ETN-producer Chinese cabbage (Brassica rapa L.
ssp. pekinensis) and ITCs were reduced in response to the increasing N and decreasing S supply [44].
In pak choi (B. rapa subsp. chinensis (L.) Hanelt), which also mainly released ETN, the ITC/CN and
ITC/ETN ratio increased with the increasing sulfur supply [45]. With regard to the present study, it is
unlikely that differences in fertilization were responsible for the observed changes in the GLS hydrolysis
behavior as also the red cabbage from CON2 which originated from the same grower (Table 2, Table S1)
showed reduced % ITC release at later purchase dates (Figure 4E). Moreover, herbivore feeding can
affect the GLS hydrolysis behavior, and simple nitrile formation was shown to increase in response to
the specialist insect feeding (Pieris rapae) in Arabidopsis thaliana Col-0 [46], while ITC-emitting plants
appear to be better defended against generalist herbivores [47]. However, as organic and conventional
cabbages displayed a similar hydrolysis behavior (Figure 4D–F), it is suspected that climatic conditions
such as reduced radiation or decreasing temperatures across the autumn season might be responsible
for the observed shifts. Moreover, all of the conventional cabbages originated from the Dithmarschen
region (Schleswig-Holstein, Germany; Table S1), which is characterized by a coastal climate and marsh
soil (being ideal conditions for growing cabbages). It is the largest coherent cabbage-growing area
in Europe. In Table S4, the climatic data of the presumable growing season in 2019 is presented.
Consequently, it is likely that temperature and radiation interact with regard to the GLS hydrolysis
behavior. Recently, Jasper et al. (2020) showed that at higher temperatures during growth, more GLS
hydrolysis products were formed from rocket (Eruca sativa), while GLS levels were less affected [48].
Likewise, Ku et al. (2013) reported different ITC conversion rates in broccoli grown in 2 different
years and linked this to different climatic conditions. Unfortunately, in that study, nitriles were not
analyzed and therefore, conversion rates could have been also affected by changes of the myrosinase
activity [49]. As organic cabbages which originated from different regions in Germany (Brandenburg,
Mecklenburg-Western Pomerania, Schleswig-Holstein; Table 2 and Table S1) also showed similar
changes in the GLS hydrolysis behavior compared to the conventional cabbages originating from the
Dithmarschen region, it can be assumed that the results obtained in this study might be also valid
for other countries and regions with similar climatic conditions. The specific role of climatic growth
conditions on GLS hydrolysis in B. oleracea vegetables will need to be evaluated in future studies.
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5. Conclusions

Current findings in this study have highlighted the great diversity, particularly of the GLS
hydrolysis behavior in white and red cabbages between the different supermarkets over the six
sampling periods: Whilst the GLS composition and content remained similar between the different
food retailers, the composition and content of the individual hydrolysis products formed varied across
the season and high ITC levels were generally noted in early sampling periods (early September) and
decreased, particularly in red cabbages over time. Here, the increased specifier protein activity is made
responsible for the reduced ITC-release.

In conclusion, with regard to their potential to release more ITCs, consumption of commercial
cabbages purchased in early autumn could be healthier options than those purchased in later autumn
months. The fact that ITCs can be preferentially formed in earlier autumn months, but hardly towards
the end of autumn, underlines the need to unravel the factors that affect the GLS-hydrolysis outcome.
The results of this study might also help growers and food companies produce cabbages and products
with more pungency due to a higher ITC formation. Due to the potential of red cabbage to form
high rates of health-promoting 4MSOB-ITC in cabbages purchased in early autumn, red cabbage
consumption could be an alternative for people who dislike broccoli.
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Abstract: Glucosinolates are secondary plant metabolites present in Brassica vegetables. The en-
dogenous enzyme myrosinase is responsible for the hydrolysis of glucosinolates, yielding a variety
of compounds, including health-promoting isothiocyanates. The influence of cabbage accession
and growing conditions on myrosinase activity, glucosinolates (GSL) and their hydrolysis products
(GHPs) of 18 gene-bank cabbage accessions was studied. Growing conditions, cabbage morphotype
and accession all significantly affected myrosinase activity and concentration of glucosinolates and
their hydrolysis products. In general, cabbages grown in the field with lower growth temperatures
had significantly higher myrosinase activity than glasshouse samples. Profile and concentration
of glucosinolates and their hydrolysis products differed across the accessions studied. Aliphatic
glucosinolates accounted for more than 60 % of total glucosinolates in most of the samples assessed.
Nitriles and epithionitriles were the most abundant hydrolysis products formed. The results ob-
tained showed that consumption of raw cabbages might reduce the amount of beneficial hydrolysis
products available to the consumer, as more nitriles were produced from hydrolysis compared
to beneficial isothiocyanates. However, red and white cabbages contained high concentrations of
glucoraphanin and its isothiocyanate, sulforaphane. This implies that careful selection of accessions
with ample concentrations of certain glucosinolates can improve the health benefits derived from
raw cabbage consumption.

Keywords: Brassica oleracea; cabbage; growing condition; myrosinase activity; glucosinolates;
glucosinolate hydrolysis products; isothiocyanates; nitriles; epithionitriles

1. Introduction

Cabbage (Brassica oleracea) belongs to the Brassicaceae family and comprises eight
distinct cultivar groups, all descended from wild cabbage (B. oleracea var. oleracea) [1].
Epidemiological studies have shown that the consumption of Brassica vegetables reduces
the risks of cardiovascular diseases and cancer [2] and is reported to have a cytoprotective
effect against tissue damage associated with oxidative stress as well as antimicrobial activity
against bacterial and fungal pathogens [3,4].

Brassica vegetables are unique in comparison to other vegetables because they contain
the enzyme myrosinase and a group of thioglucosides called glucosinolates (GSLs). GSLs
are sulphur and nitrogen containing biologically active secondary metabolites found in
plants of the order Capparales, which includes the Brassicaceae family and other economi-
cally important agricultural crops [5–7]. In plants, GSLs act as plant defense mechanisms
against stress, insect, and pest attack [8]. GSLs have been grouped into three main classes
based on the structure of their different amino acid precursors; these groups are aliphatic,
aromatic and indole GSLs. Aliphatic GSLs are derived from alanine, leucine, isoleucine,
methionine or valine; aromatic GSLs are from phenylalanine or tyrosine, while tryptophan-
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derived GSLs are called indole GSLs [9,10]. A recent review by Blažević et al. [11] stated
that between 88–137 glucosinolates (GSLs) have been characterised in plants to date.

GSLs and myrosinase enzymes coexist in separate compartments in the plants; while
glucosinolates exists in the vacuoles of various cells [6], myrosinase enzymes are localised
inside the myrosin cells. When plant tissue is disrupted, GSLs are hydrolysed by plant
myrosinase enzymes, resulting in the formation of various hydrolysis products such as
isothiocyanates (ITCs), thiocyanates, nitriles and epithionitriles [5]. The extent of glucosino-
late hydrolysis and the type of hydrolysis compound produced is dependent on a number
of factors, which include coexisting myrosinase enzyme, presence of epithiospecifier pro-
tein (ESP), ascorbic acid, Fe2+ and MgCl2, structure of the glucosinolate side chain, the
plant species, as well as reaction conditions such as pH and temperature [9,12,13].

ITCs, the primary products of GSL hydrolysis from myrosinase, are responsible for
the well-documented health-promoting properties of Brassica vegetables, such as reduced
risk of cardiovascular diseases (CVD) and cancer [2,5]. For example, sulforaphane (SFP),
the hydrolysis product of glucoraphanin present in high concentrations in broccoli and
cabbage, has been reported to possess chemoprotective, antimicrobial, anti-inflammatory,
and antithrombotic properties [14,15]. Allyl isothiocyanate (AITC), another common
ITC present in cabbages and produced upon myrosinase hydrolyses of the glucosinolate
sinigrin (SIN), was reported to be potent against human breast cancer cells [16], human
erythroleukemic K562 cells [17], and more potent on human A549 and H1299 non-small
cell lung cancer cells in vitro than 2-phenylethyl-ITC (PEITC; ITC from gluconasturtin) [18].
However, in the presence of epithiospecifier proteins (ESPs), nitriles and epithionitriles
(EPTs), which have not been shown to proffer any beneficial characteristics for health, are
formed [19]. GSLs and ITCs are also partly responsible for the bitter taste and pungent
aromas of Brassica vegetables, which limits consumer acceptance and liking of Brassica
vegetables [20–23].

There are several factors that affect the GSL-myrosinase system in Brassicas; these
factors include climatic factors, location, and growing conditions [24–27], morphotype and
the variety of plant [28,29]; with the impact of these factors varying between studies. For
example, while some authors have suggested that the effect of plant genotype on GSL
concentrations is greater than that of environmental factors [30,31], others have reported
higher variations in GSL concentrations as a result of environmental conditions than
genetic factors [32,33].

To date, most studies on myrosinase activity have focused on single cultivars of
B. oleracea species [28,34–37], with studies on the myrosinase activity of different varieties
within a species limited [29,38]. Variations in myrosinase activities were reported in
different varieties of Brussels sprouts, broccoli, cauliflower, Chinese cabbage, and white
cabbage [38]. The authors found a two-fold difference in the myrosinase activities of
five broccoli varieties as well as two cauliflower and Chinese cabbage varieties. Low
temperature conditions are reported to increase the myrosinase activity of B. oleracea species
(Brussels sprout, broccoli, cauliflower, cabbage, and kale) grown in the autumn season [25].

Several studies have been undertaken on the formation of GSLs in cabbage varieties,
some of which have investigated GSL concentrations in cabbages grown under different
conditions; with , most focused on GSL concentrations of cabbages grown in different
locations or different seasons [29,32,39–41]. However, none of the studies analysed the
glucosinolate hydrolysis products (GHPs) of cabbages under different plant growth condi-
tions and instead made suggestions on potential GHP concentrations of the samples based
on the concentrations of GSLs observed. These suggestions may be problematic, as studies
have shown that GSL concentration is not necessarily correlated with the abundance of
GHPs formed [42,43].

Little is known of the GHPs in cabbages, as most studies have focused on a specific
cabbage variety [44] or ITCs in other B. oleracea such as broccoli [45]. A recent study
analysed the GSLs and GHPs of cabbages with a focus on red, white and savoy cabbages,
but the samples were grown under the same conditions [43]. To fully understand the
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health benefits that can be derived from cabbage consumption, however, there is a need to
characterize the GHPs produced from GSL hydrolysis and understand the factors affecting
the type and concentrations of GHPs formed. With growing health campaigns promoting
the consumption of more fruits and vegetables, and consumers wanting to include more
fresh vegetables like cabbage in their diet, many people now grow their own cabbages at
home in pots, either in green/glasshouses or in the garden [46,47]. It is therefore important
to investigate the effect of these plant growth conditions on the GSL-myrosinase system to
ensure that the health benefits desired from their consumption are not lost.

In light of this gap in present knowledge, the purpose of this study was to investigate
the influence of growing conditions and accession identity on myrosinase activity as well
as the GSL and GHP content of cabbage. A total of 18 cabbage accessions across six
different cabbage morphotypes were selected from a genetic resources unit and grown
under two different conditions. In addition to wild cabbage, this study used red, white,
and green (savoy) cabbage (B. oleracea var. capitata), kale (B. oleracea var. acephala) and sea
kale (B. oleracea var. tronchuda). The primary hypothesis of the study was that cabbage
growth conditions will affect myrosinase activity as well as the GSL and GHP contents of
cabbage. The secondary hypothesis was that while cabbage morphotype and accession
would affect myrosinase activity, cabbage morphotype rather than accession will affect
the profile and concentrations of the GSLs and GHPs formed. The results of myrosinase
activity and variations in the amount and profile of GSLs and GHPs in cabbage accessions
across both plant conditions studied are presented.

2. Materials and Methods

2.1. Plant Material

Cabbage accessions were selected from the University of Warwick Crop Centre Genetic
Resources Unit (Wellesbourne, UK). Eighteen cabbage accessions comprising six cabbage
morphotypes (wild (B. oleracea var. oleracea), black kale (B. oleracea var. acephala), tronchuda
(B. oleracea var. tronchuda), savoy, red and white (B. oleracea var. capitata)) were used for the
experiment. Cabbages were selected based on their geographical origin, whether or not
they were of hybrid descent, and morphology of head formation (closed heart or open leaf),
as shown in Table 1 and Supplementary Figure S1. Seeds of one white cabbage accession
(WC-DLI) did not germinate when sown and thus will not be discussed further. Out of the
remaining 17 accessions planted, RC-RM (red cabbage) and SC-SDG (savoy cabbage) did
not survive in the glasshouse.

A total of 15 biological replicates of each accession were germinated in seedling trays
using potting compost under controlled environmental conditions (Saxcil cabinets). A
16 h photo period was used (16 h light, 8 h dark); relative humidity was set to 60%, with
day and night temperatures of 22 ◦C and 16 ◦C, respectively. Seedlings were allowed to
grow in seedling trays until the appearance of 3–4 true leaves, before being transplanted to
individual 2.5 L pots containing loam-based compost (7–8 May 2014) and left to grow in
the glasshouse (minimum night temperature 13 ◦C). After 50 days (26–27 June 2014), five
replicates of each accession were transplanted to larger pots (10 L) containing loam-based
compost and allowed to grow until commercial maturity in the glasshouse, while seven
replicates of each accession were transplanted to the field and allowed to grow to commer-
cial maturity. On the field, each accession was planted on 7 metre beds with 0.6 metres
between plants and rows. Both glasshouse and field cabbages were fertilized twice weekly
with nitrogen phosphate potassium (NPK) (100 kg/ha N, 100 kg/ha P and 200 kg/ha K)
fertilizer. Standard agricultural practices were employed in the cultivation of the cab-
bages, including a programme of pest management using insecticides and fungicides.
Cabbages were grown between 7 March–25 November 2014 in the plant growth facilities,
Whiteknights campus of the University of Reading, UK (Supplementary Figure S2).
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Cabbages were harvested over a period of two days upon reaching commercial ma-
turity based on visual inspection. Though some accessions attained commercial maturity
earlier than others, they had sufficiently good field holding capacity to be left until all
accessions were mature before harvesting, so that all plants experienced equivalent environ-
mental conditions. Harvested plants were placed on ice in freezer bags and immediately
stored in a cold room at 4 ◦C for 24 h before processing. The average weight of each
field cabbage head per plant was 700 g (closed heart) and 300 g (open leaf), while the
glasshouse cabbages were smaller (400 g for closed heart and 250 g for open leaf cabbages)
(Supplementary Figure S1). Climatic data for both growing conditions are presented in
Supplementary Table S1.

2.2. Reagents and Chemicals

Sinigrin standard was purchased from Santa Cruz Biotechnology (Heidelberg, Ger-
many) and D-glucose determination kit was from R-Biopharm Rhone (Heidelberg, Ger-
many). All other chemicals used were purchased from Sigma–Aldrich (Dorset, UK).

2.3. Sample Preparation

The outer leaves and central core of 4–5 cabbage heads (biological replicates) were
removed and discarded in order to remove senescent leaves and achieve a representative
sample spanning similar leaf ages for each morphotype. Cabbages were chopped into
pieces of approximately 1 cm in width using a kitchen knife (representing how cabbages
would normally be sliced by consumers), mixed together, and washed under running tap
water; excess water was drained using a salad spinner (OXO Good Grips Clear Manual
Salad Spinner, Chambersburg, PA, USA). A total of 120 g of cabbage samples was put into
sterile sterilin tubes, immediately placed on ice, and transferred to a −80 ◦C freezer. Frozen
samples were freeze-dried (Stokes freeze drier, Philadelphia, PA, USA), ground using a
tissue grinder (Thomas Wiley® Mini-Mill, Thomas Scientific, Swedesboro, NJ, USA) and
stored at −20 ◦C until further analysis.

2.4. Myrosinase Enzyme Extraction and Assay

Myrosinase enzyme was extracted using the method described by Ghawi et al. [48].
A sample of 0.1 g was suspended in 0.15 g polyvinylpolypyrrolidone (PVPP) and 10 mL
of Tris-HCL buffer (200 mM, pH 7.5) containing 0.5 mM ethylenediaminetetracetic acid
(EDTA) and 1.5 mM dithiothreitol (DTT). The mixture was stirred for 15 min at 5 ◦C and
centrifuged (11,738× g) for 15 min at 5 ◦C. The final volume of supernatant was made up
to 10 mL using the Tris-HCL buffer. Then, 6.2 g ammonium sulphate was added to the
supernatant to achieve 90% saturation and stirred at 5 ◦C for 30 min. The samples were
then centrifuged (13,694× g) for 15 min at 5 ◦C. The resulting pellet was suspended in 2 mL
Tris-HCl buffer (10 mM, pH 7.5) and assayed for myrosinase activity.

Myrosinase activity was measured using the coupled enzyme method described by
Gatfield and Sand [49] and Wilkinson et al. [50], with slight modifications. The procedure
depends on the glucose released from the reaction between myrosinase enzymes and the
substrate (sinigrin). The mixture for the reaction consisted of 0.9 mL of 5 mM ascorbic acid,
0.5 mL ATP/NADP+ solution, 10 μL hexokinase/glucose-6-phosphate dehydrogenase
and 50 μL crude enzyme extract. The mixture was homogenized and allowed to stand for
3 min, and then 50 μL sinigrin substrate (0.6 M) added. The change in absorbance due
to NADPH formation was read on a spectrophotometer at 340 nm. Myrosinase enzyme
activity was determined by taking the slope of the linear part of the curve of absorbance
versus the time of reaction. One unit of myrosinase activity is defined as the amount of
enzyme that produces 1 μmol of glucose from sinigrin substrate per minute at pH 7.5.

2.5. Protein Assay

Protein content was measured using the Bradford method [51]. The procedure is
based on formation of a complex between dye (brilliant Blue G, Sigma-Aldrich, Dorset, UK)
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and the protein present in the sample, and absorbance is read at 595 nm using a spectropho-
tometer. 50 μL filtered crude enzyme extract was added to 1.5 mL of concentrated dye
reagent, vortexed and allowed to stand for 20 min before taking the absorbance reading.
Bovine serum albumin (BSA) (Sigma-Aldrich, Dorset, UK) was used to construct a standard
curve, and the protein concentration of sample was calculated from the standard curve
obtained. Protein content was used to calculate the specific activity of myrosinase enzymes
(U/mg protein).

2.6. Glucosinolate Extraction and LC-MS2 Analysis

The method used for GSL extraction is as described by Bell et al. [52], with modifi-
cations. Briefly, 40 mg ground cabbage powder was heated in a heat block at 75 ◦C for
two minutes. Then, 1 mL 70% (v/v) methanol preheated to 70 ◦C was added to each
sample, vortexed and placed in a preheated (70 ◦C) water bath for 20 min. Samples were
centrifuged at full speed for five minutes (18 ◦C), and supernatant was collected in fresh
Eppendorf tubes. The volume was adjusted to 1 mL with 70% (v/v) methanol and frozen
at −80 ◦C until further analysis.

Samples were filtered using 0.22 μm Millex syringe filters with a low protein binding
Durapore polyvinylidene fluoride (PVDF) membrane (Fisher scientific, Loughborough,
UK) and diluted with 9 mL HPLC-grade water. LC-MS analysis of GSL extracts was
performed in negative ion mode on an Agilent 1200 Series LC system (Agilent, Stockport,
UK) equipped with a variable wavelength detector and coupled to a Bruker HCT ion trap
(Bruker, Coventry, UK). Sample separation was achieved on a Gemini 3 μm C18 110 Å
(150 × 4.6 mm) column (with Security Guard column, C18; 4 mm × 3 mm; Phenomenex,
Macclesfield, UK). GSLs were separated during a 40 min chromatographic run, with a
5 min post-run sequence. Mobile phases consisted of 95% of 0.1% ammonium formate
solution and 5% acetonitrile. The flow rate was optimised for the system at 0.4 mL/min,
with a column temperature of 30 ◦C and with 5 μl of sample injected into the system. GSLs
were quantified at a wavelength of 229 nm.

MS analysis settings were as follows: electrospray ionization (ESI) was carried out
at atmospheric pressure in negative ion mode (scan range m/z 100–1500 Da). Nebulizer
pressure was set at 50 psi, gas-drying temperature at 350 ◦C, and capillary voltage at
2000 V. GSLs were quantified using sinigrin hydrate standard. Five concentrations of
sinigrin hydrate (14–438 μg/mL) were prepared with 70% methanol and used to prepare
an external calibration curve (r2 = 0.996). Compounds were identified using their parent
mass ion and characteristic ion fragments as well as comparing with literature ion data
(Table 2). Compounds were quantified using Bruker Daltonics HyStar software (Bruker,
Coventry, UK). Relative response factors (RRFs) were used in the calculation of GSL
concentrations where available [53]. Where such data could not be found for intact GSLs,
RRFs were assumed to be 1.0.

Table 2. Intact glucosinolates identified in cabbage accessions analysed by LC-MS.

Common Name Chemical Name Abbreviation Mass Parent Ion MS2 Spectrum Ion (Base Ion in Bold) a Reference

sinigrin 2-propenyl(allyl) GSL SIN 358 278, 275, 259, 227, 195, 180, 162 [54,55]
gluconapin 3-butenyl GSL GPN 372 292, 275, 259, 195, 194, 176 [54,56]

epi/progoitrin (R, S)-2-hydroxy-3-butenyl GSL PROG 388 332, 308, 301, 275, 259, 210, 195, 146, 136 [54–56]
glucoiberverin 3-(methylthio)propyl GSL GIBVN 406 326, 275, 259, 288, 228,195 [52,54,55]

glucoerucin 4-(methylthio)butyl GSL GER 420 340, 291, 275, 259, 227, 195, 178, 163 [52,54,55]
glucoiberin 3-(methylsulfinyl) propyl GSL GIBN 422 407, 358, 259 [54–56]

glucoraphanin 4-(methylsulfinyl) butyl GSL GRPN 436 422, 372, 291, 259, 194 [52,54,55]
glucobrassicin 3-indolylmethyl GSL GBSN 447 275, 259, 251, 205 [54–56]

4-hydroxyglucobrassicin 4-hydroxy-3-indolylmethyl GSL 4-HOH 463 383, 285, 267, 259, 240, 195 [54–56]

Key: GSL = glucosinolate; a Base ion highlighted in bold
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2.7. Extraction of Glucosinolate Hydrolysis Products

GHPs were extracted and analysed following the method described by Bell et al. [57].
A total of 0.5 g of lyophilized cabbage was mixed with 10 mL deionized water, vortexed and
allowed to incubate for three hours at 30 ◦C. The mixture was then centrifuged at 5000× g
(18 ◦C) for ten minutes, and the supernatant collected. The pellet was extracted two more
times with 10 mL deionized water, and the supernatants were combined and filtered
(0.45 μm syringe filters, Epsom, UK) into glass centrifuge tubes. GHPs were extracted by
adding an equal volume of dichloromethane (DCM) to the supernatant, vortexed for one
minute and centrifuged at 3000× g for ten minutes. After centrifugation, the organic phase
was collected, and the extraction step repeated twice. The organic phase collected was
combined, 2 g sodium sulphate salt was added to remove any excess liquid present, and
the mixture was filtered into a round-bottom flask. The filtrate was dried using a rotatory
evaporator (37 ◦C), re-dissolved in 1 mL DCM, and filtered (0.22 μm filter; Fisher scientific,
Loughborough, UK) in GC-MS glass vials (VWR, Lutterworth, UK) for GC-MC analysis.

2.8. GC-MS Analysis

GC–MS analysis was performed on an Agilent 7693/5975 GC–MS autosampler system
(Agilent, Manchester, UK). The sample was injected onto a HP-5MS 15 m non-polar column
DB-5MS (J and W scientific, Santa Clara, CA, USA) (0.25-μm film thickness, 0.25 mm I.D.).
The injection temperature was 250 ◦C in split mode (1:20). The oven temperature was
programmed from 40 to 320 ◦C at a rate of 5 ◦C/min until 250 ◦C. The carrier gas was
helium, with flow rate of 1.1 mL/min and pressure of 7.1 psi. Mass spectra were obtained
by electron ionization at 70 eV, and mass scan from 35 to 500 amu. A total of 1 μL of the
sample was injected, and compounds were separated during a 42 min run. Compounds
were identified using the National Institute of Standards and Technology (NIST) library
and literature ion data (Table 3; see Figure S3 for GC-MS chromatograms) and quantified
based on an external standard calibration curve. Five concentrations (0.15–0.5 mg/mL)
of sulforaphane standard (Sigma Aldrich, Dorset, UK) were prepared in DCM (r2 = 0.99).
Data analysis was performed using ChemStation for GC-MS (Agilent, Manchester, UK).
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2.9. Statistical Analysis

The results are the average of three biological replicates (each replicate consists of
leaves from 4–5 cabbage heads) and two technical replicates (n = 6). Data obtained were
analysed using 2-way ANOVA, with both cabbage accession (or morphotype) and growing
condition (glasshouse and field) fitted as treatment effects, and Tukey’s HSD multiple
pairwise comparison test used to determine significant differences (p < 0.05) between
samples. Multifactor analysis (MFA) was used to visualise the GSL and GHP data in a
minimum number of dimensions (two or three). All statistical analyses were performed in
XLSTAT (version 2019.4.2, Addinsoft, Paris, France).

3. Results and Discussion

3.1. Effect of Growing Conditions, Cabbage Morphotype and Accession on Myrosinase Activity

The myrosinase activity of cabbages grown on the field and in the glasshouse is shown
in Figure 1. Myrosinase activity ranged from 12.2 U/g DW (BK-CPNT) to 127.4 U/g DW (SC-
PW) in glasshouse samples and from 31.5 U/g DW (BK-CPNT and RC-RL) to 154.8 U/g DW
(SC-PW) in field samples. Growing condition (glasshouse versus field), cabbage mor-
photype, cabbage accession and the interactions between these parameters significantly
(p < 0.0001) affected myrosinase activity. The myrosinase activity of cabbage accessions
within a cabbage morphotype differed significantly for all cabbage morphotypes studied.
This agrees with previous reports that myrosinase activity varies within varieties and plant
species [65]. Singh et al. [38] and Penas et al. [29] also reported variations in the myrosinase
activity of different cabbage varieties within and between cabbage morphotypes. There
were significant differences in the myrosinase activity of field and glasshouse grown cab-
bages across most of the accessions studied. Field grown cabbages had significantly higher
myrosinase activity than glasshouse cabbages, except for WC-FEM, where the myrosinase
activity of the glasshouse sample was significantly (p < 0.003) higher than that of the field
grown counterpart.

Figure 1. Myrosinase activity of field and glasshouse grown cabbages. Values are means of three biological replicates (each
replicate comprising 4–5 cabbage heads) and two separately extracted technical replicates (n = 6). Error bars represent
standard deviation from mean values. Missing data points implies cabbage accession did not survive under glasshouse
growing conditions. Letters “A-D”: bars not sharing a common uppercase letter indicates significant differences (p < 0.0001)
between accessions and growing conditions within a cabbage morphotype. Letters ”a-k”: bars not sharing a common
lowercase letter indicates significant differences (p < 0.0001) between accessions and growing conditions between cabbage
morphotypes. See Table 1 for full names of cabbage accessions.
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The myrosinase activity of TC-PCM, RC-RL and WC-CRB accessions did not differ
significantly between field and glasshouse grown cabbages. Authors have previously
reported that growing/environmental conditions affect myrosinase activity in B. oleracea
species [24–26,29], and the results obtained from this study agree with their reports. The
lower myrosinase activity of glasshouse cabbages might have been due to higher growth
temperatures than those grown in the field. Minimum and maximum glasshouse tempera-
tures were 14 and 43 ◦C, respectively, while minimum and maximum field temperatures
were 6 and 24 ◦C, respectively (Supplementary Table S1). There are several possible reasons
for the differences observed. One hypothesis could be that high temperatures reduced my-
rosinase enzyme synthesis or led to its more rapid denaturation. Another possible reason
may have been that the process of synthesis and degradation of the enzyme (turn-over
rate) was occurring faster at the higher growth temperatures, meaning that the plant did
not accumulate a pool of enzymes at any one time. However, given that we can only see
a snapshot in time when plants are sampled for enzyme assays, and each accession was
harvested just once at a consistent time of day, it is not possible to infer the kinetics of these
reactions occurring within the plant from the data in the present study. The kinetics of
myrosinase synthesis and degradation within the plant is an area that warrants further
study. Penas et al. [29], in their study of cabbages grown in different parts of Spain, reported
that myrosinase activity was lower in cabbages grown in eastern Spain that were exposed
to a higher growing temperature when compared to those grown in northern Spain with
lower growing temperatures. It is, however impossible to say unequivocally that the lower
myrosinase activity observed in the glasshouse samples is as a result of higher growth
temperatures and not due to other stress factors, as we were unable to grow the plants
in the glasshouse under lower temperatures similar to those observed in the field due to
unavailability of cooling facilities within the glasshouse used in the study.

Another possible reason for the significantly lower enzyme activity in glasshouse
cabbages could be due to stress factors during growth. Glasshouse cabbages were grown
in pots, which may have led to stress from restricted root volume and reduced the amounts
of nutrients (sulphur and nitrogen) available, potentially resulting in fewer enzymes
and substrates being synthesized. Cabbage grown in the glasshouse achieved a lower
above ground biomass than the field grown ones, indicating some form of stress. This
was also evident in the differences in size of the closed heart cabbage heads, with the
glasshouse plants having smaller heads than the field plants, as reported in Section 2.1.
Their leaves appeared to be thinner and less robust than the field cabbages, as is often
found in plants grown in protected environments that are not exposed to stimuli, such as
wind, which for decades has been known to encourage the formation of thicker cell walls
and smaller cells [66]. Hirai et al. [67] found that under nitrogen and/or sulfur limiting
growth conditions, genes encoding myrosinase enzyme synthesis were down-regulated in
Arabidopsis in order to facilitate storage of these elements in the form of glucosinolates
in the leaf tissue. Yuan et al. [68] and Rodríguez-Hernández et al. [69] showed that salt
stress reduced myrosinase activity in radish sprouts and broccoli, respectively. Pests
and insect attack in field cabbages may have also led to higher myrosinase synthesis
and/or accumulation in the cabbages. Accessions that did not show significantly different
myrosinase activities between the two growing environments, or in the case of WC-FEM,
higher myrosinase activity in glasshouse samples, might have been able to tolerate the
glasshouse conditions and may have found it conducive for growth, while accessions that
did not survive in the glasshouse may have found the conditions too harsh. Increased
myrosinase activity as a result of abiotic stress, such as salt, temperature and drought, has
been reported in various Brassicaceae species [70–72]. Increased myrosinase activity would
result in enhanced glucosinolate hydrolysis to beneficial isothiocyanates, which would not
only be beneficial to consumers but would also serve as defence compounds for the plants,
thereby protecting them against insect and pest attacks.
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3.2. Protein Content and Specific Myrosinase Activity of Glasshouse and Field Grown Cabbages

The protein content and specific activity of myrosinase for all accessions and growing
conditions studied are presented in Table 4. The protein content and specific activity of
samples studied were significantly (p < 0.05) affected by growing conditions and cabbage
accession. Protein content did not correlate with myrosinase activity.

Table 4. Protein content ((mg/g ± SD) DW) and specific activity ((U/mg soluble protein ± SD) DW) of cabbage accessions
grown in the glasshouse and on the field.

Cabbage Morpho-
type/Accession

Protein Content (mg/g ± SD) DW Specific activity (U/mg Soluble Protein ± SD) DW
Glasshouse Field Glasshouse Field

Black Kale

BK-CNDTP 29.1 ± 0.4 gh, B 33.7 ± 0.6 l, C 0.5 ± 0.0 a, A 1.3 ± 0.2 d-h, C

BK-CPNT 24.5 ± 0.1 e, A 35.4 ± 1.0 m, D 0.5 ± 0.1 a, A 0.9 ± 0.1 a-d, B

BK-CNDTT 25.4 ± 3.9 e, A 36.7 ± 0.7 m, E 0.6 ± 0.1 ab, A 1.0 ± 0.0 b-e, B

Wild

WD-8707 27.4 ± 0.7 f, C 31.4 ± 0.1.2 jk, E 1.1 ± 0.1 c-f, B 1.6 ± 0.1 ghi, C

WD-GRU 25.3 ± 0.1 e, B 29.9 ± 0.6 hi, D 0.7 ± 0.1 abc, A 1.7 ± 0.2 hij, C

WD-8714 18.4 ± 0.1 a, A 30.6 ± 0.8 ij, DE 1.3 ± 0.1 d-h, B 2.4 ± 0.2 l, D

Tronchuda

TC-PCM 32.8 ± 0.1 kl, D 33.6 ± 0.2 l, E 1.2 ± 0.0 d-h, AB 1.2 ± 0.1 d-g, AB

TC-CPDP 21.2 ± 0.2 b, A 27.8 ± 0.6 fg, B 2.4 ± 0.1 l, C 2.4 ± 0.3 l, C

TC-T 30.5 ± 0.2 hij, C 33.1 ± 0.8 l, DE 1.1 ± 0.1 cde, A 1.4 ± 0.1 e-h, B

Savoy

SC-HSC 24.5 ± 1.0 e, A 24.6 ± 1.43 e, A 3.7 ± 0.1 m, A 4.7 ± 0.3 n, B

SC-PW 24.1 ± 0.1 cde, A 24.3 ± 0.3 de, A 5.3 ± 0.1 o, BC 6.4 ± 0.5 q, D

SC-SDG dng 24.4 ± 0.5 de, A dng 5.8 ± 0.7 p, CD

Red

RC-RL 21.0 ± 0.5 b, A 33.6 ± 0.6l, C 1.6 ± 0.1 ghi, B 0.9 ± 0.1 a-d, A

RC-RM dng 35.4 ± 1.0 m, D dng 1.5 ± 0.3 f-i, B

RC-RD 25.3 ± 0.1 e, B 36.7 ± 0.7 m, E 2.1 ± 0.0 jkl, C 1.9 ± 0.1 ijk, C

White

WC-FEM 21.2 ± 0.9 b, A 21.3 ± 0.4 b, A 3.8 ± 0.2 m, C 3.4 ± 0.2 m, B

WC-CRB 22.8 ± 0.6 c, B 23.0 ± 1.2 cd, B 2.2 ± 0.2 kl, A 2.1 ± 0.1 kl, A

Values are means of three processing replicates and two technical replicates (n = 6 ± SD). SD: standard deviation from mean; dng: did not
grow. Letters “A-E”: mean values not sharing a common uppercase letter differ significantly (p < 0.05) between accessions and growing
condition within a cabbage type for each parameter (i.e., protein content and specific activity). Letters “a-q”: mean values not sharing
a common lowercase letter differ significantly (p < 0.05) between cabbage types, accessions, and growing condition for each parameter
(i.e., protein content and specific activity). See Table 1 for full names of cabbage accessions.

Savoy and white cabbage accessions, which had the highest myrosinase activity, had
the lowest protein contents. Just like myrosinase activity, the protein content of glasshouse
samples was significantly lower than the field samples. This might be as a result of
plant stress during growth, which prevents the plant from producing more nutrients than
required or using up its stored nutrients in order to survive, as previously discussed
in Section 3.1. Plant proteins have been reported to react negatively to environmental
stress [26]. The results obtained are in agreement with Rosa and Heaney [73], who reported
higher protein contents in Portuguese cabbage grown in lower environmental temperatures
compared to those grown in higher temperatures.

Specific activity of the cabbages was similar to the myrosinase activity and protein
content, with field grown cabbages generally having higher specific activity than the
glasshouse cabbages. Savoy and white cabbage accessions had significantly higher specific
activities than other cabbage morphotypes, as indeed both were found to have significantly
higher total myrosinase activity (Figure 1). White cabbage has previously been reported to
have higher specific activity than red cabbage [28], which is in agreement with the results
of this study. However, a study conducted by Singh et al. [38] showed red cabbage with a
higher specific activity than white and savoy cabbage. This might have been due to the
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differences in varieties studied or protein content of the cabbages, which was not reported
in their study.

3.3. Effect of Cabbage Morphotype and Accession on GSL Profile and Concentration of Field
Grown Cabbages

GSL profiles across cabbage accessions are presented in Figure 1; the statistical output
of significant differences within and between cabbage morphotypes is documented in
Supplementary Table S2. In total, nine different GSLs were identified across all accessions
tested (Table 2): seven aliphatic GSLs, namely sinigrin (SIN), gluconapin (GPN) and
epi/progoitrin (PROG), glucoibeverin (GIBVN), glucoerucin (GER), glucoiberin (GIBN) and
glucoraphanin (GRPN), and two indole GSLs, glucobrassicin (GBSN) and 4-hydroxygluco-
brassicin (4-HOH). PROG, GIBN and GRPN were the most abundant GSLs across all
accessions studied, with 4-HOH, GIBVN and GER being the least abundant. 4-HOH
was present in negligible amounts (<1.0 μmol/g DW) in all accessions, contributing not
more than 1% to the total GSL content of the cabbages. When considering the ratio of total
aliphatic to indole GSL concentrations in the accessions, over 60% of total GSL concentration
was made up of aliphatic GSLs, with less than 30% from indole GSLs, with the exception
of savoy SC-PW accession, where indole GSL comprised 36% of total GSL concentration
(Supplementary Table S2).

GSL profiles and concentrations varied across cabbage accessions and differed signifi-
cantly (p < 0.05) in some cases between and within cabbage morphotypes and accessions.
Only five of the nine individual GSLs identified in the cabbages studied were found in
black kale accessions:—GIBN, GRPN, GBSN, 4-HOH and GER—the last of which was
present in BK-CNDTT alone. GRPN was the major GSL present in black kale accessions,
consisting of over 50% on average of the total GSL content of black kale. The proportion of
GRPN is similar to those previously reported by Kushad et al. [74] but much higher than
those reported by Cartea et al. [40]. Previous studies detected SIN and PROG in kale and
reported SIN as the main GSL in kale varieties [32,40,74]; however, SIN and PROG were
not detected in the current study. There was a significant difference in total and individual
GSL concentrations within black kale accessions, except for 4-HOH, which did not differ
significantly (p = 0.401). BK-CPNT had the highest total GSL content (47.5 μmol/g DW).

GIBVN and GER were not identified in any of the wild and tronchuda cabbage
accessions studied, while GIBN and GRPN were identified in all accessions except for
WD-8707 accession. The concentration of individual GSLs differed significantly (p < 0.0001)
across all wild and tronchuda cabbages. PROG and GPN were the most abundant GSLs in
WD-8707 and WD-8714, while PROG and GRPN were the most abundant in WD-GRU. In
tronchuda cabbages, SIN, GIBN and GBSN were at the highest concentrations, with SIN
comprising up to 42% in TC-T.

A previous study [40] on GSL profile and concentrations in tronchuda cabbage identi-
fied 14 GSLs, compared to seven found in this study. However, GER was not identified in
both studies, and proportions of the individual GSLs identified in both studies were similar.

The total GSL content of wild and tronchuda accessions differed significantly (p < 0.01
and p < 0.0001, respectively) between accessions within each cabbage morphotype. The
most abundant GSLs in savoy cabbages were GIBN, SIN and GBSN, with GIBN concen-
trations as high as 61.3 μmol/g DW (57% of the total GSLs) in SC-SDG. GER was not
identified in savoy accessions, and GPN was present in very low amounts in SC-SDG
only. Similar proportions of savoy GSLs were reported by Ciska et al. [41] and Hanschen
and Schreiner [43], but in both studies more individual GSLs were identified in the savoy
varieties investigated than those reported in this study. For example, both studies identified
GER in savoy cabbages, although present in trace amounts in the Ciska et al. [41] study.
The total GSL content of savoy cabbages ranged from 47.6 μmol/g DW to 108.5 μmol/g
DW. SC-SDG accession had significantly higher (p < 0.0001) total GSLs than SC-HSC and
SC-PW, with SC-HSC having significantly lower total GSLs than the other two accessions.

In red and white cabbages, PROG, GIBN and GRPN were the most abundant GSLs.
GBSN was also abundant in WC-CRB and RC-RL accessions, while GER was not identified
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in either accession. The concentrations of GRPN, GIBVN and GER did not differ signifi-
cantly between red cabbage accessions. WC-CRB had significantly higher amounts of SIN,
GIBN, GBSN and total GSL compared to WC-FEM, but differences in PROG and GRPN
content were not significant. The total GSL content of RC-RL was significantly (p < 0.0001)
higher than the other two red cabbage accessions. The results obtained agree with those
previously reported [22,41,43]. However, a few studies disagree with the findings of this
study; a previous study conducted by Park et al. [75] quantifying red cabbage GSL reported
SIN absent in red cabbage, while Zabaras et al. [76] found GPN as the most abundant GSL
in red cabbage.

Individual GSLs and total average GSL concentrations differed significantly (p < 0.0001)
across all accessions, irrespective of cabbage morphotype. Total average GSL concentra-
tions of accessions studied ranged from 18.9 μmol/g DW (BK-CNDTT) to 163.1 μmol/g
DW (WD-8714). These differences were due to variations in GSL profiles and concentra-
tions of individual GSLs. Wild cabbages generally had higher total GSL concentrations
(Figure 2b) than other cabbage morphotypes, and these high concentrations were driven
by significantly higher amounts of PROG in wild cabbages. Lower concentrations of total
GSL observed in black kale accessions (18.9 μmol/g DW to 47.5 μmol/g DW) were due to
lower numbers and concentrations of individual GSLs compared to the other cabbage mor-
photypes studied (Figure 2a). The variability in GSL concentrations between and within
cabbage morphotypes and accessions is in agreement with previous reports that GSL
profiles and concentrations vary between Brassica species and varieties [5,29,39,40,43,52,77].
The difference in GSL profiles of Brassica vegetables has been linked to genetic factors,
while interactions between environmental and genetic factors are largely responsible for
differences in GSL concentrations [8]. In general, concentrations of individual and total GSL
of the gene bank cabbages reported in this study are much higher than those reported for
commercial and gene bank cabbage varieties/accessions in the literature [29,40,41,43,74].
One reason for this may be due to the different varieties/accessions studied, implying that
gene banks may indeed be a useful source from which to select accessions with higher
GSL concentrations.

Differences in postharvest handling/time could have also contributed to the higher
abundance of GSLs observed in the current study. Most varieties used in the literature
were obtained from the supermarket and would have gone through a standard commercial
supply chain upon harvest, unlike the samples used in this study, which were transferred
to the laboratory immediately after harvest. The absence of commercial postharvest storage
and handling processes in the current study could account for the differences observed
between the samples and those reported in the literature. Total GSL abundance has been
shown to decrease in Brassica vegetables stored for 7 days at 4–8 ◦C [78]. Lastly, differences
in the conditions under which the plants were grown and/or harvested could also be
responsible for the variations in GSL concentrations observed. This suggests that it is not
only important that the right accession/variety is selected, but it must also be grown under
optimal conditions and given as short a supply chain as possible to achieve optimum GSL
abundance in the plants. The higher GSL concentrations in the present study can enhance
the potential health benefits that may be derived from their consumption.

The differences in GSL profiles and concentrations of the accessions studied can
potentially influence the sensory and health properties of the cabbages. For example, the
absence of SIN and PROG in black kale accessions and higher concentrations of PROG
reported in wild cabbage accessions may potentially influence the sensory characteristics
of these cabbages, given SIN and PROG have been linked with bitter taste in Brassica
vegetables [22,79]. On the other hand, higher amounts of GRPN (the precursor GSL for SFP
formation linked to several health promoting properties of Brassicas) in kale, red and white
cabbages could enhance the potential health benefits derived from their consumption [80].
The differences in cabbage accessions, growing conditions and geographical location, as
well as environmental factors during cabbage cultivation, all play a vital role in GSL profile
and concentration and therefore make comparing results between different studies difficult.
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Figure 2. Glucosinolate concentrations (μmol/g DW) in different accessions of (a) Black kale; (b) Wild cabbage; (c) Tronchuda
cabbage; (d) Savoy cabbage; (e) Red cabbage; and (f) White cabbage grown in the field and glasshouse. Error bars represent
standard deviation from mean values. Letters above bars refer to differences in total GSL concentration. Letters ”A-D”: bars
not sharing a common uppercase letter differ significantly (p < 0.05) between accession and growing conditions within a
cabbage morphotype (i.e., within each separate graph). Letters ”a-q”: bars not sharing a common lowercase letter differ
significantly (p < 0.0001) between cabbage morphotypes, accessions, and growing conditions (i.e., between the separate
cabbage morphotype graphs). Abbreviations: F = Field, G = glasshouse; dns = did not survive. For abbreviations of
accessions and compounds see Table 1 (cabbage accessions) and Table 2 (GSLs).
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3.4. Effect of Growing Conditions on GSL Concentrations in Cabbage Accessions

The effect of growing conditions on GSL concentration is presented in Figure 1, with
significant differences within and between cabbage morphotypes presented in
Supplementary Table S2. While the GSL profile of cabbage accessions studied did not differ
between growing conditions, there was a difference in GSL abundance between glasshouse
and field grown cabbages. Total GSL concentrations in field grown samples ranged from
18.9 μmol/g DW (BK-CNDTT) to 163.1 μmol/g DW (WD-8714) and glasshouse samples
from 8.81 μmol/g DW (BK-CNDTP) to 105.5 μmol/g DW (WD-8707). WD-8714 had signif-
icantly (p < 0.0001) higher concentrations of total GSLs compared to all other accessions,
and this was largely due to the abundance of PROG and GPN, making up 83% and 69% of
total GSLs in field and glasshouse samples, respectively.

Cabbages grown in the field had higher total GSL concentrations than glasshouse
samples across most accessions studied, with a few exceptions (BK-CNDTT, TC-T, SC-HSC,
and RC-RD), where total GSL concentrations were higher in glasshouse samples. These
differences were significant in some but not all cases. Growing conditions significantly
affected individual GSL concentrations between and within cabbage morphotypes and
accessions. With the exception of black kale accessions, both field and glasshouse cabbages
were predominantly abundant in aliphatic GSLs, with averages of 82 and 78%, respectively
across all accessions, while indole GSLs comprised only 18 and 22% of total GSLs in
field and glasshouse samples, respectively. In black kale accessions, however, growing
conditions seemed to influence the ratio of aliphatic to indole GSL present in the samples.
All black kale accessions grown in the glasshouse had much higher total indole GSL, with
up to seven-fold differences reported in BK-CNDTP samples (Supplementary Table S2).
The differences observed are mainly due to differences in the ratio of individual aliphatic
to indole GSL present in the samples and not higher concentrations of indole GSLs in the
glasshouse samples, as there was no significant difference observed in the concentrations of
the most abundant indole GSL, GBSN, present in the samples between growing conditions
(except for BK-CNDTT).

There was no clear pattern for the abundance of individual GSLs, as some GSLs
were significantly higher in glasshouse samples for some accessions, but lower or not
significantly different in others. PROG and GRPN were either significantly higher in field
samples or did not significantly differ from glasshouse samples within accessions, except
for RC-RD accession, where GRPN was significantly higher (p < 1.0001) when grown in the
glasshouse. GRPN abundance in BK-CNDTP and BK-CPNT field grown accessions was
up to 90% more than the corresponding glasshouse grown cabbages. GBSN was the most
stable GSL across growing conditions, as there was no significant difference (p = 0.101) in
GBSN between field and glasshouse cabbages.

Growing conditions such as growth temperature and photoperiod have been shown
to influence the abundance of GSLs. There are several possible reasons for the differences
observed in GSL concentrations in the different growing conditions. The higher total GSL
content reported in most field samples could be due to production of higher amounts of
GSLs by the plant in response to insect and pest attack on the field when compared to
glasshouse samples. GSL compounds are plant metabolites produced by plants for defence
against stress and attack from insect and pests [8,81]. In addition, the higher amount
of GSLs in field samples could also be due to the lower average temperatures during
growth (6 to 24 ◦C) compared to the higher temperatures in the glasshouse (14 and 43 ◦C)
(Supplementary Table S1). Growth temperatures have been reported to influence GSL
concentrations in Brassica vegetables. Brassica vegetables are generally thought to be cool
weather crops, with average growing temperatures between 4–30 ◦C [82]. The optimum
temperature for growth varies between different types of Brassicas and going below or
above that temperature could affect GSL concentrations. The exact mechanism of GSL
biosynthesis under different temperature conditions is unclear because of several interact-
ing factors, such as drought and photoperiod, but it has been reported that plant stress
due to high or low growing temperatures may enhance activities of transcription factors

61



Foods 2021, 10, 2903

such as MYC2 and MYB28, which promote GSL biosynthesis [42,83]. Literature studies
have, however, generally reported higher GSLs at higher growing temperatures; Rosa
and Rodrigues [27] reported a higher GSL content in young cabbage plants when grown
at 30 ◦C compared to 20 ◦C. Lower GSL concentrations was reported in kale grown at
lower temperatures compared to those grown at higher temperatures [32,33]. In addi-
tion, several authors have reported higher GSL concentrations in spring/summer grown
cabbages (average temperatures between 25–30 ◦C) compared to autumn grown plants
(temperatures < 20 ◦C) [29,39–41]. The lower amounts of GSL accumulated in glasshouse
plants could also be the result of plant growing conditions. Glasshouse samples were
grown in pots with drainage holes to allow excess water to seep out. However, this could
have also led to sulphur leaching, leading to sulphur deficiency in the soil, and plants
were not fed with sulphur fertilizers. Sulphur is a major precursor for GSL biosynthesis,
and its deficiency has been reported to reduce GSL concentrations in Brassica plants, espe-
cially aliphatic GSLs, as sulphur deficiency limits methionine synthesis (basic substrate
for aliphatic GSL biosynthesis) as opposed to tryptophan, a non-sulphur amino acid and
precursor for indole GSL biosynthesis [84]. On average, reduced amounts of aliphatic GSLs
were accumulated in glasshouse plants compared to field plants, while glasshouse samples
accumulated higher amounts of indole GSLs than field samples. Sulphur was reported to
influence the aliphatic GSL concentrations in rapeseed more than indole GSL [84]. How-
ever, glasshouse plants, which had significantly higher GSL concentrations compared to
their field counterparts, may have found the glasshouse conditions more favourable than
other accessions, which resulted in enhanced GSL production.

The results of this study show that cabbages differ in their requirements for growth,
and it is important to plant cabbage accessions in growing conditions that are best suited
for their maximum development, as individual plants respond differently under different
environmental conditions. Optimizing agronomy practices and applying limited abiotic
stress in a controlled manner could be a way of increasing myrosinase activity and GSL
production in some Brassica species.

3.5. Effect of of Cabbage Morphotype and Accession on Glucosinolate Hydrolysis Products (GHPs)
of Field Grown Cabbages

A total of 22 GHPs were identified and quantified from the cabbage accessions stud-
ied, comprising 11 ITCs and 11 nitriles/epithionitriles (Table 3). Concentrations of GHPs
are presented in Figure 2, with significant differences between and within cabbage mor-
photypes and accessions presented in Supplementary Table S3. Results are expressed as
sulforaphane equivalents.

The type and concentration of GHPs formed differed between cabbage accessions.
Predominant GHPs did not differentiate between accessions within a cabbage morphotype
but varied across cabbage morphotypes. There was a significant difference in the concentra-
tions of individual and total GHPs formed within and between cabbage morphotypes and
accessions (Figure 3 and Supplementary Table S3). Wild cabbage accessions had the highest
levels of GHPs formed (8.79 μmol/g DW—8.6 μmol/g DW; Figure 2b) and tronchuda
accessions the lowest (0.95 μmol/g DW—3.27 μmol/g DW; Figure 2c).

GHPs of GRPN and GBRN were the main GHPs detected in black kale accessions,
with nitrile concentrations accounting for 74–89% of the total GHPs. BK-CPNT accessions
had significantly lower total GHPs than BK-CNDTP. Isomers of CHETB, nitriles of PROG
hydrolysis, were the most abundant GHPs formed in wild cabbages, except for WD-GRU,
which had higher amounts of GN (PROG ITC) compared to the nitriles formed. This was
unexpected, and it is unclear why this happened, because more nitriles than ITCs were
formed for other GSLs present in the same sample. A possible explanation for this could be
the activity of epithiospecifier modifier proteins (ESMs), enhancing the activity of specific
myrosinase isoenzymes, which hydrolyse PROG present in the samples. ESM inhibits
the activity of ESP, preventing the formation of nitriles and epithionitriles, and instead
promotes ITC formation [15,85,86]. GN have been associated with bitter taste [87] and
adverse effects on thyroid metabolism, leading to goitre formation. The reports on goitre
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formation are limited and based on animal studies, which show that average daily intake
is not enough to produce adverse effects in humans [8]. However, to limit the health risks,
genetic manipulation and selective breeding methods used to increase GRPN contents by
threefold in ‘Beneforte’ broccoli [88] could be employed to reduce PROG contents in the
wild accessions. The main GHPs of tronchuda accessions were CETP and IBN, nitriles
of SIN and GIBN, respectively. Total GHPs of TC-CPDP were significantly higher than
TC-T. IBN and IB (GIBN hydrolysis products) were the most abundant GHPs in savoy
cabbages, and SFP and SFN (hydrolysis products of GRPN) the most abundant in red and
white cabbages.

In savoy, SC-HSC varied significantly from SC-PW and SC-SDG accessions, containing
up to 60% more GHPs than the other two accessions. The much lower concentrations of
GHPs in SC-PW compared to SC-HSC were unexpected due to similar concentrations of
GSLs in both accessions. A similar trend was noticed between WC-CRB and WC-FEM
accessions, where much lower GHPs were formed in WC-CRB accession, with significantly
higher GSLs than WC-FEM. This might be related to variation in myrosinase and ESP activ-
ities within the samples. As previously discussed in Section 3.1, WC-FEM had significantly
higher myrosinase activity than WC-CRB (Figure 1), which may explain the higher concen-
trations of GHPs formed. However, this is not the case in savoy cabbages, as SC-PW had the
highest myrosinase activity (see Figure 1). It is hypothesized that myrosinase isoenzymes
and ESP of SC-PW accession may be less stable than the other accessions and was, therefore,
denatured before permitting full hydrolysis. As previously discussed, ESM activities pro-
moting ITC formation may also be responsible for the higher GHP concentrations observed.
For example, although GIBN concentration in WC-FEM was significantly (p < 0.0001) lower
than that of WC-CRB, the amount of IB, the ITC formed from GIBN, was significantly
(p < 0.0001) higher in WC-FEM than in WC-CRB. Another possible reason for the variation
in GHP concentrations could be due to the type of myrosinase isoenzyme present within
the samples. It has been reported that myrosinase isoenzymes differ in the rate at which
they hydrolyse individual GSLs, though little is known of their substrate specificity. James
and Rossiter [89] found that in the presence of ascorbic acid, two myrosinase isoenzymes
identified in Brassica napus L. differed in the way they degraded SIN and neoglucobrassicin
(NEO), with SIN being degraded more rapidly than NEO by both isoenzymes under the
same conditions. While there are limited studies on the conversion ratio of GSLs to GHPs,
studies on GHP formation in Brassica oleracea [43] and rocket salad [42] have shown that
conversion of GSLs to GHPs is not always a linear reaction and GHP concentrations are
generally much lower than the precursor GSL concentrations.

Several GHPs were identified in cabbage accessions where their GSLs were not de-
tected: tiny amounts of 3BITC (GPN hydrolysis product) were formed in BK-CNDTT;
4MBN (nitrile of GIBVN) in tronchuda; EVN (GPN nitrile) in savoy cabbages; and ER and
ERN (GER GHPs) in red and white cabbages. PEITC and BPN (GHPs of gluconasturtiin),
PITC and BAN were also formed in most accessions. This could be due to concentration of
the respective GSLs being below the limits of detection of the LC-MS2 instrument used. A
previous study of turnips detected GHPs of glucoberteroin, though the intact GSL was not
detected [90]. A recent study on horseradish, wasabi, watercress, and rocket also detected
GHPs, where their intact glucosinolates were not identified [91]. The profile of GHPs in
this study is in agreement with the study of Hanschen and Schreiner [43]. However, in
their study, they found CETP (nitrile from SIN hydrolysis) as the main GHP in savoy, red
and white cabbages, which is inconsistent with this study, where GIBN GHPs (IB and IBN)
and GRPN GHPs (SFP and SFN) were the main compounds detected. This difference can
be attributed to the different varieties/accessions studied.

In general, the relationship between individual GSLs and their corresponding GHPs
within an accession was as expected, where the dominant GSL resulted in their correspond-
ing dominant GHPs, which is helpful in confirming the efficiency and accuracy of the
GHP extraction method. Overall, nitriles and epithionitriles were the major hydrolysis
products formed across all cabbage accessions, as has been reported previously in raw
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cabbage [62,92]. This is due to the activity of ESP and other nitrile forming proteins present
in the samples, which hydrolyse GSLs to epithionitriles and nitriles instead of the more
beneficial ITCs [92].

Figure 3. Glucosinolate hydrolysis products (GHPs) (μmol/g DW) in different accessions of (a) Black kale; (b) Wild
cabbage; (c) Tronchuda cabbage; (d) Savoy cabbage; (e) Red cabbage; and (f) White cabbage grown in the field and
glasshouse. Error bars represent standard deviation from mean values. Letters above bars refer to differences in total GHP
concentration. Letters “A-D”: bars not sharing a common uppercase letter differ significantly (p < 0.05) between accessions
and growing conditions within a cabbage morphotype (i.e., within each separate graph). Letters ”a-l”: bars not sharing a
common lowercase letter differ significantly (p < 0.0001) between cabbage morphotypes, accessions, and growing conditions
(i.e., between the separate graphs). Compounds with colour shades similar to one another are GHPs of corresponding GSLs
presented in Figure 2. Abbreviations: F = Field; G = glasshouse; dns = did not survive. For abbreviations of accessions and
compounds see Table 1 (cabbage accessions) and Table 3 (GHPs).
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3.6. Effect of Growing Condition on GHP Concentrations

GHP profile and concentration in the two different growing conditions studied is
presented in Figure 3, with the significant differences between growing conditions reported
in Supplementary Table S3. The profile of the GHPs detected were similar between growing
conditions, with a few exceptions. For example, BPN was identified in black kale field sam-
ples but not detected in glasshouse samples. GHP concentrations in field and glasshouse
ranged from 0.95 μmol/g DW (TC-T) to 18.6 μmol/g DW (WD-8707) and 0.59 μmol/g DW
(BK-CNDTP) to 15.9 μmol/g DW (WD-8707), respectively. Within accessions, total GHP ac-
cumulation was significantly higher in field plants than glasshouse, except for wild cabbage
accessions, TC-PCM and WC-CRB, where total GHPs were higher in glasshouse samples;
however, the differences were not significant, except in WC-CRB, where a significant differ-
ence was observed. Generally, total GHP concentrations followed a similar pattern to total
GSLs, with a few exceptions. For example, the BK-CNDTT glasshouse sample had signifi-
cantly lower total GHPs compared to the field sample (Figure 3a), despite the significantly
higher total GSL in the glasshouse sample (Figure 2a). Significantly higher myrosinase
activity, and possibly ESP activity, in the BK-CNDTT field compared to glasshouse sample
may have led to the formation of more GHPs (Figure 1). A similar trend was observed
in savoy accessions, where an abundance of GSL under one growing condition did not
necessarily result in higher amounts of GHP formed. The results obtained in our study
are in agreement with those reported by Jasper et al. [42], where growth temperatures had
different effects on the amount of GSL and GHPs formed in rocket salads.

In summary, the results of this study show the importance of having both high my-
rosinase activity and GSL accumulation in plants, as they have a direct impact on the
amount of hydrolysis compounds formed. It is therefore important to ensure that cabbages
are cultivated under optimised growing conditions (such as temperature, available sul-
phur/nitrogen and controlled biotic stress) that favour both high myrosinase and GSL
accumulation and not only one or the other.

3.7. Multifactor Analysis (MFA) of GSLs and GHPs Identified in Cabbage Accessions Grown
under Two Different Conditions

To investigate the underlying structure of the results, MFA was performed on the GSL
and GHP data from the cabbage accessions. Figure 4 shows distribution of the cabbage
accessions as well as the scores and loadings of MFA performed on the mean data of GSLs
and GHPs. Dimensions 1 and 2 (F1, F2) explained 42% of the variance in the data, but
other dimensions did not provide any new information; therefore, only F1 and F2 are
presented and discussed. The plot demonstrates that individual GSLs were positively
correlated with their corresponding GHPs. From the plot, it is clear that cabbages were
mostly distinguished based on morphotype rather than accessions or growing conditions,
except for wild cabbage accessions, where there was a clear separation of WD2 (WD-GRU)
from WD1 (WD-8707) and WD3 (WD-8714).

Based on the MFA, samples were grouped into three distinct clusters: one cluster
comprised of black kale, red cabbage, white cabbage and WD-GRU accessions, another
tronchuda and savoy cabbage accessions, and the final cluster WD-8707 and WD-8714
accessions. Black kale, red cabbage, white cabbage and WD-GRU correlated positively
with GRPN, GER, 4-HOH and their hydrolysis products. Tronchuda and savoy cabbage
samples correlated positively with GIBN, GIBVN, SIN and their hydrolysis products. WD1
and WD2 correlated positively with GPN and PROG and their nitriles, as well as total
GSLs and GHPs, but was negatively correlated with black kale, red cabbage, white cabbage
and WD-GRU accessions. An additional Pearson correlation demonstrating significant
correlations (p < 0.05) between various GSLs and GHPs is presented in Supplementary
Table S4. GIBN correlated negatively (r2 > −0.3; p < 0.01) with PROG and its hydrolysis
products, GPN and its hydrolysis products, and PITC. On the contrary, GPN was strongly
positively correlated (r2 > 0.6; p < 0.0001) with PROG and its hydrolysis products, EVN,
PITC, total GSL and total GHPS. Total GSLs were significantly positively correlated (r2 = 0.5;
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p < 0.01) with total GHPs. Strong significant positive correlations (r2 > 0.5; p < 0.05) were
observed between individual GSLs and their corresponding GHPs. For example, GRPN
was positively correlated with SFP and SFN (r2 > 0.5 and 0.8; p < 0.01 and p < 0.0001
respectively).

Figure 4. MFA map of glucosinolates and glucosinolate hydrolysis products (a) distribution of variables and (b) sample
distribution. For codes and distribution on plot, refer to Table 1 (cabbage accessions) and Tables 2 and 3 (compounds).
Compounds with different shades of the same colour in Figure 3a refer to the GSL and corresponding GHP. Key: F = Field ;
G = Glasshouse; • GSL = Glucosinolates; • GHPs = Glucosinolate hydrolysis products; • BK= Black kale; • WD = Wild
cabbage; • TC= Tronchuda cabbage; • SC = Savoy cabbage; • RC = Red cabbage; • WC = White cabbage.

It is obvious that the separations observed between samples are mainly driven by
differences in GSLs and GHPs most accumulated in the samples: GN, GRPN, GER, 4-HOH
and their GHPs in black kale, red cabbage, white cabbage and WD-GRU accessions; GIBN,
SIN, GIBVN and their GHPs in tronchuda and savoy cabbage accessions; and lastly, PROG,
GPN and their GHPs in WD-8707 and WD-8714 accessions. WD-8707 and WD-8714 had
the highest concentration of total GSLs and GHPs, and this was responsible for the positive
correlation of these accessions to total GSLs and GHPs observed. It is worth mentioning
that PROG and CHETB, which were largely responsible for the high concentrations of total
GSLs and GHPs in these accessions, correlated positively with total GSLs and GHPs. The
result obtained provides a clear picture of the similarities and differences in GSL and GHP
profile and concentrations of the different cabbage morphotypes and accessions studied.

Like any other study, some limitations were encountered in this study. First, the
cabbage seeds used in the study were obtained from a gene bank. This means they have
not been bred for uniformity in terms of plant characteristics and abundance of phyto-
chemical compounds. Breeding programmes to date have mostly focused on developing
disease-resistant and environmentally resilient crops, with less emphasis on the content of
phytochemical compounds. This implies that there may be large variations in phytochemi-
cal compounds between cabbage heads/plants of the same accession, as has been observed
in Marathon broccoli heads [93], and this may have influenced the results obtained in the
present study. To reduce the effects of possible variation between plant heads, four to
five heads were mixed together to obtain a representative sample. However, considering
the amounts of heads used during the study, some variations may still have existed within
the samples.

Second, the GC-MS method used for GHP analysis was long and required several
steps to ensure that all GHPs present in the sample could be identified. However, some
GHPs may have been lost or converted into other compounds in the process due to
their very volatile and unstable nature. Though care was taken during the analysis to
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prevent losses, the rigorous analytical method may have led to some losses of the more
volatile compounds.

4. Conclusions

In line with the primary hypothesis of the study, the results demonstrated that myrosi-
nase activity as well as profiles and concentrations of GSLs and GHPs were all influenced
by growing conditions, cabbage morphotypes and accession. However, in agreement with
our secondary hypothesis, the profile and concentration of GSLs and GHPs formed were
substantially more influenced by cabbage morphotype than accession. The study showed
that planting cabbages in high growth temperatures and stressful conditions resulted in
lower myrosinase activity. Myrosinase activity differed between accessions and cabbage
morphotypes, although morphotype tended to have the more significant impact. Savoy
cabbage accessions had the highest myrosinase activity, while black kale accessions had
the lowest myrosinase activity.

The concentration and profile of GSL and GHP compounds accumulated differed
between growing conditions and accessions, within and across cabbage morphotypes.
While genetic factors had more influence on the GSL profile of the cabbages, differences
in the GSL concentration were more affected by environmental factors during growth,
which agrees with previous studies [8]. Growing conditions and cabbage accessions seem
to have different effects on GSL and GHP formation, with higher GSL concentrations
observed within a growing condition or accession not always resulting in a corresponding
greater accumulation of GHPs and vice versa. Results obtained from the study showed
that a possible reason for the higher GHP concentrations could be higher myrosinase
activities in accessions with lower GSLs, as was observed in white cabbage and black kale
accessions. However, this this was not the case in all accessions, suggesting there may be
other reasons for the differences obtained. The results obtained therefore suggest that it
would be incorrect to assume that higher myrosinase activity and/or GSL accumulation
would automatically always result in high concentrations of GHPs.

Variations in the GSL and GHP contents imply differences in the potential health-
promoting and sensory characteristics of the cabbages studied. For example, the high
amounts of SFP present in red and white cabbages could potentially provide more health
benefits on consumption when compared to other accessions. Conversely, high concentra-
tions of PROG and GN (compounds linked to bitter taste) in wild accessions may reduce
consumer acceptance and liking. However, the contents of GSLs and ITCs in B. oleracea
vegetables alone does not provide a clear picture of the sensory characteristics of B. oleracea
vegetables, as other compounds in the plant matrix, such as sugars and sweet tasting amino
acids, can influence and modulate the sensory perception of these vegetables, as has been
shown in previous studies on Brassicas and other crops such as lettuce [22,94–96].

Field grown cabbages had much higher GSLs and GHPs than glasshouse plants, with
a few exceptions (SC-HSC and RC-RD). However, the biggest differences observed were
between cabbage morphotypes, irrespective of the conditions under which they were
grown. The result of this study suggests that cabbage morphotype and accession might be
more important factors for GSL and GHP profiles of plants than the conditions under which
they are grown. All individual GSLs and their corresponding GHPs were identified in the
accessions studied, and a correlation between GSLs and GHPs was found. The difference in
myrosinase activity and GSL and GHP concentrations could not be linked to morphology
of head formation (closed heart or open leaf). The influence of growing conditions on
cabbage biochemistry will be an important consideration, as the use of highly protected
environments for crop production becomes more prevalent through indoor farming, which
will also lead to breeding of cabbages with more compact morphology. Our data indicate
that protected conditions need to be optimised, possibly by inclusion of controlled abiotic
stress, in order to generate the GSL abundance that is observed in field grown crops.

Aliphatic GSLs, nitriles and epithionitriles were the most abundant compounds iden-
tified. The results suggest that consumption of raw cabbage may provide limited health
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benefits, as more nitriles and epithionitriles are formed than the more beneficial ITCs. It is
therefore recommended to process the cabbages in ways that ensure hydrolysis of GSL to
ITCs rather than nitriles. Despite the high amounts of nitriles and epithionitriles formed
overall, high amounts of health beneficial SFP were detected in some red and white cabbage
accessions. The result suggests that some gene bank accessions can be a good source of
beneficial compounds and could be used in breeding programmes to introgress areas of the
genome that regulate these compounds from the gene bank accessions into elite commercial
cultivars. This can also be helpful for selection of more beneficial accessions for commercial
cultivation and production. Given that accessions with lower GSL concentrations and
higher myrosinase resulted in high GHP concentrations for some of the accessions studied,
breeding programmes should not on only focus on selection of accessions with high GSL
concentration but should also consider accessions that have high myrosinase activity and
ESM, if maximum conversion of GSLs to ITCs is to be achieved.
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conditions (a) correlation coefficients (r) and (b) significance of the correlation (p value).
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Abstract: It is widely accepted that the distinctive aroma and flavour traits of Brassicaceae crops
are produced by glucosinolate (GSL) hydrolysis products (GHPs) with other non-GSL derived com-
pounds also reported to contribute significantly to their aromas. This study investigated the flavour
profile and glucosinolate content of four Brassicaceae species (salad rocket, horseradish, wasabi, and
watercress). Solid-phase microextraction followed by gas chromatography-mass spectrometry and
gas chromatography-olfactometry were used to determine the volatile compounds and odorants
present in the four species. Liquid chromatography-mass spectrometry was used to determine the
glucosinolate composition, respectively. A total of 113 compounds and 107 odour-active components
were identified in the headspace of the four species. Of the compounds identified, 19 are newly
reported for ‘salad’ rocket, 26 for watercress, 30 for wasabi, and 38 for horseradish, marking a signifi-
cant step forward in understanding and characterising aroma generation in these species. There were
several non-glucosinolate derived compounds contributing to the ‘pungent’ aroma profile of the
species, indicating that the glucosinolate-derived compounds are not the only source of these sensa-
tions in Brassicaceae species. Several discrepancies between observed glucosinolates and hydrolysis
products were observed, and we discuss the implications of this for future studies.

Keywords: volatile compounds; odorants; glucosinolate; Brassicaceae; ‘salad’ rocket; wasabi;
horseradish; watercress

1. Introduction

Crops of the Brassicaceae family are grown all over the world, and they form an
important part of many different cuisines and cultures [1]. Some species are noted for their
distinctive, and often very strong, tastes and flavours. Armoracia rusticana (horseradish),
Eruca sativa (‘salad’ rocket), Eutrema japonicum (wasabi), and Nasturtium officinale (water-
cress) are four such examples, which are noted for their pungent, peppery, and aromatic
organoleptic properties [2–4].

Horseradish and wasabi produce large roots that are grated and used as a condiment
in many cultures across the world, most notably in Eastern Europe and the United Kingdom
(horseradish) and Japan (wasabi; [5]). Horseradish is a vegetative perennial that grows
widely in temperate regions [6], whereas wasabi can only be grown in a very few locations,
owing to its sensitivity to temperature change and root oxygen availability [7]. Wasabi is
traditionally cultivated in damp river valleys of Japan, although commercial operations
have been established elsewhere, such as in the UK.

Salad rocket originates from the Middle East and has spread throughout the Mediter-
ranean basin [8]. It has become naturalised on every inhabited continent and is considered

Foods 2021, 10, 1055. https://doi.org/10.3390/foods10051055 https://www.mdpi.com/journal/foods
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an invasive weed in some regions. Watercress has similarly become naturalised (for ex-
ample in North America) and grows in shallow rivers and streams. It can be cultivated
commercially on large scales using artificial growing ‘pools’ flooded with stream water. Its
leaves and shoots are a popular salad and sandwich garnish, and they can also be made
into soups [9].

It is widely accepted that the distinctive aroma and flavour traits are produced by glu-
cosinolate (GSL) hydrolysis products (GHPs [10]). GSLs are sulphur-containing secondary
metabolites produced by Brassicales plants in response to biotic and abiotic stress [11]. My-
rosinase enzymes are responsible for the hydrolysis of GSLs in water to form a plethora of
GHPs, the conformation of which can be determined by the presence of enzyme cofactors,
pH level, metallic ion concentration, and the precursor GSLs side-chain structure [8]. These
products include: isothiocyanates (ITCs), nitriles, epithionitriles, indoles, oxazolidine-2-
thiones, and other diverse products that result from tautomeric rearrangements (Figure 1).

 

Figure 1. The glucosinolate–myrosinase reaction and hydrolysis products. Abbreviations: ESM1, epithiospecifier modifier
protein 1; TFP, thiocyanate forming protein; NSP, nitrile specifier forming protein; ESP, epithiospecifier protein.

Previous work has reported olfactometry data for each of these crops; however, data
are generally very scarce. Only five studies of E. sativa volatile compounds have been
published in the last twenty years [3,12–15]. Very little information regarding wasabi root
volatile composition and aroma is available outside of Japanese language journals [7,16].
Similarly, very little information is available for watercress, with only four papers published
in the last 40 years [17–20]. Horseradish is the most well characterised of these four species,
but still, only six studies of note have been published in the last 50 years [6,21–25].

There is also an ‘elephant in the room’ regarding previous reports of GHPs present in
aroma profiles of these Brassicaceae vegetables. Many of the reported GHP compounds
are derived from GSL precursors that are not regularly reported as part of the profile for
each respective species. In E. sativa, for example, GHPs such as methyl ITC, 3-butenyl
ITC, 1-isothiocyanato-4-methylpentane, and 5-(methylsulfanyl)pentanenitrile have all
been previously reported [13]. The GSL precursors to these compounds (glucocapparin,
GCP; gluconapin, GNP; 4-methylpentyl GSL, 4MP; and glucoberteroin, GBT; respectively)
have never been reliably or consistently reported as being part of the GSL profile in
this species [26,27]. This begs the question whether these identifications are correct or
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if the reports of GSL components in these species are incomplete. This may be due to a
lack of sensitivity in reported mass spectrometry methods or because there is a lack of
analytical standards to confirm compound identities. Another possibility is that there is
a post-hydrolysis modification of GHPs, either by enzymatic means or through reactions
with other phytochemical components, or as part of thermolytic reactions during gas
chromatography. Very few examples of such modifications have been reported within the
literature [28], but this may explain the presence of some GHPs within profiles of species
where the GSL precursor is absent.

Other non-GSL derived compounds have also been reported to contribute significantly
to the aromas of Brassicaceae crops. 2-Isopropyl-3-methoxypyrazine has been found
to produce a strong pea, or green, pepper-like aroma in horseradish, for example ([6]
Figure 2). In rocket, ‘green-leaf’ volatiles such as 3-hexenal and 1-penten-3-one have also
been highlighted as having high odour potency [12]. The role of these compounds in
aroma generation in GSL-containing crops is often not fully appreciated, and there are
many diverse compounds with equally high odour intensities to GHPs present within the
volatile bouquet.

 

Figure 2. Chemical structures of volatile compounds found in horseradish, rocket, wasabi, and watercress samples (numbers
in parentheses refer to compound codes in Table 2); * two separate peaks present for this compound; $ tentatively identified.
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The aims of this study were to (i) identify and describe in detail the key odorants
of four Brassicaceae species (salad rocket, horseradish, wasabi, and watercress) by gas
chromatography-olfactometry (GC-O) and gas chromatography-mass spectrometry (GC-
MS), and (ii) associate the observed GHPs with their respective GSL profiles by liquid
chromatography-mass spectrometry (UPLC-MS/MS). Our goal was to improve upon ex-
isting compound characterisation and odour descriptors for compounds in salad rocket,
horseradish, wasabi, and watercress. The contribution of pungency by GHPs to aroma
profiles is well studied; however, other aroma traits generated by non-GHPs are not well
described for these species, and they likely create distinctive and subtle sensory character-
istics. Additionally, detailed GSL compositions and MS/MS spectra for rocket, wasabi, and
watercress is presented, highlighting discrepancies with observed hydrolysis products.

2. Materials and Methods

2.1. Samples

Individual horseradish and wasabi roots were purchased from Morrison’s supermar-
ket (Reading, UK) and The Wasabi Company (Dorchester, UK) respectively. Watercress
was purchased as whole bags of leaves from ASDA supermarket (Reading, UK). Salad
rocket was grown in controlled environment conditions at the University of Reading using
seeds donated by Elsoms Seeds Ltd. (Spalding, UK) and designated RS4 and RS8. Seeds of
each cultivar were sown into module trays containing peat-based seedling compost and
germinated at 30 ◦C (daytime; 25 ◦C night). Lighting conditions were set to a long-day cycle
(16 h light, 8 h dark). Light intensity was set to 380 μmol m−2 s−1. Humidity was ambient.
Plants were considered mature upon the development of 10 to 15 leaves. Harvested leaves
were taken intact and placed inside a Zip-loc bag.

Roots and leaves were placed in a fridge upon either purchase or harvest (4 ◦C) until
further analysis was performed.

2.2. Chemicals

For headspace solid-phase-microextraction (HS-SPME), calcium chloride and the
alkane standards C6-C25 (100 μg/mL) in diethyl ether were obtained from Sigma-Aldrich
(now Merck; Poole, UK). For ultra-high performance liquid chromatography mass spec-
trometry (UPLC-MS), authentic compounds of glucoiberin (GIB; 99.61%, HPLC), progoitrin
(PRO; 99.07%, HPLC), sinigrin (SIN; 99%, HPLC), glucoraphanin (GRA; 99.86%, HPLC), glu-
coalyssin (GAL, 98.8%, HPLC), gluconapin (GNP, 98.66%, HPLC), 4-hydroxyglucobrassicin
(4HGB; 96.19%, HPLC), glucobrassicanapin (GBN; 99.22%, HPLC), glucotropaeolin (GTP;
99.61%, HPLC), glucoerucin (GER; 99.68%, HPLC), glucobrassicin (GBR; 99.38%, HPLC),
and gluconasturtiin (GNT; 98.38%, HPLC) were purchased from PhytoPlan (Heidelberg,
Germany). Methanol (HPLC grade), formic acid (LC-MS grade), and acetonitrile (LC-MS
grade) were purchased from VWR (Leicestershire, UK).

2.3. Volatile Compounds
2.3.1. Headspace Solid Phase Microextraction (SPME)

Samples of respective leaf and root tissues were homogenised by means of a commer-
cial blender for 30 s, and 2 g of each was weighed into a SPME vial of 15 mL fitted with
a screw cap. Samples were left aside for 10 min for the enzymatic hydrolysis of GSLs to
take place. After exactly 10 min, 2 mL of saturated CaCl2 was added in order to cease the
enzymatic reactions. After equilibration at 40 ◦C for 10 min, a 50/30 μm DVB/CAR/PDMS
fibre was exposed to the headspace above the sample for 20 min. Three biological replicates
were prepared for GC-MS analysis, and two replicates for each of the three assessors were
prepared for the GC-O analysis.

2.3.2. GC-MS Analysis of SPME Extracts

After extraction, the SPME device was inserted into the injection port of an Agi-
lent 7890A gas chromatography system coupled to an Agilent 5975C detection system

76



Foods 2021, 10, 1055

equipped with an automated injection system (CTC-CombiPAL). A capillary column HP-
5MS (30 m × 0.25 mm × 0.25 μm film thickness) (Agilent, Santa Clara, CA, USA) coated
with (5% Phenyl Methyl Silox) was used for the chromatographic separation of volatile
compounds. The oven temperature program used was 2 min at 40 ◦C isothermal and
an increase of 4 ◦C/min to 250 ◦C. Helium was used at 3 mL/min as carrier gas. The
sample injection mode was splitless. Mass spectra were measured in electron ionisation
mode with an ionisation energy of 70 eV, the scan range from 20 to 280 m/z and the scan
rate of 5.3 scans/s. The data were controlled and stored by the HP G1034 Chemstation
system. Identities were confirmed by running the samples on a Stabilwax-DA (30 m ×
0.25 mm × 0.25 μm film thickness) polar column from Restek (Bellefonte, PA, USA). Volatile
compounds were identified or tentatively identified by comparison of each mass spectrum
with spectra from authentic compounds analysed in our laboratory, or from the NIST mass
spectral database (NIST/EPA/NIH Mass Spectral database, 2014), or spectra published
elsewhere (see Supplementary Data S1 for GC-MS chromatograms and compound fragmen-
tation spectra). A spectral quality value >80 was used alongside linear retention index to
support the identification of compounds where no authentic standards were available. LRI
was calculated for each volatile compound using the retention times of a homologous series
of C6-C25 n-alkanes and by comparing the LRI with those of authentic compounds analysed
under similar conditions. The compound peak areas were normalised and converted to the
relevant abundance of each component as a percentage of the total peak area.

2.3.3. GC-O Analysis of SPME Extracts

After extraction, the SPME device was inserted into the injection port of an Agilent
7890B Series ODO 2 (SGE) GC-O system equipped with a non-polar HP-5MS column (30 m
× 0.25 mm × 0.25 μm film thickness). The outlet was split between a flame ionisation
detector and a sniffing port. The contents of the SPME fibre were desorbed for 3 min in
a split/splitless injection port, in splitless mode, onto five small loops of the column in
a coil, which were cooled in solid carbon dioxide and contained within a 250 mL beaker.
The injector and detector temperatures were maintained at 280 ◦C and 250 ◦C, respectively.
During desorption, the oven was held at 40 ◦C. After desorption, the solid carbon dioxide
was removed from the oven. The oven was maintained at 40 ◦C for a further 2 min and
then, the temperature was raised at 4 ◦C/min to 200 ◦C and at 8 ◦C/min to 300 ◦C. Helium
was the carrier gas, and the flow rate was 2.0 mL/min. Three assessors were used for the
detection and verbal description of the odour active components of the SPME extracts.
Each assessor participated in three training sessions for each sample species prior to scoring
sessions. Each assessor evaluated by sniffing each sample in duplicate and documented
the odour description, retention time, and odour intensity (OI) on a seven-point scale (2–8),
where <3 = weak, 5 = medium, and 7 = strong. Only those odours that were detected by all
three assessors were recorded in the results. n-Alkanes C6-C25 were analysed under the
same conditions to obtain LRI values for comparison with the GC-MS data.

2.4. Non-Volatile Compounds
2.4.1. Glucosinolate (GSL) Extraction

GSL extraction was performed as per the protocol presented by [29] with modifications.
Briefly, 40 mg of dried leaf powder was placed into Eppendorf tubes and put into a heat
block (80 ◦C for ten minutes). Afterwards, 1 mL of preheated methanol water (70% v/v) was
added to dried powder, vortexed vigorously, and placed in a water bath (75 ◦C) for 20 min.
Samples were cooled and centrifuged at full speed for five minutes at room temperature
(≈22 ◦C); the supernatant was collected and filtered (0.22 μm PVDF Acrodisc syringe filters;
VWR, Lutterworth, UK). Crude extracts were dried using a centrifugal evaporator and re-
suspended in 1 mL of LC-MS-grade H2O and stored at −80 ◦C until analysis. Immediately
before analysis by UPLC-MS, samples were diluted five-fold with LC-MS-grade H2O.
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2.4.2. UPLC-MS Analysis of GSL Extracts

UPLC-MS was performed on a Shimadzu Nexera X2 series UHPLC, coupled with
an 8050 triple quadrupole mass spectrometer system (Shimadzu UK Ltd., Milton Keynes,
UK). Separation of standards and samples was achieved using a Waters BEH C18 Acquity
column (100 × 2.1 mm, 1.7 μm; Waters Corp., Wilmslow, UK) with an Acquity in-line filter.
Mobile phases consisted of 0.1% formic acid in LC-MS grade H2O (A), and 0.1% formic
acid in LC-MS grade acetonitrile (B) and GSLs were separated during a five minute run
with the following gradient timetable: (i) 0–50 s (A-B, 98:2, v/v), (ii) 50 s–3 min (A-B, 70:30,
v/v), (iii) 3–3 min 10 s (A-B, 5:95, v/v), (iv) 3 min 10 s–4 min (A-B, 5:95, v/v), (v) 4–4 min 10 s
(A-B, 98:2, v/v), (vi) 4 min 10 s–5 min (A-B, 98:2, v/v). The flow rate was 0.4 mL per min and
the column oven temperature was 35 ◦C.

Two MS methods were used for the identification and quantification of GSLs. First,
a Product Ion Scan (PIS) method was established to identify GSLs based on known pri-
mary ion masses ([M-H]-) characteristic fragment ions (357, 258, and 97 m/z; Table 1).
Then, MS/MS spectra were compared to authentic standards and available literature
sources [30–38]. Pentyl GSL (PEN), isobutyl GSL (ISO), glucoputranjivin (GPJ), and butyl
GSL (BUT) were tentatively identified due to the possible presence of isomers [38], and/or
no reliable reference MS spectra could be found in the literature. Total ion chromatograms
of glucosinolates identified were included in the Supplementary Data (S2).

MS/MS settings for the PIS method were as follows: samples were analysed in the
negative ion mode with a scan range of 70–820 m/z. A collision energy of 25 eV and a scan
speed of 30,000 u per s−1. For the quantification of GSLs, a Multiple Reaction Monitoring
(MRM) method was established. Based on the fragmentation observed in the PIS method,
confirmation and quantification transitions were established (Table 1). Dwell times for each
precursor and product ion were set to 5 s.

Authentic GSL compounds were run as external standards. Limits of detection (LOD)
and limits of quantification (LOQ) were established for each and are presented in Table 1.
As standard compounds are not available for all GSLs, SIN was used to semi-quantify
glucorucolamine (GRM), glucoputranjivin (GPJ), diglucothiobeinin (DGTB), glucoberteroin
(GBT), glucocochlearin (GCL), glucosativin (GSV), dimeric 4-mercaptobutyl GSL (DMB),
glucobarbarin (GBB), and tentatively identified GSL compounds. Similarly, GBR was used
to semi-quantify the indolic GSLs 4-methoxyglucobrassicin (4MGB) and neoglucobras-
sicin (NGB).

3. Results and Discussion

3.1. Volatile Compounds

The volatile compounds identified in the headspace of the four Brassicales species are
listed in Table 2, detailing their PubChem compound identification (PubChem CID) as well
as their linear retention indices (LRI) in a polar and non-polar column. Semiquantitative
characterisation results are also shown in Table 2 as relative area. ITCs and alcohols were
the chemical classes of compounds dominating the volatile profile of the samples with
other compounds such as aldehydes, esters, and terpenes also present.

GC-olfactometry analysis of the samples yielded a total of 107 odorants across the four
species, which are presented in Table 3. Qualitative differences were observed between the
samples with horseradish and watercress yielding a total of 52 and 51 odorants, respec-
tively. Green/grassy, radish, sulphury, and horseradish were some of the terms that were
mostly used by the assessors to describe the odours. Additionally, a total of 46 odorants of
unknown identity were detected within the headspace of the four Brassicales analysed that
may contribute to the odour profiles of these crops. These compounds matched no corre-
sponding peaks and LRI values within the GC-MS data. This suggests that the compounds
responsible for generating the perceived aromas were present at levels below the detection
threshold of the instrumentation used. The number and diversity of unidentified compounds
and aromas is indicative of the fact that characterisation of the species’ volatile profiles is far
from complete, and it is likely that many more will be discovered in future studies.
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3.1.1. ‘Salad’ Rocket

A total of 57 volatile compounds were identified or tentatively identified in the
headspace of E. sativa leaf samples. Nineteen compounds are newly reported for this
species, some of which make up relatively large portions of the total volatile compounds’
bouquet (Table 2). Compounds with the greatest relative abundances were (Z)-3-hexen-
1-ol (31, 40.9%), (E)-2-hexenal (44, 14.3%), hexanal (43, 8.6%), erucin (23, 7.2%), and 1-
isothiocyanato-4-methylpentane (16, 5%; Figure 2). These observations are broadly in
agreement with previous studies of ‘salad’ rocket [3,12].

Despite its high relative abundance, (Z)-3-hexen-1-ol produced only a weak, green,
radishy aroma (Table 3) in rocket leaves. (E)-2-Hexenal by comparison was 2.9-fold less
abundant in relative terms but produced a slightly stronger aroma, described by assessors as
green, and apple-like. Hexanal (43) produced a pungent, green, grassy aroma of relatively
high intensity, which has not been previously described in rocket to our knowledge.

2-Isopropyl-3-methoxypyrazine (102) by comparison was of low relative abundance
in the rocket headspace (0.3%; Table 2) but was found to have one of the strongest aromas
in rocket (rotten, potato-like, vegetative; Table 3). 1-Isothiocyanato-4-methylpentane had a
weak aroma and was given a tentative new description of ‘musty’, as no previous studies
have reported an odour for this compound.

The ITC erucin (23) is known for its anticarcinogenic properties, but its aroma was only
recently described [12]. In agreement with a previous report, this compound produced
a radishy aroma of weak intensity. Interestingly, the compound previously associated
with characteristic “rocket-like” aroma (sativin, 20) [12] was relatively weak-smelling. In
this study, the compound was found to have a burnt, rubbery, and soil-like aroma. This
suggests that sativin is not the main driver of pungency or aroma in ‘salad’ rocket. Other
compounds such as ethyl vinyl ketone (65; [41]), hexanal, 3-butenyl ITC (11) [48,54], and
several unknown compounds (see final paragraph in this section) all had descriptions of
pungency at higher intensities than sativin (Table 3). It may also be likely that no single
compound is responsible for this attribute of rocket aroma but rather several.

Pentyl ITC (15, 0.6%) not previously identified in ‘salad’ rocket produced a strong
odour, which was characterised as cabbage-like, green, and rotten (Table 3, Figure 2). As
will be discussed in Section 3.2, we have tentatively identified pentyl GSL (Table 1) as
a significant and previously unreported component of the GSL profile of ‘salad’ rocket,
which gives rise to this ITC compound.

Other compounds not previously identified in ‘salad’ rocket included 2-phenylethanol,
4-heptenal and 2-sec-butyl-3-methoxypyrazine. 2-Phenylethanol (37, 0.2%) was noted to
impart a floral aroma at a medium-weak intensity (Table 3). This compound is derived
from phenylalanine and has been found to contribute to aroma and flavour in many foods,
such as tomatoes [66]. 4-Heptenal (45) occurred in rocket leaves with a relative abundance
of 0.1% (Table 2). Despite this low amount in terms of the overall volatile profile, the
compound was perceived at a medium intensity by the assessors (Table 3) and described
as grassy and green. This compound has been variously described as mushroom-like [50],
fatty and fishy [67], and potatoey [68]. The variation in these descriptions may be associated
with the isomerisation of the compound, which could not be resolved in this study. 2-sec-
Butyl-3-methoxypyrazine (106, 0.2%) has been reported in several Brassicales species, such
as white mustard, rapeseed [60], and horseradish [25], but not in E. sativa (Figure 2). It has
been variously described as having a pea-like, musty, green, and bell pepper-like aroma.
Assessors described the compound as earthy, similar to rotten potatoes, and vegetable-
like. Despite its relatively low abundance, it was perceived as a medium-weak smelling
compound in the sample headspace.

A total of 13 unidentified odorants were also detected in the headspace of rocket
by GC-O (Table 3). These varied in intensity but all were distinguished and reported by
assessors. Odour descriptions for these compounds were buttery (116), sulphury (117,
122, 124, 141, 145), horseradish-like, rancid (117), cabbage-like (122), rotten onion (124),
mustard, pungent (128), oniony (128, 138), green, sour apples (131), soily, earthy (139),
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gas (141, 145), burnt (141), roasted (141, 142), smoky (142), spicy, chemical (144), fresh
cucumber, rotten, and vegetable-like (150).

3.1.2. Wasabi

A total of 43 compounds were identified or tentatively identified in the headspace of
wasabi roots (Table 2) with 30 compounds newly described for the species, making this a
significant step forward in the understanding of aroma composition in wasabi roots. Two
peaks of near-identical spectra were observed and identified as allyl ITC (5/6, 8.6%/52.1%)
and were the most abundant compounds, which agrees with previous observations [7]. It
is unknown why two distinct peaks were formed in this manner, and further investigation
may be required to determine the isomeric differences responsible for the separation.
4-Pentenyl ITC (14, 12.4%) was also found to be high in terms of overall relative abundance.

Despite having near identical spectra, compounds 5 and 6 presented distinct differ-
ences in aroma and intensity. Peak 6 was characterised as being very pungent (Table 3) and
having garlic, mustard, and horseradish-like qualities. Allyl ITC is one of the most well
characterised ITCs and is well known for these properties [1,48,63] (Figure 2). Peak 5 by con-
trast had no discernible aroma in wasabi but was apparent in horseradish (see Section 3.1.3).
4-Pentenyl ITC likewise exhibited a pungent aroma and strong odour intensity but also
had peppery, sulphurous, and musty notes. This compound is commonly reported in
Brassicaceae crops [69]. 3-Butenyl ITC (11, 4.2%) was scored as a high odour intensity
compound, despite its much lower relative abundance and was described as having a
pungent, green, and aromatic odour.

Several other GHP odorants are newly reported in wasabi including cyclopropane
ITC, isoamyl ITC, pentyl ITC, 1-isothiocyanato-4-methylpentane, and benzyl ITC. Cyclo-
propane ITC (7, 0.1%) is likely to be a cyclic reaction product of allyl ITC and has been
previously reported in brown mustard [49] (Figure 2). To our knowledge, no odour descrip-
tion of this compound has been previously made, but assessors described it as sulphurous,
horseradish, garlic, and onion-like (Table 3). The high odour intensity score indicates that
it is a significant component of wasabi aroma. Isoamyl ITC (13, 0.4%) was described as
having a pungent grassy aroma and being of high odour intensity. This compound is not
commonly reported in Brassicales species, but it is used as a food additive [70]. Most ITC
compounds are noted for their sulphurous and mustard-like potency in Brassicales; how-
ever, the contribution of grassy aroma ITCs to volatile compound bouquets has not been
previously appreciated or fully understood. Pentyl ITC (15, 0.1%) and 1-isothiocyanato-4-
methylpentane (16, <0.1%) were observed and shared the same odour characteristics as
in ‘salad’ rocket (see Section 3.1.1.). Benzyl ITC (22, <0.1%) was reported to have a rotten
grass and cooked aroma of medium-weak intensity. Similar to isoamyl ITC, this compound
is not regularly reported as a constituent of Brassicales headspace, but these data indicate
that even in very low relative abundance, it is odour active.

Another interesting compound was also found in wasabi headspace: cyclohexyl
isocyanate (101, <0.1%; Figure 2). This has been previously reported in black mustard [53],
though it is unclear if it is related to or derived from GHPs. Assessors perceived this odour
having a medium-strong intensity and described it as peppery, cooked, and potato-like
(Table 3). This is a tentative new odour description for this compound, and our data suggest
it to be an important constituent of wasabi aroma.

Two additional compounds not previously identified in wasabi were 1-octen-3-ol and
eucalyptol. 1-Octen-3-ol (34, <0.1%), despite its very low relative intensity in root tissue
headspace (Table 2, Figure 2), exhibited a high odour intensity imparting a mushroom-like
odour in agreement with previous descriptions [50]. Eucalyptol (97, <0.1%), previously
observed in Brassicales crops [18] but not in wasabi (Figure 2), was found to have a medium-
strong, characteristic eucalyptus, and mint aroma, and it is likely an important component
of the overall volatile bouquet.

Similar to rocket, 17 unidentified odorants were detected in wasabi root samples
(Table 3). Reported aromas were sulphury (114, 117, 123, 146), buttery (116), horseradish-
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like (117, 119), rancid (117), mustard (119, 128), onion (121, 128), garlic (123, 146), pungent
(128), cooked, roasted chicken, chicken soup (129), potato (133), spicy, cinnamon-like, nutty
(149), fresh cucumber, rotten, vegetable-like (150), radish (79), green (79, 153), sweet (152),
floral (152, 158), violets, perfume (152), peppery, earthy (153), liquorice, medicinal (154),
soapy, and grassy (158), confirming our statement that wasabi’s volatile profile is far from
complete.

3.1.3. Horseradish

A total of 75 compounds were identified or tentatively identified in the headspace of
horseradish roots, 38 of which are newly reported (Table 2). As with wasabi, the peaks
with the highest relative abundances were dominated by GHPs. Compounds with the
highest relative abundances were allyl ITC (5/6, 7.4%/39.3%), phenethyl ITC (24, 32.5%),
thiiraneacetonitrile (77, 3.6%), 4-pentenyl ITC (14, 2.3%), (Z)-3-hexen-1-ol (31, 1.9%), and
sec-butyl ITC (9, 1.8%; Figure 2).

As stated in Section 3.1.2, allyl ITC was identified as two distinct peaks (5 and 6). As
in wasabi, 6 was of the greatest abundance and odour intensity, producing a very strong,
pungent, garlic, mustard, and horseradish-like aroma (Table 3), whereas 5 produced a
medium intensity, pungent horseradish smell. Thus far, the presence of two peaks has not
been addressed or explained satisfactorily within the literature, with only one previous
paper reporting the same phenomenon of separate and distinct allyl ITC peaks [71]. Sec-
butyl ITC (9) produced a medium-weak intensity aroma that was vegetative and radish-like
(Table 3). The compound was also present in wasabi at a medium intensity. The compound
has been previously reported in horseradish as having green, chemical, and mustard like
aromas [21], and it is known to activate the human Transient Receptor Potential Ankyrin
1 (TRPA1). This receptor is known to act in response to environmental irritants, and
several ITCs identified in this study are known to activate it to varying degrees (isopropyl
ITC, 3; isobutyl ITC, 10; allyl ITC, 5/6; 3-butenyl ITC, 11; 4-pentenyl ITC, 14; benzyl ITC,
22; phenylethyl ITC, 24; [72]). Phenylethyl ITC (24) is known to be a key constituent of
horseradish aroma, and our data are in agreement with previous reports [73]. Assessors
described the compound as radish and gooseberry-like, with a sweet note. It had a high
odour intensity and contributed significantly to the odour profile of roots. Likewise, 4-
pentenyl ITC (14) was observed to have the same odour attributes as previous reports [1]
and those found for wasabi in this study, but at a lower intensity. By contrast, pentyl
ITC (15) was present at much lower relative intensities to other GHPs (0.2%, Table 2) but
produced a strong, green, rotten, and cabbage-like aroma.

Thiiraneacetonitrile (77) has been previously reported in horseradish [22] and is an
epithionitrile hydrolysis product of sinigrin. To our knowledge, no previous studies have
described the odour of this compound. We found it to have a sweaty, gas-like aroma of
medium intensity (Table 3).

2-Isopropyl-3-methoxypyrazine (102, 0.1%) and 2-sec-butyl-3-methoxypyrazine (106,
0.4%) have been previously described and characterised in horseradish roots [25] as hav-
ing green and pepper-like aromas. Our data agree with previous reports but found the
compounds to be of very high aroma intensity, despite relatively low abundances within
the headspace (Table 3). Assessors described the compounds as rotten, earthy, potato-like,
and vegetative.

We report several compounds previously unidentified in horseradish including GHPs,
isocyanates, alcohols, aldehydes, and a ketone and ester. As in wasabi root, cyclopropane
ITC (7, 0.1%) produced an intense aroma containing horseradish, garlic, onion, and sulphur
notes (Table 3). Therefore, it is likely to be a significant contributor to root odour and the
volatile profile, despite its very low abundance, which may be a reason why it has not been
previously detected and/or reported.

As discussed in Section 3.1.2, it is unknown if the presence of isocyanates is linked
with GSLs and their hydrolysis products. Allyl isocyanate (99, <0.1%) and phenethyl
isocyanate (107, 0.4%) were both observed for the first time in horseradish roots. Given that
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high abundances of allyl ITCs (5/6) and phenethyl ITC (24) were observed, it seems likely
that isocyanates may be derived from them and/or directly from parent GSLs. Isocyanates
are not commonly reported in the literature, and their formation may be because of as-
yet-unstudied enzymatic or post-hydrolysis modification processes. Allyl isocyanate was
described as having a weak musty and burnt plastic aroma; and phenethyl isocyanate was
described as being pungent, with ground pepper and horseradish-like quality at a medium
intensity. We are not aware of any previous odour descriptions for these compounds, so
these are tentative new characterisations.

1-Octen-3-ol (34, <0.1%) was identified, and as in wasabi root, it produced a mushroom-
like aroma of medium-weak intensity (Table 3). Benzyl alcohol (36, 0.1%) has been previ-
ously reported in Brassica oleracea [74] and rapeseed [58], but not in horseradish. It was
characterised as having a medium intensity aroma, described as fruity, medicinal, and
wine-like. Its low abundance but relatively high odour intensity may make it a subtle
but key constituent of the root aroma profile. Two aldehyde compounds were also found
to contribute to odour within the headspace. 2-Pentenal (41, <0.1%) produced a green,
apple-like aroma [43], and 2,4-hexadienal (47, <0.1%) produced a green, rotten smell, both
of medium-weak intensity (Table 3; [51]). A ketone, 3,5-octadien-2-one (71, 0.1%) was also
tentatively identified (Table 2) and described as having a pungent green aroma of medium
intensity (Table 3).

In the esters group, methyl salicylate (60, <0.1%), a common compound throughout the
plant kingdom, has previously been identified in Brassicales as part of systemic acquired
resistance response to herbivory [75], and it was identified for the first time as a volatile
constituent of horseradish headspace (Table 2). Its aroma is characteristic of, and present in,
plants such as wintergreen. Assessors described its odour as medicinal and camphorous
at a medium intensity (Table 3). Ethyl decanoate (61, <0.1%), known to be present in B.
oleracea [59], was described by the assessors as green and waxy (Table 3; [65]). Benzyl tiglate
(113, <0.1%) was reported at low relative abundance, but a perceptible musty aroma was
apparent for this compound.

The presence of D-limonene (96, 0.1%) is reported for the first time in horseradish root.
It is known to be a constituent of B. oleracea headspace [76], but its sensory contribution to
Brassicales is not well defined. Assessors found this compound to have a medium-weak
intensity aroma of lemon and being vegetable-like (Table 3 [57]). This agrees with previous
descriptions of the odour properties of the compound.

Finally, 6-methylquinoline (111, <0.1%), an aromatic compound, produced an unpleas-
ant hydrogen sulphide and egg-like aroma of medium-weak intensity, and it has not been
previously reported.

Similar to the other species tested, 15 unidentified odorants were detected in horseradish
root samples (Table 3) and were of weak to medium intensity. Reported aromas were sul-
phury (114, 117, 123, 141, 145, 146, 155), buttery (116), horseradish-like (117, 118), rancid
(117), rotten (120), cabbage-like (120, 155), garlic, (123, 146), mustard, pungent, oniony (128),
cooked (129, 155), roasted chicken, chicken soup (129), nutty, spicy (130), gas (141, 145),
burnt, roasted (141), sweet, floral, violets, perfume (152), minty, cooling, and fresh (160).

3.1.4. Watercress

A total of 42 compounds were identified or tentatively identified in the headspace of
watercress, 26 of which are newly reported (Table 2). The headspace profile was dominated
by alcohol and ITC compounds: (Z)-3-hexen-1-ol (31, 36%), phenethyl ITC (24, 30.7%),
1-penten-3-ol (25, 8.1%), and (Z)-2-penten-1-ol (28, 4.8%; Figure 2).

1-Penten-3-ol is a compound present widely in Brassicales species [77]. It exhibited a
high intensity in watercress leaves, producing a sulphurous and cabbage-like aroma. These
attributes are often attributed to ITCs and other sulphur-containing compounds; however,
our data suggest that some of these characteristics in watercress could be attributed to
this alcohol. (Z)-3-Hexen-1-ol by comparison was much higher in relative abundance but
produced a medium intensity aroma that was green and radishy (Table 3).
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Phenethyl ITC (aroma attributes described in Section 3.1.2.) had one of the highest
intensity aromas in watercress, along with phenylacetaldehyde (52, 0.2%). The latter, similar
to phenethyl ITC, is derived from phenylalanine, but occurs in much lower abundance
(Table 2, Figure 2). Its aroma was described as honey-sweet (Table 3) and is likely a
significant contributor to watercress odour that has previously gone unrecognised.

Other compounds contributing high odour intensities despite low relative abundances
were 3-pentanone (66, 1.9%) and β-ionone (98, 0.4%; Figure 2). 3-Pentanone is regularly
reported in Brassicales [3] and was described as high intensity, green, grassy, and floral
smelling (Table 3, Figure 2). β-Ionone is common to many plant species as a degradation
product of carotenoids [78], and it was described as soapy and fusty by assessors, with a
high intensity.

Several sulphur-containing compounds, aldehydes, alcohols, ketones, not previously
identified in watercress were identified. Methyl thiocyanate (2, 0.5%) imparted a sulphury
and oniony note, with a medium intensity. This compound is known to be a GSL hydrolysis
product of GCP (methyl GSL), but as will be discussed in Section 3.2, this compound was
not detected in the UPLC-MS/MS analysis. Therefore, we suggest that it is not directly
derived from this GSL and may be a degradation product of other GSL hydrolysis products
within the tissues and headspace of the tested Brassicaceae.

Cyclopentyl-1-thiaethane (8, 0.5%) was detected, and uniquely present in watercress
compared with the other three species tested (Table 2). Little is known about this compound
in a biological context. It produced a sweaty, sulphury, medium-weak intensity aroma that
is tentatively described in this species for the first time (Table 3).

Five aldehydes, two alcohol and two ketones, are newly reported for watercress,
which produced perceptible odours within the headspace bouquet: 2-pentenal (41, 0.5%),
hexanal (43, 1.2%), 4-heptenal (45, 0.5%), heptenal (46, 0.1%), and nonanal (54, 0.3%). Both
heptenal and nonanal exhibited fatty, green aromas of medium intensity (Table 3) and are
common to other Brassicaceae species [77]. 1-Octen-3-ol (34, 0.1%) produced a medium
strength mushroom-like aroma (as described in Section 3.1.3.), and 2-phenylethanol (37,
2.6%) produced a floral scent. 6-Methyl-5-hepten-2-one (68, 0.2%) has been previously
observed in ‘wild’ rocket and described as having a citrus aroma [55,79]. In this study,
it was also identified with this characteristic, but also as floral and perfume-like, in both
watercress and ‘salad’ rocket. It produced a medium-strong aroma in watercress. 2,2,6-
Trimethylcyclohexanone (69, 0.1%) has been variously described as thujonic, menthol-like,
and camphorous [80]. Here, it was described by assessors as imparting floral and green
odours, with citrus notes.

One ester, (Z)-pent-2-en-1-yl acetate (57, 0.1%), was only detected in watercress, and it
produced a medium-weak aroma. It was described as sulphury and rotten, and we are not
aware of any previous odour attributes associated with this compound. As such, this is a
tentative first description.

Octyl ITC (21, 0.2%) has been previously identified in horseradish [64] but not
watercress to our knowledge. Its exact derivation and parent GSL are unclear in the
literature, though watercress has been reported to contain glucohirsutin (GHS, (RS)-
8methylsulfinyl)octyl GSL; [38]). This will be discussed further in Sections 3.2 and 3.3.
Assessors found the compound to be of medium aroma strength having a green and vege-
tative character. Again, we are unaware of previous odour descriptions for this compound.

Finally, there were 29 unidentified odorants detected by GC-O, making this the highest
number of the four species analysed (Table 3). Aromas described by assessors were
sulphury (114, 124, 125, 126, 141), cooked onions (115, 125), buttery (116), rotten, cabbage-
like (120), rotten onion (124), pungent (125, 128, 157), oniony (126, 128), green (127, 131,
137, 153, 156), parsley (127), mustard (128), cooked, roasted chicken, chicken soup (129),
sour apples (131), apples (132), grass (132, 134, 151, 158), potato (133, 156), earthy (135,
153), musty (135), petrol, aromatic (135, 147), bread-like (136), medicinal (140, 159), floral
(140, 143, 158), gas, burnt, roasted (141, 142), smoky (142), cucumber (143, 148), flowers
(143), fruity, chemical, dried fruit (151), peppery (153), radish (156), and soapy (157, 158,

93



Foods 2021, 10, 1055

159). This indicates that the volatile profile of watercress is far from complete, and further
research is required to elucidate these compounds.

3.2. Non-Volatile Compounds (Glucosinolates)

GSL composition and concentrations for ‘salad’ rocket, wasabi, and watercress are
presented in Table 4. Due to an unforeseen termination of supply, it was not possible to
include horseradish roots in this analysis.

Table 4. Glucosinolate concentrations of ‘salad’ rocket, wasabi, and watercress determined by
UPLC-MS/MS.

Glucosinolate a Abbreviation
Concentration b

Salad Rocket Wasabi Watercress

glucoiberin GIB 0.007 ± 0.001 0.003 ± <0.001 nd
pentyl GSL $ PEN 4.915 ± 1.633 nd nd
progoitrin PRO 0.074 ± 0.067 0.001 ± <0.001 nd
sinigrin SIN 0.002 ± 0.001 11.121 ± 0.247 0.001 ± <0.001
isobutyl GSL $ ISO nd 3.382 ± 0.762 nd
glucoraphanin GRA 1.761 ± 0.508 0.001 ± <0.001 0.006 ± <0.001
glucorucolamine GRM 7.571 ± 1.208 nd nd
glucoalyssin GAL 0.215 ± 0.044 2.123 ± 0.477 0.470 ± 0.026
glucoputranjivin $ GPJ 0.058 ± 0.024 2.289 ± 0.515 nd
gluconapin GNP 0.001 ± 0.001 0.010 ± 0.001 nd
diglucothiobeinin DGTB 4.622 ± 1.144 nd nd
glucoberteroin GBT 0.412 ± 0.086 nd nd
4-hydroxyglucobrassicin 4HGB 0.012 ± 0.002 0.062 ± 0.002 0.006 ± <0.001
glucocochlearin GCL nd 2.184 ± 0.166 nd
glucosativin GSV 6.639 ± 2.402 nd nd
7-(methylsulfinyl)heptyl
GSL 7MSH nd 4.55 ± 0.393 21.472 ± 1.219

glucobrassicanapin GBN nd 0.146 ± 0.005 nd
dimeric 4-mercaptobutyl
GSL DMB 78.861 ± 8.384 nd nd

glucobarbarin GBB nd nd 0.730 ± 0.037
glucotropaeolin GTP 0.027 ± 0.002 0.001 ± <0.001 0.001 ± <0.001
glucoerucin GER 0.733 ± 0.088 nd nd
glucobrassicin GBC 0.027 ± 0.008 0.001 ± <0.001 0.118 ± 0.006
4-methoxyglucobrassicin 4MGB 0.366 ± 0.113 nd 2.001 ± 0.104
gluconasturtiin GNT 0.001 ± <0.001 nd 1.514 ± 0.040
neoglucobrassicin NGB 2.682 ± 0.433 1.525 ± 0.229 1.596 ± 0.037
4-methylpentyl GSL 4MP 1.293 ± 0.836 nd nd
hexy GSL HEX 0.225 ± 0.071 nd 0.434 ± 0.031
7-(methylthio)heptyl GSL 7MTH nd 0.132 ± 0.035 2.663 ± 0.104
butyl GSL $ BUT 0.301 ± 0.081 nd 0.606 ± 0.359

Total
111.098 ±

14.633 27.532 ± 2.831 31.645 ± 1.353

a GSL: glucosinolate; $ = tentative identification. b Concentration in μmol g−1 dry weight; means are from six
replicates for salad rocket, five replicates for wasabi and eight replicates for watercress; nd, not detected.

3.2.1. ‘Salad’ Rocket

‘Salad’ rocket contained the highest dry weight concentrations of GSLs (111.1 ± 14.6
μmol g−1 dw). This was predominantly due to high amounts of DMB (78.9 ± 8.4 μmol
g−1 dw). Other GSLs of note included GSV (6.6 ± 2.4 μmol g−1 dw), GRM (7.6 ± 1.2 μmol
g−1 dw), and DGTB (4.6 ± 1.1 μmol g−1 dw), which are unique to the genera Eruca and
Diplotaxis. Other routinely reported GSLs for this species were GRA (1.8 ± 0.5 μmol g−1

dw) and NGB (2.7 ± 0.4 μmol g−1 dw).
Interestingly, several other GSLs that have not been, or are rarely reported for the

species, were also detected; some in relatively high concentrations: GIB (<0.1 ± <0.1 μmol
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g−1 dw), PEN (4.9 ± 1.6 μmol g−1 dw), GPJ (<0.1 ± <0.1 μmol g−1 dw), GBT (0.4 ± <0.1
μmol g−1 dw), GTP (<0.1 ± <0.1 μmol g−1 dw), 4MP (1.3 ± 0.8 μmol g−1 dw), HEX (0.2 ±
<0.1 μmol g−1 dw), and BUT (0.3 ± <0.1 μmol g−1 dw).

Of note is the high abundance of PEN (m/z 388). It seems unlikely that a GSL of such
relatively high concentration has gone undetected in previous analyses. Therefore, we
postulate that previous studies may have attributed the negative ion mass incorrectly to that
of PRO, which is also m/z 388 (Table 1). The authentic standard of PRO did not match the
retention time or MS/MS spectra of PEN, and it was found in only very low concentrations
by comparison. While PEN is only a tentative identification (due to the possibility of other
isomeric GSLs such as glucojiaputin and 3-methylbutyl GSL), the presence of pentyl ITC
(17) within the headspace of rocket makes this the most likely identification. See Section 3.3
for further discussion.

3.2.2. Wasabi

Sixteen GSL compounds were identified in wasabi roots, totaling 27.5 ± 2.8 μmol g−1

dw (Table 4). The most abundant compound was SIN (11.1 ± 0.2 μmol g−1 dw), which
agrees with previous studies [81]. Wasabi is known to have a diverse GSL profile, and
we observed relatively high abundances for ISO (3.4 ± 0.8 μmol g−1 dw), GAL (2.1 ±
0.5 μmol g−1 dw), GPJ (2.3 ± 0.5 μmol g−1 dw), GCL (2.2 ± 0.2 μmol g−1 dw), 7MSH
(4.6 ± 0.4 μmol g−1 dw), and NGB (1.5 ± 0.2 μmol g−1 dw). Other compounds occurring
in low abundance that are not frequently reported were GIB and GRA.

3.2.3. Watercress

Fourteen GSLs were found in watercress leaves, amounting to 31.6 ± 1.4 μmol g−1 dw
(Table 4). In most previous studies of this species, GNT (1.5 ± <0.1 μmol g−1 dw) has been
found to have the greatest abundance [4]; however, our analysis revealed that 7MSH had
the highest total concentration (21.5 ± 1.2 μmol g−1 dw), dominating the overall profile in
these samples. There were also relatively high concentrations of 7MTH (2.7 ± 0.1 μmol
g−1 dw), and the indolic GSLs 4MGB (2 ± 0.1 μmol g−1 dw), and NGB (1.6 ± <0.1 μmol
g−1 dw). Minor amounts of SIN, GRA, and GTP were also observed, and they are not
frequently reported in this species.

3.3. Discrepancies between Identified Glucosinolate Hydrolysis Products and Glucosinolate
Profile Precursors

There is often an ‘elephant in the room’ regarding volatile GSL hydrolysis products
and reported GSL profiles in Brassicales crops: there are often GSLs found with no cor-
responding hydrolysis products, or more troublingly, hydrolysis products observed but
no GSL precursor. Table 5 presents a list of the GSL-derived compounds identified within
the headspace of ‘salad’ rocket, wasabi, and watercress, alongside their expected GSL
precursors. It is apparent from our data that the present study is no exception when it
comes to discrepancies of this nature, and there is a need to find a robust solution to prevent
the inaccurate reporting of both GSLs and their volatile hydrolysis products.

As discussed in previous sections, compounds such as methyl thiocyanate (2) may
be produced from degradation of other hydrolysis products. Others such as the presence
of sec-butyl ITC (9) in rocket, butyl ITC (12) in wasabi, and octyl ITC (21) in watercress
cannot be so easily explained. There are several explanations with varying levels of
likelihood: firstly, the most likely is that the ITCs and other GSL hydrolysis products have
been identified incorrectly, and that they belong to other parent GSLs present within the
analysed tissues. Despite researchers’ best efforts to obtain authentic standards to test
and match MS profiles, this is not always possible or affordable, and so there is a heavy
reliance upon reference libraries. These are often incomplete and not always accurate. It is
also possible that the high temperatures utilised in GC-MS cause thermolytic reactions to
occur in GHPs, thus yielding compounds not ‘naturally’ produced by tissues. The next
possibility is that the GSLs responsible for producing hydrolysis products are below the
LOD of the MS/MS method. In this case, this is unlikely, as the LOD for each standard
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GSL was low, and it is likely much more sensitive and accurate than volatile compound
measurements by GC-MS. Thirdly and perhaps least likely is that there is some as-yet-
unknown mechanism(s) by which GSL hydrolysis products are modified post-hydrolysis.
This is speculation, but there have been recent reports of previously unknown tautomeric
rearrangements [82] and enzymatic actions [28] upon hydrolysis products that do not
preclude this as an impossibility. Indeed, the dynamics of reactions occurring within the
headspace of Brassicales is virtually unstudied, and so some may be produced through
the degradation or rearrangement of structurally similar compounds. This is an area that
requires much more detailed scrutiny.

Table 5. Identified volatile glucosinolate hydrolysis products in the headspace of ‘salad’ rocket, wasabi, and watercress, and
the presence/absence of their respective glucosinolate precursor.

Precursor
Glucosinolate

Glucosinolate Hydrolysis
Product (Compound No.)

Glucosinolate Observed? Hydrolysis Product Observed?

Salad Rocket Wasabi Watercress Salad Rocket Wasabi Watercress

sinigrin

3-butenenitrile (74) $ √ √ √
x

√
x

allyl thiocyanate (4) $ √ √ √
x

√
x

allyl ITC (5/6) $ √ √ √
x

√
x

cyclopropane ITC (7) $ √ √ √
x

√
x

thiiraneacetonitrile (77) $ √ √ √
x x x

glucocapparin methyl thiocyanate (2) $ x x x
√

* x
√

*
glucoputranjivin $ isopropyl ITC (3) $ √ √

x
√

x x
glucocochlearin $ sec-butyl ITC (9) $ x

√
x

√
*

√
x

4-methylpentyl GSL $ 5-methylhexanenitrile (75) $ √
x x

√
x x

1-isothiocyanato-
4-methylpentane (16) $

√
x x

√ √
*

√
*

isobutyl GSL isobutyl ITC (10) $ x
√

x x
√

x
<unknown> 6-heptenenitrile (76) $ - - - x

√
* x

gluconapin 3-butenyl ITC (11) $ √ √
x

√ √
x

butyl GSL butyl ITC (12) $ √
x

√ √ √
* x

3-methylbutyl GSL isoamyl ITC (13) $ x x x
√

*
√

*
√

*
glucobrassicanapin 4-pentenyl ITC (14) $ x

√
x x

√
x

pentyl GSL pentyl ITC (15) $ √
x x

√ √
* x

glucotropaeolin phenylacetonitrile (78) $ √ √ √
x x x

benzyl ITC (22) $ √ √ √
x

√
x

hexyl GSL cyclohexyl ITC (17) $ √
x

√
x

√
* x

glucoberteroin
5-(methylsulfanyl)pentanenitrile
(79) $

√
x x

√
x x

glucoerucin 4-(methylthio)butanenitrile (80) $ √
x x x x x

erucin (23) $ √
x x

√ √
* x

gluconasturtiin benzenepropanenitrile (81) $ √
x

√
x x

√
glucoiberverin iberverin (19) $ x x x

√
*

√
* x

glucosativin sativin (20) $ √
x x

√
x x

<unknown> octyl ITC (21) $ x x x x x
√

*
gluconasturtiin phenylethyl ITC (24) $ √

x
√

x
√

*
√

* Hydrolysis product observed but not glucosinolate precursor; $ tentatively identified.

4. Conclusions

This study has highlighted numerous newly identified and tentatively identified
volatile compounds present in the headspace of ‘salad’ rocket, wasabi, horseradish, and
watercress. Many of these appear to contribute strongly to the aroma profiles of each
respective crop. We have also found 46 aroma traits present in the headspace of the samples
that have no association with the identified compounds. This suggests that there are many
as-yet undiscovered odour-active compounds present within Brassicales headspace.

Our data also highlight the need for more detailed studies on the volatilome of
Brassicales species, and that the sole focus should not be upon GSL hydrolysis products.
While accounting for a large proportion of the respective volatile profiles and odour
active components of species, we have identified numerous instances where non-GSL
derived compounds have odour intensities greater than those that are GSL-derived, such
as 1-penten-3-ol (25), phenylacetaldehyde (52), 2-sec-butyl-3-methoxypyrazine (106), and
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β-ionone (98). Several non-GSL derived compounds also share similar pungent odour
characteristics with GHPs, indicating that the latter may not be the only source of these
sensations in Brassicales crops. There is also a clear need for the improvement of mass
spectral libraries and the availability of GSL and GHP standards in order to overcome
discrepancies between GSL profiles and the reported volatiles derived therefrom.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10051055/s1, Sup-plementary Data S1. Compound fragmentation spectra with corre-
sponding library matches (where available) and GC-MS chromatograms.
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Abstract: Rocket (Diplotaxis tenuifolia and Eruca sativa) leaves delivered to the UK market are
variable in appearance, taste, and flavour over the growing season. This study presents sensory and
consumer analyses of rocket produce delivered to the UK over the course of one year, and evaluated
the contribution of environmental and cultivation factors upon quality traits and phytochemicals
called glucosinolates (GSLs). GSL abundance was positively correlated with higher average growth
temperatures during the crop cycle, and perceptions of pepperiness, bitterness, and hotness. This in
turn was associated with reduced liking, and corresponded to low consumer acceptance. Conversely,
leaves with greater sugar content were perceived as more sweet, and had a higher correlation with
consumer acceptance of the test panel. First cut leaves of rocket were favoured more by consumers,
with multiple leaf cuts associated with low acceptance and higher glucosinolate concentrations.
Our data suggest that the practice of harvesting rocket crops multiple times reduces consumer
acceptability due to increases in GSLs, and the associated bitter, hot, and peppery perceptions some
of their hydrolysis products produce. This may have significant implications for cultivation practices
during seasonal transitions, where leaves typically receive multiple harvests and longer growth cycles.

Keywords: glucosinolates; rucola; arugula; Diplotaxis; Eruca; bitter taste; flavour; postharvest

1. Introduction

Rocket (also known as arugula and rucola) salad species such as Diplotaxis tenuifolia and Eruca
sativa are leafy vegetables of the order Brassicales, and are popular throughout the world [1]. They are
commonly sold in bags of loose leaves, or as part of a leafy salad mixture with other crops, such as
lettuce, spinach, and watercress [2]. Previous studies have evaluated sensory properties of rocket
leaves [3–8] in conjunction with phytochemical compositions, and in one instance, consumer preferences
according to human taste receptor genotype [9]. One factor not accounted for in any of these studies
is the temporal variability of rocket produce over the course of a growing season, and the inherent
environmental variability associated with this.

Rocket salad is in demand year-round in the UK; however, no British region is suitable for
its continuous cultivation. As such, produce is typically sourced from several different countries
throughout a year, according to the season [10]. In the UK, the vast majority of rocket is imported
from Italy, with only seasonal summer rocket production possible in the south of England, as winters
are too cold, wet, and humid for viable winter growth. In Italy, rocket is grown in the north and
east during summer months; typically, in regions such as the Veneto, Lazio, and Emilia-Romagna.

Foods 2020, 9, 1799; doi:10.3390/foods9121799 www.mdpi.com/journal/foods101
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In winter, there is a shift in cultivation towards the south where temperatures typically remain higher,
and humidity lower; for example to Campania and Apulia. In times of high demand, rocket is
sourced for the UK market from other European countries (e.g., Spain), Northern Africa (e.g., Morocco),
or even as far as the United States and India.

It has been well documented in the literature that crop quality and respiration rates are influenced
by seasonality [11]. This is intrinsically linked to growing temperature, as metabolic rates tend to be
higher under warmer conditions. Growth temperature therefore plays a distinct role in determining
shelf life longevity and visual acceptability of leaves [12]. There is also evidence suggesting that
pungency is increased during spring and summer months [13], though this has not been shown
quantitatively in rocket. Conversely, sugars have been shown to be reduced in some Brassicales
species under “high” growth temperatures (>20 ◦C) [14], which has implications for sensory traits.
Anecdotal evidence suggests that source and season significantly affects the quality and consistency of
rocket leaves. This presents a problem for producers and supermarkets as leaves are typically marketed
as generic products, but the quality of the produce is not consistent.

A previous study by Bell et al. [9] highlighted that pungency (or hotness) of rocket leaves
is the main driver of rocket liking. Excessive pungency is typically rejected by consumers,
and most people in that study preferred milder and sweeter leaves. There was a significant
plant genotypic component determining the pungency of leaves, but it remains unstudied how
pungency and consumer preference may be affected by changes in climate and seasonal growth.
The pungency of rocket leaves is due to the presence of glucosinolates (GSLs) within tissues,
which are hydrolysed by myrosinase enzymes to produce isothiocyanates (ITCs) and numerous
other products. One compound present in both E. sativa and D. tenuifolia is glucosativin
(4-mercaptobutyl GSL; GSV) and its dimer (dimeric 4-mercaptobutyl GSL; DMB). These produce
the ITC, 4-mercaptobutyl ITC, which undergoes spontaneous tautomeric rearrangement post-hydrolysis
to form 1,3-thiazepane-2-thione (sativin; SAT) [15]. It is unknown if it is the ITC or tautomer that is
responsible for pungency and flavour, but olfactometry has shown a distinctive rocket-like aroma
associated with the hydrolysis product of GSV [16]. The inherent variability of GSL biosynthesis in
response to growth environment affects the presence and abundance of GSV and health related GSLs
(such as glucoraphanin, GRA; and glucoerucin, GER) [17], and therefore may impact upon sensory
properties of leaves and consumer acceptance.

An often-neglected component of taste and flavour perception in vegetables is sugar content
and composition. Sugar content of Brassicales leaves is known to be variable according to growth
conditions [18]. In combination with effects on GSL composition, sugars may therefore have a strong
influence upon sensory traits and consumer preference throughout a growing season.

We present phytochemical, sensory analysis, and consumer preference and perception data from
a year-long study of rocket produce sourced from commercial farms delivered to UK-based processors
and supermarkets. We hypothesised that GSL and sugar content would significantly affect sensory
properties of rocket leaves at different times of the year. This in turn would affect consumer perceptions
of leaves and their preference of rocket would change seasonally. We also present the effects of climatic
factors (such as temperature) and cultivation practices imposed on rocket crops (such as multiple
harvests/cuts of the same crop).

2. Materials and Methods

2.1. Plant Material

Rocket leaf material was sourced and delivered to the University of Reading Sensory Science
Centre monthly (with the exceptions of May and December) for one year (2014) by Bakkavor Ltd.
(Spalding, UK). This material corresponded to leaf material delivered to a processing facility in England,
and the material that would be used in products destined for UK supermarkets and consumers.
Each sample batch was harvested, washed, and processed in accordance with industry practice.
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For reasons of commercial sensitivity, the exact locations of growers that supplied material for
this study will not be named. Only the country of origin will be detailed, along with the growth
environment (polytunnel, glasshouse, or open field) and cultivar used. It should be noted that
as with many other crops, cultivars are selected by growers according to season and performance
under specific conditions and climates. As such, the cultivars tested each month were not always
the same. This was intentional to properly evaluate the level of consistency of produce as it exists
within the UK supply chain, not to evaluate the changes of any single cultivar over the year or between
different countries. Data were provided by growers relating to the length of each crop cycle (i.e., how
long each of the samples had been grown for), the number of cuts each sample had undergone, and the
percentage of dry matter of each batch at intake. See Table 1 for a summary of samples tested in each
respective month.

2.2. Temperature Data

Temperature data for each of the rocket growing sites were supplied by Bakkavor Ltd. Data were
logged throughout the cropping cycle of plants via on-farm weather stations. Four measurements were
provided: the average daily temperature for the entire cropping cycle (referred to as “avg. temp”),
the maximum temperature of the week preceding harvest (referred to as “max. temp. week”),
the minimum temperature of the week preceding harvest (referred to as “min. temp. week”), and the
average temperature in the week preceding harvest (referred to as “avg. temp. week”).

2.3. Sensory Analysis

A panel of 12 previously trained and experienced assessors (ten female, two male) evaluated
the samples at the Sensory Science Centre (University of Reading, Reading, UK). All training and
monitoring of the sensory panel was in accordance with ISO 8586:2012 and ISO 11132:2012 standards.
The panellists used the consensus vocabulary developed by Bell et al. [4] to describe the samples;
the developed terms included appearance, odour, taste, flavour, mouthfeel, and after-effects attributes.
Panellists were familiarized with the evaluated sensory attributes prior to each monthly scoring session,
with reference standards when required.

Each month the panellists rated the samples individually in isolated well ventilated,
temperature-controlled booths (22 ◦C), under artificial daylight. Attribute intensity was scored
on 15 cm unstructured line scales (data scaled 0–100). Samples were presented monadically in a
balanced presentation order, coded with three-digit random codes. Cold water and natural unflavoured
yoghurt were provided for palate cleansing, and warm water for washing fingers between samples.
Data were collected in duplicate using Compusense (version 5.5, Guelph, ON, Canada).

2.4. Consumer Analysis

Consumer recruitment and assessments were conducted as per the protocols of Bell et al. [9].
Evaluations were held on a bimonthly basis. Briefly, consumers were recruited from in and around the
University of Reading and asked to attend as many of the evaluation sessions as possible over the
course of the year-long study. A total of 55 consumers (out of 101) attended every session of the study.

Volunteers were presented with three leaves and asked to score their liking of leaf appearance,
taste, and “overall” liking of each sample on a line scale (0–10), and based on their own individual
experience of rocket sensory attributes. Volunteers were also asked to score their perceptions of
bitterness, hotness (pungency), sweetness, and pepperiness. Scores were entered into a general labelled
magnitude scale (gLMS) ranging from “not detectable”, “weak”, “moderate”, “strong”, “very strong”,
to “strongest imaginable”. Data were subsequently converted to antilog values and normalized for
statistical analysis [19]. Samples were presented monadically in a randomized, balanced presentation
order, with three-digit random codes in duplicate. Data were collected using Compusense (version 5.5,
Guelph, ON, Canada).
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The demographics and characteristics of each respective panel are presented in Supplementary
Table S1. The average number of recruits for bimonthly evaluations was 87, with an average age
of 35 years old, ranging from 18 to 70. Volunteers were predominantly female (70.7%, on average),
which is partly due to the gender balance present within the School of Chemistry, Food and Pharmacy
at the University of Reading. We acknowledge that the sample population of consumers may not be
representative of the “typical” UK consumer, however it does incorporate a broad range of culturally
and ethnically diverse individuals that encompass a wide diversity of potential sensory genotypes.

On average, 50.9% were employed, and 46.9% were students. Of these, 27.2% were food and
nutrition students from within the school. The multicultural nature of the staff and student body
produced a diverse cohort, with 48.2% identifying as “white”, 27.7% as “other” (i.e., non-white
and/or European), and 6.7% of Chinese nationality. The remainder were composed of those regarding
themselves as African (4.8%), Caribbean (2.3%), Indian (2.7%), or of mixed race (1%). Of the volunteers
3.3% declined to provide a response.

2.5. Phytochemical Analyses

2.5.1. Preparation of Samples

Upon receipt of samples at the University of Reading, a subset of leaves (50 g) was taken
for analysis, frozen at −80 ◦C, and lyophilized prior to extraction. Tissues were then milled into a fine
powder using a Wiley Mini Mill (Thomas Scientific, Swedesboro, NJ, USA).

2.5.2. Glucosinolate Analysis

DMB, GER, GRA, and GSV concentrations were determined by Liquid Chromatography Mass
Spectrometry (LC–MS) as per the methodology presented by Bell et al. [20]. Three separate biological
replicate extractions were performed on each sample, with three technical replicates analysed by
LC–MS (n = 9). The data for each sample were then averaged to give a representative concentration
of each assessment month. Individual sample averages were retained and used for subsequent PCA.
Individual cultivar results for each respective month of the study can be found in Supplementary Data
File S1.

2.5.3. Sugar Analysis

Concentrations of fructose, galactose, and glucose were determined by extraction and analysis by
capillary electrophoresis (CE) according to the methodology presented by Bell et al. [4]. The same level
of replication as for the analysis of GSLs was used for each sample (n = 9) and averaged to produce a
representative monthly concentration for presentation. As above, individual sample averages were
retained and used for subsequent PCA. Individual cultivar results for each respective month of the
study can be found in Supplementary Data File S1.

2.6. Statistical Analysis

2.6.1. Panellist Performance

Data were collated and panellist performance evaluated using SenPAQ (v5.01; Qi Statistics,
Reading, UK). For each monthly assessment, scores were averaged and used for further
statistical analysis. Discrimination, repeatability, and consistency were checked for all assessors.

2.6.2. Analysis of Variance

Shapiro–Wilk normality tests were conducted for all sensory and consumer variables. All of
which were concluded to fit with a normal distribution and allow for statistical comparison using a
parametric test. Analysis of variance (ANOVA) was performed on each data set (sensory, consumer,
and phytochemical) and supplied temperature data. Each test was performed using XLSTAT
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(Addinsoft, Paris, France) with a protected post-hoc Tukey’s honest significant difference (HSD) test
(p-values ≤ 0.05). Only attributes with statistically significant differences were selected for presentation.

2.6.3. Agglomerative Hierarchical Clustering

Agglomerative hierarchical clustering (AHC) was conducted on the consumer liking data using
XLSTAT. This approach was used to cluster consumers who had similar liking patterns (for taste
and overall liking) for each of the bimonthly panels. Dissimilarity of responses was determined by
Euclidean distance, and agglomeration using Ward’s method (set to automatic truncation).

2.6.4. Principal Component and Correlation Analysis

Consumer liking and perception response data were used to extract principal components
(PCs; with Varimax rotation) and we performed correlation analyses (Pearson, n − 1). Phytochemical,
temperature, and agronomic data for each sample were regressed as supplementary variables within
the PCA model. Variables such as month, cultivar (variety), cut, and country of origin were regressed as
qualitative variables to generate categorical centroids within the model. Seven PCs were extracted with
the first four components containing a cumulative 98.3% of variability. PCs 1 and 4 had eigenvalues
of 4.1 and 0.3, respectively) and were selected for presentation after Varimax rotation. Correlation
matrices of all attributes used in the analysis were produced at the 5%, 1%, and 0.1% significance levels,
and are summarized in Supplementary Data File S1.

3. Results and Discussion

3.1. Monthly Differences in Rocket Agronomic Practices

The majority of rocket supplied to the UK market is D. tenuifolia, with E. sativa making up
a small amount. The latter is usually supplied in winter months due to its faster establishment,
early vigour, and cold tolerance [10]. In this study E. sativa was only supplied in November (Table 1).

Cultivation practices varied distinctly between countries, and indeed between individual growers,
based on local cultural practices and individual experience. In Italy, produce destined for the UK market
is typically cultivated under polytunnel or glass, year-round; whereas UK grown material is either
grown in open field or under glass (Table 1). One dominant reason for this difference is that the wetter
and more humid climate of the UK can cause severe fungal pathogen outbreaks. The reduced airflow
within polytunnels typically exacerbates this problem, and so open field is preferred to minimize losses.

The length of crop cycles depends on the season, though there are large differences between
individual growers and countries (Table 1). Cycle length is longer in the winter and spring months,
with much faster growth and regrowth in summer and autumn. The shortest average crop cycle in this
study was 27 days (August), and the longest 96 (March). The extremes of the overall range (Table 1)
can vary from 23 (June) to 180 days (April).

As establishment of rocket crops is more difficult in winter months, Italian growers favour
repeated harvests until warmer weather arrives. It is not unusual for >5 cuts to be taken from a
single sowing. During the experiment, sourced material came not only from Italy, but the USA and
India (Table 1) in order to meet shortfalls in demand. During the summer season, UK rocket enters the
market and typically has short growth cycles and receives only one cut. The humid climate does not
favour regrowth, as damaged leaves become infected with fungal pathogens and are unsaleable.

The length of crop cycle and cut number have important implications for rocket taste, flavour,
and acceptability. It is widely acknowledged that the more harvests a rocket crop undergoes,
the more pungent and aromatic it becomes, due to the initiation of wound response and increases in
secondary metabolites, such as GSLs [21]. However, no quantitative research has been conducted to
evaluate consumer preferences for first, second, or multiple cut leaf material of rocket. As will be
discussed in the following sections, cut number is a key determinant of taste and flavour perception,
and liking of leaves at different times of the year.
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3.2. Monthly Variation in Rocket Growth Temperature

Due to the seasonal distribution of rocket production geographically throughout a growing season,
crops may be exposed to a range of temperature maxima and minima. Supplementary Figure S1
presents an average of the temperatures recorded at each farm location, giving a representative value
of all growing sites for each month.

The highest average temperature across the growing season was 21 ◦C in August, with the highest
average temperature in the week preceding harvest being 21.6 ◦C. The highest average maximum
and minimum temperatures in the week preceding harvest were also in August; 27 ◦C and 15.6 ◦C,
respectively. Lowest average temperatures were observed in January (avg. temp. 10 ◦C, max. temp.
week 14.8 ◦C, min. temp. week 4.6 ◦C, and avg. temp week 9.8 ◦C). The significant differences observed
in monthly temperatures correspond to distinct changes in phytochemical content, sensory perceptions,
and consumer acceptance.

3.3. Phytochemical Composition and Monthly Variability

3.3.1. Glucosinolates

The monthly average GSL concentrations of rocket leaves are presented in Figure 1a. For individual
cultivar concentrations, see Supplementary Data File S1. The data show a very large amount of
variability over the course of the year. This lack of consistency likely plays a significant role in the
perceived quality changes in rocket produce by processors, supermarkets and consumers.

Figure 1. Average glucosinolate concentrations (a), sugar concentrations (b), and analysis of variance
(ANOVA) pairwise comparisons (post-hoc Tukey’s honest significant difference; (c) of rocket leaves
observed on a monthly basis. Significant differences of glucosinolate concentrations between each
sampling month are indicated by differing lower case letters within each column. Concentrations are
expressed as mg·g−1 of dry weight. Error bars represent standard error of the mean of each compound.
See insets for compound colour coding (a,b). For individual cultivar composition data of samples
received each month see Supplementary Data File S1.
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Figure 1c details the significant differences between each growing month for GSL composition.
Total concentrations of the four major GSLs of rocket were highest in October (17.6 ± 0.6 mg g−1 dw)
and lowest in July (5.8 ± 0.7 mg g−1 dw). GRA concentrations were significantly higher in October
(4.2 ± 0.1 mg g−1 dw) and February (3.3 ± 1.3 mg g−1 dw) compared with the months from March to
September. GER concentrations were significantly higher in January (2.3 ± 0.1 mg g−1 dw) than at
any other time of the study year. Previous studies in broccoli sprouts [22] have shown that cooler
temperatures (<16 ◦C) increase the concentrations of methylthioalkyl GSLs, such as GRA and GER.
This may be due to a abiotic stress response and upregulation of secondary metabolite biosynthesis,
causing greater concentrations of these health related GSLs. GER, GRA, and their respective hydrolysis
products are not known to have any significant odour or flavour, but the elevations observed in
winter months suggests that cultivation in lower-temperature climates may improve rocket nutritional
potential. Both sulforaphane (SF) and erucin (ERU; isothiocyanate hydrolysis products of GRA
and GER, respectively) are known to be effective against some forms of cancer [23,24].

Concentrations of DMB were also significantly higher in January (2.6 ± 0.2 mg g−1 dw),
October (4.2 ± 0.2 mg g−1 dw), and November (3.4± 0.4 mg g−1 dw), whereas amounts of the monomer
GSV were highest in September (10.4± 1.0 mg g−1 dw). The relationship between GSV, DMB, and sensory
properties is not understood, but previous studies have noted associations between GSV content and
pungency (likely due to hydrolysis producing SAT), but not DMB [4]. The significant variations in
monomer and dimer forms across the year suggest that there is some as-yet-unknown mechanism by
which the two are interconverted [15]; possibly on a genetic and enzymatic level. This process may
dictate the levels of pungency found in leaves.

3.3.2. Sugars

The pattern of sugar accumulation in rocket leaves was much more distinct than for GSLs.
Total concentrations were significantly higher from June to September (Figure 1b,c) indicating a strong
relationship with seasonal climate. This could conceivably be linked to temperature and light intensity
duration and quality during summer months. A study on broccoli [25] previously observed that
glucose and fructose concentrations were significantly elevated under higher temperature conditions,
for example.

Glucose was the dominant monosaccharide in rocket leaves, and concentrations were significantly
higher from June to September (peaking in July, 93.9 ± 3.0 mg g−1 dw). Fructose accumulations
also followed this pattern, with 27.5 ± 0.9 mg g−1 dw in July, compared to only 2.5 ± 0.2 mg g−1 dw
in January. These data are strong evidence for the role of season and climate in the generation of sugars
in rocket leaves; and as will be discussed, this has implications for preference and quality of leaves.

3.4. Sensory Profiling Monthly Variability

3.4.1. Appearance Traits

Leaf size and uniformity of size were the only two appearance attributes tested that varied
significantly between monthly assessments of rocket produce (p = 0.005 and <0.0001, respectively;
Supplementary Figure S2 and Table 2). Leaf size was significantly smaller in January compared
with April, June, August, and October. Similarly uniformity of size was significantly lower in January
than any other month (with the exception of February). Combined with the low average temperatures
(Supplementary Figure S1) at this time of year, it is likely that the colder temperatures and reduced
light levels (short days) in Italy at this time of year result in slower, and more uneven growth rates [26]
compared to other times of the year.
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3.4.2. Odour Traits

The odour attributes of rocket leaves defined as green, stalky, earthy, peppery, sweet, and mustard
were all found to vary significantly between assessment months (Supplementary Figure S2 and Table 2).
Green, peppery, and earthy odours were observed to be elevated, on average, in January, whereas stalky
and sweet odours were scored higher in July, August, and September. Volatile profiles are known to be
influenced by seasonal variations, and storage conditions [27], and so differences between the UK and
Italian climates likely play a role in determining the intensity of these odours.

3.4.3. Taste and Flavour Traits

Sour taste, savoury taste, stalky flavour, peppery flavour, and earthy flavour of rocket leaves
were found to vary significantly between months (Supplementary Figure S2 and Table 2). Sour and
savoury taste scores were highly variable between months, with no distinct pattern emerging according
to seasonality. As with aroma attributes, stalky, peppery, and earthy flavours were each scored highest
in September and January.

3.4.4. Mouthfeel Traits

Significant variation was observed between monthly assessments of rocket for crisp and
drying mouthfeels. Leaves tested in January were significantly less crispy than those received
from March to October (Supplementary Figure S2 and Table 2). Soluble sugars are known to help
maintain turgidity of leaves [28], and the low concentrations accumulated at this time of year may
therefore be related to mouthfeel quality.

Drying sensation was perceived as significantly more in September and October than the months
from March to June, and November. Little is known about the cause of drying sensation caused
by rocket leaves, but one possible explanation is the presence of polyphenols [29], which have been
observed to increase significantly under heat stress conditions [30].

3.4.5. Aftereffect Traits

Aftereffect attributes with significant monthly variation are presented in Supplementary Figure S2
and Table 2. Of note are sweet and peppery aftereffects, which have previously been associated with
improved consumer acceptance [9]. Sweet aftereffects were significantly higher in July, corresponding to
the peak of glucose and fructose concentrations within leaves.

Peppery aftereffects were significantly higher in January, in agreement with the aroma and flavour
scores for this attribute. Some GSL hydrolysis products are known to have different aromas at different
concentrations [31], and the low abundances of GSV in January (Figure 1a) would suggest that SAT
production may also be reduced, and correspond to reduced pungency and increased pepperiness.

3.5. Correlation Analysis of Sensory Attributes

3.5.1. Growing Temperature

Correlation analyses and significances are presented in Supplementary Data File S1. Average
crop cycle temperature, the minimum, and average temperatures in the week preceding harvest were
significantly correlated with sweet odour of leaves (all r = >0.462; p = <0.0001). Abiotic stress is
known to promote formation of secondary metabolites in many plant species [32] and so higher growth
temperatures may promote the synthesis of aldehydes that impart sweet odour, as have been identified
in other Brassicales species [33].

All temperature data were also significantly correlated with crisp mouthfeel (r = 0.527; p = <0.0001).
Previous research and modelling of rapeseed plants has shown that growth temperature significantly
impacts leaf morphology; particularly leaf length and thickness [34]. This may partly explain why
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rocket leaves are perceived as crispier in summer and autumn months compared with winter
(Supplementary Figure S2).

3.5.2. Cultivation Practice

One of the largest differences observed between months was the length of the crop cycle
(Table 1). Correlation analysis (Supplementary Data File S1) found that the length of the crop cycle
was significantly associated with key sensory traits potentially linked with consumer acceptance.
These were: bitter taste (r = 0.3; p = 0.043) and bitter aftereffects (r = 0.325; p = 0.027). Sweet aftereffects
were also significantly and negatively correlated with the length of crop cycle (r = −0.316; p = 0.032).
The low sugar:GSL ratio in samples with longer crop cycles might explain some of these correlations.
With lower sugar concentrations in the winter/early spring months (Figure 1b), GSLs and their
hydrolysis products may be perceived more strongly with the masking effect of sugars reduced.

3.5.3. Glucosinolates

Individual GSL concentrations are known to be associated with sensory attributes of rocket
species [3]. GRA is a compound not known to impart any taste or flavour [31], but correlation analysis
revealed significant negative associations with sweet odour (r = −0.543; p = <0.0001), taste (r = −0.402;
p = 0.005), and aftereffects (r = −0.304; p = 0.035). The abundance of GRA was negatively correlated
with the average growth temperature (r = −0.344; p = 0.017) and max. temperature in the week
preceding harvest (r = −0.306; p = 0.035). These two points indicate that GRA biosynthesis is lower
in samples grown in months with higher temperatures, which also corresponds to increased sugar
concentrations (Figure 1).

GER is similar to GRA in the respect that it is not known to impart taste [31], however its
hydrolysis product erucin (ERU) has been described as having a “radish-like” aroma [16]. In this study,
several previously unobserved associations were found. GER itself is negatively correlated with
pungent odour (r = −0.299; p = 0.039), but positively with green and peppery odours (r = 0.459;
p = 0.001, and r = 0.364; p = 0.011, respectively) and flavours (r = 0.367; p = 0.01, and r = 0.337;
p = 0.019, respectively). While these data are not conclusive of a causative relationship with these
attributes, it does suggest that occurrence of GER in high concentrations may elicit, or be associated with,
perceptions of pepperiness and green attributes, and is worth studying in greater detail in future studies.

GSV exists in a monomer and dimer form (DMB), and typically makes up the largest proportion
of the GSL profile of rocket [20]. A previous study found that its hydrolysis product SAT has a
“rocket-like” aroma [16]. While this may be considered a somewhat subjective description, it is
speculated that SAT is responsible for the perceived pungency of rocket leaves. The data in this
study agreed with this hypothesis, as GSV concentrations were significantly correlated with pungent
aroma (r = 0.393; p = 0.006). It was however also negatively correlated with peppery odour (r = −0.295;
p = 0.042), suggesting that the two attributes are separate, with only GSV being indirectly responsible
for pungency.

Correlations of DMB with sensory attributes were distinct and separate from the monomer,
suggesting that concentrations of the two forms are influenced by the environment and as-yet-unknown
genetic regulation, possibly in response to abiotic stress. It is unknown if DMB itself imparts taste
or flavour, but its abundance was positively correlated with savoury taste (r = 0.323; p = 0.025) and
aftereffects (r = 0.391; p = 0.006). This is in agreement with previous sensory and consumer studies of
rocket [4,9]. It was also observed that GSV was significantly correlated with each of the four temperature
measurements used in the analysis (Supplementary Data File S1; Supplementary Figure S1) whereas
DMB was negatively correlated with the max. temperature in the week preceding harvest (r = −0.311;
p = 0.031). This suggests that the relative abundances of the monomer and dimer forms of GSV had an
environmental component, with greater concentrations of GSV present in hotter months.
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3.5.4. Sugars

Total sugars, fructose, and glucose concentrations were significantly correlated with dry matter
percentage (r = 0.494; p = 0.001, r = 0.622; p = <0.0001, and r = 0.439; p = 0.003, respectively).
This suggests that this physical property of leaves may be indicative of a dry matter
concentration effect. This is reflected in several negative correlations with moistness mouthfeel
(r = −0.385; p = 0.007, r = −0.515; p = 0.000, and r = −0.332; p = 0.021, respectively). Only galactose
concentrations were significantly correlated with sweet taste (r = 0.39; p = 0.006), and fructose and
galactose with sweet aftereffects (r = 0.303; p = 0.036, and r = 0.308; p = 0.033, respectively). Despite the
significantly higher sugar concentrations in summer months (Figure 1b,c) there were no significant
correlations with growth temperature.

The sugar:GSL ratio was also similarly correlated with the aforementioned mouthfeel effects
(Supplementary Data File S1) and dry matter content (r = 0.571; p = <0.0001); but only sweet aftereffects
(r = 0.393; p = 0.006) and not sweet taste. This association is not as strong as found in previous studies
of rocket [4].

3.6. Consumer Acceptability and Perception

3.6.1. Liking of Taste

Consumer liking of taste and the results of AHC are presented in Supplementary Table S2. Liking
of taste is defined as liking associated with taste and flavour attributes alone (bitterness, sweetness,
pepperiness, and hotness), irrespective of appearance traits. Three clusters were identified in each
respective month, except for March, where four clusters were observed. The largest clusters in each
month consistently scored cultivars higher for taste liking than the overall cohort and monthly averages.
This indicates that for most consumers, the taste of rocket is acceptable year-round, with average scores
consistently >6.0.

March and April/May had significantly lower taste liking scores than any of the other months.
Highest average taste liking was in January, which is contrary to our hypothesis that rocket liking
would be greater during summer months. Average scores for July, September, and November were
also relatively high (6.0, 6.2, and 6.2, respectively), indicating that in terms of consumer taste liking,
spring months show a distinct reduction in acceptability.

Crop cycles of rocket in spring are also typically very long (96.3 days, average) with successive
cuts (>2), potentially producing very pungent and bitter leaves. Figure 2 presents consumer perception
data of bitterness, hotness, and pepperiness. All these attributes were scored highest in March, with
bitterness being a dominant attribute until July. Sweetness perception by comparison remained
relatively unchanged, peaking in July. The reason for increased taste liking in January may therefore
be explained by the significantly lower perception of hotness of leaves relative to spring and
summer months.
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Figure 2. Consumer perceptions of bitter, hotness, sweetness, and pepper attributes of rocket leaves on a
bimonthly basis over a growing season. Inset table presents the results of analysis of variance (ANOVA)
pairwise comparisons (post-hoc Tukey’s honest significant difference). Significant differences for each
perception attribute are indicated by differing lower case letters within rows. See inset for colour coding
of attributes. Values are presented as normalized averages of each respective consumer assessment.
See Supplementary Table S1 for the numbers of participants in each respective consumer panel.

3.6.2. Overall Liking

Table 3 presents AHC data and average monthly scores for overall rocket leaf liking. Overall liking
encompasses liking of both taste and appearance attributes. Analysis identified three groups for
each respective month, except for January, where five clusters were observed. Appearance of
leafy salads is known to be a significant factor in consumer purchase intent and liking [2] and
the sensory panels determined significantly smaller leaf size and uniformity of shape in January
(Supplementary Figure S2). This disparity between cultivars seems to be compensated for by higher
taste liking (Supplementary Table S2), suggesting that appearance liking may be secondary to taste
liking for some consumers; for example in cluster 4 January (n = 43) where scores were all consistently
higher than the total cohort average.

The consistency of cultivars was extremely variable during the March and April/May panels.
“Fast Grow” (�-; 6.8) was scored significantly higher on average than all the other samples in March
and preferred by all three cluster groups. A similar pattern of inconsistency was observed in the
autumn months of September and November. This further suggests that seasonal transitions result in
more variable rocket produce.
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3.7. Principal Component Analysis

3.7.1. Relationships between Consumer Liking and Perceptions

Despite sensory panels not detecting significant differences in sweet or bitter tastes, consumers
were able to do so, and this significantly affected their liking for rocket throughout the growing season.
This is likely due to the increased diversity of taste receptor profiles present within the population
compared with the sensory panel [35].

PCA of the data sets from each consumer panel month revealed a distinct separation between
sweetness perception and hotness, bitterness, and pepperiness perceptions along PC1 (Figure 3a).
Taste and overall liking are in turn more positively associated with sweetness perception in the upper
left quadrant along the PC4 axis, which is in agreement with previous observations in rocket [9].
These data are therefore strong evidence that most consumers are likely to reject rocket if it is too
pungent and bitter, as is found in samples received in March and April/May.

3.7.2. Influence of Growing Temperatures on Consumer Preference and Perceptions

Despite the higher sugar concentrations in July, this does not colocalize with overall/taste liking
within the PCA (Figure 3b). The months of March and April/May are in fact most negatively
associated with consumer liking, and January and November positively associated with these.
Therefore, rocket produced at cooler temperatures is more likely to be preferred by consumers,
as bitterness and hotness perceptions are likely to be lower in these months (Figure 3a).

3.7.3. Influence of Cultivation Practice on Consumer Liking and Perceptions

Figure 3b shows that cut number also explains some separation for taste and overall liking.
Rocket leaves that were of first cut are generally more common in the upper left quadrant of the PCA
plot, and more closely associated with taste liking and sweetness perception (Figure 3). Leaves with
more than two cuts separate in the opposite direction towards the lower right quadrant, in the direction
of bitter/hotness/pepperiness perception. Anecdotal evidence of traditional cultivation practices by
growers has suggested that second cuts (and above) are preferred, because leaves are more uniform,
more greatly serrated in shape, and have a more intense flavour. These assertions are in agreement with
this study; however none are associated with positive consumer liking or taste liking of rocket leaves.
While a subset of consumers may prefer cultivars with increased hotness (as seen in AHC analysis;
Supplementary Table S2 and Table 3) consumers generally do not like this attribute, and prefer milder,
sweeter leaves. Thus, conventional agronomic practices of harvesting multiple cuts of rocket may
be detrimental to consumer acceptance; particularly in spring months when crop cycles are longer,
and the growing season is transitioning.

There is also a significant gap in research more generally about the response of rocket species
and cultivars to differences in growth environments and cultivation practices. In this study cultivars
were supplied from various growers, and this variable was not controlled so as to assess “real-world”
differences in rocket consistency as supplied to consumers. Future studies should aim to assess the
variability of multiple cultivars across growing regions, and sample multiple cuts. Such studies are
logistically difficult to organise, however it would provide valuable information on how environment
influences GSL and hydrolysis product formation on a genotypic basis and how performance of
cultivars varies according to the environment. Controlled environment studies have begun to explore
these effects [17], but none have to date accounted for variances in soil composition or climatic
conditions in the field.
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Figure 3. Principal component analysis of consumer liking and perception data of rocket cultivars over
the course of one growing season. Biplots display principal components (PCs) 1 and 4, which represent
68.1% of variation within the data; (a) factor loadings plot and (b) factor scores plot. In (a) red circles
represent consumer liking and perception attributes, blue circles average monthly samples, and teal
squares supplementary phytochemical, and cultivation temperature. Variable label symbols (refer to
Table 1): � = 1st cut; � = second cut;= 2nd + cut;= <30 day crop cycle;= 31–60 day crop cycle;
� = 61–90 day crop cycle; = >91 day crop cycle. In (b), see inset for monthly colour coding of
samples. Black and red diamonds indicate supplementary variable centroids.
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3.7.4. Influence of Glucosinolate Contents on Consumer Liking and Perceptions

Higher concentrations of GER are associated with higher taste and overall liking of rocket leaves
(Figure 3a). This trend is in opposition to the abundance of GSV, which is in the bottom right
quadrant with bitter/hotness/pepper perceptions. DMB is also separated from GSV and negatively
associated with hotness, bitterness, and pepperiness perceptions. This is new evidence that suggests
the ratio between monomer and dimer forms of GSV may play a significant role in determining
consumer acceptability of rocket leaves. Nothing is known of the genetic mechanisms responsible
for the biosynthesis of GSV and DMB, or the mechanisms responsible for determining their relative
abundances; but it is generally accepted that SAT (derived from GSV and responsible for pungency) is
produced from the monomer form [15]. This may therefore explain the association between GSV and
perception traits and indicates that DMB has no objectionable taste of its own.

4. Conclusions

This study has found evidence for significant sensorial variability in rocket leaves produced over
the course of a growing season as a result of varied cultivation practices and growing locations. This in
turn results in variations in consumer liking, which may influence purchase intents and repurchase
of rocket leaf products. Seasonal practices, such as growth temperature and the number of cuts
crops received, underlie changes in phytochemical composition and may result in the production of
overly pungent leaves that consumers are likely to reject. To produce more consistent and acceptable
rocket leaves, the practice of multiple harvests should be reserved for developing products targeted
at those consumers who like high pungency leaves. First cuts tend to be milder and could therefore
be marketed to a wider set of consumers that prefer sweeter leaves and low levels of pungency
and bitterness.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/12/1799/s1.
Supplementary data file S1: Pearson n − 1 correlation tests at three levels of significance (p = ≤0.05, ≤0.01,
and ≤0.001) and month-by-month individual cultivar glucosinolate and sugar concentrations of rocket samples
used in sensory and consumer analyses. Figure S1: Monthly average temperature data of rocket crop cultivation
areas over the course of one year, and analysis of variance (ANOVA) pairwise comparisons (post-hoc Tukey’s
honest significant difference). Averages represent temperatures at multiple growing locations in a given month.
Significant differences are indicated by differing lower case letters. Max. temp. week, min. temp. week,
and avg. temp. week refer to average temperature values in the week preceding harvest of each rocket crop.
Figure S2: Sensory analysis results for appearance (a), odour (b), taste (c), flavour (d), mouthfeel (e), and aftereffect
(f) traits of rocket leaves analysed monthly over the course of a growing season. See insets for individual line
chart colour coding of attributes. Values are presented as averages of each respective monthly sensory assessment
(n = 12 panellists). Table S1: Consumer demographics and characteristics for each of the rocket study panel
months. Table S2: Taste liking of rocket cultivars for the clusters of consumers obtained from agglomerative
hierarchical clustering.
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Abbreviations

GSL glucosinolate
ITC isothiocyanate
GSV glucosativin
DMB dimeric 4-mercaptobutyl glucosinolate
SAT sativin
GRA glucoraphanin
GER glucoerucin
gLMS general Labelled Magnitude Scale
LC–MS liquid chromatography mass spectrometry
CE capillary electrophoresis
PCA Principal Component Analysis
ANOVA analysis of variance
AHC agglomerative hierarchical clustering
SF sulforaphane
ERU erucin
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Abstract: Glucosinolates (GSLs) are phytochemical compounds that can be found in Brassica
vegetables. Seven separate batches of steamed-pureed turnip were assessed for GSL content
using liquid chromatography mass spectrometry (LC-MS) and for sensory attributes by sensory
profiling (carried out by a trained sensory panel). Twelve individual GSLs, which included 7 aliphatic,
4 indole and 1 arylaliphatic GSL, were identified across all batches. There were significant differences
in individual GSL content between batches, with gluconasturtiin as the most abundant GSL. The total
GSL content ranged from 16.07 to 44.74 μmol g−1 dry weight (DW). Sensory profiling concluded there
were positive correlations between GSLs and bitter taste and negative correlations between GSLs
(except glucobrassicanapin) and sweet taste. The batches, which had been purchased across different
seasons, all led to cooked turnip that contained substantial levels of GSLs which were subsequently
all rated as bitter.

Keywords: glucosinolates; turnip; Brassica; bitter taste; Brassicaceae; vegetable

1. Introduction

Brassica vegetables such as turnip, cabbage, broccoli and cauliflower are rich with sulphur-containing
glucosinolate compounds (GSLs) [1]. These compounds are water-soluble and have a role in plant
defence against pests and diseases [2]. GSLs can be structurally classified into aliphatic, arylaliphatic
and indole types [1]. Kim and Park [3] discussed that the degradation products of GSLs possess
anticarcinogenic properties, reducing risks of certain cancers in humans. Glucoraphanin, glucobrassicin
and gluconasturtiin are among the GSLs that have hydrolysis products shown to have anti-cancer
properties, and these are all found in turnip [4].

GSLs are, amongst other compounds, partly responsible for the taste characteristics of Brassica
vegetables. Individual GSLs such as sinigrin, gluconapin, progoitrin and neoglucobrassicin have been
associated with bitter taste [5,6]. Furthermore, Bell et al. [7] reported that GSLs were also correlated
with earthy, pepper, mustard flavour and pungency in rocket varieties (Eruca sativa Mill.).

GSL contents in Brassica vegetables are influenced by many factors, such as environmental
conditions and genetic variability between cultivars. The abundance of GSLs in plants is varied,
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depending on the type of plant species, developmental stage and plant part (root, shoot, seeds and
leaves) [8–10]. Concerning cultivars, Kabouw et al. [10] showed that there was a significant difference
in GSL content between white cabbage cultivars (Brassica oleracea var. capitata L.), and Zhu et al. [11]
reported significant differences in GSL content between pak choi cultivars. In addition, nutrient supply
contributes to the concentration of GSLs in plants. GSL content increases with an adequate supply of
sulphur [12], however nitrogen in the absence of sulphur and also selenium supply have been shown
to result in a decrease of GSL content [13,14], whereas nitrogen with a sufficient sulphur supply may
either increase GSL content or have no effect [14]. Such variations in GSLs can lead to distinctive
sensory characteristics of Brassica vegetables [15], which are thought to influence their consumption
frequency [16].

GSL content in Brassica vegetables is also affected when they are handled and prepared before
consumption. GSLs undergo hydrolysis to produce breakdown products when the plant cells are
wounded [17]. Preparation processes, including cooking and cutting, trigger myrosinase enzymes
in plant cells to hydrolyse GSLs and produce isothiocyanates (ITCs) plus other breakdown products;
including nitriles, thiocyanates, epithionitriles, oxazolidine-2-thiones and epithioalkanes [15]. A review
by Nugrahedi [18] concluded that boiling and blanching significantly reduced GSL content in Brassica
vegetables due to leaching of compounds. On the other hand, steaming, microwaving and stir-frying
may limit GSL loss compared to boiling.

Turnips (Brassica rapa subsp. Rapa L.) are a traditional vegetable grown in the UK that are no
longer frequently consumed by UK consumers in comparison to other Brassica vegetables, such as
broccoli, cauliflower and cabbage. In 1992, turnip (together with swede) accounted for 5400 hectares of
production whereas this had dropped to less than 2700 hectares by 2017. Although the field area for
cauliflower fell over the same period, it remained higher than turnip at over 9200 hectares in 2017 [19].
However, turnip could provide a beneficial source of glucosinolates if incorporated more regularly
into the diet. As a vegetable that is predominantly consumed cooked, it is the GSL and sensory profile
of cooked turnips that are of relevance to the consumer.

Realising that GSL content in commercial turnip may vary between cultivars, growth conditions,
seasons and cooking batches, the aim of this study was to evaluate the variability in GSL content
and resulting differences in sensory perception, as purchased commercially and as the vegetable
would be consumed by consumers. Numerous research papers concerning Brassica vegetables focus
on the raw vegetable rather than the material as consumed, and where studies focus on cooking,
they recommend minimal cooking to preserve GSL content. Minimal processing is not suitable for
a hard root vegetable such turnip, and therefore, it is important to establish whether more rigorous
cooking and preparation does successfully deliver beneficial GSL to consumers. To achieve our
aim, seven batches of steamed-pureed turnip were prepared and subsequently analysed for GSLs
(identification and quantification using liquid chromatography mass spectrometry; LC-MS) and sensory
profile (trained sensory panel). The hypothesis was that each batch of steamed-pureed turnip would
contain substantial amounts of GSLs and have a perceivable bitter taste, regardless of any differences
between batches.

2. Materials and Methods

2.1. Turnip Sample and Preparation

Seven batches of steamed-pureed turnip were used in this study. Steaming was chosen rather
than boiling to reduce loss of GSLs leaching into cooking water. Pureeing was chosen to produce a
homogenous sample, and also steam and puree are among many methods used to prepare turnips at
home. Turnips (grown in the UK and the Netherlands) were bought from two local stores in Reading
(UK), from December 2015 to June 2016, and each batch was cooked on a different day (Table 1).
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Table 1. Purchase date and the origin of turnips for each batch.

Batch Purchase Date Origin of Turnip

B1 December 2015 The UK
B2 December 2015 The Netherlands
B3 February 2016 The UK (75%) and The Netherlands (25%) 1

B4 April 2016 The UK (24%) and The Netherlands (76%) 1

B5 April 2016 The UK
B6 June 2016 The Netherlands
B7 June 2016 The UK

1 For B3, 75% turnips came from the UK and 25% came from the Netherlands; for B4 24% turnips came from the UK
and 76% came from the Netherlands.

The root was used in the preparation of the samples; prior to cooking, turnips were peeled,
and stems and tails removed, then washed and sliced to a thickness of approximately 0.5 cm. Between 8.2
and 13.6 kg raw turnips were used to make each batch of cooked turnip. For each cooking cycle,
approximately 2.4 kg of sliced turnips were placed into an electric 3-tier steamer (Tefal; 800 g in each
tier), with 1 L of water added to the base of the steamer and steamed for 25 min. Sliced turnips from
tier 1 were transferred to tier 3 and vice versa (to ensure equal heat circulation), water was added
again up to 1 L and steamed for another 25 min to ensure the root was soft enough to be blended.
The internal temperature of the steamer was ~64 ◦C. Turnips were then blended using a hand blender
(Russell Hobbs) for approximately 5 min until the texture was smooth. All cooked turnips were then
placed into plastic containers, labelled, and stored in a freezer at −18 ◦C.

Prior to GSL extraction, samples were frozen (−80 ◦C) and then freeze-dried for 5 days (Stokes freeze
dryer, F.J Stokes Corporation, Philadelphia, USA). The dried samples were ground (pestle and mortar)
and then sieved (20 mesh) to ensure a fine powder.

2.2. Reagents and Chemicals

All chemicals used were of LC-MS grade and purchased from Sigma-Aldrich (Poole, UK),
unless otherwise stated.

2.3. Glucosinolates Extraction

The extraction method was adapted from [20]. Three replicates of each batch were prepared
as follows: 40 mg of ground steamed-pureed turnip powder was heated in a dry-block at 75 ◦C
for 2 min to ensure inactivation of any remaining active myrosinase enzyme. Preheated 70% (v/v)
methanol (1.2 mL; 70 ◦C) was added and the sample placed in a water bath for 20 min at 70 ◦C.
Samples were then centrifuged for 10 min (10,000 rpm, 18 ◦C) to collect loose material into a pellet.
The supernatant was then filtered through 0.22 μm Acrodisc syringe filters with Supor membrane
(hydrophilic polyethersulfone; VWR, Lutterworth, UK) and frozen (−80 ◦C) in Eppendorf tubes until
analysis by LC-MS.

2.4. LC-MS Analysis

LC-MS analysis method was adapted from [21]. Sinigrin hydrate was used as an external reference
standard for quantification of GSL compounds. Preparation was as presented by Jin et al. [22].
LC-MS analysis was performed in the negative ion mode on an Agilent 1260 Infinity Series LC system
(Stockport, UK) equipped with a binary pump, degasser, autosampler, column heater, diode array
detector, coupled to an Agilent 6120 Series single quadrupole mass spectrometer. Separation of
compounds was achieved on a Gemini 3 μm C18 110 Å (150 × 4.6 mm) column (with Security Guard
column, C18; (4 mm × 3 mm); Phenomenex, Macclesfield, UK). GSLs were separated during a 40 min
chromatographic run, with 5 min post-run sequence. Mobile phases consisted of ammonium formate
(0.1%; A) and acetonitrile (B) with the following gradient timetable: (i) 0 min (A-B, 95:5, v/v); (ii) 0–13 min
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(A-B, 95:5, v/v); (iii) 13–18 min (A-B, 40:60, v/v); (iv) 18–26 min (A-B, 40:60, v/v), 26–30 min (A-B, 95:5,
v/v); (v) 30–40 min (A-B, 95:5, v/v). The diode array detector recorded spectra at 229 nm. The flow
rate was optimised for the system at 0.4 mLmin−1, with a column temperature of 30 ◦C, with 25 μL of
sample injected into the system. Quantification was conducted at a wavelength of 229 nm.

MS analysis settings were as follows: API-ES was carried out at atmospheric pressure in negative
ion mode (scan range m/z 100–1500 Da). Nebulizer pressure was set at 50 psi, gas-drying temperature
at 350 ◦C, and capillary voltage at 2000 V.

Compounds were identified using MS through both spectra available in the literature [23,24] or from
GSL standards in our own laboratory and by comparing relative retention times with those published
in the literature [25]. Semi-quantification was carried out using UV absorbance (diode array detector;
DAD) peak area data and relating that to the external sinigrin standard (regression: y = 26.7X + 52.6;
r2 = 0.998). Relative response factors (RRFs) were used in the calculation of GSL concentrations where
available [23]; however, they were assumed to be 1.00 if such data was not available in the literature [25]
or from our laboratory standards. All data were analysed using Agilent OpenLAB CDS ChemStation
Edition for LC-MS (Agilent, version A.02.10).

2.5. Sensory Analysis

Sensory analysis was carried out by nine sensory trained panellists, each with a minimum of
six months experience, using sensory profiling. The panel developed a consensus vocabulary for
the seven batches of steamed-pureed turnip concerning aroma, taste and flavour (Table 2). Spinach,
mashed potato, sucrose (granulated sugar) and quinine sulphate solutions were used as references
to help the panel to standardise the vocabulary. During duplicate sample evaluations, samples were
presented in a balanced sequential order, and each characteristic was scored on a line scales (0–100),
using Compusense Cloud Software (Ontario, Canada). Line scales were unstructured except for the
sweet and bitter attributes where a structured scale was used. Table 2 shows the levels of reference
standards used for these two attributes. The panel tasted and scored the reference standards; their mean
values for these standards were used as anchors on the scale. For sweet, the anchor positions for
the four standards were 13.8, 29.1, 57.6 and 80.6, respectively. For bitter taste, the anchor positions
were 8.1, 23.0, 38.9, 63.2 and 82.6, respectively. Evaluation sessions were conducted in a sensory room
within the Sensory Science Centre at the Department of Food and Nutritional Sciences, Reading, UK.
Each panellist sat in an individual booth equipped with artificial daylight and with room temperature
controlled (approximately 22 ◦C).

Table 2. Definition of sensory characteristics associated with 7 batches of steamed-pureed turnip and
references used during vocabulary development.

Sensory Characteristic Definition

Aroma
Apple Aroma associated with apple

Cooked swede Aroma associated with cooked swede
Green vegetable Aroma associated with green vegetable (spinach)

Sweetcorn Aroma associated with sweetcorn
Savoury Aroma associated with savoury food

Sweet Aroma associated with sweet food
Earthy Aroma associated with earth or soil
Starchy Aroma associated with starchy food (mashed potato)
Tannin Aroma associated with tea

Wet Aroma associated with musty
Taste

Salty Taste associated with sodium chloride
Umami Taste associated with monosodium glutamate
Sweet Taste associated with sucrose solution (0.5%, 1.0%, 2.0% and 2.6%)
Bitter Taste associated with quinine sulphate solution (0.00005%, 0.0001%, 0.0002%, 0.0004% and 0.0006%)

Flavour
Earthy Flavour associated with earth or soil
Tannin Flavour associated with tea
Apple Flavour associated with apple

Starchy Flavour associated with starchy food (mashed potato)
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2.6. Statistical Analysis

The analytical results presented are the mean of three replicates (n = 3) for each sample.
One-way ANOVA was used for comparison of GSL content between batches of steamed-pureed turnip.
A principal component analysis (PCA) was carried out to relate GSLs with sensory characteristics.
GSL data were projected onto the PCA with the mean sensory data as supplementary variables;
Pearson’s correlation was used. These tests were performed by using XLStat (Addinsoft, Paris, France).

Sensory profile data were tested using two-way ANOVA in SENPAQ (Qi Statistics Ltd., Reading,
UK) where the main effects (sample and assessor) were tested against the sample by assessor interaction,
with sample as fixed effect and assessor as random effect. All significant differences between samples
were assessed by using Tukey’s HSD post hoc test at a significance level of 5%.

3. Results

3.1. Identification and Quantification of Glucosinolates

Twelve individual GSLs were detected across all batches of steamed-pureed turnip (Figure 1),
and the concentration of each of GSL varied significantly between batches (Table 3). There were 7 aliphatic
GSLs (progoitrin, glucoalyssin, gluconapin, glucobrassicanapin, gluconapoleiferin, glucoerucin,
and glucoberteroin), 4 indole GSLs (4-hydroxyglucobrassicin, glucobrassicin, 4-methoxyglucobrassicin,
and neoglucobrassicin) and 1 arylaliphatic GSL (gluconasturtiin). Glucoalyssin was only detected in
batches B1 and B2, while no glucoerucin was detected in B5. Gluconasturtiin was the most abundant
GSL across all batches. Total GSL concentration ranged from 16.07 to 44.74 μmol g−1 DW.
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3.2. Sensory Characteristics

Table 4 summarises the mean sensory characteristic scores for the seven batches of steamed-pureed
turnip. There was a significant difference in wet aroma where batch B2 had a higher score than B7.
No other aroma characteristics were significantly different between batches.

For taste characteristics, there was a significant difference in bitter taste between batches,
where batch B2 had the highest intensity for bitter taste, whereas B1 and B4 were significantly
less intense. All batches were perceived as bitter with mean ratings varying between 30 and 53 in bitter
taste intensity of the 0.0002% and below the 0.0004% quinine standard used. Sweetness did not vary
significantly between batches; the range of mean scores were between 26 and 35 on the 100-point scale,
being in the region of sweetness of the 1% sucrose standard used.

Significant differences between batches can be found for tannin and apple flavour. B2 was
significantly higher than B1, B3, B4 and B5 for tannin flavour. B5 was significantly higher than
B2, B6 and B7 in terms of apple flavour. There were no significant differences between batches for
other characteristics.

Table 4. Mean scores for sensory characteristics for seven batches of steamed-pureed turnip. Different
superscript letters indicate significant differences between batches.

Sensory Characteristic
Batch Significance Between

Samples (p-Value)B1 B2 B3 B4 B5 B6 B7

Aroma

Apple 2.8 4.3 8.0 4.0 9.1 3.8 2.8 0.34
Cooked Swede 15.7 17.6 13.4 20.8 15.4 21.9 22.3 0.21

Green vegetable 12.8 17.9 12.7 12.5 14.3 14.6 18.2 0.66
Sweetcorn 3.5 5.3 1.4 3.7 1.8 3.2 2.1 0.32
Savoury 18.0 24.0 19.8 21.6 22.8 24.9 26.3 0.06

Sweet 15.1 13.7 16.6 14.7 17.2 15.5 15.2 0.83
Earthy 11.0 12.5 9.7 11.2 9.5 16.6 20.1 0.06
Starchy 18.4 16.7 15.5 14.2 12.9 13.2 12.3 0.35
Tannin 2.1 1.8 2.0 2.4 2.4 1.3 2.9 0.75

Wet 12.2 ab 14.7 a 9.7 ab 8.9 ab 9.4 ab 10.4 ab 8.0 b 0.04
Taste

Salty 6.4 7.1 5.5 10.2 13.6 6.4 7.8 0.05
Umami 14.3 19.6 17.2 19.5 23.3 23.0 15.3 0.08
Sweet 33.1 30.3 31.2 35.3 30.5 34.5 26.3 0.24
Bitter 30.8 c 53.2 a 33.1 bc 30.2 c 34.5 bc 40.3 bc 43.3 ab <0.0001

Flavour
Earthy 11.8 18.9 11.0 16.2 15.1 18.9 19.9 0.11
Tannin 9.8 b 20.1 a 8.3 b 7.9 b 9.4 b 12.3 ab 15.9 ab 0.0003
Apple 4.3 abc 3.3 bc 8.7 abc 12.0 ab 12.6 a 2.6 c 1.9 c 0.0008

Starchy 13.5 14.5 12.3 15.3 14.3 12.6 12.0 0.78

3.3. Principal Component Analysis (PCA)

Principal component analysis (PCA) of the GSL data was carried out to demonstrate the batch
separation according to GSLs, and onto this map the sensory data was fitted as supplementary data in
order to investigate any correlation of the GSLs with the sensory characteristics (Figure 2). Dimensions 1
and 2 recovered over 78% of the variance in the data. Total GSL and many of the individual GSLs were
predominantly located on the right side of PC1, located alongside turnip batches B6 and B7. PC2 was
highly correlated with gluoberteroin (r = 0.88) and glucoalyssin (r = 0.84).

The position for the total GSL content strongly correlated with PC1 (r = 0.98) and also to many of
the individual GSLs: gluconapin (r = 0.99, p < 0.001), gluconasturtiin (r = 0.98, p < 0.001), glucoerucin
(r = 0.97, p < 0.001), 4-hydroxyglucobrassicin (r = 0.82, p = 0.03), glucobrassicin (r = 0.78, p = 0.04)
and gluconapoleiferin (r = 0.77, p = 0.04). However, 4 other GSLs strongly correlated with each other
and with dimension PC2: glucoberteroin (r = 0.88), glucoalyssin (r = 0.84), progoitrin (r = 0.80) and
glucobrassicanapin (r = 0.59).
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Figure 2. PCA biplot of glucosinolate compounds in 7 batches of steamed-pureed turnip (B1 to B7),
with mean ratings of sensory attributes fitted onto the plot as supplementary variables. Abbreviations:
A, aroma; T, taste; F, flavour.

There was a clear separation of groups of sensory characteristics on the PC biplot. Earthy (aroma
and flavour), cooked swede aroma and savoury aroma were positioned to the right of PC1 and
negatively correlated with sweet taste. Bitter taste and tannin flavour were positioned in the top right
quadrant of the plot and negatively correlated with apple (aroma and flavour).

As expected, many of the GSLs correlated with bitter taste. The total GSL content was positively,
but not significantly, correlated with bitter taste (r = 0.47, p = 0.29). Of the 12 GSLs quantified, one,
glucobrassicanapin, had clearly no association with bitter taste (r = 0.033, p = 0.94) whereas the
correlation coefficient between the other GSLs and bitter taste varied between 0.30 and 0.75. The only
significant correlation was 4-methoxyglucobrassicin (r = 0.82, p = 0.02), while glucobrassicin also had a
strong positive correlation (r= 0.75, p= 0.052), despite the levels of these two GSLs not being particularly
high in the turnip batches, indeed very low for 4-methoxyglucobrassicin (Table 3). Such correlations
cannot prove which of these GSLs have the greatest contribution to bitter taste, but they do support the
hypothesis that the GSLs in turnip contribute to bitter taste. Bitter taste will suppress sweet taste, so it
was as expected that all GSLs (except glucobrassicanapin) were negatively correlated with sweet taste
(r = −0.55 to r = −0.01).

B1 and B2 were negatively correlated with B6 and B7; B1 and B2 were separated from B3, B4 and B5
along PC2. Moreover, B6 and B7 were separated from the other batches along PC1, and this was driven
by the higher level of total GSL and particularly 4-hydroxyglucobrassicin, 4-methoxyglucobrassicin,
glucobrassicin, gluconasturtiin, gluconapin and glucoerucin. These 2 batches were indeed the most
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bitter tasting, along with B2, which although not as high in total GSL, was highest in glucobrassicanapin.
PC2 particularly separated B5 from B2, where B5 was particularly low in all GSLs and higher in apple
(aroma and flavour).

4. Discussion

Twelve individual GSLs were detected across all batches. The total GSL content ranged from
16.07 to 44.74 μmol g−1 DW with mean value of 27.37 μmol g−1 DW. The total content is comparable to
findings reported by Zhang et al. [26], (16.4 to 31.4 μmol g−1 DW), but lower than those reported by
Lee et al. [4], (117.05 μmol g−1 DW). Zhang et al. [26] freeze dried the raw turnip roots rather than
cooked turnip as in the present study; however, both studies later incubated at 75 ◦C before extraction
with methanol. The results remain comparable as the steaming of turnip in the current study would
denature the myrosinase enzyme and limit transformation to hydrolysis products. Other reasons might
be because of the similarity in environmental factors that both studies have, as the turnips were sown
across different seasons, which then would yield similar GSL content. Contradictory to the Lee et al. [4]
study, the turnips were sown and grown in a controlled environment (i.e., temperature-controlled) to
minimise seasonal differences, hence the large difference in the GSL content.

In the present study, aliphatic GSLs were the most abundant, representing 48.6% of total GSL
content, followed by 45.6% of arylaliphatic GSL and 5.8% of indole GSL. These results are in agreement
with other studies which confirm that these compounds are common GSLs in turnip varieties [4,26–28].
Gluconasturtiin was the dominant GSL (45.6%), ranging from 8.96 to 19.81 μmol g−1 DW, with a mean
value of 12.48 μmol g−1 DW. This GSL compound has previously been shown to be the most abundant
in turnip greens [28] and turnip roots [26].

There were significant differences in each individual GSL between batches and this is expected as
the turnips were bought on different days, across different seasons, and from a variety of suppliers.
Although they were all “purple top” turnips, they were potentially of different cultivars. Type of
cultivar will affect GSL content; indeed, Kim et al. [29] reported that the GSL content of turnip seeds
varied significantly between 12 cultivars. There are many other factors that could also contribute
to variability. Kim et al. [30] reported that GSL content in turnip is dependent on harvest times.
Subsequent research papers have noted that, in addition to harvest time, growth season could also
result in the GSL variation [26,31]. Environmental conditions of different growing sites, such as soil
pH, can influence GSL content too [32]. Our PCA plot showed that batches B1 and B2 were similar,
as were B4 and B5, and B6 and B7. These similarities can be explained by the month the turnips were
purchased. Turnips for batches B1 and B2 were purchased in autumn/winter season, and they were
negatively correlated in terms of GSL content and sensory characteristics, with B6 and B7, which were
bought in spring/summer season. Although turnips for batch B3 were purchased in a different season
from B4 and B5, these three batches were correlated with each other, in terms of GSL content and
sensory characteristics. It could be speculated that these three batches may be from the same cultivar
of turnip, and the cultivar effect is greater than season effect; however, this cannot be concluded as the
turnip cultivar was not controlled for in this study.

In summary, the significant differences in GSL content between cooked turnip batches in this
study might be caused by differences in cultivars, seasons or growth conditions. Turnips sold in the
UK come from many different countries with different growth conditions. Therefore, variation in GSL
content at the point of consumption is expected from turnips purchased in the UK supermarkets at
different times of year.

GSLs are among the compounds that are responsible for the sensory characteristics of Brassica
vegetables. As noted in (Figure 2), most of the GSLs were positively (although not significantly)
correlated with bitter taste, the strongest correlations being with 4-methoxyglucobrassicin and
glucobrassicin. Although Helland et al. [33] also found 4-methoxyglucobrassicin to be related
to the bitterness of swede and turnip, the levels of this compound in the current study were very
low. Glucobrassicin was present at higher levels (0.65 to 1.19 μmolg−1 dry weight) and was clearly
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correlated with most bitter turnip batches (B2, B6 and B7). Glucobrassicin has previously been reported
to cause bitter taste, alongside 4-hydroxyglucobrassicin, progoitrin, gluconapin and neoglucobrassicin,
in turnip, swede, rocket, broccoli and cauliflower, [33–35] which is consistent with the current study
where all were positively correlated with the bitter taste in turnip (r = 0.33 to r = 0.75). The GSL in
highest abundance in the cooked turnip was gluconasturtiin; this has a positive but relatively weak
correlation to bitter taste (r = 0.43). Although this finding does not confirm a relationship between
gluconasturtiin and bitterness, it was present at high levels in all batches (compared to other GSLs), and
all batches were perceived to be bitter. Bladh et al. [36] previously concluded that it was a hydrolysis
product of gluconasturtiin, phenethyl isothiocyanate, that had a strong bitter taste. Although GSLs
are accepted to impart bitterness, the correlation between GSLs and perception of bitterness does not
confirm causality. Bell et al. [37] reviewed the relationship between GSLs and bitterness and noted
that there very few studies where GSLs have been isolated and rated by sensory panels; one specific
exception being sinigrin where bitter taste thresholds have been reported. Relating bitter taste to
specific GSLs in Brassica samples is limited by the high correlation between the quantities of individual
GSLs. This Bell et al. [37] review also noted that inconsistencies in relating GSLs to bitter taste can also
arise from differences in preparation and cooking methods between studies. In addition, hydrolysis
product of GSLs are often not quantified, and therefore, their contribution to bitterness is often not
accounted for. A further review by Wieczorek et al. [38] concluded that inconsistencies between studies
can also result from differences in consumers’ sensitivity to GLS-derived bitter taste. Interactions
between taste modalities must also be considered; our results showed that all individual GSLs (except
glucobrassicanapin) were negatively correlated with sweet taste. This was similarly reported by
Francisco et al. [6], suggesting that bitter taste suppressed sweet taste in the perception of turnip.

Bitter taste was positively correlated with tannin flavour, and two individual GSLs were highly
correlated with this attribute: 4-methoxyglucobrassicin and glucobrassicin. In our sensory profile
data, batches B2, B6 and B7 were rated the highest in tannin flavour and bitter taste. The tannin
flavour is likely to originate from phenolic compounds rather than from the GSLs. Such phenolic
compounds (flavonoids, quinic acid derivatives, sinapic acids derivatives and tannins) have been
found in turnip [39,40] and are also associated with bitter taste [36]. However, phenolic compounds
were not measured in the current study, hence the relationship between bitter taste and phenolic
compounds could not be determined.

It the present study, it was also observed that gluconapoleiferin, gluconapin, 4-hydroxyglucobrassicin,
glucoerucin, glucobrassicin and gluconasturtiin and total GSL were highly correlated with earthy
aroma, and gluconapoleiferin, glucobrassicin and 4-methoxyglucobrassicin were highly correlated
with earthy flavour. In comparison, Helland et al. [33] observed that gluconapin, glucoerucin and
glucobrassicanapin were positively correlated with earthy aroma. However, there are possible
compounds other than GSLs that contribute to aroma and flavour of vegetables, such as the breakdown
products of GSLs, which were not measured in this study.

5. Conclusions

The results obtained in this study showed that individual and total GSL varied between different
batches of steamed-pureed turnip. The GSL compounds were correlated with aroma, taste and flavour
characteristic of turnip. Almost all GSLs positively correlated with bitter taste; however, many GSLs
correlated with other GSLs in concentration, which limits interpretation of which have the greatest
influence on bitter taste. The strongest correlations with bitter taste were for 4-methoxyglucobrassicin
and glucobrassicin; however, these two GSLs were highly correlated and the 4-methoxyglucobrassicin
was at particularly low levels, so their individual contribution to bitter taste cannot be confirmed.

Overall, all batches of steamed-pureed turnip demonstrated both bitter and sweet taste, and these
two taste characteristics were negatively correlated. It was evident that the bitter taste suppressed
the sweet taste of the turnip as the batches containing the least GSL were the sweetest. The impact of
this finding is in the conclusion that turnips bought commercially in the UK do provide a substantial
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amount of GSLs even after rigorous cooking and preparation, and as such cooked turnip could provide
the well documented health benefits of GSLs if they were regularly consumed in the diet. However,
the cooked product has a consistently bitter taste which may be a barrier to some consumers.
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Abstract: Glucosinolate hydrolysis products are responsible for the health-promoting properties
of Brassica vegetables. The impact of domestic cooking on the myrosinase stability, glucosinolates
and hydrolysis products in 18 cabbage accession was investigated. Cabbages were steamed, mi-
crowaved, and stir-fried before analysis. Cooking significantly affected myrosinase stability and
glucosinolate concentrations within and between cabbage morphotypes. Myrosinase was most
stable after stir-frying, with up to 65% residual activity. Steaming and microwaving resulted in over
90% loss of myrosinase activity in some accessions. Stir-frying resulted in the greatest decrease in
glucosinolate concentration, resulting in up to 70% loss. Steamed cabbages retained the highest
glucosinolates after cooking (up to 97%). The profile and abundance of glucosinolate hydrolysis
products detected varied across all cooking methods studied. Cooking reduced the amounts of
nitriles and epithionitriles formed compared to raw samples. Steaming led to a significant increase
in the concentration of beneficial isothiocyanates present in the cabbage and a significantly lower
level of nitriles compared to other samples. Microwaving led to a reduction in the concentrations of
both nitriles and isothiocyanates when compared to other cooking methods and raw cabbage. The
results obtained help provide information on the optimal cooking methods for cabbage, suggesting
that steaming may be the best approach to maximising beneficial isothiocyanate production.

Keywords: Brassica oleracea; cabbage; myrosinase stability: glucosinolates; glucosinolate hydrolysis
products; isothiocyanates; epithionitriles; steaming; microwaving; stir-frying

1. Introduction

Consumption of Brassica or cruciferous vegetables such as cabbage (Brassica oler-
acea) is reported to result in chemo-protective effects [1]. This has been attributed to the
high amounts of glucosinolates (GSLs) they contain. When plant tissue is damaged as a
result of autolysis, plant injury, processing or chewing, GSLs are exposed to, and hydrol-
ysed by, endogenous myrosinase. Upon hydrolysis, glucose and an unstable aglycone
(thiohydroxamate-O-sulfonate) are produced. The unstable aglycone (thiohydroxamate-
O-sulfonate) immediately rearranges to form different hydrolysis products such as isoth-
iocyanates (ITCs), thiocyanates, nitriles, epithionitriles (EPTs), and oxazolidine-2-thiones,
depending on the conditions of the reaction [2]. Nitriles and EPTs are formed in the pres-
ence of epithiospecifier proteins (ESP) instead of the more beneficial ITCs [3]. ITCs and
indoles commonly found in cabbages such as sulforaphane (SFP), erucin (ER), allyl ITC
(AITC), 2-phenyethyl ITC (PEITC), iberin (IB) and indole-3-carbinol (I3C) are reported to be
responsible for some of the health-promoting properties of Brassicas [2]. SFP, the most stud-
ied of all the ITCs, is reported to possess chemoprotective, antioxidative, antimicrobial and
neuroprotective properties [4–9]. AITC has been found to be potent against bladder [10,11],
breast [12] and lung [13] cancer cells. I3C is also known to have anti-cancerous activities
on reproductive organs, reducing the proliferation of cancer cells in the breast, prostrate,
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cervical and colon cell lines and preventing tumour development in rodents [14–16]. GSLs
and glucosinolate hydrolysis products (GHPs) are also partly responsible for the bitter
taste and pungent flavour and aroma of Brassica vegetables, which can reduce consumer
acceptability of Brassicas [17,18]. Cox et al. [19] reported that Brassica acceptance was low
in adults due to their sensory characteristics.

Where GSL hydrolysis does not occur in the process of preparing Brassica for con-
sumption, it can occur as a result of microbial activities in the gastrointestinal tract of
humans. However, despite the ability of microorganisms in the human gut to hydrolyse
glucosinolates, it has been reported that the conversion is at least three times less efficient
when compared to glucosinolate hydrolysis by myrosinase [20]. In a recent in vivo study
conducted by Okunade et al. [21], the addition of exogenous myrosinase from brown
mustard powder to cooked and pureed broccoli where myrosinase had been inactivated
resulted in a four times increase in sulforaphane bioavailability compared to when the
pureed broccoli was consumed alone. It is, therefore, important to ensure that myrosinase
enzyme remains active during the consumption of Brassica vegetables.

Cabbages, like other Brassica vegetables, are mostly subjected to some form of thermal
processing or domestic cooking before consumption. Cabbages are commonly boiled,
steamed, stir-fried, or microwaved prior to consumption. Thermal cooking processes are
considered one of the most important factors affecting the stability of myrosinase enzyme
and ESP stability and the profiles, concentrations, and bioavailability of GSLs and their
hydrolysis products [22]. This, in turn, can influence the health benefits that can be derived
from the consumption of these vegetables making it crucial to determine the effect of
cooking processes on myrosinase stability, GSLs and GHP formation within plant tissues.

Cooking cabbage can result in total or partial ESP and myrosinase inactivation, which,
in turn, influences the type of GHPs formed. The time and temperature of cooking,
vegetable matrix and degree of tissue damage all influence the changes observed during
cooking [23]. Several studies have shown that myrosinase is inactivated during the thermal
processing or domestic cooking of cabbage, leading to a decreased production of beneficial
hydrolytic compounds [24–26]. Most of these studies, however, were based on crude
myrosinase extracts or cabbage juice [24,26–28]. Myrosinase enzyme, when present within
plant tissue, has been shown to have greater thermal stability than its crude extract, with
this stability attributed to the rate at which the core temperature increased [24].

Previous studies on GSL concentrations in cooked cabbage showed conflicting results.
Some authors have reported an increase in GSL content after microwaving cabbage [24,28].
Rungapamestry et al. [25], Song and Thornalley [29] and Xu et al. [30] reported mini-
mal losses or no change in GSL concentration after steaming and microwaving cabbage.
Xu et al. [30] recorded a 77% loss in GSL concentration after stir-frying. GSL losses during
cooking have mostly been linked to leaching into cooking water [24,31]. The variation
in myrosinase and GSL stability after processing can be attributed to different cooking
conditions and the size of cut cabbage pieces, which, in most cases, do not represent stan-
dard domestic ways of cooking cabbage. Some of these studies processed the cabbages
under much longer time–temperature combinations compared to what would normally
be applicable during the domestic cooking of cabbage [24,26]. Furthermore, most of these
studies [24,26,28] have focused on closed heart cabbages (mostly red and white cabbage)
with limited data available on open leaf varieties such as black kale. There is insuffi-
cient evidence to date linking high myrosinase activity and/or GSL accumulation to high
stability after processing/cooking; hence, studies considering both the stability of myrosi-
nase and GSLs within plant tissue for various B. oleracea species are needed. Available
studies have focused on the effect of cooking on specific GSLs and their GHPs, or just
ITCs [25,29,32–37]. Some of these studies have been conducted in model systems [36],
which do not consider the various reactions occurring within the plant matrix that can
influence the GSL–myrosinase system during domestic cooking processes.

In our earlier paper investigating the effect of accession identity and growing condi-
tions on myrosinase activity, GSL and GHP in 18 cabbage accessions, we discussed in detail
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the results of myrosinase activity, as well as the profile and concentration of GSL and GHP,
between the raw accessions [38]. In this paper, the focus is on the effects of cooking on
these accessions. This study, therefore, examines the effect of steaming, microwaving, and
stir-frying on myrosinase stability, GSL and GHP profiles and concentrations in 18 cabbage
accessions. Cooking times were chosen to represent standard domestic practices. It was
hypothesised that, through controlled domestic cooking processes, myrosinase and GSL
stability would be maximised, thereby increasing the production of ITCs, and improving
the health benefits associated with cabbage consumption. It was also hypothesised that
the genetic background of the cabbage and its morphotype would impact the observed
stability of myrosinase and GSLs, and the production of GHPs.

2. Materials and Methods

2.1. Plant Material

The seeds of the cabbage accessions used for this study were sourced from the Uni-
versity of Warwick Crop Centre Genetic Resources Unit (Wellesbourne, UK), sown in
controlled environments, transplanted to pots (2.5 L) and left to grow in the glasshouse
for a short time before transplanting to 7 metre beds on the field. A detailed cultivation
protocol can be found in Oloyede et al. [38]. Eighteen cabbage accessions from six different
cabbage morphotypes (black kale (BK), wild (WD), tronchuda (TC), savoy (SC), red (RC),
and white (WC)) were selected based on their head formation (closed heart or open leaf),
geographical location and whether they were of hybrid descent (Supplementary Table S1).
Cabbages were grown between 7th March and 25th November in the plant growth facilities,
Whiteknights campus of the University of Reading, UK. White cabbage accession WC3,
did not germinate under the growing condition.

Upon reaching commercial maturity (based on visual inspection), cabbages were
harvested, immediately placed on ice in freezer bags and stored in a cold room (4 ◦C)
for 24 h prior to processing. Average weight of each cabbage head per plant was 700 g
and 300 g for closed heart and open leaf, respectively. For detailed climatic data and
cross section of cultivated cabbages, refer to Supplementary Table S1 in this paper and
Figures S1 and S2 in our earlier paper, Oloyede et al. [38].

2.2. Reagents and Chemicals

Sinigrin standard was obtained from Santa Cruz Biotechnology (Heidelberg, Germany)
and D-glucose determination kit from R-Biopharm Rhone (Heidelberg, Germany). All
other chemicals used were purchased from Sigma–Aldrich (Dorset, UK).

2.3. Cabbage Thermal Processing

In order to achieve a representative sample and remove senescent leaves, the outer
leaves and central core of 4–5 cabbage heads (biological replicates) were removed and
discarded. Cabbages were chopped into pieces of approximately 1 cm in width using a
kitchen knife (representing how cabbages would normally be prepared by consumers),
mixed together, washed under running tap water, and drained of excess water using a
salad spinner (OXO Good Grips Clear Manual Salad Spinner, Chambersburg, PA, USA).
Cabbages were subjected to steaming, microwave, or stir-fry cooking. Unprocessed (raw)
cabbage samples were used as controls. Cooking methods were chosen to represent
common ways of cooking cabbage.

Time and temperature combinations used for each method were based on a prelim-
inary consumer study with 60 participants to determine consumer acceptability of the
samples as steamed, microwaved, and stir-fried cabbage (Supplementary Table S2). These
conditions were deemed acceptable with a mean score of between 2.7 and 3.8 on a 5-point
degree of cooking scale, where “3” represents ‘just about right’ for extent of cooking (scale
from not cooked enough “1”, too much too overcooked “5”).
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2.3.1. Steaming

The method of Rungapamestry et al. [25] was adopted with slight modifications. A
total of 120 g cabbage was placed in the topmost layer of a 3-tier, 18 cm stainless steel
steamer (Kitchen craft, Birmingham, UK) containing already-boiling water (in the lowest
layer) and allowed to steam for 2 min. Core temperature of cabbage during steaming
ranged between 75 and 80 ◦C and was measured using a temperature probe.

2.3.2. Microwaving

The method of Rungapamestry et al. [25] was adopted. A total of 120 g of cabbage
was put into 1-pint Pyrex glass jug, 16 mL water was added, and the jug was covered
with a PVC cooking film pierced with 9 holes. Cabbages were microwaved for 3 min.
Microwaving was carried out using a 900 W microwave at 60% power output (SANYO
microwave oven EM-S355AW/AS, Osaka, Japan). A microwave thermometer was used to
measure the core temperature of the cabbage during processing. Core temperature during
processing ranged between 88 and 95 ◦C.

2.3.3. Stir-Frying

Cabbage samples were stir-fried as described by Rungapamestry et al. [39] with
modifications. A total of 120 g cabbage was stir-fried in a frying pan for 90 s in 5 mL of
preheated olive oil (100 ◦C) (Asda, Reading, UK) with continuous stirring using a wooden
spatula. Core temperature of cabbage during stir-frying ranged between 65 and 70 ◦C and
was measured using a temperature probe.

Samples were put into sterilin tubes immediately after cooking, placed on ice and
transferred to a −80 ◦C freezer. Frozen samples were freeze-dried (Stokes freeze drier,
Philadelphia, PA, USA), ground using a tissue grinder (Thomas Wiley® Mini-Mill, Thomas
Scientific, Swedesboro, NJ, USA) and stored at −20 ◦C until further analysis.

2.4. Myrosinase Enzyme Extraction and Assay and Protein Content Analysis

Myrosinase enzyme was extracted using the method described by Ghawi et al. [32]
with slight modifications, as described in our previous paper, Oloyede et al. [38]. Myrosi-
nase enzyme was extracted from a 0.1 g sample (at 5 ◦C) using polyvinylpolypyrrolidone
(PVPP) and Tris- HCL buffer. Using a D-glucose determination kit, myrosinase activity was
determined following the coupled enzyme method as described by Gatfield and Sand [40]
and Wilkinson et al. [41] with some modifications, as outlined in our preceding paper [38].
Myrosinase activity of the samples was calculated using a calibration curve prepared from
myrosinase enzyme. One unit of myrosinase activity was defined as the amount of enzyme
that produces 1 μmol of glucose per minute from sinigrin substrate at pH 7.5.

Protein content from the enzyme extract was determined using the Bradford method [42].
The method is based on protein complex formation with Brilliant Blue G dye with ab-
sorbance read 595 nm in a spectrophotometer (Perkin Elmer, Shelton, CT, USA). A standard
curve was constructed using Bovine serum albumin (BSA) and used to calculate protein
concentration in the enzyme extracts from which myrosinase-enzyme-specific activity
(U/mg protein) was determined.

2.5. Glucosinolate and Glucosinolate Hydrolysis Products Analysis

GSLs and GHPs were extracted following the methods described by Bell et al. [43]
and Bell et al. [44], respectively, with modifications as described in our earlier paper
Oloyede et al. [38]. GSLs were extracted with 70% methanol, analysed by LC-MS/MS
(Agilent, Bracknell, UK), and quantified using sinigrin hydrate standard. Six concentra-
tions of sinigrin hydrate (14–438 μg/mL) were prepared with 70% methanol and used to
prepare an external calibration curve (r2 = 0.996). Compounds were identified using their
mass parent ion, characteristic ion fragments and through comparing with ion data from
literature (Table 1).
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Table 1. Intact glucosinolates identified in cabbage accessions analysed by LC-MS.

Common Name Chemical Name Abbreviation Mass Parent Ion MS2 Spectrum Ion (Base Ion
in Bold)

Reference

sinigrin 2-propenyl(allyl)GSL SIN 358 278, 275, 259, 227, 195, 180, 162 [45,46]

gluconapin 3-butenyl GSL GPN 372 292, 275, 259, 195, 194, 176 [45,47]

epi/progoitrin (R, S)-2-hydroxy-3-butenyl
GSL PROG 388 332, 308, 301, 275, 259, 210, 195,

146, 136 [45–47]

glucoiberverin 3-(methylthio)propyl GSL GIBVN 406 326, 275, 259, 288, 228,195 [43,45,46]

glucoerucin 4-(methylthio)butyl GSL GER 420 340, 291, 275, 259, 227, 195, 178,
163 [43,45,46]

glucoiberin 3-(methylsulfinyl)propyl GSL GIBN 422 407, 358, 259 [45–47]

glucoraphanin 4-(methylsulfinyl)butyl GSL GRPN 436 422, 372, 291, 259, 194 [43,45,46]

glucobrassicin 3-indolylmethyl GSL GBSN 447 275, 259, 251, 205 [45–47]

4-
hydroxyglucobrassicin

4-hydroxy-3-indolylmethyl
GSL 4-HOH 463 383, 285, 267, 259, 240, 195 [45–47]

Key: GSL = glucosinolate.

GHPs were extracted using dichloromethane and analysed by GC-MS (Agilent, Manch-
ester, UK). Compounds were identified using the literature on ion data (Table 2; see Sup-
plementary Figure S1 for GC-MS chromatograms) and quantified based on an external
standard calibration curve. Five concentrations (0.15–0.5 mg/mL) of sulforaphane standard
(Sigma Aldrich, UK) were prepared in DCM (r2 = 0.99). Data analysis was performed using
ChemStation for GC-MS (Agilent, Manchester, UK).

2.6. Statistical Analysis

Results are the average of three biological or processing replicates (each replicate
consisting of leaves from 4–5 cabbage heads) and two technical replicates (n = 6). All
statistical analyses were performed in XLSTAT (version 2019.4.2, Addinsoft, Paris, France).
Data obtained were analysed using 2-way ANOVA with both cabbage accession (or mor-
photype) and processing conditions (raw, steamed, microwaved, and cooked) fitted as
treatment effects. Tukey’s HSD multiple pairwise comparison test was used to determine
significant differences (p < 0.05) between samples. Principal component analysis (PCA)
and multifactor analysis (MFA) were used to visualise the data in a minimum number
of dimensions (two or three). MFA makes it possible to simultaneously analyse several
tables of variables, showing relationships and correlations between the observations and
variables, which were analysed in such a way that tables that include more variables do
not outweigh other tables in the analysis.
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3. Results and Discussion

3.1. Effect of Domestic Cooking on Residual Myrosinase Enzyme Activity (Relative Activity)
across Cabbage Morphotypes and Accessions

The myrosinase stability of cabbage accessions after domestic cooking was stud-
ied and the results are presented in Figure 1, with relative activity results presented in
Supplementary Table S3. Relative activity is defined as the ratio of myrosinase activity
of processed (cooked) cabbage to unprocessed (raw) cabbage (A/A0). Domestic cooking
affected the stability of myrosinase enzyme. Myrosinase stability differed significantly
(p < 0.05) between domestic cooking processes, where there was no difference between
steaming and microwaving (p = 0.912), but these processes both differed significantly from
stir-frying (p < 0.0001). Myrosinase was most stable after stir-frying, retaining up to 65% (i.e.,
A/A0 = 0.65, Supplementary Table S3) of its activity in some studied accessions. Steaming
and microwaving resulted in losses of myrosinase activity of up to 98% and 99%, respec-
tively, with the highest stability of 15% and 13%, respectively. Rungapamestry et al. [39],
in their study of broccoli florets, reported that stir-frying retained the highest myrosinase
activity (17%) compared to boiling (14%).

Figure 1. Comparison of the myrosinase activity of raw versus cooked cabbage morphotypes and accessions (U/g DW).
Values are means of three biological (raw samples) or processing (cooked samples) replicates (each replicate comprising
4–5 cabbage heads) and two technical replicates (n = 6). Error bars represent standard deviation from mean values. Letters
“A–G”: bars not sharing a common uppercase letter differ significantly (p < 0.0001) between accessions and treatments within
a cabbage morphotype. Letters “a–r”: bars not sharing a common lowercase letter differ significantly (p < 0.0001) between
cabbage morphotypes, accessions, and treatments. Key: BK-CNDTP: cavolo nero di toscana o senza palla; BK-CPNT: cavolo
palmizio; BK-CNDTT: cavolo nero di toscana o senza testa; WD-8707: wild cabbage 8707; WD-GRU: wild cabbage 7338;
WD-8714: wild cabbage 8714; TC-PCM: penca mistura; TC-CPDP: penca povoa; TC-T: tronchuda; SC-HSC: hybrid savoy
wirosa; SC-PW: pointed winter; SC-SDG: dark green; RC-RL: red langendijker; RC-RM: rocco marner (hybrid); RC-RD: red
Danish; WC-FEM: early market; WC-CRB: couve repolho.

The effect of domestic cooking processes on myrosinase stability varied among cab-
bage morphotypes and accessions and will be discussed in more detail later. The stability of
myrosinase in different Brassica vegetables under different processing conditions has been
discussed by several authors [24–27,39,55]. Differences in myrosinase stability as a result
of cooking can be attributed to the maximum core temperature of the vegetable during
heating. In our study, stir-frying had the lowest core temperature (65–70 ◦C) compared to
steaming (75–80 ◦C) and microwaving (88–95 ◦C). It has previously been reported that, to
prevent myrosinase inactivation, the maximum core temperature that cabbage should reach
is between 50 and 60 ◦C, which can be achieved by steaming for 7 min or microwaving (700
W) for 120 s [25]. However, in the study stated, the cabbage samples were cut into wedges,
which is not representative of how cabbages are generally prepared before cooking, so the

143



Foods 2021, 10, 2908

cooking times to reach the same core temperature in cabbage that is more finely chopped
would be shorter.

Verkerk and Dekker [24] reported that inactivation of myrosinase enzyme during
microwave cooking is affected by the time–energy output combination. Their study showed
that a considerable amount of myrosinase activity was retained when red cabbage was
microwaved at 180 W for 24 min and 540 W for 8 min, while microwaving for 4.8 min at
900 W resulted in total loss of myrosinase activity even though the total energy output
of all three processes was the same (259.2 KJ). The authors explained the resulting effect
as a function of the time it takes for the cabbage to reach its maximum core temperature,
with a higher energy output and shorter time reaching a high (100 ◦C) core temperature
faster and maintaining that core temperature for the remaining cooking time, while the
lower energy output with a longer cooking time resulted in a maximum core temperature
of 90 ◦C at a much slower rate.

In the current study, a physical examination of the cooked cabbage samples showed
that the stir-fried cabbage looked firmer than the steamed and microwaved cabbage, which
can be a helpful way to assess the severity of the thermal process. The intense heat during
stir-frying can lead to drying out of the surface area, thereby resulting in a firmer texture,
which reduces the rate of heat penetration as a result of less damage to the cell wall [39,56].

3.2. Comparison of the Myrosinase Activity of Raw versus Cooked Cabbage Morphotypes and
Accessions

Figure 1 shows the myrosinase activity and subsequent thermal stability of the
17 studied cabbage accessions. Significant differences (p < 0.0001) were observed in the
myrosinase activity and stability of cabbages as a result of cabbage morphotype, accession,
cooking method, and the interactions between these parameters.

There was no relationship between myrosinase activity in raw cabbage and myrosinase
stability post-cooking; indeed, some accessions which had high activity in raw cabbage had
the lowest stability. Raw savoy cabbage accessions (SC-HSC, SC-PW, and SC-SDG) had
the highest myrosinase activity in all studied accessions (116.3, 142.6 and 154.8 U/g DW,
respectively) while raw black kale accessions (BK-CNDTP, BK-CPNT, and BK-CNDTT)
had the lowest myrosinase activity (31.5, 36.3 and 44.4 U/g DW, respectively). However,
black kale, Tronchuda and red cabbage accessions had the highest enzyme stability, while
savoy and white cabbage accessions, which had the highest myrosinase activity, were
the least stable after domestic processing (Figure 1). As discussed earlier, steaming and
microwaving resulted in lower myrosinase stability overall, with up to 99% inactivation
occurring in some cases. However, a critical look at the stability of myrosinase in steamed
and microwaved cabbages (Figure 1) shows that some accessions had relatively higher
myrosinase stability compared to others. Red cabbage accessions RC-RM and RC-RL were
the most stable, retaining up to 15% after steaming (RC-RM) and 13% after microwaving
(RC-RL). This result is in agreement with the results of Yen and Wei [27], who stated that
red cabbage myrosinase was more stable than white cabbage myrosinase after thermal
processing.

A possible reason for the difference in myrosinase stability across accessions might
be due to differences in the myrosinase isoenzymes found in each accession, with the red
cabbage accessions having more thermally stable myrosinase isoenzyme. Red cabbage
contains anthocyanins, which, in addition to being bioactive compounds with health
promoting properties, are also pigments that offer effective protection to plants under
stress [57,58]. Therefore, red cabbage is more adapted to stressful conditions, and it stands
to reason that the myrosinase isoenzyme in red cabbage may also be adapted to operating
under heat stress.

Different types of myrosinase isoenzymes have been identified and they vary be-
tween Brassica vegetables. They can differ to some extent in characteristics and activ-
ity, with distribution in plants appearing to be both organ- and species-specific [27,59].
Rask et al. [60] reported that some of the myrosinase isoforms form complexes by in-
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teracting with myrosinase-binding proteins, which may enhance their stability during
processing.

The myrosinase activity values obtained in this study were higher in most cases than
those reported by other authors [25,61], except in the case of white cabbage accessions,
where values were similar to those obtained by Penas et al. [62]. This might be because, in
most previous studies, cabbages were obtained from supermarkets, while in this study and
the study conducted by Penas et al. [62], the cabbages were grown for the experiment and
transferred into cold conditions immediately after harvest. These minimal transfer and
storage times reduce the postharvest effects experienced by the supermarket samples.

There was no relationship found between accession origin, physical characteristics
(open-leaf or heart-forming) and whether cabbages were hybrid on the myrosinase activity
and stability of the accessions studied.

3.3. Protein Content and Specific Activity of Raw and Cooked Cabbages

The protein content and specific activity of cabbage myrosinase before and after
cooking is presented in Table 3. There were significant (p < 0.05) differences in the protein
content and specific activity of all accessions for both raw and cooked samples. Protein
content decreased with cooking, with the rate of reduction corresponding to the severity
of the cooking process. Stir-fried samples had significantly higher protein contents than
steamed and microwave samples. Black kale and red accessions, with the highest protein
content, also retained the most protein after stir-frying (up to 87% in BK-CNDTP) but the
lowest after steaming and microwaving (up to 67% in steamed BK-CPNT). This can be
attributed to the denaturation of protein into free amino acids during cooking.

Cooking led to a significant reduction (p < 0.05) in the specific activity of cabbage
samples. The specific activity of the cabbages followed a similar trend to myrosinase
activity and protein content, where specific myrosinase activity decreased with the severity
of the cooking method. The result shows a correlation between myrosinase activity and
specific activity, implying that denaturation of the protein is equal to denaturation of the
enzyme. Stir-fried cabbages had the most stable specific activity and differed significantly
(p < 0.001) from steamed and microwaved samples between accessions for all studied
morphotypes, with the exception of savoy morphotype, where no significant difference
was observed in specific activity between accessions for the studied cooking methods
(Table 3). It is worth mentioning that the results obtained for savoy accessions were mostly
due to the significantly higher specific activity of the raw samples, instead of a comparable
stability across the cooking methods. Similar to our earlier discussion on myrosinase
stability, samples with the highest specific activity were not always the most stable after
cooking. For example, Savoy cabbage accessions (SC-HSC, SC-PW, and SC-SDG), which
had the highest specific activity (4.7, 6.4 and 5.8 U/mg soluble protein, respectively) had
the lowest stability after cooking, with an up 97% loss in specific activity after steaming
and microwave cooking observed in SC-PW accession. On the other hand, black kale
accessions, with some of the lowest specific activity in raw samples, retained the most
specific activity after cooking, with up to 80% specific activity observed in BK-CNDTT
accession. As expected, the result obtained is in agreement with myrosinase activity results
discussed earlier, where black kale accessions with the least myrosinase activity were the
most stable after domestic cooking. The differences observed in specific activity can be
attributed to variations in myrosinase isoenzyme stability for the different morphotypes
and accessions, as discussed in Sections 3.1 and 3.2.
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3.4. Effect of Domestic Cooking on GSL Profile and Concentration of Cabbage Accessions

GSL profile and concentrations for all samples before and after cooking are presented
in Figure 2, with significant differences within and between cabbage morphotypes pre-
sented in Supplementary Table S4.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 2. Glucosinolate concentrations (μmol/g DW) in different accessions of (a) Black kale; (b) Wild cabbage (c) Tronchuda
cabbage; (d) Savoy cabbage; (e) Red cabbage and (f) White cabbage before and after domestic processing. Error bars represent
standard deviation from mean values. Letters above bars refer to differences in total GSL concentration. Letters ‘A–G’: bars
not sharing a common uppercase letter differ significantly (p < 0.05) between accession and cooking conditions within a
cabbage morphotype (i.e., within each separate graph). For significant differences between cabbage morphotypes, accessions,
and cooking methods (i.e., across the separate cabbage morphotype graphs) see Supplementary Table S4. Abbreviations:
R = raw, ST = steamed; MW = microwaved; SF = stir-fried; BK-CPNT: cavolo palmizio; BK-CNDTT: cavolo nero di toscana
o senza testa; WD-8707: wild cabbage 8707; WD-GRU: wild cabbage 7338; WD-8714: wild cabbage 8714; TC-PCM: penca
mistura; TC-CPDP: penca povoa; TC-T: tronchuda; SC-HSC: hybrid savoy wirosa; SC-PW: pointed winter; SC-SDG: dark
green; RC-RL: red langendijker; RC-RM: rocco marner (Hybrid); RC-RD: red Danish; WC-FEM: early market; WC-CRB:
couve repolho. For abbreviations of compounds, see Table 1 (GSLs).
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GSL profile and concentrations varied across accessions within and between cabbage
morphotypes. From five to nine individual GSLs were identified within all cabbages stud-
ied; seven aliphatic GSLs, namely sinigrin (SIN), gluconapin (GPN) and epi/progoitrin
(PROG), Glucoibeverin (GIBVN), glucoerucin (GER), glucoiberin (GIBN) and glucoraphanin
(GRPN) and two indole GSLs: glucobrassicin (GBSN) and 4-hydroxyglucobrassicin (4-
HOH) (Table 1). Black kale accessions had the lowest number of identified GSLs (five),
while nine GSLs were identified in red and white cabbages. GBSN and 4-HOH were the
only GSLs identified in all studied accessions. Total GSLs differed significantly between
accessions (p < 0.0001), post different cooking methods (p < 0.0001) and in the interaction
between these two factors (p < 0.0001). Aliphatic GSLs were the most abundant GSLs in all
accessions, making up about 95% of total GSLs.

Cooking significantly reduced GSL concentration in all cabbage samples. GSL stability
varied across the accessions and cooking methods studied. GIBN was the least stable
GSL resulting in an average loss of 59% across all accessions. However, GIBN loss varied
largely between accessions, with tronchuda accession TC-PCM recording a loss of up to
83%, while the loss in savoy SC-HSC was as low as 14%. The obtained results agree with
those reported by Oerlemans et al. [28] and Dekker et al. [63], who report variations in
GSL stability between GSLs and variations in the stability of the same GSL across different
Brassica vegetables. In a previous study, concentrations of GIBN (aliphatic GSL) and GBSN
(indole GSL) in white cabbage were found to significantly decrease during cooking due to
their high potential to leach into the cooking water [64,65].

Total GSLs in steamed cabbage ranged between 16.5 μmol/g DW (BK-CNDTT) and
148.8 μmol/g DW (WD-8714). There was a significant difference in GSL concentrations
of steamed cabbages across accessions and between accessions of the same cabbage mor-
photype. The observed differences were mostly due to the initial GSL concentration of the
raw samples rather than the steaming process. In relation to the residual GSL content of
cabbage samples after steaming, steamed WC-FEM had the most stable total GSL, retaining
up to 97% GSL concentration, while the biggest loss of total GSL was in steamed SC-SDG,
where up to 56% loss was recorded. The differences observed in GSL stability may be due
to variations in leaf thickness between the accessions, which would impact the rate of heat
transfer within the leaves. Thicker leaves would lead to a slower heat transfer rate within
the leaves, resulting in reduced GSL degradation and better stability compared to thinner
leaves. In some accessions, steaming did not affect the concentrations of some individual
GSLs, e.g., SIN and PROG in WD-8714 and WC-FEM, respectively. There was a significant
(p < 0.0001) reduction in individual and total GSL content for all samples after cooking,
except for GPN, which did not differ significantly from raw to cooked samples within
each accession for most of the studied accessions. The stability of individual GSLs varied
greatly between accessions, within and between cabbage morphotypes. For example, after
steaming, in BK samples, the loss of GRPN did not differ between the three accessions
(8–10%), while in TC samples, it led to a between 44% (TC-CPDP) and <1% (TC-PCM) loss
of GRPN content.

Previous studies reported no loss [25,29,35,66,67] or minimal losses [30,31,35,68] of
GSL in broccoli, turnip, and cabbages after domestic processing. Xu et al. [30] reported a
loss of about 15% in steamed red cabbage; however, the large sample size (3 cm cubes) may
have caused lower losses in comparison to the present study, as this would have had an
impact on the core temperature of the samples during cooking. Similar to the current study,
Vallejo et al. [31] reported losses in some individual GSL (GRPN) and no loss in others
(GIBN) after steaming for 3.5 min. In kale samples steamed for 15 min, SIN degraded
more rapidly than GIBN, with more than 80% and 40% loss recorded for SIN and GIBN,
respectively [33]. The minimal GSL losses reported in steamed samples were due to the low
levels of leaching into cooking water compared to that normally reported under boiling
conditions [23].

In microwaved samples, total GSL varied between 11.2 μmol/g DW (BK-CNDTT)
and 131.6 μmol/g DW (WD-8714). Microwaving significantly affected the amount of GSLs
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in cabbage samples, with reductions up to 76% of GRPN in TC1 and residual total GSL
varying between 50% and 93%. Microwaving led to significantly lower GSL concentrations
when compared to raw cabbages. As in steamed samples, the effect of microwaving
differed between accessions and individual GSLs. Some GSLs were more stable than
others in certain accessions within and between cabbage morphotypes. As discussed in
Section 3.1, high core temperatures (85–95 ◦C) of microwaved samples led to myrosinase
enzyme inactivation, which could have prevented GSL hydrolysis during the microwave
process and can account for the high retention of GSL concentrations in some microwaved
cabbages.

There are several conflicting reports on the effect of microwaving on GSL content in
Brassica vegetables. In a recent study, no significant difference was observed in broccoli
and red cabbage samples microwaved under different time and power combinations while
retaining the same final energy (1080 kJ) [35]. Song and Thornalley [29] and Xu et al. [30]
also reported no significant difference in GSL concentration after microwaving green and
red cabbage samples for three and five minutes, respectively. The authors stated that the
stability of GSL might be due to myrosinase inactivation, and that the absence of water
during microwaving prevented GSL leaching into cooking water. The large size of the
shredded cabbage pieces in the two studies may also have reduced the loss of GSLs. A
study on broccoli resulted in a 74% decrease in total GSL content after microwaving and
was attributed to leaching in water and more intense microwave conditions (150 g broccoli
to 150 g water and microwaving for 5 min at 1000 W power) [31]. However, a contrary
result was observed by Verkerk and Dekker [24] and Oerlemans et al. [28], who reported
an increase of up to 78% and 35%, respectively in GSL concentrations after microwaving
red cabbage, though the increase was not significant in the Oerlemans et al. [28] study
due to the large sample variability. The authors attributed the increase to the enhanced
extractability of GSL after microwaving, which could be more of an analytical artefact than
an actual increase in GSL concentration.

Stir-frying led to a significant decrease in the total and individual GSL content of
cabbages. Total GSL ranged between 10.3 μmol/g DW (BK-CNDTT) and 111.7 μmol/g DW
(WD-8714). There was a significant difference in GSL concentrations between accessions,
within and between cabbage morphotypes. Residual total GSL varied between 28% (SC-
SDG) and 81% (SC-HSC). The highest loss of aliphatic individual GSL concentration was
recorded in stir-fried TC-PCM accession, where there was a decrease of between 79 to
83%. Indole GSLs, GBSN and 4-HOH were the most stable GSLs in stir-fried cabbages.
The relative thermostability of individual GSLs (if under the same myrosinase level and
stability) can be influenced by their chemical structure and has been reported to vary
with heating temperature [28,69]. Among all the studied cooking methods, stir-frying
resulted in significantly greater losses of GSL than steaming or microwaving, which agrees
with previous reports. A study on the effect of different types of cooking oil on GSLs in
stir-fried broccoli resulted in up to 49% losses, irrespective of the cooking oil used [70].
Xu et al. [30] also reported a 77% loss in GSL concentration after stir-frying red cabbage
while there was no significant loss in GSL content when green cabbage was stir-fried for
5 min [29]. The difference in leaf structure may have influenced GSL stability in green
cabbage. Green cabbage can have thicker leaves with a more uneven surface texture,
which may create a microclimates around the leaf during the cooking process [29]. It was
observed in the present study that green cabbage tended to have thicker leaves than other
morphotypes based on visual observation. It is hypothesized that losses due to stir-frying
can be attributed to substantial moisture evaporation. During stir-frying, cabbage loses
moisture and GSLs are leached into the moisture, which evaporates during the cooking
process. A study conducted by Adler-Nissen [56] showed that when carrot cubes were
stir-fried, despite temperatures only reaching 70 ◦C, a high evaporation loss was observed.
Another possible reason for the lower GSL amounts in stir-fried cabbages can be attributed
to GSL hydrolysis by myrosinase and ESP during the cooking process. As mentioned
previously, (see Sections 3.1 and 3.2), the low core temperatures (65–70 ◦C) of stir-fried
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cabbages resulted in higher myrosinase stability of the samples when compared to steamed
and microwaved cabbages. Contrary to the findings of this study, however, some recent
studies showed that stir-frying preserved total and most individual GSL contents of various
Brassica vegetables, with the authors attributing this to quick myrosinase inactivation and
no leaching losses into cooking water [33,71,72].

The relative stability of individual and total aliphatic GSLs to indoles varied between
accessions and cooking methods, however, generally, indole GSLs were more stable than
aliphatics. Previous studies have largely reported indole GSLs to be more heat-labile under
domestic cooking conditions than aliphatic GSLs [31,33,64,73–75]. The higher stability
of indoles in the present study may be due to the type of Brassica and cooking methods
that were investigated. The nature of the vegetable matrix and heat treatment have been
shown to have an effect on the stability of individual indole GSLs. For example, in the
absence of leaching and enzymatic degradation during thermal treatment, 4HOH has
been reported to be more thermolabile than GBSN and neoglucobrassicin (NEO) [28,75,76].
NEO has also been found to be more thermostable than GIBVN after roasting broccoli
sprouts for 15 min [75]. It is important to mention that the GSL concentrations obtained
in the current study are much higher than those reported for mature cabbage in the
literature [62,65,77–80]. However, up to 80 μmol/g DW [81] and 111 μmol/g DW [82] have
been reported in mature rocket leaves, which is similar to the concentrations reported for
most accessions in this study. We hypothesis that the reason for the high GSL accumulation
in the accessions studied may be because they are gene bank accessions, which means they
have not been thoroughly characterized for their phytochemical content. It is common for
wild Brassicas to have much higher concentrations than cultivated varieties, and many of
the high GSL genotypes that have been bred came from crosses with gene bank material,
an example of which is the “Beneforte” broccoli [83].

In summary, WD-8707 accession had the most stable individual and total GSL, while
GSLs of SC-SDG were the most thermolabile across all cooking methods, despite having
one of the highest GSL concentrations in the raw sample. Different accessions of the same
cabbage morphotype can vary in their GSL stability during cooking, resulting in large
differences in GSL loss between species. The rate and extent of loss is dependent on the
morphotype of the cabbage, sample cut size, cooking time and temperature, amount of
moisture, and initial concentration of GSL [65,66]. The variation in residual GSL in the
cabbages will have an impact on the amounts of GHPs produced.

3.5. Effect of Domestic Cooking on GHP Profile and Concentration in Cabbage Accessions

The profile and concentration of GHPs resulting from cooking cabbage are presented
in Figure 3, with significant differences between and within the cabbage morphotypes
presented in Supplementary Table S5. Twenty-three (23) different GHPs were detected as
a result of GSL hydrolysis during cooking. Accession, cooking method and interaction
between the two significantly (p < 0.0001) influenced GHP profile and concentrations.
Total GHPs across all accessions and cooking methods ranged between 0.33 μmol/g DW
(microwaved TC-T) and 18.66 μmol/g DW (raw WD-8707). In raw samples, GSL hydrolysis
led to the production of majorly nitriles and epithionitriles. Matusheski and Jeffery [84]
and Mithen et al. [85], in their studies of fresh and freeze-dried raw broccoli, found that
GRPN hydrolysis primarily led to the formation of SFN rather than its ITC, SFP. In most
studied accessions, raw and stir-fried cabbages had the highest total GHPs in all samples,
apart from red and white cabbage accessions, where the highest total GHPs was recorded
in steamed cabbages. Black kale samples had the lowest identified GHPs, which could be
related to the lower number of individual GSL present in the accession.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3. Glucosinolate hydrolysis products (GHPs) (μmol/g DW) in different accessions of (a) black kale; (b) wild cabbage
(c) tronchuda cabbage; (d) Savoy cabbage; (e) Red cabbage and (f) white cabbage before and after domestic cooking. Results
are expressed as sulforaphane equivalents. Error bars represent standard deviation from mean values. Letters above bars
refer to differences in total GHP concentration. Letters ‘A–F’: bars not sharing a common uppercase letter differ significantly
(p < 0.05) between accessions and cooking methods within a cabbage morphotype (i.e., within each separate graph). For
significant differences between cabbage morphotypes, accessions, and cooking methods (i.e., across the separate cabbage
morphotype graphs), see Supplementary Table S5. Compounds with similar colour shades are GHPs (with nitriles in
pattern fill) of corresponding GSL, presented in Figure 2. Abbreviations: R = raw, ST = steamed; MW = microwaved and
SF = stir-fried; BK-CPNT: cavolo palmizio; BK-CNDTT: cavolo nero di toscana o senza testa; WD-8707: wild cabbage
8707; WD-GRU: wild cabbage 7338; WD-8714: wild cabbage 8714; TC-PCM: penca mistura; TC-CPDP: penca povoa;
TC-T: tronchuda; SC-HSC: hybrid savoy wirosa; SC-PW: pointed winter; SC-SDG: dark green; RC-RL: red langendijker;
RC-RM: rocco marner (Hybrid); RC-RD: red Danish; WC-FEM: early market; WC-CRB: couve repolho. For abbreviations of
compounds, see Table 2 (GHPs).

However, some GHPs were identified where intact GSL was not detected, and this
occurred across all tested accessions. In black kale and savoy cabbage accessions, 3-butenyl-
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ITC (3BITC) was detected in cooked samples though intact GPN was not present. A
similar trend was noticed by Bell et al. [44], who found 3BITC in rocket samples, in the
absence of GPN. The presence of 3BITC might be the result of SFP degradation. A study
conducted on broccoli showed that standard SFP solution was degraded to 3BITC under
thermal conditions [86]. PEITC and benzenepropanenitrile (BPN), hydrolysis products
of gluconasturtiin, were detected in low amounts across all accessions, although intact
gluconasturtiin was not detected in samples. The small amounts detected suggest that the
GSL was present in low amounts in the sample and may have been hydrolysed during
sample preparation, or the amounts present were below the limit of detection for the
LC-MS.

Other studies have reported the presence of GHPs where their precursor, GSL, was
not detected in different Brassicas [82,87,88]. Bell et al. [82] suggested that this discrepancies
may be due to the degradation of other hydrolysis products during the analytical process,
the inaccurate identification of GSLs and GHPs, very low amounts of GSLs being present
in the plant, which were below the limit of detection (LOD) of the analytical method, or a
yet-to-be identified mechanism by which GHPs are modified after hydrolysis.

Cooking significantly reduced the nitriles and EPTs that were formed and increased
the number of ITCs compared to raw cabbage. Goitrin (GN), iberin (IB) and SFP were
the major GHPs in cooked cabbages. Of all the studied cooking methods, microwaved
samples had the lowest levels of GHPs; few or no nitriles and EPTs were detected, while
very low amounts of ITCs were formed. However, in most cases, more ITCs were formed
in microwaved samples when compared to raw samples. The highest concentrations of
ITCs were formed in steamed samples across all studied accessions, with up to 23-fold
increases in ITCs, compared to those observed in raw samples (SFP in steamed RC-RD),
where few or no nitriles were present. In most samples, total and individual GHPs did
not significantly differ between stir-fried and raw samples, although higher numbers of
ITCs were formed in stir-fried samples. The pattern of GHP formation did not differ across
accessions.

Differences in the severity of cooking methods, which may have influenced residual
myrosinase activity in relation to ESP activity, can account for the difference in the types
and concentration of GHPs present. ESP promotes the formation of nitriles and EPTs from
GSL hydrolysis instead of ITCs from myrosinase [3]. The stir-fry cooking temperature was
the least severe, leading to the formation of EPTs, nitriles and ITCs, as ESP and myrosinase
would have still been active in the samples. The lower amounts of GSL detected in stir-fried
cabbages did not seem to affect total GHPs but might have been partly responsible for the
higher amounts of nitriles formed, as GSL was hydrolysed by the ESP present in the samples
during the stir-frying process. Microwave cooking was the most severe cooking method
employed, which was responsible for the negligible amounts of nitriles and low amounts
of ITCs. The high core temperatures during microwaving (85–95 ◦C) would have led to
the complete denaturation of ESP and almost total myrosinase inactivation, as highlighted
earlier (Section 3.1). However, the steaming temperature would have been enough to
denature ESP whilst still retaining substantial myrosinase activity (see Sections 3.1 and 3.2).
The nitriles detected in both microwaved and steamed samples may have been formed with
the residual ESP present during the cooking process, while the ITCs present in microwaved
samples could be the result of residual myrosinase activity. In cooked broccoli, ESP was
found to be denatured at temperatures above 50 ◦C, with a corresponding reduction in
SFN production [3]. Rungapamestry et al. [25], in their study of SIN hydrolysis products in
cooked cabbage, found that microwaving for 120 secs resulted in a reduction in nitriles,
allyl cyanide and CEP (about 87%), with an increase in AITC formation (about 88%).
The authors found that steaming cabbages for seven minutes resulted in an increase in
AITC of up to 578%. The authors also found that AITC was formed in cabbages with
no residual myrosinase activity and attributed this to formation during the hydrolysis
and cooking process, which may have been bound to the cell membranes but released
during processing. In a recent study, the steaming and stir-frying of broccolini and kale for
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15 min resulted in significantly lower amounts of SFP and IB, respectively, when compared
to the uncooked sample. The lower concentrations reported were probably due to the
longer cooking time used in the study, which would have resulted in total myrosinase
inactivation, preventing the conversion of GSLs to GHPs, although myrosinase activity was
not measured in the study [33]. In another study, steaming broccoli resulted in increased
SFP content after 5 min with a decrease observed beyond that, while microwaving broccoli
and red cabbage for a minute led to a 5-fold increase in SFP with a decline reported beyond
this time [35]. This suggests that there is an optimum cooking time to achieve maximum
ITC formation, beyond which beneficial ITCs are lost. The low conversion of GSLs to
their hydrolysis products in some of the studied samples is underscored. The results show
that GHP recovery reduced with increases in the severity of the cooking procedure, with
much lower concentrations (about 1% in microwaved TC-T) observed in microwaved
samples, which was the most severe treatment employed. The low recovery of hydrolysis
products observed in the microwaved samples is not necessarily a surprise, given that
most of the ESP and myrosinase enzyme in the samples were already inactivated as a
result of the cooking temperature (88–95 ◦C), as discussed in Sections 3.1 and 3.2 (see
Figure 1 and Supplementary Table S3), which suggests that most of the GSL present in
the sample remained unhydrolysed. However, the GSL concentration of the hydrolysed
sample was not measured in the current study. In raw accessions with a low GHP content,
we hypothesise that this may be due to the environmental responses of the plant, which,
unfortunately, are not very well understood in the context of myrosinase activity and GSL
hydrolysis. The low conversion of GSLs to GHPs has also been reported in some other
Brassica species [44,81].

The results obtained in this study are similar to those observed by several authors
during the thermal processing of Brassica vegetables [25,29,32,35,55,89]. This study adds
to the findings of previous researchers; however, the study is particularly conclusive as it
demonstrates similar findings across cabbage morphotypes and accessions. To improve the
health benefits derived from cabbage consumption, this paper concludes that steaming is
the optimum preparation method, due to the resulting increase in the ITCs formed.

3.6. Principal Component Analysis (PCA) and Multifactor Analysis (MFA) of GSLs and GHPs in
Raw and Cooked Cabbage

To differentiate samples based on their GSLs and GHPs content, PCA analysis was
conducted, as shown in Figure 4. Figure 4a shows the biplot for GSL distribution in samples,
where dimensions 1 and 2 account for 56.4% of the observed variation. The plot shows
TC2 (TC-CPDP), and wild cabbage accessions were characterized by high PROG and GPN
contents, while black kale and most red cabbages, except for RC1 (RC-RL), had a higher
tendency to accumulate GRPN and GER. Savoy cabbages, RC1 (RC-RL), TC1 (TC-PCM)
and TC3 (TC-T) correlated positively with one another and were characterized by the
amounts of SIN, GIBVN and GIBN they accumulated. Samples were separated based on
cabbage morphotype and accession rather than cooking methods, suggesting that cabbage
accession had a higher influence on GSL concentration than the tested cooking methods.
However, the PCA biplot for GHPs (Figure 4b) shows differentiations in samples based on
cooking. F1 and F2 explain only 39.6% of the variations; however, other dimensions did
not provide any new information. Steamed and stir-fried cabbages correlated positively
with ITCs, while nitriles mostly correlated with raw cabbages. There was no correlation
observed in microwaved samples with GHPs, due to the low amounts of nitriles and
ITCs present in the samples. Samples were separated based on their GHP profile and
concentrations.
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(a) 

 
(b) 

Figure 4. (a) PCA plot for tested samples and their relative distributions in relation to GSL concentra-
tions. (b) PCA plot for tested samples and their relative distributions in relation to GHP concentra-
tions. Abbreviations: R = raw, ST = steamed; MW = microwaved; SF = stir-fried; BK1: cavolo nero di
toscana o senza palla (BK-CNDTP); BK2: cavolo palmizio (BK-CPNT); BK3: cavolo nero di toscana o
senza testa (BK-CNDTT); WD1: wild cabbage 8707 (WD-8707); WD2: wild cabbage 7338 (WD-GRU);
WD3: wild cabbage 8714 (WD-8714); TC1: penca mistura (TC-PCM); TC2: penca povoa (TC-CPDP);
TC3 tronchuda (TC-T); SC1: hybrid savoy wirosa (SC-HSC); SC2: pointed winter (SC-PW); SC3: dark
green (SC-SDG); RC1: red langendijker (RC-RL); RC2: rocco marner (Hybrid) (RC-RM); RC3: red
Danish (RC-RD); WC1: early market (WC-FEM); WC2: couve repolho (WC-CRB). Red coloured
compounds = GSLs; Green coloured compounds = GHPs; Blue dots = Samples. For full names of
compounds, see Tables 1 and 2.
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To better understand the results, MFA was performed on the accessions in relation to
their GSL and GHP concentrations, as shown in Figure 5. Dimensions 1 and 2 (F1 and F2)
represent only 34.3% of the variations, but other dimensions did not provide additional
information. The observed results are similar to those observed in the biplot of GSL.
Samples were separated in the same pattern as GSLs, based on cabbage morphotype and
accession rather than cooking method. Individual GSLs correlated with their corresponding
GHPs. The results observed from the MFA analysis confirm the results obtained from the
PCA analysis, confirming the robustness of the findings. The results show that cooking has
a greater effect on GHPs than GSLs but, when combined, samples were differentiated on
their GSL content and the type of GHP present.

(a) 

(b) 

Figure 5. MFA map of glucosinolates and glucosinolate hydrolysis products (a) distribution of
variables and (b) sample distribution. Abbreviations: R = raw, ST = steamed; MW = microwaved;
SF = stir-fried; BK1: cavolo nero di toscana o senza palla (BK-CNDTP); BK2: cavolo palmizio (BK-
CPNT); BK3: cavolo nero di toscana o senza testa (BK-CNDTT); WD1: wild cabbage 8707 (WD-8707);
WD2: wild cabbage 7338 (WD-GRU); WD3: wild cabbage 8714 (WD-8714); TC1: penca mistura
(TC-PCM); TC2: penca povoa (TC-CPDP); TC3 tronchuda (TC-T); SC1: hybrid savoy wirosa (SC-
HSC); SC2: pointed winter (SC-PW); SC3: dark green (SC-SDG); RC1: red langendijker (RC-RL);
RC2: rocco marner (Hybrid) (RC-RM); RC3: red Danish (RC-RD); WC1: early market (WC-FEM);
WC2: couve repolho (WC-CRB). Colour codes: Pink = Black kale; Brown = Wild cabbage; Dijon
yellow = Tronchuda cabbage; Black = Savoy cabbage; Purple = Red cabbage; Blue = White cabbage.
Compounds with different shades of the same colour in Figure 5a refer to the GSL and corresponding
GHPs. For compound codes on plot, refer to Tables 1 and 2.
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This study is not without its limitations. Although precautions were followed to
ensure accuracy during sample preparation, the size of cut cabbages, stirring during stir-
frying and general reproducibility of the cooking processes across all samples may have
slightly differed. In addition, some very volatile GHPs may have been lost during the
cooking and analytical processes due to the long extraction method used, which may
have affected the results. However, given that standard measures were employed to limit
variations due to the above, it is unlikely that possible variations within the samples could
have had a significant influence on the results, as only small variations were observed in
the biological and technical replicates.

4. Conclusions

The results of this study confirm that domestic cooking has an effect on myrosinase
stability, GSL concentration and GHP profiles, and concentration. Domestic cooking
resulted in a significant loss of myrosinase activity, with stir-frying having the highest
residual activity compared to the other two cooking methods that were investigated.
Microwave cooking was the most severe heat treatment, resulting in the highest loss of
myrosinase activity, reaching up to 99% in some cases. The study showed that mild cooking
prevents the complete inactivation of myrosinase enzyme. Myrosinase enzyme stability
differed significantly between cabbage accessions and morphotypes. Black kale myrosinase
was the most stable after stir-frying, while red cabbage accessions were most stable after
steaming and microwaving. No correlation was found between myrosinase activity and
stability, as the accessions with the highest myrosinase activity did not have the most stable
myrosinase after domestic processing.

Cooking led to a reduction in GSL concentrations compared to raw cabbage, with
stir-frying leading to the greatest loss compared to the other two cooking methods and mild
steaming enabling the greatest retention of GSL compounds. Considering that cabbages are
usually consumed cooked, it important for breeders to work alongside nutritionists to select
accessions with more thermally stable GSL and myrosinase for breeding, to ensure that
the health benefits from cabbage consumption are not lost. The study found a relationship
between cabbage core temperature during cooking, myrosinase stability and final GHPs
profile. GHPs of raw cabbages were mainly nitriles and EPTs, probably due to the presence
of active ESP in the samples. Cooking led to a reduction in the number of nitriles and EPTs
formed, with levels differing between cooking methods. Optimal cooking conditions led
to the degradation of ESP but retention of active myrosinase. Microwaving resulted in
significantly lower amounts of nitriles, EPT and ITC formed, while steaming cabbages led
to the production of significantly higher amounts of ITCs. However, the study showed that
low residual myrosinase activity can still result in ITC formation.

The study concludes that consumption of raw or severely heat-treated cabbage can
reduce possible health benefits, while mild cooking of cabbages, such as mild steaming,
maximises beneficial isothiocyanate formation. This was especially true for IB and SFP
in the studied cabbages and could provide information to guide consumers on how to
improve the possible health benefits derived from cabbage consumption.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10122908/s1, Figure S1: Examples of GC-MS chromatograms for raw and cooked
samples for each morphotype of cabbage studied (a) black kale; (b) wild cabbage; (c) tronchuda
cabbage; (d) savoy cabbage; (e) red cabbage and (f) white cabbage. Table S1: Origin, botanical and
common names of planted cabbage accessions. Table S2. Consumption intent and cooking time
scores from preliminary consumer study. Table S3. Relative activity (A/A0 ± SD) of myrosinase
enzyme after domestic cooking of cabbage. Table S4: Glucosinolate concentration of raw and cooked
cabbage (μmol/g DW). Table S5: Glucosinolate hydrolysis products concentration in raw and cooked
cabbage (μmol/g DW sulforaphane equivalent).
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Abstract: Vegetables of the plant order Brassicales are believed to have health-promoting properties,
as they provide high contents of glucosinolates (GLS) and deriving from these, enzymatically and
heat-induced breakdown products, such as isothiocyanates (ITC). Besides their positive physiological
effects, ITC are electrophilic and can undergo reactions with food components such as proteins.
Following the trend of improving traditional food products with GLS-rich ingredients, interactions
of ITC with proteins can diminish the properties of both components—protein’s value and func-
tionality as well as ITC’s bioactivity. In vegetable-enriched bread, where cresses (Lepidium sativum
L. or Tropaeolum majus L.) are added to the initial dough, together with benzyl cyanide, benzyl
isothiocyanate (BITC) is formed during the baking process. The aim of the present study was to
investigate the possible migration behavior of the GLS breakdown products and the formation of
ITC-wheat protein conjugates. After the baking process, the breads’ proteins were enzymatically
hydrolyzed, and the ITC-amino acid conjugates analyzed using a LC-ESI-MS/MS methodology.
In all samples, BITC-protein conjugates were detected as thiourea derivatives, while formation of
dithiocarbamates could not be detected. The study showed that GLS and their breakdown products
such as ITC migrate into the surrounding food matrix and undergo reactions with proteins, which
could in turn lead to modified protein properties and reduce the bioavailability of ITC and lysine.

Keywords: glucosinolates; benzyl isothiocyanate; protein conjugates; functional foods; nasturtium;
garden cress; thiourea

1. Introduction

Plants possess a wide variation of bioactive compounds derived from plant secondary
metabolism. When consumed these can provide pharmacological properties and beneficial
effects on human health [1,2]. Consequently, the World Health Organisation (WHO) recom-
mends an intake of at least 400 g of fruits and vegetables per day, which is still not being
reached sufficiently [3,4]. In order to further increase the supply of vegetables with their
health-promoting secondary plant metabolites (SPM), different pasta and bread recipes
have already been adapted, applying raw materials rich in SPM [5–7]. Bread seems to be a
particularly suitable product for a fortification with SPM, as it is consumed quite frequently
in Western countries, regardless of age and gender [8].

When vegetables of the plant order Brassicales are used as ingredients in foods,
glucosinolates (GLS) are in many cases the dominating SPM [9]. Besides antibacterial
and anti-inflammatory effects, some studies even suggest a reduced risk of suffering from
certain types of cancer, when vegetables containing GLS are regularly consumed [10,11].
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However, the health-beneficial effects seem to be not directly associated with the native
GLS, but rather linked to their breakdown products, especially isothiocyanates (ITC) [12]. In
addition to ITC, nitriles, thiocyanates, and epithionitriles can be formed after the damage of
the plant tissue, as occurring during chewing or cutting. During food processing nitriles are
formed via thermally-induced degradation [13,14]. The tissue damage causes the enzyme
myrosinase to come into contact with the GLS and hydrolyze them into unstable aglycone
intermediates. These are then further converted by a Lossen-like rearrangement or specific
proteins into the different breakdown products [15,16]. The profile of the breakdown
products formed is dependent on the pH value, the presence of modifier proteins, and the
initial composition of the GLS [17].

Due to their electrophilic nature, ITC can react with nucleophiles such as the amino
or thiol groups of amino acids, peptides, or proteins. The reaction of ITC with the side
chains leads to the formation of thiourea and dithiocarbamate derivatives, respectively,
presenting different stabilities and subsequent reaction pathways [18–20]. Conjugates
between ITC and different food proteins such as myoglobin, egg white proteins, and
whey proteins have already been studied. It was found that the ITC-protein conjugation
does not only lead to altered physicochemical properties, but also to a structural change
of the proteins [18,21,22]. In food, ITC-protein conjugates were already identified when
garden cress (Lepidium sativum) was mixed with curd (as in the typical German spread
‘Kräuterquark’) with the result that 28% of the original GLS were conjugated to lysine and
cysteine [23].

In a recent study, bread was enriched with pak choi (Brassica rapa subsp. chinensis) and
kale (Brassica oleracea var. sabellica) for increasing the intake of GLS and their breakdown
products [24]. During breadmaking, the ingredients undergo a heating process, reaching
temperatures around 100 ◦C. Consequently, mainly nitriles rather than ITC were detected
in those experiments, as higher temperatures conditions preferably lead to the formation
of nitriles, which have a higher thermostability [24,25]. The desired health-promoting
ITC were only found in bread enriched with pak choi (Brassica rapa subsp. chinensis)
microgreens in a concentration below 0.005 μmol/g fresh weight. Further reasons for the
low ITC concentration could have been based on the chemical structure of the GLS, the
water content of the bread, and the plant tissue being only marginally destroyed [24]. The
behavior of ITC in a processed food with regard to interactions with nucleophilic amino
acid side chains was not yet investigated in detail. However, reactions between ITC from
the added vegetables and proteins in a more highly processed product such as bread, still
need characterization, as fate of the GLS and ITC during breadmaking is not yet completely
understood. Such interactions can affect the physiological as well as the technofunctional
properties of both components.

It is hypothesized that the thermally-induced breakdown products of GLS can migrate
into the bread crumb and form ITC-wheat protein conjugates to a certain extent, away
from their place of formation. Consequently, the aim of this study was to investigate
the formation of ITC, their migration behavior in a model bread matrix, and the possible
conjugation with wheat proteins. Based on a recent experiment, wheat dough was used,
mixed with fresh garden cress (Lepidium sativum L.) or freeze-dried nasturtium leaf-powder
(Tropaeolum majus L.) [7]. Microgreens and homogenized material from the different cress
genera were used for studying the factors that can influence the formation of ITC conjugates
such as different BITC sources and the form of plant-material addition.

2. Materials and Methods

2.1. Chemicals and Materials

Boric acid solution (4%), hydrochloric acid (0.1 M), hydrochloric acid (32%), formic
acid (FA; 98%), sodium hydroxide (100%), trichloroacetic acid (≥99%), Kjeldahl tablets,
sulfuric acid (96–98%, p.a.), methanol (LC-MS grade), water (LC-MS grade), methylene
blue, methyl red and methylene chloride (GC Ultra Grade, solvent) were purchased from
Carl Roth GmbH & Co. KG (Karlsruhe, Germany). Pronase E (from Streptomyces griseus),
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pepsin (from porcine gastric mucosa), pancreatin (from porcine pancreas), β-glucuronidase
(from Helix pomatia), DEAE Sephadex® A-25, 4-hydroxybenzyl glucosinolate potassium salt,
2-propenyl glucosinolate potassium salt, benzyl cyanide (≥98%), benzonitrile (≥99.9%),
and benzyl isothiocyanate (≥98.5%) were obtained from Merck KGaA (Darmstadt, Ger-
many). 1H-Imidazole was purchased from AppliChem GmbH (Darmstadt, Germany),
boric acid (powder, pure) from Honeywell International Inc. (Seelze, Germany) and 4-
(methylsulfinyl)butyl glucosinolate from PhytoLab GmbH & Co. KG (Vestenbergsgreuth,
Germany). Sodium sulfate anhydrous (≥99%) was obtained from VWR International
GmbH (Darmstadt, Germany). C18ec solid phase extraction cartridges (3 mL, 200 mg)
were obtained from Machery-Nagel GmbH & Co. KG (Düren, Germany). The BITC-lysine
and BITC-cysteine standards used were synthesized by Kühn et al. [23].

2.2. Plant Material

Garden cress seeds (Lepidium sativum L.) were purchased from Dürr Samen (Reutlin-
gen, Germany). The seeds were cultivated for seven days at room temperature on cotton
wool with natural light on a windowsill and sprayed with water every day. The sprouts
were harvested and divided into two parts. One part was used for the analysis of the GLS
content of the non-processed material, the other part was directly applied as ingredient in
the bread dough.

Freeze-dried nasturtium (Tropaeolum majus L.) leaves were obtained from the Leibniz
Institute of Vegetable and Ornamental Crops (IGZ) e.V. (Großbeeren, Germany). The
cultivation was done according to standard procedures for Brassica vegetables, including
fertilization, irrigation, and plant protection. After 10 weeks, leaves were harvested and
immediately frozen at −50 ◦C, freeze-dried, and milled to a fine powder [26]. A part of the
homogenized material was analysed for the GLS content and the other part applied into
the bread dough.

2.3. Bread Baking and Material for Analysis

Three bread types with different cress applications and percentage addition relative
to the dough weight were prepared: freeze-dried, powdered nasturtium leaves (Tropae-
olum majus L., 4%) mixed homogenously into the dough (application No. I); parts of fresh
garden cress microgreens (Lepidium sativum L., 1.5%) mixed into the dough (application
No. II), and freeze-dried nasturtium leaves (Tropaeolum majus L., 1.5%) placed centrally in
the dough (application No. III).

The different bread types were prepared in triplicate. The basis was a wheat dough
with 65% wheat flour (Type 450, EDEKA Zentrale AG & Co. KG, Hamburg, Germany),
33% water, 1% salt, 0.5% sugar, and 1% yeast (EDEKA Zentrale AG & Co. KG). The dough
was prepared by adding the water to the dry ingredients and kneaded by hand for 5 min.
The dough was divided, and the plain dough was used as control. The second part of
the dough was mixed with freeze-dried powdered nasturtium leaves (application No.
I) or respectively with parts of fresh garden cress microgreens (application No. II). The
resulting levels of benzyl glucosinolate (BG) were around 50 μmol/100 g bread dough for
application No. I and 20 μmol/100 g bread dough for application No. II. For the rise and
the baking, a commercially available breadmaking device (UNOLD Backmeister® extra
Modell 65811, UNOLD AG, Hockenheim, Germany) was used. The program sequence is
listed in Table 1 and the temperature profile is given in Figure 1. After cooling down the
whole bread, the crust was removed, and the crumb was frozen at −80 ◦C. For the analysis
of GLS breakdown products the material was grounded using liquid nitrogen to prevent
thawing and stored frozen at −80 ◦C. To investigate ITC-protein conjugates lyophilized
powder was used, also stored at −80 ◦C.
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Table 1. Baking program of the UNOLD Backmeister® extra Modell 65811.

Section Number Section Name Time [min] Temperatures Ø [◦C]

1 tempering 17 22.4
2 slow stirring 3 25.6
3 kneading clockwise 2 25.6
4 kneading anti-clockwise/clockwise 13 27.8
5 1st rising without heat 45 28.0
6 smoothing dough 1 28.0
7 2nd rising without heat 18 26.8
8 smoothing dough 1 26.8
9 3rd rising with heat 45 33.6
10 baking 55 87.8

total 200

Figure 1. Temperature profile of the rise and baking in the bread maker (UNOLD Backmeister® extra
Modell 65811, UNOLD AG, Hockenheim, Germany).

For the bread with the freeze-dried nasturtium bolus in the center of the dough
(application No. III), the plain dough was treated according to program section number
8. Then, the additional plant material was placed into the dough and the treatment was
continued with program sections number 9 and number 10. The BG amount was around
17 μmol/100 g bread dough. After cooling down, the crust and the plant material were
removed. The crumb was separated into three further fractions as shown in Figure 2:
Crumb material in direct and close contact to the freeze-dried material was the core fraction
(fr-1). With increased distance of the original bolus, an intermediate fraction (fr-2), and an
outer fraction (fr-3) were prepared.

 

Figure 2. Scheme of the vegetable-enriched model bread application No III (bolus application). The
crumb is separated into three fractions: core fraction (fr-1), intermediate fraction (fr-2), and outer
fraction (fr-3).
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The separated garden cress material from application No. II and nasturtium from
application No. III were also used for a GLS analysis to verify the loss of GLS and/or
breakdown product formation resulting from the baking process or further transformations
of the plant material. This further enables one to evaluate indirectly the leaching and
migration into the dough. Additionally, an experiment was performed to investigate a
possible heat-induced breakdown of GLS during the baking process of application No.
III. For this, homogenized nasturtium was boiled in water for 10 min to deactivate the
myrosinase and freeze-dried afterwards. The samples were then parted: one part was used
for GLS analysis. The other part was baked into the bread, freeze-dried and also analyzed
for the GLS content.

2.4. Protein Content

For the determination of the protein content the control breads were used and a
traditional Kjeldahl protocol was performed. Freeze-dried bread (2.5 g) was mixed with
20 mL sulfuric acid (96–98%, p.a.) and a catalyst tablet. The reaction was heated for 4 to
5.5 h, till the solution was clear. For the distillation, a distillation unit (Büchi Labortechnik
GmbH, Essen, Germany) was used. To the cooled down reaction mixture, 75 mL of water
and 75 mL of aqueous sodium hydroxide (33%, w/v) were added, and steam distilled for
5 min at 75% steam pressure into 50 mL aqueous boric acid (4%). Finally, the distillates
were titrated with 0.1 M hydrochloric acid until a color change from green to grey/colorless
of the Tashiro indicator was observed. The calculation of the protein content was based on
the nitrogen content and a protein conversion factor of 5.7 [27].

2.5. Enzymatic Hydrolysis of the Samples

For the extraction of ITC-amino acid conjugates, a combination of different enzymatic
digestion protocols were used. First, the protocol of Pasini et al. was applied, in which
an in vitro digestion was imitated to hydrolyze the proteins into peptides [28]. Therefore,
50 mg of freeze-dried bread was mixed with 4 mL of a pepsin solution (0.05 mg/mL in
0.2 M hydrochloric acid, enzyme/protein ratio: 1:30) and incubated for 30 min at 37 ◦C
and 400 rpm in a thermoshaker (Hettich Benelux B.V., Geldermalsen, the Netherlands).
Afterwards, 1.15 mL of a pancreatin solution (0.25 mg/mL in 1 M boric acid and 0.5 M
sodium hydroxide solution, pH 6.8, enzyme/protein ratio 1:21) were added to the samples
with a resulting pH value of 7.6. The reaction mixture was incubated again (37 ◦C, 400 rpm)
for 150 min and the enzymatic digestion was finally stopped by the addition of 1 mL
20% (w/v) trichloroacetic acid (TCA). The reaction mixture was allowed to precipitate for
60 min, centrifuged for 10 min at 2576× g, and the supernatant was freeze-dried. The latter
was diluted in 2 mL PBS-buffer and for further protein digestion, the protocol described by
Kühn et al. was used with some modifications [23]. A pronase E solution (60 μL, 7 U/mg,
10 mg/mL in PBS buffer, enzyme/protein ratio 1:100) were added and the mixture was
incubated for 18 h at 37 ◦C in a thermoshaker (400 rpm). The enzymatic digestion was
stopped by adding 100 μL 20% (w/v) TCA and the extracts were centrifuged for 10 min at
24,104× g.

The supernatants were purified using solid phase extraction (SPE). For the SPE, a C18ec
column was used, which was conditioned with methanol (3 mL) and equilibrated with
formic acid (FA, 3 mL, 0.1% in water, v/v). Subsequently, the samples were applied and
washed twice with aqueous FA (3 mL, 0.1% in water, v/v). The amino acid conjugates were
eluted with methanolic FA (3 mL, 0.1% in methanol, v/v). The extracts were evaporated to
dryness under a continuous stream of nitrogen and finally concentrated in 100 μL FA (0.1%
in methanol/water, 80:20, v/v).

2.6. HPLC-ESI-MS/MS Analysis of Protein Conjugates

For LC-ESI-MS/MS analysis of the ITC protein conjugates, the protocol described
by Kühn et al. was used with some modifications [20]. An aliquot (4 μL) was injected
into the LC-ESI-MS/MS-system. For quantification, an external calibration with BITC-
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lysine (BITC-Lys) conjugate synthesized by Kühn et al. was used in a concentration range
from 0.01 to 4 μmol/L [23]. The LC-ESI-MS/MS system consisted of a 5500 QTrap triple
quadrupole MS/MS system (AB Sciex Germany GmbH, Darmstadt, Germany) combined
with an Agilent 1260 Infinity II HPLC-system (Agilent Technologies Deutschland GmbH,
Waldbronn, Germany). For data acquisition and analysis, the software Analyst 1.7.0 (AB
Sciex Germany GmbH) was used.

The separation of the analytes was performed on a Kinetex® C18 column (5 μm,
100 Å, 150 mm × 2.1 mm; Phenomenex Ltd., Aschaffenburg, Germany). The autosampler
temperature was set to 4 ◦C and the column oven to 20 ◦C. The separation was performed
with a flow rate of 300 μL/min of the mobile phase, consisting of 0.1% FA in water (eluent
A) and 0.1% FA in MeOH (eluent B). At the beginning, the gradient consisted of 90% eluent
A for the first minute. Subsequently, the concentration of eluent B increased linearly to 90%
within 8 min and remained constant for 1 min. Afterwards, the start composition of eluent
A and B was reached within 1 min. Finally, the column was re-equillibrated for 4 min with
a composition of 90% eluent A.

The MS system was set to positive ionization mode with an entrance potential of 10 V.
The ion spray voltage consisted of 5.5 kV, the desolvation gas temperature was 550 ◦C, the
ion source gas pressure 70 psi for gas 1 and 55 psi for gas 2, and the curtain gas pressure
was 40 psi.

2.7. HPLC-UV Analysis of Desulfo-GLS

The extraction of GLS and a conversion into desulfo-GLS were performed as pre-
viously described by Wiesner et al. with some modifications [29]. For extracting GLS
from 10 mg freeze-dried plant material, 750 μL methanol (70% in water, v/v, 70 ◦C) were
added as well as 25 μL of a p-hydroxybenzyl GLS solution (sinalbin, 1 mM in water) as
internal standard. The mixture was heated at 70 ◦C for 10 min and afterwards centrifuged
at 7748× g for 5 min at room temperature. The residue was re-extracted twice with 500 μL
methanol (70% in water, v/v, 70 ◦C) and an incubation time of 5 min. All supernatants
were combined.

To clean-up the extracts, small glass columns containing 500 μL of DEAE-Sephadex
A-25 were used. The sorbent was activated with 6 M imidazole (2 mL, in FA 30% in water)
and washed two times with water (1 mL), before sample-extracts were applied. Afterwards,
75 μL of purified β-glucuronidase (from Helix pomatia) were added and incubated overnight.
Then, desulfo-GLS were eluted with 2 × 500 μL of water, transferred to Corning® Costar®

Spin-X® centrifuge tube filters (Merck KGaA) and centrifuged for 2 min at 5165× g. The
sample solutions passed through the filters were used for HPLC-UV analysis.

An Agilent 1260 Infinity II LC system with an UV detector, equipped with a Poroshell
120 EC-C18 column (2.7 μm, 2.1 mm × 100 mm), was used for the separation. The
autosampler temperature was set to 4 ◦C and the column oven to 23 ◦C. The mobile phase
consisted of water (eluent A) and acetonitrile (eluent B) with a flow rate of 400 μL/min.
In the beginning, eluent A was set to 99.8% for 2 min. Subsequently, the concentration of
eluent B was linearly increased to 19.8% within 10 min and hold for 2 min. After that, the
concentration of eluent B was further increased to 50% within 1 min and was kept constant
for 1 min. Re-equilibration of the column was finally performed for 2 min with 99.8% of
eluent A.

The identification of the desulfo-GLS based on a comparison of the retention time
with reference GLS such as BG, 4-(methylsulfinyl)butyl glucosinolate and 2-propenyl
glucosinolate at 229 nm. The quantification was done with p-hydroxybenzyl glucosinolate
as internal standard and the specific response factor for each compound [30].

2.8. GC-MS Analysis of GLS Breakdown Products

Freshly frozen and ground bread (500 mg) was weighed frozen into a solvent resistant
vessel. The extraction started with frozen bread powder that was allowed to heat to room
temperature after adding the first round of methylene chloride. GLS breakdown products
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were extracted and analyzed with gas chromatography-mass spectrometry (GC–MS) using
the extraction protocol described by Wermter et al. and the GC-MS protocol described by
Hanschen et al., except that the transfer line temperature was set to 250 ◦C [31,32].

2.9. Statistical Analysis

For statistical analysis Statistica 64 (Version 13, Dell Inc., Tulsa, OK, USA) was used.
The differences between the results of the two different applications No. I and No. II, and
the non-processed and baked plant material was analyzed using the t-test. A statistical
confidence level of 95% (p ≤ 0.05) was defined.

3. Results

3.1. Quantification of GLS in Nasturtium and Garden Cress before and after the Baking Process

In this experiment, the thermally-induced degradation of GLS during the baking
process was investigated with a main focus on glucotropaeolin (BG) and its breakdown
product BITC. For a comparison, the GLS content of the plant materials (Tropaeolum majus
L., Lepidium sativum L.) was analyzed before and after the baking process. The results are
shown in Table 2.

Table 2. GLS profiles and contents in nasturtium (Tropaeolum majus L.) and garden cress (Lepid-
ium sativum L.) material, either non-processed (before baking) or after the baking process. Results are
presented in μmol/g dry weight (DW) ± standard deviation. Because of the use of fresh garden cress
the result of benzyl glucosinolate is additionally expressed in fresh weight (FW) for this material.
Abbreviations: n.d.: not detected, BG: benzyl glucosinolate, IMG: indol-3-ylmethyl glucosinolate,
2-PE: 2-phenylethyl glucosinolate, 1-MeO-IMG: 1-methoxy-indol-3-ylmethyl glucosinolate.

Nasturtium Garden Cress

Non-
Processed

After Baking 1 Non-
Processed

After Baking 1

BG
DW 11.51 ± 0.42 n.d. 48.80 ± 3.78 27.28 ± 2.92

FW - - 12.14 ± 0.94 6.79 ± 0.73

IMG DW - - 0.36 ± 0.15- 0.54 ±0.06-

2-PE DW - - 0.44 ± 0.07 0.29 ± 0.13

1-MeO-IMG DW - - 0.08 ± 0.01 n.d.
1 Results of three treatment replicates analyzed in technical duplicates.

In the non-processed nasturtium (Tropaeolum majus L.), the GLS profile consisted of
only BG with a content of 11.5 μmol/g freeze-dried material, which results around 0.5 μmol
BG/g bread before the baking process for application No. I and 0.18 μmol BG/g bread for
application No. III. In the separated material after the baking process of the nasturtium in
application No. III, no BG could be detected, which corresponds to a release and possible
degradation of 100% BG during the baking process.

The GLS profile of the fresh garden cress (Lepidium sativum L.) microgreens consisted
mainly of BG with an amount of 48.80 μmol/g in freeze-dried material, which corresponds
to an amount of 12.14 μmol/g in fresh material and around 0.2 μmol BG/g bread in appli-
cation No. II. It also contained 0.36 μmol/g indol-3-ylmethyl glucosinolate (glucobrassicin,
IMG), 0.45 μmol/g 2-phenylethyl glucosinolate (gluconasturtiin, 2-PE), and 0.08 μmol/g
1-methoxy-indol-3-ylmethyl glucosinolate (neoglucobrassicin, 1-MeO-IMG) in freeze-dried
material. After the baking process, the BG content in garden cress microgreens decreased to
27.28 μmol/g freeze-dried material, which corresponds to a decline of 44.0%. The reduction
of the other GLS in the garden cress differed from 17% to 100% in the following order:
1-MeO-IMG > 2-PE > BG > IMG (Figure 3).
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Figure 3. Thermal degradation of GLS in nasturtium and garden cress during the baking process.
Results are expressed in % of residual glucosinolates of three treatment replicates analyzed in
technical duplicates. Abbreviations: BG: benzyl glucosinolate, IMG: indolyl-3-methyl glucosinolate,
2-PE: 2-phenylethyl glucosinolate, 1-MeO-IMG: 1-methoxy-3-indolylmethyl glucosinolate.

With regard to the BG degradation and release of BITC, more BG was degraded when
using the homogenized nasturtium leaves instead of the fresh garden cress microgreens,
which could lead to a higher concentration of BITC in bread with freeze-dried material.

For the additional experiment where the myrosinase was deactivated by boiling the
freeze-dried nasturtium material for 10 min, Figure 4 shows that even by adding the ho-
mogenized material to boiling water for 10 min BG is degraded by 75% from 11.51 μmol/g
to 2.79 μmol/g in freeze-dried material. After the baking process no BG could be detected.
Therefore, GLS in freeze-dried homogenized material can be strongly degraded by heat.

Figure 4. Thermal degradation of GLS in nasturtium after boiling in water for 10 min to deactivate the
myrosinase and further baked into bread. The experiment and analysis were performed in duplicate.
Abbreviations: BG: benzyl glucosinolates, n.d.: not detected.

3.2. ITC-Protein Conjugates in Bread with Different Cress Genera

To investigate possible reactions between BITC and wheat proteins, homogenized
plant material of nasturtium (Tropaeolum majus L) was used for creating a large reaction
surface and compared to the addition of garden cress (Lepidium sativum L.) microgreens,
being comparatively more compact in structure.

The baked breads showed a difference in appearance, because of the differently
applied plant materials. When adding a freeze-dried, powdered material, a homogenous
green color of the crumb was obvious (Figure 5a), while the addition of fresh material

168



Foods 2021, 10, 1300

was more heterogeneously distributed. So, individual green particles were noticed and
spread all over the crumb (Figure 5b); the reference bread showed no further particularities
(Figure 5c).

Figure 5. Pictures of the different cress-enriched model breads. (a) freeze-dried nasturtium (Tropae-
olum majus L, 4%) mixed into the dough (application No. I); (b) fresh garden cress (Lepidium sativum
L., 1.5%) mixed into the dough (application No. II); (c) reference bread without plant material.

The LC-ESI-MS/MS method was developed for analyzing modifications with amino
and thiol groups analyzed as ITC-lysine and ITC-cysteine conjugates. At hand of synthe-
sized standards, the thiourea derivative BITC-lysine (BITC-Lys) and the dithiocarbamate
BITC-cystein (BITC-Cys) can be quantified [20].

As shown in Figure 6, in the bread with freeze-dried powdered nasturtium leaves
(Tropaeolum majus L., application No. I), 20.9 nmol BITC-Lys/g protein corresponding to
3.36 nmol BITC-Lys/g bread were determined, while in the bread with the fresh garden
cress (Lepidium sativum L.) microgreens (application No. II), 17.2 nmol BITC-Lys/g protein
(3.07 nmol BITC-Lys/g bread) were found.

Figure 6. Formed BITC-Lys conjugates in bread with freeze-dried nasturtium (application No. I) and
garden cress microgreens (application No. II) mixed into the dough. The breads were prepared and
analyzed in triplicate. The initial amount of BG in the breads differs around 40%, but the amounts
of BITC-Lys conjugates differed in a range of 10% per gram bread. Therefore, the addition of 4%
homogenized nasturtium leaves resulted only in a 10% higher concentration of BITC-Lys conjugation
compared to the addition of 1.5% fresh garden cress.

In comparison to BITC-Lys, the dithiocarbamate BITC-Cys was not detected in the samples.

3.3. Quantification of BITC and Benzyl Cyanide in Bread with Different Cress Genera

Next to the identification and quantification of BITC-protein conjugates, the break-
down products of BG, BITC and the corresponding nitrile benzyl cyanide (BC), were
investigated. This analysis was performed to obtain an indication of whether free BITC is
detectable or whether the GLS has been transformed to the corresponding nitrile during
the baking process. This would be visible in a low concentration of BITC and a high
concentration of BC. Again, it was suspected that there might be a difference between the
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homogenized nasturtium leaves, and the fresh material of garden cress, due to the different
degree of destruction of the plant material prior to and during the baking process.

The results in Figure 7 show only a slight difference (ratio of 1:1.38) in the concentration
of BITC (5.93 nmol/g bread) and BC (4.30 nmol/g bread) for application No. I. In the bread
application No. II, only 1.51 nmol BITC/g bread and 42.74 nmol BC/g bread were analyzed,
resulting in a higher ratio of 1:28 BITC to BC. Comparing the different applications, more
BITC was detected in application No. I, but 10 times more BC was analyzed in application
No. II.

Figure 7. Formed benzyl glucosinolate breakdown products BITC and BC in bread with freeze-dried
nasturtium (application No. I) and garden cress microgreens (application No. II) mixed into the
dough. The breads were prepared in triplicate. Abbreviations: BITC: benzyl isothiocyanate, BC:
benzyl cyanide.

3.4. ITC-Protein Conjugates in Bread with a Centrally Placed Nasturtium Bolus

The migration behavior of ITC into the food matrix and the distribution of reaction
products during food processing were further studied in a model bread, where a bolus
of freeze-dried nasturtium material was placed centrally (application No. III). Following
the baking process, the bolus was removed and the GLS content analyzed. The bread was
divided into a core, an intermediate, and an outer fraction (Figure 2). The appearance of
the crumb did not show any differences compared to the reference bread (Figure 8a,b).

Figure 8. Picture of the cress-enriched model bread. (a) with freeze-dried nasturtium (Tropaeolum
majus L, 1.5%) placed as centrally bolus (application No. III); (b) Picture of the reference bread
without plant material.

170



Foods 2021, 10, 1300

BITC-Lys was detectable in the crumb. As anticipated, the highest concentration
with 9.02 nmol BITC-Lys/g protein (1.38 nmol BITC-Lys/g bread) was found in the core
fraction, while the analysis of the intermediate fraction showed a lower concentration
of only 0.89 nmol BITC-Lys/g protein (0.12 nmol BITC-Lys/g bread) (Figure 9). In the
outer fraction BITC-Lys could still be detected with a concentration of 0.26 nmol BITC-
Lys/g protein (0.02 nmol BITC-Lys/g bread). Again, the BITC-Cys conjugate could not be
detected in any of the fractions.

Figure 9. Amounts of the BITC-Lys conjugates in the core, intermediate, and outer fraction of the
bread with freeze-dried nasturtium added selectively (application No. III). Three different breads
were prepared and analyzed in triplicate.

3.5. Quantification of BITC and Benzyl Cyanide in Bread with a Centrally Placed
Nasturtium Bolus

It was also of interest to investigate the migration behavior of the BG breakdown
products BITC and BC in the different fractions of the bread. As shown in Figure 10a, it
was found that only in the core fraction BITC could be detected with a concentration of
0.52 nmol/g bread. BC was found in all three fractions with decreasing concentration from
the core fraction to the outer fraction. In detail the results in Figure 10b show that in the
core fraction 653.02 nmol BC/g bread was found, decreased by 64% to the intermediate
fraction (235.25 nmol BC/g bread). The difference from the intermediate to the outer
fraction (66.98 nmol BC/g bread) was around 70%.

Figure 10. Formed benzyl glucosinolate breakdown products BITC (a) and BC (b) in bread with
freeze-dried nasturtium added as a bolus in the middle of the bread (application No. III). The breads
were prepared in triplicate. Abbreviations: BITC: benzyl isothiocyanate, BC: benzyl cyanide.
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4. Discussion

In the present study, the degradation of GLS, the migration of their main breakdown
product ITC, the corresponding nitrile, and the formation of ITC-protein conjugates were
exemplarily investigated in a vegetable-enriched bread.

For these studies, bread was baked with parts of fresh garden cress (Lepidium sativum
L.) microgreens and homogenized freeze-dried powdered nasturtium leaves (Tropaeolum ma-
jus L.). The different cress genera mainly contained the GLS BG, which can be degraded to
BITC and the corresponding nitrile. This allowed a direct conclusion on the used material
(homogenized or microgreens), independent of different chemical structures and therefore,
different degradation rates of GLS during a heat treatment [33]. Because of the different
percentage of addition the bread with nasturtium contained 2.5 times more BG before the
baking process, therefore it was assumed that there is a more intense release of BITC during
the baking process and consequently to an enhanced conjugation with proteins.

With regard to the GLS profile before and after the baking process, 100% BG in the
homogenized freeze-dried nasturtium were degraded. In comparison, only 44% BG were
released during the process from the garden cress microgreens into the crumb. Therefore,
in application No. I around 50 μmol/100 g bread dough were degraded and in application
No. II around 9 μmol BG/100 g bread dough. A former study assumed that due to a low
destruction of the plant matrix, the GLS remain longer intact in the plant material [24].
The results of the present study underlined this assumption. When using fresh, non-
homogenously material, the migration of released BITC into the surrounding food matrix
might be hampered by the intact plant structure and the reduced reaction surface in
comparison to a freeze-dried material (Figure 5b). The plant tissue of freeze-dried material
is already more or less disintegrated. By adding the material to the moist bread dough, the
GLS could already be degraded by the enzyme myrosinase before the baking process, which
is a difference to the use of garden cress microgreens. During the baking process, further
heat-induced degradation can occur. The more homogeneous, pulverized material also
leads to easier migration of the GLS and their breakdown products into the surrounding
matrix before and during the baking process because the homogenized material ensures a
broader distribution in the crumb (Figure 5a).

For these reasons and the higher BG concentration it was assumed that there would be
significantly more protein conjugates in application No. I. The results confirmed that there
is indeed a higher concentration of BITC-Lys, but it is only 10% higher than in application
No. II even though the BITC levels likely formed were lower, because only 44% BG is
released. To explain these results, a correlation can be made to the analyzed breakdown
products. The breakdown product results show that there is only a slight difference in
the amount of unreacted BITC in the different breads. However, the BC results show a
10-times higher concentration in the bread with fresh garden cress compared to the bread
with freeze-dried, homogenized nasturtium. Thus, overall, a higher amount of breakdown
products is detectable in application No. II.

The difference can be explained by the different states of the plant materials. In
application No. I, BG might be already enzymatically degraded to BITC before the baking
process began. This BITC might be degraded by heat action at an early stage of the baking
process and thus might be no longer available for follow-up reactions. In addition, there
appears to be volatilization of BITC and BC, so that overall fewer breakdown products
were detectable in the baked bread of application No. I. When fresh material is used, the
degradation of BG starts probably mainly during the baking process, so that initially the
released BITC is available for reactions with proteins directly during the baking process.
BC very likely is formed in high amounts due to thermal degradation of BG, as nitriles have
been found to be the main degradation products from GLS in heated vegetables [13,25].
Therefore, despite the lower initial concentration of BG in application No. II, a larger
amount of BITC may have been available for the formation of protein conjugates, as shown
in the results of the ITC conjugates.
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In the present study, 0.01% of BG in application No. I and 0.02% in application
No. II were transformed into BITC-Lys conjugates, resulting in around 0.01% modified
lysine in both breads. In an experiment described by Kühn et al., curd was mixed with
cress, resulting in a typical German spread (‘Kräuterquark’) and analyzed for possible
ITC protein conjugates. The results showed a higher conjugation of BG to BITC-Lys of up
to 2–4% [23]. Considering the pH value, which not only influences the formation of ITC
conjugates, but also their stability, more lysine conjugates should be detectable in wheat
bread (pH 5.9) than in curd (pH 4.5), since a pH value close to the neutral range leads to an
increased formation and stabilization of thioureas as shown by Platz et al. [34]. Therefore,
the different results could be explained by the far different processing approaches. Baking
produces temperatures of up to 95 ◦C for around 30 min in the bread matrix (Figure 1),
whereas curd with herbs is only mixed at room temperature.

In regard to the enzymatic degradation of GLS selected studies showed that a short
heat exposure of white cabbage (Brassica oleracea var. capitata f. alba cv. Minicole), red
cabbage (Brassica oleracea var. capitata f. rubra cv. Primero), and kohlrabi (Brassica oleracea var.
gongylodes cv. Kolibri,) for 10 min at around 60 ◦C led to an increased ITC formation due
to inactivation of specifier proteins that enhance enzymatically nitrile and epithionitrile
formation. In contrast, longer heat exposure durations (of up to 120 min), especially in
the range of 100 ◦C, led to a nitrile formation due to thermal GLS degradation. Nitriles
then accumulate in the matrix, because of their heat stability. Compared to the nitriles, the
concentration of ITC decreases with prolonged heating, which results in less ITC available
for follow-up reactions with proteins [13]. During the baking process, ITC could decompose
to a wide range of further breakdown products, depending on their chemical structure. As
an example for an aromatic ITC, a study applying phenethyl isothiocyanate (PEITC) in
aqueous solutions showed that PEITC can be thermally decomposed to phenethylamine
and can further react to N,N′-diphenethylthiourea [35]. This hydrolysis reaction of ITC
results in less protein conjugates in heated food products because less ITC is available for
follow-up reactions with proteins.

To understand not only the formation of ITC-protein conjugates, but also the migration
of GLS, ITC, and possible reaction products, another bread with a centrally placed freeze-
dried nasturtium bolus was prepared. This experiment showed that BITC migrated up
to the outer fraction and the concentration of BITC must have been still high enough
to detect BITC-protein conjugates. It could be demonstrated that the concentration of
the conjugates was reduced by 90% from the core fraction to the intermediate fraction
(Figure 7). However, ITC-protein conjugates are still detectable in the outer fraction reduced
by 97% to the core fraction.

The analysis of the BG breakdown products BITC and BC showed, that BITC was
only detectable in the core fraction, whereas BC, which was highly abundant, could be
quantified in all three fractions reduced by 90% from the core fraction to the outer fraction.
This result shows that BITC migrates to the outer fraction during the baking process and
reacts with proteins. Furthermore, not only the BITC migrates from the core fraction to the
outer fraction, as proven by the protein adducts, but also formed BC.

In comparison to application No. I with homogenized nasturtium leaves mixed into
the dough, there might also be a difference of degradation of BG. Whereas BG might be
mainly degraded enzymatically in application No. I due to the contact with the dough, the
BG in freeze-dried material added as a bolus might be degraded as well by the heat during
the baking process, because not all the material is in contact with the moisture of the bread
dough. When adding homogenized nasturtium to boiling water and treating it for 10 min
at 100 ◦C, already 75% of BG were degraded. Therefore, BG seems to be very heat labile,
and this might explain the total degradation of BG that was observed.

In this study, 1.5% to 4% homogenized nasturtium was applied to the bread doughs. In
a former study, bread has been enriched with vegetable powder in a range of 1–3%, which
lies within the range of quantity used [36]. Studies using fresh diced vegetable ingredients,
such as kale, beetroot, and spinach, enriched the breads in a range of 10 to 40% [6,24,37].
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Here, the prepared breads with fresh garden cress microgreens were enriched with 1.5%.
With regard to a higher enrichment around 10 to 40% the concentration of BG and thus,
resulting BITC likely would further increase significantly. This again can lead to a more
intense release and migration of ITC and more follow-up reactions with proteins.

In all experiments, only BITC-Lys conjugates were detected, although the calculated
difference in the concentrations of lysine (2.3% in wheat proteins) and cysteine (1.6% in
wheat proteins) in the initial wheat proteins was only 0.7%. In another study, where
garden cress was implemented in curd, higher concentrations of BITC-Cys conjugates were
detected, despite the lower concentration of cysteine (0.3%) to lysine (8.2%) of the milk
proteins [23]. Because of these results it was assumed that more cysteine conjugates would
be formed in the present study, which could not be confirmed. These differences can be
explained by the pH value and the heat treatment during the baking process (Figure 1). The
pH value of the food matrix not only influences the formation of BITC protein conjugates
but also their stability. The pH of the bread (5.9) should lead to a higher formation of
BITC-Lys conjugates [34]. Additionally, BITC-Cys conjugation is reversible and shows only
little stability with increasing temperature, whereas reaction between the amino group
of lysine and ITC are stable and temperature has only a minor influence on BITC-Lys
conjugates [20,38,39].

Next to a potentially lower biological value, protein conjugations have further conse-
quences. In former studies, an influence on typical digestive enzymes has already been
observed: While trypsin and chymotrypsin were not able to fully hydrolyze ITC-modified
proteins, pepsin activity was not hindered. These differences are assigned to the typical
specificities of those enzymes to split near selected amino acids. Trypsin, for example,
hydrolyzes peptide linkages containing lysine or arginine, whereas pepsin is a non-specific
protease [19,40–42]. Therefore, the digestibility by trypsin can be more affected due to
the BITC-Lys conjugation. Next to the influence on the digestibility, another experiment
showed that ITC modifications also lead to a decrease of enzyme activity as shown with
tyrosine phosphatase [43]. In food production, a reduced water solubility of proteins due
to a conjugation with the hydrophobic BITC could be relevant, as well as, altered heat
aggregation, foaming and emulsifying properties which was demonstrated at hand of
AITC modified β-lactoglobulin [41,44].

In addition to GLS, Brassicales vegetables also contain other SPM such as flavonoids
and carotenoids. The heat exposure during the baking might also affect these SPM, which
could also lead to follow-up reactions [24,45]. It has already been shown that the antioxidant
activity of phenolic compounds in vegetables is often not diminished, even when there is
a thermally-induced breakdown to smaller compounds, but there is also a formation of
complexes with proteins during the baking process [45].

5. Conclusions

In foods containing proteins and GLS-rich vegetables, reactions between ITC and
proteins may occur and the reaction of BITC with lysine can lead to a lower biological value
of the protein [46]. However, in comparison to non-heated foods, less protein conjugates are
formed in heated food products, because the formation of ITC during the baking process is
diminished due to evaporation and hydrolysis reactions. Therefore, a lower bioavailability
of lysine due to reactions with ITC is less of a concern in heated processed foods, but there
is also no health benefit from more available ITC.

In addition to the ITC-amino acid conjugates with cysteine and lysine investigated
herein, there could be further reactions with other amino acids, such as methionine (1.1% in
the bread) and tyrosine (1.5% in the bread). Such reactions have not yet been investigated
and could lead to a higher ITC-protein conjugation than previously anticipated [47,48]. It
could also be interesting to study how the concentration of conjugates change over a longer
period of time, because bread is typically consumed over several days.
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Abstract: This study was performed to clarify the enhancement of the 4-methylthio-3-butenyl
isothiocyanate induced yellowing of salted radish root (takuan-zuke) by low pH during short-term
salt-aging at low temperature and low salinity. We used two different methods to prepare the
dehydrated daikon prior to salt-aging: air-drying outdoors (hoshi takuan-zuke) or salting with
a stone press (shio-oshi takuan-zuke). Low salt-aging at low temperature was carried out under pH
control with citrate-phosphate buffer. The yellowing of both types of takuan-zuke was accelerated
below pH 5, and the color of air-dried takuan-zuke was deeper than that of salt-pressed takuan-zuke.
To elucidate this phenomenon, several previously reported yellowing-related compounds were
analyzed by high-performance liquid chromatography. The result showed that the production of the
primary pigment, 2-[3-(2-thioxopyrrolidin-3-ylidene)methyl]-tryptophan, was low compared with
that in previous reports. Therefore, we suggest that an unknown pigment was generated through
a previously unreported pathway.

Keywords: pickled vegetables; yellowing salted radish root; glucosinolate–myrosinase system;
tryptophan biosynthesis; isothiocyanates

1. Introduction

Takuan-zuke (salted radish root) is a popular and traditional Japanese processed food.
Japanese radish roots (Raphanus sativus L.; daikon) are dehydrated by either air-drying outdoors
(hoshi takuan-zuke) or salting with a stone press (shio-oshi takuan-zuke) before pickling.
The dehydrated daikon radishes are then pickled in salt or salty rice bran for several months.
The color of takuan-zuke is transformed from the white color of daikon to bright yellow during the
long salt-aging process at ambient temperature [1]. However, the yellow color of takuan-zuke is
easily photobleached by visible light and often fades when it is displayed in stores [2]. Recently,
the color of commercial takuan-zuke, which is pre-pickled at low temperature and low salt, has been
noted to be a dull yellow. Commercial takuan-zuke is prepared using yellow coloring agents such as
tartrazine and gardenia pigment for consistency. However, modern Japanese consumers prefer white
takuan-zuke to yellow takuan-zuke, possibly due to the misunderstanding of why white radish is
intentionally dyed yellow. The need for adding colorants can be avoided if the yellowing reaction
is controlled.

In our previous reports, we elucidated the detailed mechanisms of the yellowing reaction.
Figure 1 shows the production process for the yellow pigment contained in takuan-zuke. Briefly,
the starting compound for the yellowing reaction is 4-methylthio-3-butenyl isothiocyanate (MTB-ITC;
raphasatin), which is the main pungent compound of radish. MTB-ITC is generated enzymatically
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from 4-methylthio-3-butenyl glucosinolate (MTB-GLS; glucoraphasatin), which is induced by cell
damage during the dehydration process. Because MTB-ITC is readily degraded in the aqueous phase,
it plays an essential role in the taste and flavor of processed radish [3]. MTB-ITC is converted to
2-thioxo-3-pyrrolidinecarbaldehyde (TPC) and 3-(methylthio) methylene-2-thioxopyrolidine (MeSTP),
gaining a pyrrolidine ring by intramolecular cyclization and elimination of the methylthio group [4,5].
Furthermore, TPC, which has an aldehyde group, reacts with tryptophan via the Pictet–Spengler
reaction to form 1-(2-thioxopyrrolidin-3-yl)-1,2,3,4-tetrahydro-β-carboline-3-carboxylic acid (TPCC)
as a precursor to the yellow pigment [1,6]. 2-[3-(2-Thioxopyrrolidin-3-ylidene)methyl]-tryptophan
(TPMT) from TPCC is the main yellow pigment in long-term salt-aged takuan-zuke [7]. The proportion
of geometric isomers in TPMT is an important factor for yellow brightness and intensity, as the color
of the (Z)-isomer at 100 ppm is significantly yellow with Δb* 10.5 compared to (E)-isomer. The Z to
E-isomerization under visible light irradiation causes a chain reaction, making the preservation of the
yellow color difficult without a light-shielding film [2]. We previously reported that TPMT formation
from TPCC is a rate-limiting step that is pH- and temperature-dependent [7,8]. Therefore, it is difficult
to use the characteristic natural color in the modern manufacturing method.

Figure 1. Yellow pigmentation process in takuan-zuke. Abbreviation. 4-methylthio-3-butenyl
glucosinolate (MTB-GLS); 4-methylthio-3-butenyl isothiocyanate (MTB-ITC);
2-thioxo-3-pyrrolidinecarbaldehyde (TPC); 3-(methylthio) methylene-2-thioxopyrolidine
(MeSTP); 1-(2-thioxopyrrolidin-3-yl)-1,2,3,4-tetrahydro-β-carboline-3-carboxylic acid (TPCC);
2-[3-(2-Thioxopyrrolidin-3-ylidene)methyl]-tryptophan (TPMT).

In our preliminary experiments, takuan-zuke was prepared with 10 mmol/kg buffering agent
(pH 4, 5, and 6) at low temperature, to clarify the influence of pH on the yellowing reaction during the
salt-aging process. We found that the yellow coloring during short-term salt-aging at low temperature
was promoted under acidic conditions. Importantly, it is expected that microorganisms can be
suppressed by pickling under acidic conditions [9]. In the present study, we aimed to evaluate the
levels of known yellowing-related substances in takuan-zuke, and to understand the influence of acidic
pH condition on the yellowing reaction for takuan-zuke.

2. Materials and Methods

2.1. Preparation of Yellowing-Related Substances from MTB-ITC

The yellowing-related substances, MeSTP, TPCC, and TPMT, from MTB-ITC were synthesized
using previously reported methods [4,7,8,10]. MTB-ITC was synthesized by the reaction of a crude
MTB-GLS solution extracted from radish sprouts, with myrosinase extracted from radish. TPC was
synthesized by first dissolving MTB-ITC in acetone, adding acetic acid, and then sonicating the mixture.
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For synthesizing MeSTP, methanol and phosphoric acid were added to the MTB-ITC solution, and the
mixture was heated under reflux (70 ◦C) overnight to obtain a precursor fraction. The precursor
fraction was trans-solved in acetone, hydrochloric acid was added, and the mixture was synthesized
by heating under reflux (60 ◦C). TPCC was synthesized by adding tryptophan and water to MTB-ITC,
adjusting the pH to 2 or less with phosphoric acid, and sonicating. TPMT was synthesized by adjusting
the crude TPCC solution to pH 7 and heating under reflux (37 ◦C). The synthesized compound was
purified using column chromatography.

For preparing the internal standard for TPCC and TPMT analysis,
1-ethyl-1,2,3,4-tetrahydro-β-carboline-3-carboxylic acid (ETCA) was synthesized from L-tryptophan
and propionaldehyde [11]. L-tryptophan (612 mg, 3.0 mmol) and propionaldehyde (191 mg, 3.3 mmol)
were dissolved in 0.025 mol/L H2SO4 (26 mL) and allowed to react at 40 ◦C overnight. Next, a solid
precipitate was collected. Subsequently, (1S, 3S)- and (1R, 3S)-ETCA were separated by preparative
Octa Decyl Silyl (ODS) column using middle-pressure liquid chromatography (MPLC) (Smart Flash
EPCLC AI-580S, YAMAZEN Co., Yodogawa-ku, Osaka, Japan) equipped with a Biotage® SNAP Ultra
C18 column (Filling amount 60 g; Biotage, Sweden).

To prepare the internal standard for MeSTP analysis,
(R)-3-((S)-ethoxy(methylthio)methyl)-2-thioxopyrrolidine (EtOTP) was synthesized from MTB-ITC.
MTB-ITC (2.0 mmol) was dissolved in the mixture of ethanol (80 mL) and 1 M phosphoric acid (20 mL).
The mixture was concentrated under reduced pressure and extracted with ethyl acetate. The ethyl
acetate extract was separated by preparative silica gel-MPLC system equipped with a universal
column (Premium 2 L). Subsequently, (S)-EtOTP was separated by preparative ODS-MPLC system
equipped with a SNAP Ultra C18 column.

2.2. Preparation of Salted Radish Roots (Takuan-zuke)

Takuan-zuke was prepared according to a previously reported method with slight modification [8].
The pickling schedule is presented in Figure 2. In this experiment, we used the radish cultivar
hoshi-riso daikon (Takii & Co., Kyoto, Japan), which was cultivated in a field at Misato-machi
(Gunma, Japan) in August–November 2015. We prepared eight types of salted radish under different
concentrations of McIlvaine buffering agent: 0 mmol/kg (only NaCl addition) (SR0/DR0), 10 mmol/kg
addition (SR10/DR10), 20 mmol/kg addition (SR20/DR20), and 40 mmol/kg addition (SR40/DR40).
The buffering agent was prepared using dipotassium hydrogen phosphate and citrate monohydrate
(food additive grade, Kanto Chemical Co., Tokyo, Japan).

Hoshi takuan-zuke (abbreviated DR) was prepared according to the following method.
After cutting off the root tips (3–4 cm), the whole daikon (269 kg including green leafy top) was
hung to dry in a well-ventilated shady area for two weeks until it became dehydrated and flexible.
After chopping the tops (3–4 cm) of root and the leaves, the hoshi daikon (78 kg) was pickled in 8
wt% NaCl (wet weight, the total weight of hoshi daikon and its priming water (33 wt% of daikon)) with
pH buffering agents (0–40 mmol/kg of dehydrated daikon) for two months. The inner lid was placed
on the daikon, and a stone weight (200 wt% of the dried daikon) was placed on the lid. The salting
temperature was maintained at 4 ◦C.

Shio-oshi takuan-zuke (shio-oshi takuan-zuke, abbreviated SR) was prepared according to
the following method. Fresh daikon (234 kg) was pickled with 8 wt% NaCl and 0−40 mmol/kg
buffering agent of daikon and pressed under stone weights (200 wt% of daikon). After two days
of salt-pressing, 2 wt% NaCl was added to the daikon, and the daikon was dehydrated for 12 days
(total: two weeks). Shio-oshi daikon (27–35 kg) were pickled again in buffered saline (9−12 kg;
6 wt% NaCl, and 0−40 mmol/kg buffering agents). The pickling conditions (stone weight and
storage temperature) were the same as that for hoshi takuan-zuke.
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Figure 2. Time schedule for the pickling of daikon. SR indicates dehydration by salting (shio-oshi
takuan-zuke). DR indicates dehydration by air-drying (hoshi takuan-zuke); SS indicates two days
of dehydration; S indicates one week of dehydration. "X" is the buffer concentration, 0 mmol/kg
(only NaCl addition) (SR0/DR0), 10 mmol/kg addition (SR10/DR10), 20 mmol/kg addition (SR20/DR20),
and 40 mmol/kg addition (SR40/DR40).

For tryptophan analysis, three types of dehydrated radishes (DR: air-dried daikon with leaves;
nDR: air-dried daikon without leaves; SR: salt-pressed daikon without leaves) were produced by
dehydrating them for one week using radishes that were collected in 2016. The dehydration process
was conducted using the same procedure that was used for the study conducted in 2015.

For the sample, one barrel was prepared for each condition, and two bodies were collected
according to the schedule shown in Figure 2. The division and reduced samples were rapidly
frozen with liquid N2 and lyophilized. The lyophilized sample was subjected to freeze grinding
and homogenization using a Multi-Beads Shocker (MB901THW(S), Yasui Kikai Co., Osaka, Japan).
Lyophilized samples were vacuum packed and then stored at −30 ◦C.

2.3. Determination of Moisture, Salt Content, and pH of Takuan-zuke

The water content was determined by subtracting the lyophilized weight from the wet weight.
The salt content was measured using the coulometric titration method (SAT-210, TOA-DKK Co., Tokyo,
Japan). The pH of takuan-zuke was measured by first adding pure water to the lyophilized sample to
restore the wet weight, and then using a pH meter (HM-30, TOA-DKK Co., Tokyo, Japan).

2.4. Color Measurement of Takuan-zuke

Color measurement of takuan-zuke was conducted based on a previous report [8]. The colorimetric
change was measured with a Minolta CM-3500d Spectrophotometer, with a D65 illuminant and
a 10-degree observer. The Commission Internationale de l’Eclairage (CIE) 1976 L*, a*, and b* color
scale values of takuan-zuke were obtained by reflectance color measurement (measurement area:
8 mm diameter). Each value was measured in three places on the skin side of the upper, middle,
and lower part of the root.

2.5. Quantitative Analysis of MTB-GLS in Takuan-zuke

Determination of glucosinolate in takuan-zuke was performed as previously reported [12].
The lyophilized sample (ca. 100 mg) was extracted by 1.5 mL of 80% MeOH at 75 ◦C. After the
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extraction mixture was heated at 75 ◦C for 10 min, 0.5 μmol sinigrin (internal standard, I.S.) was
added. The crude extracts were adsorbed on an anion exchange resin (DEAE Sephadex A-25, GE
Healthcare, California, CA, USA) and treated with sulfatase to convert desulfoglucosinolate overnight.
The eluate containing the desulfoglucosinolate was quantified by ODS high-performance liquid
chromatography (HPLC).

Analytical ODS HPLC was performed with an Agilent 1200-1260 system with a Poroshell 120
EC-C18 (100 × 3.0 mm ø, 2.7 μm; Agilent Technologies, Santa Clara, CA, USA). The flow rate was set at
0.85 mL/min, and the column temperature was set to 35 ◦C. Elution was achieved using a gradient of
two eluents: H2O as eluent A and acetonitrile as eluent B. The gradient program was set at 0.2% B for
0.25 min, rising to 19.8% B at 6.00 min, and the remaining at 19.8% B to 7.00 min. Finally, the column
was equilibrated using 0.2% B from 7.10 to 9.00 min. The results were detected at a wavelength of
229 nm.

2.6. Quantitative Analysis of TPC in Takuan-zuke

Quantification of TPC in takuan-zuke was performed by fluorescence derivatization method using
4-(N,N-dimethylaminosulfonyl)-7-hydrazino-2,1,3-benzoxadiazole (DBD-H) [13]. The lyophilized
sample (10–50 mg) was added to 250 μL of 0.1% DBD-H in acetonitrile, 250 μL of 0.2 mM anisaldehyde
in acetonitrile, and 500 μL of 0.5% trifluoroacetic acid in 60% (v/v) acetonitrile. The reaction mixture
was shaken and incubated at 25 ◦C for 60 min. To 200 μL of the supernatant after centrifugation, 50 μL
of 500 mM McIlvaine buffer (pH 5) and 50 mg of NaCl were added and shaken. The acetonitrile phase
was considered the sample for HPLC.

Analytical HPLC was performed with an Agilent 1200–1260 system with a Poroshell HPH-C18
(100 × 3.0 mm ø, 2.7 μm; Agilent Technologies, Santa Clara, CA, USA). The flow rate was set at
0.85 mL/min and the column temperature was set to 40 ◦C. Elution was achieved using a gradient of
two eluents: H2O as eluent A and acetonitrile as eluent B. The gradient program was: 25% B rising to
73% B at 5.5 min, further increasing to 100% B at 5.6 min, and remaining at 100% B to 5.99 min. Finally,
the separation column was equilibrated using 25% B from 5.99 to 8.0 min. Fluorescence was detected
with excitation at 450 nm and emission at 565 nm. Anisaldehyde was used as an internal standard.

2.7. Quantitative Analysis of Yellow Pigment-Related Substances in Takuan-zuke

The lyophilized sample (ca. 100 mg) was mixed with 250 μL of chloroform, 625 μL of methanol
(including 40 nmol/mL EtOTP and 40 nmol/mL ETCA), and 250 μL of H2O (including 2.25%
trifluoroacetic acid and 0.45% semicarbazide). The mixture was shaken and incubated at 37 ◦C
for 30 min. After cooling on ice for 5 min, the mixture was centrifuged at 20,630× g for 1 min.
To 1 mL of the supernatant, 500 μL chloroform and 500 μL H2O were added. After cooling on
ice for 5 min, the mixture was centrifuged at 20,630× g for 1 min. The separated lower layer was
obtained as a crude extract for MeSTP analysis, and the upper layer was obtained as a crude extract for
L-tryptophan, TPCC, and TPMT analysis. The crude extract for MeSTP was concentrated to dryness
using a centrifugal concentrator. The dried sample was dissolved in MeOH (300 μL) for HPLC analysis.

An aliquot of the upper layer extract was diluted to three times the original concentration,
with 2% formic acid. A solid phase extraction (SPE) cartridge (Bond Elut Plexa PCX, 30 mg, 1 mL;
Agilent Technologies, Santa Clara, CA, USA) was washed with 1 mL each of 1 M NaOH and 1 M HCl
and conditioned with 1 mL each of MeOH and 2% formic acid. The diluted samples were loaded
onto a PCX cartridge and washed with 1 mL each of 2% formic acid and methanol. The analytes were
eluted with 1 mL each of alkaline eluent (30% ammonium hydroxide: 95% methanol = 5:95) in a tube
containing 30 μL of concentrated formic acid. The eluate was evaporated to dryness with a centrifugal
concentrator. After being dissolved in 200 μL of methanol, the sample solution was irradiated by
long-wave ultraviolet (UV) light (UVGL-25, Funakoshi Co., Tokyo, Japan) at 375 nm and analyzed
by HPLC.
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Analytical HPLC was performed with an Agilent 1200–1260 system with a Poroshell HPH-C18
(100 × 3.0 mm ø, 2.7 μm; Agilent Technologies, Santa Clara, CA, USA). The flow rate was set at
0.7 mL/min, and the column temperature was set to 40 ◦C. Elution was achieved using a gradient
of two eluents: 10 mM phosphate borate buffer (pH 8.2) as eluent A and methanol as eluent B.
The gradient program was set at 15% B rising to 25% B at 7.00 min, rising to 100% B at 11.00 min.
Finally, the column was equilibrated using 15% B from 11.01 to 13.00 min. The detection wavelengths
were as follows: 268 nm for ETCA, EtOTP, and TPCC, 320 nm for MeSTP, and 400 nm for TPMT using
a diode array detector. Tryptophan was detected by native fluorescence (excitation wavelength 285 nm,
emission wavelength 348 nm). Each isomeric mixture of TPCC, TPMT, and MeSTP was separately
quantified, and the results were documented as the sum. Internal standards were EtOTP for MeSTP
and ETCA for the others.

2.8. Statistical Analysis

All quantitative data units are expressed in nmol per g of dry weight, and each value is expressed
as the mean value ± standard deviation (n = 4). Multiple t-tests were performed using the Holm–Šidák
method (α = 0.05). Significant differences between the treatment groups were determined with
a two-way Analysis of variance (ANOVA), followed by a Tukey’s multiple comparison test using
GraphPad Prism ver. 8 for Macintosh (GraphPad Software, Inc., CA, USA).

3. Results

3.1. Basic Data and pH Changes in Takuan-zuke Induced by the pH Buffering Agent

Temporal changes in pH in the two types of dehydrated daikon and takuan-zuke samples are
shown in Figure 3. The pH of fresh daikon was 6.4. The pH of takuan-zuke without pH buffering
agents gradually decreased to 5.6 in SR0 and 5.8 in DR0 after two months of salting. In contrast, the pH
changes of SR- and DR-takuan-zuke with the addition of buffering agents were notably lower than
in the case of non-buffered takuan-zuke. The pH values of the acidic buffered takuan-zuke samples
decreased within one week of salting for SR groups and one month salting for DR groups. The pH
lowering effect on DR samples by buffer addition was concentration-dependent, whereas no notable
decrease in pH among SR samples was observed. With the addition of 40 mmol/kg buffer, the pH
values of the SR40 and DR40 after two months of salting were 4.2 and 4.5, respectively.

Figure 3. Time-dependent changes in pH during the dehydration and salting process with different
concentrations of McIlvaine buffering agent. SR indicates dehydration by salting (shio-oshi takuan-zuke);
DR indicates dehydration by sun-drying (hoshi takuan-zuke). The arrows denote the time point of
salt addition. F denotes the pH obtained from fresh daikon. S denotes the pH obtained from the
dehydrated daikon after one week of salting. “0” denotes the start of salt-aging process. Symbols refer
to different concentrations of McIlvaine buffering agent (mmol/kg): •, SR0; �, SR10; �, SR20; �, SR40;
�, DR0; �, DR10; �, DR20; �, DR40. Values are mean ± standard deviation (SD) (n = 3). The error bar
cannot be displayed because the standard deviation is small.
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3.2. Effect of Addition of pH Buffering Agent on the Color of Takuan-Zuke

In the fresh daikon, L*, a*, and b* values were 73.1 ± 4.0, −0.6 ± 0.2, and 10.2 ± 1.1, respectively.
Although L* values for SR groups during salt-aging treatment fluctuated between 65.0 and 74.0,
the difference that depended on buffer concentration was negligible. The a* values during salt-aging
treatment changed in the negative direction. Figure 4 shows the b* values changes during the
dehydration and salt-aging processes. Although b* value in the SR groups with buffered salting
increased more than that in SR0, no buffer concentration-dependent changes in color were observed.
However, the yellowing reactions in the DR groups were increased in proportion to the buffer strength.
The b* value for DR groups by adding buffer increased significantly compared to that in the case for
DR0. The Δb* value of DR40 after two months salting based on fresh daikon was 2.4-fold that of SR0
and 1.8-fold that of DR0.

Figure 4. Time-dependent changes in b* values during the dehydration and salting process with
different concentrations of McIlvaine buffering agent. SR indicates dehydration by salting (shio-oshi
takuan-zuke); DR indicates dehydration by sun-drying (hoshi takuan-zuke). The arrows denote the
time point of salt addition. F denotes the pH obtained from fresh daikon. S denotes the pH obtained
from the dehydrated daikon after one week of salting. “0” denotes the start of the salt-aging process.
Symbols refer to different concentrations of McIlvaine buffering agent (mmol/kg): •, SR0; �, SR10;
�, SR20; �, SR40; �, DR0; �, DR10; �, DR20; �, DR40. Values are mean ± standard deviation (SD) (n =
3).

3.3. Effect of pH on the Yellow Pigment Production Pathway

The temporal changes in the yellowing-related substances in eight takuan-zuke samples are
presented in Figure 5. The MTB-GLS level was highest at harvest (51.8 ± 1.0 μmol/g (dry weight; DW)).
The levels of MTB-GLS during salt-pressing treatment were decreased and disappeared during the two
months of salt-aging treatment. In the buffered SR samples, adding buffering agents slightly suppressed
the degradation of MTB-GLS. The degradation rate of MTB-GLS in SR40 was slow compared to that
in the other SR groups, and the residue rate in SR40 after two months of salt-aging was 11%. In the
DR samples, slight hydrolysis of MTB-GLS was observed during the drying treatment; however,
penetration of saline into dried daikon, during the salt-aging process, induced further hydrolysis
of MTB-GLS.
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Figure 5. Change in the amount of each yellow pigment and related substances during the dehydrating
and salting process. SR indicates dehydration by salting (shio-oshi takuan-zuke); DR indicates
dehydration by sun-drying (hoshi takuan-zuke); F indicates the amount of each pigment obtained
from fresh daikon; S indicates the amount of each pigment obtained from the dehydrated daikon
after one week of salting. “0” time point indicates the start of salt-aging. Symbols refer to different
concentrations of McIlvaine buffering agent (mmol/kg): •, SR0; �, SR10; �, SR20; �, SR40; �, DR0;
�, DR10; �, DR20; �, DR40. Values are mean ± standard deviation (SD) (n = 4). Data are analyzed
using two-way Analysis of variance (ANOVA), followed by Tukey’s multiple comparison test.
Abbreviation. 4-methylthio-3-butenyl glucosinolate (MTB-GLS); 4-methylthio-3-butenyl isothiocyanate
(MTB-ITC); 2-thioxo-3-pyrrolidinecarbaldehyde (TPC); 3-(methylthio) methylene-2-thioxopyrolidine
(MeSTP); 1-(2-thioxopyrrolidin-3-yl)-1,2,3,4-tetrahydro-β-carboline-3-carboxylic acid (TPCC);
2-[3-(2-Thioxopyrrolidin-3-ylidene)methyl]-tryptophan (TPMT).

MeSTP, as a degradation product of MTB-ITC, was generated from an early stage of salt and/or
saline addition. The production levels were nearly equal between SR and DR takuan-zuke. The effect
of buffer on MeSTP production was negligible.

TPC, the primary degradation product of MTB-ITC, was generated after salt and/or saline addition.
TPC content in the SR groups reached maximum levels after one month of salt-aging (8.8–18.7 μmol/g).
In the DR groups, TPC content increased with the addition of saline and reached a maximum after one
month of salt-aging (9.0–13.7 μmol/g). TPC level decreased significantly after two months of salt-aging,
depending on pH buffering strength.

The content of tryptophan in the fresh daikon was 255 ± 11 nmol/g. The analysis of tryptophan
revealed that air-dried dehydration treatment resulted in a significant increase in its levels after harvest
(hoshi processing for one week: 2.9-fold, p < 0.001; two weeks: 3.4-fold, p < 0.001). In contrast,
shio-oshi treatment resulted in a slight change in the tryptophan content. Tryptophan in DR0 showed
a maximum content value after one month of salt-aging (988 ± 52 nmol/g), and this value was 2.7 times
higher than that in SR0 (p < 0.001). With subsequent salt-aging, tryptophan content significantly
decreased, depending on pH buffering strength.

TPCC was generated immediately after salt and saline addition and increased with the duration
of salt-aging after dehydration. The increased TPCC levels during the salt-aging process were
significantly different between SR0 and DR0, and the content of TPCC after two months of salt-aging
were 244 ± 8 nmol/g and 392 ± 31 nmol/g, respectively. The effect of pH on TPCC formation increased
significantly with salt-aging time in the DR group, but no change was observed in the SR group.
The TPCC levels in the buffered DR samples after two months of salt-aging were greater than that in DR0
(DR10: 1.5-fold, p < 0.001; DR20: 1.9-fold, p < 0.001; DR40: 2.0-fold, p < 0.001). Table 1 shows the changes
in TPCC and tryptophan in the DR group; tryptophan, which is a substrate for TPCC, showedmaximum
content after one month of salting (Table 1). The decrease in tryptophan and the production of TPCC
were almost equal in the buffered DR sample (DR10: 96%, DR20: 108%, and DR40: 91%).
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The conversion of TPCC to TPMT started immediately after salt-aging and continued to increase
after two months of salt-aging. The pH buffering strength significantly increased TPMT in the DR
groups, with salt-aging time, whereas no effect was observed in the SR groups. The amount of TPMT
was 6.7−19.3 nmol/g in the DR samples after two months of salting, which was 1.7–3.0 times greater
than that in the SR samples.

3.4. Effect of Dehydration Method on L-tryptophan Metabolism

Temporal change of L-tryptophan in three types of dehydrated daikon using those collected
in 2016 (air-dried daikon with leaves; DR, air-dried daikon without leaves; nDR, and salt-pressed
daikon without leaves; SR) is shown in Figure 6A. The content of L-tryptophan in DR samples was
increased to 1.091 ± 13 nmol/g after seven days of drying, which was 6.7 times higher than that in
fresh daikon. In the SR and nDR samples, the extent of increase of L-tryptophan was negligible
compared to that in DR samples (p < 0.0001).

Figure 6. Temporal changes in the quantity of tryptophan obtained from daikon during the dehydrating
and salt-aging process (A). Effect of dehydration treatment on tryptophan production. F indicates
the value derived from fresh daikon. SS indicates the amount of tryptophan obtained from the
dehydrated daikon after two days of salting. S indicates the amount of tryptophan collected from the
dehydrated daikon after one week of salting. Symbols: �, dehydrated by sun-drying with leaves (DR);
�, dehydrated by sun-drying without leaves (nDR); •, dehydrated by salt-pressing (SR). The error
bar cannot be displayed because the standard deviation is small. (B). Localization of tryptophan in
dehydrated daikon with leaves after two days of salting (DR-SS) white bar, inside radish; black bar,
outside radish (on the skin).

The localization of tryptophan in DR-SS is shown in Figure 6B. Tryptophan level was highest
inside the upper part of the root at 304 ± 5.3 nmol/g. Tryptophan level inside the root was significantly
higher than outside the root, and the levels reduced significantly toward the root tip.

4. Discussion

In this study, we analyzed the effect of acidic buffering agents on the yellowing reaction of
short-term aged takuan-zuke. Air-dried radish (hoshi takuan-zuke) and salt-pressed radish (shio-oshi
takuan-zuke), prepared under acidic conditions, were the brightest yellow at low temperature and
low salinity. In particular, the b* value of hoshi takuan-zuke was equivalent to that of takuan-zuke,
which was prepared by long-term salt-aging under room temperature and high salinity, as discussed
in our previous report [8].

As described in Section 2, the pH buffering agent was added based on the wet weight of the
daikon; the amount of buffering agent per radish, excluding water and salt, was 0.7 mmol/g (DW)
for shio-oshi daikon, and 0.2 mmol/g (DW) for hoshi daikon. Therefore, the amount of buffering agent
per dry weight affected the pH of takuan-zuke. There was no difference in the b* value of shio-oshi
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takuan-zuke at pH 5 or lower. Therefore, addition of 40 mmol/kg or more buffering agent into hoshi
daikon did not affect yellowing.

To clarify the yellowing effects of acidic pH, the dynamics of the known yellowing-related
substances were analyzed. In the takuan-zuke manufacturing process, in the absence of pH buffer,
the conversion rate of MTB-GLS into TPC via MTB-ITC in the SR and DR samples was 36.1% and
25.5%, respectively. Since hoshi takuan-zuke showed a slight decrease in MTB-GLS during the drying
process, the myrosinase reaction was thought to be suppressed under low water activity. During the
salt-aging process, degradation of MTB-GLS was suppressed with increasing buffer strength, and the
accumulation level of TPC was decreased. Myrosinase activity has been reported to peak at pH
5.7, whereas at pH 3.9, it decreases to 60% relative to the maximum activity level [14]. In addition,
enzymatic reaction by myrosinase, under acidic conditions, has been reported to produce not only
isothiocyanates but also nitriles [15–17]. Therefore, we suggested that the amount of MTB-ITC and
TPC formed decreased due to the inhibition of enzymatic reaction or induction of nitrile formation.

Tryptophan content was significantly different between the two dehydration processes.
Tryptophan levels in hoshi takuan-zuke increased from the air-drying dehydration process to early
salt-aging. In hoshi takuan-zuke without leaves, no increase in tryptophan was observed, as with
shio-oshi takuan-zuke. Tryptophan was seen to accumulate in the upper-inside part of hoshi daikon
with leaves. Since tryptophan is reported to be synthesized by chloroplasts in plants [18,19], it was
concluded that tryptophan is synthesized in the chloroplast of the daikon leaf and then transferred to the
root through the vascular bundle. This result indicated that the increased tryptophan was synthesized
in the chloroplasts of leaves during the drying process, rather than in microbial fermentation.

The content of TPCC, which is a yellow pigment precursor, was significantly increased in hoshi
takuan-zuke than in shio-oshi takuan-zuke, similar to the results observed for tryptophan. In SR,
the tryptophan production rate was the same as the reaction rate of TPCC synthesis, so it was inferred
there was no apparent change in the tryptophan content. TPCC synthesis from tryptophan is considered
a stoichiometric reaction when a sufficient amount of substrate is used, and tetrahydro-β-carboline
synthesis via the Pictet–Spengler reaction has been reported to show high reaction efficiency under
low pH conditions [11,20]. TPCC synthesis in takuan-zuke was revealed to be promoted at acidic pH,
although the difference in tryptophan biosynthesis across the dehydration methods was a limiting
factor for TPCC synthesis during the salt-aging process.

The content of TPMT in hoshi takuan-zuke was increased to a higher level than in shio-oshi
takuan-zuke, similar to the results of tryptophan and TPCC. However, in this study, the conversion of
TPCC to TPMT under low temperature and low salt conditions was very negligible. Our previous
study had shown the optimal pH for TPMT synthesis from TPCC to be either weakly acidic or neutral
pH in vitro [7]. In hoshi takuan-zuke at room temperature, the conversion rate to TPMT was 28.7%,
and the color of salt-aged takuan-zuke varied to reddish yellow with prolonged salt-aging [8]. In the
present study, there was no increase in the a* value despite the high b* value during the short-termed
salt-aged process. These results suggested the contribution of TPMT to the yellowing of takuan-zuke
to be low under acidic condition. In addition, HPLC analysis detected two characteristic peaks in
takuan-zuke under acidic conditions. This peak had a maximum absorption wavelength of 392 nm
and 404 nm, different from that in TPMT. It was suggested that these compounds are unknown yellow
pigments that contribute to the yellowing reaction under acidic conditions.

In this report, we clarified that low pH conditions during takuan-zuke processing promotes
an unknown bright-yellowing reaction at low temperature. In addition, we found TPC to be the
most abundant among the known yellowing-related substances and an essential intermediate for
takuan-zuke coloring. Imai et al. have reported that frozen and grated daikon, adjusted to pH 4 or
below using acetic acid, turned yellow upon long-term freezing. This yellow pigment is generated by
the condensation of two molecules of TPC [21]. Therefore, we proposed that an unknown yellowing
reaction with MTB-ITC and TPC occurs during aging of takuan-zuke at low pH and low temperature.
Future research would aim to elucidate the structure and reaction mechanism of the unknown pigment.
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5. Conclusions

Temperature and pH conditions during salt-aging are the rate-limiting factors of the yellowing
reaction, and we observed that takuan-zuke aged with low salt and at low temperature turns
pale yellow. We found that the yellowing reaction was accelerated even at low temperature by the
salt-aging of takuan-zuke under acidic conditions. The TPC level, which is one of the important
intermediates of the yellow pigment, was highest after one month of salt-aging, regardless of the
dehydration treatment. Tryptophan, another important intermediate, was increased only in dried
daikon with leaves. The acidified and salt-aged treatment promoted the generation of TPCC, which is
a pigment precursor. However, the generation of TPMT, which is a yellow pigment, was marginal
compared to that in a previous report. Therefore, it was suggested that the unknown yellow pigment
was generated via a pathway different from that described in the previous report regarding the
yellow change of takuan-zuke under acidic and low temperature conditions. In future studies,
it will be necessary to identify the unknown yellow pigment and the detailed mechanism underlying
its generation.
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Abstract: There are no known physiological-based digestion models that depict glucoraphanin (GR)
to sulforaphane (SR) conversion and subsequent absorption. The aim of this research was to make a
physiological-based digestion model that includes SR formation, both by endogenous myrosinase
and gut bacterial enzymes, and to simulate the SR bioavailability. An 18-compartment model (mouth,
two stomach, seven small intestine, seven large intestine, and blood compartments) describing
transit, reactions and absorption was made. The model, consisting of differential equations, was fit to
data from a human intervention study using Mathwork’s Simulink and Matlab software. SR urine
metabolite data from participants who consumed different broccoli products were used to estimate
several model parameters and validate the model. The products had high, medium, low, and zero
myrosinase content. The model’s predicted values fit the experimental values very well. Parity
plots showed that the predicted values closely matched experimental values for the high (r2 = 0.95),
and low (r2 = 0.93) products, but less so for the medium (r2 = 0.85) and zero (r2 = 0.78) myrosinase
products. This is the first physiological-based model to depict the unique bioconversion processes of
bioactive SR from broccoli. This model represents a preliminary step in creating a predictive model
for the biological effect of SR, which can be used in the growing field of personalized nutrition.

Keywords: physiological-based model; sulforaphane; glucoraphanin; compartmental model; broc-
coli; bioavailability; myrosinase; parameter estimation

1. Introduction

To determine the bioavailability of bioactive compounds in foods, it is important to
know its composition, structure, how it interacts with other food components, and its fate
in the human body after being ingested. Isothiocyanates (ITC) are formed from precursors,
glucosinolates (GL), which are found in broccoli and other types of brassica vegetables [1].
Numerous studies investigated the health effects of some ITCs. One such ITC is called
sulforaphane (SR), derived from the GL glucoraphanin (GR). Sulforaphane is known to
reduce the risk of cancer, and has cardiovascular and central nervous system protection
benefits [1,2].

Sulforaphane’s health benefits have resulted in studies that investigated the physi-
ological mechanisms involved in digesting plants that contain SR, and SR’s absorption,
metabolism, and excretion [3,4]. Glucoraphanin is converted to SR by plant endogenous
myrosinase (MYR), a β-thioglucosidase hydrolase that catalyzes the removal of glucose to
form an O-sulfated thiohydroximate intermediate (Figure 1). GLs and MYR are stored in
separate compartments in the broccoli plant cells. Cell structure disruption, from process-
ing (chopping, blanching, powdering etc.), mastication, or plant bruising, is required before
MYR can bind GL to facilitate ITC formation [5]. Gut bacteria in the colon also have the
capability to facilitate this conversion from GR to SR [6–14]. After ingestion, and transfer
through the stomach, SR is absorbed in the intestinal tract into the blood, then distributed
to various organs before it is eliminated from the body, mainly via renal excretion [15].
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Figure 1. (A) In the mouth, myrosinase (MYR) converts glucoraphanin (GR) to an SR-O-sulfated
thiohydroximate intermediate. Depending on pH conditions sulforaphane (SR) forms. SR-nitrile
formation is preferred at low pH in the presence of epithiospecifier protein (ESP). (B) In the gut GR is
converted to SR, SR-nitrile, and erucin by gut bacteria.

The bioavailability of SR is described as the fraction of the amount of SR that is
ingested and/or formed in the body that reaches systematic circulation [3]. Related to
bioavailability is bioaccessibility, which is the fraction of a compound that is released from
the food and that reaches the absorption site. In the context of GLs, MYR and ITCs, the
bioaccessible ITC is the fraction of ITCs released from the food matrix [3] or the fraction
of GLs transformed to ITCs and released in the body. Bioaccessibility of ITCs is affected
by the plant’s inherent GL content (which varies from 47 to 806 mg/100 g fresh weight of
broccoli [1]), processing, the food matrix [16–18], and the digestion [17,19,20].

The bioaccessibility of ITC could increase or decrease depending on the type of
processing. Chopping, blending, powdering are particle size reduction methods that
rupture the plant tissue and allow for MYR and GLs to diffuse out and bind to each
other [5]. Heating affects epithiospecifier proteins (ESP), MYR, and GL content. ESPs are
responsible for the conversion of GLs to nitriles [1] and are less heat stable than MYR. Their
inactivation allows for the preferential formation of ITCs [21,22]. Any type of prolonged
high temperature heating, however, may cause MYR denaturation [5,19,21] and GL thermal
degradation [21]. Freeze drying has been shown to retain MYR and GLs [3]. Prior to freeze
drying, microwave cooking at adequate power inputs, inactivates ESP while preserving
MYR activity which increases bioaccessibility.

SR formation occurs mostly in two organs: the mouth during mastication and in the
gut by the microbiota. Research shows that there are differences between individuals in
oral processing of foods [23]. Sarvan et al. [20] investigated, in-vivo, the effect of steaming
and chewing time on the bioaccessibility of SR and SR-Nitrile, the GR breakdown products
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after chewing. Results showed that longer chewing times of broccoli with active MYR led
to more GR hydrolysis. Compared to raw broccoli, or broccoli steamed for shorter periods,
chewing broccoli steamed for 2 min provided the highest amount of SR. Broccoli steamed
for 3 min provided the least amount of SR [20]. The effect of chewing on bioavailability
was demonstrated by Shapiro et al. [24] who measured the difference in the amount of
ITC metabolites excreted from urine when broccoli sprouts were swallowed whole or
chewed thoroughly. They found that chewing increased the amount of urine metabolites
by 1.5 times.

In broccoli products with inactivated MYR due to prolonged heating, the gut con-
version processes of GR to SR and other degradation products become important. The
capability of an individual’s gut microbiome to convert GR to SR will depend on the types
of microbes, their quantities, and how effective their different mechanisms for bioconver-
sion are. Gut bacteria convert GLs to other compounds besides ITCs (Figure 1). Saha
et al. [6] used a batch fermentation model with human gut bacteria to demonstrate that
gut bacteria is capable of converting GR to SR, SR-nitrile, erucin, and erucin-nitrile. They
also showed that the formation of erucin is preceded by the microbial conversion of GR to
glucoerucin [6]. Consequently, the bioconversion of GL to non-ITC breakdown products
reduces the bioavailability of ITCs.

Capturing the essence of the physiological processes for SR mathematically so that its
biological effect can be simulated and predicted, is known as physiological-based modelling.
This is an approach that considers the physiological basis of a bioactive compound’s interac-
tion with the human body before mathematical concepts are applied. Physiological-based
models vary in terms of the number of physiological aspects (i.e., biological mechanisms,
organs) considered. Some models only look at the gastrointestinal tract while others
consider the whole body [25].

Various types of compartmental model have been described of which the most basic is
the compartmental absorption and transit (CAT) model. In the CAT model, the small intes-
tine is divided into a series of compartments and assumes linear transfer kinetics, passive
absorption kinetics and well mixed compartments with uniform concentration [26,27]. The
transit and absorption of a drug or food component is depicted by the following equation,

dMn

dt
= Kt Mn−1 − Kt Mn − Ka Mn, n = 1, 2, . . . 7 (1)

where n is the number of compartments, M is the amount or concentration of the component
in the nth compartment, Kt is the transit rate constant between compartments, and Ka is
the absorption rate constant of the component into the blood.

Based on the CAT model, the advanced compartmental absorption and transit (ACAT)
model was developed to include more details. The ACAT compartmentalizes the stomach
and large intestine so that gastric emptying and absorption from the large intestine can
be considered. In addition to linear kinetics and passive absorption, the model considers
non-linear kinetics due to protein binding, liver metabolism, or active transport and
physiochemical factors such as particle size, solubility, density, and permeability [28].

Most physiological-based modeling research available are for pharmaceutical drugs.
There are few studies that are related to food components and food products, and even
fewer studies for modeling broccoli compounds. Punt et al. [29,30] made whole body
eight-compartment models to predict the bioactivation and detoxification of herb estragole
in humans and rats. Le Feunteun et al. [31] made a five-compartment model that focused
on the digestion of mini-pigs to study the effect of product matrices on the digestion of
milk proteins. Strathe et al. [32] also made a model with four main compartments and
38 sub-compartments to study the digestion and absorption of macro-nutrients in growing
pigs. Moxon et al. [33] made a two-compartment model to investigate the effect of gastric
emptying, luminal viscosity and hydrolysis rate on the rate of glucose absorption.

At the time of writing this article one study was found about the physiological-based
modeling of SR from broccoli. Li et al. [34] investigated the kinetics and distribution of
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sulforaphane in the tissues of mice using a physiological-based model, where the whole
body was divided into eight compartments. The mice ingested fresh, steamed, and MYR
treated steamed broccoli sprout powders. The difference in kinetics and distribution in the
tissues between the three different products were compared. The model did not include SR
absorption mechanisms, and it did not include GR to SR conversion processes in the mouth,
via myrosinase, and in the gut, via microbes. Also, the study did not extrapolate their
results from mice to humans. The conversion of GR in the gut and mouth are important
process that affect bioavailability. Therefore, a physiological-based model that considers
these processes is needed.

The objective of this study was to make a physiological-based model that describes
the kinetics and bioavailability of isothiocyanates from broccoli and to evaluate how the
derived parameters are impacted by inter-individual variation. The model is validated
against urine excretion sulforaphane data from a previous 2014 Wageningen University
in-vivo research study by Oliviero et al. [35]. In this study, the effect of residual myrosinase
activity on ITC formation, bioavailability, and excretion kinetics was investigated after
15 test subjects (apparently healthy human volunteers, aged 26–50 years, body mass index
21 ± 2 kg/m2, six men and nine women, 13 Caucasian, two Asian, and one Latin American),
consumed five broccoli products with different levels of myrosinase activity obtained by
different levels of microwave heating.

2. Materials and Methods

2.1. Pre-Modeling Data Processing

Participant raw data (measured SR urine conjugate excretion rates) from the Oliviero
et al. [35] study was preprocessed for use in Matlab. The data were the time (minutes) and
sulforaphane (SR) excretion rate (μmol/min). The technique used to measure SR urine
conjugates, solid phase extraction-HPLC-MS/MS [35–37], is associated with experimental
error that was quantified by Vermeulen et al. [37]. The relative standard deviation 12, 6,
3% for 1.04, 10.5, and 313 μM SR, respectively, in urine, was used to derive the following
exponential equation that helped estimate the experimental error of each data point.

y = 0.11505x−0.24 (2)

The relative error ratio is y, and the concentration of SR is x. The experimental errors
were plotted as error bars on the data points for the model fittings.

2.2. Model Description and Assumptions

The model (Figure 2) focuses on the processes involved in the gastro-intestinal transit
of glucoraphanin (GR) and sulforaphane (SR). Similar to an advanced compartmental
absorption and transit (ACAT) model, it includes the stomach, seven compartments of
the small intestine [28], the colon, and a blood compartment for systemic circulation.
Unlike an ACAT, the colon, was divided into seven compartments, the stomach into two
compartments [31]. A mouth compartment, which is typically not in physiological-based
models, was included. As a result of this the full model contains 18 compartments.

The products consumed in the intervention study were portions of 5 g of each broccoli
product with 90 mL of water at 40 ◦C, and with 30 g of raisin bun and water ad libitum.
During mastication, myrosinase (MYR) and GRs released from the cell structures react to
form an O-sulfated thiohydroximate intermediate, which then immediately converts to SR
or SR-nitrile. The amount of the intermediate that is converted to SR versus SR-nitrile is a
ratio that is subject to change depending on the individual’s chewing pattern and broccoli
product. In the mouth, it is assumed that SR-nitrile is the only non-ITC compound formed.
Mastication time (30 s) and saliva flow rates (0.033 mL/s) [38] are assumed to be the same
for all participants. The volume of the mouth compartment is the product plus the saliva
excretions, 0.096 L.
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Figure 2. Schematic diagram of model with one mouth compartment, two stomach compartments, seven small intestine (SI)
compartments and seven large intestine (LI) compartments, and one blood compartment. The conversion of glucoraphanin
(GR) to sulforaphane (SR) and SR-nitrile and erucin in the mouth and large intestine is depicted. Shown are the transit rate
constants between the mouth and stomach (Kmouth), between the two stomach compartments (KSH), between the stomach
and duodenum (S), between the small intestines (KtSI), between the large intestines (KtLI). The absorption of SR from the SI
and LI into the blood is represented by the absorption rate constant (Ka). Elimination of SR and SR-conjugates from the
blood to urine is represented by the rate constant, Ke. During mastication, GR is converted to an intermediate by myrosinase
(MYR) and the subsequently converted to SR or SR-nitrile based on a conversion ratio (SRR). The gut microbial conversion
of GR to SR and SR-nitrile/erucin is represented by the rate constants Kf and Keni, respectively.

Swallowing transfers the bolus to the stomach. The first stomach compartment
accounts for the disintegration of food particles that are too big to pass through the
pyloric sphincter valve leading into the small intestine. Food broken down sufficiently,
and mixed with gastric fluids in the first compartment, is moved to the second stomach
compartment where it mixes with more gastric juices before emptying into the duodenum.
Gastric emptying of solid foods has been described as having a biphasic nature due to
the time required for enzymatic and mechanical disintegration before emptying into the
intestines [39]. Any MYR is assumed to be deactivated irreversibly in the stomach due
to the low pH of the gastric fluids [19,40]. It is also assumed that GLs and ITCs are not
absorbed in the stomach. Transit from second stomach compartment to the duodenum
depends on the stomach emptying time (30 min) which is assumed to be the same for all
participants since the size of the meal is the same. Based on the meal size, the volume of
both stomach compartments together is 0.2 L, of which 0.05 L is the volume of the first
stomach compartment (Table 1).

The chyme is mixed with duodenal secretions in this first compartment of the small
intestine (SI). Due to the differences in the intestinal lining of duodenum (less villi/area for
absorption) compared to the rest of the small intestine, less nutrients are absorbed in the
duodenum; for simplicity, it is assumed there is no ITC absorption. In the remaining six SI
compartments, SR is absorbed into the blood as both GR and SR are transferred from one
compartment to the next.

The large intestine is divided into seven compartments where the following processes
takes place: formation of SR, nitriles, and erucin by gut bacteria, absorption of SR into the
blood, and transit of compounds from one compartment to the next. It is assumed that
GRs are not absorbed from both the small and large intestines. Movement of chyme in the
intestines are in the forward (towards the rectum) direction. Backward movements are
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known to occur and are represented by the fact that the compartments are assumed to be
well mixed.

ITC is absorbed into the blood plasma, which is represented by one compartment
that is presumed to be the same volume between all participants (5 L). Absorption of ITCs
across the intestinal wall occurs passively by diffusion and is described according to Fick’s
Law of Diffusion [41]. ITC metabolites are eliminated from systemic blood circulation via
glomerular filtration. No other elimination processes (sweat, defecation, respiration) are
considered.

All compartment volumes (Table 1) are assumed to stay constant and the concentration
of compounds (GR and SR) per compartment is uniform.

Table 1. Parameters values used in the model for the broccoli products, oral GR conversion processes, gastro-intestinal
processes, gut GR conversion processes. Parameter values for the broccoli products MYR, Cgl0 (initial glucosinolate
concentration), and ITC0 (initial sulforaphane concentration) are separated by product (HighBP, HighBF, MedBF, LowBF,
NoBF, each of these products have different MYR content due to different levels of microwave heating). Parameters
designated as ‘Estimated’ were used in model fittings.

Broccoli Products Composition

Product
MYR

Myrosinase Content
(mg MYR/mg Broccoli)

Cgl0
Initial GR Concentration

(μM)

ITC0
Initial SR Concentration

(μM)
Reference

HighBP 3.49 × 10−2 383.3 354.2 [35,42]
HighBF 3.49 × 10−2 621.9 115.6 [35,42]
MedBF 6.53 × 10−3 667.7 69.8 † [35,42]
LowBF 5.63 × 10−4 708.3 29.2 † [35,42]
NoBF 1.13 × 10−5 734.4 3.1 [35,42]

Oral GR Conversion

Vmax MMSI Vmax for glucoraphanin 2070 μmol/min [42]
Km MMSI Km for glucoraphanin 110.2 μM [42]
Ki MMSI Ki for glucoraphanin 893.0 μM [42]
BR Amount of broccoli in broccoli product 5000 mg [35]

SRR Fraction of sulforaphane converted from GR in mouth Estimated

Gastro-Intestinal

kMouth Mouth to Stomach rate constant 30 min−1 (60 min−1 to 1 min−1) * [43,44]
St Stomach emptying time 30 min
S Gastric rate constant from 2nd stomach to duodenum S = −ln(0.05)/St [45]

kSH Rate constant from 1st to 2nd stomach compartment Estimated **
ktSI Small Intestine transit rate constant Estimated **
ktLI Large Intestine transit rate constant Estimated **
ka Absorption rate constant 0.180 min−1 [41]
ke Elimination rate constant of ITC and ITC conjugates from blood Estimated **

NSI Number of SI compartments (excluding duodenum) 6 [26]
NLI Number of LI compartments 7 [26]

VMouth Product + Saliva 0.096 L (0.095–0.098 L) * [35,38]
Stomach: VMouth+ Raisin bun + gastric secretions 0.2 L (0.167–0.253 L) * [35,46]

VStomach 1 Stomach 1 0.05 L
VStomach 2 Stomach 2 0.15 L
Vduodenum Vstomach 2+ duodenal secretions 0.2 L (0.246–0.332 L) * [46]

VSI# SI volume (excluding duodenum) 1.5 L (0.638–1.963 L) * [47]
VSI /NSI = SI compartment volume 0.25 L

VLI# LI volume 3.4 L (3.347–3.492 L) * [47]
VLI /NLI= LI compartment volume 0.5 L

V17 Blood volume of adult 5 L (4–6 L) * [48]

Gut GR Conversion

k f Microbial ITC formation rate constant Estimated
keni GR to erucin and nitriles Estimated

* Ranges for the parameters were determined based on literature. ** These values were estimated for each individual participant based
on the model fit of the experimental values. † ITC0 values used in final fittings for MedBF and LowBF were approximately 3.4 and 9.1%,
respectively, of their values in this table due to poor fit results using the original values.

2.3. Compartmental Mathematics

The enzymatic reaction of GL and MYR to form the O-sulfated thiohydroximate in-
termediate in the mouth is characterized by a Michaelis–Menten equation that accounts
for enzyme inhibition. The intermediate instantly reacts to form ITC or ITC-nitrile, there-
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fore the change in GL concentration is negatively proportional to the Michaelis–Menten
equation.

dCGL
dt

= −
⎛
⎝Vmax × MYR × BR × CGL Mouth

Km + CGL Mouth +
CGL Mouth

2

Ki

⎞
⎠ (3)

MYR is the estimated mg of myrosinase per one mg of dried broccoli. Details on how
MYR was estimated is found in Appendix A Part I. BR is the amount of dried broccoli (5 g)
consumed by the participants. The maximum rate, Vmax (μM/min*mg MYR), the Michaelis
constant, Km (μM), and the inhibition constant, Ki (μM) were derived using glucoraphanin
data from Roman et al.’s [42] MYR kinetic study. Details on the derivation of these variables
can be seen in Appendix A Part II.

The amounts of ITC and nitriles formed is expressed as a fraction of the amount of
intermediate (Equations (4) and (5)).

dCITC Mouth
dt

= SRR × dCGL
dt

(4)

and
dCNitrile Mouth

dt
= (1 − SRR)× dCGL

dt
(5)

SRR is the fraction of hydrolyzed GR converted to SR in the mouth. The remaining, 1
− SRR, is converted to nitriles.

Transfer of ITCs and GLs out of the mouth, as well as into and out of the stomach and
intestinal compartments are first order rate reactions (Equations (6) and (7)).

dCITC i
dt

= ktrans f er (i−1 to i) ×
Vi−1

Vi
× CITC i−1 (6)

and
dCGL i

dt
= ktrans f er (i−1 to i) ×

Vi−1

Vi
× CGL i−1 (7)

The rate constants for transfer from the mouth, kmouth, for the stomach compartments,
kSH and S, and intestinal compartments, ktsi and ktli, are the inverses of the residence time
of each compartment (Table 1). Due to differences in some compartment volumes (V),
volume ratios are considered.

The gut formation of ITCs, nitriles, and erucin are also represented by the following
first order rate reactions,

dCITC
dt

= k f × CGL (8)

dCNitrile & Erucin
dt

= keni × CGL (9)

where kf is the rate constant of formation for ITC, and keni is the rate constant of formation
for erucin and nitrile. The change in GL concentration in the gut is proportional to the
formation of ITC, nitrile, and erucin.

dCGL
dt

= −(k f × CGL)− (keni × CGL) (10)

Absorption into the blood is defined by the following equation,

dCITC
dt

= ka × CITC (11)
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where ka, is the rate of absorption (passive diffusion) from the intestines and it is propor-
tional to the effective permeability (Peff) of sulforaphane and inversely proportional to the
radius, R, of the intestines [49].

ka =
2Pe f f

R
(12)

Each compartment is defined by mass balanced differential equations that contain
the processes just described. For example, the full ITC and GL differential equations for
the seventh small intestine compartment and first large intestine compartment are shown,
Equations (13)–(16),

Seventh small intestine compartment:

dCITC SI7
dt = VSI6

VSI7
×(ktSI × CITC SI6) −(ktSI × CITC SI7) −(ka × CITC SI7)

ITC In ITC Out ITC Absorption
(13)

dCGL SI7
dt = VSI6

VSI7
×(ktSI × CGL SI6) −(ktSI × CGL SI7)

GL In GL Out
(14)

First large intestine compartment:
dCITC LI1

dt = VSI7
VLI1

×(ktSI × CITC SI7) +(k f × CGL LI1) −(ktLI × CITC LI1) −(ka × CITC LI1)

ITC In ITC Formation ITC Out ITC Out
(15)

dCGL LI1
dt = VSI7

VLI1
×(ktSI × CGL SI7) −(k f × CGL LI1) −(ktLI × CGL LI1) −(keni × CGL LI1)

GL In ITC Formation GL Out Erucin/Nitrile Formation
(16)

Full list of differential equations for all compartments are in the Supplementary Files.

2.4. Simulink Model

The mathematical equations used to represent the different compartmental processes
were translated to a block diagram on Matlab’s Simulink application (Matlab R2020a).
Code scripts written on the MATLAB (MathWorks) interface integrated with the Simulink
block diagram model to run sensitivity analyses and to perform fitting on the five different
broccoli products.

2.5. Matlab Coding and Fittings

Sensitivity Analysis. Sensitivity analysis was performed to see the effect of changing
parameter values on the model output. A parameter was changed within literature deter-
mined ranges while other parameters were kept constant. The analysis was performed for
the different broccoli products, NoBF, LowBF, MedBF, HighBF, and HighBP.

Model Fittings. After the sensitivity analysis, parameters with the most influence on
the simulation output, were used for fitting the model to each participant’s data set. The
fitting was done using a Trust-Region-Reflective Least Squares algorithm from the least
squares data fitting solver of Matlab’s Optimization Toolbox. The simulation period was
1600 min (26 h). Values of parameters used for fitting are in Table 1. This fitting procedure
yielded parameter estimates that gave the best fit between the model simulations and the
experimental data of the intervention study.

2.6. Statistical and Data Analysis

Confidence Intervals for each parameter estimate were determined at 90% confidence
using Matlab’s non-linear parameter confidence interval function. This function also
provided covariance matrices that were used to calculate the correlation coefficients.

Using Matlab’s trapezoidal numerical integration function, the cumulative SR excreted
per participant for the experimental and predicted data sets were calculated.

Full codes are provided in the supplementary files.
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3. Results

3.1. Sensitivity Analysis and Parameters Selection

The model’s sensitivity towards twelve parameters was tested. Based on the analysis,
three parameters were used in model fittings for HighBP and HighBF, seven for Med and
Low BF, and five for NoBF (Table 2).

Table 2. Summary of parameters that influenced the simulation outputs for each broccoli product
during the sensitivity analysis. Parameters with a check mark (�) were used for model fittings;
parameters with an O, influenced simulation output but were not used in model fittings; parameters
with an x did not affect output during the sensitivity analysis and were excluded from fitting. Three
parameters were used to fit HighBP and HighBF, seven for MedBF and LowBF, and five for NoBF.

kSH SRR kf ke ktSI ktLI keni Cgl0 ITC0 MYR ka St

HighBP � � x o � x x o o o x x
HighBF � � x o � x x o o o x x
MedBF � � � � � � � o o o x x
LowBF � � � � � � � o o o x x
NoBF � x � x � � � o o o x x

Parameters that did not affect model output were excluded. Gastric emptying time (St),
and the rate constant of absorption (ka), were excluded from all model fittings because they
had insignificant effects on the output (example in Figure 3A,B). As expected, myrosinase
content (MYR), initial GR concentration (Cgl0), initial SR concentration (ITC0), and the ratio
of GR converted to SR in the mouth (SRR), caused a direct and proportional upward shift
to the HighBP, HighBF, MedBF, and LowBF simulation outputs (example in Figure 3C,D).
The MYR and ITC0 contents were low for NoBF, therefore, of the broccoli product related
parameters, only Cgl0 affected the output. Furthermore, the conversion ratio of GR to SR
in the mouth (SRR), which depends on myrosinase content, did not affect the output of
NoBF during the sensitivity analysis since myrosinase was inactive (Figure 3J). The first
stomach rate constant (KSH), small intestine transit rate constant (ktSI) and SR elimination
from the blood (ke), also caused proportional upward shifts but a narrowing of the curves
was observed (example Figure 3L). The gut parameters, ITC formation (kf) and erucin
and nitrile formation (keni) rate constants, had opposite effects on outputs. Increases in
keni resulted in downward shifts and narrowing of the output curves (Figure 3H), while
the curves shifted upwards for kf (Figure 3G). Increasing gut transit rate constant (ktLI),
decreased the size of the second peak for MedBF and LowBF, and the single peak for NoBF
(example in Figure 3F). Changes in ktLI did not affect outputs of HighBP and HighBF
products (Figure 3E).

3.2. Model Fittings

The model was successfully fit to the data of each participant and for each product.
Figure 4 shows the model fits for five of the participants and for all five broccoli products.
75 fittings were possible (15 participants times five products) but only 72 fitting were
performed. Three data sets were excluded due to lack of data. While four data sets had to
be preprocessed before fitting.

Few data sets had poor fits. Participant m, for the MedBF product, was underfitted
while participants q, MedBF, and g, LowBF, were overfitted (Figures 4 and S1: Model
Fittings Results for All Participants in the Supplementary Files).
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Figure 3. HighBP sensitivity analysis for (A) gastric emptying time, St; (B) the rate constant of absorption, ka; (C) myrosinase
content, MYR; (D) the ratio of GR converted to SR in the mouth, SRR; (E) large intestine transit rate constant, ktLI. LowBF
sensitivity analysis for (F) large intestine transit rate constant, ktLI; (G) ITC formation rate constant in the gut, kf; and
(H) erucin and nitrile formation rate constant in the gut, keni. NoBF sensitivity analysis for (I) myrosinase content, MYR;
(J) the ratio of GR converted to SR in the mouth, SRR; (K) and initial ITC concentration (ITC0) and (L) small intestine transit
rate constant, ktSI. The sensitivity analysis shows how the simulation output changes when all parameters are kept constant
while one changes.
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 High BP High BF Med BF Low BF No BF 

a 
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q 

Figure 4. Model fittings for participants a, b, d, n, q. X and Y axis for each graph is, time (min) and sulforaphane conjugate
excretion rate (μmol/min), respectively. Experimental data are the square bullets, and the solid lines are the model fits. Error
bars represent potential experimental error from the analytical techniques used by Oliviero et al. to measure the amounts of
ITC conjugates in urine. All participant model fittings are in Figure S1: Model Fittings Results for All Participants in the
Supplementary Files.

3.3. Bioavailability of Sulforaphane

Bioavailability was calculated by dividing the cumulative amounts of SR by the
amount of GR in the broccoli products. Cumulative amounts of SR for the experimental
data and model data were determined using Matlab’s trapezoid function to integrate.
There were small differences between the predicted bioavailability and experimental
bioavailability (Table 3). Average HighBP predictions were 2% larger than the calculated
experimental bioavailability. The difference was 1% for MedBF, 0.9% for LowBF, and 0.1%
for HighBF and NoBF.
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Table 3. Average sulforaphane (SR) bioavailability values ±SD for the experimental data and model.
There were minor differences between the experimental bioavailability and model bioavailability for
each broccoli product type.

Average SR Bioavailability (%)

Experimental Data Model Difference

HighBP 63 ± 0.2 65 ± 0.1 2%
HighBF 33 ± 0.1 33 ± 0.1 0.1%
MedBF 25 ± 0.1 24 ± 0.1 1%
LowBF 19 ± 0.1 18 ± 0.1 0.9%
NoBF 10 ± 0.04 10 ± 0.04 0.1%

3.4. Mouth and Gut Parameter Estimations

Tables 4–6 shows the distribution (boxplots) of mouth and gut parameter estimates
for each product type. Interquartile ranges (IQR) for the parameter estimates varied widely.
The distributions of most parameter estimates are positively skewed indicating that 50% of
participants are less variable within the first two quartiles than the 50% of participants in
quartile three and four.

Table 4. SRR estimation results (horizontal red bar: median, blue box second and third quartile, whiskers first and fourth
quartiles).

High BP (n = 15) High BF (n = 15) Med BF (n = 14) Low BF (n = 14) No BF

    

—-

Median: 0.357
IQR: 0.251

IQR/Med: 0.7
Outliers:

None

Median: 0.165
IQR: 0.223

IQR/Med: 1.4
Outliers:

None

Median: 0.186
IQR: 0.13

IQR/Med: 0.7
Outliers:

None

Median: 0.160
IQR: 0.143

IQR/Med: 0.9
Outliers:

None

SRR parameter
not fitted. Fixed

at 0.047.
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Table 5. kf estimation results (horizontal red bar: median, blue box second and third quartile, whiskers first and fourth
quartiles, +: outliers).

High BP(n = 15) High BF(n = 15) Med BF(n = 14) * Low BF(n = 14) * No BF(n = 14) *

—- —-

   

Not fitted. kf
fixed at 0.0033

min−1.

Not fitted. kf
fixed at 0.0033

min−1.

Median: 0.042 min−1

IQR: 0.097 min−1

IQR/Med: 2.3
Outliers:

c (0.555 min−1)

Median: 0.012 min−1

IQR: 0.018 min−1

IQR/Med: 1.5
Outliers:

n (0.054 min−1)

Median: 0.003 min−1

IQR: 0.001 min−1

IQR/Med: 0.3
Outliers:

g (0.006 min−1)
h (0.005 min−1)
q (0.021 min−1)

* Some or all outliers excluded for better visual presentation and comparison of boxplots. Outliers are values more than 1.5 times the IQR.
See Supplementary Files for plotted outliers and for expanded view of the NoBF kf boxplot.

SRR, the ratio of GR that gets converted to SR in the mouth, was estimated for each
participant who consumed the HighBP, HighBF, Med and Low BF products (Table 4). SRR
was not fitted for the NoBF product since the amount of MYR is very low. Therefore, any
GR converted to SR in the mouth is insignificant for the NoBF product. The medians for
HighBF, MedBF, and LowBF mean that half of the participants converted less than 19% GR
to SR in the mouth. HighBP distribution, on the other hand, is negatively skewed with half
the participants converting 35 to 60% of GR (median = 0.357) to SR.

Kf and keni represent the rate of formation of sulforaphane and erucin and nitriles,
respectively, by gut bacteria in the large intestine. These parameters were estimated for the
MedBF, LowBF and NoBF products but not for the High myrosinase products. Kf was fixed
at 0.0033 min−1 and keni was fixed at 0.0015 min−1 for both products. All distributions are
positively skewed indicating that at 50% of the participant metabolize GR to SR slower than
0.042 min−1 for MedBF, 0.012 min−1 for LowBF, and 0.003 min−1 for NoBF (Table 5); and
they metabolize GR to erucin and nitrile slower than 0.017 min−1 for MedBF, 0.033 min−1

for LowBF, and 0.003 min−1 for NoBF (Table 6).
The results of other parameters are discussed in Appendix B.
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Table 6. keni estimation results (horizontal red bar: median, blue box second and third quartile, whiskers first and fourth
quartiles, +: outliers).

High BP(n = 15) High BF(n = 15) Med BF(n = 14) * Low BF(n = 14) No BF(n = 14)

—- —-

   

Not fitted. keni
fixed at 0.0015

min−1.

Not fitted. keni
fixed at 0.0015

min−1.

Median: 0.017 min−1

IQR: 0.064 min−1

IQR/Med: 3.8
Outliers:

c (1.95 min−1)
h (0.576 min−1)

n (0.26995 min−1)

Median: 0.033 min−1

IQR: 0.085 min−1

IQR/Med: 2.6
Outliers:

None

Median: 0.026 min−1

IQR: 0.018 min−1

IQR/Med: 0.7
Outliers:

g (0.100 min−1)

* Some or all outliers excluded for better visual presentation and comparison of boxplots. Outliers are values more than 1.5 times the IQR.
See Supplementary Files for plotted outliers.

3.5. Certainty of Parameter Estimates

For each participant and broccoli product, 90% confidence intervals were calculated
to determine the range of parameters that are likely to include the parameter estimates.
The confidence intervals were very large and are therefore not a good measure of certainty
in the parameter estimates. The percentage of participants that had intervals larger than
30% on either side of the estimated parameter, was 62% of participants for HighBP, 53%
for HighBF, 96% for MedBF, 98% for LowBF, and 100% for NoBF. The large confidence
intervals were due to the limited data of each participant.

3.6. Goodness of Fit

A comparison between the experimental and the predicted values are shown in
Figure 5.
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R² = 0.95 
R² = 0.92 

R² = 0.85 R² = 0.93 

R² = 0.78 

Figure 5. Parity plot of High MYR Broccoli Powder (A), High MYR Broccoli Florets (B), Medium MYR Broccoli Florets (C),
Low MYR Broccoli Florets (D), and No MYR Broccoli Florets (E) with lumped participant data. Participants are designated
by letters.
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The best fits are for the HighBP product (R2 = 0.95), followed by LowBF (R2 = 0.93),
HighBF (R2 = 0.92), MedBF (R2 = 0.85), and lastly NoBF (R2 = 0.78). Most predicted values
for NoBF are higher than their corresponding experimental values (Figure 5E). Of the five
broccoli products NoBF was the most difficult to fit due to the narrow peaks and wider
base for most of the excretion curves compared to the other products (see NoBF simulation
results in Figure S1: Model Fittings Results for All Participants in the supplementary files.).
A noticeable feature of the model for the HighBF, MedBF, LowBF, and NoBF products
(Figures 5B–E and S1), is that the model solutions for some participants (e.g., participants
e, l, n) approached excretion rates of 0 faster than the data points. The fit on the tail end
of the data points, as well as the general fits for NoBF, may be improved by updating the
model to include future physiological information on GR gut conversions, ITC absorption,
distribution, and elimination.

4. Discussion

4.1. Sensitivity Analysis and Selection of Parameters

Sensitivity analysis for each product type was conducted to understand how changing
one parameter and keeping the other constant would affect the model simulation output.
Parameters to be estimated in model fittings were selected based on the results of the sensi-
tivity analysis and preliminary model fittings. Given the low amount of data (6–15 data
points) per participant, this procedure helped reduce the number of parameters fitted to
the most necessary, thereby increasing the degrees of freedom.

Parameters that affected model output but were excluded from final fittings were ke,
MYR, Cgl0, and ITC0. The model was sensitive to ke for the HighBP, HighBF, MedBF, and
LowBF products. However, ke was not included in the fittings for HighBP and BF due to the
poor model convergence. For all products, MYR and Cgl0 were fixed at the concentrations
calculated from the Oliviero study (Table 1 and Matlab codes in the Supplementary Files).
The initial concentration of SR (ITC0) calculated for HighBP, HighBF, and NoBF were kept
at the values derived from the Oliviero study, while for MedBF and LowBF, ITC0 was
reduced in order to get a good fit (Table 1). The reduction in ITC0 may be explained by the
high variability in the measured amounts of SR in the broccoli products. Oliviero et al. [35]
measured SR in triplicates and the standard deviation for MedBF was 28.4% of the average,
while for LowBF, it was 64.3%; the standard deviations were the two highest out of the
five products. ITC0 values used in the model were averages based on a sample size of
three. Therefore, it is possible that most participants were consuming less SR initially. With
the lower ITC0 values, the fittings for MedBF and LowBF had lower means squared error
(MSE) values and better fits visually. As with ke, the model function appeared to be stuck
in a local minimum when ITC0 was used at its original values. A better approach for future
modeling might be to fit MYR, Cgl0, and ITC0 for all participants simultaneously. With the
estimated MYR, Cgl0, and ITC0 kept constant, the remaining parameters sensitive to the
model would be fitted.

More data are needed per participant, >15 data points, to get higher degrees of
freedom. The number of data points per participant becomes important the greater the
number of parameters being estimated. Obtaining a specified number of urine excretion
data points from an intervention study is understandably not easy to achieve. Collecting
blood samples during the intervention period in addition to urine samples would provide
additional data for the model fittings that may improve parameter estimations as well as
increase the number of parameters being estimated.

4.2. Model Fittings

The model succeeded in fitting the data of the various broccoli products well within
the experimental error for most of the participants (Figures 4 and S1). It also described
the myrosinase mediated conversion of GR in the mouth and the microbial conversion of
GR in the gut well. The quick appearance (within 2–3 h after consumption) of the single
excretion peaks for HighBP and HighBF products, represents excretion rates of SR that
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were initially consumed or formed in the mouth, and were absorbed in the small intestine.
The NoBF product, which had an insignificant amount of myrosinase, had single peaks that
appeared much later (7–8 h after consumption). The NoBF peaks represent excretion rates
of SR that was formed by gut bacteria and absorbed only in the large intestine. MedBF and
LowBF curves tend to have two peaks. The first peak representing absorption from the
small intestine and the second peak from the large intestine. This excretion pattern due to
differences in myrosinase content have been observed by other authors [35,36,50,51].

4.3. Bioavailability of Sulforaphane

This compartment model is a good predictor of bioavailability. Other researchers
observed that using a compartmental absorption and transit (CAT) model was better at
predicting bioavailability than a single compartment model [52].

4.4. Mouth and Gut Parameter Estimations

The parameter estimates clearly show the variability between individuals in the
amount of GR converted to SR during mastication and in their gut bacteria activity. The
distributions (Tables 4–6) also vary across product categories. The median GR conversion
ratio, SRR, is higher for HighBP compared to the HighBF, MedBF, and LowBF broccoli
products. 50% of the HighBP participants have conversion ratios similar to what Sarvan
et al. [20] found in their study for 0.5 min and 1 min cooked broccoli, where after chewing,
41% and 60% GR was converted to SR. The fact that the overall distribution for HighBP is
shifted to higher values compared to HighBF demonstrates the importance of the product
matrix. Although, both had the same myrosinase content, most of the participants could
convert more GR to SR after consuming the powder. General differences in chewing
patterns between individuals have been documented [23]. However, more specific studies
on the effect of chewing patterns correlated to conversion GR ratios may provide insights
into the variations observed between individuals in the parameter distributions.

The variation between products is significant for the gut parameters, kf and keni. The
IQR for LowBF and NoBF were expected to be similar since most of the myrosianse was
inactivated in both products. However, the NoBF IQR was significantly smaller, which
implied that the participants in the Oliviero study had very similar gut bacteria or that their
overall bacterial activity was similar. Unfortunately, data on the gut microbial population of
the participants was not available to correlate to the parameter estimation results. It is well
known that gut bacterial populations differ between individuals and populations [7,53–55].
Forty-seven bacterial species having been identified as having GL metabolizing activities
in-vitro [9], but only a few have been investigated for their GL bioconversion mechanisms:
Enterobacter cloacae [56], Lactobacillus agilis R16 and Escherichia coli VL8 [57], Bacteroides
thetaiotaomicorn [58].

5. Conclusions

A physiological-based multicompartment digestion and absorption model, was de-
veloped to describe the kinetics and bioavailability of sulforaphane (SR) from broccoli,
and to evaluate how the derived parameters are impacted by inter-individual variation.
The model included reactions during digestion in the mouth and gut. It successfully fit
participant data and was able to describe bioavailability of SR very well as there were
minimal differences between the predicted and experimentally bioavailability. The param-
eters estimated during the model fitting represented physiological aspects of the digestion
process, which were also sources of inter-individual variability. For the digestion of broc-
coli, the parameters that represented sources for variation between individuals were SRR,
the ratio of GR converted to SR during mastication, and kf and keni, the conversion rate
constants of GR to SR or other break down products. The inter-individual variability
between participants was captured in the variability of some these estimates. However,
it was not possible to correlate the variability between participants to specific physical
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attributes, such as chewing patterns or predominant gut microbes, as that information for
the participants was not available.

The model’s predicted values fit the experimental values very well, especially for the
high and low myrosinase products. The lower quality of the fit for the no myrosinase
product, indicates the need to improve the model’s representation of microbial gut con-
versions. The work completed in this study is a preliminary step in creating a validated
model, which, in the future, could be a useful tool in being able to predict the biological
effects of SR and possibly other bioactive compounds. A future predictive model has the
potential to positively influence the growing field of personalized nutrition.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10112761/s1. Table S1: Compartment Equations, Tables S2–S8: Parameter Box Plots,
Figure S1: Model Fittings Results for All Participants, Matlab Codes and Simulink Model
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Appendix A. Myrosinase Calculations

The amount of myrosinase (mg MYR/mg Broccoli) was calculated based on the
methods of Oliviero et al. [35] and the research of Roman et al. [42] Oliviero et al. used a
spectrophotometric method to determine the myrosinase activity in the different broccoli
products. Roman et al. investigated two mechanisms for substrate inhibition during the
conversion of GLs to ITCs by modeling their experimental results (enzyme reaction rate vs.
sinigrin concentration) using the modified Michaelis–Menten Ki = netics with Substrate
Inhibition (MMSI) model (Equation (A1)).

v =
Vmax·[S]

Km + [S] + [S]2

Ki

(A1)

Vmax (μM/min*mg MYR) is the maximum rate of the system, Km (μM) is the Michaelis-
Menten constant, Ki (μM) is the inhibition constant, S is the substrate concentration, and v
is the reaction rate. This physiological-based model assumes substrate inhibition occurs in
the catalytic site.

Part I. Steps to determining myrosinase content in each broccoli product.

1. Experimental data points were extracted from the reaction rate vs. sinigrin concentra-
tion graph [42].

Sinigrin Concentration (μM) Initial Reaction Rate (μmol/min)

5 0.03
10 0.05
25 0.16
40 0.24
50 0.29
75 0.42
100 0.66
149 0.58
199 0.59
248 0.57
298 0.52
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2. The MMSI equation (Equation (A1)) was used to model the data. The parameters,
Vmax, Km, and Ki, were solved by minimizing the sum of squares difference using
Excel’s SUMXMY2 function and solver.

Parameter Estimates

Vmax 0.96 μM/min
Km 86.51 μM
Ki 780.05 μM

3. The specific enzyme activity of Myrosinase was calculated using information from
the materials Oliviero et al. used to determine activity and the parameter estimates
from step 2.

Concentration of sinigrin in reaction mixture used by Oliviero et al. to determine
myrosinase activity was calculated as follows:

30 mg
mL

× mol
397.5 g

× g
1000 mg

× 106 = 75.5
umol
mL

75.5 μmol
mL × 0.05 mL sin igrin solution

1.105 mL × 1000 mL
L

= 3415 uM Sinigrin in reaction mixture

Equation (A1) was used to calculate specific enzyme activity
(

0.96 μM
min∗mg MYR

)
× 3415 μM

86.51 μM + 3415 μM + (3415 μM)2

780.05 μM

= 0.178
umol

mg MYR ∗ min

4. The Oliviero MYR activity (column A below) for each product type was divided by
5000 mg to determine the μmol MYR/mg broccoli * min (column B). Column B was
divided by the specific enzyme activity (0.178 μmol/mg MYR*min) to obtain the mg
MYR/mg Broccoli (column C).

A B C

MYR Activity
(Units/5 g dry wt Broccoli)

μmol/mg
Broccoli * min

mg MYR/mg
Broccoli

High MYR BP 31 0.0062 0.035
High MYR BF 31 0.0062 0.035

Medium MYR BF 5.8 0.00116 0.007
Low MYR BF 0.5 0.0001 0.000563

No MYR BF (<0.01) 0.01 0.000002 0.0000113

Part II. Estimating Vmax, Km, and Ki, for the myrosinase conversion of GR in the mouth.

1. Experimental data points were extracted from the reaction rate vs. glucoraphanin
concentration graph [42].

Glucoraphanin Concentration (μM) Initial Reaction Rate (μmol/min)

5 0.02
8 0.09

10 0.11
25 0.25
50 0.45
75 0.7
90 1.14

100 1.33
150 1.25
200 1.19
250 1.18
300 1.05
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2. The MMSI equation (Equation (A1)) was used to model the data. The parameters,
Vmax, Km, and Ki, were solved by minimizing the sum of squares difference using
Excel’s SUMXMY2 function and solver.

Parameter Estimates

Vmax 2070 μmol/min
Km 110.16 μM
Ki 893.02 μM

Appendix B. Parameter Estimates Results and Discussion for KSH, KtSI, KtLI, and Ke

Stomach emptying was described as biphasic by having two stomach compartments.
The first stomach compartment was for the delay caused by the disintegration of large
food particles before it is emptied into the duodenum. Delayed emptying has been ob-
served for wheat products [59] and other solid foods [31,39]. Since participants ate a
30-g raisin bun, right after ingesting 5 g of broccoli florets, a compartment was included
to represent disintegration of both food products. KSH, the rate constant from the first
stomach compartment to the second, is the inverse of the time required for food disin-
tegration. Parameter estimates for KSH are shown in Table A1. Excluding the outliers,
HighBP (IQR = 0.008 min−1) and HighBF (IQR = 0.004 min−1), have normal distributions
compared to Med, Low and NoBF products. Comparatively, the median values of HighBP
(0.009 min−1) and High BF (0.007 min−1) are smaller than the medians of the MedBF
(0.017 min−1), LowBF (0.016 min−1), and NoBF (0.014 min−1) products. These values im-
ply that most participants who consumed MedBF, LowBF and NoBF, required less time for
stomach disintegration of the broccoli and the raisin bun than HighBF and HighBP. Since
all participants consumed the same amounts of florets and raisin bun, differences in food
disintegration were only expected between individuals due to physiological differences.
However, the median and distribution differences between the High MYR products and
the remaining three were not expected. Kong et al. [60] observed longer disintegration
times in their stomach model for raw and 2 min cooked carrots versus their 6 min cooked
carrots. Since the high MYR broccoli florets, HighBF, were less heat processed, a harder
product texture may be the cause of its longer disintegration time. However, this does not
explain why the powdered product, HighBP does not have shorter disintegration times
compared to the MedBF, LowBF, and NoBF. It is possible that the raisin bun consumed at
the time participants consumed HighBP was harder in texture than when the other broccoli
products were consumed.

The transit rate constants for each compartment of the small and large intestine
are ktSI and ktLI, respectively. The rate constants were determined based on the mea-
sured time it takes for food contents to transit through the small and large intestines.
Excluding outliers, the distribution of ktSI parameters for MedBF (IQR = 0.014 min−1),
LowBF (IQR = 0.013 min−1), and NoBF (IQR = 0.009 min−1) are less variable compared
to the High BP (IQR = 0.098 min−1) and High BF (IQR = 0.057 min−1) broccoli products
(Table A2). Except for MedBF (outliers excluded), the parameter distributions for the four
products are positively skewed. The median values for all broccoli products are similar,
around 0.02 min−1, which is within the range of literature cited values—0.01228 min−1–
0.2333 min−1 [26]. Across all products transit through the small intestine compartments
takes 50 min (1/0.02 min−1) or longer for 50% of the participants. For each product, the
percentage of ktSI parameter estimates that fall within the literature cited range are: 100%
NoBF, 93% LowBF, 71% MedBF, 67% HighBF, and 73% HighBP. KtLI was not fitted for the
HighBP and HighBF; it was fixed at 0.003 min−1 for both products (Table A3) because
sensitivity analysis showed this parameter did not have an influence on the model’s output.
The medians for MedBF (0.280 min−1), LowBF (0.220 min−1), and NoBF (0.031 min−1) are
larger than literature ranges (0.002 min−1–0.003 min−1) for gut intestinal transit [61]. The
parameter distributions are variable especially NoBF in which the interquartile range is
560% of the median. Furthermore, the distribution for NoBF is positively skewed, indicat-
ing that 50% of the participants had colon transit times longer than 32 min (1/0.031 min−1)
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per compartment or 3.8 h for the colon. Based on the skewness, the participants with the
long transit times are not as variable as the 50% of participants with transit times shorter
than 32 min per compartment. Nine out of the 15 participants in the Oliviero study were
women and it is known that women have longer intestinal transit times compared to
men [62]. The gender of the participants with their corresponding data were not provided,
so it is impossible to correlate transit times to gender.

Table A1. KSH estimation results.

High BP(n = 15) * High BF(n = 15) * Med BF(n = 14) * Low BF(n = 14) No BF(n = 14)

     

Median: 0.009 min−1

IQR: 0.008 min−1

IQR/Med: 0.9
Outliers:

d (9.408 min−1)
l (0.752 min−1)
p (0.025min−1)

Median: 0.007 min−1

IQR: 0.004 min−1

IQR/Med: 0.6
Outliers:

d (0.105 min−1)

Median: 0.017 min−1

IQR: 0.014 min−1

IQR/Med: 0.8
Outliers:

d (0.181 min−1)

Median: 0.016 min−1

IQR: 0.014 min−1

IQR/Med: 0.9
Outliers:

None

Median: 0.014 min−1

IQR: 0.011 min−1

IQR/Med: 0.8
Outliers:

None

* Some or all outliers excluded for better visual presentation and comparison of boxplots. Outliers (+) are values more than 1.5 times the
IQR. See supplementary tables for plotted outliers.

The rate constant for sulforaphane elimination from the blood, ke, was not fitted for
HighBP and HighBF products, but rather fixed at 0.024 min−1 (Table A4). The median rates
of elimination for MedBF, LowBF and NoBF are 0.020 min−1, 0.025 min−1, and 0.017 min−1,
respectively. The IQR is largest for MedBF (0.043 min−1), followed by LowBF (0.028 min−1)
and NoBF (0.01 min−1). Vermeulen et al. [36] fitted the plasma concentration data to one
compartmental model and determined the elimination half-lives (t0.5) of SR for cooked and
raw broccoli to be 4.6 h and 3.8 h, respectively. From half-lives (t0.5 = 0.693/ke), the elimi-
nation rate constants were calculated to be 0.002511 min−1 (cooked) and 0.003039 min−1

(raw) [36]. Vermeulen’s values are lower than all estimated parameters of MedBF, LowBF,
and NoBF products. The difference is most likely due to the method used in determining
ke, because Vermeulen et al. uses a more empirical model than the one described in this
thesis.
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Table A2. ktSI estimation results.

High BP(n = 15) * High BF(n = 15) * Med BF(n = 14) * Low BF(n = 14) No BF(n = 14)

     

Median: 0.020 min−1

IQR: 0.098 min−1

IQR/Med: 4.9
Outliers:

c (5.192 min−1)

Median: 0.023 min−1

IQR: 0.057 min−1

IQR/Med: 2.5
Outliers:

n (1.369 min−1)

Median: 0.023 min−1

IQR: 0.014 min−1

IQR/Med: 0.6
Outliers:

h (0.366 min−1)
i (0.092 min−1)
o (0.054 min−1)

Median: 0.020 min−1

IQR: 0.013 min−1

IQR/Med: 0.7
Outliers:

none

Median: 0.026 min−1

IQR: 0.009 min−1

IQR/Med: 0.3
Outliers:

none

* Some or all outliers excluded for better visual presentation and comparison of boxplots. Outliers (+) are values more than 1.5 times the
IQR. See supplementary tables for plotted outliers.
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Table A3. ktLI estimation results.

High BP(n = 15) High BF(n = 15) Med BF(n = 14) * Low BF(n = 14) * No BF(n = 14) *

—- —-

   

Not fitted. KtLI fixed at
0.003 min−1.

Not fitted. KtLI fixed at
0.003 min−1.

Median: 0.280 min−1

IQR: 0.284 min−1

IQR/Med: 1.0
Outliers:

h (0.96575 min−1)
i (0.92453 min−1)

Median: 0.220 min−1

IQR: 0.139 min−1

IQR/Med: 0.6
Outliers:

n (0.9998 min−1)

Median: 0.031 min−1

IQR: 0.175 min−1

IQR/Med: 5.6
Outliers:

q (1.0385 min−1)

* Some or all outliers excluded for better visual presentation and comparison of boxplots. Outliers (+) are values more than 1.5 times the
IQR. See supplementary tables for plotted outliers.
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Table A4. ke estimation results.

High BP(n = 15) High BF(n = 15) Med BF(n = 14) * Low BF(n = 14) No B(n = 14) *

—- —-

   

Not fitted. ke fixed at
0.024 min−1.

Not fitted. ke fixed at
0.024 min−1.

Median: 0.020 min−1

IQR: 0.043 min−1

IQR/Med: 2.2
Outliers:

c (0.277 min−1)
g (0.319 min−1)
o (0.295 min−1)

Median: 0.025 min−1

IQR: 0.028 min−1

IQR/Med: 1.1
Outliers:

None

Median: 0.017 min−1

IQR: 0.01 min−1

IQR/Med: 0.6
Outliers:

f (0.038 min−1)
g (0.039 min−1)

* Some or all outliers excluded for better visual presentation and comparison of boxplots. Outliers (+) are values more than 1.5 times the
IQR. See supplementary tables for plotted outliers.
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Abstract: The vegetable watercress (Nasturtium officinale R.Br.) is, besides being a generally nutritious
food, a rich source of glucosinolates. Gluconasturtiin, the predominant glucosinolate in watercress,
has been shown to have several health beneficial properties through its bioactive breakdown prod-
uct phenethyl isothiocyanate. Little is known about the immunoregulatory effects of watercress.
Moreover, anti-inflammatory effects have mostly been shown in in vitro or in animal models. Hence,
we conducted a proof-of-concept study to investigate the effects of watercress on the human im-
mune system. In a cross-over intervention study, 19 healthy subjects (26.5 ± 4.3 years; 14 males,
5 females) were given a single dose (85 g) of fresh self-grown watercress or a control meal. Two hours
later, a 30 min high-intensity workout was conducted to promote exercise-induced inflammation.
Blood samples were drawn before, 5 min after, and 3 h after the exercise unit. Inflammatory blood
markers (IL-1β, IL-6, IL-10, TNF-α, MCP-1, MMP-9) were analyzed in whole blood cultures after
ex vivo immune cell stimulation via lipopolysaccharides. A mild pro-inflammatory reaction was
observed after watercress consumption indicated by an increase in IL-1β, IL-6, and TNF-α, whereas
the immune response was more pronounced for both pro-inflammatory and anti-inflammatory
markers (IL-1β, IL-6, IL-10, TNF-α) after the exercise unit compared to the control meal. During
the recovery phase, watercress consumption led to a stronger anti-inflammatory downregulation of
the pro-inflammatory cytokines IL-6 and TNF-α. In conclusion, we propose that watercress causes
a stronger pro-inflammatory response and anti-inflammatory counter-regulation during and after
exercise. The clinical relevance of these changes should be verified in future studies.

Keywords: watercress; cruciferous vegetables; glucosinolates; gluconasturtiin; anti-inflammatory;
pro-inflammatory

1. Introduction

With the revival of domestic greens watercress (Nasturtium officinale R.Br.), a member of
the Brassicaceae family, gains a growing interest in science. The semi-aquatic plant species
native to Europe and Asia is often consumed as a salad or garnish, or as part of a soup,
especially in the Mediterranean kitchen. It is valued for its high nutrient density caused
by a low energy content and high amounts of vitamins (B1, B2, B3, B6, C, E), minerals
(calcium, iron), and phytochemicals (polyphenols, terpenes) [1–3]. Like all members of the
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Brassicaceae family, watercress contains mustard oil glycosides or glucosinolates (GLS), of
which gluconasturtiin is the predominant GLS in watercress. As a precursor, it is converted
into the bioactive compound phenethyl isothiocyanate (PEITC) upon tissue disruption due
to the action of the thioglucosidase myrosinase.

Several studies investigated the health beneficial effects of watercress and PEITC
including antioxidative, anti-inflammatory, antidiabetic, anti-allergic, antibacterial, hy-
polipemic, cardioprotective, and anticancer effects (reviewed in [2]). While most of these
effects have been observed in vitro or in animal studies, only a few human intervention
studies with watercress have been carried out. Moreover, human intervention studies
that administered watercress have mainly focused on antioxidative [4,5] and anticancer ef-
fects [6]. The influence of watercress on the immune system, in particular anti-inflammatory
activity, has barely been investigated in human studies thus far. There has yet been no con-
firmation that watercress and its ingredients gluconasturtiin/PEITC act in a similar way in
humans compared to effects observed in vitro, namely, by inhibiting the pro-inflammatory
nuclear factor kappa B (NfκB) pathway [7]. Because the NfκB pathway can be stimulated
directly by reactive oxygen species (ROS) [8] or indirectly by the ROS-dependent heat shock
response [9,10], antioxidants might attenuate the exercise-induced inflammation [11]. As a
consequence, it is necessary to determine the levels of antioxidants and their capacity in
watercress. Moreover, it remains unknown as to whether other gluconasturtiin metabolites
are formed in vivo and how they contribute to an antioxidative effect such as that indicated
for benzenepropanenitrile [12].

We performed a pilot study with four subjects to examine the effect of a single dose of
fresh watercress on various biomarkers of exercise-induced inflammation [13]. On the basis
of the results of that previous study, where we observed indications for anti-inflammatory
effects, we conducted this follow-up study with a greater number of subjects to further
characterize the inflammatory response of watercress consumption. After consuming
85 g of fresh watercress, untrained subjects had to complete a high-intensity workout to
induce a pro-inflammatory condition. Inflammatory blood markers (IL-1β, IL-6, IL-10,
TNF-α, MCP-1, MMP-9) were analyzed in whole blood cultures after ex vivo immune cell
stimulation via lipopolysaccharides (LPS).

2. Materials and Methods

2.1. Plant Material

The administered watercress (Nasturtium officinale) was obtained from the Institute of
Botany, Leibniz University Hannover. Cuttings were taken for propagation and cultivated
in a hydroponic greenhouse system using a Hoagland solution. After 8 weeks, the plant
material was harvested freshly on a daily basis. Following a 45 min wet transport, it was
cut as little as necessary for consumption.

2.2. Analysis of Glucosinolates by HPLC/LC–MS

GLS were analyzed by HPLC–UV according to Hornbacher et al. [14]. The GLS
content of the watercress samples were measured in triplicate. All standard substances
were checked for identity. For the identification of the GSL in N. officinale, samples were
analyzed by liquid chromatography–mass spectrometry (LC–MS). A volume of 10 μL
was injected into the HPLC system (Shimadzu, Darmstadt, Germany) and separated on a
Knauer Vertex Plus column (250 × 4 mm, 5 μm particle size, packing material ProntoSIL
120-5 C18-H) equipped with a pre-column (Knauer, Berlin, Germany). A water (solvent
A)–methanol (solvent B), both containing 2 mM ammonium acetate, gradient was used
with a flow rate of 0.8 mL/min at 30 ◦C. For measuring the samples, the following gradient
was used: 10–90% B for 35 min, 90% for 2 min, 90–10% B for 1 min, and 10% B for 2 min.
Detection of the spectra in the range 190–800 nm was performed with a diode array
detector (SPD-M20A, Shimadzu, Darmstadt, Germany). The HPLC system was coupled
to an AB Sciex TripleTOF mass spectrometer (AB Sciex TripleTOF 4600, Canby, OR, USA).
At a temperature of 600 ◦C and an ion spray voltage floating of −4500 V, the negative
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electrospray ionization (ESI) was performed. For the ion source gas one and two 50 psi
were used and for the curtain gas 35 psi. In the range of 100–1500 Da in the TOF range,
the mass spectra as well as the MS/MS spectra from 150–1500 Da at a collision energy
of −10 eV were recorded. Peaks were identified by analyzing the characteristic mass
fragments of ds-4-methoxyglucobrassicin (195, 398, 433, 795) and ds-glucoarabishirsutain
(195, 382, 417, 763). Due to lack of standards of the GSLs fractions of the measured samples
were collected in a fraction collector (FRC-10A Shimadzu, Darmstadt, Germany), dried in a
vacuum centrifuge, and dissolved in 300 μL ultrapure water. The retention time for every
GSL was determined by measuring either the collected fraction or the authentic standard
(Phytolab, Vestenbergsgreuth, Germany) with the HPLC system, as described above.

2.3. Measurement of Antioxidant Contents and Antioxidant Capacity

The measurements of carotenoid, total phenol and total flavonoid contents, as well
as the measurement of the oxygen radical absorbance capacity (ORAC), were performed
according to Boestfleisch et al. [15].

Tocopherol contents were analyzed according to Cruz et al. [16] with modifications.
Small portions of finely ground fresh sample (1.0 g) were weighed accurately into amber
glass vials containing ascorbic acid (50 mg), butylated hydroxytoluene (1 mg), and internal
standard (1 μg δ-tocopherol). Samples were homogenized with methanol (2 mL) by vortex
mixing for 1 min. Then, dichloromethane (4 mL) was added and vortex-mixed for 1 min.
Subsequently, 0.9% (w/v) NaCl (1 mL) was added, the mixture was homogenized (1 min)
and centrifuged (3 min, 14,000× g), and the clear lower layer was transferred to an amber
flask. Extraction was repeated twice with dichloromethane. The extracts were combined
and vacuum-dried in a vacuum centrifuge (Eppendorf, Hamburg, Germany) at 25 ◦C. The
extract was recovered with 1 mL of n-hexane and anhydrous sodium sulfate was added
(around 100 mg). After an additional centrifugation (5 min, 14,000× g), the supernatant
was analyzed immediately. Analysis was performed with an HPLC system equipped
with a Nucleodur C18 column (250 mm × 4.6 mm; Macherey-Nagel, Düren, Germany).
Tocopherols were separated with an isocratic gradient consisting of 90% n-hexane and 10%
diethyl ether at room temperature and a flow rate of 1 mL/min. Analytes were monitored
with a fluorescence detector (Shimadzu, Duisburg, Germany). Excitation was performed at
289 nm and fluorescence of analytes was analyzed at 331 nm.

2.4. Human Study Design and Subjects

An overview of the timeline of the study and the interventions in particular is shown
in Figure 1. The inclusion criteria of the cross-over study were age between 18 and 35 years,
BMI between 18 and 30 kg/m2, and less than two hours of moderate exercise per week,
classifying these participants as untrained. For the questionnaire-based assessment of the
training status, we factored in leisure time physical activities such as jogging or weight-
lifting, as well as daily non-athletic exertions such as movement by foot or bike. The
exclusion criteria were cardiovascular or metabolic disease, smoking, pregnancy, drug
or alcohol dependency, concurrent participation in another clinical trial or in another
study within the last 30 days, and intake of antioxidative or antiphlogistic medicine or
dietary supplements.
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Figure 1. Flow diagram showing the timeline of the study.

As part of a run-in/washout phase, subjects refrained from consuming foods rich in
polyphenols, vitamin C and E (mainly berries, nuts, and vegetables of the Brassicaceae
family) seven days before each examination. To ensure compliance, participants received
written instructions and a list of foods that should not be consumed. On the basis of
the consumed amount in similar studies [4,5,13], subjects ate a single dose of 85 g of
fresh watercress accompanied by a standard breakfast (two buns, cream cheese or oat
spread, yoghurt or balsamic dressing). In the control group, 85 g of iceberg lettuce was
administered instead. Two hours after consumption, the first blood sample (t0) was taken.
Immediately after blood draw, the subjects completed a 30 min high-intensity endurance
workout on echo bikes within a parameter range of 80–92% HRmax, 120–145 W, and a final
rating of perceived exertion of 17.8. Throughout the workout, heart rates were recorded
using a heart rate monitor watch with a Bluetooth heart rate sensor chest strap (RC 14.11,
Sigma-Elektro, Neustadt, Germany). Additional blood samples were taken 5 min (t1) and
3 h (t2) after the end of the exercise. The subjects were served a lunch in the meantime
consisting of a potato soup. All blood samples were obtained by venipuncture of an
arm vein using Multifly needles (Sarstedt, Nürnbrecht, Germany) into heparin plasma
monovettes (Sarstedt, Nürnbrecht, Germany). To assure that subjects did not enter the
examination with elevated inflammatory markers due to an infection, we determined C-
reactive protein in serum using serum monovettes (Sarstedt, Nürnbrecht, Germany). Both
interventions (control and watercress) were conducted identically with an intermediary
washout phase of 7 days.

The study was carried out following the rules of the Declaration of Helsinki and was
approved by the Ethics Committee at the Medical Chamber of Lower Saxony (30/37/2020,
Hannover, Germany, 10/2020).

2.5. Measurement of Inflammatory Markers by Bio-Plex Multiplex Immunoassay

The freshly drawn blood samples were stimulated ex vivo in whole blood cultures
via lipopolysaccharides (LPS). Therefore, samples were immediately diluted 1:5 with
the cell culture medium RPMI 1640 including 20 mmol HEPES and L-glutamine (Sigma-
Aldrich, Hamburg, Germany) and added antibiotics (100 U/mL penicillin and 100 μg/mL
streptomycin; Sigma-Aldrich, Hamburg, Germany). The samples were seeded into 12-well
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microtiter plates and mixed with 10 ng/mL (final concentration) LPS from Escherichia
coli (Sigma-Aldrich, Hamburg, Germany). The plates were incubated for 24 h at 37 ◦C
without a CO2 application. The used HEPES buffer is able to stabilize the pH over 24 h.
The supernatants were frozen at −80 ◦C until analysis.

The levels of the inflammatory markers (IL-1β, IL-6, IL-10, TNF-α, MCP-1, MMP-9) in
whole blood culture supernatant were simultaneously determined using a human Magnetic
Luminex Assay (Bio-Techne, Abingdon, Oxon, UK) and a Magpix Luminex instrument
(Luminex Corp, Austin, TX, USA).

2.6. Data Analysis and Statistical Methods

Data are presented as the means ± standard deviation. All variables were tested for
normal distribution by Shapiro–Wilk test. In the case of not normally distributed data, a
suitable transformation was applied, and parametric tests were used. Differences among
inflammatory markers were analyzed using ANOVA with repeated measures. In addition,
groups were compared using a t-test for dependent means. To calculate correlations,
we utilized Pearson correlation (parametric data) and Spearman’s rho correlation (non-
parametric data). Statistical significance was regarded as values of p ≤ 0.05. Analyses were
conducted using Infostat (version 2012; University of Córdoba, Córdoba, Argentine) and
SPSS (version 27; SPSS Inc., Chicago, IL, USA).

3. Results

Of the 21 recruited subjects, 19 completed the study (Table 1). Incomplete study
data were excluded from statistical analyses. One subject failed to participate because of
illness. Another subject showed increased serum levels of C-reactive protein (>0.5 mg/L),
indicating an elevated systemic inflammation. No health- or workout-related incidents
occurred during the study, with the exception of one subject taking a two-minute break
from the exercise due to total exhaustion.

Table 1. Characterization of the study population.

Parameters

Sex (n, females/males) 5/14
Age (years) 26.5 ± 4.3
Weight (kg) 72.9 ± 12.5
Height (m) 1.77 ± 0.09

BMI (kg/m2) 23.3 ± 3.5
WHR (females/males) 0.74 ± 0.04/0.84 ± 0.05

BMI = body mass index, WHR = waist-to-hip ratio.

3.1. Plant Material
3.1.1. Levels of Glucosinolates

Gluconasturtiin was recognized as the predominant GLS in watercress with a fraction
of 90.5 ± 1.1% of the total GLS content. In addition, minor amounts of glucoarabishir-
sutain (5.3 ± 0.8%), glucobrassicin (1.4 ± 0.4%), neoglucobrassicin (1.4 ± 0.3%), and
4-methoxyglucobrassicin (1.4 ± 0.4%) were found (Figure 2, Table A1). In the course of the
study, GLS contents varied notably with the most impactful difference in gluconasturtiin
of 36% at day 3 compared to the previous day. This resulted in a difference of 34% of the
total GLS content while maintaining the partial composition of the GLS profile.
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Figure 2. Mean concentration of different glucosinolates (GLS) (nmol/g DW) in watercress at
different sampling times. The standard deviation represents the values for three technical replicates.
Analysis of variance (ANOVA) was performed with Infostat. Means with a common letter are not
significantly different.

3.1.2. Levels of Antioxidants and Antioxidant Capacity

Contents of flavonoids as well as ascorbic acid in analyzed watercress were similar at
all sampling days (Table A2). Contents of total phenols were slightly higher in samples
taken at day 3 and day 4, whereas carotenoid contents were slightly higher at day 2 and
day 4. Tocopherol contents as well as ORAC were similar at all sampling days.

3.2. Levels of Inflammatory Blood Markers

Statistical analysis using the ANOVA with repeated measures showed significant
differences between the sampling times for all analyzed parameters (p ≤ 0.001). Hence, the
acute exercise affected concentrations of all measured inflammatory markers. In addition,
the same analysis pointed out that the consumption of watercress led to significant differ-
ences for the levels of IL-1β, IL-6, and IL-10 across all sampling times (IL-1β (p = 0.006), IL-6
(p = 0.006), IL-10 (p ≤ 0.001)). The remaining parameters showed no significant differences
(TNF-α (p = 0.382), MCP-1 (p = 0.192), MMP-9 (p = 0.118)). With regards of the varying GLS
levels of the plant material, no correlations with the inflammatory markers were found.

Significantly higher concentrations of the pro-inflammatory cytokines IL-1β (16%),
IL-6 (33%), and TNF-α (30%), as well as the enzyme MMP-9 (22%), were observed in the
watercress group compared to the control group two hours after the watercress consump-
tion (t0) (Figure 3, Table A3). Upon exercise-stimulation (t1), the control group showed
a significant rise in all inflammatory markers, specifically IL-6 (33%), IL-10 (47%), MCP-
1 (53%), and MMP-9 (53%) with IL-1β and TNF-α showing no reaction. Compared to
the control breakfast, levels of IL-1β, IL-6, IL-10, and TNF-α were significantly higher
after the watercress breakfast (31%, 32%, 51%, and 23%, respectively). To determine if
the consumption of watercress resulted in a stronger increase of the cytokines regardless
of the pre-exercise levels, we compared the differences (t1 − t0). Thereby, a significant
stronger upregulation of the anti-inflammatory cytokine IL-10 was found. After the recov-
ery phase (t2), all inflammatory markers except MMP-9 decreased. A comparison of the
differences (t2 − t1) between the watercress and the control group revealed a significantly
stronger downregulation of the pro-inflammatory cytokines IL-6 and TNF-α and a trend
in IL-1β (p = 0.062). In the case of TNF-α, the level at t2 was even lower compared to
the pre-exercise state of the control group. This post-exercise downregulation can also
be observed in the ratio of the anti-inflammatory IL-10 and the pro-inflammatory IL-1β
(Figure 4). The watercress consumption influenced the ratio 3 h after exercise towards the
anti-inflammatory reaction.
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Figure 3. Effect of acute watercress consumption on blood markers of inflammation (IL-1β, IL-6, IL-10, TNF-α, MCP-1,
MMP-9) in ex vivo LPS-stimulated whole blood cultures after high-intensity workout in untrained subjects. t0, pre-exercise;
t1, 5 min post-exercise; t2, 3 h post-exercise. Analysis of variance (ANOVA) was performed with SPSS. * Significant
difference between control and watercress. # Significant difference to previous sampling point.
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Figure 4. Effect of acute watercress consumption on the ratio of IL-10 (anti-inflammatory) and IL-1β
(pro-inflammatory). t0, pre-exercise; t1, 5 min post-exercise; t1, 3 h post-exercise. Analysis of variance
(ANOVA) was performed with SPSS. * Significant difference between control and watercress.

4. Discussion

Many food compounds are known to assure the maintenance of the immune system or
improve its performance [17]. By interacting with ROS or affecting cytokine biology, their
intake can modulate immune function. A wide variety of anti-inflammatory nutrients has
been investigated thus far. While many act as antioxidants and, hence, indirectly modulate
the ROS-dependent NfκB activation [18] such as ascorbic acid, glutathione, or carotenoids,
others operate as pro-resolving mediators such as omega-3 fatty acids [19].

A common misconception is that pro-inflammatory processes at all times need to be
annihilated to prevent the body from harm. Similar to oxidative stress, pro-inflammatory
processes can have both detrimental and beneficial effects to the human body. When
inflammatory processes become chronic, they often have negative impacts. Chronic low-
grade inflammation is associated with a wide range of chronic conditions, such as the
metabolic syndrome, cardiovascular disease, type 2 diabetes, and non-alcoholic fatty liver
disease. However, if the body is able to resolve inflammatory processes, they can provide
signals for adaptation in physiological contexts such as sport [20]. In its acute form, it is
generally a beneficial procedure, which removes stimuli and initiates the repair system.
As the first line of defense, pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-
α promote the activation and secretion of more cytokines and acute-phase proteins as
well as the proliferation and differentiation of T- and B-cells. The time-delayed increase
of the cytokine IL-10 has been widely recognized as a suppression of the inflammatory
response by its downregulating effects on TNF-α and IL-1 [21–23]. The immune system acts
through a fluctuation between a pro-inflammatory response and an anti-inflammatory or
inflammation resolving counter-regulation. An increase in the magnitude of the fluctuation
could be interpreted as positive for the capacity of the system. Thus, a mild activation of
the immune system through dietary components might aid in resolving inflammation by
a preceding mobilization. We assume that this immunomodulating effect also applies to
watercress and its ingredients.

Upon exercise- and LPS-stimulation, a solid, non-excessive immune reaction was
observed in IL-6 and IL-10, with a greater response after the watercress consumption.
Interestingly, the subsequent inflammatory counter-regulation of IL-6, TNF-α, and IL-1β
was more pronounced in the watercress group, which likely was a result of the higher
exercise-induced levels of IL-10. This shift towards an anti-inflammatory response after
the watercress consumption was supported by the increased ratio of IL-10 and IL-1β. Our
results suggest that watercress intake stimulates the immune system, which might enhance
its metabolic capacity. The finding that the consumption of watercress causes an initial pro-
inflammatory reaction followed by a greater exercise-induced response in both pro- and
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anti-inflammatory markers is remarkable and has not been observed thus far. We assume
that gluconasturtiin, in particular PEITC, is responsible for the observed immunomodulat-
ing effect, where PEITC might operate as an activator in T-lymphocytes or macrophages
or their receptors and thereby stimulates or sensitizes the cytokine production. It is also
conceivable that PEITC activates the heat shock response, which leads to a stimulation of
the pro-inflammatory NfκB pathway [24]. Another explanation is that specific components
of watercress might interfere with the immunometabolism and thereby stimulate its func-
tion. Although the average contents of secondary metabolites besides gluconasturtiin and
the ORAC are in the lower range of vegetables, it is likely that the observed effects are
mainly caused by the GLS. The extraction procedure for the evaluation of the ORAC uses
methanol as organic solvent, which inhibits the hydrolysis of gluconasturtiin to PEITC.
However, PEITC would contribute only very little to the overall ORAC, since its capacity to
scavenge ROS was reported to be 1.9 μg TE/mg PEITC [25]. The levels of gluconasturtiin
in the obtained watercress resemble the results of the pilot study [13] and were in the same
range of reported contents for raw watercress [26].

In contrast to our results, PEITC and watercress extracts have thus far been shown
to possess only anti-inflammatory and no pro-inflammatory properties [27–31]. The pilot
study, on which this investigation is based on, aligns with these observations [13]. In vitro
studies presume the mechanism behind this effect of PEITC in the inhibition of the pro-
inflammatory NfκB pathway in macrophages, possibly through the modulation of toll-like
receptors [31–33]. Due to the redox-sensitivity of NfκB, the activation of the antioxidative
nuclear factor erythroid 2-related factor 2 (Nrf2) pathway by PEITC plays a considerable
role in its anti-inflammatory effect [34]. Previous human intervention studies have fo-
cused mainly on those antioxidative effects of watercress. They showed that a regular
consumption as well as a single dose of watercress reduces the oxidative stress in various
biomarkers [4,5]. On the basis of the antioxidative and thereby assumed anti-inflammatory
effects, the outcome of this study does not align with the previous literature. Although
PEITC is able to promote oxidative stress at very high concentrations, presumably acting as
a scavenger for glutathione [35], it remains debatable as to whether a single dose of 85 g of
watercress provides the body with the necessary range of concentration. In consequence of
the redox-sensitivity of NfκB, an initial pro-oxidative effect after the consumption of water-
cress could explain the simultaneously increased cytokine levels of IL-1β, IL-6, and TNF-α.
The pro-oxidative state would be further enhanced by the exercise, which subsequently
results in an even more pronounced pro-inflammatory response in the watercress group
and a stronger induction of the counter-regulatory Nrf2-mediated antioxidant response
that is observed in the recovery phase.

5. Conclusions

The course of inflammatory markers after the watercress consumption with initially
increasing pro-inflammatory markers and a higher release of an anti-inflammatory marker
in the recovery phase has not yet been described in the literature. We interpret this observa-
tion with a mild activation of the immune system resulting in a stronger pro-inflammatory
reaction, which is more effectively resolved by a powerful anti-inflammatory counter-
regulation. This thesis and the clinical relevance have to be investigated in future studies.
Moreover, cell culture studies are necessary to explore the underlying effects of water-
cress components on leukocytes. Likewise, it must not be ignored that the immune cells
were stimulated ex vivo by LPS. The results and the possible effects on the immune sys-
tem can therefore not be directly transferred to the situation in vivo. Because watercress
is a complex food with considerable amounts of other potentially immunomodulating
substances besides PEITC, a causal relationship between the observed effects and gluconas-
turtiin/PEITC cannot be stated. A clinical trial with isolated gluconasturtiin/PEITC should
be conducted in order to confirm the effect and whether its magnitude is influenced by
other components. The variable GLS levels of watercress show the need for developing
standardized extracts or supplements. Thereby, future clinical trials are provided with a
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standardized GLS dosage and can overcome logistic and sensory barriers of administering
raw watercress.
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Appendix A

Table A1. Mean concentration of different glucosinolates (GLS) (nmol/g DW) in watercress at different sampling times.
The standard deviation represents the values for three technical replicates. Analysis of variance (ANOVA) was performed
with Infostat. Means with a common letter are not significantly different.

GLS Day 1 Day 2 Day 3 Day 4

4-Methoxyglucobrassicin 46.8 ± 2.1 a 70.6 ± 5.0 a,b 101.3 ± 8.3 b 101.5 ± 6.3 b

Glucobrassicin 79.3 ± 2.2 a 87.8 ± 3.2 a 90.5 ± 1.6 a 56.6 ± 1.3 a

Neoglucobrassicin 76.6 ± 1.4 a 76.4 ± 3.7 a 85.5 ± 1.7 a 71.3 ± 3.3 a

Glucoarabishirsutain 213.5 ± 2.6 a 296.4 ± 12.4 a,b 379.6 ± 10.1 b 311.8 ± 11.8 a,b

Gluconasturtiin 4525 ± 45 a 4393 ± 180 a 5966 ± 266 a 5655 ± 196 a

Total 4942 ± 46 a 4924 ± 201 a 6623 ± 285 a 6196 ± 215 a

Table A2. Mean contents of antioxidative substances (total flavonoids and phenols, ascorbic acid, α- and γ-tocopherol) and
antioxidative capacity (ORAC) in watercress at different sampling times. The standard deviation represents the values for
three technical replicates. Analysis of variance (ANOVA) was performed with Infostat. Means with a common letter are not
significantly different.

Parameters Day 1 Day 2 Day 3 Day 4

Total flavonoids (ng CE/g FW) 415 ± 20 a 470 ± 43 a,b 509 ± 49 a,b 529 ± 46 b

Total phenols (ng GAE/g FW) 832 ± 41 a 980 ± 90 a,b 1145 ± 42 b 1178 ± 128 b

Ascorbic acid (μg/g FW) 578 ± 31 a 638 ± 55 a 750 ± 85 a 687 ± 31 a

Carotenoids (μg/g FW) 84.9 ± 8.8 a 108.9 ± 7.7 a 90.3 ± 22.4 a 118.9 ± 16.3 a

α-Tocopherol (μg/g FW) 3.63 ± 0.02 a 5.11 ± 0.11 b 5.58 ± 0.17 b 5.27 ± 0.03 b

γ-Tocopherol (ng/g FW) 70.8 ± 5.5 a 86.9 ± 0.4 a 72.4 ± 3.6 a 60.6 ± 5.1 a

ORAC (μmol TE/g FW) 19.6 ± 2.7 a 20.3 ± 1.1 a 21.4 ± 1.5 a 20.7 ± 2.4 a

CE = catechin equivalents (standard curve was performed with catechin), GAE = gallic acid equivalents (standard curve was performed
with gallic acid), ORAC = oxygen radical absorbance capacity, TE = trolox equivalents (standard curve was performed with trolox).
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Table A3. Effect of acute watercress consumption on blood markers of inflammation (IL-1β, IL-6, IL-10, TNF-α, MCP-1,
MMP-9) in ex vivo LPS-stimulated whole blood cultures after high-intensity workout in untrained subjects.

Parameter Control Watercress

t0 t1 t2 t0 t1 t2

IL-1β (ng/mL) 2.40 ± 0.98 * 2.66 ± 1.26 * 1.98 ± 0.90 # 2.77 ± 0.82 * 3.47 ± 1.45 *,# 2.06 ± 0.75 #

IL-6 (ng/mL) 4.09 ± 1.54 * 5.73 ± 1.73 *,# 4.29 ± 1.55 # 5.43 ± 1.73 * 7.56 ± 2.25 *,# 3.91 ± 1.59 #

IL-10 (pg/mL) 98.0 ± 42.6 144.5 ± 70.3 *,# 113.7 ± 73.2 * 107.6 ± 48.1 217.8 ± 103.3 *,# 166.6 ± 89.2 *,#

TNF-α (pg/mL) 328.3 ± 228.1 * 328.0 ± 140.5 * 296.6 ± 141.1 * 428.0 ± 179.3 * 403.4 ± 163.2 * 205.3 ± 126.1 *#

MCP-1 (ng/mL) 3.20 ± 1.73 4.89 ± 2.39 # 3.94 ± 1.57 *,# 3.02 ± 1.52 4.67 ± 2.91 3.60 ± 1.96 *,#

MMP-9 (ng mL) 86.6 ± 21.5 * 132.2 ± 46.5 # 210.2 ± 50.3 # 105.5 ± 28.3 * 133.9 ± 29.2 # 202.0 ± 45.2 #

t0, pre-exercise; t1, 5 min post-exercise; t2, 3 h post-exercise. * Significant difference between control and watercress. # Significant difference
to previous sampling point.

References

1. Di Noia, J. Defining Powerhouse Fruits and Vegetables: A Nutrient Density Approach. Prev. Chronic Dis. 2014, 11, 130390.
[CrossRef]

2. Klimek-Szczykutowicz, M.; Szopa, A.; Ekiert, H. Chemical Composition, Traditional and Professional Use in Medicine, Appli-
cation in Environmental Protection, Position in Food and Cosmetics Industries, and Biotechnological Studies of Nasturtium
Officinale (Watercress)—A Review. Fitoterapia 2018, 129, 283–292. [CrossRef] [PubMed]

3. de Souza, H.C.; dos Santos, A.M.P.; Fortunato, D.M.N.; Lima, D.C.; Fragoso, W.D.; Ferreira, S.L.C. Determination of the Mineral
Composition of Watercress and Data Evaluation Using Multivariate Analysis. Anal. Lett. 2011, 44, 1758–1768. [CrossRef]

4. Fogarty, M.C.; Hughes, C.M.; Burke, G.; Brown, J.C.; Davison, G.W. Acute and Chronic Watercress Supplementation Attenuates
Exercise-Induced Peripheral Mononuclear Cell DNA Damage and Lipid Peroxidation. Br. J. Nutr. 2013, 109, 293–301. [CrossRef]

5. Gill, C.I.; Haldar, S.; Boyd, L.A.; Bennett, R.; Whiteford, J.; Butler, M.; Pearson, J.R.; Bradbury, I.; Rowland, I.R. Watercress
Supplementation in Diet Reduces Lymphocyte DNA Damage and Alters Blood Antioxidant Status in Healthy Adults. Am. J. Clin.
Nutr. 2007, 85, 504–510. [CrossRef]

6. Hofmann, T.; Kuhnert, A.; Schubert, A.; Gill, C.; Rowland, I.R.; Pool-Zobel, B.L.; Glei, M. Modulation of Detoxification Enzymes
by Watercress: In Vitro and in Vivo Investigations in Human Peripheral Blood Cells. Eur. J. Nutr. 2009, 48, 483–491. [CrossRef]

7. Cheung, K.L.; Kong, A.-N. Molecular Targets of Dietary Phenethyl Isothiocyanate and Sulforaphane for Cancer Chemoprevention.
AAPS J. 2010, 12, 87–97. [CrossRef]

8. Schoonbroodt, S.; Ferreira, V.; Best-Belpomme, M.; Boelaert, J.R.; Legrand-Poels, S.; Korner, M.; Piette, J. Crucial Role of the
Amino-Terminal Tyrosine Residue 42 and the Carboxyl-Terminal PEST Domain of I KBα in NF-KB Activation by an Oxidative
Stress. J. Immunol. 2000, 164, 4292–4300. [CrossRef] [PubMed]

9. Fehrenbach, E.; Niess, A.M. Role of Heat Shock Proteins in the Exercise Response. Exerc. Immunol. Rev. 1999, 5, 57–77. [PubMed]
10. Asea, A.; Rehli, M.; Kabingu, E.; Boch, J.A.; Bare, O.; Auron, P.E.; Stevenson, M.A.; Calderwood, S.K. Novel Signal Transduction

Pathway Utilized by Extracellular HSP70: Role of Toll-like Receptor (TLR) 2 and TLR4. J. Biol. Chem. 2002, 277, 15028–15034.
[CrossRef] [PubMed]

11. Vassilakopoulos, T.; Karatza, M.-H.; Katsaounou, P.; Kollintza, A.; Zakynthinos, S.; Roussos, C. Antioxidants Attenuate the
Plasma Cytokine Response to Exercise in Humans. J. Appl. Physiol. 2003, 94, 1025–1032. [CrossRef]

12. Azarmehr, N.; Afshar, P.; Moradi, M.; Sadeghi, H.; Sadeghi, H.; Alipoor, B.; Khalvati, B.; Barmoudeh, Z.; Abbaszadeh-Goudarzi, K.;
Doustimotlagh, A.H. Hepatoprotective and Antioxidant Activity of Watercress Extract on Acetaminophen-Induced Hepatotoxicity
in Rats. Heliyon 2019, 5, e02072. [CrossRef] [PubMed]

13. Schuchardt, J.P.; Hahn, A.; Greupner, T.; Wasserfurth, P.; Rosales-López, M.; Hornbacher, J.; Papenbrock, J. Watercress—Cultivation
Methods and Health Effects. J. Appl. Bot. Food Qual. 2019, 92, 232–239. [CrossRef]

14. Hornbacher, J.; Rumlow, A.; Pallmann, P.; Turcios, A.E.; Riemenschneider, A.; Papenbrock, J. The Levels of Sulfur-Containing
Metabolites in Brassica Napus Are Not Influenced by the Circadian Clock but Diurnally. J. Plant Biol. 2019, 62, 359–373. [CrossRef]

15. Boestfleisch, C.; Wagenseil, N.B.; Buhmann, A.K.; Seal, C.E.; Wade, E.M.; Muscolo, A.; Papenbrock, J. Manipulating the
Antioxidant Capacity of Halophytes to Increase Their Cultural and Economic Value through Saline Cultivation. AoB Plants 2014,
6, plu046. [CrossRef] [PubMed]

16. Cruz, R.; Casal, S. Validation of a Fast and Accurate Chromatographic Method for Detailed Quantification of Vitamin E in Green
Leafy Vegetables. Food Chem. 2013, 141, 1175–1180. [CrossRef] [PubMed]

17. Wu, D.; Lewis, E.D.; Pae, M.; Meydani, S.N. Nutritional Modulation of Immune Function: Analysis of Evidence, Mechanisms,
and Clinical Relevance. Front. Immunol. 2019, 9, 1–19. [CrossRef]

18. Schreck, R.; Rieber, P.; Baeuerle, P.A. Reactive Oxygen Intermediates as Apparently Widely Used Messengers in the Activation of
the NF-Kappa B Transcription Factor and HIV-1. EMBO J. 1991, 10, 2247–2258. [CrossRef]

19. Norling, L.V.; Ly, L.; Dalli, J. Resolving Inflammation by Using Nutrition Therapy: Roles for Specialized Pro-Resolving Mediators.
Curr. Opin. Clin. Nutr. Metab. Care 2017, 20, 145–152. [CrossRef]

227



Foods 2021, 10, 1774

20. Gomez-Cabrera, M.C.; Viña, J.; Ji, L.L. Role of Redox Signaling and Inflammation in Skeletal Muscle Adaptations to Training.
Antioxidants 2016, 5, 48. [CrossRef]

21. Cassatella, M.A.; Meda, L.; Bonora, S.; Ceska, M.; Constantin, G. Interleukin 10 (IL-10) Inhibits the Release of Proinflammatory
Cytokines from Human Polymorphonuclear Leukocytes. Evidence for an Autocrine Role of Tumor Necrosis Factor and IL-1 Beta
in Mediating the Production of IL-8 Triggered by Lipopolysaccharide. J. Exp. Med. 1993, 178, 2207–2211. [CrossRef]

22. Gérard, C.; Bruyns, C.; Marchant, A.; Abramowicz, D.; Vandenabeele, P.; Delvaux, A.; Fiers, W.; Goldman, M.; Velu, T. Interleukin
10 Reduces the Release of Tumor Necrosis Factor and Prevents Lethality in Experimental Endotoxemia. J. Exp. Med. 1993, 177,
547–550. [CrossRef]

23. O’Farrell, A.-M.; Liu, Y.; Moore, K.W.; Mui, A.L.-F. IL-10 Inhibits Macrophage Activation and Proliferation by Distinct Signaling
Mechanisms: Evidence for Stat3-Dependent and -Independent Pathways. EMBO J. 1998, 17, 1006–1018. [CrossRef]

24. Naidu, S.D.; Suzuki, T.; Yamamoto, M.; Fahey, J.W.; Dinkova-Kostova, A.T. Phenethyl Isothiocyanate, a Dual Activator of
Transcription Factors NRF2 and HSF1. Mol. Nutr. Food Res. 2018, 62, 1700908. [CrossRef] [PubMed]

25. Coscueta, E.R.; Reis, C.A.; Pintado, M. Phenylethyl Isothiocyanate Extracted from Watercress By-Products with Aqueous Micellar
Systems: Development and Optimisation. Antioxidants 2020, 9, 698. [CrossRef]

26. Giallourou, N.; Oruna-Concha, M.J.; Harbourne, N. Effects of Domestic Processing Methods on the Phytochemical Content of
Watercress (Nasturtium Officinale). Food Chem. 2016, 212, 411–419. [CrossRef] [PubMed]

27. Shahani, S.; Behzadfar, F.; Jahani, D.; Ghasemi, M.; Shaki, F. Antioxidant and Anti-Inflammatory Effects of Nasturtium Officinale
Involved in Attenuation of Gentamicin-Induced Nephrotoxicity. Toxicol. Mech. Methods 2017, 27, 107–114. [CrossRef] [PubMed]

28. Tsai, J.-T.; Liu, H.-C.; Chen, Y.-H. Suppression of Inflammatory Mediators by Cruciferous Vegetable-Derived Indole-3-Carbinol
and Phenylethyl Isothiocyanate in Lipopolysaccharide-Activated Macrophages. Mediat. Inflamm. 2010, 2010, 1–5. [CrossRef]

29. Sadeghi, H.; Mostafazadeh, M.; Sadeghi, H.; Naderian, M.; Barmak, M.J.; Talebianpoor, M.S.; Mehraban, F. In Vivo Anti-
Inflammatory Properties of Aerial Parts of Nasturtium Officinale. Pharm. Biol. 2014, 52, 169–174. [CrossRef] [PubMed]

30. Rose, P.; Won, Y.K.; Ong, C.N.; Whiteman, M. β-Phenylethyl and 8-Methylsulphinyloctyl Isothiocyanates, Constituents of
Watercress, Suppress LPS Induced Production of Nitric Oxide and Prostaglandin E2 in RAW 264.7 Macrophages. Nitric Oxide
2005, 12, 237–243. [CrossRef]

31. Park, H.-J.; Kim, S.-J.; Park, S.-J.; Eom, S.-H.; Gu, G.-J.; Kim, S.H.; Youn, H.-S. Phenethyl Isothiocyanate Regulates Inflammation
through Suppression of the TRIF-Dependent Signaling Pathway of Toll-like Receptors. Life Sci. 2013, 92, 793–798. [CrossRef]

32. Xu, C.; Shen, G.; Chen, C.; Gélinas, C.; Kong, A.-N.T. Suppression of NF-KB and NF-KB-Regulated Gene Expression by
Sulforaphane and PEITC through IκBα, IKK Pathway in Human Prostate Cancer PC-3 Cells. Oncogene 2005, 24, 4486–4495.
[CrossRef] [PubMed]

33. Prawan, A.; Saw, C.L.L.; Khor, T.O.; Keum, Y.-S.; Yu, S.; Hu, L.; Kong, A.-N. Anti-NF-KB and Anti-Inflammatory Activities
of Synthetic Isothiocyanates: Effect of Chemical Structures and Cellular Signaling. Chem. Biol. Interact. 2009, 179, 202–211.
[CrossRef] [PubMed]

34. Boyanapalli, S.S.S.; Paredes-Gonzalez, X.; Fuentes, F.; Zhang, C.; Guo, Y.; Pung, D.; Saw, C.L.L.; Kong, A.-N.T. Nrf2 Knockout
Attenuates the Anti-Inflammatory Effects of Phenethyl Isothiocyanate and Curcumin. Chem. Res. Toxicol. 2014, 27, 2036–2043.
[CrossRef]

35. Kassie, F.; Knasmüller, S. Genotoxic Effects of Allyl Isothiocyanate (AITC) and Phenethyl Isothiocyanate (PEITC). Chem. Biol.
Interact. 2000, 127, 163–180. [CrossRef]

228



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Foods Editorial Office
E-mail: foods@mdpi.com

www.mdpi.com/journal/foods





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-0365-2976-9 


	Advanced Research on Glucosinolates in Food Products web-f (1)
	Advanced Research on Glucosinolates in Food Products (1)
	Advanced Research on Glucosinolates in Food Products web-b
	Blank Page

