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Abstract

Wall rocket (Diplotaxis erucoides) is a wild vegetable with potential as a crop. Its seeds present
secondary dormancy mechanisms that can become essential for the survival of wall rocket as a
weed or in the wild. However, adaptation to crop conditions requires high and synchronised
germination. The present work was aimed at studying whether different treatments improve the
germination success of wall rocket seeds, and the effects on subsequent crop quality
(morphology, yield, ascorbic acid and phenolics). By using of a Lg orthogonal array design, the
main effects of soaking the seeds, scarification with sodium hypochlorite (NaClO), gibberellic
acid (GAg), potassium nitrate (KNO3), cold, and heat treatments on germination traits of wall
rocket were evaluated. NaCIlO scarification was the most efficient treatment and significantly
increased the early and final germination, the germination rate and the vigour index. The best
germination results were obtained when the NaClO scarification was followed by application of
GA;. Thus, a protocol consisting on scarification with 2.5% NaClO for 5 min followed by
treatment with 150 ppm GA; for 24 h was proposed to improve wall rocket germination success.
In addition, the germination treatments did not greatly affect the agronomic characters of baby-
leaf plants. Scarification with NaCIlO reduced the days to harvest but did not affect the yield, so
its use could have commercial benefits. Moreover, the content in ascorbic acid increased in
treatments using NaClO, which may increase the added value of the potential crop. Overall, this
study contributes to the domestication of wall rocket by providing a simple germination method
that in addition has potential beneficial effects for crop quality.

Keywords

Diplotaxis erucoides; germination; growth parameters; nutritional quality; secondary dormancy

Abbreviations. AA: ascorbic acid. CAE: chlorogenic acid equivalents. DW: dry weight. FW: fresh
weight. GA;: gibberellic acid. KNOs: potassium nitrate. NaClO: sodium hypochlorite. TP: total phenolics.

WEP: wild edible plant
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1. Introduction

The term wild edible plants (WEPs) refers to species that are directly gathered from the wild for
its consumption (Shin et al., 2018). These species may contribute to the diet with macro- and
micronutrients like minerals and vitamins, and also represent an opportunity for adding new
flavours and textures to the diet (e.g., Grivetti and Ogle, 2000; Molina et al., 2014; Morales et
al., 2014; Guijarro-Real et al., 2019a, 2019b). For these reasons, the use, marketing and
domestication of WEPs have been promoted during the last decades, as an alternative for
improving human diet quality. This is the case, for example, of watercress (Nasturtium
officinale) and wild and salad rocket (Diplotaxis tenuifolia and Eruca sativa), established as
crops (Molina et al., 2016) and now found as usual ingredients on modern salads. However, there
are still many other WEPs that can be considered as a source of new potential crops.

Wall rocket (Diplotaxis erucoides (L.) DC.) is an annual species belonging to the Brassicaceae
family, traditionally gathered and consumed in different Mediterranean countries like Spain and
Italy (Guarrera and Savo, 2016; Parada et al., 2011). The plant is consumed by the leaves and
tender shoots, appreciated by its characteristic, mild pungent flavour resembling the aroma and
taste of other Brassicaceae crops like mustard. The culinary use of wall rocket is mainly fresh as
a complement to salads, or cooked in preparations like pasta, soups or mixtures of cooked
vegetables (Guarrera and Savo, 2016). In addition, the small, white flowers can be also
considered as a decorative component in high cuisine (Guijarro-Real et al., 2018). As food
markets are increasing efforts in offering new and distinctive products, the particular taste and
pungency of wall rocket make it a good candidate for its domestication and introduction into

cultivation.
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The introduction and commercial exploitation of WEPS possess, however, a series of critical
points that must be evaluated, including germination traits and cultivation conditions (Ceccanti et
al., 2018). One of the main problems for the domestication of wall rocket is the presence of
secondary dormancy in the seeds (Martinez-Laborde et al., 2007) and the consequent
discontinuous germination. Artificial selection in cultivated species has led to a reduction of seed
dormancy, thus allowing a rapid and synchronised germination for adaptation to crop systems
(Née et al., 2017). By contrast, secondary dormancy and irregular germination can become
essential for the survival of weeds (Darmency et al., 2017). In the case of wall rocket, Martinez-
Laborde et al. (2007) proposed that fresh seeds of wall rocket are presumably non dormant.
However, mechanisms of secondary dormancy would be activated in those fresh seeds that did
not germinate, thus remaining in the soil as part of the soil seed bank (Martinez-Laborde et al.,
2007). This irregular germination over time has been previously proposed as an adaptive strategy
to control the demographic populations of wall rocket (Sans and Masalles, 1994), thus
decreasing the competition for water and nutrients for increasing the population’s survival.

The presence of secondary dormancy in the seeds hampers the breeding programs and
commercial cultivation of wall rocket, since a fast and uniform germination is required in both
cases. The release of secondary dormancy is controlled by various regulators including
phytohormones, mainly abscisic acid and gibberellins, and other specific proteins, and it is
highly influenced by environmental factors such as temperature, light, water potential or content
in nitrates in the soil (Finch-Savage and Footitt, 2017). Treatments changing or modifying those
factors have demonstrated to be useful for breaking dormancy in several wild and cultivated

species, and can be used routinely (Hellier, 2018).
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In addition, this potential new crop is aimed at being consumed mainly as baby-leaf, before the
appearance of the flower bud. Due to its short life cycle, this stage can be reached in one to two
months, depending on the cultivation conditions. Thus, the application of specific dormancy-
breakdown treatments may affect the quality of the final product (Evans et al., 1996). In fact,
changes in plants associated to the application of specific germination conditions has been
reported elsewhere. For example, Handa et al. (2017) optimized the soaking and germination
conditions of horsegram (Macrotyloma uniflorum) seeds to decrease the antinutritional factors
but maintaining the nutritional properties. In the same way, Tavares et al. (2014) evaluated the
treatment of rice seeds with salicylic acid, and the effect on produced seed quality and yield.
Also the application of GA3 can induce stem elongation (Taylor and Cosgrove, 1989).
Therefore, the main objective of this work was to obtain a highly efficient germination protocol
for wall rocket without impairing the baby-leaf quality. For that reason, the main effects of six
factors were evaluated. The experimental design consisted in an orthogonal array and was
adapted from Ranil et al. (2015), whom used it for evaluating up to seven factors for developing
a germination protocol in Solanum torvum. In addition, the effect of the different treatments in
selected agronomic and nutritional traits of the baby-leaves was evaluated. The results of this
work will be useful for ensuring a quick, synchronised germination in breeding programs, thus
facilitating the domestication of this WEP. Finally, studying the effect on different agronomic
and nutritional traits can be relevant for selecting the most adequate germination protocol for
ensuring the quality of wall rocket as a commercial baby-leaf vegetable.

2. Materials and methods

2.1. Plant material
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Seeds from a wild population of wall rocket were collected in the spring of 2015 in Teulada,
Alicante, Spain (coordinates 38° 43' 15" N; 0° 05' 06" E). Seeds were collected from dry siliques
as an indicator of the proper ripeness of seeds. Once in the laboratory, the collected seeds were
manually cleaned from the siliques and other vegetable organs, and dehydrated for two weeks at
room temperature. The dehydrated, ripe seeds were then placed in a plastic bag and stored at 4 °C
in a hermetic jar until use, using silica gel for control of humidity. The moisture content of seeds
at the moment of storage was 5.7%. The germination assay was performed during the next
spring.

2.2. Germination assay

The germination assay was performed in Petri dishes (9.0 x 2.5 cm; Phoenix Biomedical,
Mississauga, Ontario, Canada) filled with 1.5 cm of moistened commercial Neuhaus Humin-
substrat N3 nursery growing substrate (Klasmann-Deilmann Gmbh, Geeste, Germany). In each
Petri dish, twenty-five seeds, previously treated according to the specific treatment, were placed
on top of the substrate. Seven replicates were used, with a total of 175 seeds evaluated in each
treatment. Petri dishes were placed in a climatic chamber, organizing the experiment in order to
ensure that the application of all treatments finished the same day, considered as day 0 or starting
day for the germination evaluation (Table 1). The environmental conditions in the climatic
chamber remained constant during the germination assay, with a photoperiod of 16 h light/ 8 h
dark at 25°C (Martinez-Laborde et al., 2007), and maintaining the relative humidity at 50-60%.
The substrate was watered as needed in order to keep adequate moisture.

The germination assay was designed according to the work of Ranil et al. (2015), with slight
modifications. The effect of six factors on seed germination was evaluated: soaking, sodium

hypochlorite (NaClO), gibberellic acid (GA3), potassium nitrate (KNQO3), cold and heat. The
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presence/absence of light was not evaluated as a factor, and seeds were placed on the top of the

substrate in all treatments.

The effect of each factor was evaluated at two levels: a) level -, if the factor was not applied; or

b) level +, if the factor was applied. Details of each factor were:

Soaking: immersion of seeds in distilled water for 24 h at room temperature, prior to sown.
NaClO: immersion of seeds in 2.5% commercial NaCIlO for 5 min, followed by three rinses
with distilled water, 10 min each. The scarification was performed prior to sown at room
temperature.

GA;: treatment of seeds with 150 ppm GAg3 (Duchefa Biochemie, Haarlem, The
Netherlands) by immersion for 24 h at room temperature, with a final rinse with distilled
water. Treatment with GA3 was performed prior to sown.

KNOs: application of 1000 ppm KNO3 (Panreac, Montcada i Reixac, Spain) in the plate for
moistening the peat, at room temperature or climate chamber temperature.

Cold: stratification of seeds for seven days at 4 °C, after being sown.

Heat: incubation of seeds for 24 h at 37 °C, after being sown.

In order to analyse the effect of these factors, a Lg orthogonal array matrix design (2°) was

followed. Eight different treatments were tested, using specific combinations of factors in order

to ensure that all of them were applied in four of the treatments (Ranil et al., 2015). The resulting

treatments are summarized in Table 1, in which factors were applied observing the following

order: soaking, NaClO, GA3, KNO3, cold and heat application.

2.3. Evaluation of traits in the germination assay

At day 0 all treatments and replicates were placed in a climatic chamber in order to evaluate the

germination. Evaluation started at day 3 and followed during seven consecutive days, with a final
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evaluation at day 11. Seeds were considered as germinated when the radicle emerged. However,
sprouts with erratic germination, it is, with failures in the subsequent radicle development, were
not considered as viable and removed from the count.

The germination traits evaluated were: a) early germination, considered as percentage of seeds
germinated at day 3; b) final germination, considered as percentage of germinated seed at day 11;
C) germination rate, in percentage (%), calculated as (S1-t1+S2-to+...+Sn-ta)/(t1+t2+...+ tn), Where
Sn is the cumulative percentage of germinated seeds at day n and t, is the number of days from
day 0 at which the count was performed; and d) vigour index, calculated as
(S1/t)+(So/tr)+...+(Sn/ty) (Ranil et al., 2015). Germination rate determines the potential for a
high final germination combined with a rapid germination, and vigour index determines the
potential for a rapid germination. In addition, the hypocotyl length (cm) in the sprouts was
measured. Measurement was performed when the first true leaf reached a size of one third the
size of cotyledons.

2.4. Growing conditions and evaluation of baby-leaf plants

Germinated sprouts were individually transplanted into 7x7x8 cm plastic pots filled with the
same commercial substrate used in the germination assay. Thirteen to thirty-six plants of each
treatment, depending on germination success, were transplanted. Transplanted plants were
adapted for one day to room temperature conditions and then moved to a glasshouse equipped
with a cooler system. Plants were placed following a completely randomized design and grown
until the appearance of the first flower bud, before stem elongation. During the growing period,
water was supplied regularly to maintain the substrate moistened, with no addition of fertilizers.
Once the baby-leaf plants reached the defined developmental stage, the aerial part was harvested,

transported to the laboratory in sealed bags for avoiding excessive loss of moisture and stored at
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4 °C until analysis. The time elapsed between harvesting plants and placing under cooling
conditions was less than one hour.

2.4.1. Agronomic traits

Characterization was performed within the next 24 h. Seven agronomic traits were evaluated:
total height, in cm; stem length between the cotyledons and the first leaf, in mm; length of the
first and second internodes, in mm; length of the largest leaf, in cm; total number of leaves per
plant; and earliness, measured as the number of days after transplant needed for the appearance
of the flower bud.

2.4.2. Determination of nutritional parameters

Weight of plants prior to the freeze-drying process was recorded as fresh weight (FW, g). Plants
from each treatment were then used for analysing the content in ascorbic acid (AA) and total
phenolics (TP). Three replicates were performed for each analysis.

Content in AA was determined as described in Cano and Bermejo (2011), with slight
modifications. Briefly, 1 g of fresh leaf tissue was homogenized with 5 ml of 3.0% (w/v) cold
meta-phosphoric acid (Sigma-Aldrich; Saint Louis, MO, USA) for 1 min in a mortar, filtered and
centrifuged at 2,500 rpm for 10 min at 5 °C. The supernatant was filtered through a 0.22 um
PVDF filter (Teknokroma, San Cugat del Valles, Spain) and analysed by HPLC in a 1220
Infinity HPLC (Agilent Technologies; Santa Clara, CA, USA). A Brisa C;g column (150mm x
4.6 mm id, 3um) (Teknokroma, San Cugat del Valles, Spain) was used, with an isocratic phase
of methanol: 1.0% acetic acid (5:95) for 15 min, an injection volume of 5 pL and a flow rate of 1
mL min™. Quantification was performed at 254 nm using an external standard calibration of

ascorbic acid (Sigma-Aldrich), and results were expressed as mg AA 100 g™ FW.
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Content in TP was determined according to the Folin-Ciocalteu procedure (Singleton and Rossi,
1965) as indicated in (Plazas et al., 2014). Briefly, 0.125 g of freeze-dried, finely ground material
was extracted with 70% acetone (v/v) containing 0.5% glacial acetic acid (v/v) solution. An
aliquot of 65 pl was incubated with 500 pl of diluted Folin-Ciocalteu reagent (1:10; Scharlab SL,
Sentmenat, Barcelona, Spain) for 5 min, plus 500 ul of sodium carbonate solution (60 g/L) for

other 90 minutes. Absorbance was measured at 750 nm in an iMark™

Microplate Reader (Bio-
Rad; Hercules, CA, USA). Chlorogenic acid (Sigma-Aldrich) was used as standard and results
were expressed as mg of chlorogenic acid equivalents in each 100 g of freeze-dried material (mg
CAE 100 g™ DW).

2.5. Statistical analysis

Data from the four germination traits, agronomic characters and nutritional traits were submitted
to a one-way analysis of variance (ANOVA). Data from the germination parameters, expressed
as percentage (for early germination, final germination and germination rate) or as the proportion
of the maximum possible value (for vigour index), were arcsine-transformed prior to the analysis
(McDonald, 2014). On the other hand, normality was tested as well for agronomic and
nutritional data, and log-transformed if needed. Differences between treatments were studied
with the Duncan multiple range test at P = 0.05. Significance of the six factors effects was tested
by partitioning the degrees of freedom and sums of squares of the ANOVA, and the magnitude
was measured as the difference between treatments in which the factor was applied (level +) and
those ones in which it was not applied (level -) (Ranil et al., 2015). Finally, Pearson pairwise
comparisons were performed in order to evaluate the correlation between AA and TP.

3. Results

3.1. Germination assay

10
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The treatment effect was highly significant for the four germination parameters evaluated (Table
S1), with significant differences among means (Fig. 1). Early germination was high for
treatments T2, T3, T6 and T7, with values ranging between 49.7% (T7) to 79.4% (T3). By
contrast, control, T1, T4 and T5 displayed low germination percentages, ranging from 2.3% (T1)
to 22.3% (T4). This large difference between treatments displaying high and low response was
also obtained for final germination, germination rate, and vigour index (Fig. 1). Treatments T2
and T3 displayed the greatest percentage for final germination (80.0% and 91.4%, respectively),
whereas the percentage of germinated seeds in control and low-response treatments was below
35%. In the same way, T2 and T3 displayed the highest germination rates (86.0% and 76.5%,
respectively), while this rate was < 30.0% for low-response treatments with T1 giving the lowest
value (4.8%). Finally, T2, T3 and T6 showed the best vigour index values, close to 200 (Fig. 1).
The effect of each factor was analysed as the difference between average values when the factor
was applied (level +) or not (level -) (Table 2, S1). Scarification with NaClO was the only factor
having a highly significant effect on the four germination traits, with a positive effect when it
was applied (Table 2). Moreover, this factor had the highest positive effect, and its application
increased the early germination, final germination and germination rate values in more than
50.0%, and the vigour index in 147.6 units. In addition, the effect of treating with GA; was
significant (P < 0.05) for final germination and highly significant (P < 0.01) for the other
germination traits (Table 2, S1). GA3 application induced an increase between 7.5% (final
germination) and 14.3% (early germination), and an increase of 39.0 units in the vigour index
(Table 2). For the rest of factors evaluated, the effect was non-significant, or when significant,
negative for the germination traits (Table 2, S1).

3.2. Agronomic characterization and nutritional value

11
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For the agronomic characterization, hypocotyl length of the sprouts, and earliness, total height,
number of leaves per plant, stem length from cotyledons to 1st leaf, length of 1st and 2nd
internodes and length of the largest leaf in the pre-flowering stage were measured.

The hypocotyl length of sprouts had no differences among treatments, with an average value of
1.3 cm (Table S2). In the pre-flowering stage, no significant differences were determined among
treatments for the number of leaves per plant, first internode and leaf length. The mean values for
these traits were, respectively, 8.8 leaves, 3.7 mm and 8.7 cm (Table S2). On the other hand,
differences were determined among treatments for total height, length from cotyledons to 1st leaf
and 2nd internode (Fig. 2). Plant height was on average 10.8 cm. Treatments T4 and T7
developed plants between 1.0 and 2.0 cm higher than the control. For the cotyledon-to-1st leaf
trait, the mean value was 2.0 mm. Plants from T1 displayed the lowest value (1.0 mm), similar to
the control, while T2 developed plants with the greatest values (3.7 mm). On the contrary, plants
from T2 developed the shortest 2nd internode (2.8 mm) while treatment T1 developed plants
with the longest values (8.6 mm). Thus, addition of cotyledon-to-1st leaf, 1st internode and 2nd
internode measurements resulted in a loss of significance among treatments (P = 0.368), so
factor effects were not analysed. Finally, earliness was analysed (Fig. 2). The days needed to
develop the flower bud was, on average, 21.4 days, with values ranging between 18.9 (T3) and
23.8 (T5) days. Treatments T2, T3, T6 and T7 gave the lowest values, with around 20 days
needed for appearance of the flower bud. These treatments had in common the scarification of
seeds with NaClO. By contrast, T1, T4 and T5 needed around three days more for reaching that
developmental stage.

Effect of the individual factors used in the germination test were analysed for plant height and

earliness (Table S3). The only germination factor with a significant effect on plant height was

12
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soaking the seeds prior to the sown. Treatments that included this factor developed plants on
average 0.87 cm higher than those ones that did not include the soaking step (Table 3). For
earliness, factors with significant effect included soaking the seeds, the treatment with NaCIO
and the application of heat (Table S3). While soaking the seeds and applying heat resulted in an
increase of 1.1 and 0.3 days, respectively, treatment with NaClO was the only factor that reduced
the time needed for the appearance of the flower bud, in almost 3 days (Table 3).

On the other hand, the fresh weight, content in AA and content in TP were analysed. No
significant differences were determined for the fresh weight, with an average value of 1.5+ 0.0 g
(Table S2). By contrast, significant differences between germination treatments were detected
for the content in AA and TP (Table S3). Application of the different germination treatments did
not negatively affected the content in AA with respect to the control (Fig. 3). The greatest
difference was detected for plants germinated with treatments T2 (96.2 mg AA 100g™ FW) and
T6 (101.1 mg AA 100g™ FW) compared to the control (64.16 mg AA 100g™* FW). On the other
hand, the only germination factor with a significant effect in the AA content was the scarification
of the seeds with NaCIlO (Table S3). Thus, treatments including scarification with NaCIO had on
average an increase of 21.0 mg AA 100g™ FW with respect to the no application (Table 3).

In addition, plants germinated with different treatments also displayed significant differences for
the content in TP (Fig. 3). The average content was 1,309.8 mg CAE 100g™ DW, with values
ranging between 1,224.2 (T1) and 1,371.1 (T6) mg CAE 100g™ DW. Treatments T1 and T3
(1,224.2 and 1,263.7 mg CAE 100g™ DW, respectively) displayed values significantly lower
than the content determined for the control (1,341.4 mg CAE 100g™ DW). All treatment factors,
except for heat, had a significant effect on TP content (Table S3). The application of GA3z, KNO3

and cold had negative effects, decreasing TP content between 3.9 (cold) and 42.8 (KNO3) mg

13
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CAE 100g™ DW (Table 3). By contrast, scarification with NaClO resulted in the highest increase
(47.4 mg CAE 100g™ DW). Finally, the linear correlation between the content in AA and TP in
each treatment was evaluated (Fig. S1), with no significant correlations determined among these
nutritional traits (P > 0.05).

4. Discussion

4.1. Effect of individual factors on germination

Wall rocket has great potential to be marketed and introduced into the diet as a baby-leaf
vegetable for salads (Di Gioia et al., 2018). However, its domestication and exploitation as a
crop and the necessary adaptation to an agricultural large scale production requires early,
vigorous, high and synchronised germination (Née et al., 2017). Thus, the present study analysed
the response of a wild population of wall rocket to eight germination treatments, through the
evaluation of four germination traits. In addition, the effect of treatments on baby-leaf plants was
also evaluated.

The best treatments for increasing the germination parameters (T2, T3, T6 and T7) had in
common the scarification of seeds with NaClO. These results differ considerably from the work
of Ranil et al. (2015), whom found a negative effect of NaClO scarification on the germination
of Solanum torvum. On the contrary, our results are consistent with previous works, in which
treatment with bleach increased the germination rates of different species (e.g., Marty and
Kettenring, 2017; Wagner and Oplinger, 2017; Jones et al., 2016), although the exposure times
were commonly greater. Moreover, the use of NaClO is a common treatment for the scarification
in tomato and tomato wild relatives' seeds (Gordillo et al., 2008), and it is also used for
disinfection of seeds in this crop (Figas et al., 2018a, 2018b; Mehalaine et al., 2017). Our results

suggest that the seed coat structure may be implied in the secondary dormancy of wall rocket.
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Thus, using a chemical scarification as the treatment with NaClO would help to break the barrier
between embryo and environment (Wagner and Oplinger, 2017), presumably by weakening the
seed coat tissues and/or increasing the permeability (Katzman et al., 2001). Moreover, these
results suggest that scarification with NaClO might be also useful to break dormancy in other
related species from the Brassicaceae family, although specific studies should be conducted in
order to ensure the positive effect in those species.

On the other hand, the treatment with GA3 had also a positive effect on the seed germination of
wall rocket, in line with the results of Martinez-Laborde et al. (2007). The application of GA; for
increasing seed germination has provided successful results along the family Brassicaceae,
especially for wild species including weeds. Thus, it has been used in germination studies for
species such as Isatis violascens (Zhou et al., 2015), Thlaspi arvense and Sinapis arvensis L.
(Hsiao, 1980) or Brassica torunedortii (Chauhan et al., 2006). Moreover, GA3 has been
suggested as a dormancy-breaking treatment to be applied in seeds of the Brassicaceae family by
genebanks (Gonzélez-Benito et al., 2011). GA; is part of the gibberellins group (GA), a group of
phytohormones known for its enhancing germination effects (Graeber et al., 2012; Née et al.,
2017). In fact, the dormancy-germination mechanisms are regulated by the balance between GA3
and abscisic acid (Finkelstein et al., 2008). While abscisic acid is required to induce and maintain
dormancy during seed maturation, a positive balance for GA3; overcomes dormancy and
stimulates germination (Finkelstein et al., 2008; Née et al., 2017).

However, significant differences on germination were found according to the factor applied
before the treatment with GAz. Thus, when the treatment with GA3; was preceded by soaking the
seeds for 24 h (T4 and T5), values of the germination parameters were very low and close to the

control. Here we hypothesize that long soaking treatment may cause a saturation of water inside
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the seeds, reducing the subsequent absorption of GA3. On the contrary, preceding the treatment
with GA; by a scarification with NaCIO (T2 and T3) significantly increased the germination
traits. This increase may correspond to the synergistic effect of both factors. Scarification with
NaClO can affect the coat, facilitating the later penetration of GA3; (Hsiao et al., 1979a, b) and
therefore increasing the dormancy-breaking effect of this hormone. However, it is also possible
that NaClO may act against other germination inhibitors, what would explain the great
germination rates also when it is applied with no GA3 (T6 and T7). More physiological studies
should be conducted in this sense to clarify the mechanisms activated in wall rocket dormancy,
and how the NaClO scarification can break them.

The rest of the factors had no effect, or negatively affected the germination traits. According to
these results, we suggest the use of a simplified protocol for the germination of wall rocket seeds,
consisting of scarification of seeds with 2.5% NaClO for 5 min, then rinse the seeds in three
changes of distilled water, 10 min each, remove the excess of water, and treat with 150 ppm GA3
for 24 h. At this point, one short rinse with water prior to sowing would be appropriate in order
to remove the excess of GA; from the seed surface (Small et al., 2019). This protocol would
ensure a proper germination of wall rocket even during the greatest dormancy period, considered
after one year storage of seeds (Pérez-Garcia et al., 1995; Laborde et al., 2007). The germination
protocol described in this study has been used and validated in subsequent experiments
developed by the group, providing germination rate success above 80% (unpublished results).
Thus, it provides an efficient alternative that guarantees an effective, fast and uniform
germination, with the need of only one day of pre-sown treatment.

4.2. Treatment and germination factor effects on plant quality
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Rocket crops are highly appreciated as baby-leaf products and marketed as whole leaves, for
what the mechanical harvest is commonly used (Caruso et al., 2018). Adaptation of wall rocket
to a similar production system and marketing can promote its acceptance by consumers and also
by producers. For that reason, producing plants short in height may be desirable for automatic
harvesting, as the presence of long stems would require manual harvesting or subsequent
manipulations for removing them.

Application of different germination factors can affect the plant growth. The best studied factor
in literature is GAs as it is a plant regulator. Gibberellic acid can affect the epigenetics of plants
and modify different enzyme activities, so it produces changes in phenotype for different growth
and developmental stages including stem elongation, leaf expansion and even induction of
flowering (Kaur et al., 1999; Liang et al., 2014; Yamamuro et al., 2016). In fact, the application
of GA3 has shown to induce stem elongation in different species (e.g., Silk and Jones, 1975;
Taylor and Cosgrove, 1989). In our case, no significant elongation of the hypocotyls was
detected in the sprouts when seeds were treated with GAs. On the contrary, in the case of the
baby-leaf plant, only one of the treatments using GA3 (T4) produced an increase in plant height
with respect to the control. Thus, our results were ambiguous to declare that seed treatment with
this hormone increases the plant height of wall rocket at the pre-flowering stage.

Earliness was also affected by the treatment. Rocket species can reach the flowering stage in a
short period, which varies depending on the season, region and growing conditions (e.g.,
greenhouse instead of field), and plants should be commercially harvested prior to reach this
stage (Bell et al., 2015; Caruso et al., 2018). In this respect, increasing the vegetative cycle
would be of interest for producers if it derives in an increase of yield. The lowest values for

earliness were obtained for plants treated with NaClO, while no differences were determined for
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fresh weight. Chun et al. (1997) found that the application of NaCIlO increased seedlings growth
in rice. Moreover, Hall (1985) observed a reduction in the time to harvest for sweet potato due to
the use of calcium hypochlorite. In the same way, our results suggested that the scarification with
NaClO would reduce the vegetative period of wall rocket without affecting yield. Moreover, this
difference in days needed for crop development may have considerable impacts in reducing
production costs.

Regarding the nutritional quality, the demand of healthy foods, and foods rich in bioactive
compounds, have increased in the last decades as consequence of an increasing number of
consumers are aware of the linkage between diet and health (Olayanju, 2018). Application of
different germination treatments may affect compositional quality, especially in products of short
age such as sprouts although it could also affect plants of higher developmental stage as well
(Mostafa and Alhamd, 2011; Duefias et I., 2015). Thus, studying the levels of bioactive
molecules and the effect of germination treatments can be useful for future cultivation and
marketing strategies. According to our results, applying different germination treatments did not
negatively affect the accumulation of AA in wall rocket leaves. Moreover, the use of adequate
treatments may increase the content in AA, in particular for treatments that include NaClO as
scarification product. On the contrary, results were not clear for the content in TP. In fact, all
factors except for heat had a significant effect on TP accumulation in wall rocket leaves. Thus,
new studies focused on comparing the improved germination protocol suggested in this work,
with control plants, may be addressed in order to help clarifying whether using this protocol
would significantly affect the quality of the final product. Finally, a lack of correlation between
AA and TP was determined. These results suggest that it would be difficult to improve both

parameters by the application of germination treatments. In this sense, we suggest that future
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studies should especially focus on the content in AA, since this compound is of particular
relevance in rocket crops (Cavaiuolo and Ferrante, 2014).

5. Conclusions

This study provides a germination protocol for wall rocket in order to break the secondary
dormancy of this potential new vegetable crop. The proposed protocol for improving
germination success consists combining the scarification of seeds using 2.5% NaClO for 5 min
followed by a treatment with 150 ppm GA; for 24 h. This simple, short method has been
validated in subsequent studies in our laboratory increasing the germination rate above 80%
(unpublished results).

The germination treatments generally did not present significant differences for agronomic
characters at commercial level. Earliness increased with the application of NaClO, probably due
to a greater vigour of plants germinated in these conditions. However, this shortage of growing
period did not reduce the yield of wall rocket plants. In addition, results of AA and TP contents
suggest that scarification with NaClO in wall rocket seeds could be used to increase the content
in AA, increasing the marketing value of the plants. Overall, our results make an effective
contribution of the domestication of wall rocket, by providing an efficient and simple method for
seed germination, which in addition has beneficial effects by increasing earliness and improving

AA content.
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587  Table 1. Orthogonal matrix Lg (2°) indicating the eight treatments applied for testing the
588  germination of wall rocket seeds. The six factors evaluated (soaking, NaClO, GA3, KNO3, cold
589 and heat application) were applied at two possible levels (-, no application; +, application) in

590 each of the eight treatments.

Factors
Treatment  Starting day® Soaking  NaClO GA; KNO; Cold Heat
Control 0 - - - - - -
T1 -8 - - - + + +
T2 -2 - + + - - +
T3 -8 - + + + + -
T4 -9 + - + - + -
T5 -3 + - + + - +
T6 -9 + + - - + +
T7 -1 + + - + - -

591  °The starting day of application of treatment was adjusted in order to synchronize the day 0 (starting day

592  of the germination evaluation) for the eight treatments.
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Table 2. Average values for the germination traits analysed in wall rocket seeds, when each germination factor (soaking, NaClIO,

GA3, KNO3, cold and heat) was applied at each level (- no application; + application). Difference between the two levels is also

indicated (A +/-).

Early germination

Final germination

Germination rate

Vigour index
(day 3, %) (day 11, %) (%)

Factor - + A - + A - + A - + A
Soaking 396 376 -2.0™ 540 437  -10.37 46.6  40.0 -6.6™ 1046  95.2 9.4
NaClO 104 667  56.37 209 76.9 56.07" 147 719 57.17" 26,1 1737 14767
GA; 31.4 457 14.3™ 451  52.6 75 37.2 494 12.3™ 80.5 1194  39.07
KNOj; 416  35.6 -6.0™ 52.6  45.1 75 468  39.8 717 113.0 869  -26.1"
Cold 343 429 8.6™ 483 494 1.1™ 409 457 4.8™ 939 1060  12.1™
Heat 39.4 377 -1.7™ 54.6 431 @ -1147 46.4  40.2 -6.2 93.7 1062 125"

ns, *, ** and *** indicate non significant, or significant at P = 0.05, 0.01 and 0.001, respectively.
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Table 3. Average values for the agronomic and nutritional traits in baby-leaf plants of wall rocket, when each germination factor
(soaking, NaClO, GA3, KNO3, cold and heat) was applied at each level (- no application; + application). Difference between the two
levels is also indicated (A +/-) during the germination test. Only traits with significant differences among germination treatments are

considered: plant height, earliness, content in ascorbic acid (AA) and content in total phenolics (TP).

Plant height Earliness AA content TP content
(cm) (days) (mg AA 100g™ FW) (mg CAE 100g™ DW)?
Factor - + A - + A - + A - + A
Soaking 10.4 11.3 0.9 20.9 22.0 1.1 79.0 79.7 0.7™ 1291.1 13286 37.6°
NaClO 10.7 11.0 0.4 22.9 200 297 68.8 89.8 2107 1286.2 13335 4747
GA; 10.9 10.8 -0.1"™ 21.2 21.7 0.5" 78.5 80.2 1.7 1325.3 12944 -30.9"
KNO; 11.0 10.7 -0.2™ 21.7 21.2 -0.5™ 83.4 75.3 -8.0" 1331.3 12884 -42.8"
Cold 11.1 10.6 -0.5" 21.0 21.9 0.9" 745 84.2 9.6™ 1311.8 13079 -3.97
Heat 10.4 11.3 0.8™ 21.3 21.6 0.3 79.5 79.2 -0.3™ 1319.4 1300.3 -19.1™

ns, *, ** and *** indicate non significant, or significant at P = 0.05, 0.01 and 0.001, respectively.

*CAE: equivalents of chlorogenic acid.
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Fig. 1. Mean values = SE in the eight treatments (control, Ct, or treatments T1 to T7) tested

using a Lg orthogonal array design, for the four germination traits evaluated in seeds of wall

rocket. A) Percentage of early germination (at day 3 after sown). B) Percentage of final

germination (at day 11 after sown). C) Percentage of the germination rate. D) Value of the vigour

index.

Means separated by different letters are significantly different according to the Duncan multiple range test

(P = 0.05), with significance obtained using the arcsine-transformation of data.
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Fig. 2. Mean values * SE of agronomic traits for baby-leaf plants of wall rocket germinated with

the different germination treatments (control, Ct, or treatments T1 to T7). Only the agronomic

traits displaying differences among treatments are included. A) Plant height (cm). B) Cotyledon-

to-1st leaf length (mm). C) 2nd internode length (mm). D) Earliness or days needed for the

appearance of the flower bud.

Means separated by different letters are significantly different according to the Duncan test (P = 0.05).

Data were tested for normality and log-transformed when needed for the calculation of significance.
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Fig. 3. Mean values * SE of nutritional traits for baby-leaf plants of wall rocket germinated with

the different germination treatments (control, Ct, or treatments T1 to T7). A). Content in ascorbic
acid (AA, mg 100g™* FW). B) Content in total phenolics (TP, mg of chlorogenic acid equivalents
100g™ DW).

Means separated by different letters are significantly different according to the Duncan test (P = 0.05).

Data were tested for normality and log-transformed when needed for the calculation of significance.
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