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Figure 2. Correlation between leaf and stem polyphenol content.

Among the components of plant antioxidant systems, selenium plays a significant role. Indeed,
though it is not an essential element for plants, selenium is able to provide a powerful antioxidant
defense to plants against drought, salinity, frost, flooding, UV light and herbivores [37]. Notably,
Allium species belong to the secondary selenium accumulators, which show a remarkable tolerance to
high concentrations and consequent accumulation of this element due to Se ability to substitute for
sulfur in natural compounds, as also reported by Turkish scientists in leek [17].

In our research, A. porrum grown in the Moscow region showed a Se accumulation range from 60
to 107 μg/kg d.w., which is much lower than the values recorded in Turkey [17]. This suggests the
significant effect of selenium status in the environment on plant ability to concentrate the trace element.
The negative correlation between selenium content in leaves and stems (r = −0.95 at P < 0.01; Figure 3),
similar to that recorded for polyphenols, entails a rather stable level of selenium accumulation in
the plant.

Figure 3. Correlation between leaf and stem selenium content in leek cultivars: (1) Cazimir, (2) Vesta,
(3) Camus, (4) Kalambus, (5) Summer Breeze, (6) Giraffe, (7) Bandit, (8) Premier, (9) Goliath.

Reports relevant to selenium as plant secondary metabolites, as well as Se to polyphenols
particularly in the absence of selenium loading are rather scarce and often controversial. In this
respect, a positive correlation between selenium and polyphenol content was found in wheat [38]
and an adverse correlation between quercetin and selenium was recorded in onion [30]. However,
moderate doses of selenium are deemed to enhance the content of antioxidants such as polyphenols,
flavonoids and carotenoids [39,40].
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In our research, the leek genotypes investigated showed significant correlations between the
components of the antioxidant system, i.e., selenium, ascorbic acid and polyphenols: Se and ascorbic
acid (r = 0.93 at P < 0.01); Se and polyphenols (r = 0.92 at P < 0.01); ascorbic acid and polyphenols
(r = 0.94 at P < 0.01). The latter correlations relevant to leek stems may be very useful for leek selection
based on high antioxidant content.

3.3. Elemental Composition

The beneficial effect of many elements to human health has created unflagging interest in mineral
composition of vegetable crops and in particular of leek [17,41]. Investigations of element content in
leek have revealed that the plant is able to accumulate high concentrations of K and Fe. However,
all investigations to date have restricted macro- and microelements (K, Ca, P, Na, Mg, Fe, Zn, Cu,
Se) availability, giving no opportunity to evaluate either the leek total mineral profile or the varietal
peculiarities of element accumulation.

Our research with nine leek cultivars has shown the existence of significant varietal differences in
stem and leaf ash content (Figure 4). The ratio between leaf and stem ash content decreased as follows:
Summer Breeze > Cazimir > Vesta > Giraffe > Bandit > Kalambus > Camus > Premier > Goliath.

Figure 4. Varietal differences in leek leaf and stem ash content.

The ratio between leaf and stem element content was negatively correlated with stem polyphenol
concentration (Figure 5), the latter being therefore related to both content and distribution of minerals
in leek plants. As shown in Figure 5, the higher value of angular coefficient was associated with the
water extract method, which provides higher mineral concentrations but lower polyphenol levels
compared to an ethanol extract.
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Figure 5. Correlations between leaf/stem ash content and stem polyphenol concentration: (1) Goliath;
(2) Premier; (3) Camus; (4) Kalambus; (5) Bandit; (6) Giraffe; (7) Vesta; (8) Cazimir; 9) Summer Breeze.

The analysis of the content of twenty-five mineral elements in leek pseudo-stems has provided
the opportunity to assess the varietal differences in elemental profile and has demonstrated that the
ash content is directly connected with the concentration of K (Tables 3–5). The latter mineral showed
a higher accumulation in pseudo-stems grown with organic management compared to those grown
with conventional management (19.46 vs. 17.23 g/kg d.w.), whereas no significant differences were
evident between the two management systems with regard to all the other elements analyzed.

Table 3. Macroelement concentration in A. porrum pseudo-stems (g/kg d.w.).

Element Goliath Cazimir Premier Vesta Kalambus Summer Breeze Bandit Giraffe Camus

Macro elements

Ca 3.98 b,c,z 3.40 c,d 11.32 a 4.35 b 4.68 b 2.81 d 4.82 b 4.24 b,c 4.73 b

K 51.76 a 4.71 e 23.39 b 13.50 c 8.00 d 15.94 c 16.95 c 15.05 c 15.82 c

Mg 0.78 c 0.76 c 2.02 a 0.56 d 0.53 d 0.65 c,d 1.00 b 0.70 c,d 0.80 c

Na 0.34 b,c 0.39 b 0.81 a 0.16 e 0.16 e 0.12 e 0.17 e 0.19 d,e 0.28 c,d

P 2.95 b 2.61 bc 2.41 c,d 2.30 c,d 1.97 d 2.37 cd 3.85 a 2.64 bc 2.65 b,c

z Within each row, means followed by different letters are significantly different according to Duncan’s Multiple
Range Test at P ≤ 0.05.

Table 4. Microelements concentration in A. porrum pseudo-stems (mg/kg d.w.).

Element Goliath Cazimir Premier Vesta Kalambus Summer Breeze Bandit Giraffe Camus

B 21.25 a,z 15.21 b,c 16.75 b 9.68 d,e 8.61 e 9.55 d,e 9.73 d,e 12.79 c,d 11.14 d

Co 0.070 c 0.050 d 0.091 b 0.034 d 0.290 a 0.035 d 0.035 d 0.035 d 0.099 b

Cu 4.81 d,f 4.52 e,f 3.46 g 5.90 b,c 6.66 a,b 5.15 c,e 7.18 a 4.08 f,g 5.53 c,d

Fe 221 a 116 c 178 b 101 b,d 77 e 84 d,e 98 c,e 104 c,d 235 a

I 0.060 a 0.040 d 0.353 a 0.042 c,d 0.055 b,d 0.057 b,d 0.038 d 0.071 b,c 0.073 b

Li 0.110 b 0.040 c 0.160 a 0.025 c 0.014 c 0.032 c 0.023 c 0.029 c 0.109 b

Mn 12.57 c 12.18 c 23.15 a 9.87 c 6.39 d 9.69 c 10.93 c 19.97 b 22.51 a,b

Si 14.62 c 10.74 b 28.78 a 9.50 e 13.43 c,d 13.86 c,d 11.41 d,e 20.00 b 16.17 c

Sn 0.160 e 0.240 c,d 0.023 f 0.171 e 0.519 b 0.193 d,e 0.574 a 0.245 c 0.247 c

Zn 23.97 a,b 27.27 a 11.96 f 18.45 de 16.26 e 19.58 ce 21.96 b,c 22.83 b,c 21.72 b,d

z Within each row, means followed by different letters are significantly different according to Duncan’s Multiple
Range Test at P ≤ 0.05.
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Table 5. Heavy metal concentration in A. porrum pseudo-stems (mg/kg d.w.).

Element Goliath Cazimir Premier Vesta Kalambus Summer Breeze Bandit Giraffe Camus

Heavy metals

Al 84.0 c,z 31.3 d 137.0 a 21.9 d,f 8.0 g 25.3 d,e 12.6 f,g 20.2 e,f 96.2 b

As 0.030 b 0.020 c,d 0.066 a 0.015 c,e 0.013 d,e 0.017 c,e 0.009 e 0.023 b,c 0.066 a

Cd 0.090 c,d 0.110 b,c 0.196 a 0.110 b 0.085 d 0.073 d 0.113 b 0.182 a 0.122 b

Cr 0.130 c 0.080 g 0.524 a 0.104 d,f 0.095 e,g 0.122 c,d 0.085 f,g 0.161 b 0.111 c,e

Ni 1.100 a 0.480 c 1.000 a,b 1.010 a,b 0.578 c 0.588 c 0.875 b 0.621 c 1.140 a

Pb 0.360 b 0.290 b,c 0.894 a 0.108 e 0.096 e 0.143 d,e 0.220 c,d 0.117 e 0.878 a

Sr 29.0 a,b 25.7 c 31.3 a 25.0 c 28.7 a,b 17.8 d 29.3 a,b 26.8 b,c 29.1 a,b

V 0.230 b 0.090 c,d 0.311 a 0.079 c,d 0.043 e 0.097 c 0.066 d,e 0.073 c,d 0.299 a

z Within each row, means followed by different letters are significantly different according to Duncan’s Multiple
Range Test at P ≤ 0.05.

The comparison between the nine leek cultivars, in terms of elemental composition, has indicated
three cultivars with contrasting features: Premier, Goliath and Cazimir. Indeed, Premier preferably
accumulated Co, I, Al, As, Cd, Ni, Pb and Sr, but low levels of Cu and Zn. Goliath was characterized
by the highest content of Fe, B, Zn, Se and K, and the lowest of Cd. Cazimir showed the highest
concentration of Zn and Na, but the lowest of I, Se, K, Cr and Ni.

In our research, the nine leek cultivars have shown higher concentrations of most elements,
compared to twenty varieties belonging to related species such as garlic grown in the same geochemical
conditions [42]: Ca, Na, As, Cr, Ni, Co, Fe, I, Li, Pg, Sr, V, B, Co, Fe, I, Li, Sn; equal amounts of K, Mg,
P, Cd, Cu, Mn, Se and Zn; and lower concentrations of Si. It is worth noting that, in conditions of
marginal selenium deficiency in the Moscow region, the average levels of selenium accumulation by
leek and garlic did not differ from each other (Figure 6).

Figure 6. Comparative elemental profile of leek and winter garlic [42] grown in the same geochemical
conditions of the Moscow region.

Interestingly, significant varietal differences in the content of most elements were evident
(Figure 7). Though the values of the coefficient of variation (CV) relevant to macroelements were
considerably lower than those of heavy metals and microelements, even among the former the CV
reached 30 to 50%, with the exception of P having lower values. Among heavy metals, Al, Pb, V, As
and Cr attained the highest coefficients of variation (40 to 80%), whereas among microelements Li, I,
Sn, Co, Fe and Mn showed a CV > 40%.
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Figure 7. Coefficients of variation relevant to macro- and microelement content in A.porrum.

The several significant correlations recorded between the different elements revealed a higher
complexity concerning the mineral dynamics in leek plants (Table 6), compared to related species such
as garlic [42].

The highest number of significant correlations was recorded for Al, whose physiological role in
plants has not been clearly determined so far, though this element is supposed to both activate some
enzymes and control membrane permeability at low doses [43]. The significant intra- and interspecies
variability in Al accumulation depends on plant tolerance thresholds to this element. The multiplicity
of relationships between Al and other elements (Ca, Mg, Na, Co, Li, Fe, I, Cr, Mn, Cr, As, Pb, V)
undoubtedly reflects the complex physiological functions of Al in leek. Among the minerals analyzed,
the highest correlation coefficients were recorded between Al and As, Pb, V, Co and Li. As for heavy
metals and As, highly significant correlations were found between V and Al, As, Co, Pb and Fe.

Following Al, Li showed wide varietal variation, consistent with previous reports [44].
According to the literature, leek is one of the least Li accumulating species. However, compared
to Yalamanchali’s [45] findings, our results suggest a wider concentration range of Li content in leek
plants. The relationships between Li and other elements are in agreement with those reported, and, in
particular, correlations between Li and Al, As, Ca, Co, Cr, Fe, I, Pb, Na, V, Co, Pb, V, Fe and Cr were
found in five species grown both in ecological unpolluted and in oil polluted areas of Nigeria [46].
Investigations carried out in New Zealand showed correlations between Li, Fe and Ca only in ryegrass
(Lolium perenne) [47], whereas such relationships were not recorded in lettuce (Lactuca sativa) and beet
(Beta vulgaris) [48]. Positive correlations were also detected in a plant-soil system between Li and Fe,
Al and Na.

Among the relationships involving Li, the interactions between this element, Al and Fe should be
considered important, as the two latter minerals show similar atomic radius to lithium.

Although varietal differences in Se content in leek were rather low compared to other elements,
the significant correlation between Se and K is a remarkable characteristic of this Allium species and it
has been scarcely investigated so far.
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In spinach (Spinacia oleracea) plants fertilization with sodium selenate increased K content in
female but not male plants [21], whereas in other research [49] garlic biofortification led to selenium
antagonistic activity towards K. Taking into account that K participates in plant protection against
all forms of biotic and abiotic stresses along with Se and other components of antioxidant defense
systems [50], the close relationship between the two minerals in leek suggests intensive interactions
of all components of the defense system. The predominance of K in leek elemental composition and
the significant correlation between polyphenol concentration and ash content (Figure 5) is in good
agreement with the mentioned results. The correlation coefficient relevant to ash to K in leek was 0.78
at P < 0.01, whereas that related to K and polyphenols reached 0.96 at P < 0.01. The known ability of K
to decrease the activity of polyphenol oxidase in plants and enhance polyphenol accumulation [51] may
be a good explanation of the positive correlation between polyphenols and K in leek plants. The active
participation of K in the antioxidant defense system of this Allium species was also characterized by a
positive correlation of the element with the ascorbic acid content (r = 0.95 at P < 0.01). In this respect,
the results of the present work revealed the close relationship between the main components of leek
antioxidant systems including polyphenols, ascorbic acid as well as the macro- and trace elements Se
and K.

In our research, the lowest negative correlation coefficients were Se with Cr and I. Se is known
as an antagonist of Cr and its protective role towards Cr has been previously reported [24,52,53].
The interaction between Se and I is more complex; neither element is essential for plants, but at low
concentrations, they may improve plant growth, development and protection from biotic and abiotic
stresses [54]. However, the rather scarce and contradictory data about Se and I interactions in plants
do not allow clear conclusions. Separate plant fortification with Se and I showed the possibility of
mutual stimulation by the two elements in some but not all cases [40]. The selective accumulation of
selenium in male spinach plants and of iodine in female spinach plants suggests the participation of
phytohormones in the interactions between Se and I [21]. A negative correlation between Se and I in
leek plants has not yet been reported.

4. Conclusions

From research carried out in the Moscow region with the aim of evaluating the performance of
nine leek (A. porrum) cultivars grown in greenhouses under either organic or conventional management
systems, interesting clues have been drawn. The varieties showed a uniform behavior under both
management systems: no yield differences were recorded between organic and conventional systems.
When cultivated with organic procedures, all cultivars attained higher dry matter, sugar, ascorbic acid
and potassium content but lower nitrates in the pseudo-stems than for conventional management,
but with the same ranking as for conventional management. Moreover, in contrast to related species,
highly significant correlations between the antioxidants and mineral elements in leek plants provide
opportunities for obtaining genotypes with improved quality features.
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Abstract: Aeroponics is a relatively new soilless culture technology which may produce food in
space-limited cities or on non-arable land with high water-use efficiency. The shoot and root growth,
root characteristics, and mineral content of two lettuce cultivars were measured in aeroponics, and
compared with hydroponics and substrate culture. The results showed that aeroponics remarkably
improved root growth with a significantly greater root biomass, root/shoot ratio, and greater total
root length, root area, and root volume. However, the greater root growth did not lead to greater
shoot growth compared with hydroponics, due to the limited availability of nutrients and water.
It was concluded that aeroponics systems may be better for high value true root crop production.
Further research is necessary to determine the suitable pressure, droplet size, and misting interval in
order to improve the continuous availability of nutrients and water in aeroponics, if it is to be used to
grow crops such as lettuce for harvesting above-ground parts.

Keywords: soilless culture; root growth; root/shoot ratio

1. Introduction

Soilless culture, including aeroponics, aquaponics, and hydroponics, is considered one of the more
innovative agricultural strategies to produce more from less, in order to feed the estimated 11 billion
people in the world by 2100 [1]. Aeroponics is a promising technology that grows plants with their root
systems exposed to a nutrient mist in a closed chamber [2]. Plants grow well in aeroponics, primarily
because of the highly aerobic environment it creates. It is even possible to control the root-zone
atmosphere when it is combined with a gas delivery system [3]. Integrated vertical aeroponic farming
systems with manipulation of temperature and CO2 in the root-zone environment can achieve more
efficient use of land area to secure a vegetable supply in space-limited cities [4]. Aeroponics is also
an excellent option for space mission life support systems that require optimum control of growth
parameters [5].

Aeroponics has been widely used in plant physiology research, but is not as commonly used
as hydroponic methods on a commercial scale [6]. However, aeroponics has been increasingly used
for growing numerous vegetable crops such as lettuce, cucumber, melon, tomato, herbs, potato, and
floral crops, and especially for those crops where roots are harvested as the end product. Seed potato
production may be the most successful application of aeroponics on a commercial scale, done mostly
in China, Korea, South America, and African countries in recent years [7–10]. Aeroponics is able to
produce large numbers of minitubers in one generation that can be harvested sequentially, eliminating
the need for field production, thereby reducing costs and saving time [7]. This technique was applied
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to effectively produce minitubers of yam (Dioscorea rotundata and D. alata) in Nigeria and Ghana [11,12].
Aeroponics could be an alternative production system for other high-value root and rhizome crops,
such as great burdock (Arctium lappa) [13], ginger (Zingiber officinale) [14], medicinal crops, such as
Urtica dioica and Anemopsis californica [15] and saffron (Crocus sativus) [16]. Essential oil production of
herbs like valerian (Valeriana officinalis) grown using aeroponics has also been reported [17]. Aeroponics
has also been reported as an economic method for rapid root induction and clonal propagation of three
endangered and medicinally important plants [18]. Aeroponics was used to produce tree saplings
(Acacia mangium) with arbuscular mycorrhiza (AM) fungi inoculation [19]. The well-aerated root
environment of aeroponics was beneficial for root initiation and subsequent root growth in woody
(Ficus) and herbaceous (Chrysanthemum) cuttings [20].

Many studies have clearly shown that aeroponics promotes plant growth rates through
optimization of root aeration because the plant is totally suspended in air, giving the plant stem
and root systems access to 100% of the available oxygen in the air [7]. Droplet size and frequency
of exposure of the roots to the nutrient solution are the critical factors which may affect oxygen
availability [2]. Large droplets lead to less oxygen being available to the root system, while fine
droplets produce excessive root hair without developing a lateral root system for sustained growth [10].
Three broad categories are generally used to classify droplet forming systems and droplet size; regular
spray nozzles with droplet size >100 μm (spray), compressed gas atomizers with droplet size between
1 to 100 μm (fog), and ultrasonic systems with droplet size 1 to 35 μm (mist) [21]. The most common
type is when the nutrient solution is compressed through nozzles by a high pressure pump, forming a
fine mist in the growth chambers [7]. An ultrasonic misting system was adopted in a sterile aeroponics
culture system for in vitro propagation [22].

In this study, air atomizing nozzles (1/4J Series) were employed for the aeroponics system. The air
atomizing nozzles require a single air source for atomizing the air and to provide independent control
of liquid, atomizing air, and fan air pressure for fine tuning of the flow rate, droplet size, spray
distribution, and coverage. These air atomizing nozzles were equipped with clean-out needles to
eliminate clogging and ensure optimum performance. The objectives of the present study were to
compare shoot and root growth, root characteristics, and mineral contents of two lettuce cultivars
grown in aeroponics, hydroponics (nutrient film technique, NFT) and substrate culture.

2. Materials and Methods

2.1. Cultivation Systems

The experiment was carried out in a 12.8 × 24 m experimental Venlo type glasshouse, which
was equipped with outside and inside shade nets, fans and pad, and misting system. The aeroponics
units were built in an A-frame shape, 1.4 m wide, 1.4 m high, and 6 m long; both sides were covered
with multiple Styrofoam panels at 60◦ angles. The planting density was 25 plants per m2 at a spacing
of 20 × 20 cm. Six nozzles (AEROJSUMAX-6SS, Spraying Systems (Shanghai) Co., Shanghai, China)
were placed horizontally at the end and middle of the A-frame. The nozzles can be operated under
an air pressure from 0.7 × 105 to 4 × 105 Pa, with liquid capacity from 7.6 to 63 L/h. AutoJet® Spray
System (Spraying Systems (Shanghai) Co.) and was installed to monitor and automatically adjust the
spray pattern, flow rate, droplet size, liquid pressure, and atomizing air pressure. Misting lasted 20 s
with a 30 s interval before misting again. The droplet size was adjusted to 50 μm and the nutrient
solution was recycled.

The NFT hydroponics system consisted of a PVC trough on a slope of 1 percent. The trough was
10 cm wide, 5 cm deep, and 6 m long. The cascade troughs were suspended one above the other, up to
7 levels. The nutrient solution entered the high end of the slightly sloping top trough, exited at the low
end of that trough into the high end of the next one, and so forth, and back to the reservoir from where
it was pumped. The flow rate was set at 5 L/min. Plants were set 20 cm apart in each trough.

The substrate culture system was conducted using square PVC plastic pots, which were 46 cm
long, 40 cm wide, and 18 cm high. Six plants were planted in each pot at a 20 × 20 cm spacing. A mix
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of 50% peat and 50% perlite was used as the substrate. The substrate depth was approximately 18 cm.
The nutrient solution of 1.2 L/day was supplied through 3 drip lines in each pot twice a day.

2.2. Planting and Experimental Arrangement

Lettuce seeds of cultivars ‘Nenglv naiyou’ and ‘Dasusheng’ (Institute of vegetable and flower,
CAAS, Beijing, China) were sown in 72-cell polystyrene trays. Each cell was filled with a hydroponic
planting basket with a sponge for support. At the two true leaves stage, all plants were watered with a
half strength Hoagland’s nutrient solution [23] until the seedlings were ready for transplanting.
Four weeks after sowing, lettuce seedlings were transplanted to the aeroponics, hydroponics,
and substrate culture systems. Plants were supplied with full strength Hoagland’s nutrient solution
(containing N 210 mg/L, K 235 mg/L, Ca 200 mg/L, P 31 mg/L, S 64 mg/L, Mg 48 mg/L, B 0.5 mg/L,
Fe 1 to 5 mg/L, Mn 0.5 mg/L, Zn 0.05 mg/L, Cu 0.02 mg/L, Mo 0.01 mg/L). Three A-shape
aeroponics units, 12 hydroponic troughs, and 24 substrate culture pots were planted for the
comparison experiment.

2.3. Harvesting and Measurement

2.3.1. Biomass and Root/Shoot Ratio

Nine plants from each cultivation system were harvested and washed with tap water. Substrates
in the roots of the plants from the substrate cultivation treatment were gently washed off. The fresh
weight of shoots and roots was recorded immediately after removing the free surface moisture with
soft paper towels. Shoot and root samples were then oven dried at 85 ◦C for 48 h, and weighed for dry
weight on a scale accurate to 0.0001 g. The root/shoot ratio was calculated as the root dry weight/shoot
dry weight.

2.3.2. Root Characteristics

Five plants from each cultivation treatment were randomly sampled for measurement of root
characteristics. Washed roots were immersed and spread out in a 40 × 25 × 10 cm square blue plastic
container which was filled with tap water to a depth of 3 cm. The entire root system was photographed
from above with a digital camera (Nikon D90, Nikon Corporation, Tokyo, Japan) and saved using the
jpeg format (Figure 1A). The photographs were re-cropped, scaled (Figure 1B), and processed with GiA
Roots software (Georgia Tech Research Corporation and Duke University, USA) to obtain a threshold
image (Figure 1C) for measuring the characteristics of all the roots. The measured root characteristics
included average root diameter (width), root length (network length), root area (network surface area),
root volume (network volume), maximum number of roots, median number of roots, and network
perimeter [24].

Figure 1. The entire root was immersed and spread out in a 40 × 25 × 10 cm square plastic container
filled with tap water to a depth of 3 cm (A), the image was re-cropped after being scaled (B), and
changed to a threshold image (C) with GiA Roots software, for root characteristics measurements.
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2.3.3. Plant Leaf Nitrogen, Phosphorus, and Potassium Content

Three plants from each cultivation treatment were randomly sampled for mineral nutrient analysis
and oven dried as above. The dried shoots from the different treatments were milled to passed through
a 1 mm screen. The ground dry material (~0.2000 g) was wet digested using a H2SO4-H2O2 solution.
Nitrogen content was determined using the Kjeldahl method [25]. Phosphorus was determined by
the ascorbic acid molybdenum blue method [26]. Potassium was determined by flame emission
spectrophotometry [27].

2.4. Statistical Analysis

All results were subjected to a two-way analysis of variance (ANOVA) using SPSS Statistics 19.0;
the effects of the cultivation system, genotypes (cultivars), and their interaction were analyzed. Within
each cultivar, means were separated using Duncan’s multiple range test at P = 0.05. The results were
expressed as means ± SE.

3. Results

3.1. Plant Growth and Biomass

The cultivation systems significantly influenced the growth of both lettuce cultivars. Lettuce
grown in hydroponics had larger above-ground parts, while the aeroponic lettuce had greater root
dry weight and root/shoot ratio, and plants from substrate cultivation had the smallest size (Figure 2,
Table 1).

Figure 2. Whole plants of lettuce cultivars ‘Dasushen’ (A) and ‘Nenglv naiyou’ (B) 45 days after
transplanting in aeroponic, hydroponic, and substrate cultivation systems.

The two-way ANOVA showed significant effects of cultivation system on shoot and root
fresh weight, shoot and root dry weight, and root/shoot ratio (Table 1). However, genotype only
showed significant effects on shoot and root dry weight. An interaction between cultivation system
and genotype was significant on fresh weight and dry weight of shoot and root, but not on the
root/shoot ratio.

In both cultivars, the shoot fresh and dry weights of hydroponic lettuce were approximately
twice that of aeroponic and substrate cultivated lettuce (Table 1). Root fresh weights of aeroponics
and hydroponics lettuce were significantly higher than that of substrate cultivated lettuce. The root
dry weights of both cultivars in aeroponics were significantly higher than that of hydroponics and
substrate cultivation. The most remarkable difference between the three growing methods was the
root/shoot ratio. In both cultivars, the root/shoot ratio of aeroponics lettuce was almost three times
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that of the hydroponics lettuce, and was also significantly higher than that of the substrate culture
(Table 1).

Table 1. Shoot and root fresh weight (FW), dry weight (DW), and root to shoot ratio of two lettuce
cultivars grown in three cultivation systems.

Shoot FW (g) Root FW (g) Shoot DW (g) Root DW (g) Root/Shoot Ratio

Lactuca sativa ‘Dasusheng’

aeroponics 37.8 ± 2.67 bz 8.67 ± 1.20 a 2.40 ± 0.17 b 0.80 ± 0.15 a 0.32 ± 0.04 a

hydroponics 88.8 ± 9.47 a 8.78 ± 1.24 a 4.86 ± 0.54 a 0.59 ± 0.06 b 0.12 ± 0.01 c

substrate 49.2 ± 2.34 b 6.92 ± 0.43 b 3.23 ± 0.13 b 0.69 ± 0.03 b 0.22 ± 0.02 b

Lactuca sativa ‘Nenglv Naiyou’

aeroponics 50.9 ± 2.60 b 10.3 ± 0.46 a 2.58 ± 0.11 b 0.77 ± 0.07 a 0.30 ± 0.03 a

hydroponics 96.1 ± 4.23 a 11.5 ± 1.07 a 4.80 ± 0.16 a 0.54 ± 0.03 b 0.11 ± 0.01 b

substrate 39.4 ± 1.72 c 3.9 ± 0.35 b 2.03 ± 0.06 c 0.26 ± 0.03 c 0.13 ± 0.01 b

Significance

Cultivation system (CS) *** y *** *** ** ***
Genotype (G) Ns Ns * * ns

CS × G * ** * * ns
z Values are mean ± SE (n = 9). In the same cultivar, values followed by the same superscript letter are not
significantly different (P ≤ 0.05). y *** = P < 0.001; ** = P < 0.01; * = P < 0.05; ns, not significant at P ≥ 0.05.

3.2. Root Characteristics

Analysis of the root characteristics by GiA Roots software revealed details of the influence of
growing methods on root growth. The root length, area, volume, and network perimeter of aeroponic
lettuce (both cultivars) were significantly greater than that of hydroponic and substrate cultivated
lettuce (Table 2). In particular, for the cultivar ‘Dasusheng’, the root length, root area, root volume,
and perimeter in aeroponic cultivation were four to five times that of the hydroponic and substrate
cultivation. However, the average root diameter did not significantly differ among treatments in
the cultivar ‘Dasusheng’. Average root diameter of hydroponically-grown ‘Nenglv naiyou’ was
significantly greater than that from substrate cultivation. The maximum and median numbers of
roots of aeroponic ‘Dasusheng’ lettuce were two to three times higher than that from hydroponic
and substrate cultivation; such differences in maximum root number were not found for the cultivar
‘Nenglv naiyou’ where only median root number for aeroponic cultivation was greater than hydroponic
but not substrate cultivation.

Table 2. Root characteristics of lettuce grown in aeroponics, hydroponics, and substrate culture systems.

Average Root
Diameter (mm)

Root Length
(cm)

Root Area
(cm2)

Root Volume
(cm3)

Maximum
No. of
Roots

Median No.
of Roots

Network
Perimeter

(cm)

Lactuca sativa ‘Dasusheng’

aeroponics 0.501 ± 0.017 az 3043 ± 231 a 479 ± 42 a 7.24 ± 0.77 a 75.0 ± 5.8 a 39.0 ± 4.1 a 6019 ± 473 a

hydroponics 0.551 ± 0.025 a 581 ± 113 b 100 ± 20 b 1.64 ± 0.35 b 24.6 ± 2.9 b 13.8 ± 1.6 b 1164 ± 221 b

substrate 0.501 ± 0.007 a 724 ± 126 b 114 ± 21 b 1.67 ± 0.35 b 32.6 ± 5.3 b 17.4 ± 2.2 b 1437 ± 245 b

Lactuca sativa ‘Nenglv Naiyou’

aeroponics 0.511 ± 0.0023 ab 2634 ± 260 a 424 ± 46 a 6.63 ± 0.84 a 63.0 ± 7.4 a 34.4 ± 3.1 a 5197 ± 557 a

hydroponics 0.554 ± 0.0009 a 1688 ± 239 b 296 ± 46 b 4.91 ± 0.85 ab 54.4 ± 3.0 a 19.0 ± 4.8 b 3379 ± 473 b

substrate 0.487 ± 0.0006 b 1378 ± 58 b 211 ± 10 b 2.99 ± 0.15 b 51.2 ± 1.6 a 37.0 ± 2.6 a 2755 ± 113 b

Significance

Cultivation system (CS) ns y *** ** * *** *** *
Genotype (G) Ns *** *** *** *** ** ***

CS × G * * ns Ns ns * *
z Values are mean ± SE (n = 9). In the same cultivar, values followed by the same superscript letter are not
significantly different (P ≤ 0.05). y *** = P < 0.001; ** = P < 0.01; * = P < 0.05; ns, not significant at P ≥ 0.05.
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The two-way ANOVA indicated that both the cultivation system and genotype significantly
affected all the root characteristics except the average root diameter, i.e., average root diameter, root
length, median number of roots, and root perimeter (Table 2).

3.3. Leaf N, P, and K Contents

In both cultivars, the leaf N content of hydroponic lettuce was significantly higher than that
of aeroponic and substrate cultivated lettuce, but there was no difference between aeroponic and
substrate cultivation (Figure 3A). The leaf P content of hydroponic lettuce was significantly higher
than that of the aeroponic and substrate cultivated lettuce (Figure 3B). Leaf K content of both aeroponic
and hydroponic lettuce was significantly higher than that of substrate cultivated lettuce, but there was
no difference between the aeroponic and hydroponic lettuce (Figure 3C).

Figure 3. Leaf nitrogen (A), phosphorus (B), and potassium (C) content of two lettuce cultivars grown
on aeroponics, hydroponics, and substrate cultivation systems. Values are mean ± SE (n = 3). In the
same cultivar, values followed by the same letter are not significantly different (P ≤ 0.05).

The two-way ANOVA indicated that the cultivation system significantly affected leaf N, P, and K
contents (Table 3), while genotype only had a significant effect on the leaf K content, and there was no
significant interaction between cultivation system and genotype.
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Table 3. F-values from a two-way analysis of variance (ANOVA) of leaf nitrogen, phosphorus, and
potassium content as affected by three cultivation systems and two genotypes.

N P K

Cultivation system (CS) 11.6 *** z 50.6 *** 84.6 **
Genotype (G) 0.28 ns 0.01 ns 10.7 **

CS × G 2.51 ns 0.88 ns 0.84 ns

z *** = P < 0.001; ** = P < 0.01; ns, not significant, P ≥ 0.05.

4. Discussion

The most impressive result of this study was the significant improvement of root growth of lettuce
in the aeroponic system. The cultivation systems also affected the fresh weight, dry weight, and
root/shoot ratio, while the genotypes only had significant effects on dry weight, and the interaction
between them also significantly affected the biomass but not the root/shoot ratio. In both cultivars,
the root dry weight of aeroponic lettuce was significantly higher than that of hydroponic and substrate
cultivation, and the root/shoot ratio of aeroponic lettuce was two to three times that of the other
two systems. The two-way ANOVA results indicated that the root characteristics were more dependent
on genotype; however, the cultivation systems also had significant effects on the root characteristics
except on root diameter. The greater total root length, root area, and root volume further proved that
aeroponics was beneficial to root growth. However, the greater root system of aeroponics did not
lead to more shoot biomass (yield) than hydroponics. Instead, shoot biomass of aeroponic lettuce was
significantly less than that of hydroponics. This may be due to sufficient nutrient and water supply
when the root system was submerged continuously in nutrient solution. The cultivation systems had
significant influences on leaf N, P, and K content, while genotype only showed significant effects on K
content, and there was no cultivation system by genotype interaction on the mineral contents.

In aeroponics, the nutrient solution was only sprayed as fine droplets at intervals, which may
limit shoot growth and improve root growth, as the plant’s response may be to adapt to the relative
deficit of water and nutrients during the intervals. In valerian (Valeriana officinalis) cultivation trials,
it was also found that both leaf area and biomass production in an aeroponic system were lower than
in floating raft hydroponic and substrate cultivation systems; it was concluded that this may be caused
by the higher proliferation of roots inside the frame reducing the performance of nozzles [17]. The root
number of saffron (Crocus sativus) plants was also significantly greater in aeroponics than that in
hydroponics and soil culture, but no significant difference in shoot growth was found [16]. The larger
distance between misting sprayers and roots restricted root access to the water micro droplets, resulted
in decreasing nutrient availability and absorbance. In this case, plants were forced to compensate by
increasing root surface area and weight [28]. Thus, the droplet size and the misting interval will have a
great effect on plant growth in aeroponic culture.

Good aeration of the root environment is the most important advantage of aeroponics. Aeroponics
significantly improved adventitious root formation in rapid root induction and clonal propagation of
three endangered and medicinally important plants over soil grown stem cuttings [18]. Aeroponics
showed higher yield and better size distribution in potato minituber production, but growth was
influenced by such factors as the genotype, the availability of nutrients, the stretching of the cycle, and
the culture density [8]. Higher root vitality of plants was observed in aeroponics and aerohydroponics
than that of deep water culture [29]. If the roots of plants in aeroponics can absorb nutrients and
water readily, better growth of the above-ground part will result. However, the major disadvantage of
aeroponics is the possibility of irreversible damage or complete loss, since there is no substrate at all
(neither solid nor water) that could enable the plants to survive in the event of a technical or power
failure [7,9]. During our experiment, there was a one-day mechanical breakdown of the aeroponic
system, which could also have affected growth.
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5. Conclusions

From this study, it can be concluded that aeroponics is beneficial to root growth, with significantly
greater root/shoot ratio, root length, root area, and root volume. Thus, an aeroponic system may be
superior for producing high value, true root crops, particularly for medicinal plants as suggested by
Hayden [13,15]. When growing root crops in aeroponics, clean products may be harvested sequentially.
To grow crops like lettuce in aeroponics for harvesting above-ground parts, further research is necessary
to determine suitable pressure, droplet size, and misting interval in order to improve the continuous
availability of nutrients and water so that growth of above-ground parts of plants can be optimized.
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Abstract: Vegetable grafting is a practice employed worldwide since it helps prevent biotic and
abiotic disorders, and watermelon is one of the most important species grafted. The objective of this
study was to set critical limits for the characterization of quality categories for grafted watermelon
seedlings. Specifically, watermelon (scion) seedlings were grafted onto squash (rootstock) seedlings,
moved into a healing chamber for 7 days, and then transferred into a greenhouse for seven more
days. At 7 and 14 days after grafting, experienced personnel assessed grafted seedling quality by
categorizing them. The categories derived were Optimum and Acceptable for both time intervals,
plus Not acceptable at 14 days after grafting. Optimum seedlings showed greater leaf area, and shoot
and root fresh and dry weights at both time intervals. Moreover, they had greater stem diameter,
root-to-shoot ratio, shoot dry weight-to-length ratio and Dickson’s quality index compared to the
other category at 14 days after grafting. Therefore, Optimum seedlings would likely develop into
marketable plants of high quality, with better establishment in the field. Not acceptable seedlings
showed considerably inferior development, while Acceptable seedlings were between the other
categories, but were still marketable.

Keywords: Citrullus lanatus; vegetable grafting; optimal production; marketable seedlings; quality
indicators

1. Introduction

The use of grafting for vegetable seedlings is a well-established practice worldwide [1–3].
The important advantage of using grafted seedlings to prevent significant crop loss due to biotic [3,4]
and abiotic [5,6] factors (soil-borne diseases, salinity, low temperatures, etc.), as well as the reduction
of the use of agrochemical products, provide grafting as an environmentally-friendly practice [3].
Applications of grafting mainly focus on species of the Cucurbitaceae and Solanaceae families,
particularly watermelon and tomato, respectively [2,7]. In Greece the use of grafted watermelon
seedlings is almost 99% of growers using low tunnel protected cultivation in order to achieve early yield.

To enjoy the advantages of grafting, use of high quality grafted seedlings is a prerequisite. As a
result, a rapid development and expansion of a vegetable nursery industry is in progress. Successful
grafting requires good connection between the rootstock and the scion for healthy uniform growth and
development of the grafted plants [8]. The most important stage for seedling evaluation for the grower
is at the time of purchase and transplanting to avoid possibly negative results during subsequent
cultivation. However, the definition of what constitutes a high-quality seedling is a very complicated
issue [8].
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Generally, high-quality seedlings could be defined as plants uniform in size and traits,
proper size or height with a thick healthy stem with large thick leaves, a well-developed root system,
good root-to-shoot ratio, and a good ratio of shoot dry weight divided by shoot length [3,8]. However,
most of the above characteristics could be suitable for some species such as tomatoes, peppers, and
eggplants, but could be adapted for the cucurbits [3]. Moreover, most seedling quality parameters have
been qualitatively determined by experienced personnel. Therefore, it is critical to define quantitative
parameters that could be easily and objectively applied by anyone in this chain (industry, grower, etc.).

Therefore, the aim of this study was to set critical limits for objective measurements of grafted
watermelon seedling quality categories as well as to suggest the most accurate and convenient among
them for application by the industry and growers. Evaluations were conducted at 7 and 14 days
after grafting. Grafted watermelon seedlings exit the healing chamber at 7 days after grafting and
therefore quality assessment at that time is essential for possible later research. By 14 days, seedlings
are considered “final product” and therefore quality evaluation at that time is valuable to assess the
product marketability.

2. Materials and Methods

2.1. Plant Material

The experiments were conducted in the facilities of Agris S.A. in Kleidi, Imathia, Greece.
All measurements were executed at Aristotle University of Thessaloniki, Greece. During the
experiment, standard commercial practices were applied.

Watermelon (scion—Citrullus lanatus) “Celine” (HM. Clause SA, Portes-Les-Valence, France) and
squash (rootstock—Cucurbita moschata) “TZ-148” (HM. Clause SA, Portes-Les-Valence, France) were
used for the production of grafted seedlings. Watermelon seeds were sown in plastic 171-cell plug trays,
while squash seeds were sown in plastic 128-cell plug trays (both types: 67 × 33 cm, G.K. Rizakos S.A.,
Lamia, Greece). Both plug tray types were filled with a 5:1:2 mixture of peat, perlite, and vermiculite.

2.2. Germination, Grafting, Healing, and Acclimatization

Following planting, the plug trays of scions and rootstocks were moved into a growth chamber
(25 ◦C, 95–98% relative humidity (RH)) until germination. Watermelon and squash germinated after
72 and 48 h, respectively, and afterwards they were moved to a glass greenhouse for 9 (scion) and
10 (rootstock) days at a 21.5 ◦C minimum night temperature for both species, and 100 ± 10 μmol
m−2 s−1 photosynthetic photon flux density (PPFD) emitted by high-pressure sodium (HPS) lamps
(MASTER GreenPower 600 W, 400 V E40, Philips Lighting, Eindhoven, The Netherlands) with an 18 h
photoperiod only for watermelon. The natural light photoperiod during the experiment was 12.5 h
from sunrise to sunset. Supplemental lighting is commonly practiced for the production of watermelon
seedlings in order to achieve high quality product. On the other hand squash seedlings have adequate
development under natural light conditions and no supplemental lighting is employed.

Grafting was performed with the “splice grafting” technique, 12 days after sowing. Using a razor
blade, the scion was diagonally cut just below the cotyledons while the rootstock was diagonally cut
on the cotyledon level leaving only one cotyledon. The rootstock was also cut just above ground
level, which is a commonly practiced technique for cucurbit rootstocks in order to achieve increased
grafting efficiency [9]. Afterwards, the grafted seedlings were placed in polystyrene 72-cell plug
trays (50 × 30 cm, G.K. Rizakos S.A., Lamia, Greece) filled with a 3:1:1 mixture of peat, perlite,
and vermiculite. Grafting was performed by experienced personnel to minimize critical errors.

Following grafting, healing and acclimatization of grafted seedlings was achieved during 7 days
in a growth chamber at 25 ◦C, recirculating air, 45 μmol m−2 s−1 PPFD emitted by fluorescent tubes
(Fluora 58W, Osram, GmbH, Munich, Germany) for an 18 h photoperiod, and RH of 98% for days
1–4, 93% for day 5, and 89% for days 6 and 7. RH was high at the beginning of healing in order to
prevent leaf dehydration and it was gradually decreased in order for the seedlings to get acclimated to

172



Horticulturae 2019, 5, 16

lower RH conditions. The growth conditions were monitored using a climate control system (Priva SA,
De Lier, The Netherlands).

After 7 days in the healing chamber the grafted seedlings were placed in a glass greenhouse
(21.5 ◦C minimum night temperature, 60 ± 10 μmol m−2 s−1 PPFD emitted by HPS lamps for an 18 h
photoperiod). The high RH was applied to prevent leaf dehydration due to water loss.

2.3. Quality Categorizing and Measurements

Seedling quality categorizing, sampling and measurements were conducted at two times, 7 and
14 days after grafting. Experienced personnel categorized quality. The quality categories are listed
in Table 1. Critical parameters for categorizing seedling quality were true leaf and cotyledon area,
cotyledon color, and root system development (personal communication with Agris S.A., Kleidi,
Imathia, Greece). In total, 50 seedlings per category were sampled and the number of samples was
equally distributed throughout the three periods of production

Table 1. Seedling quality categories derived seven and 14 days after grafting of watermelon seedlings.

Days after Grafting Quality Categories Marketable

7
Optimum Yes

Acceptable Yes

14
Optimum Yes

Acceptable Yes
Not Acceptable No

A digital caliper (Powerfix, Milomex, Pulloxhill, UK) was used to measure shoot height,
stem diameter (about 1 cm above the substrate surface), and thickness of true leaves, scion cotyledons
or rootstock cotyledons. Leaf area of true leaves, scion cotyledons or rootstock cotyledons were
measured using a leaf area meter (LI-3000C, LI-COR Biosciences, Lincoln, NE, USA). Fresh and dry
weights of shoots (stem and leaves) and roots were determined. Dry weights were obtained after three
days of drying in an oven. Moreover, root-to-shoot (R/S) dry weight ratio, shoot dry weight-to-length
(DW/L) ratio, and Dickson’s quality index (DQI) were estimated. DQI was calculated as follows [10]:

Quality index =
Seedling total dry weight (g)

Height (mm)
Stem diameter (mm)

+
Shoot dry weight(g)
Root dry weight (g)

(1)

Relative chlorophyll content was measured using a portable chlorophyll meter (CCM-200 plus,
Opti-Sciences, USA). Maximum quantum yield of primary photochemistry, variable to maximal
fluorescence of dark-adapted leaves (Fv/Fm), was measured with a fluorometer (Pocket-PEA,
Hansatech Instruments, Norflock, UK). Finally, the color of true leaves, scion cotyledons, and rootstock
cotyledons was characterized using the colorimetric coordinates lightness (L*), Hue (h◦), Chroma (C*),
a*/b* (a*: red/green coordinate; b*: yellow/blue coordinate), and Hue (h◦) obtained from a digital
colorimeter (CR-400 Chroma Meter, Konica Minolta Inc., Tokyo, Japan) according to McGuire. [11].

2.4. Statistical Analysis

Statistical analysis was performed using IBM SPSS software (SPSS 23.0, IBM Corp., Armonk, NY,
USA). Data measured at 7 days after grafting were analyzed using a t-test (P ≤ 0.05), since at that
time point the seedlings were grouped into only two quality categories (Optimum and Acceptable).
Data measured at 14 days after grafting were analyzed within the methodological frame of one-way
analysis of variance (ANOVA), since at that time point the seedlings were grouped at three quality
categories (Optimum, Acceptable and not Acceptable). In this case, mean comparisons were conducted
using the Scott-Knott procedure [12], at a significance level of α = 0.05, using the StatsDirect v.2.8.0.
statistical software (StatsDirect, Ltd., Grantchester, Cambridge, UK). The choice of the Scott-Knott
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method was based on its important and unique characteristic that does not present any overlapping in
its grouping results. The above is critical in order to obtain quality indices that segregate the different
quality categories and, therefore, overlapping results between groups must not occur.

3. Results

Seven days after grafting, shoots of Optimum seedlings were significantly longer than Acceptable
ones (Table 2). However, stem diameter, shoot DW/L ratio, DQI and thickness of leaves and cotyledons
(both scion and rootstock) did not show any differences between Optimum and Acceptable seedlings.
Relative chlorophyll content of true leaves and cotyledons, as well as Fv/Fm were also similar in the two
quality categories tested (Table 2). Colorimetric parameters of true leaves also did not show differences
between the two categories, while scion and rootstock cotyledons showed significant differences in
parameters such as lightness (L*), Hue (h◦), a*/b* (a*: red/green coordinate; b*: yellow/blue coordinate),
and h◦ (Table 3). Moreover, Optimum seedlings developed significantly greater true leaves and scion
cotyledons compared to the Acceptable ones, while no differences were observed in rootstock cotyledons
(Figure 1A). Similarly, fresh and dry weight production of shoots and roots were significantly greater
for Optimum compared to Acceptable characterized seedlings (Figure 2A,B). However, R/S ratio did
not exhibit any significant differences between the different categories (Figure 2C).

Table 2. Morphological and developmental parameters of grafted watermelon seedlings from two
quality categories 7 days after grafting.

Parameters
Quality Categories

Optimum Acceptable

Height (mm) 57.82 ± 1.14 a y 47.38 ± 1.03 b
Stem diameter (mm) 4.34 ± 0.04 a 4.23 ± 0.05 a

DW/L z 0.004 ± <0.001 a 0.004 ± <0.001 a
DQI 0.012 ± <0.001 a 0.012 ± 0.001 a

Fv/Fm 0.82 ± <0.01 a 0.82 ± <0.01 a

Thickness (mm)
True leaf 0.62 ± 0.02 a 0.59 ± 0.02 a
Scion cot. 0.69 ± 0.01 a 0.69 ± 0.01 a
Roots. cot. 1.20 ± 0.03 a 1.15 ± 0.03 a

Relative chl. content
True leaf 27.17 ± 1.26 a 29.14 ± 1.04 a
Scion cot. 44.25 ± 1.38 a 43.37 ± 1.22 a
Roots. cot. 56.50 ± 1.88 a 57.16 ± 2.31 a

z shoot dry weight-to-length ratio; DQI: Dickson’s quality index; Fv/Fm: maximum quantum yield of primary
photochemistry of a dark-adapted leaf; y Mean values (±SE) (n = 50), within a row, followed by different letters are
significantly different by t-test (P ≤ 0.05).

Table 3. Colorimetric parameters of grafted watermelon seedlings from two quality categories 7 days
after grafting.

Plant Tissue Colorimetric Parameters
Quality Categories

Optimum Acceptable

True leaves

L* z 41.75 ± 1.39 a y 42.30 ± 1.96 a
C* 24.76 ± 4.08 a 24.18 ± 3.69 a
h◦ 129.05 ± 1.64 a 128.32 ± 1.62 a

a*/b* −0.81 ± 0.05 a −0.79 ± 0.05 a

Scion cotyledons

L* 42.85 ± 1.53 b 44.12 ± 2.11 a
C* 20.42 ± 2.31 a 20.61 ± 3.15 a
h◦ 128.05 ± 1.21 a 126.54 ± 1.98 b

a*/b* −0.78 ± 0.03 b −0.74 ± 0.05 a

Rootstock cotyledons

L* 39.32 ± 1.87 a 39.87 ± 2.00 a
C* 19.66 ± 1.79 a 19.69 ± 2.54 a
h◦ 130.07 ± 1.11 a 129.26 ± 1.68 b

a*/b* −0.84 ± 0.03 a −0.82 ± 0.05 a
z lightness; C*: chroma; h◦: hue angle; a*: red/green coordinate; b*: yellow/blue coordinate; y Mean values (±SE)
(n = 50), within a row, followed by different letters are significantly different by t-test (P ≤ 0.05).
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Quite similar results were obtained between the quality categories at 14 days after grafting.
Specifically, shoot height was significantly greater for Optimum seedlings compared to Acceptable
ones, while shoot DW/L ratio was significantly greater for the two marketable categories compared to
Not Acceptable seedlings. Stem diameter and DQI were greater for Optimum seedlings compared to
the other categories. Nevertheless, thickness of leaves and cotyledons (both scion and rootstock) were
similar for all categories. Relative chlorophyll content and Fv/Fm were not different between the three
quality categories, similar to the 7 day measurements (Table 4). However, differences between the
three categories were observed in colour, particularly parameters such as h◦ and a*/b* for the true leaf,
and C*, L*, h◦, and a*/b* for rootstock cotyledons (Table 5). At 7 days after grafting, Optimum scion
cotyledons had a darker (lower L*) and greener (lower a*/b*) color compared to Acceptable seedlings.
At 14 days after grafting, scion cotyledons did not show any color differences but rootstock cotyledons
categorized as Optimum had darker (lower L*) and greener (lower a*/b*) color compared to the rest of
the quality categories. True leaves of Optimum seedlings had significantly greater area compared to
the other categories, but scion and rootstock leaf area were not different (Figure 1B). Moreover, fresh
and dry biomass of shoots and roots, as well as R/S ratio were significantly greater for Optimum
seedlings compared to the other categories (Figure 2D–F).

Figure 1. Leaf area of true leaves, scion cotyledons and rootstock cotyledons of grafted watermelon
seedlings from the quality categories derived 7 days (A) or 14 days (B) after grafting. Each data point
is a mean value ± standard error (SE) of the mean (n = 50). Bars of the same color (same tissue type)
across categories with different letters are significantly different (P ≤ 0.05) according to the results of
the t-test (A) or the Scott-Knott method (B).
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Figure 2. Fresh weight (A) and dry weight (B) of shoots and roots, and root-to-shoot ratio (C) of grafted
watermelon seedlings from the quality categories derived 7 days after grafting. Fresh weight (D) and
dry weight (E) of shoots and roots, and root-to-shoot ratio (F) of grafted watermelon seedlings from the
quality categories derived 14 days after grafting. Each data point is a mean value of 50 observations.
Error bars correspond to the standard error (SE) of the mean. Bars of the same colour (same tissue type)
across categories followed by different letters are significantly different (P ≤ 0.05) according to the
results of the t-test (A–C) or the Scott-Knott method (D–F).
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Table 4. Morphological and developmental parameters of grafted watermelon seedlings from two
quality categories 14 days after grafting.

Parameters
Quality Categories

Optimum Acceptable Not Acceptable

Height (mm) 59.10 ± 1.19 a y 52.00 ± 1.20 b 56.80 ± 1.59 a
Stem diameter (mm) 4.65 ± 0.05 a 4.49 ± 0.07 b 4.35 ± 0.05 c

DW/L z 0.006 ± <0.001 a 0.006 ± <0.001 a 0.005 ± <0.001 b
DQI 0.025 ± 0.001 a 0.021 ± 0.001 b 0.018 ± 0.001 c

Fv/Fm 0.84 ± <0.01 a 0.84 ± <0.01 a 0.84 ± <0.01 a

Thickness (mm)
True leaf 0.69 ± 0.03 a 0.62 ± 0.02 a 0.64 ± 0.02 a
Scion cot. 0.72 ± 0.01 a 0.73 ± 0.01 a 0.74 ± 0.01 a
Roots. cot. 1.17 ± 0.03 a 1.12 ± 0.02a 1.18 ± 0.03 a

Relative chl.
content

True leaf 32.60 ± 1.13 a 31.91 ± 1.40 a 31.76 ± 1.17 a
Scion cot. 27.56 ± 1.10 a 30.32 ± 1.12 a 29.21 ± 1.48 a
Roots. cot. 51.11 ± 1.98 a 46.51 ± 2.45 a 50.16 ± 2.98 a

z shoot dry weight-to-length ratio; DQI: Dickson’s quality index; Fv/Fm: maximum quantum yield of primary
photochemistry of a dark-adapted leaf; y Mean values (±SE) (n = 50), within a row, followed by different letters are
significantly different (P ≤ 0.05) according to the results of the Scott-Knott method.

Table 5. Colorimetric parameters of grafted watermelon seedlings from two quality categories derived
14 days after grafting.

Plant Tissue Colorimetric Parameters
Quality Categories

Optimum Acceptable Not Acceptable

True leaves

L* z 40.00 ± 0.46 a y 41.26 ± 0.49 a 41.30 ± 0.53 a
C* 19.39 ± 0.51 a 20.73 ± 0.53 a 21.23 ± 0.67 a
h◦ 129.40 ± 0.42 b 129.40 ± 0.42 b 128.56 ± 0.48 b

a*/b* −0.86 ± 0.01 b −0.83 ± 0.01 a −0.80 ± 0.01 a

Scion cotyledons

L* 44.70 ± 0.47 a 43.87 ± 0.42 a 44.89 ± 0.39 a
C* 23.29 ± 0.69 a 23.34 ± 0.55 a 23.74 ± 0.51 a
h◦ 126.54 ± 0.41 a 126.35 ± 0.37 a 126.20 ± 0.30 a

a*/b* −0.74 ± 0.01 as −0.74 ± 0.01 a −0.73 ± 0.01 a

Rootstock
cotyledons

L* 40.52 ± 0.43 b 41.92 ± 0.43 a 42.53 ± 0.59 a
C* 19.47 ± 0.43 b 20.92 ± 0.46 a 22.10 ± 0.71 a
h◦ 129.46 ± 0.29 a 128.07 ± 0.33 b 127.82 ± 0.40 b

a*/b* −0.82 ± 0.01 b −0.79 ± 0.01 a −0.78 ± 0.01 a
z lighting; C*: chroma; h◦: hue angle; a*: red/green coordinate; b*: yellow/blue coordinate; y Mean values (±SE)
(n = 50), within a row, followed by different letters are significantly different (P ≤ 0.05) according to the results of
the Scott-Knott method.

4. Discussion

Seedling quality is one of the major concerns among farmers, and grafted watermelon seedlings
are mainly produced by professional nurseries instead of individual farmers. Many factors influence
quality evaluation and, therefore, it is difficult to define and categorize seedlings of different qualities.
Seedlings of high-quality should have uniformity in terms of size and traits [3].

During healing, grafted seedlings remained in an environmentally controlled growth chamber
where microclimate was almost identical for all seedlings. Nevertheless, two quality categories derived
7 days after grafting (i.e., after healing). The seedlings from both categories showed promising potential
to develop into marketable plants of high quality. However, the days between the exit from the healing
chamber and planting by the grower (i.e., between day 6 and day 14 after grafting) are crucial for
maintaining high seedling quality. Many seedlings suffer during the period of acclimatization which
might lead to quality deterioration [3]. In our study, three quality categories were developed at 14 days
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after grafting: two marketable categories (Optimum and Acceptable) and one non-marketable category
(Not acceptable).

After 7 days, shoot height was highly distinguishable between the two quality categories, however,
it was not confirmed after 14 days. Therefore, shoot height alone cannot be used as an efficient index of
seedling quality before going to market. On the other hand, stem diameter was greater for Optimum
seedlings at 14 days after grafting. Even though the differences were very slight and could not easily
be detected by eye, this parameter is reliable for distinguishing the quality of grafted seedlings before
going to market [13–15]. Color differences were not visually detectable, but colorimetry revealed slight
distinctions at both times. However, relative chlorophyll content was similar at all measurement dates
and quality categories. Additionally, no differences were detected between the quality categories in
parameters such as leaf or cotyledon thickness and Fv/Fm, both seven and 14 days after grafting.

Seven days after grafting, one of the greatest morphological parameters that distinguished the
Optimum and Acceptable seedlings was the area of true leaves, which leads to greater absorption
of incident light in the first very important days of seedling development. Therefore, leaf area is a
valuable indicator not only between marketable and not marketable seedlings, but also between the
different quality categories of grafted watermelon.

As discussed above, Optimum seedlings were defined by faster leaf development, i.e., larger
photosynthetic area in a shorter amount of time. Subsequently, this quality category contained
seedlings with greater fresh and dry biomass production compared to the other categories, both 7 and
14 days after grafting, proving that these parameters can be used as index of marketable seedlings.
Seven days is considered a short amount of time for grafted seedlings to develop a vigorous root system,
especially when the original roots were completely removed, as in our case. However, the quality
categories were also distinguished by root biomass.

R/S ratio is a parameter related to the possibility of successful seedling establishment in the
field which depends on the proper allocation of biomass between the above and below ground parts.
Fourteen days after grafting, R/S ratio was greater for Optimum seedlings which developed a vigorous
root system. Shoot DW/L ratio, which is a good indicator of seedling quality [3] revealed that Optimum
plants were of higher value. Since this parameter was comprised of shoot dry weight and length
(which is similar for the quality categories), biomass accumulation is decisive for the production of
high quality seedlings at the nursery. DQI is commonly used for the evaluation of forest or fruit tree
seedlings, but recently it has also been employed for assessing horticultural species such as cucumber,
muskmelon and tomato [16–18]. Even though the parameter incorporates a number of destructive
measurements, it is a useful indicator of seedling quality and plantation performance [19] since its
values was correlated with the quality categories in our study.

Optimum seedlings have a better chance of developing into high quality marketable plants,
with better establishment in the field, since they excelled in almost all tested parameters, including
the essential leaf area and root dry weight. This superiority was also highlighted by shoot DW/L
ratio and DQI. Acceptable seedlings were on the border between the other two categories. Parameters,
such as stem diameter, shoot DW/L ratio, and DQI, were valuable for identifying them as marketable
or not. Not acceptable seedlings after 14 days had inferior development with smaller leaves and
considerably weaker root systems compared to the marketable seedlings. Their lower chance of
successful establishment and slower development do not favor these seedlings as marketable.

It is concluded that leaf and cotyledon area of scion, stem diameter, shoot and root dry weights
as well as shoot DW/L and DQI are good indicators for categorizing grafted watermelon seedlings.
Specifically, seedlings of the highest quality must have a leaf area of about 25 cm2 and 50 cm2 at 7 and
14 days after grafting, respectively. Scion (watermelon cv. Celine) cotyledons must be fully expanded
(about 15 cm2) 7 days after grafting, while rootstock cotyledons were not good indicators of seedling
quality. Shoot height was a weak quality indicator 14 days after grafting, since Not acceptable values
were similar to Optimum seedlings. However, stem diameter was a good quality index even though
values between the categories were very close. Moreover, shoot and root dry weights, as well as shoot
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DW/L ratio and DQI, proved valuable indicators of grafted watermelon seedling quality. The benefits
of grafting is associated with the use of high quality watermelon seedlings, and their categorization
could help both the nursery industry and growers.
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Abstract: The minimally processed industry is always looking for produce innovation that can
satisfy consumer needs. Wild leafy vegetables can be a good source of bioactive compounds
and can be attractive for the consumer in term of visual appearance and taste. In this work,
Sisymbrium officinale (L.) Scop., commonly called hedge mustard, was grown in a greenhouse and
evaluated as a potential leafy vegetable. Two wild populations, Milano (MI) and Bergamo (BG),
were grown in peat substrate and harvested at the commercial stage for the minimally processing
industry. Leaf pigments such as chlorophyll and carotenoids were determined as well as chlorophyll
a fluorescence parameters. Total sugars, antioxidant compounds such as ascorbic acid, phenolic index,
total phenols, anthocyanins, and nitrate were determined at harvest. Significant differences between
wild populations were found in April with higher nitrate content in BG, 2865 mg/kg FW than in MI,
1770 mg/kg FW. The nitrate levels of S. officinale measured in the present study are significantly lower
than the maximum NO3 level allowed in other fresh leafy vegetables. Ascorbic acid measured in
November was higher in MI compared BG with values of 54.4 versus 34.6 mg/100 g FW, respectively.
The chlorophyll a fluorescence data showed that BG reached optimal leaf functionality faster than
MI. Overall results indicated that Sisymbrium officinale (L.) Scop. can be suggested as a potential leafy
vegetable for the minimally processed industry.

Keywords: Sisymbrium officinale; Brassicaceae; hedge mustard; leafy vegetables

1. Introduction

Minimally processed leafy vegetable production has been evolving in recent years by
providing new produce with beneficial effect on human health. There are several wild species
that can be considered as potential leafy vegetables. The introduction of new species can be
useful for diet enrichment and diversification. Moreover, wild plants can be highly adaptative to
different environments.

Sisymbrium officinale (L.) Scop., synonym Erysimum officinale, commonly known as hedge mustard
in English, erísimo in Spanish, erisimo or erba cornacchia in Italian, and velar in French, is a medicinal
plant that belongs to the Brassicaceae family. This species could have potential for introduction into
the leafy vegetable production for the minimally processed or fresh-cut industry.

S. officinale is a terophyte scapose plant with a reddish-violet erect trunk, that present a lot of
trichomes and many branches. Basal leaves are different from the upper ones with a dentate shape.
Hedge mustard has a linear racemose inflorescence; each flower has four small (1–2 mm) yellow petals;
the fruit is a tiny siliqua, close-fitting to the trunk. Flowering occurs in Spring–Summer, from May to
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July–August, depending on the climate. Siliqua pods usually are pubescent, once they reach maturity
they release seeds. Seeds are very small, each siliqua can contain from 10 to 20 seeds. S. officinale is
endemic in the Eurasian continent and widespread in all Italian regions from 0 to 1000 m. above sea
level (a.s.l.), and rarely up to 2400 m a.s.l. [1]. This annual or biennial herbaceous plant is described as
ruderal, growing on disturbed sites such as field margins and roadsides [2].

Flowers and leaves of hedge mustard are commonly used as a traditional medicinal herb for
the treatment of sore throats, coughs, and hoarseness [3–5] under specific indication based upon
long-standing use [6] and recent clinical studies [7]. For that reason, S. officinale is largely known as
“singer’s plant” and is used among singers, actors, and professionals who use the voice for working.
The therapeutic activity of this plant is attributed to its sulfurated components. Dried flowering
aerial parts contain: total glucosinolates (0.63–0.94%), mucilage (13.5–10.9%), total thiols (8.9–10.2%),
and total flavonoids (0.50–0.56%). The main glucosinolate in S. officinale is glucoputranjivine [8].
It represents 58.3% of total glucosinolates on a fresh weight basis. This percentage declined to 32.5%
after autolysis [6].

Brassicaceae is one of the most important botanical families in horticultural production in
Mediterranean countries, due to their great diversity expressed both in spontaneous and cultivated
species. In Italy, horticultural Brassicaceae are widespread on about 40,000 ha, in particular in the
center-southern region [9].

In spite of its long, traditional therapeutic use for treating voice discomfort as dried plants
(including leaves, stem, and flowers) for preparing decoctions, tinctures, or propolis, S. officinale has
barely been investigated for its beneficial proprieties, and there are no data about its possible use
and consumption as a fresh leafy vegetable. Its low agronomic requirements allow the cultivation in
different Mediterranean environments.

In order to evaluate the possibility of recommending this species as a potential leafy vegetable,
the aim of present study was to investigate production of two different wild populations, one collected
in Milan and the other one in Bergamo, Italy. Cultivation was performed in pots containing
fertilized substrate in a greenhouse. Total chlorophyll content and chlorophyll a fluorescence were
measured for evaluating photosynthetic activity. The most common quality parameters that are usually
considered for leafy vegetable evaluation were determined such as ascorbic acid, carotenoids, phenols,
anthocyanins, nitrates, and total sugar. Furthermore, to evaluate the production of leaves, fresh and
dry biomass were measured at the baby leaf stage which is usually the developmental stage for leafy
vegetables destined to the fresh-cut industry.

2. Materials and Methods

2.1. Plant Material

Seeds of two wild populations of Sisymbrium officinale (L.) Scop., or hedge mustard, respectively
named MI (Milan) and BG (Bergamo), obtained from controlled seed reproduction at Fondazione
Minoprio (Como, Italy) during summer in 2017, were sown separately in polystyrene panels using
common horticultural fertilized substrate under controlled conditions in a greenhouse at the Faculty
of Agricultural and Food Science of Milan, 16 January 2018, for the first evaluation, and 8 October,
for the second evaluation (Supplementary Materials Table S1). Cultivation was performed in the
greenhouse of the Agricultural Faculty, which was a single gable covered with glass and provided
with a cooling system and supplemental light only for the second growing cycle. The supplemental
lighting was provided for 16 h from the 7:00 a.m. to 11:00 p.m. with 400 W/m2 High Pressure Sodium
lamps. The environmental parameters are reported in the Supplementary Materials Figure S1.

Plantlets were transplanted and grown in complete substrate (Vigorplant, Italy) containing
the following components: 21% Baltic peat, 22% dark peat, 26% Irish peat, 13% volcanic peat,
18% calibrated peat at a pH of 6.5 in 10 cm diameter plastic pots. The plant density was 16–18 plants/pot
or 80–90 plant/m2.
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Harvest was performed at the end of each cultivation cycle, on 3 May, and on 7 November, when
the plant reached the commercial baby leaf stage, which corresponded to plants at a 15 cm height
with 4–6 fully expanded true leaves. Plants were randomly chosen from each pot and sampled for
the analyses. Plants were not supplied with extra-fertilizers in either experimental period and were
watered every day to maintain optimal water availability.

2.2. Non-Destructive Analyses

Chlorophyll a Fluorescence

For the characterization of the two S. officinale wild populations, non-destructive analyses were
conducted on fresh leaf tissue. Each week, starting from 18 of April to the first week of May 2018 and
7 November, chlorophyll a fluorescence was measured using a hand-portable fluorometer (Handy PEA,
Hansatech, Kings Lynn, United Kingdom). Leaves were dark-adapted for 30 minutes using leaf
clips. After this time, a rapid pulse of high-intensity light of 3000 μmol m−2 s−1 (600 W m−2) was
administered to the leaf inducing fluorescence. Fluorescence parameters were calculated automatically
by the device: variable fluorescence to maximum fluorescence (Fv/Fm). From the fluorescence
parameters, JIP analyses were performed to determine the following indices: Performance Index (PI),
dissipation energy per active reaction center (DIo/RC), and density of reaction centers (RC/CSm).

2.3. Destructive Analyses

To evaluate qualitative characteristics of the two wild populations of S. officinale, small samples
of fresh leaves, about 1 g for each sample, were sampled one month after transplanting and at the
beginning of May for the first cultivation cycle, and on 7 November for the second cycle. Some leaf
samples were immediately stored at −20 ◦C to prevent tissue degradation.

To evaluate the yield at the baby leaf stage, plant fresh weight and dry weight were recorded at
the end of biological cycle, in May for the first cultivation cycle and in November for the second cycle.

2.3.1. Chlorophyll and Carotenoids

Chlorophyll and carotenoids were extracted from fresh leaves. Leaf disks of 5 mm diameter
(or 20–30 mg) in 5 mL 99.9% methanol as solvent were kept in a dark cold room at 4 ◦C
for 24 h. Quantitative chlorophyll determinations were carried out immediately after extraction.
Absorbance readings were measured at 665.2 and 652.4 nm for chlorophyll pigments and 470 nm
for total carotenoids. Chlorophylls and carotenoid concentrations were calculated by Lichtenthaler’s
formula [10].

2.3.2. Phenolic Index, Total Phenols, and Anthocyanins

For the following analyses, fresh leaf tissue (disks of 5 mm diameter, or 20–30 mg) was extracted in
3 mL 1% methanolic HCl. The Phenolic Index of leaf tissue was determined spectrophotometrically by
direct measurement of leaf extract absorbance at 320 nm. After overnight incubation the supernatant
was read at 320 nm. The values were expressed as ABS320nm/g FW.

Total phenols were determined spectrophotometrically following the Folin-Ciocalteu reagent
method [11] using 200 μL of each sample extract 7.8 mL of distilled water, 0.5 mL of Folin-Ciocalteu
reagent and 1.5 mL of 20% Na2CO3. Samples were extracted for 2 h in the dark and then read at
760 nm. Total phenols were calculated using a standard curve performed with gallic acid.

Anthocyanin content was determined spectrophotometrically. Sample extracts were incubated
overnight at 4 ◦C in darkness. The concentration of cyanidin-3-glucoside equivalents was determined
spectrophotometrically at 535 nm using an extinction coefficient (ε) of 29,600 [12].
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2.3.3. Ascorbic Acid Determination

Only the November samples were analyzed for ascorbic acid content. For analysis, about 1 g
of frozen leaves (frozen at −80 ◦C) were homogenized in a mortar with 1.3 mL of cold 6% (w/v)
metaphosphoric acid and centrifuged at 10.000 × g at 4 ◦C. The pellet obtained by centrifugation was
washed with 1.06 mL of cold metaphosphoric acid solution and centrifuged again. The supernatants
were combined and 6% metaphosphoric acid was added to make a final volume of 3.3 mL.

After filtration through nylon filter, a 10 μL sample aliquot was injected onto an Inertsil ODS-3
GL Science column at 20 ◦C attached to a Series 200 LC pump. Peaks were converted to concentrations
by using the dilution of stock ascorbic acid to construct a standard curve. Chromatographic data
were stored and processed with a PerkinElmer TotalChrom 6.3 data Processor (PerkinElmer, Norwalk,
CT, USA) [13].

2.3.4. Nitrate Determination

Nitrate concentration was measured by the salicyl sulfuric acid method [14]. About 1 g of
fresh leaves was ground in 5 mL of distilled water. The extracts were centrifuged at 4000 rpm
for 15 min. After centrifugation, the supernatant was collected for colorimetric determinations.
Twenty μL of sample were collected and 80 μL of 5% (w/v) salicylic acid in concentrated sulfuric
acid were added. After the reaction, 3 mL of NaOH 1.5 N were added. Each sample was cooled,
and absorbance was measured at 410 nm. Nitrate concentration was calculated referring to a KNO3

standard calibration curve.

2.3.5. Total Sugar Determination

To determine total sugar levels, extracts were prepared as above for the determination of
nitrate levels. Total sugars were determined using the anthrone assay [15] with slight modification.
The anthrone reagent was prepared using 0.1 g of anthrone dissolved in 50 mL of 95% H2SO4.
The reagent was left 40 min before use; then, 200 μL of extract was added to 1 mL of anthrone,
put in ice for 5 min and vortexed. The reaction was heated at 95 ◦C for 5 min. Samples were cooled
and absorbance was read at 620 nm. Total sugar concentration was calculated referring to a glucose
standard calibration curve.

2.4. Statistical Analyses

Data from the first cultivation cycle were subjected to two-way ANOVA and differences among
means were determined using Tukey’s post-test (P < 0.05). Data from the second cultivation cycle
were analyzed using a t-test (P < 0.05). The number of replicate samples used in each analysis or
measurement is reported in the legend of the figures or tables.

3. Results

3.1. Total Chlorophylls, Carotenoids, Phenols, and Anthocyanins

The yield at the baby leaf stage, a 15 cm height and 4–6 leaves, for both wild populations ranged
from 2.41 g to 4.00 g for the winter-spring season and from 2.26 g to 2.45 g for the autumn season.
The dry weight percentage ranged from 10.64 to 10.76 in May and from 8.07 to 7.87 in November.
No significant differences were found in FW or DW between values of MI and BG harvested in May
and in November (Table 1).

The plants showed different leaf pigment contents at different sampling times. In May a higher
chlorophyll content was observed in MI than in April, while no significant differences between MI and
BG were found in either cycle (Table 2).
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Table 1. Fresh weight and % of dry matter in MI and BG hedge mustard wild populations at the baby
leaf stage after two production cycles. Data are expressed as means of five plants (n = 5).

Cycle
Wild

Population
Fresh Weight

(g/plant)
Dry Matter

(%)

I May
MI 2.41 ns 10.64 ns
BG 4.00 10.76

II November
MI 2.26 ns 8.07 ns
BG 2.45 7.87

Data were analyzed using a t-test (P < 0.05). ns means no statistical differences.

Table 2. Chlorophyll (a, b) and total carotenoid content in MI and BG hedge mustard wild populations
after two production cycles. Data are reported as mg/g FW (n = 4).

Cycle
Wild

Population
Chl a

(mg/g FW)
Chl b

(mg/g FW)
Total Carotenoids

(mg/g FW)

I

April
MI 0.63 b 0.19 b 0.120
BG 0.93 ab 0.37 ab 0.143 ns

May
MI 1.22 a 0.42 a 0.215
BG 0.79 ab 0.27 ab 0.157 ns

II November
MI 1.56 ns 0.51 ns 0.382 ns
BG 1.44 0.47 0.379

Data of cycle I were subjected to two-way ANOVA and differences among wild populations and dates within a cycle
were determined using Tukey’s test (P < 0.05). Data of cycle II were analysed using a t-test (P < 0.05). ns indicates
no statistical differences.

In cycle I in April the total phenols and anthocyanins did not differ between populations. In May
higher anthocyanins values were observed in BG compared to MI, while no significant differences
were observed for total phenol among the two wild populations. Significant differences were found in
phenolic index between the two wild populations (MI and BG) only in November with a higher
concentration for BG. In November ascorbic acid determination revealed significant differences
between MI and BG with a higher concentration for MI (Table 3). Among the antioxidant compounds,
ASA and phenolics showed opposite differences between the two S. officinale populations cultivated in
November, ASA higher and lower phenolic index in MI.

Table 3. Ascorbic acid (ASA), phenolic index, total phenols, and anthocyanin content in MI and BG
hedge mustard wild populations (n = 4).

Cycle
Wild

Population
ASA

(mg/100 g FW)
Phenolic Index

(ABS320nm/g FW)
Total

Phenols
Anthocyanins
(mg/100 g FW)

I

April
MI - 27.45 1.13 32.13 ab
BG - 26.72 ns 1.09 ns 26.38 b

May
MI - 19.05 0.75 14.88 c
BG - 32.60 ns 1.35 ns 38.79 a

II November
MI 54.45

*
42.51

*
1.62 ns 29.53 ns

BG 34.57 55.44 2.37 31.51

Data of cycle I were subjected to two-way ANOVA and differences among wild populations and dates within cycles
were determined using Tukey’s test (P < 0.05). Data of cycle II were analysed using a t-test (P < 0.05). An asterisk (*)
indicates a significant difference and ns indicates no statistical differences.

3.2. Chlorophyll a Fluorescence Measurements

From the chlorophyll a fluorescence data, four parameters were considered: Fv/Fm (maximum
quantum yield of PSII), PI (Performance Index), DI0/RC (rate of energy dissipated by PSII per reaction
center), and RC/CSm (active RCs per excited cross-section). No significant differences were found
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between the two wild populations for Fv/Fm and DIo/RC parameters. The Fv/Fm ratio after 26 April
in both wild populations showed values higher than 0.83.

PI did not show significant differences between wild populations during cycle I. Significant
differences were found between BG measured on 18 April and 2 May. PI index increased from 18 April
to 2 May. Then, it decreased by the following measurement on 5 May but remained higher than the
initial measurement.

Like the Fv/Fm ratio, the DIo/RC values did not show significant differences between wild
populations and measurement times. However, this index declined in both wild populations
during cultivation.

Significant differences were found for RC/CSm in MI between 18 April and 2 May and between
26 April and 2 May. In addition, significant differences were found in the BG wild population between
18 April and 26 April (Figure 1).

Figure 1. Chlorophyll a fluorescence parameters (Fv/Fm (A), PI (B), DIo/RC (C), and RC/CSm (D))
in leaves of two hedge mustard wild populations, MI and BG. Data are means with standard errors
(n = 4 for April and May, n = 5 for November). Data of cycle I were subjected to two-way ANOVA
and differences among wild populations and dates within cycles were determined using Tukey’s test
(P < 0.05). Data of cycle II were analysed using a t-test (P < 0.05). Different letters indicate statistical
differences, and no letters indicate no significant differences.

3.3. Nitrate and Total Sugars

The quality of hedge mustard grown as baby leaf vegetables was also evaluated in terms of nitrate
accumulation and total sugars. The nitrate content was statistically different between wild populations
in April, with higher nitrate content in BG, 2865 mg/kg FW than in MI (Figure 2). In May, the two wild
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populations showed lower and significantly different values compared with those measured in April,
nitrate content ranged from 199 to 256 mg/kg, but there was no difference between them. In November,
both wild populations showed a nitrate content that ranged from 1756 mg/kg FW to 1683 mg/kg FW,
with no significant differences between them (Figure 2).

Figure 2. Nitrate content in leaves of two hedge mustard wild populations, BG and MI. Data are means
with standard errors (n = 3 for April and May, n = 4 for November). Data of cycle I were subjected to
two-way ANOVA and differences among wild populations and dates within cycles were determined
using Tukey’s test. Data of cycle II were analysed using a t-test (P < 0.05). Different letters indicate
statistical differences for P < 0.05. Population means did not differ in November.

Total sugars were not statistically different between wild populations (MI and BG) or by dates
within cycle I (April, May). The total sugar content ranged from to 5.84 mg Glu eq./g FW observed in
MI in November, to 3.1 mg Glu eq./g FW in the April (Figure 3).

Figure 3. Total sugar content in leaves of two wild hedge mustard populations, BG and MI. Data
are means with standard errors (n = 3 for April and May, n = 4 for November). Data of cycle I were
subjected to two-way ANOVA. Data of cycle II were analysed using a t-test (P < 0.05). There were no
significant differences between wild populations or times.
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4. Discussion

The Brassicaeae family includes a wide number of species that can be used for vegetable
production. Some of them have been described as potential vegetables and sources of antioxidant
compounds for the Mediterranean area [16,17]. Hedge mustard is a wild Brassicaceae species widely
dispersed and, therefore, it has been evaluated as a potential leafy vegetable for the minimally
processed industry. The nutritional components were similar to other leafy vegetables and could
provide a good quantity of ascorbic acid that is higher than lettuce, which shows values ranging from
10 to 30 mg/100 g [18]. The leaf pigments observed in hedge mustard were similar to other leafy
vegetables such as rocket (Eruca vesicaria subsp. sativa) [19], lamb’s lettuce (Valerianella locusta) [20],
and lettuce (Lactuca sativa) [21]. It is well known that leaf pigments are important parameters because
they contribute to leaf color and visual appearance [22]. The leaf color is very important in minimally
processed leaf vegetables because it is the first quality parameter that consumers evaluate at purchase.

During the growing period lower chlorophyll concentrations were observed in spring than in
autumn. Usually the leaf pigments are higher at lower light intensity; in our experimental conditions the
higher values could be due to the low light conditions in the greenhouse during autumn, even though
supplementary lighting was provided. This relationship between lower light availability and higher
pigments have been found in different leafy vegetables [23].

Chlorophyll a fluorescence-derived parameters were used for evaluating the PSII activity of the
two S. officinale wild populations (MI and BG). The Fv/Fm ratio indicated the maximal efficiency of
PSII photochemistry, and it did not significantly change during the experiments. Values of Fv/Fm
below 0.83 are usually considered as indicative of stressful conditions in plants [24]. The Fv/Fm
ratio increased at the end of April, while the values were slightly lower at the earlier measurement.
This result may be due to Fv/Fm increasing with leaf development until reaching the fully expanded
stage, when the leaves are fully photosynthetically active. Values above 0.83 during May demonstrated
that plants were under optimal growing conditions as was also observed in the second cycle performed
in autumn. The higher values of PI in May also indicated higher light use efficiency and better
performance of the plants [23]. The BG wild population seemed to have had faster adaptation and
reached optimal leaf functionality earlier. In fact, BG also had higher RC/CSm values in April and
these results were repeated in the second cycle performed in November

Nitrate plays a crucial role in the nutrition and function of plants and naturally occurs as
a compound in the nitrogen cycle. In plants, nitrate levels are higher in leaves, whereas lower
levels occur in tubers and seeds. In fact, leaf crops such as spinach (Spinacea oleracea L.), lettuce
and rocket have high nitrate concentration [25]. Nitrate and nitrite are also commonly used as
preservatives in food. Nitrate is non-toxic, but its metabolites and reaction products (nitrite, nitric oxide,
and N-nitroso compounds) could be dangerous for human health inducing methaemoglobinaemia or
carcinogenesis [26]. In addition to nitrate, leafy vegetables also provide several bioactive compounds
with beneficial effects on health, and are widely recommended in the diet.

The European Union, in order to limit the nitrate supply in human nutrition, has defined the
maximum nitrate levels permitted in some vegetables considered to have the highest levels of this
compound. Nitrate concentrations are directly correlated with light availability. This may explain
the lower values in May and higher values in April and November. However, the nitrate levels of
S. officinale measured in the present study are significantly lower than the maximum NO3 level allowed
in rocket salad, another species from Brassicacea family, fixed at 6000 or 7000 mg NO3/kg FW by the
UE Commission [27], depending on the harvest time. Rocket plants grown in different cultivation
systems in greenhouses such as soil, substrate or floating, have higher nitrate levels [28,29]. However,
the higher ascorbic acid concentration compared to other leafy salad contributes a reduced risk of
nitrosamine formation and carcinogenic effects of the nitrate in the diet. In fact, it has been reported that
ascorbic acid is a nitrosation inhibitor and could inhibit nitrate reduction [30]. The low nitrate content
of S. officinale is a good quality trait for possible use of this species as a leafy vegetable. Moreover,
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under greenhouse cultivation, the level of ascorbic acid is similar or slightly higher than those found
in plants grown in the wild [31].

The leaf sugar content is related to photosynthetic activity and biomass production. It is also an
important parameter for the storage of the product. Higher sugar content can be potentially associated
with higher shelf life, because sugars are used for the basal metabolism and maintaining quality of
the product. The total sugar content measured in the present study (maximum level of 5.84 mg/g)
is lower if compared to the average sugar content observed in rocket leaves, where the total sugar
reached 6.30 mg/g in the first harvest and 7.61 mg/g in second harvest [32]. The total sugars were
similar among the two wild populations which also corresponds to biomass production and dry
matter percentage.

5. Conclusions

Sysimbrium officinale is a wild species from the Brassicaceae family, quite common in all temperate
Euroasiatic areas. Our results indicated that this species can be successfully grown in a greenhouse
with nutritional components as well as quality parameters such as nitrate, chlorophyll, and sugar
content similar to the most common commercial leafy vegetables. It has a good concentration of
ascorbic acid, higher than common leafy vegetables. Although these results suggest that Sysimbrium
officinale can be grown as a leafy vegetable, further investigation will be required for evaluating quality
during postharvest storage and handling.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-7524/5/1/13/s1,
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