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Abstract Market is increasingly demanding vegeta-

bles with high quality and nutraceutical characteristics. It

was demonstrated that leafy vegetables can get benefit

from biostimulants, for the reduction of nitrate concentra-

tion and the increment of antioxidants, with potential

benefit for human health. The research purpose was to

investigate on the role of a novel plant-based biostimulant

in affecting nitrogen and carbon metabolism in wild rocket

(Diplotaxis tenuifolia L.). Foliar spray treatments were

performed with extracts obtained from borage (Borago

officinalis L.) leaves and flowers. To evaluate the treat-

ments effect, in vivo determinations (chlorophyll a fluo-

rescence and chlorophyll content) were performed. At

harvest, nitrate concentration, sucrose, total sugars,

chlorophyll, and carotenoids levels were measured in

leaves. In order to characterize the mechanism of action

also at molecular level, a set of genes encoding for some of

the key enzymes implicated in nitrate and carbon meta-

bolism was selected and their expression was measured by

qRT-PCR. Interesting results concerned the increment of

sucrose, coherent with a high value of Fv/Fm, in addition to

a significant reduction of nitrate and ABA than control, and

an enhanced NR in vivo activity. Also, genes expression

was influenced by extracts, with a more pronounced effect

on N related genes.

Keywords Borago officinalis L. � Diplotaxis tenuifolia L. �
Biostimulant � Nitrate � Gene expression

Introduction

Wild rocket (Diplotaxis tenuifolia L.) is a fast-growing

crop belonging to the Brassicaceae family and widely

cultivated as baby leaf. It is a low calories vegetable and is

considered a potential health promoting produce with

diuretic, stimulant, depurative, and stomachic properties.

To be specific, it is a good source of ascorbic acid, flavo-

noids, carotenoids, and glucosinolates, with demonstrated

antioxidant, pharmaceutical, and anti-cancer properties

(D’Antuono et al. 2009; Jakse et al. 2013; Cavaiuolo and

Ferrante 2014; Tripodi et al. 2017). Rocket hyper-accu-

mulates nitrate (NO3
-) (Di Gioia et al. 2013), which is an

important intermediate molecule with key functions in

nitrogen metabolism, amino acids formation and in plant

physiology. At the same time, after consumption, in the

acid environment of the stomach, nitrate-derived nitrite

(NO2
-) can represent a threat for the consumers as it can

combine with free amines forming nitrosamines, which are

recognized to be carcinogenic and thus potentially toxic to

human health (Santamaria et al. 2001; D’Anna et al. 2003;

Ferrante et al. 2002). On the other hand, some researches

reported that nitrate conversion to nitrite could play an

important antimicrobial role in the stomach (McKnight

et al. 1999). Nitrate concentration depends on several

factors, like season of cultivation, light intensity and

quality, temperature, fertilization, storage conditions of the

crop after harvest (Premuzic et al. 2001; Frezza et al. 2005;
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Magnani et al. 2007; Kim and Ishii 2007; Colla et al. 2018

and references therein), as well as genotype (Anjana and

Iqbal 2007). In Europe, for the commercialization of leafy

vegetables, the nitrate concentration in foods is limited by a

specific regulation (Reg. No. 1258/2011). The limits for

rocket range from 7000 NO3
- [mg kg-1 FW] (harvest

from October to March) to 6000 NO3
- [mg kg-1 FW]

(harvest from April to September). For these reasons, to

understand the nitrate metabolism in rocket is highly

important to develop agronomical strategies to be applied

to control its accumulation and, at the same time, maintain

high quality and yields.

Nitrogen (N) is a fundamental macronutrient for plants,

which is required for the synthesis of amino and nucleic

acids, and it is an essential nutrient for cellular metabolism

(Parker and Newstead 2014). Its absorption at the root level

affects plant growth and consequently the productivity of

crops (Krapp et al. 2014; O’Brien et al. 2016). Nitrate is

actively transported through the plasma membrane of the

epidermal and cortical cells of the roots across the proton

symporters (NO3
-:2H?) or Cl- canal (2NO3

-:H?); this

active action exploits the driving force of transmembrane

different potential, created due to the ATP hydrolysis by

H? ATPase of the plasma membrane. The transport is

controlled by a large family of nitrate transporters (NTR)

(EC 7.3.2.4), including NTR1, which transports nitrate,

histidine, and nitrite, and belongs to the subgroup of

nitrate/nitrite transporters (Pao 1998); NTR2, which

belongs to the subgroup of proton dependent oligopeptide

transporters and is responsible for the transportation of

peptides, amino acids, nitrate, chlorate, and nitrite. After its

uptake, NO3
- can be loaded and stored inside the cell

vacuoles to accomplish osmotic functions, can go back to

the soil via apoplast, can be translocated via xylem and

transported to other tissues, or it can be reduced by dif-

ferent redox reactions so as to be assimilated (Jakse et al.

2013). These redox reactions are catalyzed by specific

enzymes, are energy dependent and generally uses

NAD(P)H? as electron donor. Nitrate metabolism starts in

the cytosol with the reduction of nitrate to nitrite by the

action of the enzyme nitrate reductase, NR (EC 1.6.6.1).

After that, nitrite is transported into the chloroplast of the

leaf, or in the plastid of the root, to be reduced to ammo-

nium by the second enzyme of the pathway, the nitrite

reductase NiR (EC 1.6.6.4). Nitrite and ammonium ions are

cytotoxic because they lead to pH changes and induce a

rise in reactive nitrogen species and oxidative damages, so

they cannot be accumulated inside the cell (Chow and

Hong 2002). For the above reasons, their incorporation into

organic compounds must be relatively fast (Chow and

Hong 2002). Ammonium then triggers the ‘‘Glutamine

Synthetase/Glutamine Oxoglutarate Aminotransferase’’

cycle (GS/GOGAT). The enzyme glutamine oxoglutarate

aminotransferase is also known as glutamate synthase (EC

1.4.1.14), GOGAT. Ammonium is converted to glutamine

(Stitt 1999) in the cytosol or in the chloroplasts/plastids, by

the enzyme glutamine synthetase (EC 6.3.1.2) (GS), which

presents two active isoforms, one cytosolic and another

chloroplastic/plastidial, called GS1 and GS2, respectively

(Lancien et al. 2000). The condensation of ammonium with

glutamate to obtain glutamine requires ATP (Temple et al.

1998) as source of energy. At this step, if a-ketoglutarate
(or oxo-glutarate) and energy are available from photo-

synthesis process, two amide groups of glutamine can be

transferred, by GOGAT, to a-ketoglutarate (or oxo-glu-

tarate) (Temple et al. 1998). One of the two molecules of

glutamate can accept NH4
? during another GS/GOGAT

cycle, while the other can be converted to amino acids by

transaminases and then transformed in proteins in order to

be effectively used by the plant. Also other three enzymes

probably participate to the process of ammonium assimi-

lation: cytosolic asparagine synthetase (AS) (EC 6.3.5.4),

plastidial carbamoylphosphate synthase (CPSase) (EC

6.3.4.16) and mitochondrial NADH-glutamate dehydroge-

nase (GDH) (EC 1.4.1.2) (Masclaux-Daubresse et al.

2010). AS, using ammonia as substrate, catalyzes the

transfer of the amide group of glutamine and a molecule of

aspartate to create glutamate and asparagine (Masclaux-

Daubresse et al. 2010). Carbamoylphosphate synthase

(CPSase) uses bicarbonate, ATP, ammonium or the amide

group of glutamine to catalyze the formation of car-

bamoylphosphate, a precursor of citrulline and arginine

(Masclaux-Daubresse et al. 2010). GDH can catalyze the

de-amination of glutamate or, alternatively, incorporate

ammonium into glutamate in the presence of high ammo-

nium levels due to stress conditions (Masclaux-Daubresse

et al. 2010). In the mesophyll of the cells, there is high

activity of GS2, while GS is low in leaves, being generally

limited to the phloem; these two isoenzymes have an

organ-specific expression pattern (Edwards and Coruzzi

1990). Therefore, GS1 is the major form of GS located in

plant roots, it is very important for the primary nitrogen

assimilation and its expression is metabolically regulated

by both nitrogen and carbon availability (Sun et al. 2010).

GS2 plays a crucial role in re-assimilation of NH4
?

released via photorespiration in plants. Glutamate synthase

is present in two isoforms in plants: Fd-GOGAT, that uses

ferredoxin as electron donor, and NADH-GOGAT, with

NADH as co-factor. Generally, the first one is in the

chloroplasts, while NADH-GOGAT is localized in the

plastids of non-photosynthetic tissues (Masclaux-Dau-

bresse et al. 2010). As a general rule, the reduction of

nitrate occurs more effectively in leaves than in roots, due

to the close dependence on photosynthesis for reductants,

energy, and carbon skeleton (Chen et al. 2004). It is known

that there is a close connection between nitrogen and
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carbon metabolism (Goel et al. 2016); in particular, the

flows of nitrate and ammonium are integrated within the

organic acids metabolism (Vance and Gantt 1992) and the

incorporation of ammonium, which occurs mainly in the

GS/GOGAT cycle, requires the availability of carbon

skeletons, specifically of a-ketoglutarate. This organic acid
is originated in the Krebs cycle by the enzyme isocitrate

dehydrogenase, IDH (EC 1.1.1.42), and in the ammonium

cycle, by aspartate aminotransferase, AspAT (EC 2.6.1.1).

Thus, the a-ketoglutarate appears to be an important player

in the regulation of nitrogen and carbon metabolism

(Lancien et al. 1999). Moreover, the formation of a-ke-
toglutaric acid, which is probably a limiting factor for

GOGAT activity, is regulated by a series of factors,

including the availability of nitrate and the accumulation of

ammonium (Lam et al. 1996). Another key enzyme,

phosphoenolpyruvate carboxylase (PEPC) (EC 4.1.1.31)

catalyzes important reaction in plants primary metabolism

and has been shown to play a crucial role in regulating

carbon and nitrogen metabolism in Arabidopsis (Shi et al.

2015). In C4 and CAM plants, PEPC is responsible for the

carbon fixation during the photosynthesis, while in non-

photosynthetic tissues and in C3 plants, its role is to pro-

vide intermediate molecules for the Krebs cycle, catalyzing

the b-carboxylation of phosphoenolpyruvate to oxaloac-

etate, which in turn is converted to malate by malate

dehydrogenase (Sánchez et al. 2006). Four genes encoding

for four different PEPC isoforms were found in Ara-

bidopsis, PPC1, PPC2, PPC3 and PPC4. Among those

genes, PPC1 and PPC2 have been suggested to be the most

representative in leaves (Shi et al. 2015), while PPC3 was

more expressed in roots (Sánchez et al. 2006). A novel role

in the adaptation to salt and drought stress has been pro-

posed for the PPC4 gene (Sánchez et al. 2006).

Considering all these factors, the central role of photo-

synthesis in regulating plant growth, yield and the coor-

dinated regulation of the carbon and nitrogen metabolism is

clear. In fact, the increment of photosynthetic capacity has

been shown to facilitate nitrate metabolism and regulate

C/N balance in Arabidopsis (Otori et al. 2017). A good

photosynthesis rate is strictly related to the activity of the

enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase

(RuBisCO) (EC 4.1.1.39), which catalyzes the first step in

net photosynthetic CO2 assimilation and photorespiratory

carbon oxidation in C3 plants. To maintain and promote its

activity is very important to obtain a good plants yield

(Spreitzer and Salvucci 2002; Raines 2011) and to enhance

carbon and nitrogen metabolism.

Abscisic acid (ABA) is a versatile phytohormone that

regulates several cellular and molecular processes during

plants development and in response to stress conditions

(Zhu 2002; Kiba et al. 2012). The involvement of this

hormone in nitrogen acquisition is becoming more evident

considering that changes in ABA content have been

reported to be linked to nitrogen signaling in many plant

species (Radin et al. 1982; Palmer 1985; Peuke et al. 1994;

Brewitz et al. 1995; Wilkinson and Davies 2002). How-

ever, to date there is no clear relationship between tissue

nitrate levels and the ABA response.

Taking into account the commercial importance of

rocket, it is important to look for strategies aiming to

decrease nitrate concentration in leaves and to enhance the

nutrient use efficiency of crop, the yield as well as the

produce quality. Biostimulants may influence plant meta-

bolism, acting on the regulation of key enzymes involved

in N assimilation (Schiavon et al. 2008; Ertani et al. 2009)

and C metabolism (Rouphael and Colla 2018 and reference

therein). They can also trigger the activity of the enzymes

of Krebs cycle, contributing to the interplay of C and N

metabolisms (Schiavon et al. 2008; Santi et al. 2017),

which is strictly linked to plant productivity.

The purpose of this work was to investigate on the role

of a novel plant-based biostimulant in affecting nitrogen

and carbon metabolism in rocket.

Foliar spray treatments were performed with a bios-

timulant formulation obtained from borage leaves and

flowers. To evaluate the effect of borage extracts on rocket,

non-destructive in vivo determinations (chlorophyll a fluo-

rescence and chlorophyll content) were measured during

cultivation. At harvest, nitrate concentration, sucrose, total

sugars, chlorophyll, and carotenoids levels were measured

in leaves. In addition to these analyses, a set of genes

encoding for some of the key enzymes involved in nitrate

and carbon metabolism was selected and their expression

was measured by quantitative qRT-PCR, in order to char-

acterize the mechanism of action of the biostimulant at

molecular level.

Materials and methods

Plant material, treatments, and sampling

Rocket (Diplotaxis tenuifolia L. ‘Frastagliata’) was grown

in a floating hydroponic system in an experimental glass-

house at the University of Milan, under monitored condi-

tions (20 ± 1 �C, 55 ± 5% RH, 400 Wm-2 and 16 h

photoperiod). By mid-December, seeds were sown in

polystyrene trays (51.5 9 32.5 cm, 228 holes, expected

plant density was 1150 plants m-2) on perlite substrate and

placed in tanks filled with a modified Hoagland’s nutrient

solution. The concentrations of nutrients in the solution,

expressed as mM, were: 12 N-NO3, 3.8 N-NH4, 2.8 P,

8.4 K, 3.5 Ca, 1.4 Mg and Hoagland’s concentration for

micronutrients. Oxygen was supplied by bubbling air in the
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nutrient solution so that the oxygen concentration was

around 5–6 mg/L.

Borage extracts were obtained using borage (Borago

officinalis L.) plants harvested in open field in Lodi pro-

vince, during the flowering stage. Borage flowers or leaves

were separately minced, macerated in deionized water

(500 g in 1 L) for 25 days, in the dark, at room temperature

(RT) (Bulgari et al. 2017). The aqueous extracts were fil-

tered and properly diluted in water (10 mL L-1) to be used

for treatments. No surfactant was used, since in any of the

preliminary trials, no problems in dispersion of foliar spray

were observed.

Extracts were sprayed between 09:00 and 10:00 a.m.

onto rocket leaves until run-off, 35 days after sowing and

1 day before harvest (45 days after sowing). Harvesting

was performed when the baby leaf commercial stage was

reached. Treatment conditions were: water (control);

10 mL L-1 of borage leaf extract (LE); 10 mL L-1 of

borage flower extract (FE). After harvest, leaves were

gently rinsed with distilled water, blotted with paper tow-

els, immediately frozen in liquid nitrogen and stored at

- 80 �C. For the gene expression analysis, sampling was

performed 2–4–6–9 and 24 hours (h) after the second

treatment, to evaluate the possible fluctuations of genes

expression over time and to identify the timing of gene

activation following the application of the extracts. The

in vivo nitrate reductase activity assay was performed the

day after (24 h) the second treatment, at T0 (condition of

dark), T1 (2 h of light exposure), and T2 (4 h of light

exposure). Samples for biochemical determinations

(chlorophyll and carotenoids, nitrate, sucrose, total sugars

and abscisic acid) were collected 24 h after the last treat-

ment and stored at - 20 �C until used for laboratory

analyses.

Non-destructive measurements

Chlorophyll a fluorescence

At harvest, before cutting rocket leaves, chlorophyll a flu-

orescence was measured using a hand-portable fluorometer

(Handy PEA, Hansatech, Kings Lynn, UK). Leaves were

dark-adapted for 30 min. Using a leaf clip (4 mm diame-

ter), a rapid pulse of high-intensity light of

3000 lmol m-2 s-1 (600 W m-2) was administered to the

leaf inducing fluorescence (Murchie and Lawson 2013).

The fluorescence parameters were calculated automatically

by the used device: in particular, we considered data

related to the maximum quantum efficiency of PSII (Fv/

Fm), performance index (PI), and the number of reactive

centers per cross-section (RC/CSm).

Chlorophyll measurements in vivo

Chlorophyll content was estimated in vivo with a chloro-

phyll meter (CL-01, Hansatech, UK), at harvest. This

device provides an indication of green color of leaves and it

determines relative chlorophyll content using dual wave-

length optical absorbance (620 nm and 940 nm wave-

length) (Wood et al. 1993).

Destructive analyses

Chlorophyll (a ? b) and total carotenoids determination

Leaf tissue (30–50 mg) was extracted in 100% (v/v)

methanol, for 24 h at 4 �C in a dark room; afterwards

quantitative determination was carried out. Absorbance

readings were measured at 665.2 nm and 652.4 nm for

chlorophyll (a ? b) and 470 nm for total carotenoids.

Pigment levels were calculated by Lichtenthaler’s formula

(1987) and expressed on the basis of tissue fresh weight.

Sucrose and total sugars levels

About 1 g of leaf tissue was homogenized in 4 mL of

distilled water and centrifuged at 40009g for 15 min at

RT. Sucrose and total sugars were assayed according to the

resorcinol method and anthrone assay, respectively (Yemm

and Willis 1954; Cocetta et al. 2015). Absorbance was read

at 500 nm for sucrose and at 620 nm for total sugars and

the levels were calculated referring to sucrose or glucose

calibration curves, respectively.

Nitrate reductase in vivo activity and nitrate levels

Nitrate reductase in vivo activity was performed as

described by Aslam et al. (1984) modified. Fresh leaves

were immediately put in ice at dark. Leaves were quickly

cut in little disks of 5 mm of diameter and put in 15 mL

tubes to reach 0.8 mg of fresh weight. After that, tubes

were closed and placed in ice in order to maintain inactive

the enzyme. The control samples were immediately boiled

in water for 5 min in order to denature the enzyme. The

incubation medium was composed of potassium phosphate

100 mM (pH 7.5); 5% v/v isopropanol and 30 mM potas-

sium nitrate. 1 mL of the reaction buffer was added to the

tubes placed in ice and then the tubes were transferred in a

water bath at 30 �C for 30 min. After incubation, the

reaction was stopped with 1 mL of 1% sulfanilamide in

HCl 3.0 N, and 0.02% N naftin etilen diamide as indicator

of nitrites content. Tubes were left in the dark for 30 min to

wait for the color development and then spectrophoto-

metric readings were made at 540 nm. The calibration was

carried out with a standard solution of sodium nitrite.
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Nitrate concentration was measured by the salicyl-sul-

phuric acid method (Cataldo et al. 1975). 1 g of fresh leaf

tissue was homogenized (mortar and pestle) in 4 mL of

distilled water. The extract was centrifuged at 40009g for

15 min at RT (ALC centrifuge-model PK130R) and the

recovered supernatant was used for the colorimetric

determination. 12 lL of sample were added to 80 lL of 5%

(w/v) salicylic acid dissolved in H2SO4 plus 3 mL of 1.5 N

NaOH. The samples were cooled at room temperature and

absorbance at 410 nm was measured. Nitrate concentration

was calculated referring to a KNO3 standard calibration

curve [0, 1, 2.5, 5, 7.5, 10 mM KNO3].

Abscisic acid concentration

ABA was determined by an indirect enzyme linked

immuno-sorbent assay (ELISA) based on the use of

DBPA1 monoclonal antibody, raised against S( ?)-ABA

(Vernieri et al. 1989). Rocket (1 g) was homogenized

(mortar and pestle) in 4 mL of distilled water. The extract

was centrifuged at 30009g for 15 min at RT (ALC cen-

trifuge-model PK130R) and the recovered supernatant was

used for the analysis. The ELISA was performed according

to the method described by Borghesi et al. (2016).

RNA extraction and qRT-PCR

About 100 mg of ground tissues were used for the

extraction of total RNA using the Spectrum Plant Total

RNA Kit with on-column DNase-treatment (Sigma)

according to manufacture instructions. RNA concentration

and integrity were assessed by NanoDrop N-1000 spec-

trophotometer (NanoDrop technologies). 3 lg of RNA

were reversely transcribed to cDNA using the Super-

Script� III cDNA Synthesis Kit according to the manu-

facturer’s instruction (Invitrogen). qRT-PCR analysis was

performed using the SYBR� Green PCR Master Mix

(Applied Biosystems) in 20 lL reaction mix consisting of 2

lL of cDNA (1:20 dilution), 10 lL of 1 Master Mix,

0.4 lM of forward and reverse primers, and sterile water

up to 20 lL. Analysis was performed using a ABI7300

(Applied Biosystem) thermocycler. Temperature profiles

consisted of an initial step at 50 �C for 2 min, followed by

denaturation at 95 �C for 2 min, and by 40 cycles of

denaturation (95 �C for 15 s) and annealing/extension

(60 �C for 1 min).

Gene expression analyses were performed using gene-

specific primers for: nitrate reductase (DtNR), nitrite

reductase (DtNiR), glutamyne synthetase (DtGS1), gluta-

mate synthase (DtGLU), nitrate transporter (DtNTR),

isocitrate dehydrogenase (DtIDH), phosphoenolpyruvate

carboxylase 2 and 4 (DtPEPC2-like, DtPEPC4-like), and

Rubisco (DtRuBisCO) (Supplemental material—Supple-

mental Table S1).

Primers were designed based on the RNAseq library

recently built by using the Illumina RNA-Seq technology

and providing sequence information and expression levels

(RPKM) of Diplotaxis tenuifolia L. transcriptome

(Cavaiuolo et al. 2017). Expression levels were calculated

using the delta–delta Ct (DDCt) method. The reported

values are means ± SE (n = 6). Actin and elongation

factor (EF-1a) were tested to be used as housekeeping gene
(Supplemental Table S1). Due to the highest stability in its

expression levels, EF1-a was used for the calculations.

Statistical analysis

Statistical analysis was performed with GraphPad Prism 6.

All data were subjected to one or two-way ANOVA and

differences among means were determined by Bonferroni’s

post-test. Additional information is reported in the

figure legends.

Results

Chlorophyll a fluorescence

As regards the chlorophyll a fluorescence parameters

measured at harvest, the maximum quantum efficiency of

PSII (Fv/Fm) of rocket leaves showed a significant incre-

ment in response to FE application in comparison to con-

trol (Fig. 1a). The performance index (PI) did not show any

significant difference, even if values were slightly higher in

treated leaves (Fig. 1b) and the same pattern was notice-

able in the number of reaction centers per cross section

(RC/CSm) (Fig. 1c).

Chlorophylls and carotenoids

Leaf pigments, such as chlorophylls and carotenoids, have

important role in light harvesting and energy transmission,

but they also contribute to the product visual appearance

and hence to the quality of vegetables.

The chlorophyll content determined in vivo (Fig. 2a)

and the chlorophyll a ? b concentration determined with

destructive method (Fig. 2b) showed the same trend; bor-

age treatments (in particular FE) slightly diminished pig-

ments in rocket leaves compared to control, but differences

were not significant. Total carotenoids concentration

(Fig. 2c) showed an opposite behavior; in fact, borage

treatments enhanced carotenoids content, in particular LE,

even if not significantly. The carotenoids concentration

ranged from 0.15 to 0.25 mg g-1 FW.

Physiol Mol Biol Plants

123

Author's personal copy



Abscisic acid levels

ABA is an important plant hormone that regulates the crop

water balance, and its levels increase under stress condi-

tions. The application of FE borage treatment allowed

reducing the concentration of free abscisic acid compared

to control and LE-treated plants (Fig. 3) with values more

than halved, suggesting that this biostimulant allowed

keeping lower ABA levels. Leaves of rocket plants treated

with LE borage treatment showed ABA levels similar to

control.

Sucrose and total sugar concentration

Sugars are important metabolites indispensable for plant

metabolism, but they have also a crucial role as signaling

molecules. Moreover, in leafy vegetables, they represent the source of energy during storage and they have funda-

mental nutritional value in human diet, as well.

Fig. 1 Chlorophyll a fluorescence parameters, Fv/Fm (a), PI (b), and
RC/CSm (c), measured in vivo in rocket leaves treated with water

(control), 10 mL L-1 borage LE or FE. Values are means ± SE

(n = 3). Data were subjected to one-way ANOVA with Bonferroni’s

post-test (P\ 0.05). Different letters, when present, indicate statis-

tical differences among treatments.

Fig. 2 Chlorophyll content determined in vivo (a), chlorophyll

a ? b (b), and carotenoids concentration (c) in rocket leaves treated

with water (control), 10 mL L-1 borage LE or FE. Values are

means ± SE (n = 3). Data were subjected to one-way ANOVA with

Bonferroni’s post-test (P\ 0.05)

Fig. 3 Abscisic acid (ABA) concentrations in rocket leaves treated

with water (control), 10 mL L-1 borage LE or FE. Values are

means ± SE (n = 3). Data were subjected to one-way ANOVA with

Bonferroni’s post-test (P\ 0.05). Different letters, when present,

indicate statistical differences among treatments
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Figure 4a showed that FE exerted a positive effect on

sucrose concentration in rocket leaves, confirmed by sta-

tistical analyses. The leaf sucrose concentration in FE

treatment was higher than 300 mg kg-1 FW. Borage

extracts slightly enhanced also total sugars concentrations

than control but, in this case, differences were not signifi-

cant (Fig. 4b). Total sugars in average were 2 g kg-1

Nitrate concentration and nitrate reductase in vivo

activity

Nitrate is an important source of nitrogen for plant growth,

but the accumulation in leaves can be a problem for leafy

vegetables commercialization. Borage extracts were used

for evaluating their ability in improving nitrate assimilation

rate. The nitrate concentration ranged from 2800 to

5500 mg kg-1 FW (Fig. 5). It is interesting to observe that

biostimulant treated plants showed nitrate levels halved

than untreated control, and this difference was confirmed

by statistical analysis. Borage extracts had a positive effect

in the enhancement of nitrate assimilation.

Nitrate concentration is a balance between the amount

of nitrate absorbed and that assimilated. The key enzyme of

nitrate assimilation is nitrate reductase. Figure 6 showed

the activity of the enzyme nitrate reductase in vivo, mon-

itored at three different time points (0, 2, and 4 h of light

exposure), the day after the second treatment. FE deter-

mined a significant increment of the activity, at 2 h and 4 h

compared to control. LE presented an intermediate activity,

with a peak at 4 h. Control showed the lowest values of

activity. These results were coherent with the halved nitrate

concentration reported above.

Genes expression analysis

Nitrate assimilation depends from the expression of genes

that belong to the nitrate uptake, reduction and incorpora-

tion in sugars for the biosynthesis of amino acids. These

sugars derive from the primary metabolism that is regu-

lated by different enzymes and related genes.

In order to verify the effect of borage extracts at

molecular level, the expression of some key genes involved

in nitrate and carbon metabolism was studied in response to

the different treatments. Changes in the expression of genes

involved in nitrogen and carbon metabolism have been

presented as heat maps in Figs. 7 and 8. The complete

results of the gene expression analyses and the details of

statistical analysis are reported in supplemental material

(Supplemental Figure S1). Borage extracts had a significant

effect on the expression of genes involved in nitrate

assimilation (Fig. 7). In case of DtNTR, LE strongly

Fig. 4 Sucrose (a) and total sugars (b) concentration of rocket leaves

treated with water (control), 10 mL L-1 borage LE or FE. Values are

means ± SE (n = 3). Data were subjected to one-way ANOVA with

Bonferroni’s post-test (P\ 0.05). Different letters, where present,

represent significant differences among treatments

Fig. 5 Nitrate concentration of rocket leaves treated with water

(control), 10 mL L-1 borage LE or FE. Values are means ± SE

(n = 3). Data were subjected to one-way ANOVA with Bonferroni’s

post-test (P\ 0.05). Different letters represent significant differences

among treatments

Fig. 6 Nitrate reductase in vivo activity measured in rocket leaves

treated with water (control), 10 mL L-1 borage LE or FE at three

different time points (0, 2, and 4 h of light exposure). Values are

means ± SE (n = 3). Data were subjected to two-way ANOVA

(P\ 0.0001) with Bonferroni’s post-test. Different letters represent

significant differences among treatments and time
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induced the expression of the gene 4 h after the treatment

application, while FE had the same effect after 6 h

(Fig. 7a). The same treatment induced the expression of

DtNR at the same time-point (Fig. 7b), while DtNiR

expression was induced by both treatments 4 h after the

application (Fig. 7c). DtGS was up-regulated in response to

LE after 9 h, while DtGLU was repressed by the same

treatment already after 4 h (Fig. 7d, e).

Regarding the expression of genes involved in C meta-

bolism, LE determined the significant down-regulation of

DtRuBisco 6 h after treatment (Fig. 8a), DtIDH was only

affected by FE with a slight activation 2 h after the

application (Fig. 8b). No significant changes were

observed in the expression of DtPEPC2-like gene, while

DtPEPC4-like expression was stimulated 2 h after LE

Fig. 7 Heat map illustrating variations in the expression (Log fold

change, compared to control) of genes involved in nitrogen

metabolism, in rocket leaves treated with 10 mL L-1 borage LE or

FE. For each gene, high expression is depicted as intense red color,

and low expression as intense blue color. Data were compared by

using two-way ANOVA, with Bonferroni’s post-test. Asterisks

represent significant differences compared to untreated control

Fig. 8 Heat map illustrating variations in the expression (Log fold

change, compared to control) of genes involved in carbon

metabolism, in rocket leaves treated with 10 mL L-1 borage LE or

FE. For each gene, high expression is depicted as intense red color,

and low expression as intense blue color. Data were compared by

using two-way ANOVA, with Bonferroni’s post-test. Asterisks

represent significant differences compared to untreated control
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treatment and after 4 h from the FE application, with a

stronger up-regulation compared to control (Fig. 8d).

Discussion and conclusions

Today, one of the main goals in vegetables production is to

obtain a produce with high quality and nutraceutical

characteristics (Tarantino et al. 2015), without affecting the

yield, for an increasingly demanding market (Ragaert et al.

2004; Ramos et al. 2013). It was demonstrated that leafy

vegetables can get benefit from biostimulants application,

with particular reference to the reduction of nitrate con-

centration (Vernieri et al. 2005; Liu et al. 2007; Liu and

Lee 2012; Dudaš et al. 2016; Fiorentino et al. 2018), the

increase of yield, and the increment of many antioxidant

compounds with potential health benefit for human (Bul-

gari et al. 2015; Colla et al. 2015).

In this sense, the results obtained in this experiment

suggest that borage extracts could exert a positive effect

on rocket leaves. From the biochemical point of view, it

was possible to note that the mean of carotenoids con-

centration was slightly enhanced by both borage extracts,

even if not in a significant way. Sucrose level was

enhanced by FE application, instead the total sugars

concentration was not significantly affected, even if an

upward trend was observable. In addition, the increment

of sucrose concentration was coherent with the high value

of Fv/Fm registered than control. Recently, maximum

PSII efficiency measurement was proposed as a reliable

metric to monitor parameters closely related to the func-

tioning of photosynthetic apparatus (such as plant growth,

gas exchange, activity of certain enzymes, biomass yield

and the amounts of elements), thus representing a good

indicator of vigor, growth, and overall plant health status

(Romanowska-Duda et al. 2019). It is possible to specu-

late that treated plants had a greater photosynthetic

activity which led to a greater sucrose accumulation in

leaves, as observed by Otori et al. (2017) in Arabidopsis.

This hypothesis was supported also by a slight rise of PI

level in rocket leaves; this index is an overall evaluation

of leaf functionality and health status of plants. At

molecular level, a decrement in the transcript levels of

genes implicated in the Calvin cycle was attributed to an

intracellular unbalanced C/N ratio such as high C and low

N (Rideout et al. 1992; Otori et al. 2017). As reported by

Rook et al. (2006), high sugar levels could result in a

negative feedback on the expression of photosynthetic

genes. In a study on maize, Sheen (1990) showed that the

transcriptional activity of seven photosynthetic genes was

repressed by sucrose, glucose, and acetate. In our material,

a lower DtRuBisCO expression was observable in treated

plants, as time passed by. In fact, 6 h after LE treatments,

this down-regulation was even statistically relevant. At the

same time, an up-regulation in most of the studied genes

involved in N metabolism was observed, as well as a

substantial decrement in nitrate concentration. Considering

the crop selected for the experiment, rocket, the most

interesting result was precisely the decrement of nitrate

level observed after the extracts application, confirmed

also by the increment of the in vivo activity of the NR

enzyme. Regarding this point, between the two borage

extracts, the FE seemed to have higher effectiveness. A

similar influence was highlighted by Ertani et al. (2009)

on maize plantlets, in consequence of treatment with

proteins hydrolyzed; an increase in the activity of nitrate

reductase and glutamine synthetase, and a reduction of

nitrate accumulation in roots and leaves occurred. Schi-

avon et al. (2008) observed that the activity of enzymes

involved in C metabolism and N reduction (among which

nitrate and nitrite reductase) was affected in a positive

way by alfaalfa protein hydrolysed. A lower nitrate con-

centration was observed in fennel (Tarantino et al. 2015)

after the application of biostimulant. The decrease of

nitrate levels in rocket leaves could be due to the acti-

vation of nitrate assimilation pathway for the amino acids

biosynthesis, as reported in several scientific papers (Er-

tani et al. 2009, 2013; Baglieri et al. 2014; Calvo et al.

2014) and a regulation of C/N balance, as mentioned

earlier. Similar results were obtained on spinach, in which

an amino acids based biostimulant increased NR activity

and lowered the nitrate leaves content (Kunicki et al.

2010). As mentioned before, FE induced a significant

increment of sucrose concentration; this increase may

explain the enhanced nitrogen assimilation, remarking the

effect on N metabolism and C metabolism, as well. The

availability of more C skeletons (sugars) promotes nitrate

assimilation (Schiavon et al. 2008; Colla et al. 2015) and

more energy for amino acids and protein biosynthesis is

available.

Furthermore, analogous to observation with several

other species like lettuce (Bulgari et al. 2017), rocket

(Vernieri et al. 2005), tomato (Zodape et al. 2011), bean

plants (Abbas 2013), biostimulants increase the chlorophyll

content and the photosynthetic activity. Hence, the nitrate

organication is probably enhanced since the NR enzyme

uses the electrons from the photosynthetic machinery.

Borage treatments influenced the nitrate assimilation

pathway also at molecular level. In fact, we observed that

the gene expression of DtNR, DtNiR, partially of DtGLU,

and DtNTR was affected by extracts application. Results

confirm that borage extracts have a role in the physiolog-

ical processes in which the considered genes are involved.

Moreover, considering the well-established role of ABA as

a regulator of multiple aspects of plant growth (Lu et al.

2015), a link between ABA levels and nitrogen status in
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rocket leaves emerges from this study. It is widely accep-

ted that in stressful conditions causing a depression of

photosynthesis, such as low soil water potential, low air

humidity and strong sunlight, the maximum quantum

efficiency of photosystem II and stomatal conductance tend

to decrease and concomitantly an increase of ABA levels

was observed (Zhu 2002; Xu and Shen 2005). Moreover, in

some circumstances, high nitrate availability alters osmotic

potential of plant cells and stimulates endogenous ABA

accumulation (Ondzighi-Assoume et al. 2016). For exam-

ple, during lateral root development at high nitrate con-

centrations, the inhibitory effect of high nitrate on lateral

root growth has been shown to require ABA synthesis,

suggesting the involvement of ABA and nitrate in the same

osmotic stress response pathway (Signora et al. 2001; Guan

2017).

In our study, plants did not experience stressful condi-

tions and the use of borage extracts, in particular the

flowers one (FE), significantly reduced endogenous ABA

content. It is interesting to speculate that ABA homeostasis

might play a role to optimize plant responses to different

environmental inputs, linking for example changes in its

content to the nitrogen status and to improve overall plant

health condition, as well. These facts depict in rocket,

treated with FE borage extract, an interesting area for

future applied research in sustainable crop production, even

in stressful conditions.

In conclusion, borage extracts seem to coordinate and

optimize responses at a whole plant level on rocket, and to

improve the quality and nutraceutical properties of this

vegetable commodity. However, it is important to consider

that extracts showed a different effectiveness on some of

the biochemical parameters examined and on the genes up

and down regulation, confirming that FE and LE cause a

variable response, probably due to the bioactive com-

pounds contained therein. A deep investigation on extracts

composition will be necessary in order to detect the

molecules of interest of the two aqueous extracts. Results

encourage further investigations on borage extracts, con-

sidering that they may specifically improve N use effi-

ciency in rocket plants, suggesting a reasonable

exploitation of these treatments in the production of this

species.
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