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Novel S. pennellii × S. lycopersicum Hybrid Rootstocks for Tomato Production with Reduced
Water and Nutrient Supply
Reprinted from: Horticulturae 2021, 7, 355, doi:10.3390/horticulturae7100355 . . . . . . . . . . . . 21

Lilian Schmidt and Jana Zinkernagel

Opportunities of Reduced Nitrogen Supply for Productivity, Taste, Valuable Compounds and
Storage Life of Cocktail Tomato
Reprinted from: Horticulturae 2021, 7, 48, doi:10.3390/horticulturae7030048 . . . . . . . . . . . . 35

Lilian Schmidt and Jana Zinkernagel

For a Better Understanding of the Effect of N Form on Growth and Chemical Composition of
C3 Vascular Plants under Elevated CO2—A Case Study with the Leafy Vegetable Eruca sativa
Reprinted from: Horticulturae 2021, 7, 251, doi:10.3390/horticulturae7080251 . . . . . . . . . . . . 49
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1. Introduction

Plants, as sessile organisms, are continuously exposed to varying environmental
conditions and often face abiotic and biotic threats. Biotic stressors include pathogens such
as fungi, bacteria or herbivores that can damage plant tissues locally and systemically. In
addition to this, abiotic stress, such as sub- and supra-optimal temperatures, the availability
of water, light conditions and nutrient supplies, may severely impact the performance of
plants. This includes the effects on photosynthetic processes, growth and developmental
alterations and modifications in metabolic pathways.

In consequence, plants have developed a wide range of strategies to cope with the
challenging conditions, mainly the alteration of growth processes and the investment in
defensive compounds [1]. These two strategies often represent a dilemma for plants as they
require different resource allocation patterns.

When cultivating plants for use in human nutrition, farmers are faced with a similar
dilemma: Besides a high crop yield, there is an increasing demand for products that are rich
in health-promoting substances. These beneficial compounds are mostly secondary plant
metabolites that are synthesized as a consequence of abiotic or biotic stresses. This is espe-
cially true for vegetable crops that are rich in secondary compounds such as polyphenols
or carotenoids. In addition, vegetables can contain substances with undesired properties,
e.g., oxalates and nitrate. It is thus of interest to cultivate vegetable crops with maximum
contents of beneficial compounds and minimal contents of unfavorable compounds, as
well as high yields.

Significant research is focusing on pre- and post-harvest procedures that can be used
to achieve these goals. Abiotic stress is often applied by employing certain cultivation
practices and storage conditions in order to maintain and potentially improve the internal
and external properties of vegetable crops.

2. Special Issue Overview

This Special Issue compiles 11 manuscripts that deal with the effects of abiotic stress
on the modulation of vegetable quality. It comprises 10 research articles and 1 review. The
majority of the contributions deal with pre-harvest conditions and investigate whether
cultivation practices can modulate the yield and nutritional value of vegetable crops
and herbs under abiotic stresses. Among these publications, several deal with nutrient
supply [2–5], salinity [6,7], water supply [2,3,8] or lighting conditions [6]. Two manuscripts
describe either the effects of applying chemical substances such as gibberellic acid [9] or
seaweed extract [10] on the yield and quality of vegetable crops. Grafting as a method
to mitigate the impacts of abiotic stress in vegetables was elucidated by a research paper
by Ellenberger et al. [3] and in a review by Devi et al. [11]. Elevated CO2 levels were
either used as pre-harvest conditions in combination with different nitrogen forms [5] or as
post-harvest treatment combined with different methods of packaging [12].
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In general, a large quantity of the contributions in this Special Issue present data on
fruit vegetables such as watermelons, bitter gourd and tomatoes [2–4,9,11], with the latter
being the focus of three publications. These crops were mostly grown in greenhouses [2–4],
but some were grown in an open field [9] or under rain-out shelters [8]. Leafy vegetables
and herbs—such as arugula [5], purslane [6] and basil [7]—were used in three experiments
and were cultivated in growth cabinets [5,6] or in greenhouses [7]. The bulbs of onions
were harvested from plants in a field trial [10], and the asparagus spears for a storage
experiment were obtained from local farmers [12].

Altogether, a wide range of species, cultivation conditions and management practices
(pre- and post-harvest) were used for elucidating the effect of abiotic stress on the quality
of vegetable crops.

2.1. Impacts of Reduced Water Supply

The availability of water for the irrigation of vegetable crops will become of high
relevance in the future; while heavy rainfall is predicted to occur more frequently, the
opposite will be the case as well, with more and longer drought events as compared to
the present conditions. One way to overcome these challenges is the use of vegetable
varieties that are able to cope with these extreme conditions. Besides the breeding activities
that aim at creating more resistant varieties, the use of traditional varieties that may be
better adapted to specific situations is being increasingly suggested. In their study, Sica
et al. [8] tested the local bean accessions of Veneto, Italy, concerning the yield potential and
nutritional properties of the seeds as consequences of drought exposure during different
growth stages. Interestingly, exposure to drought had no impact on the yield of dry seeds
until the flowering phase. In general, most impacts on the nutraceutical properties of the
bean seeds could be explained by variety, and rather little can be assigned to the drought
treatments. One bean accession turned out to be most promising for cultivation in areas
with increased risk of drought events.

2.2. Effects of Alterations in Nutrient Supply in Combination with Other Abiotic Stresses

Mineral nutrients are essential for plants. When applied in concentrations or forms
that are not optimal for the crops, this may have consequences for the performance of plants
and their products. Three contributions to this Special Issue deal with yield and quality
aspects of tomatoes under different nutritional conditions that are regarded as “stressful”
for the plants. Specifically, Ellenberger et al. [3] addressed the question of how grafting
two commercial tomato varieties may affect the yield and fruit quality when exposed to a
combination of nutrient deficiency and drought stress. They used the commercial rootstock
‘Beaufort’, two novel hybrid rootstocks of S. pennellii × S. lycopersicum, which are expected
to be drought tolerant, and self-grafted plants. When exposed to a 50% reduction in
fertigation, the ‘Lyterno’ variety grafted onto the novel rootstocks had higher fruit yields as
compared to the plants grafted either on the commercial cultivar or the self-grafted plants.
This was not observed for the tomato cultivar ‘Tastery’, which, in general, showed weak
responses to the imposed stress. For all the combinations of grafting and fertigation supply,
little effects in terms of fruit quality were assessed. The use of appropriate scion–rootstock
combinations may thus provide potential for optimizing the stress resilience, the yield and
the quality of tomatoes.

Moreover, de Luca et al. [2] combined potassium (K) supply and water shortage treat-
ments for tomatoes, using a commercial cultivar and a transgenic line that may accumulate
large quantities of K. The study aimed at testing whether different K supplies can alleviate
the impact of periods of dehydration. Although it was obvious that the larger supply of K
was able to increase the shoot growth and fruit yield under water stress, this did not result
in yields comparable to those obtained for well-watered plants. Moreover, the transgenic
tomato line with increased capacities to accumulate K turned out not to be beneficial under
water stress in terms of fruit yield.
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In another study on tomatoes, Schmidt and Zinkernagel [4] investigated the effects of
fertilization with 50% less nitrogen (N) than recommended on the quality of three different
varieties of cocktail tomatoes immediately after harvest and after eight days of storage
at low temperatures. It was shown that the reduction in N had little effects on the yield,
external quality and on the concentrations of valuable compounds in the tomato fruits.
In addition, there were no impacts on the taste, as observed by a trained sensory panel,
suggesting that the reduced N supply was not detrimental for the three varieties of tomato,
at least under the experimental conditions.

One manuscript describes the effects of elevated atmospheric CO2 levels and N forms
on the physiological processes, crop yield and nutritional quality of the leafy vegetable
arugula [5]. Plants of two arugula varieties were grown in climate cabinets with either 400 or
800 ppm CO2 and received either pure nitrate or ammonium-dominated nitrogen fertilizer.
Replacing 75% of nitrate-N with ammonium-N had little impact on photosynthetic CO2
assimilation, the nutritional quality (e.g., content of anti-oxidative compounds) or was
disadvantageous for crop yield, regardless of the CO2 levels. Thus, ammonium-dominated
N provides no benefits for arugula production under the elevated CO2 levels that are
proposed for the future.

2.3. Impact of Salinity

Salinity is characterized by increased electrical conductivity due to an accumulation
of mineral elements. Specifically, the enrichment with sodium (Na) and chloride (Cl) ions
in the soil imposes a worldwide threat to plant production. However, as a mild stressor,
saline conditions can be used to alter the quality of horticultural products.

This was conducted by Corrado et al. [7] by supplying sweet basil plants in hy-
droponics with three nutrient solutions with differing NaCl concentrations. Even low
concentrations of NaCl (20 mM) resulted in reduced biomass development, while having
positive effects on some nutritional quality parameters, such as antioxidant capacity and
total polyphenols.

In a study by Giménez et al. [6], much higher salinity levels (80 mM of NaCl) were
combined with different light conditions (fluorescent lamps, red–blue LED, red–blue–deep
red LED). Purslane coped well with the salinity level under the two LED lighting regimes.
The nutritional quality of this microgreen was improved as anti-nutritive compounds were
lower when grown with LEDs and supply of NaCl. The study showed that it is possible
to achieve high yields when growing purslane microgreens under saline conditions and
an appropriate choice of light sources, although this was at the expense of some valuable
plant pigments (chlorophylls, carotenoids, flavonoids).

2.4. Effects of Application of Different Substances

Stressful conditions can also be imposed by applying certain chemicals to plants. In
particular, substances that mimic the action of plant hormones are the focus of attention.
Gibberellic acid is known to regulate both vegetative and reproductive growth processes
in plants. It thereby affects the quality of the product by enhancing its antioxidant status.
Both the alteration of plant growth and developmental processes and the impact on the
nutritional quality are very relevant for the tropical vegetable crop Momordica charantia
(bitter gourd). Abbas et al. [9] conducted field trials with two varieties of bitter gourd
exposed to five different concentrations of a commercial gibberellic acid product. They
found that the exogenous application of the plant growth regulator at high concentrations
enhances growth (e.g., increased length of petioles and internodes) and yield (increased
fruit numbers, increased fruit weight) while decreasing the activity of several antioxidant
enzymes at the same time.

In another contribution, Abbas et al. [10] investigated the effects of foliar spraying with
seaweed extract on the productivity and quality of four onion cultivars. The bio-stimulant
was applied at four concentrations, with the lowest concentration (0.5%) resulting in
an increased yield, increased contents of some mineral nutrients and increased soluble
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solids of the bulbs. The highest concentration of the seaweed extract (3%) increased the
concentrations of ascorbic acid in the bulbs as compared to those without the application of
seaweed extract.

2.5. Grafting as a Method to Reduce the Impact of Abiotic Stress

Grafting is a commonly used method in overcoming abiotic and biotic stresses during
the cultivation of fruit vegetable crops. The advantage of this cultivation technique is the
combination of potential beneficial properties of two or more accessions in one plant.

Devi et al. [11] contributed a review dealing with the effects of grafting on the fruit
maturity and quality of watermelons. The publication summarizes the results of research
activities on the impact of grafting watermelon scions on different rootstocks, with a focus
on the formation of hollow hearts and hard seeds, flesh firmness, total soluble solid content,
pH, titratable acidity, lycopene content and concentration of the non-essential amino acid
citrulline, which can be of relevance for the cardiovascular system.

2.6. Modulation by Storage Conditions

The impacts of post-harvest conditions on the quality of vegetables are represented
as well. Wang et al. [12] combined elevated CO2 pre-treatments and different packaging
methods in order to assess the effects on different quality characteristics of green asparagus
in cold storage. The authors showed that continuous application of elevated CO2 reduced
the decay of the asparagus spears to the greatest extent by inhibiting the microbial de-
velopment. In general, elevated CO2 application, either continuously or as a three-day
pre-treatment, did not only reduce the microbial load and the respiration rate but also
improved the sensory and nutritional quality of the green asparagus. In combination with
modified atmosphere packaging, the pre-treatment with elevated CO2 was able to preserve
the visual quality and the fresh weight of the asparagus and reduce the development of an
off-odor.
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Abstract: Potassium (K) is closely related to plant water uptake and use and affects key processes in
assimilation and growth. The aim of this work was to find out to what extent K supply and enhanced
compartmentation might improve water use and productivity when tomato plants suffered from
periods of water stress. Yield, water traits, gas exchange, photosynthetic rate and biomass partition
were determined. When plants suffered dehydration, increasing K supply was associated with
reduction in stomatal conductance and increased water contents, but failed to protect photosynthetic
rate. Potassium supplements increased shoot growth, fruit setting and yield under water stress.
However, increasing the K supply could not counteract the great yield reduction under drought.
A transgenic tomato line with enhanced K uptake into vacuoles and able to reach higher plant K
contents, still showed poor yield performance under water stress and had lower K use efficiency
than the control plants. With unlimited water supply (hydroponics), plants grown in low-K showed
greater root hydraulic conductivity than at higher K availability and stomatal conductance was not
associated with leaf K concentration. In conclusion, increasing K supply and tissue content improved
some physiological features related to drought tolerance but did not overcome yield restrictions
imposed by water stress.

Keywords: Solanum lycopersicum; drought potassium; vacuolar transporter

1. Introduction

Potassium (K) is the most abundant cation and plays important roles in plant growth
and development where it contributes to charge balance, osmotic adjustment and enzyme
catalysis [1]. Stored in vacuoles, K contributes to generating the osmotic pressure required
for turgor and expansive growth. Potassium contributes to water uptake and the generation
of turgor pressure in the stomatal guard cells and the phloem [1]. At low K availability,
plants are more susceptible to wilting in drying soils and a mild K deficiency affects photo-
synthesis by reducing stomatal conductance and photosynthetic biochemical reactions [2].
High K availability might counteract the inhibitory effect of drought on CO2 assimilation
by protecting photosynthetic capacity [3,4].

Plant K uptake is affected by available water as low soil water content reduces mass
flow and diffusion of the nutrients to the rhizosphere, and simultaneously decreases root
growth [5]. Potassium transport into aerial parts does not rely only on leaf transpiration,
and other factors such as root pressure contribute to long distance transport [6]. However,
greater water flow by active transpiration increases K flux to the shoot and K uptake
by the roots when it is available [7]. In doing so, symplastic K transport depends on
membrane transport proteins such as high-affinity KUP/HAK transporters and K-selective
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channels, which facilitate cation movement between plant cells and its final delivery into
the xylem [8]. During drought, K fluxes into shoots become reduced by less transpired
water (lower xylem water flow) and reduced expression of K-loading channels into the
xylem [7].

Tomato requires high K supplements for high yields and optimum fruit quality [9]
and low K affects flower development and fruit setting efficiency [10]. When K is scarce,
tomato plants reduce sink activity (stems and fruits) prior to having any effect on pho-
tosynthesis [11,12]. Considering the great importance of K supply and water availability
for fruit yield and quality, we aimed at studying how K availability and compartmenta-
tion into vacuoles might affect plant water use and productivity under water stress. The
overexpression of a vacuolar K,Na/H antiporter (NHX1) contributes to salt-tolerance in
tomato by increasing root K uptake and its storage plant vacuoles [8,13]. By including a
transgenic line able to take up more of this nutrient, we tried to assess to what extent a
greater plant K content might affect some physiological processes under stress. Specifically,
the questions addressed were whether a greater K vacuolar accumulation might contribute
to plant water acquisition and use for increasing productivity, and also if enhanced K
capture might reduce water loss and provide greater protection of photosynthetic activity,
resulting in increased water-use efficiency.

2. Materials and Methods

2.1. Plant Material and Stress Treatments

Two tomato lines, the cultivar MicroTom (henceforth, the wild-type, WT) [14] and
a transgenic line (N367), were used. The line N367 overexpresses the vacuolar AtNHX1
cation/proton antiporter and is able to accumulate greater K quantities in vacuoles and
tissues [13]. Seeds were pregerminated (28 ◦C, 4 days) and the seedlings were transplanted
into quartz sand (0.5 L pots) and irrigated every three days with a modified Hewitt’s
nutrient solution supplemented with K at the concentrations required for each experiment.
The basic nutrient solution contained (in mM): NO3

−, 4; H2PO4
−, 1; SO4

2−, 3; Ca2+, 2;
Mg2+, 1; and (in μM): Fe, 50 (as FeEDDHA); Mn, 10; Cu, 1; Zn, 5; B, 30. Three different K
concentrations were used as nutritional treatments by supplementing the basic solution
with 0.1, 1 and 10 mM K (as K2SO4). When 0.1 mM K was added, 1 mM phosphate was
provided as NaH2PO4. For addition of 10 mM K, Mg concentration in the solution was
increased to 5 mM to avoid Mg deficiency [9]. Plants were grown in a greenhouse (mean
temperature, 26 ◦C; mean relative humidity, 45.0%).

When plants reached the first flowering stage, water stress treatments were initiated
by withholding irrigation during 2 weeks followed by one day with abundant watering (to
flush pot sand) with nutrient solution supplemented with K as required. This treatment was
repeated several times, depending on the experiment (Supplementary Materials Figure S1).
When measuring yield, fruits were collected after six cycles of drying/watering, while
control plants kept a regular watering regime every 3 days. To test the effect of accli-
mation, plants were treated with either one or four cycles of watering/drying. Plants
submitted to a single water stress cycle were considered “nonacclimated”, whereas plants
that experienced four consecutive watering/drying cycles were judged as “acclimated”.
This preconditioning (priming) to stress allows osmotic adjustment and expression of
drought-tolerance mechanisms [15,16]. Physiological measurements (leaf water status,
photosynthesis, stomatal conductance) were taken at the end of the drying periods and
before rewatering, as stated in the Results section. Control plants were irrigated normally
every three days.

2.2. Leaf Water Status

Leaf water status was estimated by measuring relative water content (RWC) and leaf
water content (LWCT) [17]. Leaf osmotic potentials were measured in leaf samples by using
a thermocouple psychrometer (HR33 microvoltmeter and C-52 sample chamber, Wescor,
Logan, UT, USA).
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2.3. Gas Exchange and Photochemical Reflectance Index

Gas exchange measurements were performed in the youngest fully expanded leaves
with an LC-Pro Photosynthesis System gas analyzer (ADC Bioscientific, Hoddesdon, UK).
Leaf water-use efficiency (WUEi) was estimated as the ratio between photosynthesis (A)
and stomatal conductance (gs). The photochemical reflectance index (PRI) was determined
with a PlantPen PRI 200 (PSI, Drásov, Czech Republic).

2.4. Hydroponic Culture and Root Hydraulic Conductivity

For determining the effect of K supply on root hydraulic conductivity, a critical
component of plant water uptake and transport, 1-week old seedlings of both MicroTom
lines, WT and N367, were transferred into aerated nutrient solutions contained in 10-L
plastic boxes as previously described [13] and cultivated hydroponically until flowering in
the greenhouse.

Root hydraulic conductivity (L0) was estimated by measuring root exudation rates in
detopped plants [18] grown hydroponically with nutrient solutions containing different K
concentrations [13]. Xylem saps exuded from roots during 1 h were collected in Eppendorf
tubes with micropipettes and frozen at −20 ◦C for further analysis of K concentration.

2.5. Analysis of K Concentration

Potassium was determined in leaves used for porometry and gas exchange, as well
as in remaining leaves, stems, roots and fruits, or in xylem saps from root hydraulic
conductivity measurements. Plant material (leaves, stems, roots and fruits) was weighed
before and after drying (48 h, 70 ◦C), and ground to powder. Potassium was extracted with
distilled water by heating (90 ◦C, 1 h) and sonication, and measured by flame photometry
(PFP7, Jenway, Staffordshire, UK). Potassium in xylem saps was measured with the same
equipment after appropriate dilutions.

2.6. Harvest

Fruits were harvested after plants had received six watering/drying cycles starting
immediately after the onset of flowering. At harvest, shoot, fruit and root fresh and
dry weights and fruit number were recorded. Sugar contents in dried leaves, stems and
roots were estimated after hot water extraction with the phenol–sulphuric method using
a sucrose standard [19]. Soluble solids in fruits were estimated by refractometry as Brix
degrees (Atago Hand held refractometer). Harvest index was calculated as the ratio among
fruit weight and total plant weight. Potassium use efficiency (KUE) was calculated by
dividing the fruit mass by the total plant K uptake.

2.7. Free Amino Acid Contents in Leaves and Flowers

Considering the effect of available K on plant amino acids concentration [20,21] and
the protection provided by compatible solutes against drought stress [22], we measured
free amino acids in leaves and flowers of water-stressed tomato under two K regimes.
At full flowering stage, and after two cycles of watering/drying, fully expanded leaves
and flowers from plants grown at 0.1 and 10 mM K were frozen in liquid N2 and stored
at −70 ◦C. Then, they were homogenized in Eppendorf tubes with plastic pestles and
centrifuged (10,000 rpm, 5 min at 4 ◦C) and free amino acids in the supernatants were
separated and quantified after derivatization with phenylisotiocyanate by reversed-phase
high-performance liquid chromatography [23].

2.8. Statistical Analysis

The experimental design was a complete randomized design with a factorial 3 × 2
(3 K concentrations, 2 water treatments) with 3–4 plants per treatment or a factorial 3 × 2
(3 K concentrations, 2 tomato lines) with four plants per treatment. Analysis of variance
(ANOVA) was applied in order to examine significant differences between treatments
(K levels, watering) among variables (plant growth parameters, gas exchange measure-
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ments, etc.). Normality of the data was checked by Shapiro–Wilks test. When differences
were statistically significant, a post hoc test (Least Significant Difference, LSD) was applied
for comparisons. A correlation analysis (Pearson) was done between the K concentration
in leaves and gas exchange or PRI values, and between plant sugar and water content.
Statistical analyses were performed with a standard package (Statistica, StatSoft Inc., Tulsa,
OK, USA).

3. Results

To test the combined effect of K supply and water stress on the vegetative growth
and yield, wild-type MicroTom plants were grown in sand and irrigated every 3 days
with nutrient solution containing 0.1, 1 or 10 mM K. When plants reached the flowering
stage, plants of each group were either irrigated normally or submitted to six consecutive
cycles of drying and rewatering with nutrient solution (Supplementary Figure S1). Then,
plants and fruits were harvested, and growth and yield parameters were measured. Results
showed that water stress and the concentration of supplied K greatly affected fruit setting
and therefore fruit yield (Table 1).

Table 1. Effect of K supply and watering treatment on plant growth and fruit production in tomato. Control plants (irrigated)
were compared to plants submitted to six cycles of drying/watering after flower initiation (drought). Means followed by
the same letter are not significantly different (LSD Test, p < 0.05). K and W in ANOVA represent potassium and water stress
treatment factors, respectively.

K Supply (mM) Water Treatment Shoot (g) Root (g)
Shoot/

Root Ratio
Number of

Fruits
Fruit Size
(g/fruit)

Yield
(g/plant)

0.1 drought 4.4 ± 0.9 a 1.6 ± 0.4 a 2.7 ± 0.5 a 0 0 0
irrigated 23.6 ± 3.4 b 3.4 ± 0.8 b 7.2 ± 1.4 b 7 ± 4.5 b 1.9 ± 1.2 ab 9.0 ± 3.5 b

1 drought 7.9 ± 1.1 c 1.9 ± 0.7 a 4.5 ± 1.4 c 2 ± 1.2 a 1.3 ± 0.8 b 2.0 ± 1.5 ac
irrigated 34.2 ± 5.1 d 4.5 ± 1.3 c 7.9 ± 1.5 b 11 ± 1.6 c 1.9 ± 0.5 ab 20.4 ± 3.2 d

10 drought 9.6 ± 1.8 c 2.2 ± 0.9 a 4.8 ± 1.7 c 2 ± 1.7 a 1.7 ± 0.4 ab 3.3 ± 2.6 c
irrigated 29.0 ± 3.2 e 4.1 ± 0.6 c 7.1 ± 0.9 b 9 ± 2.8 d 2.1 ± 0.5 a 17.2 ± 2.7 e

ANOVA
K p < 0.001 p < 0.01 p < 0.01 p < 0.001 p < 0.001 p < 0.001
W p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

K*W p < 0.001 ns p < 0.05 ns p < 0.01 p < 0.01

Water stress after flowering significantly affected fruit yield but a greater K supply
could partially counteract its negative impact on yield (Table 1). Plants growing in 0.1 K
and submitted to water stress failed to produce fruits, and this could be prevented partially
by increasing the K availability. However, when irrigation was restricted, the inhibition
on fruit set had a much greater effect than K limitation. The same was true even when
including line N367 (Table 2), which paradoxically showed a greater drought-induced
reduction in fruit set and yield in comparison with the control line (WT) in spite of the
higher K contents in the former (Table 3). Under regular irrigation, low K significantly
reduced fruit set, and therefore, fruit yield. A surplus of K improved plant performance
under drought by increasing shoot mass (greater photosynthetic area) while root mass was
unaffected (Table 1).
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Table 2. Effects of K supply on fruit yield, solute contents (Brix degrees) and fruit K concentration in two lines (wild-type
(WT) and N367) differing in K uptake after six cycles of limited watering (see Section 2). Means followed by the same letter
are not significantly different (LSD Test, p < 0.05). K and L in ANOVA represent potassium and line factors, respectively.

K Supply (mM) Line Fruit Number
Fruit Size
(g/fruit)

Fruit Yield
(g/plant)

Brix (◦) K (%)

0.1 WT 3 ± 1.1 ab 0.8 ± 0.7 a 1.8 ± 1.3 a 5.1 ± 0.4 a 21.6 ± 3.5 a
N367 1 ± 0.6 a 0.2 ± 0.1 a 0.2 ± 0.1 a 5.9 ± 0.1 ab 27.9 ± 2.2 a

1 WT 5 ± 2.6 ab 2.5 ± 0.9 c 10.5 ± 2.2 b 5.9 ± 0.8 ab 32.3 ± 5.3 ab
N367 6 ± 2.1 bc 1.0 ± 0.5 ab 6.0 ± 1.3 c 6.7 ± 0.8 b 43.0 ± 14.7 b

10 WT 7 ± 4.8 bc 1.9 ± 0.6 bc 11.0 ± 2.8 b 6.6 ± 0.9 b 60.5 ± 4.3 c
N367 10 ± 2.8 c 0.9 ± 0.4 a 9.0 ± 3.1 bc 6.2 ± 0.9 b 60.6 ± 9.2 c

ANOVA
K p < 0.01 p < 0.01 p < 0.001 p < 0.05 p < 0.001
L ns p < 0.01 p < 0.01 ns ns

K*L ns ns ns ns ns

Table 3. Effects of K supply on plant growth and K concentration in different organs of two tomato lines (WT and N367) at
harvest after receiving six cycles of limited watering. Means followed by the same letter are not significantly different (LSD
Test, p < 0.05). K and L in ANOVA represent potassium and line factors, respectively. FW, fresh weight.

K Supply (mM) Line Growth (g FW/plant) K Concentration (%)

Leaves Stems Roots Leaves Stems Roots

0.1 WT 2.68 ± 0.32 a 2.20 ± 0.45 a 2.10 ± 0.35 ab 0.28 ± 0.10 a 0.38 ± 0.11 a 0.13 ± 0.07 a
N367 2.30 ± 0.21 a 3.50 ± 0.28 b 1.48 ± 0.19 a 0.68 ± 0.15 ab 1.10 ± 0.10 a 0.28 ± 0.08 a

1 WT 3.48 ± 0.95 ab 2.85 ± 0.77 ab 2.86 ± 1.34 b 1.97 ± 0.51 b 2.70 ± 0.43 b 0.25 ± 0.02 a
N367 2.85 ± 1.20 a 3.40 ± 0.64 b 1.80 ± 0.60 a 3.56 ± 0.46 c 4.29 ± 0.85 c 0.93 ± 0.27 a

10 WT 4.68 ± 1.64 b 3.68 ± 1.28 b 2.23 ± 0.67 ab 5.20 ± 1.57 d 5.95 ± 0.49 d 3.43 ± 0.49 b
N367 3.70 ± 0.57 ab 3.47 ± 0.09 b 1.48 ± 0.14 a 4.44 ± 1.65 cd 8.00 ± 1.52 e 5.41 ± 1.80 c

ANOVA
K p < 0.001 ns ns p < 0.001 p < 0.001 p < 0.001
L ns ns p < 0.01 ns p < 0.01 p < 0.01

K*L ns ns ns ns ns Ns

The NHX1-overexpressing line N367 failed to improve the growth of leaves, stems or
roots at harvest when compared with the control line (WT) in spite of accumulating more
K than the WT (Table 3). A significant effect of K on fruit yield was found when K was
increased from 0.1 to 1 mM K whereas a further increase in K supply had a marginal effect
(Table 2). Surprisingly, N367 with the highest plant K contents (Table 3) showed a tendency
towards producing more fruits than the WT as the K availability increased, but had smaller
fruits and lower yield than the WT (Table 2). The ANOVA showed a “line” factor (WT vs
N367) only significant for fruit size and yield, whereas the “K” factor was critical in all fruit
characters measured (Table 2).

Increasing K supply significantly favored fruit K and soluble solid (Brix) accumulation
in both lines at harvest (Table 2). While no differences in harvest index were found between
lines, a significant lower K use efficiency was recorded for line N367 (Table 4).
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Table 4. Differences in harvest index and K use efficiency between two tomato lines (WT and N367)
grown with different K availabilities and subjected to six cycles of drying/watering. In columns,
means followed by the same letter are not significantly different (LSD Test, p < 0.05). K and L in
ANOVA represent potassium and line factors, respectively.

K Supply (mM) Line Harvest Index K Use Efficiency

0.1 WT 1.4 a 13.1 a
N367 1.0 a 3.4 b

1 WT 1.3 a 2.2 bc
N367 0.8 a 0.7 c

10 WT 1.2 a 0.8 bc
N367 1.1 a 0.5 c

ANOVA
K ns p < 0.001
L p < 0.1 p < 0.001

K*L ns p < 0.001

Next, we determined key physiological parameters in wild-type and N367 grown
with 1 mM K in the nutrient solution until flowering (to avoid severe effects of the lowest
K supply on growth) and then submitted to different regimes of K availability (0.1, 1 and
10 mM K). At flowering, both lines were submitted as in the previous experiment to six
rounds of 2-week drought and one day of rewatering with the corresponding nutrient
solution. In drought-treated wild-type plants, shoot and root water contents were improved
by a greater supply of K (Table 5). The same trend was found for lines WT and N367, which
at harvest showed greater water content in leaves (0.1 vs. 1–10 mM K) or in roots (0.1–1 vs.
10 mM K) (Table 6). However, stem water contents remained similar in spite of significant
increases in their K concentration by increasing K supply (see Table 6).

Table 5. Effect of K supply and watering on shoot and root water content (g H2O g dry weight−1)
in tomato at harvest. Control plants (irrigated) were compared to plants submitted to six cycles
of drying/watering after flower initiation (drought). Means followed by the same letter are not
significantly different (LSD Test, p < 0.05). K and W in ANOVA represent potassium and water
factors, respectively.

K Supply (mM) Water Treatment Shoot Water Content Root Water Content

0.1 drought 5.1 ± 0.7 a 3.0 ± 1.0 a
irrigated 7.3 ± 0.6 b 6.3 ± 0.9 bc

1 drought 6.1 ± 0.5 c 4.8 ± 1.0 d
irrigated 7.7 ± 0.4 b 6.9 ± 1.0 be

10 drought 6.6 ± 0.6 c 5.8 ± 0.8 b
irrigated 7.5 ± 0.6 b 7.2 ± 0.8 e

ANOVA
K p < 0.001 p < 0.01
W p < 0.001 p < 0.001

K*W p < 0.001 p < 0.01

Plants receiving less K showed clear wilting symptoms at the end of each drought
cycle in comparison with plants receiving a higher K supply (Figure 1).

At harvest, sugar accumulation in leaves was recorded in drought-treated WT and
N367 tomato plants at the lowest K supply (Table 6) but no association was found between
sugar accumulation and water content, with the exception of roots, which showed a
significant correlation between their sugar and water contents (r = 0.61, p < 0.001, n = 24).
The K concentration provided also had a significant effect on the water content of leaves,
stems and roots (Table 6).
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Table 6. Water and sugar contents in leaves, stems and roots of tomato WT and N367 lines at harvest when grown
with different K concentrations and subjected to six cyclical drought periods. Means followed by the same letter are not
significantly different (LSD Test, p < 0.05). K and L in ANOVA represent potassium and line factors, respectively.

K Supply (mM) Water Content (g g dry wt−1) Sugars (%)

Line Leaves Stems Roots Leaves Stems Roots

0.1 WT 4.5 ± 2.0 a 7.4 ± 1.3 a 5.9 ± 1.5 a 16.4 ± 4.7 ab 6.8 ± 1.1 a 3.6 ± 1.3 a
N367 4.4 ± 1.3 a 6.4 ± 1.5 a 5.6 ± 1.4 a 20.4 ± 4.9 a 11.8 ± 2.3 bc 4.9 ± 1.5 a

1 WT 6.3 ± 0.3 b 5.9 ± 0.3 a 4.7 ± 1.5 a 12.5 ± 1.4 bc 13.1 ± 3.5 bd 4.7 ± 3.0 a
N367 6.1 ± 1.5 b 6.1 ± 0.3 a 5.9 ± 0.7 a 13.1 ± 1.2 bc 10.6 ± 3.9 abc 4.6 ± 1.2 a

10 WT 7.2 ± 0.5 b 6.1 ± 0.6 a 9.2 ± 1.5 b 13.9 ± 3.5 bc 16.0 ± 3.2 d 11.9 ± 3.3 b
N367 6.9 ± 0.5 b 7.1 ± 0.4 a 10.9 ± 2.0 b 8.9 ± 2.5 c 8.3 ± 1.2 ac 6.9 ± 3.7 a

ANOVA
K p < 0.05 ns p < 0.001 p < 0.001 ns p < 0.001

Lines ns ns p < 0.05 ns ns Ns
K*L p < 0.05 ns ns p < 0.05 p < 0.001 Ns

Figure 1. Plants of tomato lines WT and N367 growing with 0.1 (left), 1 (center) or 10 mM K (right)
after withholding irrigation for two weeks.

The potassium supply also affected the ability for water acquisition by modifying
hydraulic conductivity (L0) in hydroponically grown plants. Root L0 values showed
significant differences among K treatments (Table 7). In low 0.1 mM K, root L0 was greater
than at higher K supplies. Greater L0 values correlated with greater sap flows (Jv) but lower
K contents in the xylem sap, indicating that plants absorbed more water at low-K supply to
satisfy nutritional requirements. Significant differences between lines were also recorded
at 0.1 mM K (Table 7). N367 plants had a higher K content in their xylem sap compared to
controls when grown in sufficient K (1 and 10 mM). They also showed reduced sap flows
(Jv) and hydraulic conductivity (L0) at low 0.1 mM K.

Both water stress and K availability alter the concentration of amino acids in plants [19,20],
some of which, like proline, have protective effects under drought stress [21]. Hence, we
measured free amino acids in the leaves and flowers of water-stressed tomato plants
submitted to two cycles of watering/drying under 0.1 and 10 mM K regimes. Indeed,
nitrogen metabolism in MicroTom was also affected by K nutrition and water supply,
as found in the variation in the free amino acids pool in leaves and flowers. At low K,
the leaves from plants suffering water stress accumulated mostly arginine and proline
(Supplementary Figure S2a) whereas at higher K supply, leaf proline content was signifi-
cantly increased while arginine content remained rather unaffected. In flowers, glutamine,
asparagine, proline and arginine were the main amino acids stored in both irrigated
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and water-stressed plants and supplying more K increased the concentration of them all
(Supplementary Figure S2b).

Table 7. Effect of available K on sap flow (Jv), root hydraulic conductivity (L0) and xylem sap
K concentration in hydroponically grown tomato lines WT and N367 at flowering stage. Means
followed by the same letter are not significantly different (LSD Test, p < 0.05). K and L in ANOVA
represent potassium and line factors, respectively.

K (mM) Line Jv L0 Sap K

0.1 WT 216.3 ± 24.6 a 1221.9 ± 138.8 a 3.5 ± 0.97 a
N367 170.3 ± 19.2 b 962.2 ± 108.2 b 5.0 ± 1.1 a

1 WT 60.3 ± 13.4 c 370.2 ± 82.0 c 26.7 ± 2.3 b
N367 56.6 ± 18.0 c 347.2 ± 110.6 c 29.4 ± 6.4 bc

10 WT 78.2 ± 19.6 c 355.2 ± 88.9 c 30.9 ± 2.1 c
N367 82.2 ± 11.6 c 373.6 ± 52.8 c 35.7 ± 0.9 d

ANOVA
K p < 0.001 p < 0.001 p < 0.001

Lines p < 0.05 p < 0.05 p < 0.05
K*Lines p < 0.05 p < 0.05 Ns

Units: Jv, sap flow, mg·g root fresh wt−1 h−1; L0, root hydraulic conductivity, mg·g root fresh wt−1 h−1 MPa−1;
sap K, K concentration in the xylem sap, mM.

Priming plants with stress episodes improves plant adaptability to subsequent and
repetitive stresses in a process known as acclimation, which enhances fitness and yield [15,16].
Hence, we tested how repetitive episodes of drying/watering (priming) affected the photo-
synthesis parameters, gas exchange and water-use efficiency of MicroTom plants at varying
K availabilities. After reaching the flowering stage, plants growing with 0.1, 1 and 10 mM in
the nutrient solution were submitted to either one cycle or four consecutive 2-week cycles
of water withholding and rewatering (see Section 2). Plants experiencing only one water
stress cycle were considered “nonacclimated”, whereas primed plants that experienced
three additional watering/drying cycles were deemed to be “acclimated”. Physiological
parameters were measured at the end of the one or four cycles of drying/watering and
compared to the control plants that had been irrigated normally. The irrigation of control
and treated plants was with complete nutrient solutions containing different K levels (0.1,
1 and 10 mM K). As expected, low water availability significantly reduced photosynthesis
in acclimated and nonacclimated plants alike (Table 8). In plants suffering water stress, leaf
photosynthetic and transpiration rates were limited by stomatal closure, and the increase
in K supply did not prevent the drought-induced photosynthetic inhibition. However,
increasing K availability to plants led to an improvement in intrinsic water-use efficiency
(WUEi) in both irrigated and water-stressed plants (Table 8). Leaf K concentration was neg-
atively associated with transpiration, stomatal conductance and photosynthesis (r = −0.54,
r = −0.51, r = −0.46, p < 0.001, n = 36) but it was positively correlated with water-use
efficiency (r = 0.50, p < 0.001, n = 36). The only positive association of leaf K contents was
found in the photochemical reflectance index (PRI) (r = 0.61, p < 0.001, n = 44) at low K
supply (see Supplementary Figure S3). At higher K supplies, leaf K contents were weakly
and negatively associated with PRI (r = −0.27, p < 0.05, n = 80). When plants were grown
with unlimited water supply, no association was found between K supply and stomatal
conductance or transpiration rate (r = 0.06 and r = 0.09, n = 30). Priming plants led to an
apparent improvement in the efficiency of C gain per mole of stomatal water lost, i.e., a
greater increase in WUEi, in comparison with the irrigated controls (Table 8).
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Table 8. Photosynthesis (A), transpiration rate (E), stomatal conductance (gs) and intrinsic water-use efficiency (WUEi) in
plants that were watered every three days (irrigated), or received one cycle of drying/watering (nonacclimated) or four
cycles (acclimated). Photosynthesis and gas exchange were measured after one or the four cycles of drying/watering, in
comparison with plants that were irrigated normally. In the irrigation, plants had different K regimes (0.1, 1 and 10 mM
K). Within each column, means (±standard deviation) followed by the same letter are not significantly different (LSD Test,
p < 0.05). Units: A, μmol CO2 m−2 s−1; E, mmol H2O m−2 s−1; gs, mmol m−2 s−1; WUEi, μmol CO2·mmol−1. K and W in
ANOVA represent potassium and watering regime, respectively.

K Supply (mM) Water Treatment A E gs WUEi

Nonacclimated plants

0.1 drought 10.3 ± 0.8 a 5.4 ± 0.1 a 0.18 ± 0.01 a 56.4 ± 7.5 a
irrigated 16.7 ± 0.8 b 11.2 ± 0.7 b 0.89 ± 0.09 b 20.8 ± 6.0 b

1 drought 7.5 ± 2.6 c 2.4 ± 0.7 c 0.09 ± 0.03 a 87.4 ± 7.5 c
irrigated 15.2 ± 0.6 b 8.0 ± 0.5 d 0.40 ± 0.06 c 40.5 ± 4.3 d

10 drought 9.9 ± 2.5 a 4.5 ± 1.1 a 0.15 ± 0.05 a 67.1 ± 8.5 a
irrigated 15.9 ± 1.9 b 7.5 ± 1.4 d 0.35 ± 0.10 c 47.9 ± 10.7 ad

ANOVA
K Ns p < 0.001 p < 0.001 p < 0.01
W p < 0.001 p < 0.001 p < 0.001 p < 0.01

K*W Ns p < 0.01 p < 0.001 p < 0.01

Acclimated plants

0.1 drought 5.1 ± 2.6 ac 1.3 ± 0.6 a 0.07 ± 0.04 a 81.8 ± 40.6 a
irrigated 8.3 ± 1.3 b 2.2 ± 0.5 b 0.12 ± 0.05 b 75.8 ± 21.3 a

1 drought 3.4 ± 1.2 c 0.6 ± 0.3 c 0.02 ± 0.02 c 214.9 ± 126.4 b
irrigated 5.5 ± 2.1 ac 1.1 ± 0.5 a 0.05 ± 0.02 ac 128.9 ± 60.6 ad

10 drought 5.8 ± 3.5 abc 0.8 ± 0.3 ac 0.03 ± 0.01 ac 164.4 ± 52.3 b
irrigated 6.4 ± 1.9 ab 1.0 ± 0.2 ac 0.04 ± 0.01 ac 148.3 ± 31.7 abd

ANOVA
K p < 0.05 p < 0.001 p < 0.001 p < 0.01
W p < 0.001 p < 0.001 p < 0.001 ns

K*W Ns ns ns ns

4. Discussion

In this work we have reassessed the contribution of K supply towards key physiologi-
cal parameters in tomato under water stress with the distinctive advantage of comparing
two isogenic lines differing in their ability to take up and compartmentalize K into vac-
uoles [13]. We found that high K in the nutrient solution improved the water contents in
wild-type plants, particularly under limited watering conditions (Tables 5 and 6). A signifi-
cant beneficial effect of K supplementation was also found in fruit number and yield in
MicroTom plants (Tables 1 and 2). The yield of well-irrigated wild-type plants doubled
with K supplement in the 1–10 mM range compared to 0.1 mM, and the increase was
five-fold in water-stressed plants. However, the yield was most severely impaired by
drought and this could not be overcome by K supplements since the yield of stressed plants
remained five- to ten-fold lower than that of control plants at 1 and 10 mM K (Table 1).
The benefit of K supplements was more intense in the transgenic line N367 under limited
watering, although the yield of N367 plants approached that of the wild-type only at
10 mM, the highest concentration tested (Table 2). This differential behavior of N367 plants
is likely related to the larger proportion of cellular K that is compartmentalized inside
vacuoles in the transgenic line at the expense of the cytosolic pool [13], so that a higher K
supplement is needed to off-set the enhanced compartmentation. In other words, greater K
compartmentation into vacuoles may be detrimental when low K availability and water
stress are combined.

The enhanced accumulation of K in vacuoles, achieved by the overexpression of
tonoplast- and endosomal-localized NHX antiporters, has been shown to the increase the
salt tolerance of tomato plants by improving K homeostasis and reducing salt-induced K
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loss [13,24,25]. However, we show that the tomato line N367 with greater K accumulation
failed to demonstrate a better performance under water stress compared to wild-type when
plants suffered from water restrictions in spite of the consistently higher K contents in N367
plants (Tables 2 and 3). In the line N367, K sequestration in stems and roots (see Table 3)
probably limited the nutrients available for assimilate redistribution to developing sinks
(i.e., fruits) thereby reducing its K use efficiency (Table 4). However, the line N367 accumu-
lated a significant amount of sugars in the leaves and stems at low K (Table 6). Sugars may
accumulate either in response to water stress [26] or as a symptom of K deficiency [27,28].
The line N367 accumulates sugars under salt-stress or limited K supply [13,21], and yet it
shows greater sensitivity to K deficiency in spite of similar water contents compared to
wild-type MicroTom plants (Table 6). Sugar accumulation in N367, which results in lower
assimilate transport to sinks, might explain the reduced fruit set and size and fruit yield
(Table 2).

The limitation in leaf transpiration imposed by water scarcity led to a significant
improvement in WUE at optimum K nutrition, mostly in acclimated plants, by reducing
more water loss than photosynthetic carbon gain. Increasing K also significantly affected
water economy by favoring stomatal closure (reducing water loss) under water stress and
by reducing root hydraulic conductivity (with no water restrictions, see Table 7). However,
greater K supply did not protect the photosynthetic rate under water stress as previously
shown in wheat [3,4]. Only when the external K concentration was low, the leaf K contents
were associated with an increase in PRI, i.e., leaf K might have a protective effect on the
photosynthetic apparatus under drought [29].

High K improved carbon gain under water stress by increasing photosynthetic area, i.e.,
promoting shoot growth and therefore leaf expansion (Tables 1 and 3) and probably through
the increased synthesis of protective osmolytes like proline (Supplementary Figure S2a). In
our controlled conditions, K improved the shoot/root ratio (Table 1) and leaf WUE (Table 8)
in water-stressed plants but it led to marginal increase in fruit yield (Table 2). The improve-
ment in shoot growth and water-use efficiency by increasing K has also been found in other
species (albeit by using different approaches [30–32]). The role of K in the osmotic potential
and turgor generation required for expansive growth [1,33] may explain the significant
increase in shoot growth of either water-deprived plants or irrigated plants when K supply
was increased (Table 3).

The greater root hydraulic conductivity found at low K in nutrient solutions (Table 7)
might be explained by K-deficiency sensing, which causes root ABA accumulation, in-
creases in radial water flow and facilitates root water uptake [34–37]. Potassium deficiency
also causes ethylene release and therefore ethylene-induced defective stomatal closure
cannot be discarded [38,39] in the observed higher stomatal conductance and transpiration
rate at low K (Table 8). As K deficiency progresses, root water conductivity diminishes
by inhibition of aquaporins and K-uptake channels [12] and the accumulation of ABA in
leaves may limit the effects of ethylene on stomata [40] leading to stomatal closure. On the
other hand, increasing K supply may reduce root hydraulic conductance (Table 7), which
might be responsible, at least partially, for the decrease in stomatal conductance (Table 8),
as was found for other species [18].

The increased leaf proline contents under high K (Supplementary Figure S2a) may
have provided both osmotic adjustment and radical scavenging to protect metabolic pro-
cesses under water stress [22,41], leading to increased fruit setting and growth (Table 3). In
flowers, the small changes in amino acid concentrations recorded either under water or K
shortages (Supplementary Figure S2b) show them as preferential sinks and therefore less
affected by stress [42].

A strong association between plant water content and K uptake and use is evident
from the experiments shown here and in the related literature [11,12]. Undoubtedly, K
contributes to maintaining plant water status through its effects on the regulation of
root water conductivity and stomatal movements. It improves photosynthetic carbon
assimilation under water scarcity, and thereby fruit yield, by improving shoot growth,
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but had no effect on photosynthetic rates. However, the yield penalty caused by water
limitation cannot be overcome by increasing the K supply. By using a tomato line (N367)
able to accumulate higher K concentrations, the yield was not improved but in fact reduced
by limiting K use efficiency (Table 4). The potassium stored in vegetative parts improved
plant water contents but was a deterrent for getting better yields under drought as it was
not available for the transport of assimilates into fruits.

When water and nutrient limitation affects different crops, the relationship between
K availability and yield is not a simple one and the yield responses depend on several
factors inherent to each species [43] and crop nutrient use efficiency [44]. In tomato, K
may affect water acquisition and economy as well as C gain, and its partitioning in a close
interplay and nutrient use efficiency is of paramount importance for fruit yield. A greater K
accumulation (N367) was not translated into an improvement of plant growth or fruit yield
when plants suffered water stress, but indeed proved to be a disadvantage by reducing
plant growth and consequently fruit setting and size.

In conclusion, K supplementation had a protective effect on the yield of tomato plants
under limited watering, but this benefit was insufficient to off-set the yield loss induced by
water shortage. Increasing the plant K contents through enhanced compartmentation into
vacuoles failed to protect yield under drought stress, even though it could improve some
physiological traits.

Supplementary Materials: The following is available online at https://www.mdpi.com/2311-7524/
7/2/20/s1. Figure S1: Scheme showing the different regimes of drying/rewatering used to measure
the effect of K availability on the yield and acclimation of water-stressed plants. Figure S2: Free
amino acids in (a) leaves and (b) flowers from tomato plants with or without water stress when
grown at low (0.1 mM K) or high K (10 mM K). Figure S3: Effect of K and watering treatments on (a)
leaf K concentration and (b) photochemical reflectance index in two tomato lines (WT and N367).
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Abstract: Drought stress and nutrient deficiency are limiting factors in vegetable production that
will have a decisive role due to the challenges of climate change in the future. The negative effects of
these stressors on yield can be mitigated by crop grafting. The increasing demands for resource-use
efficiency in crop production, therefore, require the development and phenotyping of more resilient
rootstocks, and the selection of appropriate scions. We tested the effect of combined drought stress
and nutrient deficiency on yield and fruit quality of the two tomato cultivars ‘Lyterno’ and ‘Tastery’
in the greenhouse, grafted onto different rootstock genotypes. The use of four different rootstocks,
including two novel S. pennellii × S. lycopersicum hybrids and the proven-effective use of ‘Beaufort’,
as well as self-grafted plants, allowed conclusions to be drawn about the differential stress mitigation
of the rootstocks used. The stress-induced yield reduction of the scion ‘Lyterno’ can be mitigated
more significantly by the novel hybrid rootstocks than by the commercial rootstock ‘Beaufort’. At
the same time, however, the individual fruit weight and the lycopene content of the fruits were
significantly reduced when grafted onto the hybrid rootstocks. In contrast, the cultivar ‘Tastery’
showed a weak stress response, so that a generally positive influence of the rootstocks independently
of the scions could not be demonstrated. We conclude that, particularly for more sensitive cultivars,
the selection of more resilient rootstocks offers the potential for sustainable and resource-efficient
production not competing with the overall quality of tomatoes.

Keywords: grafting; water-use efficiency; nutrient use efficiency; vegetable production

1. Introduction

Among abiotic stresses, drought is the most critical threat to agricultural production.
It is one of the most common limiting factors influencing plant growth and development [1].
Agronomists are already using a range of management tools to cope with dry conditions
in order to harvest sufficient yields at reasonable water and nutrient input [2]. At the
same time, both commercial and public organizations across the world continue to develop
new crop varieties to cope with the changing environment. Now, as climate change
continues, both the physical environment in which agriculture is practiced and the market
environment, as well as consumer demands are changing. Customers in parts of Europe
are increasingly demanding not only regional products, but also those with a low energy
and resource footprint [3]. Modern crop breeding has to keep up with these changing
demands. As a result, breeding techniques for resilience and resource-use efficiency are
investigated [4]. Different wild crops were included to stabilize yield. Nowadays many
tomatoes carry the genetic information of related wild plants [5]. There are many positive
known aspects from wild plants to be used. S. pennellii, as a tomato plant example, consists
of genes of arid-adapted plant species from South America. S. pennellii can be crossed
with tomato [6], but as its fruits are not edible, using S. pennellii—based accessions as a
stress-tolerant rootstock seems to be more promising. Although it is possible to use gene
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editing to create de novo plants with beneficial root systems and edible fruits at the same
time [7], the lack of public acceptance will likely prevent the commercial use of such plants
in Europe in the coming years and perhaps decades [8,9]. Nevertheless, the grafting of
horticultural crops remains a method to improve plant growth and yield production [10,11].
Indeed, grafting can be helpful in combining two advantageous characteristics (rootstock
and scion) in a single plant. For example, the grafting method is used and researched
in vegetable crops to increase yield, fruit quality, and nutrient uptake [12], and also to
counteract pathogens and plant diseases [13,14].

For the tomato (Solanum lycopersicum), grafting is also seen as a promising technique
to reduce water requirement [15]. The root system of grafted plants is reported to be
stronger and more efficient in absorbing water and nutrients [16], which may indirectly
improve yield and fruit quality [17]. As tomato production in Germany alone reached
108,000 tons in 2019 and tends to increase worldwide [18], the water and nutrient supply
must be optimized and become more sustainable. In this regard, it is useful to resort
to certain rootstock cultivars that are more stress-tolerant and to improve fruit quality.
Grafting was shown to increase drought-stress tolerance in tomatoes, and drought-stress
tolerance varies with the rootstock used [19]. The rootstock cultivar ‘Beaufort’ was proven
to mitigate salt stress to some extent [20], and the water- and nitrogen-use efficiency of field-
grown tomato ‘Florida 47’ was increased when grafted onto the rootstock ‘Beaufort’ [21].
Moreover, the uptake of macronutrients such as nitrogen, phosphorus, and calcium was
significantly improved by grafting on ‘Beaufort’ [22–24]. Although ‘Beaufort’ is proving
to be an efficient rootstock, newly developed cultivars are being hybridized as rootstock
that may eventually exceed this performance. For example, novel rootstock cultivars have
been obtained by crossing with the wild tomato species Solanum pennellii accession LA716,
which is considered to be more tolerant in stress conditions than related tomato species
S. lycopersicum [25].

In this study, we compare the yield and water- and nutrient-use efficiency of two
commercial tomato lines grafted onto two novel interspecific hybrid rootstocks and the
commercial rootstock ‘Beaufort’ in two fertigation regimes. Given the drought tolerance
of S. pennellii described in the literature, we hypothesize that S. pennellii × S. lycopersicum
hybrid rootstocks can limit the yield losses of commercial tomatoes under drought to a
minimum. In order to check possible influences on fruit quality, the sugar content of the
fruit (◦Brix), as well as flavonol and lycopene contents are also analyzed.

2. Materials and Methods

2.1. Plant Material and Treatment

The research was conducted in a greenhouse located in Meckenheim, Germany (lat-
itude: 50◦37′27.7′′ N, longitude: 6◦59′20.1′′ E) in 2020. The two tomato (S. lycopersicum)
F1 hybrids ‘Lyterno RZ F1’ (truss tomato) and the ‘Tastery RZ F1’ (cherry tomato) were
self-grafted and grafted onto rootstock cultivars ‘HUJ1’, ‘HUJ2’ and ‘Beaufort’ (De-Ruiter,
Bergshenhoek, NL), respectively. ‘HUJ1’ and ‘HUJ2’ are interspecific hybrids of an S. ly-
copersicum variety and the stress-tolerant wild tomato species S. pennellii, accession LA716
(described here [26]). In March 2020, one week prior to the scions, rootstock seeds were
sown in rockwool substrate blocks (Grodan B.V.). After three weeks, right before grafting,
rootstock seedlings were transferred to new rockwool blocks of size 8 cm × 8 cm × 10 cm.
The grafting position was below the cotyledons of the rootstock seedlings and sealed with
an appropriate clip.

Directly following this process grafted plants were put in a healing chamber for 72 h
and covered with plastic bags to reduce light intensity and increase humidity to enhance
the survival rate and then gradually accustomed to lower humidity levels. Thereafter,
on May 10th, two plants of the same rootstock−scion combination each were planted
in pots filled with Miscanthus × giganteus substrate. Twelve plants from each of the
eight rootstock−scion combinations were prepared for the control and treated groups,
respectively. The pots were placed in the greenhouse with an average temperature of
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21.3 ◦C (±3.9 ◦C) and relative humidity of 77.9% (±16.2%). Fertigation was automatically
supplied via drip irrigation. Until the third week in the greenhouse, the plants received
a full supply of water and nutrients based on Groher et al. [27], to ensure the consistent
growth of all plants. Subsequently, control plants received about 4 L of fertigation per day
(589 L in 141 days), keeping the substrate at around 80% humidity by using a soil moisture
sensor (SM150 kit, Delta T Devices Ltd., Cambridge, UK), while the treated group received
about 2 L of fertigation per day (282 L in 141 days) (Figure 1). The reduced fertigation dose
of technically 47.8% for treated plants is referred to as ‘50% reduction’ from here on.

Figure 1. Daily amounts of fertigation for control (A) and drought stress (B). Occasional deviations from the desired 50%
difference in fertigation between treatments occurred due to maintenance work.

2.2. Determination of Total Yield per Plant, Single Fruit Weight and Water-Use Efficiency

From the 20th week after sowing, ripe tomatoes were harvested once a week to
determine the yield per plant and fruit quality in the greenhouse. Weekly harvesting was
carried out until the 27th week. Harvested fruits per plant were categorized as marketable
and nonmarketable fruits, based on visual assessment. The fruit number and weight of
the harvested fruits of each plant were determined with a technical balance. Water-use
efficiency (WUE) was calculated as the quotient of total yield per plant and fertigation per
plant throughout greenhouse cultivation.

2.3. Determination of Total Soluble Solids

Total soluble solids (TTS) determination was performed on two ripe, marketable
‘Lyterno’ fruits (truss tomato) and five ripe, marketable ‘Tastery’ fruits (cocktail tomato),
in order to achieve comparable amount of bulk material. Fully ripe fruits were selected
from at least two and up to six plants of all rootstock−scion combinations of the control
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and treatment group. A blender was used to mash the tomatoes to a homogeneous mass.
The type PAL−1 refractometer (ATAGO CO., LTD., Tokyo, Japan) was used to determine
the TSS in ◦Brix [%] of the tomato puree.

2.4. Determination of Flavonoid and Lycopene Content

For posterior analysis of lycopene and β-carotene, we used a protocol that had already
been tested before [28]. In short, tomato puree was frozen, freeze-dried and ground for
1 min using a ball mill (MM200, Retsch GmbH, Haan, Germany). Freeze-dried and ground
material (0.1 g) was homogenized and extracted with a 2 mL acetone–hexane mixture
(4:6). The absorbance of the extracts was measured at 453 nm, 505 nm, 645 nm and 663 nm
with a UV–visible spectrophotometer (Lambda 35 UV/VIS, spectrophotometer, Perkin
Elmer, Waltham, MA, USA). Concentrations of pigments were calculated according to the
following equations:

lycopene[mg/100mL] = 0.0458A663 + 0.204A645 + 0.372A505 − 0.0806A453

β− carotene[mg/100mL] = 0.216A663 − 0.304A505 + 0.452A453

The total flavonoid content was determined according to the slightly modified method-
ology described by Groher et al. [27]. Briefly, a methanolic extract (80% methanol plus 1.0%
hydrochloric acid) was prepared from 0.05 g freeze-dried sample material. From an aliquot
of the methanolic extract, 1 mL was mixed with 0.1 mL of 0.72 mol L−1 sodium nitrite solu-
tion, 0.1 mL of 0.75 mol L−1 aluminum chloride solution, and 0.1 mL of 1 mol L−1 sodium
hydroxide at defined time intervals. After vortexing for 10 s, 1.7 mL water was added to
adjust the sample to a final volume of 3.0 mL After 30 min of incubation, absorbance was
measured at 510 nm using a UV–visible spectrophotometer (Lambda 35 UV/VIS, spec-
trophotometer, Perkin Elmer, USA). Quercetin was used as the standard for a linear curve
between 0.1 and 1.0 mg mL−1, and the results were expressed as milligrams of quercetin
equivalents in dry mass. Analyses were performed in triplicate, and the following equation
was used to calculate flavonoid content:

Quercetinequivalents = 4.5709A510 − 0.06566

2.5. Data Analysis

As a preliminary step, the raw data was aggregated by the single fruit yield and total
yield per plant and harvest date. For further analysis, only marketable fruits were taken
into account. From those, the single fruit weight and total yield per plant were calculated.
Data analysis and visualization was performed in R [29], figures were created using the
R-package ggplot2 [30]. Tukey’s HSD post hoc tests were used to identify differences in
rootstock performance.

3. Results

As a result of the differences in fruit shape, Lyterno yields are generally higher than
Tastery yields. Mean Lyterno yield per plant in optimal conditions in the seven weeks
experimental period was 4906 g (±937 g), with no significant influence of the rootstock
used (Figure 2A). For Tastery, the mean yield per plant was 2603 g (±250 g) (Figure 2C).
When fertigation was reduced, Lyterno yields dropped by around 39% on average to
2961 g (±899 g) (Figure 2B), while the mean reduction in Tastery yields (24%) was a rather
moderate 1978 g (±388 g) (Figure 2D). WUE is calculated as the quotient of yield per plant
and fertigation per plant. The latter was held constant across rootstock−scion combinations
within treated and control plants. The generally observed relative increase in WUE of
stressed plants was higher in Tastery than in Lyterno (Tastery: 4.42 to 7.01 g/L; Lyterno:
8.33 to 10.50 g/L; Figure 2ii).
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Figure 2. Average yield ((i), top) and water-use efficiency ((ii), bottom) per plant (n = 12) of scions
from cultivar ‘Lyterno’ (A,B,E,F) and ‘Tastery’ (C,D,G,H) grafted onto different rootstocks and
supplied with optimal (A,C,E,G) and reduced (B,D,F,H) fertigation. n.s.: not significant, p-value 0.05.

The large standard deviations in the Lyterno yields under reduced fertigation can
partly be explained through the rootstock effect: the results of an analysis of variance and
subsequent Tukey’s HSD tests are presented in Table S1. Plants grafted onto Beaufort yields
were significantly lower than those grafted onto HUJ 1 and HUJ 2. Self-grafted controls
tended to yield lower than HUJ 1 and HUJ 2, but differences were not significant.

The results of fruit quality analyses of scion ‘Lyterno’ are presented in Figures 3 and 4.
As no change in yield of scion ‘Tastery’ related to the different rootstock was found
(Figure 2C,D), our further analyses focus on Lyterno. Tastery fruit quality parameters are
presented in supplementary Figures S1 and S2.
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Figure 3. Quality parameters of ‘Lyterno’ fruits grafted onto four different rootstocks and sup-
plied with optimal (A,C,E) and reduced (B,D,F) fertigation: Individual fruit weight (g) (n = 49–84),
(A,B); total soluble solids (‘sugar’) content of ripe fruits (◦Brix) (fruits of n = 2–6 plants), (C,D); fruit
dry matter content [%]; (n = 2–6) (E,F). n.s.: not significant, p-value 0.05.

The individual weight of the Lyterno fruits drops by 11.2% from 83.1 g (±15.0 g) to
73.8 g (±13.1 g) when fertigation is reduced. Individual fruit weight of control plants
grafted onto Beaufort is significantly higher than grafted onto both HUJ 1 and HUJ 2
(p < 0.01) (Figure 3A). In the reduced fertigation regime, self-grafted plants produce on
average heavier fruits than scions grafted onto HUJ 1 and HUJ 2 (Figure 3B).

The pattern changes when looking at fruit sugar content. Sugar contents [◦Brix] are
generally slightly increased when fertigation is reduced: From 5.05 ◦Brix (±0.29 ◦Brix)
to 5.32 ◦Brix (±0.43 ◦Brix). Probably as a result of few marketable fruits from stressed
plants grafted onto different rootstocks being available for laboratory analyses (n = 2–6),
no significant differences in sugar content can be attributed to the different rootstocks.
However, a tendency to higher sugar contents in stressed fruits grafted onto HUJ 1 and
HUJ 2 is depicted in Figure 3D.

Under the influence of drought stress, the average dry matter content of Lyterno
fruits increased from 12.66% (±0.51%) to 13.94% (±1.23%) (Figure 3E,F). While there were
no rootstock dependent differences under optimal fertigation application, the dry matter
content of self-grafted plants was higher under reduced fertigation application.
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Figure 4. Quality parameters of ‘Lyterno’ fruits grafted onto four different rootstocks and supplied
with optimal (A,C,E) and reduced (B,D,F) fertigation: β-carotene content (mg/g DM), (A,B); lycopene
content (mg/g DM), (C,D); flavonoid content (mg/g DM quercetin equivalents) (E,F); n = (2–6). n.s.:
not significant, p-value 0.05.

Only minor differences in the β-carotene, lycopene and flavonoid contents of the
‘Lyterno’ fruits grafted onto different rootstocks and supplied with optimal or reduced
fertigation were detected (Figure 4).

As contents are presented in milligram per gram dry weight (Figure 4), and the dry
matter of stressed fruits was on average higher than for control fruits (Figure 3E,F), the
contents of β-carotene, lycopene and flavonoids per fresh matter were higher for stressed
than for control fruits (not shown).

A comparison of the lycopene and β-carotene contents of the fruits indicates a higher
responsiveness of β-carotene than lycopene to the applied changes in fertigation.

4. Discussion

A major objective of the present study was to exploit the potential of new genetic
material for tomato grafting to target the necessary improvements for horticulture in
the scope of climate-related challenges in future. We, therefore, verified to what extent
novel hybrid rootstocks (S. pennellii × S. lycopersicum) could minimize tomato yield loss
under limited irrigation conditions, as scarcity of water for irrigation will increase in the
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future [31]. Several studies have shown that remedial action can be provided by combining
resilient rootstock and high yielding scions, while the physiological exchange of these
plant parts significantly influences overall performance and resilience to environmental
stressors. In addition, grafting can improve vegetable quality by enhancing biosynthesis of
endogenous phytohormones, and by acquiring and transporting mineral nutrients [32,33].
Fruit flavor and nutritional value can be furthermore positively influenced by altered
secondary metabolites, and by the concentration of health-promoting compounds, such
as lycopene, carotenoids and amino acids [33,34]. Congruently, tomatoes grafted onto
efficient rootstocks are also both nutritionally promising and at the same time more tolerant
to abiotic and biotic stressors [35], which, besides the sustainable use of resources, in
turn offers additional advantages in the case of more frequent and severe incidence of
climate-related diseases.

4.1. Impact of Different Rootstocks on Scion Performance

Based on plant performance in yield and water-use efficiency, given the data presented
(Figure 2i), we can conclude that the two novel rootstocks tested were indeed limiting yield
losses of the truss-tomato cultivar Lyterno under drought stress conditions, as compared
to the commercial rootstock ‘Beaufort’. At the same time, underlining the potential of the
new rootstock cultivars in optimal conditions, the yields of scions grafted onto the novel
rootstocks were not different from those grafted onto ‘Beaufort’.

While for the cocktail tomato Tastery, yields did not change depending on the rootstock
used, either in optimal or drought conditions, where 5–10% losses were recorded.

The identical fertigation for plants with both scions apparently resulted in Lyterno
being more stressed than Tastery, as can be seen from the greater yield reduction (Figure 2)
and the more pronounced differences in fruit quality (Figure 3) for Lyterno.

This is in line with previous studies showing high-yielding performance under
optimal conditions when grafted onto ‘Beaufort’ being advantageous for several scion
cultivars [23,36]. Here, ‘Beaufort’ was ascertained as positive in greater stem height and
diameter, as well as epigeous dry biomass [23]. Under stress conditions, for example,
saline and drought treatment, ‘Beaufort’ was shown to be more tolerant than other geno-
types, such as ‘Body’, ‘Heman’, ‘Resistar’, ‘Spirit’, ‘Vigomax’ and ‘Vedi’ [20], and ‘Maxi-
fort’, ‘Unifort’, ‘Vedi’, ‘Kemerit’, ‘King’ ‘Kong’, ‘Spirit’, ‘Resistar’, ‘500292’ and ‘Toro’ [19],
respectively.

With a similarly promising performance, the novel rootstocks ‘HUJ1’ and ‘HUJ2’ that
are based on the S. pennellii introgression lines (ILs), are considered to maintain stable
growth when exposed to salt stress [25]. When stressed, the ILs performed significantly
better at maintaining plant growth than the salt-tolerant wild species, as well as parental
line LA716.

Nevertheless, for commercially relevant scions, we focused on two production vari-
eties commonly used in central Europe and North America, namely the cocktail tomato
‘Tastery’ and the truss-tomato ‘Lyterno’ [37].

At this stage, it remains an open question whether Tastery is generally less responsive
to different rootstocks, or whether the lack of rootstock-related differences is due to the rel-
atively mild stress. The fact that yield and fruit weights were lower overall under drought
stress was to be expected and was in line with other studies [38,39]. A surprising result
was the consistently good performance of the self-grafted plants in our experiment, con-
tradictory to other studies of different cultivars and scion−rootstock combinations [40,41].
The comparably good performance of our ‘Tastery−Tastery’ plants might be referred to
the internal physiological communication between rootstock and scion, being identical
for self-grafted plants. This essentially coordinated exchange of endogenous phytohor-
mones, mineral elements, mRNA, and proteins [42], as well as relevant transporters (either
influx or efflux carriers) might affect a smoother long-distance signaling of phytohormones
through the plant vascular system [43] of genetically identical plants compared to different
scion and rootstock genotypes.
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4.2. Effects of Rootstocks on Water-Use Efficiency during Cultivation Cycle

In the scope of future challenges of water shortage, water-use efficiency (WUE) is a
relevant option to determine plant performance. Reduced irrigation either by an improved
WUE of (grafted) tomato genotypes [44] or by effective irrigation management during fruit
developmental stages ensures sufficient yield and fruit quality [38].

However, under artificial conditions, the data on yield and WUE should be viewed
with caution. Indeed, in order to assess validated data, the irrigation demands of every
single plant would need to be considered. On the other hand, such an approach is not
yet feasible for commercial-like conditions. Highly sophisticated greenhouse systems
based on artificial intelligence might improve the current situation in the near future [45].
Nevertheless, in our experimental case, water demand and, thus, WUE would need to be
explored under two separate irrigation regimes to adapt to the cultivar-specific needs of
Tastery and Lyterno and/or rootstocks in more depth.

Furthermore, we focused on a rather short time period of productive cultivation
cycles. The overall yield performance (Figure 2i) may therefore be used as an indicator
for differences in yield among rootstocks, but the absolute values cannot be compared to
commercial yields. While production cycles in commercial cultivation in Central European
greenhouses last up to 10 months, our calculation of WUE only includes yields from
a seven-week period. Moreover, we only started harvesting once all plants produced
stable yields, rather than already picking the first tomatoes in the season. By the same
token, WUE data presented in Figure 2ii may be used as an indicator for different WUE
among rootstocks, but cannot be compared to WUE in commercial production: On the one
hand, yield is not comparable to commercial production for the reasons above and on the
other hand, water-use data is also different from commercial production, as, e.g., water
consumption during plant germination, between grafting and planting out, and finally
the water used to flood the Miscanthus substrate after transplanting to ensure plant stand
establishment, are not included in our calculations in Figure 2ii. Since these factors were
the same for all our experimental plants and rootstock−scion combinations, they can be
neglected, but need to be considered when calculating the overall water use and thus, WUE
of genotypes.

4.3. Rootstock Influence on Fruit Quality Parameters

Fruit quality, such as its nutritional value, taste and odor, is of great importance for
consumers and therefore for producers [46]. Grafting has a significant effect on quality
parameters improving health-promoting properties and flavor by the altered composition
of secondary metabolites [33,34].

Looking at the characteristics of the fruits of plants grafted onto different rootstocks,
some interesting results emerged. The two S. pennellii-based rootstocks seemed to favor
the production of smaller fruits. Lyterno fruits from plants on these rootstocks were
almost universally significantly lighter than the fruits on Beaufort or self-grafted Lyterno
(Figure 3A,B). No significant differences were seen for Tastery, but again there is a slight
trend toward smaller fruits on S. pennellii-based rootstocks (Figure S1A,B).

The fact that S. pennellii itself produces very small fruits with a fruit weight < 16 g [47]
could be an indication that this trait has been transferred from the rootstock to the scion.

In contrast, we observed a fruit size-enhancing effect of ‘Beaufort’, resulting in the
comparably high individual fruit weight of Lyterno, as was previously described for this
type of vigorous interspecific rootstocks [10,11,36,48]. This effect on fruit size is significantly
influenced by the grafting combination [41], and needs to be distinguished from yield
performance that can also be attributed to an enhanced number of tomato fruits rather than
an increased average fruit weight [49].

It is known that rootstock mediation affects fruit quality, due to altered water and nu-
trient uptake, and changes in the source−sink balance impacting ripening behavior [10,16].
Therefore, it can be concluded that some rootstocks favor early fruit set, as well as rapid
fruit ripening [50]. In particular, the possible faster fruit ripening could have resulted in the
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lower fruit weight of the Lyterno grafted onto ‘HUJ1’ and ‘HUJ2’. Nevertheless, individual
fruit weight was further reduced under 50% fertigation, implying that drought could also
have accelerated tomato ripening [27].

Both overall increased dry matter and sugar content, and reduced fruit weight are a
logical result of drought stress: with optimal water availability in the root zone, the high
sugar concentration in the fruit ensures that water is transported from the root zone into
the fruit by osmotic effects. When there is a lack of water, this ‘sucking in’ of water is not
possible, and there is an increased content of soluble substances with a simultaneously
reduced fruit weight [51].

The opposite trends observed in Lyterno for yield and fruit weight of S. pennellii-based
rootstocks are noteworthy: total yield was relatively high when these rootstocks were
used under drought stress (Figure 2B), but at the same time individual fruit weight was
relatively low (Figure 3B and Figure S1). This can be explained by the fact that more but
smaller fruits reached maturity [49].

These fruits, then, also tend to be sweeter (Figure 3D), which can be seen as another
potential advantage provided by the novel rootstocks. Concerning taste and quality, this
might be an approach to target current consumer needs.

Surprisingly, in regard to secondary metabolites in Lyterno fruits (Figure 4), we only
found a significantly reduced lycopene content for the rootstock ‘HUJ2’ under optimal
fertigation conditions. Here, ‘Beaufort’ showed the overall highest contents of β-carotene,
lycopene and flavonoids. This is in contrast to previous findings, where ‘Beaufort’ resulted
in a decrease of lycopene concentration of the scions ‘Jeremy’ and ‘Jack’ [52,53]. This might
be attributed to the specific interaction of rootstock and scion [10,11]. However, under
50% fertigation, slightly reduced but comparably high metabolite contents were analyzed
for Lyterno, when individual fruit weight and yield decreased. This is in agreement with
previous field trials, where soluble solids, lycopene, and sugar content were increased in
the tomato fruit, while fruit yield decreased between 1.9%–18.2% [54]. A similar increase
in tomato fruit quality parameters was shown for a pot experiment with a two-thirds yield
decrease under irrigation with 0.3% salt concentration in soil [55]. Based on our experiment,
it could be argued that the reduction in fertigation also resulted in a reduced volume of
‘Lyterno’ tomatoes and thus both sugar content and metabolite contents increased in
the fruit.

4.4. Future Perspective of Renewable Substrate for Hydroponics

Although there were no distinct patterns in the individual grafting combinations with
lower fertigation dosages in our experiment, this project is still a sustainable approach for
food production targeting resource-efficient tomato production by adjusting both plant
performance (via grafting) and crop management. Eventually, a sustainable and more
environmentally friendly substrate of Miscanthus × giganteus was used. In the study of
Kraska et al. [56], it was shown that Miscanthus as shreds, chips and fibers does not differ
much in comparison to rockwool as a substrate for the cumulative fruit yield (g/plant),
which highlights in our experiment the fact, that the use of Miscanthus × giganteus should
not negatively impact the yield measurement. Moreover, the yields and fruit quality of
cucumber and tomatoes grown on Miscanthus as a potential alternative to rockwool as a
growing medium for vegetables [57,58] and is overall seen as a promising alternative to
rockwool as a growing medium for tomatoes in soilless cultivation [56].

To determine the optimal water and nutrient requirements in grafted ‘Lyterno’ and
‘Tastery’ tomato plants, further studies will need to be conducted in order to gain a more
detailed insight into the interaction between rootstock and scions, as well as the potential
to identify the genotype combinations being more tolerant towards drought stress and
nutrient limitations. Ultimately, besides sustainability, it also makes financial sense to graft
plants and thereby apply less water or nutrients for the same yield, than not grafting and
thereby use up many limited resources, without losing fruit quality.
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10.3390/horticulturae7100355/s1, Table S1: Tukey comparison of mean differences for plants with
the scion Lyterno under stress conditions. Figure S1: Quality parameters of “Tastery” fruits grafted
on four different rootstocks and supplied with optimal and reduced fertigation. Figure S2: Quality
parameters of “Tastery” fruits grafted on four different rootstocks and supplied with optimal and
reduced fertigation. Figure S3: Comparison of lycopene and β-carotene contents of ripe tomatoes
from 8 rootstock * scion – combinations supplied with optimal and reduced fertigation.
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Abstract: Vegetable production requires high nutrient input for ensuring high quality and high yield.
As this is ecologically disadvantageous, it is necessary to determine if nitrogen (N) fertilization can be
reduced without negative effects on productivity. For quality reasons, the effects of reduced N supply
on taste, valuable compounds and storage life must be elucidated in parallel. This study examines
whether reducing the N supply of cocktail tomatoes by 50% to recommendations affects the yield
and quality of tomato fruits. Three varieties with different skin colors, yellow-orange (‘Apresa’),
red (‘Delioso’) and brown (‘Bombonera’), were grown in soil in a greenhouse and harvested at the
red-ripen stage. Quality parameters were assessed at harvest and after eight-day storage. Total
yield decreased exclusively with ‘Bombonera’ due to reduced fruit weight. Firmness of the fruit
pulp, concentrations of minerals, soluble solid contents, total acidity, total phenolics and liposoluble
pigments of fruits were not influenced. However, storage affected chemical compositions positively,
as shown by increased antioxidants. Descriptive sensory analyses revealed no impact of reduced N
supply. From the perspective of the yield, quality and shelf life of fruits, reducing the N supply by
50% offers opportunities for the three cocktail tomato varieties in soil cultivation.

Keywords: tomato; product quality; nitrogen; shelf life; carotenoids; antioxidants; taste

1. Introduction

Nitrogen (N) is the most important mineral element for plants and, as a constituent of
amino acids and proteins, often limiting for their growth processes [1]. In the context of
plant production, N influences the appearance and internal quality of plant products, their
yield and their shelf life. The supply of N is therefore decisive for the quality of food crops;
the application of fertilizer in crop cultivation is essential for profitable plant production.
In particular, the intensive cultivation of vegetable crops involves high amounts of N
fertilizer (as well as other nutrients) and often results in an excessive N supply [2]. This
implies that vegetable production often does not meet the requirements of environmental
legislations for good ecological water status (e.g., the EU Nitrates Directive or the EU
Water Framework Directive). Vegetable production is, like no other, faced with the trade-
off between ecological and economic demands. This adds to the importance for human
health and global diet. Increasing the efficiency of nutrient supplies, especially nitrogen, is
therefore essential for sustainable food production.

There is no general optimum for the nitrogen supply of vegetable crops; it depends
on, among others, the production target (e.g., plant organ, quality). Consequently, the
potential for a reduction in the N supply also varies among species and production systems.
Generally, low N availability is known to decrease photosynthetic activity and thus plant
growth [1]. Besides this, there are impacts on the secondary metabolism which can result
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in decreased synthesis of N-based compounds such as alkaloids and increased synthesis
of C-based secondary metabolites [3]. A limited N supply may consequently increase
crops’ quality, especially in terms of phytonutrients that are potentially beneficial for hu-
man health. In fact, a low N supply of plants is one possible way to achieve enrichment
of secondary metabolites, as shown for several vegetable crops such as lettuce [4], and
for medicinal plants such as chamomile [5]. The enrichment of secondary metabolites
while maintaining high yield and quality may be particularly important for crops that
are consumed in large quantities. Tomato offers great potential in this regard, as it is the
most widely grown and consumed vegetable in the world [6]. A serving of tomatoes
(defined as around 200 g of fresh tomatoes) covers the recommended dietary allowances
of several mineral elements and, to a larger extent, those of vitamin C [7]. Due to the
high consumption and concentration of many valuable compounds such as carotenes
and polyphenols, tomato fruits are important sources of further secondary plant metabo-
lites and can improve the intake of antioxidants in the human diet [8]. Carotenes such
as lycopene and β-carotene are strong antioxidants and may reduce the risks for some
cancers and coronary heart diseases, as well as those for diabetes and osteoporosis [9–11].
Polyphenols (such as flavonoids) are known to have antioxidant effects as well. Several
studies suggest that polyphenols may protect against coronary heart diseases, counteract
cancer development and prevent neurodegenerative diseases [12]. Additionally, tomato
fruits are relevant sources of other antioxidants, such as ascorbic acid and vitamin E. An
increase in the concentration of these secondary compounds in tomato fruits is therefore
favorable for human health.

The internal quality and the taste of tomato fruits can be improved by agronomic
strategies such as moderate salinity stress or modulated mineral nutrition [13]. When
subjected to repeated short-term nitrogen limitation, tomato leaves contain increased
flavonol glycoside concentrations [14]. Evidence for the transferability from tomato leaves
to the fruits is still pending. Reduced N supply is known to cause an increase in soluble
sugars and a decrease in acid concentrations of tomato fruits [15]. This may improve
tomatoes’ taste as sugars and acids are the major constituents of the taste experience [16].
Moreover, the N supply may alter other flavor components such as the volatile organic
compounds of tomato fruits [17].

In tomato seedlings grown under N deficiency, shikimate and soluble sugars increased
in the xylem sap, which suggests that the biosynthesis of phenolic substances might be
favored [18]. In fact, increased concentrations of phenolic compounds in fruits resulted
from reduced N supply at transplant or anthesis of greenhouse-grown tomatoes, albeit
there were little effects on the carotenoid concentration [19].

However, the positive effects of reduced N supply on the secondary metabolism
have not been found reliably. Bénard et al. [15] showed little effects of reduced N supply
on secondary metabolites such as phenolic compounds, ascorbic acid and carotenoids in
tomato fruits. Studies with two lycopene-rich tomato varieties revealed no impacts of
reduced N supply on yield, firmness, valuable compounds and sensory properties of the
fruits [20]. In contrast, Wang et al. [17] observed close relationships between N application
rates and flavor parameters such as titratable acidity, soluble sugars, soluble solids, volatile
compounds and fruit firmness in cherry tomatoes. Nevertheless, studies on quality and
sensory properties of tomatoes grown with reduced N supply are rare, especially with the
focus on shelf life.

This study aims at closing this gap in the knowledge. In a one-year trial, it was tested
whether a reduction in the N supply by 50% of the recommended amount [21] impacts the
yield and quality of tomato fruits. Fertilizers’ reduction was performed at the beginning
of fruit ripening to minimize the impact on fruit yield while maximizing the impact on
fruit quality. Three varieties of cocktail tomato, differing in skin color, were chosen for the
experiments since small-fruited and highly aromatic tomatoes are increasingly demanded
by consumers. Quality parameters of the tomatoes were assessed after harvest and after
eight-day storage.
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We hypothesized that the reduced N supply (i) has no impact on the yield, firmness
and color of tomato fruits, (ii) results in better taste due to the altered sugar-to-acid ratio
of the fruits and (iii) enhances the nutritional quality of the fruits by increasing their
antioxidant content.

2. Materials and Methods

2.1. Experimental Design and Plant Material

Three one-factorial experiments with the factor “N supply” and two factor levels,
control (con) and reduced (Nred) N supplies, were performed for three cocktail tomato
varieties separately in a greenhouse in Geisenheim, Germany. The experiments were set
up in a randomized block design with four repetitions. Each repetition (plot) included
ten plants. Subsequently, a storage experiment was carried out with the harvested fruits.
Quality parameters were measured immediately after harvest and after storage. Hypo-
theses were tested with two-factorial analysis with the factors “N supply” and “storage”.

For the greenhouse experiment, seeds of the tomato varieties ‘Delioso’ (red color;
Rijk Zwaan Welver GmbH, Welver, Germany), ‘Apresa’ (orange color; Hild Samen GmbH,
Marbach am Neckar, Germany) and ‘Bombonera’ (green-brownish color; Uniseeds Select
B.V., Bleiswijk, The Netherlands) were sown into the substrate (Floradur A; BayWa AG,
München, Germany) at the beginning of April 2012. The seedlings were picked and
transferred into Ø 10 cm pots containing “Einheitserde ED Koko 1+1” (Einheitserdewerke
Werkverband e.V., Sinntal-Altengronau, Germany) 14 d later. The transplants were watered
and fertilized (Ferty 2 Mega, Planta Düngemittel GmbH, Regenstauf, Germany) as required.
At the beginning of May 2012, the transplants (30 days old, BBCH stage 103) were planted
into the soil (sandy loam) in the greenhouse with 2.8 plants m−2. Plants of each tomato
variety were planted onto eight randomly arranged plots (9.6 m2 each with 10 plants
per plot).

2.2. Cultivation and N Supply

The “con” treatment received weekly N supplies of 3 g m−2, according to the recom-
mendations for fertigated tomatoes [21]. For the “Nred” treatment, the weekly N supply
was reduced by 50% at the onset of fruit ripening, yielding 1.5 g N m−2 per week.

Until the differentiated N application, the fertilizer “Ferty 2 Mega” was applied
(1 g N m−2 per week; Hauert HBG Dünger AG, Grossaffoltern, Switzerland). Starting
mid-May 2012, the N dose was increased to 2 g m−2 per week until early June 2012. At the
breaker stage, when the fruits started to change color (early June 2012), the N control plots
received 3 g N m−2 per week (composed of Ferty Basis 1, calcium nitrate and ammonium
sulphate; Planta Düngemittel GmbH). The reduced N treatments received 50% less N,
yielding 1.5 g N m−2 per week (composed of Ferty Basis 1 and calcium nitrate; Beiselen
GmbH, Ulm, Germany). In total, plants received 360 (con) and 210 (Nred) kg N ha−1

throughout the growing season. Albeit this represents a reduction in total N application of
approximately 42%, this is further regarded as a 50% reduction.

The fertilizer was applied with the irrigation water as fertigation. Each plant was
supplied by drip irrigation (two drippers per plant, with 0.85 L h−1), if soil tension fell
below −9 kPa (measured at 20 cm soil depth by tensiometers). The application of water
and fertilizer was controlled by the KLIWADU® software (developed by Michael Beck,
Hochschule Weihenstephan-Triesdorf, Germany).

Pollination of the flowers was ensured by regular placement of bumblebees (re-natur
GmbH, Stolpe, Germany) in the greenhouse. Plant protection was carried out by application
of beneficial insects (Amblyseius cucumeris and Encarsia formosa, all from re-natur GmbH)
when required.

The radiation inside the glass-covered greenhouse reached 724.7 kW m−2 during
the cultivation period. The temperature regime throughout the cultivation season in the
greenhouse is listed in Table 1.
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Table 1. Temperature regime throughout the cultivation season.

Cultivation Stage
Minimum Day

Temperature (◦C)
Minimum Night
Temperature (◦C)

Temperature Set Point
for Ventilation (◦C)

Sowing till germination 24 20 26
Germination till planting 22 18 26
First week after planting 24 20 26
From second week after

planting 20 16 22

2.3. Harvest

Mature tomato fruits were harvested at the fruit ripening stage “eating ripeness”,
which is chemometrically described as “red ripe” for red cultivars [22]. The different
colored varieties were harvested analog to this. The harvest was carried out twice a week
lasting from the end of June 2012 (week 26, corresponding to BBCH stage 801) to early
September 2012 (week 36). The tomato fruits from each experimental plot were sorted
into marketable and non-marketable fractions (broken, blossom end rot, green shoulder,
soft, fissured, unfertilized, others). Fresh matter of tomato fruits was determined per plant
and plot.

2.4. Storage

At least 12 marketable, similarly sized fruits from each experimental treatment were
kept in a cold storage at 12 ◦C in the dark (CS 0300 T, Viessmann Kühlsysteme GmbH,
Hof/Saale, Germany). The fruits were stored in plastic boxes in single layers and covered
with plastic film to prevent water loss. After eight days, the fruits were removed from
the cold storage for further analysis and sensory evaluations. During the course of the
harvesting season, the storage experiment was repeated five times.

2.5. Spectroscopic Measurements

Non-invasive spectroscopic measurements were performed with the Multiplex® 3.6 de-
vice (Force-A, Orsay Cedex, France). Three marketable fruits from each plot were randomly
chosen. Measurements were conducted in configuration 4 using red, blue, green and UV
excitation at the bottom of the fruit. Parameters of interest were SFR_G (indicating the
chlorophyll content), FLAV (indicating the concentration of flavonoids) and ANTH_RG
(indicating the anthocyanin content) [23]. Averages of the indices of the fruits per plot were
calculated for each date separately.

2.6. Firmness of the Fruit Pulp

For assessing the firmness of the fruit pulp, a single measurement was taken with
the HHP-2001 device (Heinrich Bareiss Prüfgerätebau GmbH, Oberdischingen, Germany).
A 0.25 cm2 test anvil was pressed against the bottom of the fruit and after one second, resis-
tance readings were taken. Average values per plot and measuring date were calculated.

2.7. Sampling and Chemical Analyses

After the spectroscopic measurements and the determination of fruit pulp firmness,
the fruits were weighed, cut and dried at 60 ◦C. After three days, the dry matter was
determined. The dried tomato fruits were sampled for analysis of minerals. For other
chemical analyses, an aliquot of approximately 1000 g of fruits per plot was sampled and
stored at −20 ◦C until further analyses.

Dried tomato samples were ground to a fine powder. For determination of mineral
concentrations, an aliquot of the sample was extracted according to the Kjeldahl procedure
(TURBOTHERM, C. Gerhardt GmbH & Co. KG, Königswinter, Germany). The extracts
were filtered, and the content of N, P K, Ca, Mg, Fe, Zn, Mn and Cu was determined by
inductively coupled plasma optical emission spectrometry (ICP-OES; SPECTRO ARCOS,
SPECTRO Analytical Instruments, Kleve, Germany).
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For further analyses, the frozen fruit material was thawed at room temperature for 12 h
and then homogenized with commercial kitchen blenders. Aliquots of this homogenate
were taken for carotenoid analysis. The remaining homogenate was centrifuged at 4500 rpm
for 10 min (ROTANTA 460 RS, Andreas Hettich GmbH & Co. KG, Tuttlingen, Germany).
The supernatant was filtered, and the resulting juice was kept deep-frozen at −20 ◦C until
analysis of its composition.

The total content of liposoluble pigments (mainly carotenoids) from the tomato ho-
mogenate was extracted in acetone/hexane with addition of sodium sulphate and calcium
carbonate (both of Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). The extracts
were filtered (syringe filter ROTILABO PTFE 0.2 μm, Carl Roth GmbH + Co. KG, Karlsruhe,
Germany) and the concentration of the liposoluble pigments was determined spectropho-
tometrically at 450 nm as equivalents of β-carotene. Calibration curves were conducted
using β-carotene (Merck KGAa, Darmstadt, Germany) as a standard.

The juice was thawed for 3 h at room temperature prior to analysis of its composition.
The following parameters were assessed according to the standards of the International
Fruit Juice Union (Paris): soluble solids (refractometric analysis), conductivity (conduc-
tometric analysis), pH (potentiometric analysis), total acidity (expressed as citric acid,
potentiometric analysis after titration to pH 8.1 with 0.3 M NaOH; Titroline alpha, Schott,
Mainz, Germany), concentration of ascorbic acid (automatic potentiometric titration with
SCHOTT TitroLine alpha plus, SI Analytics, Mainz, Germany). The contents of total phe-
nolics were estimated by the Folin–Ciocalteu assay, and the antioxidative capacity was
estimated by a photometric assay (as Trolox equivalent antioxidative capacity, TEAC). The
color space parameters a* and b* were assessed by reflection readings of the juice against a
white standard (CR 200, Konica Minolta Sensing Europe B.V., Bremen, Germany) and the
“chroma” value was calculated according to D’Souza et al. [24].

All chemical analyses were performed as duplicates.

2.8. Sensory Evaluation

The effects of reduced N supply and the variety on the sensory attributes taste (sweet-
ness, sourness, typically tomato, foreign taste, watery), consistency (firmness of fruit pulp,
firmness of the peel, mealiness), aftertaste (intensity, foreign) and overall liking were as-
sessed by quantitative descriptive sensory evaluation. The intensity of the attributes was
rated on a scale from 1 (non-existent) to 9 (very strong). For assessing possible differences
between the treatments before and after storage, extended triangle tests (as forced choice
tests) were used. An additional question was posed concerning the preference of one
sample. All samples were coded with three-digit random numbers by the “FIZZ Data
Aquisition und Calculation” software (Biosystèmes, Couternon, France). For sensory eval-
uations, the tomato fruits were cut into four parts. Each sample consisted of six quarters
from six different tomato fruits per treatment. The samples were presented in random
order to the panelists. The sensory panel comprised 15 to 17 trained people that were
asked to take bits from each tomato piece to obtain sensory impressions of mixed samples.
The panelists received water and matzo (Dr. Schär AG/SPA, Burgstall, Italy) to clear their
palates between the sensory evaluations of two samples.

2.9. Statistics

The impact of N supply, cold storage and their interaction was assessed by two-way-
ANOVA for each tomato variety separately, if the conditions of normal distribution (tested
with the Shapiro–Wilk test) and variance homogeneity (tested with the Levené test) were
met. In case of no interactions between the factors N supply and storage, differences
between the treatments were analyzed by Tukey pairwise comparison. If the data were not
normally distributed or homogeneity of variances was not observed, the Kruskal–Wallis
test followed by Mann–Whitney pairwise comparison was performed.
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Impacts of the N supply on fruit yield data and on the content of mineral elements in
the fruits were assessed by a t-test. All statistics of yield and quality data were performed
(with α = 0.05) using the PAST software (version 3.01, [25]).

The sensory data were analyzed by calculating averages for the single attributes and
testing for significant differences with the Friedman test using the “FIZZ Data Aquisition
und Calculation” software. When significant differences were observed, the means were
separated by using least significant difference at α = 0.1. The triangle tests were analyzed
by comparing the percentage of correct answers to the probability of the corresponding
binomial law.

3. Results

3.1. Yield

The total yield (=marketable and non-marketable fruits) was not significantly impacted
by the N supply for the varieties ‘Apresa’ and ‘Delioso’ (Table 2). In contrast, ‘Bombonera’
had lower total fruit yields when supplied with reduced N amounts. Nevertheless, there
were tendencies of a larger proportion of marketable fruits in the Nred treatment of
‘Bombonera’ (p = 0.054). For ‘Delioso’ and ‘Bombonera’, the fruits of the control treatments
were significantly heavier compared to the Nred treatment (Table 2). This was not observed
for the variety ‘Apresa’.

Table 2. Total yield, proportion of marketable fruits and weight of single fruits in three tomato
varieties with normal (con) and reduced (Nred) N supplies. N = 4 ± SD. Asterisks in the “Nred”
line indicate significant differences between the “con” and the “Nred” treatment for the respective
tomato varieties (t-test at α = 0.05).

Variety N Supply
Total Yield
(kg m−2)

Proportion of
Marketable Fruits (%)

Single Fruit
Weight (g)

‘Delioso’
con 4.27 ± 0.32 98.87 ± 0.51 39.67 ± 1.00

Nred 3.98 ± 0.38 98.14 ± 0.86 36.75 ± 1.42 *

‘Apresa’ con 3.13 ± 0.51 78.40 ± 0.71 33.88 ± 1.31
Nred 2.91 ± 0.04 82.72 ± 2.68 * 32.77 ± 0.97

‘Bombonera’
con 4.10 ± 0.07 36.59 ± 4.94 51.97 ± 1.18

Nred 3.40 ± 0.23 * 50.31 ± 10.39 48.67 ± 1.71 *

3.2. External Quality Parameters

The firmness of the fruit pulp did not differ between the control and the Nred treat-
ments of the three tomato varieties, both before and after storage (Table 3). However,
tendencies of differences in the fruit pulp firmness due to different N supplies were ob-
served in ‘Bombonera’ immediately after harvest (p = 0.08). In all varieties and N supply
treatments, the fruit pulp firmness decreased significantly after storage.

The spectroscopic parameters FLAV, ANTH_RG and SFR_G are indices for the contents
of different pigments of the fruit skin. Immediately after harvest, exclusively ‘Bombonera’
showed differences due to the N supply, with lower ANTH_RG indices in Nred compared
to control fruits (Table 3). After storage, ‘Apresa’ fruits that were grown with reduced N
supply had lower FLAV indices as compared to fruits grown under control conditions.

Fruits of the varieties ‘Delioso’ and ‘Bombonera’ did not show differences in the FLAV
index between control and Nred treatments after storage. All indices were decreased after
the storage in fruits of ‘Delioso’ grown under control and Nred conditions. The FLAV
index was decreased after the storage in ‘Apresa’ control and Nred fruits but was not
affected in ‘Bombonera’ fruits grown under both N supplies. In contrast, ANTH_RG was
increased after storage in both control and Nred fruits of ‘Bombonera’ but was not affected
in ‘Apresa’. The index SFR_G was lowered after storage in ‘Apresa’ grown under reduced
N supply, while there was no impact for ‘Apresa’ that was grown under control conditions.
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Table 3. External quality parameters assessed by non-invasive measurements of tomato fruits of three cocktail varieties
grown with normal (con) and reduced (Nred) N supplies, immediately after harvest (before storage) and after 8 days of
storage at 12 ◦C (after storage). Means of N = 22 to 36 for firmness, and N = 31 to 58 ± SD for FLAV, ANTH_RG and
SFR_G. Different letters indicate significant differences due to storage within a variety and N supply. Asterisks indicate
significant differences due to N supply within a variety and storage (two-way ANOVA with Tukey pairwise comparison, or
Kruskal–Wallis test with Mann–Whitney pairwise comparison; at α = 0.05).

Parameter
(unit)

Storage
‘Delioso’

con
‘Delioso’

Nred
‘Apresa’

con
‘Apresa’

Nred
‘Bombonera’

con
‘Bombonera’

Nred

Firmness
(kg cm−2)

Before 50.8 ± 4.3 a 50.7 ± 6.2 a 43.8 ± 4.8 a 43.9 ± 8.2 a 61.9 ± 6.0 a 58.3 ± 7.8 a
After 46.1 ± 5.8 b 46.9 ± 4.2 b 40.9 ± 4.7 b 40.4 ± 5.4 b 53.7 ± 7.6 b 53.4 ± 8.0 b

FLAV
Before 1.48 ± 0.12 a 1.51 ± 0.15 a 1.62 ± 0.11 a 1.60 ± 0.10 a 2.19 ± 0.14 a 2.19 ± 0.06 a
After 1.27 ± 0.16 b 1.26 ± 0.13 b 1.48 ± 0.12 b 1.44 ± 0.12 b * 2.19 ± 0.06 a 2.17 ± 0.07 a

ANTH_RG
Before 1.42 ± 0.07 a 1.40 ± 0.10 a 1.21 ± 0.12 a 1.20 ± 0.10 a 1.15 ± 0.16 a 1.22 ± 0.14 a *
After 1.34 ± 0.14 b 1.33 ± 0.12 b 1.23 ± 0.07 a 1.20 ± 0.06 a 1.32 ± 0.13 b 1.34 ± 0.10 b

SFR_G
Before 1.26 ± 0.07 a 1.24 ± 0.07 a 1.35 ± 0.09 a 1.36 ± 0.11 a 1.28 ± 0.16 a 1.23 ± 0.12 a
After 1.21 ± 0.08 b 1.20 ± 0.07 b 1.33 ± 0.08 a 1.31 ± 0.08 b 1.27 ± 0.14 a 1.26 ± 0.15 a

3.3. Chemical Composition of Tomato Fruits

The concentrations of the elements N, P, K, Mg, Fe, Zn, Mn and Cu differed between
the varieties (data not shown) but were not influenced by N supply (Table 4).

Table 4. Mineral composition of tomato fruits at harvest. The concentrations of the mineral elements are expressed on a
fresh weight base. Mean of N = 4 ± SD. No significant differences between the con and the Nred treatment for the respective
tomato varieties were observed (t-test at α = 0.05).

Mineral
‘Delioso’

con
‘Delioso’

Nred
‘Apresa’

con
‘Apresa’

Nred
‘Bombonera’

con
‘Bombonera’

Nred

N (g kg−1) 2.90 ± 0.09 2.71 ± 0.23 3.15 ± 0.20 3.07 ± 0.35 2.87 ± 0.20 2.73 ± 0.07
P (g kg−1) 0.44 ± 0.02 0.44 ± 0.04 0.55 ± 0.02 0.54 ± 0.03 0.42 ± 0.04 0.40 ± 0.01
K (g kg−1) 5.05 ± 0.22 4.90 ± 0.41 6.36 ± 0.59 5.86 ± 0.46 5.29 ± 0.44 5.16 ± 0.28
Ca (g kg−1) 0.22 ± 0.03 0.21 ± 0.02 0.27 ± 0.06 0.21 ± 0.01 0.27 ± 0.09 0.20 ± 0.01
Mg (g kg−1) 0.19 ± 0.00 0.19 ± 0.02 0.24 ± 0.01 0.23 ± 0.01 0.22 ± 0.02 0.21 ± 0.01
Fe (mg kg−1) 5.88 ± 0.58 6.11 ± 0.67 7.78 ± 0.83 7.82 ± 1.75 5.91 ± 1.03 6.10 ± 0.73
Zn (mg kg−1) 3.60 ± 0.29 3.85 ± 0.53 4.40 ± 0.17 4.04 ± 0.40 5.34 ± 3.39 3.47 ± 0.09
Mn (mg kg−1) 1.12 ± 0.07 1.20 ± 0.09 1.41 ± 0.07 1.35 ± 0.10 1.29 ± 0.16 1.32 ± 0.09
Cu (mg kg−1) 1.79 ± 0.18 1.79 ± 0.26 2.16 ± 0.26 1.91 ± 0.26 1.46 ± 0.18 1.56 ± 0.08

The concentrations of total phenolics and total contents of liposoluble pigments
were not affected by the N supply, both before and after storage, in all tomato varieties.
Nevertheless, the eight-day storage of the fruits of ‘Delioso’ and ‘Apresa’ significantly
increased their total content of liposoluble pigments (Table 5).

Ascorbic acid concentrations were higher in ‘Delioso’ fruits grown with reduced
N supply both before and after storage. No changes in the ascorbic acid contents were
observed in the fruits due to storage.

The antioxidant capacity (as TEAC) was higher in ‘Delioso’ fruits grown with reduced
N supply before storage, but no differences between control and Nred fruits were observed
after storage.

In general, the content of soluble solids, the pH and the total acidity of tomato fruits
have impacts on their taste. The three parameters were not affected by the N supply before
and after storage in fruits of all varieties here (Table 6). Storage had no effect on the content
of soluble solids in all tested tomato samples but increased the pH in fruits of ‘Delioso’
and ‘Apresa’ grown under control and Nred conditions. There were no effects on the
total acidity, except ‘Delioso’ under Nred conditions, where a decrease in total acidity was
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observed after storage. The fruits of ‘Bombonera’ showed no changes in the content of
soluble solids, total acidity and pH due to N supply and storage.

Table 5. Mean and standard deviation of the antioxidant status of fruits of three cocktail tomato varieties grown with normal
(con) and reduced (Nred) N supplies, immediately after harvest (before storage) and after 8 days of storage at 12 ◦C (after
storage). The antioxidant parameters are expressed on a fresh weight base. N = 3–4. Different letters indicate significant
differences due to storage within a variety and N supply. Asterisks indicate significant differences due to N supply within
a variety and storage (Two-Way ANOVA with Tukey pairwise comparison, or Kruskal-Wallis test with Mann-Whitney
pairwise comparison; at α = 0.05).

Parameter (unit) Storage
‘Delioso’

con
‘Delioso’

Nred
‘Apresa’

con
‘Apresa’

Nred
‘Bombonera’

con
‘Bombonera’

Nred

Total phenolics (mg kg−1)
Before 355.5 ± 32.5 a 370.5 ± 35.3 a 410.3 ± 14.2 a 411.4 ± 17.7 a 343.3 ± 85.2 a 369.0 ± 54.1 a
After 351.4 ± 24.8 a 382.5 ± 33.6 a 413.5 ± 20.6 a 420.5 ± 36.5 a 346.7 ± 5.4 a 355.9 ± 13.5 a

Total content of liposoluble
pigments (mg kg−1)

Before 4.60 ± 0.20 a 4.45 ± 0.25 a 3.31 ± 0.24 a 3.00 ± 0.21 a 7.28 ± 0.15 a 7.04 ± 0.42 a
After 5.75 ± 0.48 b 6.18 ± 0.26 b 4.19 ± 0.19 b 4.05 ± 0.16 b 7.05 ± 0.20 a 7.11 ± 0.13 a

Ascorbic acid (mg kg−1)
Before 170.3 ± 19.9 a 203.1 ± 12.0 a * 203.1 ± 64.1 a 191.2 ± 26.1 a 173.1 ± 26.6 a 167.8 ± 30.7 a
After 185.8 ± 15.6 a 216.4 ± 15.9 a* 186.8 ± 17.8 a 188.1 ± 23.1 a 157.3 ± 2.8 a 147.9 ± 7.2 a

TEAC (mmol kg−1)
Before 3.10 ± 0.08 a 3.35 ± 0.10 a * 3.40 ± 0.27 a 3.55 ± 0.30 a 3.63 ± 0.32 a 3.67 ± 0.31 a
After 3.28 ± 0.31 a 3.57 ± 0.19 b 3.79 ± 0.17 b 3.91 ± 0.28 a 3.36 ± 0.06 a 3.55 ± 0.32 a

Table 6. Composition and internal color (expressed as “chroma”) of tomato fruits of three cocktail varieties grown with
normal (con) and reduced (Nred) N supplies, immediately after harvest (before storage) and after 8 days of storage at
12 ◦C (after storage). Mean of N = 3–4 ± SD. Different letters indicate significant differences due to storage within a variety
and N supply(two-way ANOVA with Tukey pairwise comparison, or Kruskal–Wallis test with Mann–Whitney pairwise
comparison; at α = 0.05).

Parameter Storage
‘Delioso’

con
‘Delioso’

Nred
‘Apresa’

con
‘Apresa’

Nred
‘Bombonera’

con
‘Bombonera’

Nred

Soluble solids
(◦Brix)

Before 5.40 ± 0.50 a 5.44 ± 0.40 a 5.73 ± 0.18 a 5.42 ± 0.46 a 5.53 ± 1.23 a 5.88 ± 0.76 a
After 5.26 ± 0.37 a 5.38 ± 0.49 a 5.68 ± 0.23 a 5.48 ± 0.37 a 5.64 ± 0.07 a 5.74 ± 0.18 a

pH Before 4.15 ± 0.02 a 4.16 ± 0.02 a 4.18 ± 0.02 a 4.16 ± 0.03 a 4.22 ± 0.05 a 4.18 ± 0.03 a
After 4.24 ± 0.01 b 4.25 ± 0.03 b 4.25 ± 0.01 b 4.23 ± 0.03 b 4.22 ± 0.01 a 4.19 ± 0.04 a

Total acidity
(g kg−1)

Before 4.13 ± 0.38 a 4.09 ± 0.21 a 4.96 ± 0.47 a 5.03 ± 0.22 a 4.08 ± 0.88 a 4.01 ± 0.54 a
After 3.52 ± 0.27 a 3.57 ± 0.12 b 4.62 ± 0.27 a 4.31 ± 0.39 a 4.01 ± 0.03 a 3.95 ± 0.13 a

Chroma
Before 22.14 ± 0.33 a 21.85 ± 1.83 a 24.34 ± 1.31 a 25.37 ± 1.01 a 14.16 ± 4.97 a 10.28 ± 6.85 a
After 19.10 ± 11.18 a 19.82 ± 11.92 a 4.83 ± 3.05 b 4.47 ± 2.93 b 10.33 ± 5.83 a 19.02 ± 1.58 a

The color index “chroma” was not significantly affected by both the N and storage
treatments in all varieties of cocktail tomatoes (Table 6). Exclusively, ‘Bombonera’ grown
with reduced N tended to have higher “chroma” values after storage compared to the
control (p = 0.067). Due to storage, ‘Apresa’ grown under controlled and reduced N
supplies showed a significant decrease in “chroma”.

3.4. Sensory Evaluation

Descriptive sensory evaluation revealed differences in the attributes sweetness, watery,
foreign aftertaste, firmness of the fruit pulp and the peel, typically tomato and overall
liking in the three varieties (Figure 1a, statistical data not shown). Differences due to N
supply were not observed for all attributes.

In triangle tests, the sensory panel was not able to discriminate significantly between
controls and Nred samples immediately after harvest (Figure 1b). However, there was
a trend for sensory discrimination between control and Nred treatments in ‘Bombonera’
fruits (p = 0.08). After storage, a significant difference between controls and Nred fruits
was detected for ‘Bombonera’. However, there was no preference for either controls or
Nred fruits.
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Figure 1. Sensory attributes of three tomato varieties grown with normal (con) and reduced (Nred) N supplies (a) and
results of triangle tests (b). In (b), the “correct answers” indicate the relative abundance of correct distinctions between
Nred and control samples. Asterisks in (b) show significant sensory distinctions between controls and Nred samples. N = 16
for (a). N = 16 to 17 for (b).

4. Discussion

Reducing the nitrogen supply in vegetable production aims at lowering the nitrate
leaching into the groundwater and thus negative impacts to the environment. However, a
sub-optimal nitrogen supply is known to alter the metabolism of plants and thereby their
allocation of resources. As a consequence of this abiotic stress, photosynthetic and growth
processes might be impeded, which could lower the crop yield [1]. In order to achieve
environmentally sound fertilization while maintaining yield and quality, this experiment
examined for tomato crops, cultivated in soil in a greenhouse, whether this balance could
be achieved by reducing the N supply by 50% at the onset of fruit ripening. In fact, the
total yield of fruits of the cocktail tomato varieties ‘Delioso’ and ‘Apresa’ (Table 2) was not
reduced, being in accordance with studies using similar N levels for soil-grown tomato
plants to our experiment (210 vs. 360 kg N ha−1) [20,26–30].

The lower single fruit weight did not affect the total yield of ‘Delioso’, whereas this
was not the case for ‘Bombonera’ (Table 2). Lower yields due to lower fruit weight with
reduced N supply were reported by Qu et al. [31] and Wang et al. [32], but they occurred
at lower N levels than in our experiment. It can be concluded that ‘Bombonera’ is more
sensitive to reduced N availability under sub-optimal growing conditions as there were
only around 37% marketable fruits in the control treatments (Table 2). Therefore, the
reduction in the N supply was even beneficial for ‘Bombonera’ as the trend of increased
fractions of marketable fruits resulted in comparable marketable yields of control and
reduced N-grown fruits [33]. This positive effect of reduced N supply on the marketable
fruit fraction was even significantly larger in ‘Apresa’ (Table 2) and was also observed in
other studies, for example, due to lower numbers of rotten fruits [26,34].

Similarly to the marketable fruit yield, there was no impact of N reduction by 50%
at the onset of fruit ripening on the firmness of the tomato fruits (Table 3). Albeit the
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fruit firmness decreased after storage in all varieties and treatments (as reported in other
studies [35–38]), which—as consequence of decreased turgor and water loss by transpira-
tion [39]—is a commonly known phenomenon of fruit ripening and senescence, there was
no effect of the reduced N supply. This is surprising as N limitation is known to enhance
the senescence processes of plants [1], but this is probably not true for fruit softening, as
several other studies also report little effects on the firmness of tomato fruits [15,20,40–42].

Besides degradation of the cell wall polysaccharides, the ripening of tomato fruits is
characterized by breakdown of chlorophylls in the peel [35] and concomitant increases
in pigments such as carotenoids. These pigments possess antioxidative properties and
scavenge reactive oxygen species which occur increasingly at the onset of fruit ripening [43],
thereby accelerating senescence and thus being detrimental for the shelf life of tomatoes [44].
The concentrations of carbon-based carotenoids and flavonoids are known to increase in
plant tissues with low N availability due to accumulation of carbohydrates that could not be
used for growth processes [3]. This is supported by several studies that observed increasing
concentrations in phenolic substances (i) in vegetative tissue [14,45–47], (ii) in fruits as a
result of strongly reduced N supply (e.g., [19]), (iii) in soilless cultivation systems such as
hydroponics (e.g., [7]) and (iv) at earlier developmental stages (at transplant, see [19]).

However, N supplies of 210 and 360 kg ha−1 did not impact the concentration of
soluble solids and acidity after harvest in our experiment (Table 6), which is in accordance
with other studies [20,26,32,42,48]. The fact that sweetness and acidity are the major
constituents of the tomato taste experience, along with volatile aroma compounds and
texture parameters [17,49], explains the lack of significant differences in the strength of
selected attributes assessed by the sensory panel (Figure 1a).

As expected from the similar soluble solid contents of fruits of the control and reduced
N treatments, suggesting that excess carbohydrates did not occur in the Nred fruits,
neither differences in the concentrations of total phenolics and total contents of liposoluble
pigments in the whole tomato fruits (Table 5), in the inner color index “chroma” (Table 6),
nor in the index FLAV were found between control and Nred tomato fruits. The lack of
differences between the index SFR_G of control and Nred fruits (Table 3) further suggests
that the reduced N supply did not enhance chlorophyll breakdown and thus ripening and
senescence processes. This is in accordance with other reports on the coloration of tomato
fruits showing no effects of reduced N supply [15,41,50,51]. Similar to our findings, no
impact of reduced N fertilization of tomato plants was observed on the content of the most
important carotenoids in tomato fruits, lycopene, β-carotene and lutein [7,13,15,20,50,52].

In accordance with the very low effects of reduced N supply on phenolic substances
(assessed by [19,20]), there were no impacts on the antioxidative capacity of water-soluble
compounds (assessed as TEAC) of the fruits (Table 5), except ‘Delioso’ fruits. They showed
higher TEAC values probably due to the higher contents of ascorbic acid (Table 5). Other
studies showed that reductions in the N supply up to one third of the optimal level often
had no effect on the vitamin C content of the tomato fruits [2,7,15,20,29,32]. Moreover,
other results suggest that the antioxidative capacity of tomato fruits is little affected by the
N supply [20,50,51].

Overall, there were very small effects of the reduced N supply on tomato fruit yield and
quality. Even the N content of the fruits (Table 4) was not affected by the N supply, in the same
way as the other mineral elements (Table 4), which is in accordance with other studies with
a comparable or even more severe N reduction than in our experiment [26,29,40,42,53–55].
As proposed by Stefanelli et al. [3], reduced N contents in plants would be expected if
the N supply to plants was low. However, the N content of the tomato leaves was not
affected by the reduced N supply (data not shown), similarly to other reports of the N
content in plants [40,53,54,56]. In other studies, there were no impacts of low N fertilizer
levels on photosynthetic activity [57,58] and very little effects on the height and the above-
ground biomass [27,40,53,56] of soil-grown tomato plants. This suggests that the reduced
N supply in our experiment (210 kg N ha−1) was not a limiting factor for the tomato plants
in soil cultivation.
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In fact, Hartz and Bottoms [28] stated that a “seasonal N rate of 200 kg ha−1 ap-
peared adequate to maximize fruit yield”, which is supported by various studies of toma-
toes [29,34,41,48,56,59]. Moreover, Zotarelli et al. [27] proposed that N application rates
above 176 kg ha−1 are not beneficial for tomato fruit yields but increase the leaching of
nitrate. According to the classification of Hartz and Bottoms [28], our control treatments
(360 kg N ha−1) received excessive amounts of N and the tomato plants in our Nred treat-
ments still had adequate N supplies, which might explain the lacking or minimal effects on
tomato yield and quality.

These conclusions apply to tomato plants grown in soil, while soilless cultivation
of tomato plants seems to increase their sensitivity towards reduced N supply as sev-
eral studies report decreased photosynthetic activity [2], plant biomass [14,15,46,60] and
fruit mineral contents [7]. However, it is possible to overcome N deficiency and en-
sure high fruit yields of soilless-grown tomato plants by supplying N levels larger than
4.5 mmol L−1 [2,15,19].

The very little effects of the N supply reduction by 50% at the onset of ripening were
even less apparent after the storage. Exclusively, the higher ascorbic acid concentrations
in ‘Delioso’, the lower FLAV index of ‘Apresa’ and the different taste observations in
‘Bombonera’ after the storage period could be ascribed to low N supply. All other storage
effects, such as reduced firmness, decreased acidity and concomitant increase in pH and
increases in liposoluble pigments such as carotenoids, are common phenomena that occur
during ripening and senescence of tomato fruits [38]. However, in contrast to other
observations [38,55,61], no increases in total soluble solid contents were observed in the
three cocktail tomato varieties of our study.

Nevertheless, there was a trend (before storage) or even the significant perception
(after storage) of different sensory properties between fruits of ‘Bombonera’ grown with
either optimal or reduced N supply (Figure 1b). This sensory discrimination between the
N supply levels can be less attributed to the soluble solid content and the total acidity than
to the volatile organic compounds. It is possible that the concentration and composition of
these compounds in tomato fruits were altered during the storage [62] and thus resulted in
significantly different sensory properties of control and Nred-grown fruits of ‘Bombonera’
(Figure 1b).

Fruit storage at 12 ◦C for eight days had no effects on the content of ascorbic acid
of all tomato varieties and treatments (Table 5) but increased the antioxidative capacity,
significantly or in trend, in fruits of ‘Apresa’ and ‘Delioso’ (Table 5). This suggests that
storage at 12 ◦C for eight days contributed to maintaining or even enhancing the potential
nutritional quality of the tomato fruits, regardless of the N supply during their cultivation.

5. Conclusions

Reducing the N supply by 50% upon the onset of fruit ripening had little or no effects
on the yield and external quality of three cocktail tomato varieties grown in soil. Contrary
to our expectation, the products of secondary metabolism were not elevated, presumably
due to the only moderately perceived stress. Reduced N supply thus did not result in
increased nutritional quality and improved taste at harvest. However, fruit quality showed
no deterioration with storage due to the lower N supply. The good shelf life was partly
accompanied by increases in antioxidants. Consequently, the amount of nitrogen fertilizer
can be reduced for several tomato varieties in soil cultivation while maintaining the yield,
quality, taste and shelf life of tomato fruits.
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Abstract: Plant responses to elevated atmospheric CO2 (eCO2) are well studied, but the interactions
of the carbon and nitrogen metabolism in the process are still not fully revealed. This is especially true
for the role of nitrogen forms and their assimilation by plants under eCO2. This study investigated
the interacting metabolic processes of atmospheric CO2 levels and N form in the short-term crop
arugula. The effects on physiological processes and their consequences for crop growth, yield and
nutritional value were elucidated. Two varieties of arugula were grown in climate cabinets under
400 or 800 ppm CO2, respectively. The plants were fertilized with either pure nitrate or ammonium-
dominated-N. Photosynthetic CO2 assimilation increased in response to eCO2 regardless of the N
form. This did not affect the assimilation of nitrate and consequently had no impact on the biomass
of the plants. The extra photosynthates were not invested into the antioxidative compounds but
were probably diverted towards the leaf structural compounds, thereby increasing dry mass and
“diluting” several mineral elements. The fertilization of arugula with ammonium-dominated N had
little benefits in terms of crop yield and nutritional quality. It is therefore not recommended to use
ammonium-dominated N for arugula production under future elevated CO2 levels.

Keywords: ammonium; climate change; food quality; photosynthesis; nitrogen source; nitrate;
vegetable

1. Introduction

The atmospheric CO2 concentration is predicted to rise from 400 ppm up to 1142 ppm
until the end of the 21st century [1]. Elevated CO2 concentrations (eCO2) promote growth
for many plants as the water use efficiency is ameliorated and the carbon gain by pho-
tosynthetic activities is increased, at least in the short term, compared to ambient CO2
concentrations (aCO2) [2]). The beneficial effect of eCO2 in higher plants, however, is linked
to certain conditions, such as (e.g., [3]): i. the plant’s type of photosynthesis (e.g., C3 or C4
pathway), ii. the plant’s growth period and therefore effect duration (short-, medium- or
long-term), iii. the presence of other photosynthesis limiting factors (e.g., light, nutrients),
and iv. the balance between source activity (net export of photo-assimilates by mature
leaves) and sink activity (growth, storage). This complexity highlights that the finely-tuned
mechanism of carbon assimilation is the prerequisite for better plant production under
future increased carbon dioxide supply. From an agricultural perspective, the physiological
processes involved that can be influenced by crop management are of particular interest.
The supply of nitrogen and its assimilation in plants represents one such adjusting screw.
Nitrogen (N) is incorporated in many organic compounds comprising all amino acids, thus
being highly relevant for the biosynthesis of enzymes which are essential for metabolic
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activities. Plants expend about one quarter of their energy to convert inorganic into organic
N [4]. N deficiency of plants induces a shift in the metabolic processes with a reduction
of N-based products, such as proteins, resulting in reduced growth [5]. Due to the high
vulnerability of crop development to N deficiency, the relationship between eCO2 and
nitrogen assimilation deserves special attention.

Nitrogen assimilation in plants is coupled to photosynthesis primarily through Ru-
bisco, the enzyme catalyzing C3 carbon fixation. Rubisco activity determines the avail-
ability of electrons for the reduction of inorganic nitrogen, NO3

− via NH4
+, to organic

compounds [6]. The reductants originate from the oxygenation reaction of Rubisco, better
known as photorespiration. The carboxylation reaction and photorespiration compete
for reductants and the balance between these processes depends largely on the relative
concentrations of CO2 and O2, as well on the high specificity of Rubisco for CO2 [7]. At
eCO2, photorespiration is initially reduced in favour of stimulated net CO2 assimilation
(e.g., [8]). Limited photorespiratory activity provides less reductants for the nitrate re-
duction in photosynthetic tissue (e.g., [4,9]), which limits the nitrate assimilation under
eCO2 conditions [4]. Bloom [4] concludes that the nitrogen form supplied to plants mat-
ters for the efficiency of converting inorganic N into organic N and consequently, for
the photosynthates- and protein-driven growth response under eCO2. Thus, a reduced
assimilation of inorganic N under eCO2 can be attenuated by using other N forms as
fertilizers for crops, such as ammonium (NH4

+) [6,10]. In fact, NH4
+ can be incorporated

into organic N compounds independently of photorespiration (see details in [11]). Growing
plants with ammonium as the sole N source, however, may exert toxic effects [12]. For
ammonium-sensitive plant families, such as the economically relevant Brassicaceae [13], it
is therefore recommended to use mixtures of ammonium-N and nitrate-N [14,15] in order
to improve plant productivity under eCO2 levels [16].

The effects of eCO2 on nitrate assimilation in the context of N forms and their con-
sequences for plant growth are highly controversial in the literature [4,6,11,17]. The two
main criticisms are the CO2 acclimation [18–20] and the site of nitrate assimilation [17].
CO2 acclimation is characterized by short-term stimulated net CO2 assimilation, which
stabilizes at rates close to those of plants at aCO2 in long-term exposure to eCO2 [3]. This
may result from an accumulation of photosynthates that are generated by the initially
increased photosynthesis. The imbalance in the source-sink ratio then down-regulates
the photosynthetic activity [3]. Under these conditions, photorespiration might not be
inhibited to the extent that is necessary to lower nitrate photoreduction. This is supported
by observations of increased growth of C3 species under eCO2 with the supply of nitrate
as the sole N source [21–23]. In addition, nitrate assimilation of C3 plants proceeds at
several sites, in leaves as well as in roots. Shifts in the partitioning of NO3

− assimilation
from leaves to roots under eCO2 have been observed [17,24] and were explained by the
increased transport of photosynthates to the root to provide essential reductants [17].

The impacts of eCO2 on the mechanisms of N assimilation in C3 plants are thus not
fully understood, especially for short-term crops. Among them, leafy vegetables which
play an important role in the human diet have to comply with thresholds of their foliar
nitrate content. This is related to the high demand for fertilizer, such as nitrogen (e.g., as a
component of chlorophyll), to ensure good yields and qualities. Reducing the N supply is
therefore not an option, but reaching high yields and low contents of nitrate in the foliage
can be achieved by complete or partial fertilization with other N forms [25–29].

For the model plant Arabidopsis thaliana and several vegetable crops of the Brassicaceae
family, the supply of mixtures of ammonium- and nitrate-N was shown to increase the
concentrations of secondary compounds [6,25,30], thus further improving the nutritional
value and the defensive capacity of the plants [31]. This might become relevant in the
future as recent publications suggest an increased occurrence of fungal infections in leafy
vegetable crops [32,33] due to altered temperature and humidity in larger and denser
canopies developing under eCO2 [34]. However, several studies suggest that plants grown
under eCO2 will have increased contents of C-based secondary compounds [35–37], which
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might offer protection against pathogen and pest attack and have beneficial effects for
human nutrition at the same time. Nevertheless, the negative effects of eCO2 on the
nutritional value of crops have also been observed: for example, larger biomass potentially
reduces the concentration of macro- and micronutrients [35,38–40].

This is particularly relevant for arugula, a leafy vegetable of growing economic impor-
tance. Besides the characteristic aroma and taste, low caloric value, and high content of
minerals and vitamin C, arugula offers additional benefits to human health as it contains
many phytochemicals, such as carotenoids, phenolics and glucosinolates [41,42]. Arugula
plants are often affected by downy mildew and thus the resistance to this biotic stressor is
an important target for breeding activities on arugula. A higher defensive capacity can be
counterbalanced by yield decreases as the plants are continuously faced by the dilemma
to invest their resources into growth or defence-related processes [43], especially under
altered environmental conditions.

Against the background of complex und partly unknown interactions between CO2
concentrations and N form, we aimed at elucidating the effects of nitrate-N and ammonium-
N nutrition under elevated CO2 on the physiology, morphology and chemical composition
of the short-term crop Eruca sativa, differentiated between two varieties.

2. Materials and Methods

2.1. Plant Cultivation

The experiment was conducted in a split-plot design in climatic chambers (HGC 0714,
Weiss Technik UK Ltd., Königswinter, Germany). The atmospheric CO2 concentration
was the main factor with the arugula variety and N form being the subfactors. Each
combination of the factors was repeated 8 times, realized by 8 pots with 30 plants each
per factor sub-combination (Figure 1) and climatic chamber. Thus, 1 climatic chamber
contained 32 pots in total.

Figure 1. Design of one experimental set. One rectangle represents one climatic chamber. This set-up
was repeated three times.

Three sets of experiments (Figure 1) were run (n = 3). The first and second sets were
grown in parallel (late August until mid-October 2016), having two climatic chambers each
set to the same CO2 conditions. The third set was run after the first two (late October until
early December 2016), consisting of one climatic chamber set to 400 ppm CO2 and one
climatic chamber set to 800 ppm CO2.

The Eruca sativa varieties ‘Tricia’ and ‘Bellezia’ (both Enza Zaden, Warmenhuizen,
The Netherlands) were chosen for the experiment as they showed the highest and lowest
incidences of downy mildew in a field trial, respectively [44]. The plants were grown
in pots (diameter 10 cm) in clay substrate (325 mL·pot−1; Nullerde fein; Alpenflor Er-
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denwerke GmbH & Co. KG, Weilheim, Germany) with 30 seeds each. The substrate
contained 41.6–49.8 mg total N·L−1. Sowing dates were 29 August 2016 for the first and
second set of experiments and 24 October 2016 for the third set. The pots were covered
with Styrofoam sheets and placed in trays into the climatic chambers set to the following
conditions: 20/18 ◦C (day/night), no light, 400 ppm CO2. After 4 days, the Styrofoam
cover was removed. Another 3 days later, when the cotyledons were unfolded, the pots
were arranged to their final position (distances of 11.5 cm × 14 cm). The photosynthetic
photon flux density (metal halide lamps) was 1000 μmol·m−2·s−1 at the height of the plants
during a photoperiod of 11 h (with dusk and dawn phases of one hour each). The light
intensity at plant height was recorded by a quantum sensor (LI190R, LI-COR Environmen-
tal, Lincoln, NE, USA) coupled to a data logger (LI1400, LI-COR Environmental) in each
climatic chamber separately. The relative humidity was set to 50% and the temperature to
20 ◦C/18 ◦C (day/night). Water was applied according to the demands of the single pots
in order to fill up to a 90% water holding capacity per pot. The pots were thus weighed
every 2 days at the beginning and daily later-on, and water was supplied when the water
holding capacity fell below 80%.

Fertilizer was applied 4 times during the cultivation period, separately for N and
P + K, yielding 300 mg N, 185 mg P2O5 and 500 mg K2O per pot. N was given on days
6, 20, 27 and 33 after sowing as calcium nitrate (N + P + K = 15.5 + 0 + 0; 100% NO3

−)
in the pure nitrate treatment. On the same days, the ammonium-dominated N treatment
received a mixture of 50% ammonium sulphate (N + P + K 21 + 0 + 0) and 50% ammonium
nitrate (N + P + K 34,8 + 0 + 0), yielding 75% NH4

+ and 25% NO3
−. P and K was applied

on days 13, 25, 29 and 35 after sowing (“Ferty Basisdünger 1” (N + P + K 0 + 14 + 38; Planta
Düngemittel GmbH, Regenstauf, Germany). The fertilizer was added into the saucers in
portions of 50–75 mL per pot. The plants were cultivated for 44 to 45 days. Harvests were
conducted on 11 and 12 October 2016 (first and second set) and on 6 December 2016 (third
set), respectively.

2.2. Biomass and Physiological Measurements

At harvest date, the number of inflorescences with at least 1 open flower and the total
above-ground fresh mass were assessed from all 8 pots per treatment and climatic chamber
(Figure 2). Three pots per treatment and climatic chamber were chosen for the recording
of leaf numbers per pot, leaf area (LI 3100, LI-COR Biosciences, Lincoln, NE, USA), and
the dry mass of the above-ground plant parts. Three other pots per treatment and climatic
chamber were used for the measurement of photosynthetic gas exchange and non-invasive
measurements of the N status and pigment indices. The above-ground biomass was dried
at 60 ◦C for 24 h (when dry mass of the leaf material was constant) and then used for
elemental analyses. The plants of 3 other pots per treatment and climatic chamber were
used for the measurement of photosynthetic gas exchange. The above-ground biomass of
all plants of these 3 pots per treatment and climatic chamber was sampled and frozen for
later chemical analyses of plant pigments and vitamin C. The above-ground fresh mass
in the remaining 2 pots per treatment and climatic chamber were sampled as well for the
analysis of vitamin C and pigment content.

The gas exchange was measured with the GFS-3000 device (Heinz Walz GmbH, Effel-
trich, Germany) on a single leaf per pot. The following cuvette conditions were used: flow
750 μmol, impeller 5, PAR 1100 μmol·m−2·s−1, relative humidity 50%, measured leaf area
8 cm2, temperature 20 ◦C. The CO2 supply was either set to 400 ppm or 800 ppm, depend-
ing on the respective growing conditions of the plants. Measuring points were recorded
when the rates of transpiration and photosynthesis were stable. After 4 measurements, the
gas analyzer was calibrated by taking measurements of an empty cuvette.

After the measurements, the leaves were cut at the edge of the cuvette and the edge
was subtracted by cutting along a model made of a piece of paper. The remaining leaf
part, which represented the actual measured leaf area, was photographed against a piece
of paper of a defined size. The measured leaf area was calculated by colour segmentation
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with the software Fiji [45]. The data on photosynthetic gas exchange were then corrected
for the actual measured leaf area.

Figure 2. Parameters assessed at harvest of the arugula plants. Each pot contained 30 plants.
FM = fresh mass, DM = dry mass.

On the same leaves as used for photosynthetic measurements, indices for the N status
and pigments were assessed with the Dualex device (Force-A, Orsay Cedex, France) and
the N-Tester (based on the SPAD device, YARA GmbH & Co. KG, Dülmen, Germany).

2.3. Chemical Analyses

For ascorbic acid analyses, the frozen leaf material was homogenized in oxalic acid
and an aliquot was taken for quantification by titration with iodide and iodate (TitroLine
alpha plus with automatic dispenser TITRONIC universal and sample changer TW alpha
plus, all SCHOTT Instruments GmbH, Mainz, Germany). Chlorophylls and carotenoids
were extracted from frozen and ground leaves in 100% acetone buffered with NaHCO3 and
quantified after photometric readings (modified procedure of [46]). Anthocyanins were
analyzed according to [47]. Briefly, the anthocyanins were extracted from 0.5 g of frozen
and ground leaf material using 80% methanol, which was acidified with 1% acetic acid.
The extracts were measured photometrically at 530 nm and 657 nm and the concentrations
of anthocyanins were calculated as equivalents to cyanidine-3-glycoside.

For elemental analysis, dried and ground plant materials were wet-digested in a
microwave digester (MLS 1200 mega; MLS GmbH, Leutkirch, Germany). All micro- and
macro-nutrients (excluding N & C) were analyzed using inductively coupled plasma
optical emission spectrometry (Perkin-Elmer Optima 3000 ICP-OES; Perkin-Elmer Corp.,
Nerwalk, CT, USA). Total nitrogen was extracted using the Kjeldahl method and measured
in a continuous flow apparatus (FIAstar™ 5000 Analyser; FOSS Analytical A/S, Hilleroed,
Denmark). The organic C content in the dry material was measured by a colometric assay
(Lambda 25 UV/VIS Spectrophotometer; PerkinElmer, Inc., Shelton, CT, USA) after wet
oxidation of the organic matter using potassium dichromate [48].

The substrate of the 8 pots of the same treatment and the same climate chamber was
combined and mixed before taking an aliquot as a single subsample. In this sample, the
pH was recorded (inoLab pH 7310; Xylem Analytics Germany Sales GmbH & Co. KG,
Weilheim, Germany). Additionally, the contents of the total N, NO3

−-N and NH4
+-N

were determined after Kjeldahl distillation (Vapodest; C. Gerhardt GmbH & Co. KG,
Königswinter, Germany) and titration with 0.02 M HCl.

2.4. Statistical Analyses

The averages of the plants per climatic chamber and treatment were used for statistical
analyses, yielding n = 3. The data assessed in a split plot design (CO2 as the main factor with
variety and N form as subfactors) were analyzed using the R software package [49]. The
following model for a nested ANOVA was chosen: CO2*N form*variety + error (climatic
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chamber/(N form*variety)). Following this, the interactions of the 3 experimental factors
CO2 concentration, N form and arugula variety were assessed. When significant impacts
were observed, they were further dissected by post hoc F-tests at α = 0.05.

3. Results

3.1. Substrate Composition

The total N remaining in the substrate after 44–45 days of arugula cultivation was
neither impacted by CO2 supply, nor by N form, nor by arugula variety (Table 1). The
concentrations of ammonium-N and nitrate-N did not vary between the treatments. As
well, the pH was not altered by the CO2 supply (Table 1). However, the substrate of
the ‘Bellezia’ plants had a slightly higher pH than those of the ‘Tricia’ plants. The N
form also impacted the pH: with pure nitrate, the pH was higher when compared to
ammonium-dominated N.

Table 1. Chemical parameters of the growth substrate at harvest (44–45 DAS). n = 3.

Treatment
Total N

(mg·L−1)
NH4

+-N
(mg·L−1)

NO3
−-N

(mg·L−1)
pH

aBeNO 65.6 a 30.1 a 35.5 a 7.0 a
aTriNO 62.6 a 15.6 a 47.0 a 7.0 a
aBeNH 83.1 a 28.7 a 54.4 a 6.1 b
aTriNH 63.4 a 27.7 a 35.7 a 5.8 c

eBeNO 60.1 a 23.4 a 36.7 a 7.1 a
eTriNO 67.7 a 20.1 a 47.5 a 7.0 a
eBeNH 84.0 a 31.4 a 52.6 a 6.1 b
eTriNH 56.1 a 24.7 a 31.5 a 5.6 c

Different letters show differences between the experimental treatments at α = 0.05. a = ambient CO2, e = elevated
CO2, Be = ‘Bellezia’, Tri = ‘Tricia’, NO = pure nitrate, NH = ammonium-dominated N.

3.2. Plant Growth and Yield Parameters

The number of leaves per pot (=30 plants) was not significantly affected by the three
experimental factors, albeit tendencies for more leaves in ‘Bellezia’ were obvious (p = 0.1).
However, differences in the leaf area were detected, which consequently influenced the
total leaf area per pot: The CO2 concentration had no significant effect on the leaf area,
albeit ‘Bellezia’ with ammonium-dominated N supply had a lower leaf area under elevated
CO2 as compared to ambient CO2 concentrations. Thus, the interactions of N form, variety
and CO2 supply were apparent (p = 0.048). In general, plants with ammonium-dominated
N supply, as well as those of the variety ‘Bellezia’, had lower leaf areas. The same pattern
was found for the total above-ground fresh mass. While the CO2 supply did not affect the
fresh mass, there was an increase in the dry mass under elevated CO2. The plants with pure
nitrate had a higher dry mass. Concerning the arugula varieties, there were tendencies
(p = 0.053) for larger above-ground dry mass in the ‘Tricia’ plants.

Inflorescences with at least one open flower showed up at day 39 after sowing (DAS),
independently of CO2 supply, N form and arugula variety (Figure S1). On 43 DAS,
significant interactions of the three experimental factors’ CO2 supply, N form and arugula
variety were observed (p = 0.035).

When fertilized with ammonium-dominated N, ‘Bellezia’ had less inflorescences than
‘Tricia’ under 400 ppm CO2. This difference between the arugula varieties was not found
at 800 ppm CO2 when both ‘Tricia’ and ‘Bellezia’ with ammonium-dominated N supply
had significantly more inflorescences than under ambient CO2 concentrations. With pure
nitrate, the number of inflorescences was not altered by the CO2 supply in both arugula
varieties. In general, no significant effects due to CO2 were observed (p > 0.1, Table 2).

The N form exhibited significant effects on the number of inflorescences. At elevated
CO2 conditions, both arugula varieties had more inflorescences when grown with pure
nitrate as compared to those with ammonium-dominated N.
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Table 2. Above-ground biomass parameters at harvest. Data are averages of n = 3.

Treatment
Fresh Mass
(g·plant−1)

Dry Mass
(g·plant−1)

Leaf Number
(plant−1)

Total Leaf Area
(cm2·plant−1)

Inflorescences
(Number pot−1)

aBeNO 1.53 a 0.27 ac 8.11 a 25.48 ab 4.7 c
aTriNO 1.64 a 0.28 ad 7.81 a 30.10 c 4.1 c
aBeNH 1.11 b 0.18 b 8.09 a 21.25 de 2.6 d
aTriNH 1.28 ce 0.22 ab 7.70 a 25.84 ab 3.7 c

eBeNO 1.59 ad 0.32 cd 8.52 a 25.66 ab 6.5 ac
eTriNO 1.66 a 0.32 cd 8.20 a 28.30 ac 7.4 ac
eBeNH 1.14 bc 0.23 ab 8.46 a 19.04 d 5.8 b
eTriNH 1.30 e 0.26 a 8.19 a 24.03 be 5.9 b

Different letters indicate significant differences between the treatments at α = 0.05. a = ambient CO2, e = elevated CO2, Be = ‘Bellezia’, Tri =
‘Tricia’, NO = pure nitrate, NH = ammonium-dominated N.

3.3. Photosynthetic Gas Exchange

The photosynthetic CO2 assimilation was not affected by N form and arugula variety
but increased at eCO2 (Figure 3a). However, eCO2 significantly reduced the stomatal con-
ductance (Figure 3b), thereby decreasing transpiration (data not shown), while increasing
the leaf-internal CO2 concentration (Figure 3c). The photosynthetic water use efficiency
(WUE = assimilated CO2 per water lost by transpiration) was 1.7 to 2.4 times higher at
800 ppm compared to 400 ppm CO2 (Figure 3d).

Figure 3. Photosynthetic CO2 assimilation (a), stomatal conductance (b), leaf-internal CO2 concentra-
tion (c) and photosynthetic water use efficiency (d) at harvest (45–46 days after sowing). a = ambient
CO2, e = elevated CO2, Be = ‘Bellezia’, Tri = ‘Tricia’, NO = pure nitrate, NH = ammonium-dominated
N. Data are averages of n = 3. Different letters indicate significant differences between the treatments
at α = 0.05.

3.4. Plant Composition

The eight experimental treatments did not differ in terms of the chlorophyll content
of the leaves, as confirmed by non-invasive measurements (Figure S2) and by chemical
analyses (Table 3).

55



Horticulturae 2021, 7, 251

Table 3. Pigment and ascorbic acid contents of leaves of two arugula varieties grown with two
different N forms and two atmospheric CO2 concentrations. n = 3.

Treatment
Chlorophylls

(mg 100 g−1 FM)
Carotenoids

(mg 100 g−1 FM)
Anthocyanins

(mg 100 g−1 FM)
Ascorbic Acid

(mg 100 g−1 FM)

aBeNO 30.5 a 0.25 a 8.3 a 24.5 ab
aTriNO 29.8 a 0.16 a 8.1 a 18.1 a
aBeNH 37.5 a 0.18 a 9.4 a 18.1 a
aTriNH 29.1 a 0.15 a 6.8 a 21.5 ab

eBeNO 29.7 a 0.49 a 5.5 a 24.8 ab
eTriNO 25.5 a 0.40 a 6.2 a 21.8 ab
eBeNH 30.3 a 0.25 a 5.7 a 26.6 ab
eTriNH 30.1 a 0.32 a 6.4 a 35.2 b

Different letters indicate significant differences between the treatments at α = 0.05. a = ambient CO2, e = elevated
CO2, Be = ‘Bellezia’, Tri = ‘Tricia’, NO = pure nitrate, NH = ammonium-dominated N.

The concentrations of total carotenoids, anthocyanins and ascorbic acid were not
impacted by the experimental factors CO2 concentration, N form and variety (Table 3).
Ascorbic acid concentrations showed significant interactions of N form and variety (Table 3).
The concentration of ascorbic acid of ‘Tricia’ increased by almost two-fold when grown
with ammonium-dominated N at eCO2 as compared to pure nitrate under aCO2.

The N content of the leaves did not differ between the eight experimental treatments
(Table 4). The elevated CO2 concentrations tended to increase the C content of the arugula
leaves (p = 0.09). Consequently the C/N ratio was significantly increased exclusively by
100% nitrate N, and in the variety ‘Tricia’ (data not shown).

Table 4. Concentration of macro- and micronutrients in above-ground dry mass of arugula. n = 3.

Element Unit aBeNO aTriNO aBeNH aTriNH eBeNO eTriNO eBeNH eTriNH

C % 39.1 a 37.8 a 38.1 a 38.6 a 39.2 a 39.5 a 39.9 a 39.6 a
N % 2.19 a 2.16 a 2.97 a 2.47 a 1.92 a 1.85 a 2.61 a 2.51 a
S % 0.96 ab 1.12 abc 1.31 b 1.20 ab 0.81 c 0.90 c 1.02 abc 0.94 ac
K % 2.91 bc 3.18 bc 3.17 bc 3.30 b 2.68 ac 2.73 ac 2.94 bc 3.01 bc
P % 0.39 a 0.36 a 0.71 b 0.61 bc 0.33 a 0.33 a 0.63 bc 0.57 c

Ca % 1.87 a 1.97 a 1.65 a 1.37 a 1.73 a 1.74 a 1.38 a 1.33 a
Mg % 0.22 a 0.24 a 0.22 a 0.22 a 0.21 a 0.22 a 0.21 a 0.21 a
Fe ppm 41.4 a 42.7 a 60.1 a 71.5 a 39.4 a 39.1 a 71.9 a 63.6 a
Zn ppm 20.3 a 21.0 abd 28.3 bc 30.9 c 20.5 ab 20.9 abd 31.1 c 28.3 cd
Mn ppm 11.4 a 10.7 a 12.5 a 18.4 a 11.0 a 9.1 a 13.7 a 16.7 a
Cu ppm 6.44 a 7.04 a 8.09 a 6.87 a 7.34 a 6.47 a 7.19 a 6.84 a
Na ppm 0.16 ab 0.15 ab 0.22 a 0.15 ab 0.13 ab 0.13 b 0.15 ab 0.13 ab

Different letters indicate significant differences between the treatments at α = 0.05. a = ambient CO2, e = elevated CO2, Be = ‘Bellezia’,
Tri = ‘Tricia’, NO = pure nitrate, NH = ammonium-dominated N.

The concentrations of the mineral elements Ca, Mg, Fe, Mn and Cu did not differ
between the eight experimental treatments. The concentration of S was not altered by
eCO2, N form or arugula variety, with the exception of a decrease due to eCO2 for ‘Bellezia’
fertilized with pure nitrate-N. Potassium concentrations were not altered by N form, variety
and CO2 concentration. However, ‘Tricia’ grown with ammonium-dominated N under
aCO2 had significantly larger K concentrations in the leaves as compared to ‘Tricia’ grown
under eCO2 with pure nitrate-N. The foliar concentrations of P were neither impacted by
CO2 concentration nor arugula variety. When supplied with ammonium-dominated N, the
P concentrations increased in the leaves regardless of the CO2 concentration. No effects
of variety or CO2 concentration on the Zn content of leaves were observed, except for
increased contents in “eTriNH”. For Na, no significant differences between the treatments
were observed, albeit ‘Bellezia’ grown with ammonium-dominated N under aCO2 (aBeNH)
had larger Na concentrations than ‘Tricia’ grown under eCO2 with pure nitrate-N (eTriNO;
Table 4).
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4. Discussion

This study is a contribution to the highly controversial debate of whether C3 plants
benefit from ammonium as a nitrogen source under elevated atmospheric CO2 concen-
trations (eCO2). This assumption is based on [50], who stated that nitrate assimilation
in plants is reduced under non-CO2-limited conditions, under which photorespiration is
reduced in favour of carboxylation. Ammonium-N nutrition, compared to nitrate, would
then be expected to increase the efficiency of carbon fixation and N assimilation, both
leading to higher net production and product quality. However, Andrews et al. [17] argue
against that theory with underestimated nitrate assimilation by roots under eCO2 condi-
tions. Besides the reduced leaf nitrate assimilation, the phenomenon of CO2 acclimation,
occurring potentially a few days or weeks after eCO2 exposure [51], may mitigate the
changes in the N metabolism and thus, the effect of the ammonium-nutrition of plants.
Against this controversial background, we tested the effect of N form under eCO2 on plant
performance and leaf chemical composition using the short-term leafy vegetable arugula
(Eruca sativa), which as a Brassicaceae highly contributes to human health.

When grown under 800 ppm CO2, arugula plants showed a clear CO2 fertilization
effect as ci (Figure 3c), photosynthetic CO2 assimilation (Figure 3a) and dry mass (Table 2)
increased in response to eCO2, independently of the N form. These effects were recently
confirmed for a close relative of arugula, Arabidopsis thaliana [52]. Characteristically for the
CO2 fertilization effect, the water use efficiency of arugula plants was improved (Figure 3d),
as shown for several other C3 species at eCO2 [2].

The photosynthetic activity was enhanced, as there were no limitations by light, water
supply, N supply or CO2. The same is true for other mineral elements, such as Mg. As
there were neither effects of the N form nor the CO2 level on the Mg contents in the
leaves (Table 4), we conclude that the carboxylation activity of Rubisco was favoured at
the expense of the oxygenation of RuBP (see [4]).

This initially enhanced CO2 assimilation was often shown to decrease under long-
term eCO2 exposure due to feedback inhibition by the accumulated carbohydrates in the
leaves [53]. The so-called CO2 acclimation effect was not observed for the short-term
crop arugula (Figure 3a). Consequently, lower photorespiratory activities in plants under
eCO2 might be assumed compared to aCO2, which is the prerequisite for limited nitrate
assimilation in leaves [50].

However, our study cannot confirm Bloom’s theory [50]. As nitrate assimilation
was not quantified we used other methods, such as nitrate depletion from the growth
medium which was considered to indicate altered nitrate assimilation in C3 plants [4]. In
fact, the lack of differences in soil nitrate-N and ammonium-N concentrations between all
treatments at the end of the experiment suggests that nitrate depletion from the medium
was unaffected by the CO2 concentration (Table 1). Moreover, leaf N contents were similar
in all N form*CO2 treated plants (Table 4), which would not be expected with reduced
leaf nitrate assimilation under eCO2 levels. This further yielded similar fresh mass of
the plants grown with ammonium-dominated N compared to pure nitrate-N under eCO2
(Table 2). If nitrate assimilation in leaves was nevertheless reduced—and in fact there
are indicators of reduced photorespiration and thus, limited nitrate-photoreduction—it
must have been compensated by increased assimilation in other plant organs [17,54]. For
Arabidopsis thaliana, it was suggested that root N assimilation is favoured in plants under
eCO2 conditions in order to “offset the decline in nitrogen metabolism in the leaves” [54].
A shift in the partitioning of nitrate assimilation consequently results in little alterations of
the plant´s N status under eCO2 conditions, which we thus can confirm for arugula.

For future fertilization under elevated CO2, we do not recognize any advantage
of ammonium-N nutrition for arugula in context of biomass and N accumulation. In
general, using ammonium-dominated N is rather detrimental in arugula production as
leaf area and fresh and dry mass may be decreased, regardless of the CO2 level (Table 2).
Moreover, smaller diameters and less visible roots [55] indicate overall restricted growth
processes in response to ammonium-dominated N, pointing to mild toxicity symptoms [12].
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This is especially true for the variety ‘Bellezia’ which probably is more sensitive towards
ammonium-N supply than the variety ‘Tricia’.

These negative aspects of ammonium-N nutrition can be counterbalanced by lower
numbers of inflorescences at harvest (Table 2), especially under eCO2 conditions, resulting
in more marketable plants than with nitrate-N. This implies that senescence processes
are not enhanced in response to the mild stress imposed by ammonium. Moreover, there
was no increased exposure of plants to oxidative stress due to the lower photorespiratory
activity under eCO2 [4], as suggested by several antioxidants in the leaves (carotenoids,
anthocyanins, ascorbic acid) that were not altered by CO2 level and N form (Table 3).
This is similar to results of other studies [50], but contrasts with reported increases in the
contents of ascorbic acid and other antioxidants and their precursors in vegetables under
eCO2 [35,36,56–58].

Thus, the proposed carbon surplus generated by the increased photosynthetic activ-
ity under eCO2 conditions was likely not utilized for increased synthesis of secondary
metabolites with antioxidative properties [59]. In addition, C surplus was not increasingly
metabolized to soluble carbohydrates in the leaves (as the C content was not significantly
affected, Table 4), and thus did not cause feedback limitation of photosynthesis in the
long-term (Figure 3a). The option of transporting extra carbon to the root system [59]
can be excluded since the visible root growth was not promoted (see [55]). We therefore
suggest that the surplus carbon was used for modifications of the leaves´ morphological
and anatomical structures, as proposed by Gamage et al. [2]. This hypothesis is fostered by
the significantly higher dry mass of the plants under eCO2 levels (Table 2).

This higher dry mass resulted in the “dilution” of the macronutrients P, K and S
(Table 4). The phenomenon of reduced concentrations of nitrogen and other mineral ele-
ments in plants grown under elevated CO2 concentrations [35,39,40,57,60] is a consequence
of accumulated photosynthates and reduced root uptake due to increased CO2 assimilation
and decreased transpiration, respectively [61]. In our study, the lower concentrations of
relevant macronutrients in the above-ground biomass were apparently not limiting the
plant growth processes, but they might lower the nutritional quality of the vegetables in
the future [35,40].

This is especially true for the micronutrient Zn, as pointed out by Dong et al. [36]
and Soares et al. [39]. However, foliar Zn levels were not affected by the CO2 level in our
study but were lower when grown with nitrate as the sole N source (Table 4). This can be
regarded as a dilution effect by the larger biomass under pure nitrate fertilization.

To overcome these low contents of Zn in the leaves of arugula, the fertilization with
ammonium-dominated N may be beneficial under ambient and elevated CO2 (Table 4).
However, this conclusion cannot be drawn for several other minerals (Ca, Mg, Na, Mn,
Fe, Cu) for which no significant differences between the CO2*N form treatments were
observed (Table 4). The same applies to N (Table 4), which is closely linked to the leaf
chlorophyll contents (Table 3). Several studies reported that the total chlorophyll content
of leaves is not altered even at very high CO2 levels [32,36,52,57,62], which enables the
high photosynthetic capacities and the increased water use efficiency under non-limiting
conditions, regardless of N form and arugula variety.

5. Conclusions

A CO2 acclimation does not occur in the short-term leafy vegetable arugula. This
crop benefits from elevated CO2 levels in terms of photosynthetic activities and biomass
development. The supply of ammonium-dominated N, in contrast to the hypothesis of
Bloom [50], does not provide further advantages as the biomass development of arugula
is rather impeded by this N form, regardless of the atmospheric CO2 level. The same is
true for the nutritional quality of arugula leaves, as pure nitrate supply and ammonium-
dominated N fertilization have very similar impacts. It is thus not recommended to use
ammonium-dominated N for the production of arugula under future elevated CO2 levels.
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Abstract: The present work aims to explore the potential to improve quality of purslane microgreens
by combining water salinity and LED lighting during their cultivation. Purslane plants were grown
in a growth chamber with light insulated compartments, under different lighting sources on a
16 h d−1 photoperiod—fluorescent lamps (FL) and two LED treatments, including a red and blue
(RB)) spectrum and a red, blue and far red (RB+IR) LED lights spectrum—while providing all of them
a light intensity of 150 μmol m−2 s−1. Plants were exposed to two salinity treatments, by adding 0 or
80 mM NaCl. Biomass, cation and anions, total phenolics (TPC) and flavonoids content (TFC), total
antioxidant capacity (TAC), total chlorophylls (Chl) and carotenoids content (Car) and fatty acids
were determined. The results showed that yield was increased by 21% both in RB and RB+FR lights
compared to FL and in salinity compared to non-salinity conditions. The nitrate content was reduced
by 81% and 91% when microgreens were grown under RB and RB+FR, respectively, as compared to
FL light, and by 9.5% under saline conditions as compared with non-salinity conditions. The lowest
oxalate contents were obtained with the combinations of RB or RB+FR lighting and salinity. The
content of Cl and Na in the leaves were also reduced when microgreens were grown under RB and
RB+FR lights under saline conditions. Microgreens grown under RB light reached the highest TPC,
while salinity reduced TFC, Chl and Car. Finally, the fatty acid content was not affected by light or
salinity, but these factors slightly influenced their composition. It is concluded that the use of RB
and RB+FR lights in saline conditions is of potential use in purslane microgreens production, since it
improves the yield and quality of the product, reducing the content of anti-nutritional compounds.

Keywords: minerals; fatty acids; oxalate; nitrate; phytochemicals; antioxidants

1. Introduction

Since antiquity, purslane (Portulaca oleracea L.) has been used as a medicinal and edible
plant. As an edible plant, the most frequent use of purslane is raw in mixed salads, being
appreciated for its succulence and pleasant, slightly acidic taste [1]. Its morphological
and nutritional characteristic makes it suitable as a ready-to-eat product that can be easily
adjusted to new market requirements [2]. Furthermore, it presents a higher nutritional
value as compared with other major cultivated vegetables, thanks to the numerous bio-
protective compounds such as antioxidants and vitamins, essential amino acids, omega-3
fatty acids and several minerals, including potassium [3]. On the other hand, its acceptance
in the human diet could be conditioned by the large amounts of some anti-nutritional
compounds it contains, mainly oxalates and nitrates, an aspect to be considered in the
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cultivar selection [2] and ameliorated by the appropriate choice of the growing season [4].
In recent years, together with the rise in its consumption, an increase in the agricultural area
devoted to this crop has been also observed, particularly in the Mediterranean basin [5].

Purslane has been rated as moderately tolerant to salinity [6] by accumulating salt in
the tissues [7]. In general, purslane plants exposed to salinity stress were shown to increase
the concentration of nutritional compounds, including total phenol contents (TPC), total
flavonoid contents (TFC) and ferric reducing antioxidant power [8]. Moreover, leaf nitrate
concentration was decreased in purslane plants grown under salinity above 5.0 dS m−1 in
the nutrient solution [9]. When purslane plants were treated with moderate salinity (up to
40 mM of NaCl in nutrient solution), no detrimental effects were observed in the biomass
production, while an increase in the major fatty acids (linoleic, linolenic and palmitic acid)
and a decrease in oxalic acid contents was measured [10]. Furthermore, plants exposed to
four levels of salinity (60, 90, 120 and 240 mM NaCl) in the root zone for 40 days showed
no signs of toxicity [11]. However, different accessions exhibit diverse performances under
exposure to different levels of salinity stress, with evidence of ornamental purslane being
generally more salt tolerant than common purslane [12].

Light-emitting diodes (LEDs) are increasingly adopted to efficiently provide lighting
for production of several vegetable modalities and for quality preservation during storage,
with proven potentialities to influence the metabolic pathways and therefore the biosynthe-
sis of several bioactive compounds [13–15]. Fully controlled growing environments with
artificial lighting (e.g., plant factories, vertical farms, growing chambers) are commonly
used for microgreens cultivation. In these environments, light parameters (e.g., spectral
quality, light intensity, photoperiod) can be optimized in order to enhance the nutritional
value of microgreens [16,17]. Particularly, responses in terms of crop productivity and func-
tional quality to changes in light spectrum depends on plant species [18], and for new and
emerging species, including purslane, these effects are not yet well established. Recently,
Kyriacou et al. [19] studied the effects of different spectral bandwidths on the nutritive
and phytochemical composition of purslane, demonstrating that the use of monochromatic
blue or red light resulted in higher accumulation of nitrate and lower biosynthesis of total
polyphenols as compared to a combination of red and blue light. However, to our knowl-
edge, no published information is available about the combined effects of salinity and
LED spectral quality on the bioactive compounds’ accumulation of purslane microgreens.
Therefore, the aim of this study was to analyze the effects of salinity (80 mM NaCl) and
LED spectral quality on yield and quality of purslane microgreens production. For that,
biomass production, cations and anions content, fatty acids, and the main total bioactive
compounds contents were determined in untreated and salt-treated plants grown under
fluorescent light or two LED lighting treatments.

2. Materials and Methods

2.1. Plant Material and Growing Conditions

Seeds of common purslane (Portulaca oleracea L.), “Summer Purslane” (Tozer Seeds
Ltd., Cobham, UK), were soaked in 0.5% sodium hypochlorite for 3 h under aeration and
rinsed three times in distilled water. After sterilization, the seeds were evenly spread in
10 × 15 cm trays (0.3 g per tray) lined with autoclaved cellulose growth pads of white
viscose (CN Seeds, Ely, UK), and immediately placed in three separated compartments for
each light treatment in a plant growth chamber with alternating day/night temperatures
of 25 ◦C/20 ◦C and a constant relative humidity (80%). Lighting treatments were kept
throughout the experiment. A week later, half of the trays for each light treatment were
irrigated with 20 mL per tray of a nutrient solution [20] once a week for 3 weeks, and
the other half with a saline treatment, where 80 mM of NaCl were added to the nutrient
solution. Microgreens were harvested and weighted when seedlings had four true leaves.
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2.2. Lighting Treatments

The experiment included three lighting treatments, namely a control (FL) provided by
fluorescent lamps (Philips 36W/54-765) and two LED treatments, providing a red and blue
spectrum (RB) and a red, blue and far-red spectrum (RB+FR), respectively (Figure 1). LED
lamps used for the study were manufactured by Flytech s.r.l. (Belluno, Italy) and featured
diodes with narrow bands in the Hyper Red (R, peak at 669 nm), Blue (B, peak at 465 nm)
and Far-Red (FR, peak at 730 nm) spectral regions. The RB treatment featured a red:blue
ratio of 3, as formerly suggested in a wide range of vegetables by Pennisi et al. [13,21] The
RB+FR treatment additionally integrated a 15% far red (FR) radiation. Lamps used for the
FL treatment featured an RB ratio of 0.74. Spectral properties were determined using an
illuminance spectrophotometer (CL-500A, Konica Minolta, Chiyoda, Tokyo, Japan). In all
treatments, a constant photosynthetic photon flux density (PPFD) of 150 ± 5 μmol m−2 s−1

over the plant canopy was provided, and measured using a QSO (Apogee instruments,
Logan, UT, USA) photosynthetic active radiation (PAR) Photon Flux Sensor (with equal
sensitivity to red and blue radiation), connected with a ProCheck handheld reader (Decagon
Devices Inc., Pullman, WA, USA) [13]. A photoperiod of 16 h light/8 h darkness was used
in all the lighting treatments.

Figure 1. Spectral composition of the light supplied by FL (a), RB (b) and RB+FR (c) treatments used during the experiment.

2.3. Agronomical and Biochemical Parameters

Biomass production corresponding to the shoots weight (yield) was calculated at
harvest and expressed as kg m−2. Afterwards, ion content, total phenolic content (TPC),
total flavonoid content (TFC), total antioxidant capacity (TAC), total carotenoid content
(Car), total chlorophyll content (Chl) and fatty acids were analyzed.

Ion content was analyzed using 0.2 g of dried microgreens and quantified accord-
ing to [4]. TPC, TFC, TAC, Chl and Car were determined using a methanolic extract,
which was obtained from 50 mg of previously lyophilized leaves (Telstar Lyoquest 85
plus, Eco, Barcelona, Spain) in 1.5 mL of methanol. It was then vortexed and incubated
overnight at 4 ◦C. After incubation, it was centrifuged at 16,000× g for 5 min at 4 ◦C.
The supernatant was used as methanolic extract for subsequent analysis. TPC was deter-
mined by the Folin-Ciocalteu colorimetric method [22]. TFC was determined as described
by Meda et al. [23]. TAC was evaluated in terms of their free radical-scavenging capac-
ity [24]. Chl and Car were measured by extraction of 50 mg of sample in 1.5 mL of
MeOH, and then absorbances at 652, 665 and 470 nm were measured in an UV-visible
spectrophotometer (8453, Agilent, Santa Clara, CA, USA). The equations developed by Lich-
tenthaler and Buschmann [25] were used to determine the concentrations of chlorophyll a
(Chl a = 16.72 × A665 − 9.16 × A652), chlorophyll b (Chl b = 34.09 × A652 − 15.28 × A665),
Chl = Chl a + Chl b, Car = (1000 × A470 − 1.63 × Chl a − 104.96 × Chl b)/221). Chl and
Car were expressed as mg kg−1 FW. Each of the three replicates was analyzed in triplicate.
Fatty acid methyl esters (FAME) were identified and quantified following the methodology
of O’Fallon et al. [26], with some modification [27].
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2.4. Statistical Analysis

Data were analyzed using Statgraphics Plus. An analysis of variance of agronomical
and biochemical parameters (two-way ANOVA) was performed, in which the factors
were lighting (FL, RB, RB+FR) and salinity (0 and 80 mM NaCl). When interactions were
significant, they were included in the ANOVA; an LSD test was performed to compare
lighting treatment and level of salinity.

3. Results and Discussion

3.1. Yield

Yield was affected by light and salinity (Table 1). It increased by 21% in both LED
lighting treatments (RB and RB+FR) respect to FL. This finding is consistent with previous
results on lettuce and basil, which demonstrated that a mixture of R and B diodes with
an RB ratio of 3 resulted in higher yield compared to fluorescent light and other RB
ratios [13,21]. This result may be explained by the fact that wavelengths of red and blue
lights have been considered as the most convenient sources for enhancing vegetables
growth, since they are absorbed by photosynthetic pigments more efficiently than other
regions of the light spectrum [28,29]. In our experiment, the addition of FR to the spectrum
did not result in a yield increase. However, Jin et al. [30] showed an increase in shoot
weight when FR radiation was added to B+R radiation in lettuce 28 days after transplanting
and Meng and Runkle [31] in lettuce and basil seedlings, a phenomenon that could be
associated with faster leaf area expansion, which would ultimately result in increased
light interception [30]. Possibly, in the current experiment, given that microgreens are
harvested at early stage, the beneficial effects on leaf elongation induced by FR radiation
were negligible, and therefore did not allow for increased light interception.

Table 1. Influence of light treatment and salinity (80 mM NaCl) on yield and nitrate content of
purslane microgreens.

Yield (kg m−2) Nitrate (mg kg−1 FW)

Light treatment (A)
FL 1.47 ± 0.12 a 6392 ± 120 c
RB 1.88 ± 0.16 b 1214 ± 64 b

RB+FR 1.87 ± 0.14 b 556 ± 42 a
Salinity (B)
0 mM NaCl 1.51 ± 0.09 a 2857 ± 501 b

80 mM NaCl 1.97 ± 0.15 b 2585 ± 529 a
Significant Differences

A * ***
B ** **

A × B Ns ns
Asterisk indicates significances at * p < 0.05, ** p < 0.01, *** p < 0.001; ns: non-significant. Different letters
in the same column indicate significant differences. FL: fluorescent lamps, RB: LED Red+Blue, RB+FR: LED
Red+Blue+Far-Red.

Salinity conditions increased microgreens yield by 23% (Table 1). It has been demon-
strated that purslane can be considered as moderately salt tolerant, having the capacity
of growing under salt stress conditions [6]. Accordingly, it was previously shown that
purslane plants (cv. POR-2936) exposed to 100 mM NaCl presented higher shoot and root
productivity, as compared to those grown with 0 mM NaCl [5]. However, the growth of
an Aegean purslane accession was more suppressed under 140 mM NaCl than 70 mM
NaCl [32], suggesting that the salinity concentration threshold to affect growth differs for
each genotype [33]. Thus, increases in fresh weight rising salinity have been recorded in
some purslane accessions (e.g., in Ac9), even up to 32 dS m−1 [12]. On the other hand,
Franco et al. [9] did not find yield differences when the EC in the nutrient solution was
increased from 2.5 to 5.0 dS m−1 when testing salinity response on purslane accession CM
01-215, while yield was instead reduced by 26% when salinity of 15.0 dS m−1 was imposed.
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Finally, there was no interaction between light and salinity for yield (Table 1), in
agreement with the results of Bantis et al. [34], who did not detect yield differences in
spinach baby leaf among mildly saline (40 mM NaCl) and non-saline treatments for the
different LEDs tested.

3.2. Anions and Cations

Nitrate content was affected by light and salinity (Table 1), reaching the highest
values when microgreens were grown under FL light (6392 mg kg−1 FW). This content
was reduced by 81% and 91% when they were grown under RB and RB+FR, respectively,
regarding FL light. The effects of light spectra on nitrate assimilation in plants are quite
complex because the activity of nitrate reductase (NR) and its expression are affected
by them. The high value of nitrate content found in microgreens grown under FL light
could be due to the lamps used for this treatment featuring an RB ratio of 0.74, much
lower than the others (RB ratio of 3). It has been recently demonstrated that red light is
effective in reducing nitrate concentration in rocket by increasing NR activity [35], being
mediated by phytochrome photoreceptors through transcriptional and posttranslational
regulation [36]. However, the effects of blue light on nitrate uptake and utilization in plants
seem to be much weaker than those of red light, although when it was combined with
other light spectra, it showed positive effects by decreasing nitrate concentration [37]. Thus,
Kyriacou et al. [19] demonstrated that combining red and blue light was more effective
at promoting nitrate assimilation, resulting in lower nitrate residual concentrations in
microgreens. Far-red light addition led us to a higher decrease in nitrate content respect to
RB, in agreement with the results of Viršile et al. [38]. A possible explanation for this might
be that FR light could induce the phosphorylation of NR through phytochrome-mediated
signaling, which would result in its activation [39]. However, the involvement of NR in
the response of purslane microgreens to FR and RB needs further investigation, since light
effects on nitrate assimilation are plant species-specific [38].

The addition of NaCl reduced nitrate content by 9.5%. This result is consistent with
that of Franco et al. [9], who demonstrated that when increasing salinity (>5.0 dS m−1), the
nitrate contents of purslane plants was decreased. The difference in nitrate accumulation in
response to salinity is generally associated with the inhibition of NO3− uptake by Cl− [40],
which might occur by the interaction between these ions at the site of entrance and for
ion transport [41,42]. However, a recent study in basil demonstrates that the interaction
between nitrates and chlorines exerts a large effect on yield and metabolomics profile
that cannot be satisfactorily explained only by an anion/anion antagonist outcome [43].
They suggest a dose-dependent effect, which is mainly due to the combination of a re-
sponse to nutrient availability, and an inducible response to stress provoked when chloride
concentration in the nutrient solution surpasses that which is accomplished to satisfy
nutrient requirements.

There was a significant interaction between light and salinity for oxalate content. The
highest content was obtained when microgreens were grown under RB light in non-saline
conditions (5311 mg kg−1 FW) and the lowest when they were grown under the same light
in saline conditions (4375 mg kg−1 FW); i.e., saline conditions provoked a reduction in
oxalate by 17% (Figure 2). Furthermore, in non-saline conditions, the addition of FR light
to RB provoked a significant decrease in oxalate content by 11%. Phytochrome mediates
changes in the activities of many enzymes. Particularly, the activity of ascorbate oxidase
was reported to increase by irradiation with continuous FR light [44,45], since ascorbic
acid accumulation is controlled by the active phytochrome [46]. It has been proposed
that oxalate is synthesized via three precursors—glyoxylate/glycolate, ascorbate and
oxaloacetate [47]—ascorbic acid being a significant carbon source of oxalic acid in plants.
Therefore, it may be advanced that the reduction in oxalate content in purslane microgreens
growing under RB+FR lighting as compared with RB under non-saline conditions can
be that FR light promotes the activity of ascorbate oxidase, reducing the concentration
of ascorbic acid, a major substrate for synthesis of oxalic acid. To date, literature on the
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influence of light quality on oxalate content is limited. Qi et al. [48] applied four lighting
treatments using FL lamps of different colors (red, blue, yellow and white) over a soilless
crop of spinach, showing that oxalate content in spinach leaves under red light was 47.6%
lower than that under white light. Gao et al. [49], in another study on hydroponic spinach
using LED lamps with different ratio of red light to blue light (0.9, 1.2, and 2.2), concluded
that treatment with more fraction of red light was favorable to reduce oxalate accumulation.
These results, although elaborated with different crop species and light sources from the
hereby presented experiment, substantiate the need for additional research on the role
of light in oxalate content and ascorbic acid pathways with possible applications also
for purslane.

Figure 2. Effect of the different light (FL, RB and RB+FR) and salinity (0 and 80 mM NaCl) combina-
tions on the oxalate content of purslane microgreens at harvest. Values are the mean ± SE (n = 9).
Different letters indicate significant differences (p ≤ 0.05).

The decrease in oxalate by adding NaCl to the nutrient solution was significant only
when RB lighting was used. In previous studies, [50] suggested that when chloride or
other anions are absorbed by plants, these anions compete for cations and depress oxalate
synthesis. The decrease in oxalic acid accumulation on the leaves could therefore be associ-
ated to a competitive accumulation between oxalic acid with chloride ion, since purslane
plant accumulates chloride ions in the leaves when submitted to saline stress [6]. Oxalate
accumulation in vacuoles plays a vital function in balancing excess of inorganic cations
over anions [33], regulating intracellular pH to neutralize excess cations [51]. Oxalate
concentration was not affected by saline conditions in the other lighting treatments, which
could be due to the influence of different spectra, which could affect the balance between
cations and anions and/or the activity of ascorbate oxidase as previously mentioned in the
case of FR lighting, although other mechanisms may operate; therefore, further research
is needed.

There was a significant interaction between light and salinity for Cl, Na, Ca and K
content. Cl and Na content had the same pattern among different treatments, with the
highest contents being found when microgreens were grown under FL+NaCl treatment and
the lowest under RB and RB+FR in non-saline conditions (Figure 3a,b). Accordingly, both
in saline and non-saline conditions, Cl and Na contents of microgreens grown under LED
lights were significantly reduced as compared to those grown under FL light. Therefore,
spectral quality could modulate responses to a salinity stress probably through regulation
of antioxidant enzymes and non-enzymatic systems, with phytochrome B1 playing a very
important role in this process [52], but further research is needed for confirming this. As it
was expected, the addition of NaCl to the nutrient solution significantly increased the Cl
and Na content in each light treatment.
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Figure 3. Effect of the different light (FL, RB and RB+FR) and salinity (0 and 80 mM NaCl) combinations on Cl− (a), Na+

(b), K+ (c), and Ca2+ (d) content and Na+/K+(e) and Na+/Ca2+ (f) ratios of purslane microgreens at harvest. Values are the
mean ± SE (n = 9). Different letters indicate significant differences (p ≤ 0.05).

With respect to K content (Figure 3c), the lowest values (4601 mg kg−1 FW) were
found when the microgreens were grown under RB light in saline conditions, while the
highest values (12,970 mg kg−1 FW) were obtained when they were grown under FL light
in non-saline conditions. Ca content had a similar pattern than K (Figure 3d), but there
were no significant differences for lowest Ca and for the highest Ca values between RB
and FL lights in saline and non-saline conditions, respectively. Furthermore, the addition
of FR to the spectrum increased K and Ca contents in saline condition. However, salinity
reduced their contents under RB and FL lights. The Na:K ratio was about 1 for saline
conditions and about 0.1 for non-saline conditions, independently of the light treatment
(Figure 3e). However, the Na:Ca ratio ranged between 32 for FL light and around 18 for
LED lights in saline conditions, and between 4 and 2 for non-saline conditions for all
lights (Figure 3f). Therefore, salinity could induce both osmotic stress and ionic toxicity
associated with excessive Cl and Na uptake, leading to Ca and K shortage and to other
nutrient imbalances [53], as was previously demonstrated in purslane [54]. Essentially,
the K decrease in saline conditions can be explained by the antagonism of Na and K at
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uptake places in the roots, the effect of Na on K transport into the xylem or the inhibition
of the uptake process [55]. Regarding the Ca decrease, it could be due not only to the
accumulation of Na in the leaves, but also because of its reduced mobility and transport
in plant due to the lower water uptake [56,57]. In summary, the addition of FR light led
to a higher increase in Cl, Na, K and Ca content in leaves compared to RB light in saline
conditions, maintaining the ratio Na/Ca and increasing the ratio Na/K.

3.3. Total Phenol Content, Total Flavonoids Content and Total Antioxidant Capacity

TPC was only affected by lighting, with the microgreens grown under the RB spectrum
being those that reached the highest content (Table 2). Martínez-Zamora et al. [58] found
that the TPC of carrot sprouts remained quite constant during a germination period of
7 d in darkness plus 10 d in a similar photoperiod in samples grown under RB LEDs,
while Fl and RB+FR treatments reduced 24% and 12% the maximum TPC reached during
growing, respectively. Purslane microgreens under RB+FR treatment showed the lowest
TFC (around 14% lower than under FL and RB lights), while salinity reduced the TFC
by 10%. In addition, the TAC was not affected by light or salinity treatments. However,
Martínez-Zamora et al. [58] reported that under the above lighting conditions, carrot
sprouts from the FL treatment reported 39.4% less TAC, by the same procedure used in
this experiment, than those grown under RB LEDs. In fact, in a review concerning LED
lighting as a key to modulate antioxidant compounds in plants, Loi et al. [59] stated that
B, R and FR lights had shown to be able to increase the TPC and TFC in different plant
commodities, and that the regulation of TPC and TFC by LEDs can be performed directly
by inducing the expression of the key enzyme and indirectly by increasing the shikimic
acid as precursor molecule [60]. Nevertheless, besides light intensity, their contents also
depend upon plant species, cultivars and timing of LED exposure [59]. It is well established
that salinity can enhance the synthesis of secondary metabolites in plants [61], producing
reactive oxygen species, which are harmful to plant cells. Thus, polyphenols could help in
improving TAC of plants at low to moderate salt concentrations [62]. Therefore, plants such
as halophytes tolerant to stress could be interesting organisms for production of secondary
metabolites, which would be useful for food and medicinal applications [63]. In our
experiment, in contrast, TPC and TAC was not affected by salinity, and TFC was decreased
when microgreens were grown with 80 mM NaCl (Table 2). However, in agreement with
our results, He et al. [5] revealed that purslane grown with 0 and 100 mM NaCl had similar
TPC, which decreased when plants were grown with 200 and 300 mM NaCl. According to
the previous authors, TPC for purslane grown under higher salinity could be associated
with their lower photosynthetic performance, although genetics and environment can
be also affecting their accumulation [64]. It has also been demonstrated that purslane
plants responded to NaCl stress by enhancing their antioxidative capacity and proline
accumulation [32]. However, TAC is regulated by the level of stress associated to NaCl
concentration. In our experiment, TAC was not affected by salinity, indicating an overtaking
of antioxidant capacity face to salt stress, as could in the halophyte Enchylaena tomentosa at
high salinity conditions [65]. Similar results were reported by Islam et al. [66], where low
and medium levels of NaCl increased the TAC in wheat microgreens, whereas high salt-
concentration (100 mM) suppressed the accumulation of antioxidants production, and by
Valifard et al. [67], who showed that there was an increase and decrease in antioxidants in
Salvia mirzayanii leaves because of mild and high salinity stress, respectively. Furthermore,
in our experiment, salt stress decreased the TFC, in agreement with Islam et al. [66], who
demonstrated that the production of an extract from wheat microgreen with above the
concentration of 50 mM Na Cl resulted in a decrease in TFC, and with Zhou et al. [68], who
showed that the TFC increased at low (25 mM) or moderate (50 mM) levels but declined
at severe (75 and 100 mM) levels in Schizonepeta tenuifolia. It has been hypothesized that
the biosynthesis of flavonoids can be encouraged by the changes in the cellular redox
homeostasis, which are regulated by changing cellular redox potentials [69,70].
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Table 2. Influence of light and salinity (80 mM NaCl) on the total phenolics, total flavonoids and antioxidant capacity of
purslane microgreens.

Total Phenolics
(mg GA kg−1 FW)

Total Flavonoids
(mg Rutin kg−1 FW)

Antioxidant Capacity
(mg DPPHreduced kg−1 FW)

Treatments (A)
FL 1176 ± 21 b 2829 ± 72 b 170 ± 3
RB 1277 ± 27 c 2819 ± 91 b 174 ± 5

RB+FR 931 ± 25 a 2417 ± 91 a 177 ± 6
Salinity (B)
0 mM NaCl 1112 ± 64 2834 ± 99 b 175 ± 6
80 mM NaCl 1143 ± 69 2544 ± 98 a 172 ± 3

Significant Differences
A *** *** ns
B ns ** ns

A × B ns ns ns

Asterisk indicates significances at ** p < 0.01, *** p < 0.001, ns: non-significant. Different letters in the same column indicate significant
differences. GA: gallic acid; DPPH: 2.2-diphenyl-1-picrythydrazyl. (FL: fluorescent lamps, RB: LED Red+Blue, RB+FR: LED Red+Blue+Far-Red).

3.4. Chlorophylls and Carotenoids

Regarding photosynthetic pigments (Car and Chl), a significant interaction between
light and salinity factors was observed. The highest values for Car were obtained under
LED lighting in non-saline conditions, whereas the lowest values were achieved in salinity
conditions, without differences among factor combinations (Figure 4a). Regarding Chl,
there were no differences between lighting treatments in non-saline conditions, while
salinity conditions reduced their contents for every factor combination, reaching the lowest
value under RB+FR treatment (Figure 4b). It has been demonstrated that light quantity
and quality are the most important factors affecting chlorophyll and carotenoid contents
because they are closely related to photosynthesis. In this context, blue LEDs, used alone
or in combination with red light, increased the carotenoid and chlorophyll content [71,72].
Similarly, Samouliene et al. [73] found that higher concentrations of carotenoids and chloro-
phylls a and b were found when B light component was increased by 33% in comparison to
lower B light dosages. Furthermore, Li and Kubota [71] demonstrated that supplemental FR
decreased carotenoids and chlorophyll concentration by 11% and 14%. In our experiment,
only Car was affected by light in non-saline conditions, increasing their concentrations
under RB and RB+FR by 29% and 26%, respectively, in relation to FL light, possibly due
to their higher percentage in B light of the two former lights. In contrast, adding FR to
RB light did not affect either Car or Chl in non-saline conditions, but decreased Chl in
saline conditions.

Figure 4. Effect of the different light (FL, RB and RB+FR) and salinity (0 and 80 mM NaCl) combinations on total carotenoids
(a) and total chlorophylls (b) of purslane microgreens. Values are mean ± SE (n = 3). Different letters indicate significant
differences (p ≤ 0.05).
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Car and Chl in microgreens were reduced by salinity in the three lighting treatments.
Camelle et al. [33] found a significant effect of the salinity, the nitrate to ammonium ratio
and their interaction on Car and TChl accumulation in two purslane ecotypes, with salinity
in plants growing with the 25:75 nitrate:ammonium ratio, leading to a drop in Car and
Chl. A decrease in both parameters were also observed in the ecotype ET growing with the
66:33 ratio. He et al. [5] showed for total Car, that purslane plants grown with 100 mM NaCl
reached the highest value followed by those grown with 0 mM, then 200 mM and later
300 mM NaCl. In the case of Chl, they did not find differences in Chl between purslane
grown with 0 and with 100 mM NaCl, but they were higher than those grown with 200
and 300 mM NaCl. In addition, the decrease in the Chl of purslane plants with an increase
in salinity in the nutrient solution has been previously demonstrated by Franco et al. [9],
in agreement with our results. Finally, Zaman et al. [74] found that an increase in NaCl
concentration from 0 to 200 mM caused a decrease in Chl in two genotypes of purslane. The
results discussed here allow us to suppose that salinity stress could affect the photosynthetic
performance in purslane due to salt accumulation in their leaves [75] and the decreases
in Car and Chl, which can be altered according to level of salinity, the nitrate:ammonium
ratio and the genotypes used.

3.5. Fatty Acids

The fatty acid content ranged between 303 and 418 mg 100 g−1 FW, without significant
differences between treatments (Supplementary Table S1). The major fatty acid was α-
linolenic acid (LNA), whose proportion with respect to total fatty acids ranged between 54%
and 60%, followed by linoleic acid (LA) (between 24% and 26%), palmitic acid (between
7% and 8%) and oleic acid (between 3% and 63%) (Figure 5). Smaller amounts of lauric
acid, stearic acid, myristic acid, arachidic acid, behenic acid and lignoceric acid were also
detected, although the latter was not detected in microgreens grown under RB+FR in
both saline and non-saline conditions. As a consequence, oleic acid reached the highest
content in these treatments. The LNA:LA ratio was significantly higher in the microgreens
grown under FL in both saline and non-saline conditions, and under RB and RB+FR in
non-saline conditions, compared with the ratio obtained under RB and RB+FR in saline
conditions. To our knowledge, no study has been conducted on the effect of LED lighting
on fatty acid content in superior plants, with most of the studies dealing with major of
them having been conducted on microalgae. In these species, it has been demonstrated
that the expression of fatty acid biosynthesis genes is regulated by different LEDs and that,
consequently, different light intensities and wavelengths affect their fatty acid yields [76].
In our study, the change in fatty acid composition under RB+FR light increased the oleic
acid content. In contrast, Sharma et al. [77] found that specifically polyunsaturated FAs
were augmented, whereas monounsaturated FAs decreased in Phaeodactylum tricornutum
grown under red light compared to white light. Future studies on the current topic are
therefore recommended, using different spectra composition, in order to get a convenient
fatty acid composition in purslane.

As regards to salinity, our results agree with those obtained by Carvalho et al. [10],
who found that the total amount of fatty acids in purslane did not significantly change with
increasing saline stress. Although the unsaturated fatty acids have emerged as general
protectors against different abiotic and biotic stress [78], in our study, this effect was not
observed, probably due to the salinity tolerance of purslane microgreens. However, Ca-
malle et al. [33] observed differences with respect to total fatty acid content for the purslane
ecotypes and nitrate to ammonium ratio tested, with an increase under saline conditions
for ecotype ET compared to ecotype RN. In addition, changes in the fatty acid composition
of leaves were detected and fatty acid contents were affected by salinity in borage, with
LNA content being the most affected [79]. Therefore, besides salinity, differences in fatty
acid content may be the result of differences in plant ecotypes or environmental and devel-
opmental factors, plant growth stage, nutrient solution composition, sample material or
sampling procedures [33,80].
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Figure 5. Percentage of fatty acid content of the aerial part of purslane microgreens for the different
light treatment (FL, RB and RB+FR) and salinity (0 and 80 mM NaCl) combinations.

4. Conclusions

The results of this study indicate that it is convenient to grow purslane microgreens
with 80 mM NaCl under RB and RB+FR lights, since these conditions improve yield and
quality of the product, reducing the content of anti-nutritional compounds. In addition,
the concentration of Cl and Na in the leaves can be reduced using the above conditions.
However, a salinity of 80 mM reduced the content of total flavonoids, chlorophylls and
carotenoids. Total fatty acids were not affected by salinity or lighting, but the specific
composition of them can be modified by these factors. However, more research using
different salinity conditions and spectra and intensity of LED lights is needed to target
specific improvements of microgreens purslane quality. In further experiments, quality
changes during shelf life should be elucidated.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/horticulturae7070180/s1. Table S1: title, Fatty acids (mg gr−1 FW) of purslane microgreens
grown under the different light treatments (FL: fluorescent lamps, RB: LED Red Blue, RB+FR: LED
Red Blue+Far-Red) and salinity (0, 80 mM NaCl) (n = 3).
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Abstract: Salinity is a major concern in several ecosystems and has a significant impact on global
agriculture. To increase the sustainability of horticultural food systems, better management and
usage of saline water and soils need to be supported by knowledge of the crop-specific responses
to tolerable levels of salinity. The aim of this work was to study the effects of mild salinity on
morphological growth and development, leaf color, mineral composition, antioxidant activities,
and phenolic profile of sweet basil (Ocimum basilicum L.). Plants grew in hydroponics and were
exposed to three nutrient solutions (NSs) differing in the NaCl concentration (either 0, 20, or 40 mM).
Inhibitory effects on leaf area, fresh yield, and shoot biomass were evident starting from the lowest
NaCl concentration, and they became more severe and wide-ranging at 40 mM, also affecting height
and root-to-shoot ratio. Salinity increased the nutritional quality in terms of antioxidant activity
and polyphenols in leaves, with a reduction in macroelements at 40 mM NaCl. Moreover, the two
mild NaCl concentrations specifically modified the concentration of various phenolic acids in leaves.
Overall, the use of a slightly saline (20 mM) NS could be tolerated by basil in hydroponics, strongly
ameliorating the nutritional profile in the face of relative yield loss. Considering the significantly
higher accumulation of bioactive compounds, our work implies that the use of low-salinity water
can sustainably increase the nutritional value and the health-promoting features of basil leaves.

Keywords: Ocimum basilicum; salt; NaCl; yield; quality; nitrate; minerals; antioxidants; polyphenols

1. Introduction

Salinity is considered a global limiting factor for agriculture, with around one-fifth of
irrigated land suffering from secondary salinization [1]. In plants, the salt stress response
encompasses multidimensional changes at molecular, cellular, and physiological levels,
which typically result in a yield decline and, in the most severe cases, in stunted growth
or death according to the type, intensity, and duration of the stress [2,3]. Salinity is a
concern for irrigated and nonirrigated lands and affects freshwater quality, soil health,
biodiversity, and ultimately society [4], with climate change predicted to exacerbate the
problems of salinity in agriculture [5]. It is, therefore, necessary to investigate and possibly
adapt horticultural production systems to more saline conditions.

It is long established that salinity and other suboptimal environmental conditions
(e.g., temperature, light intensity, nutrients, and water) have a strong impact on the accu-
mulation of secondary compounds in plants [6–8]. The array of diverse molecules probably
represents the most important functional feature of medicinal and aromatic plant (MAP)
species [9]. MAPs are becoming increasingly valuable in agriculture, due to their growing
use in the medical (including phytotherapy and aromatherapy), pharmaceutical, cosmetic,
food, and nutraceutical sectors [9,10]. For these reasons, understanding the response to salt
in aromatic plants is important not only to ensure economic returns and sustainability but
also to optimize crop quality.
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Basil (Ocimum basilicum L.) is an herbaceous species mainly cultivated for the aromatic
leaves, consumed fresh or processed, and employed (along with the other areal parts) for
the extraction of the essential oil [11]. Currently, O. basilicum is the most commercially
important species of its genus and among the most popular and extensively cultivated
herbs around the world [11]. Moreover, basil has the potential to become a model species to
study flavor compounds [12]. Although cultivated in several countries, basil is susceptible
to chilling [13] and performs better in sunny, warm areas and in light soils [11]. The rising
interest in MAPs has created novel commercial opportunities for basil growers [14,15]. In
the last decades, the professional basil cultivation has progressively shifted towards soilless
systems (mainly hydroponics) in controlled and closed environments, for the intrinsic
suitability of this species (in terms of harvest, cycle, and size) and to ensure a more constant
quality of the produce by limiting environmental variability [16]. Hydroponic systems also
allow easier management of the complementary irrigation with saline water compared
to the cultivation in soil [17]. In Italy, for instance, more than half of the basil production
comes from hydroponics, and it is mainly employed for the industrial preparation of the
pesto sauce, thus requiring standardized productions [18]. Salinity due to nonessential ions
such as Na is a primary problem for the recirculation of the nutrient solution in closed-loop
systems, deterring the use of irrigation water of inadequate quality especially around the
Mediterranean basin [19].

The effects of salinity on basil are various. This species, also at the seedling stage [20],
is considered moderately resistant to salt [21], although significant intraspecific variations
are reported [22,23]. High levels of NaCl (e.g., 100 mM) can induce significant yield
loss [24,25]. Moreover, in basil, salinity can influence secondary metabolites, such as
polyphenolics [26,27], volatile organic compounds [28], and carotenoids [24], as well as
antioxidant activities [23]. This work aimed to have a wide-ranging view of the response of
basil to moderate salt stress, under the premise that the adaptation to mild stress in MAPs
has critical and possibly contrasting effects on the quantitative and qualitative features
of the plant [29]. Considering that the regular consumption of polyphenols is highly
appreciated because of their potential health benefits, also in relation to the prevention of
some chronic diseases, we investigated morphological traits, leaf elemental composition,
and antioxidant activities and polyphenols (by HPLC) in two saline concentrations (20 and
40 mM NaCl) that are well below the toxicity level for basil. Our specific interest was to
understand the interplay between biomass reduction and increase in the antioxidant activity
and polyphenolic accumulation, to sustainably optimize yield and nutritional quality in
hydroponics. This knowledge is relevant to provide indications for better exploitation of
basil according to specific needs and markets and to develop more environmentally sound
water resource management strategies.

2. Materials and Methods

2.1. Plant Material, Growing Conditions, and Experimental Design

Plants grew in a nonheated glasshouse at “Azienda Agraria e Zootecnica Torre Lama”
(Bellizzi, SA, Italy), Department of Agricultural Sciences, University of Naples Federico
II, from October to December 2014. Seeds of the basil (Ocimum basilicum L.) variety
‘Gecom’ (S.A.I.S. S.p.a., Cesena, FC, Italy), a Genovese type, were sown in vermiculite.
On 27 October, at the three true leaves stage, plants were transplanted to plastic pots filled
with approximately 1.3 L of a Brill 3 substrate (Brill Substrate, Georgsdorf, Germany) with
a density of 23 plants per square meter. A fresh nutrient solution (NS) was employed at
each irrigation treatment with a drip system at a 2 L/h flow rate. We tested three levels
of NaCl concentration in a randomized block design. Each experimental unit was made
of 15 plants and was replicated three times, for a total of 135 plants. The base NS (0 mM
NaCl) was prepared with deionized water and had the following concentrations of mineral
nutrients: 13.0 mM N-NO3

−, 1.0 mM N-NH4
+, 1.75 mM S, 1.5 mM P, 5.0 mM K, 4.5 mM

Ca, 2.0 mM Mg, 20 μM Fe, 9.0 μM Mn, 0.3 μM Cu, 1.6 μM Zn, 20.0 μM B, and 0.3 μM Mo.
The two saline treatments were applied using the same base NS supplemented with either
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20 mM NaCl or 40 mM NaCl. The pH of the NSs was 6.0. The electrical conductivity (EC)
was 2.1 dS/m for the base NS, 3.9 dS/m for the 20 mM NaCl, and 5.8 dS/m for the 40 mM
NaCl. Saline treatment started eight days after transplant (DAT) and the growing cycle
ended 44 DAT, at the preflowering stage (i.e., commercial maturity).

2.2. Biometric Measurements and Antioxidant Activity

Leaves, stems, and roots from ten plants per block (i.e., replicate) were harvested
39 DAT (4 December) and weighed (fresh weight (fw)) with an analytical balance (Denver
Instruments, Denver, CO, USA). Samples were bagged and then dried at 70 ◦C until
constant weight (dry weight (dw)). The total leaf area was measured from ten plants per
block using a portable leaf area meter (Li-Cor3000, Li-Cor, Lincoln, NE, USA). The SPAD
index was measured on 20 fully expanded leaves per experimental unit with a portable
chlorophyll meter (SPAD-502, Konica Minolta, Tokyo, Japan), while color was measured
with a CR-300 Chroma Meter (Minolta, Tokyo, Japan) as previously reported [30]. The
pairwise difference in color (ΔE∗

ab) between treatments was calculated as described [31].
Nitrate content in leaves was evaluated with previously described procedures [30]. The
mineral profile (P, K, Ca, Mg, and Na) of the dried leaves was analyzed with an inductively
coupled plasma (ICP) emission spectrophotometer (Iris, Thermo Optek, Milan, Italy) as
reported [32]. Fresh sweet basil leaves from three plants per experimental unit were
immediately frozen in liquid nitrogen after harvest and lyophilized in an Alpha 1–4 LSC
plus (Osterode, Germany) freeze drier. The hydrophilic antioxidant activity (HAA) was
assessed also as described previously [30].

2.3. Determination of Phenolic Compounds

For the biochemical analyses, we assayed leaves from three plants per experimental
block. Phenolics were extracted essentially as described [33]. Briefly, 500 mg of dried leaves
was added to 5 mL of methanol:water 30:70 (v:v). Samples were thoroughly mixed for
1 min, sonicated for 30 min, centrifuged at 14,800 rpm for 10 min, and then the supernatant
was filtered on paper (Whatman, Little Chalfont, UK). The concentrations of caffeoyltartaric
acid (CTA), caffeic acid (CA), p-coumaric acid (CUA), ferulic acid (FA), chicoric acid (CHA),
quercetin rutinoside acid (QRT), and rosmarinic acid (RA) were assessed on the clear
supernatant by LC/MS/MS analysis (injection volume: 20 μL). Each sample was extracted
and analyzed in triplicate. Chromatographic separation was performed in an HPLC
apparatus equipped with two micropumps, Series 200 (Perkin-Elmer Italia, Milan, Italy)
and with a Prodigy ODS3 100 Å column (250 mm × 4.6 mm, 5 μm) (Phenomenex, Torrance,
CA, USA). The eluents were 0.2% formic acid in water (A) and acetonitrile:methanol 60:40
(v:v) (B). The gradient program was 20–30% B (6 min), 30–40% B (10 min), 40–50% B
(8 min), 50–90% B (8 min), 90–90% B (3 min), and 90–20% B (3 min) at a constant flow
of 0.8 mL/min. MS and MS/MS analyses were carried out on a triple quadrupole mass
spectrometer (API 3000, Applied Biosystems Italia, Milan, Italy) equipped with a Turbo
Ion Spray electrospray ion source working in the negative ion mode. Compounds were
identified by information-dependent acquisition considering the molecular weight, the
fragmentation pattern, the retention time, and UV absorption in comparison with those of
commercial standards purchased from Sigma-Aldrich (Milan, Italy). The precursor ion and
the MS/MS product ions of the phenolic compounds retrieved in the extracts are reported
in Table S1. Reagents and solvents (all HPLC grade) were obtained from Merck KGaA
(Darmstadt, Germany).

2.4. Statistical Analysis

Measurements of the morphological traits were carried out on ten basil plants per
experimental block (made of 15 plants), each replicated three times. The effect of the
categorical independent variable “Salt” (three levels: 0, 20 and 40 mM NaCl) on each of the
continuous dependant variables was examined using the within-subjects one-way analysis
of variance (ANOVA), considering a p < 0.05 threshold for statistical significance. Tukey’s
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honestly significant difference (HSD) post hoc test was employed to determine which
groups in the ANOVA differ from each other. These calculations were performed with the
SPSS 26 software package (IBM, Akron, NY, USA). Data are reported as mean ± standard
error of the mean (s.e.). Principal component analysis (PCA) was carried out on all the
measured variables by using XLSTAT (Addinsoft, Paris, France).

3. Results

3.1. Effect on the Plant Morphology

The impact of the mild salinity treatment on the morphological traits of basil was
prominent, affecting most of the measured parameters (8 out of 11; Table S2). Moreover,
statistical differences between the two NaCl concentrations (i.e., 20 and 40 mM) were
not always present. The NaCl salt lowered the plant height at 40 mM (−12%), with a
nonsignificant reduction at 20 mM (Figure 1A). Nonetheless, the number of leaves per
plant was not affected (Figure 1B), suggesting that plants were stunted rather than less
developed. This is also supported by the fact that the two saline treatments strongly
restricted the leaf area, which, at the highest NaCl concentration employed, was around
one-third of the control condition (Figure 1C). Therefore, the fresh yield was reduced in a
similar proportion of the leaf area (around 31% at 40 mM NaCl) (Figure 1D). Interestingly,
the effect of the salt on the total shoot biomass was also similar in quantitative terms,
with the two saline conditions not significantly different (Figure 1E). The analysis of
plant growth in terms of dry biomass indicated the overall inhibitory effect of the NaCl,
with a reduction (−19%) from 0 to 20 mM NaCl and a limited (−6%) and nonsignificant
difference between 20 and 40 mM NaCl (Figure 1F). This was due to an effect on leaves
rather than on stem dry weight (Table S2). The edaphic stress impacted the ratio between
roots and shoots, with plants progressively safeguarding the production of root biomass
with increasing salt concentration (+23% and +46% for 20 and 40 mM NaCl, respectively)
(Figure 1G), as indicated by the fact that root biomass was not reduced by NaCl (Table S2).
The stress imposed by the salt also affected the percentage of dry mass of the leaves, which
significantly increased (+8%) only at 40 mM NaCl (Figure 1H). Overall, the NaCl had an
impact on plant height only at the highest saline concentration, and this reduction did not
affect the number of leaves. In saline conditions, the yield decrease is due to smaller leaves
with a reduced water content, a likely consequence of the inhibitory effect on shoot growth
(in terms of dry biomass) and the resulting increase in the root-to-shoot biomass.

3.2. Effect on SPAD Index and Color Coordinates

The salt treatment did not influence the SPAD units, a leaf index related to the chloro-
phyll content, but did influence the lightness and the chromatic component a* (Table S3).
Post hoc analysis indicated that only the 40 mM NaCl treatment significantly differed
from the other two experimental conditions. Specifically, at the higher NaCl concentration,
leaf lightness moderately rose, and the CIELAB parameter a* increased (e.g., it was less
negative), indicating a diminished greenness of the leaves (Figure 2). The overall change
in visual perception induced by the salt over the leaf color was evaluated considering the
ΔE∗

ab. As expected, this value reached the maximum (2.51) comparing the 0 and 40 mM
conditions; however, this discrepancy is only slightly above the limit (i.e., 2.0) of a color
difference that is perceptible through close observation.
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Figure 1. Effects of the NaCl in the nutrient solution on the morphometric traits of basil: (A) plant
height (PLH); (B) leaf number (LN); (C) leaf area (LA); (D) fresh yield (FY); (E) shoot biomass (SB);
(F) shoot dry weight (SDW); (G) root-to-shoot ratio (R:S); (H) leaf dry matter (LDM). Data are mean
± standard error of the mean. Different letters indicate significantly different means according to the
Tukey HSD test (p < 0.05).
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Figure 2. Effects of the NaCl in the nutrient solution on SPAD index and the L*, a*, and b* color
coordinates according to the CIELAB standard: (A) SPAD; (B) L*; (C) a*; (D) b*. Data are mean ±
standard error of the mean. Different letters indicate significantly different means according to the
Tukey HSD test (p < 0.05).

3.3. Effects on the Elemental Composition of the Leaves

We measured the nitrate content in basil leaves because this parameter influences the
nutritional quality of this species and, more generally, of leafy greens. Both the 20 and
40 mM NaCl treatments significantly reduced the nitrates in leaves (Table S4), on average,
by 23% compared to the control conditions (Figure 3A). NaCl also affected the amount of all
the mineral elements analyzed (Table S4). Specifically, the strongest reduction was observed
for Ca (−38% and −54% for the 20 and 40 mM NaCl, respectively) (Figure 3D). For P, K,
and Mg, only the 40 mM dose caused a statistically significant reduction compared to the
control condition, although a declining trend according to increasing NaCl concentration
could be inferred (Figure 3B,C,E). K was the element that little changed relative to the
control condition (−16% and −32% for the 20 and 40 mM NaCl, respectively). As expected,
the amount of Na in leaves rose upon application of increasingly saline NS (Figure 3F). Na
was the only analyzed element that accumulated in statistically different amounts moving
from the 20 mM to the 40 mM NaCl treatment.

3.4. Effects on HAA and Total Polyphenols

Considering the importance of the antioxidants for leafy greens and, specifically,
the phytotherapeutic use of basil, we measured the antioxidant activity of the aqueous
extract, and total polyphenols because they are the most abundant phytochemicals in
the human diet that can remove oxidizing agents in cells [34]. Salinity affected both
parameters (Table S5). It was noteworthy that NaCl increased both traits, on average +77%
for the HAA and +201% for the polyphenols (Figure 4A,B, respectively). Moreover, this
increase in the nutritional quality of the basil leaf was not different when the two saline
conditions were compared.
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Figure 3. Effects of the NaCl in the nutrient solution on the elemental composition of the basil leaves:
(A) nitrate; (B) P; (C) K; (D) Ca; (E) Mg; (F) Na. Data are mean ± standard error of the mean. Different
letters indicate significantly different means according to the Tukey HSD test (p < 0.05).

Figure 4. Effects of the NaCl in the nutrient solution on the hydrophilic antioxidant activity (HAA) and the total polyphenols
(TP) in leaves: (A) HAA; (B) TP. Data are mean ± standard error of the mean. Different letters indicate significantly different
means according to the Tukey HSD test (p < 0.05).
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3.5. Effect on the Polyphenolic Profile of Basil Leaves

Considering the known relation between plant stress-response and the accumulation
of secondary compounds, we tested if, also under mild saline conditions, different NaCl
concentrations specifically alter the accumulation of polyphenols. The saline treatment
varied the accumulation of five out of the seven detected compounds, irrespective of the
absolute amount of the various polyphenols (Table S5). It was interesting that different
and, in some cases, divergent responses were recorded, despite the overall positive effect
of the salt stress on their total amount. For instance, the quercetin rutinoside acid was
the only polyphenol that constantly increased with higher saline conditions, reaching a
2× higher concentration at 40 mM NaCl (Figure 5F). At this experimental condition, the
concentrations of p-coumaric acid, chicoric acid, and rosmarinic acid (the major caffeic acid
ester) were also significantly higher than the control condition (Figure 5B,D,G). Among
them, there was a statistical difference between the two saline conditions only for the
p-coumaric acid. The highest relative increase was observed for chicoric acid (just above
10× higher at 40 mM than the control condition). Ferulic acid was the only compound
that peaked at 20 mM (5× higher than in the control leaves), while its concentration at
40 mM did not differ from the no salt treatment (Figure 5E). At 20 mM, ferulic acid became
the predominant phenolic acid in basil leaves. Overall, this analysis indicates that while
any applied salt stress increased the sum of polyphenols, the two different mild NaCl
concentrations employed specifically modified the phenolic acid composition in basil
leaves.

To summarize the information content of the different analyses, we performed a
principal component analysis (PCA) on all the measured variables. The first two principal
components were held to graphically visualize the relation between the experimental
conditions. The first two principal components were associated with eigenvalues higher
than 1 and explained 100% of the cumulative variance, with the first and second principal
components accounting for 81.7% and 18.3%, respectively. The multivariate analysis
indicated that the different treatments are well separated, with the 0 mM NaCl condition
more distant from the other two salt concentrations (Figure 6). The control treatment (0 mM
NaCl) was distinguished for morphometric traits (fresh yield, shoot biomass, shoot dry
weight, leaf area and plant height) and for cations (K, Ca and Mg) and nitrate content
(Figure 6). Interestingly, sweet basil treated with 20 or 40 mM NaCl delivered leaves with
high concentration of total polyphenols and hydrophilic antioxidant activity (Figure 6).
Finally, sweet basil irrigated with 40 mM NaCl was positioned on the negative side of the
first principal component in the lower left quadrant of the PCA score plot, characterized
overall by higher target polyphenols (chicoric acid, p-coumaric acid, quercetin rutinoside
acid) and color coordinates (L* and a*).
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Figure 5. Effects of the NaCl in the nutrient solution on the polyphenolic compounds in leaves:
(A) caffeic acid (CA); (B) chicoric acid (CHA); (C) caffeoyltartaric acid (CTA); (D) p-coumaric acid
(CUA); (E) ferulic acid (FA); (F) quercetin rutinoside acid (QRT); (G) rosmarinic acid (RA). Data are
mean ± standard error of the mean. Different letters indicate significantly different means according
to the Tukey HSD test (p < 0.05).

87



Horticulturae 2021, 7, 273

Figure 6. Principal component analysis (PCA) of the basil response to the three experimental
conditions, 0, 20, and 40 mM NaCl. Plant height (PLH), leaf number (LN), leaf area (LA), fresh yield
(FY), shoot biomass (SB), shoot dry weight (SDW), root-to-shoot ratio (R:S), leaf dry matter (LDM),
hydrophilic antioxidant activity (HAA), total polyphenols (TP), caffeic acid (CA), chicoric acid (CHA),
caffeoyltartaric acid (CTA), p-coumaric acid (CUA), ferulic acid (FA), quercetin rutinoside acid (QRT),
rosmarinic acid (RA).

4. Discussion

In addition to its historical position in the national gastronomy, the professional
cultivation of basil in Italy is economically sustained by the food industry, with large-scale
production occurring mainly in hydroponics. Soilless systems offer the possibility to tailor
the quality of the edible fraction by modulating preharvest factors, including the electric
conductivity of the nutrient solution. This is relevant also because, in recent years, the
growing concerns about the availability and quality of freshwater have expanded the need
for a more comprehensive evaluation of the effects of a mild NaCl stress on the yield and
quality of basil, as well as other MAP species [35,36].

The vegetative growth of the basil plants was negatively affected by the salinity, while
development (measured by the number of leaves per plant) was not influenced. The saline
treatment decreased fresh yield because of smaller leaves with reduced water content.
Salinity is a known inhibitor of plant growth, as also reported in other aromatic Lamiaceae
such as sage [37], spearmint [38], and marjoram [39]. Specifically, the reduction in the leaf
area is one of the first and most recorded symptoms of the salinity in stress in plants [40],
and our data added that in basil, this parameter is the most highly responsive in mild NaCl
concentrations. In basil and other Lamiaceae, the effects of salt stress can be more severe
and also include a significantly lower number of leaves, in addition to the reduction in
the leaf area and leaf biomass [24,41]. Nonetheless, in basil the number of internodes was
little reduced only from 75 mM NaCl [24]. On the other hand, in peppermint, the leaf fresh
weight and area were reduced at EC values of 2.8 and 5.6 dS/m, respectively [41]. The
inhibitory effect of salt on shoot dry biomass along with the limited effect on roots resulted
in elevated root-to-shoot biomass. In a previous study, only a concentration of seawater
higher than 40% limited root growth in basil, while an increased root-to-shoot ratio was
observed starting from 5% [42]. Finally, salinity had a small effect on leaf color, confirming
that the saline conditions were not close to a toxicity level [27].

The inhibitory effect of the saline treatments cannot be disconnected from the alteration
of nutrient uptake and transport. Our data indicated that the elemental composition of the
leaves was highly affected. All the analyzed mineral nutrients (present in a fixed amount in
the NSs) were reduced at increasing NaCl concentrations, consistent with the higher uptake
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and translocation in leaves of the NaCl. The antagonist ionic relation between Na+ and
Ca2+ or K+ and between Cl- and NO3

− is a key factor affecting the mineral composition of
the plants under NaCl stress [43–45]. This effect was evident also in mild concentrations, as
also occurred in Mentha pulegium, where a significant inhibition on K+ was evident starting
from 25 mM NaCl [46]. It was noteworthy that nitrate reduction did not well correlate with
Cl concentration in leaves, suggesting the mechanisms other than anion–anion antagonism
may account for the observed phenomenon [44,47]. The significant reduction in nitrate at
the lowest NaCl concentration also has dietary implications because a limited accumulation
of this anion in edible products is desired to avoid potential health hazards.

The NaCl also increased the quality of basil in terms of hydrophilic antioxidant activity
and polyphenols, which suggests that the observed effects are due also to oxidative stress,
and not only to ion antagonisms and osmotic imbalance [3]. Salt stress disturbs cellular
homeostasis in different ways, with consequent oxidative damage associated with an
overproduction of reactive oxygen species (ROS) [3]. In our mild salinity concentrations,
basil plants can protect themselves by increasing the antioxidant activity and polyphenols,
a major biochemical class of antioxidants in plants. From an applied perspective, the data
indicated that a positive effect on the quality attributes of the basil leaves can be obtained
with the lowest NaCl concentration (20 mM), and no further benefits were obtained by
moving to the most severe suboptimal conditions. In rosemary, both antioxidant activities
and total phenols at 50 and 100 mM NaCl were higher than the control condition, and they
both decreased at 150 mM NaCl [48].

While several reports indicated that plants generally accumulate phenolics during
salt stress [49], relatively little is known about the effect on specific compounds. While
our analysis confirmed that rosmarinic acid is a predominant phenolic compound in
“Genovese” basil [50], the data also indicated that the large quantitative variation due to
NaCl is accompanied by different accumulations of specific compounds. For instance, two
hydroxycinnamic acid derivatives, caffeic acid and caffeoyltartaric acid, were not affected
by the NaCl treatment, but p-coumaric acid, present in a similarly low amount, strongly
increased at 40 mM. Moreover, a substantial dose-dependent variation was present for two
major components, ferulic acid and rosmarinic acid. While the latter showed a constant
increase with higher salt concentration, the former peaked at 20 mM. Overall, the impact
on salinity on the polyphenol composition appears to be more complex and larger than on
other measured parameters, although NaCl treatments never caused a decrease in specific
polyphenols. The relative increase in the concentration of major polyphenols in leaves was
above the biomass reduction, suggesting an increasing biosynthesis and accumulation of
these compounds. The polyphenol accumulation in basil may also vary according to the
cultivar or type [27,50], and further studies may verify the importance of the genetic factor
in the response of individual compounds to NaCl.

5. Conclusions

The multidimensional evaluation of the response of the plants under mild salinity
conditions is a necessary step to increase the environmental sustainability and quality
of basil. This work confirmed the complex impact of salinity on hydroponic basil and
provided some indications on the factors that should be considered when employing mildly
saline irrigation water. Basil can be considered moderately salt-tolerant, with a little growth
reduction occurring at 20 mM NaCl and a reduced yield mainly due to smaller leaves. This
saline concentration offered the most interesting results based on the magnitude of the
morphological alterations and the increase in the leaf quality in terms of nitrate content,
antioxidant activity, and polyphenol profile. Considering the expected positive impact
on the nutraceutical properties of basil and, potentially, on its market value, our study
encourages more detailed analyses of the health-related properties of basil following the
implementation of nonconventional (saline or sodic) water sources in cultivation.
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Abstract: Beans are often grown in regions with climates that are susceptible to drought during the
cultivation period. Consequently, it is important to identify bean accessions tolerant to drought con-
ditions and assess the effect of drought on seeds’ nutraceutical properties. This study evaluated the
effect of drought during different development stages (NES = never stressed; ALS = always stressed;
SBF = stressed before flowering; SAF = stressed after flowering) on the yield and nutraceutical proper-
ties of six local bean varieties: Fasolo del Diavolo, Gialet, Posenati, Secle, D’oro, and Maron. Analysis
of variance indicated that Gialet was not significantly affected by drought treatments, and Posenati
under SBF and NES treatments had greater yields than under ALS and SAF treatments, whereas
Secle under SBF produced 80% more seeds than under NES. Total phenols, antioxidant capacity,
and calcium content were significantly different among the local varieties. Yield was significantly
and positively correlated with seed calcium content and significantly and negatively correlated with
protein, total phenols, and antioxidant capacity. The interaction between local varieties and treatment
significantly affected seeds’ Zn content. Gialet and Maron seeds’ Zn contents were about 60 mg kg−1,
almost double the average of commercial varieties. In summary, this study paves the way to the
identification of potential bean varieties resistant to drought. Further molecular studies will help
support these findings.

Keywords: heirloom beans; drought; abiotic stress; local farming; nutraceutical properties; zinc

1. Introduction

Legumes are essential to improve global food safety and security [1,2]. Common bean
(Phaseolus vulgaris) is the most important directly consumed legume in the human diet [3]
and the principal food legume for 250 million people in South and Central America and for
400 million people in Eastern Africa [4]. More than 40,000 varieties of beans are cultivated
in all continents, except Antarctica, under different cropping systems and in a wide range
of environments. Beans are considered one of the major crops with the highest levels of
variation in growth habit, seed characteristics, maturity, and adaptation [5]. Beans also play
an important role in achieving a more sustainable food production system [6–8] as they are
considered an essential crop to help increase food production by 70% by 2050 in order to
supply enough high-quality food to the world’s growing population sustainably [9].

Legumes and beans are also gaining importance because of their health benefits pre-
venting and helping to manage hypercholesterolemia, hypertension [10], obesity, diabetes,
and coronary conditions [6]. Dry bean is known as a major source of protein, with a
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protein content from 20 to 30% of dry weight [11]. Thus, half a cup of beans (equivalent
to 90 g) provides from 18 to 27 g of protein, which is from 32 to 48% of the recommended
daily allowances (RDA) of a 70-kg adult (0.8 g of protein per kg of body weight; thus,
56 g) [12,13]. Beans also have considerable contents of phenols and flavonoids. Polyphenols
usually are present in the seed coat, rarely in the cotyledons. [14,15]. Colored varieties tend
to have a higher content of total phenols and greater antioxidant activities compared to
non-pigmented ones [15,16]. Phenols can bring benefits such as reducing the risk of cancer,
aging, apoptosis, and oxidative stress [17–19]. Antioxidants can be found in vegetable and
fruits and prevent or delay some types of cell damage [20]. Dry bean is considered to be in
both the vegetable group and the protein food group, as dry beans have similar protein
profiles as foods in both groups and also provide other nutrients found in seafood, meats,
and poultry, such as iron and zinc [21]. Indeed, legumes are a critical and affordable source
of plant-based proteins, vitamins, and essential minerals such as calcium, magnesium, and
zinc, contributing to the food security and nutrition of people around the world, espe-
cially subsistence smallholder farmers in developing countries [6]. Human and soil zinc
deficiency can be correlated in Africa, Asia, Andean South America, and Mexico [22–24].
In these same regions, where beans are common sources of protein, beans can also be an
excellent source of zinc for human diets [5,21]. Bean consumption in sufficient quantities is
considered a strategic remedy for hidden hunger and healthy diets [25].

The domestication of common beans was unusual, occurring in two distinct geo-
graphic regions simultaneously, creating two gene pools, namely, the Middle American
and the Andean [26]. The first introduction of common bean from Central/South America
into Western Europe most likely took place in the sixteenth century [27,28]. In Italy, beans
were introduced in 1515 [29] and created a long tradition that allowed the evolution of
many local varieties adapted to microclimates in restricted areas [30]. In Veneto, the diffu-
sion of common bean occurred quickly, and today, the cultivation of this pulse is of great
economic relevance in the Belluno region [31]. However, although those local varieties
have original morpho-agronomic and nutritional characteristics, with high organolep-
tic qualities, they have been gradually substituted by genetically uniform commercial
varieties [30,32]. In order to conserve, preserve, and valorize this genetic material, the De-
partment of Agronomy, Food, Natural Resources, Animals, and Environment (DAFNAE)
from the University of Padova is establishing a bean germplasm that currently contains
48 accessions, of which 27 are Venetian local varieties, with the preservation of functional
and serependic opportunities afforded by plant species diversity for a more sustainable
agriculture future.

Most of the world bean production areas are under risk of facing drought conditions
during the cultivation cycles [33–36]. These areas are also under high and/or very high
risk of human-induced desertification in upcoming years [37], indicating that the effects
of drought conditions on bean production may be exacerbated. Drought can reduce
bean yields by up to 75% [33,34] or, in more drastic conditions, can lead to total loss of
production. At the same time, intensive irrigation systems can lead to an overuse of water
and wasting the excess, which may lead to negative impacts on the environment. The
long-term objective of the DAFNAE germplasm is to improve Italian and Venetian beans to
be used in sustainable organic farming systems. Thus, it is important to better understand
the plant development and agronomic performances of some of these local varieties under
different environments and irrigation regimes to develop management strategies that
can stimulate and support farmers to adopt these beans in their production systems. In
addition, it is also important assess their nutraceutical properties in order to valorize this
genetic material.

This study aimed to assess the effect of drought conditions during different growth
stages of six local bean varieties traditionally cultivated in Veneto (Italy) on agronomic
performance and nutraceutical characteristics. Fasolo del Diávolo, Gialet, Posenati, Secle,
D’oro, and Maron were selected from the DAFNAE/UNIPD bean germplasm.
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2. Materials and Methods

To ensure that the plant responses were primarily related to the drought stress, all the
treatments applied were not restricted in terms of environmental factors (i.e., temperature,
relative humidity, fertilization, operational practices), which were exactly the same for
all cultivated plants, except the irrigation regime. Four different irrigation regimes were
imposed on these local varieties: never stressed, always stressed (from sowing to harvest-
ing), stressed before flowering, and stressed after flowering. The irrigation regimes were
controlled by using a precipitation exclusion rain-out shelter and the irrigation was applied
based on sensors in the pots measuring the volumetric water content every hour. The
effect of these different irrigation regimes was assessed on the yield and seeds’ antioxidant
capacity, total phenols, phosphorus, zinc, calcium, magnesium, and protein content.

2.1. Plant Materials

The Department of Agronomy, Food, Natural Resources, Animals, and Environment
(DAFNAE) from the University of Padova (UNIPD), located in Veneto (Italy), is estabilish-
ing a bean germplasm aiming to conserve beans traditionally cultivated in Italy and, more
specifically, in Veneto. This germplasm is composed of 48 accessions and, for this study,
we selected six accessions that were tradionally cultivated for centuries by small farmers
in the mountainous region of Veneto and selected by them based on their agronomic
performance, visual traits, and nutraceutical porperties. Fasolo del Diavolo (Devil’s Bean)
is a Phaseolus coccineus, also known as a runner bean. Gialet (yellowish) and Posenati (from
Posina, Veneto) are P. vulgaris from the Middle American domestication center and Secle,
D’oro (made of gold), and Maron (brown) are P. vulgaris from the Andean domestication
center (unpublished data) (Figure 1).

Figure 1. Seeds of landraces used in this study, showing the high diversity of visual traits and
potential for commercial interests.

2.2. Experimental Design

A pot study was conducted in a rain-out shelter located in the state of Georgia, USA
(33◦46′53.8248” N, 83◦19′49.7028” W) from March 2020 until August 2020. The rain-out
shelter was completely covered on rainy days. On sunny and cloudy days, the sides of the
rain-out shelter were removed, allowing air to flow through it. Each landrace was subjected
to four treatments: never stressed (NES), always stressed (ALS), stressed before flowering
(SBF), and stressed after flowering (SAF). From sowing until flowering, NES and SAF
received a normal irrigation regime and ALS and SBF received a reduced irrigation regime.
After flowering, NES and SBF received a normal irrigation regime, whereas ALS and SAF
received a reduced irrigation regime. Pots were arranged in a randomized complete block
design with four replications of each treatment. A Decagon Em50 data logger was placed
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in the middle of the shelter and connected to a VP-4 Humidity/Temperature/Barometer
sensor (Meter Group Inc., Pullman, WA, USA)) to monitor and record air temperature and
relative humidity every hour. The temperature inside the rain-out shelter ranged from 1.2
(2 April at 8 a.m.) to 38.5 ◦C (4 July at 3 p.m.), and the average temperature was 22.6 ◦C
± 8.3 (Figure 2a). Four 5TM Moisture/Temperature soil probes were placed at a 5 cm
depth into different treatment pots to monitor hourly soil water content. Four reference
pots without plants were placed randomly and weighed before and after each irrigation
to monitor water evaporation. After the study was concluded, sensors were calibrated in
the lab using the same soil with different water contents. Gravimetric water content was
determined and converted to volumetric water content using the soil density. Unprocessed
data were converted into volumetric water content (VWC, m3 of water per m3 of soil)
using a calibration curve (R2 = 0.9342), and the hourly average volume of water per pot of
each treatment before and after flowering was calculated. The field capacity (FC) and the
permanent wilting point (PWP) of this soil were 46 and 16% (VWC), respectively, or 1.62
and 0.56 L of water per pot. Plant available water was estimated as the difference between
water content and permanent wilting point (Figure 2b).

 

 

Figure 2. (a) Minimum, maximum, and average temperature inside the rain-out shelter from April
2020 until August 2020. (b) Hourly average of liters of water per pot in each treatment before
flowering (black, BF) and after flowering (gray, AF). Field capacity (FC) is represented by the dash-
dot line and permanent wilting point is represented by the solid line. Plant available water is the
difference between the volume of water in the pot and the permanent wilting point. Treatments
were (1) never stressed (NES), (2) always stressed (ALS), (3) stressed before flowering (SBF), and
(4) stressed after flowering (SAF). The standard deviation is represented by error bars.
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Each pot with a 20-cm diameter and 3.8 L volume was filled with 3 kg of certified
organic soil compost (Soil Cube, Greenville, SC, USA) and two seeds were sowed on
30 March 2020, followed by 500 mL of water to saturate the soil. The soil used had a
high organic matter content, 32% loss-on-ignition (LOI) [38], pH 6.8 in 0.01 M CaCl2 (1:2)
and 7.3 in distilled H2O (1:2), bulk density of 0.85 g cm−3, 22.8 mg N kg−1 of potentially
mineralizable nitrogen by hot KCl methods, 57.5 mg kg−1 of plant available N, and CEC of
22.8 meq 100 g−1. The C and N contents of the soil were 13.68% and 1.12%, respectively,
which correspond to a C/N ratio of 12.2. Other nutrient contents were 4,845 mg Ca kg−1,
1808 mg K kg−1, 1270 mg Mg kg−1, 632 P mg kg−1, and 58 mg Zn kg−1. Five days after
planting (DAP), all plants emerged, and at three days after emergence, one plant was
thinned from each pot, ensuring that all plants within each landrace were as homogenous
as possible. All plants bloomed between 35 and 52 days after planting (DAP).

2.3. Plant Development and Yield

All five P. vulgaris have an indeterminate IIIb growth habit and P. coccineus IVa,
according to the CIAT scale [39]. We used one cotton twine for each plant to support
growth. One end was tied to the top of the rain-out shelter and the other end to the bottom
of the plant. In the first weeks, we wrapped the stem around the twine, and the plants
utilized the twine.

Every ten days, each plant development stage was monitored following the bean
BBCH scale proposed by Feller et al. (1995) [40]. This scale has nine different growth stages,
but for this study, the scale was adapted and summarized into four main growth stages:

i. Vegetative phase: from germination until first flower opens;
ii. Flowering: from the first flowers opening until the first pods are visible;
iii. Fresh pods: from the first green pod being visible until the first pod starts to dry

and ripen;
iv. Dry pods: from when the pods and seeds ripen until the plant’s senescence.

Pods were harvested when they appeared dry, and then seeds were left in a room
with low relative humidity and temperature of about 20 ◦C, weighed, and the dry seed
production per plant was determined.

2.4. Seeds’ Nutraceutical Characterization

Air-dried seeds were ground to fine powder at room temperature, and approximately
0.2 g of each sample was added to a 50-mL Falcon tube and homogenized in 20 mL of
methanol. Samples were filtered in Whatman 4 grade filter paper, and appropriate aliquots
of extracts were assayed by Folin–Ciocalteau assay for total phenol content and by Ferric
Reducing Antioxidant Power assay for total antioxidant activity. For all the nutraceutical
properties analyzed, we used three technical replications for each biological replication.

The content of total phenols was measured on the basis of mg of gallic acid equiv-
alent per kg (mg GAE kg−1 dw) of dry bean powder [41]. Bean extract was mixed with
20% sodium carbonate solution and Folin–Ciocalteau reagent [42]. After 2 h at room
temperature, the absorbance of the colored reaction product was measured at 765 nm.
The evaluation of total phenols was conducted utilizing a standard calibration curve
(R2 = 0.9995) of gallic acid solution with concentrations from 0 to 1600 μg mL−1 of gallic
acid equivalent.

FRAP reagent was prepared fresh so that it contained 1 mM 2,4,6 tripyridyl-2-triazine
and 2 mM ferric chloride in 0.25 M sodium acetate at pH 3.6 [43]. A 100-μL aliquot of
the methanol extract prepared as above was added to 1900 μL of FRAP reagent and ac-
curately mixed. After leaving the mixture at 20 ◦C for 4 min, the absorbance at 593 nm
was determined. The evaluation of antioxidant capacity was conducted utilizing a stan-
dard calibration curve (R2 = 0.9989) of ferrous ammonium with concentrations from 0 to
1200 μg mL−1 of Fe2+E (ferrous ion equivalent).

Approximately 0.2 g of dried ground bean powder was digested on two cycles of
200 ◦C for one hour and at 375 ◦C for two and a half hours, with 3 mL sulfuric acid being
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added at each cycle. Catalyst was added in the first cycle only. Total protein was calculated
from total nitrogen measured from the Kjeldhal digestion [44], and total phosphorus was
determined using the method described by Jirka et al. (1976) [45]. Calcium, zinc, and
magnesium were measured in a Perkin Elmer AAnalyst 200 atomic absorption unit using
standard curves obtained by diluting 1000 ppm stock solutions (Fischer Chemical) in 2%
nitric acid.

2.5. Statistical Analysis

All data collected were digitized and processed on Microsoft Excel. A summary
spreadsheet with the data of each variable of each experimental unit was made and input
into JMP Pro 15 (JMP, version Pro 15, SAS Institute Inc., Cary, NC, USA, 1989–2019)
that was used to perform the statistical analysis. The data were assessed for normality
and tested for homogeneity in JMP Pro 15 and found to be normally distributed and
homogenous. Analysis of variance (ANOVA) considering the main effects of treatment,
variety, and their interaction was performed, and the Tukey test was used to separate
means at p < 0.05. Principal component analysis (PCA) and the correlation between the
variables were also performed. SigmaPlot 11.0 (Systat Software, San Jose, CA, USA) was
used to prepare graphs.

3. Results

Analysis of variance and interactions in Table 1 show the incidence of interactions in
some measured parameters. The structure of the presented Results and Discussion follows
the order in which the parameters are presented in Table 1.

Table 1. Analysis of variance (ANOVA) table with the effects on different local varieties, of treatments, and of the interaction
of variety and treatments on yield and nutraceutical properties of Venetian bean (P. vulgaris) local varieties cultivated in a
rain-out shelter between March and August 2020, except Fasolo del Diavolo that did not produce seeds. The p-values are
followed by the F-values in parenthesis.

Parameters Varieties Treatments Varieties × Treatments

Yield
(g per plant) <0.001 (11.71) <0.001 (14.57) 0.021 (2.56)

Total phenols
(mg GAE kg−1 dw) <0.001 (17.13) 0.065 (2.87) 0.798 (0.63)

Antioxidant capacity (mg Fe+2 kg−1 dw) 0.006 (4.57) 0.301 (1.22) 0.296 (1.21)
Protein content

(%) 0.198 (1.64) 0.057 (3.10) 0.813 (0.60)

Total phosphorus content (mg kg−1) 0.196 (1.69) 0.698 (0.36) 0.053 (2.21)
Mg content
(mg kg−1) 0.231 (1.49) 0.489 (0.73) 0.597 (0.85)

Ca content
(mg kg−1) <0.001 (8.72) 0.111 (2.32) 0.149 (1.43)

Zn content
(mg kg−1) <0.001 (30.43) 0.070 (2.83) 0.002 (4.33)

Degrees of freedom 4 3 12

Total degrees of freedom = 79.

3.1. Yield

The interaction between local varieties and treatment had a significant effect on yield
(Table 1). Posenati NES and SBF and Secle SBF produced more than 10 g of seeds per plant.
Posenati NES and SBF produced significantly more than Posenati SAF and ALS. Secle SBF
yield was significantly greater than either Secle SAF or SBF. Gialet was the only local variety
that did not have its yield significantly affected when comparing the treatments within
it. D’oro SAF yield was significantly the lowest and Maron ALS did not produce seeds
(Figure 3). Fasolo del Diavolo did not develop pods and therefore it did not produce seeds.
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Figure 3. Effects of varieties and treatments interaction on yield (g of dry seeds per plant) of Venetian
bean (P. vulgaris) local varieties cultivated in a rain-out shelter between March and August 2020.
Different letters indicate a significant difference between compared groups. α = 0.05. Treatments
were (1) never stressed (NES), (2) always stressed (ALS), (3) stressed before flowering (SBF), and (4)
stressed after flowering (SAF). Maron ALS did not produce seeds; thus, it is not represented in the
graph. The standard deviation is represented by error bars (n = 4).

3.2. Nutraceutical Properties

Total phenols content was significantly affected by variety (Table 1). Maron and D’oro
significantly had the greatest total phenols content, whereas Gialet significantly had the
lowest (Table 2). The antioxidant capacity was also significantly affected by variety (Table 1).
Maron had the greatest antioxidant capacity and Gialet the lowest, with a non-significant
difference when compared to Secle (Table 2). Local varieties significantly affected the
calcium content on the seeds (Table 1), with Gialet and Posenati having a significantly
greater Ca content than Secle and D’oro (Table 2).

Table 2. Seeds’ nutraceutical characteristics of five Venetian bean (P. vulgaris) local varieties cultivated in a rain-out shelter
between March and August 2020.

Parameters Gialet Posenati Secle D’oro Maron

Total phenols
(mg GAE Kg−1 dw) 2455 (76) c 3368 (76) b 3326 (52) b 4288 (77) a 4128 (67) a

Antioxidant capacity
(mg Fe+2 kg−1 dw) 2505 (36) c 3718 (85) b 3256 (88) bc 3736 (154) b 4545 (135) a

Protein content
(% dw) n.s. 30.9 (4.4) 30.3 (2.4) 28.2 (3.4) 32.3 (2.8) 27.1 (3.5)

Total phosphorus
(mg kg−1 dw) n.s. 1395 (36) 1386 (54) 1439 (81) 1422 (28) 1379 (55)

Mg content
(mg kg−1 dw) n.s. 297 (13.16) 287.8 (14.7) 292.7 (12.4) 296.3 (6.5) 281.3 (11.1)

Ca content
(mg kg−1 dw) 1280 (163) a 1118 (193) a 996 (194) b 945 (133) b 1081 (132) ab

Means followed by different letters in the same row indicate a significant difference between compared local varieties. n.s. = non-significant
difference. α = 0.05. The standard deviation is in parenthesis after the values (n = 4). Maron ALS did not produce seeds; thus, it is not
represented in the table.

Zinc content was significantly affected by the interaction between variety and treat-
ment (Table 1). Gialet SBF and SAF and Maron NES had Zn content greater than 60 mg kg−1,
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whereas Posenati SBF and SAF and D’oro SAF had Zn content lower than 40 mg kg−1. On
average, Gialet and Maron zinc content was about 60 mg kg−1 (Table 3).

Table 3. Effects of varieties and treatment interaction on zinc content of Venetian bean (P. vulgaris)
local varieties cultivated in a rain-out shelter between March and August 2020. Treatments were
(1) never stressed (NES), (2) always stressed (ALS), (3) stressed before flowering (SBF), and (4) stressed
after flowering (SAF).

Varieties Treatment Zn Content (mg kg−1)

Gialet

NES 58.4 (1.9) abcd
ALS 56.8 (2.3) abcde
SBF 61.8 (6.8) abc
SAF 65.6 (6.7) ab

Posenati

NES 43.9 (2.7) efg
ALS 47.4 (3.6) defg
SBF 37.1 (5.2) g
SAF 38.7 (2.4) fg

Secle

NES 47.9 (3.0) cdefg
ALS 49.2 (1.8) bcdefg
SBF 58.3 (8.6) abcd
SAF 50.9 (4.8) bcdefg

D’oro

NES 49.4 (0.3) bcdefg
ALS 56.2 (1.1) abcdef
SBF 41.2 (1.6) fg
SAF 37.5 (2.7) fg

Maron

NES 69.2 (0.3) a
ALS —
SBF 58.3 (7.1) abcd
SAF 51.4 (1.8) abcdefg

Means followed by different letters indicate a significant difference between compared groups. α = 0.05. The
standard deviation is in parenthesis after the values. Maron ALS did not produce seeds; thus, it is not represented
in the table.

3.3. Principal Component Analysis and Correlations

Considering the relationship of yield with nutritional and nutraceutical parameters, a
principal component analysis on covariance was performed. The total variation of C1 + C2
represented 98.4% of the total variability. Ca, Zn, and yield are on the C1 negative and C2
negative quarters, whereas total phenols and protein are on the C1 positive and C2 positive
quarters. Antioxidant capacity is on the C1 positive and C2 negative quarters, and Mg and
P are on the C1 negative and C2 positive quarters (Figure 4).

Yield correlation was significant (p < 0.05) and positive with calcium and siginificant
and negative with total phenols, antioxidant capacity, and protein content. Total phenols
and protein content were significant and positively correlated. Total phenols was significant
and negatively correlated with zinc and calcium. Antioxidant capacity also had a significant
and negative correlation with calcium and zinc (Table 4).
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Figure 4. Principal component analysis (PCA) on covariance of nutraceutical properties of Venetian
bean (P. vulgaris) local varieties cultivated in a rain-out shelter between March and August 2020.

Table 4. Correlations coefficients of the variables of Venetian bean (P. vulgaris) local varieties cultivated in a rain-out shelter
between March and August 2020, estimated by the restricted maximum likelihood (REML) method.

Yield TP AC Protein P Zn Mg Ca

Yield 1
TP −0.5354 * 1
AC −0.3431 * 0.6675 1

Protein −0.2955 * 0.3749 * −0.0078 1
P −0.1147 0.1566 0.0458 −0.1097 1

Zn 0.0198 −0.2747 * −0.2994 * −0.1471 −0.0765 1
Mg 0.0019 −0.1941 −0.2381 −0.0455 0.0997 −0.0504 1
Ca 0.5062 * −0.6477 * −0.4166 * −0.1714 −0.1023 0.2366 0.2335 1

TP = total phenols; AC = antioxidant capacity. * significant correlation (p < 0.05).

4. Discussion

This study assessed the effect of drought conditions at different growing stages on
the yield and nutraceutical properties of six beans traditionally cultivated in Veneto, Italy.
The local varieties had different responses to different irrigation regimes. Gialet was the
only one that was not significantly affected by drought conditions and had a high zinc
content. We also found that yield was significant and negatively correlated with protein
content, total phenols, and antioxidant capacity. In this study, calcium was significant and
positively correlated with yield.

Fasolo del Diavolo did not develop pods in this experiment, possibly due to two rea-
sons: (i) P. coccineus has a high degree of allogamy, needing the presence of specific
pollinators. We speculate that the rain-out shelter was not conducive to the presence of
these pollinators or conditions within the rain-out shelter resulted in the reduced incidence
of proper plant–pollinator contact [46]. (ii) P. coccineus tolerates temperatures up to 30 ◦C,
and in this experiment, the temperature inside the rain-out shelter was commonly greater
than 35 ◦C during the daytime. Thus, to assess the effects of drought conditions on this
local variety, further research in an environment with a cooler temperature would be rec-
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ommended. This also indicates that the cultivation of this local variety should be limited to
the mountainous environment, where it originates, with milder temperatures throughout
the growing period.

Polania et al.’s (2016) results showed that Middle American accessions tend to be more
tolerant to drought conditions. The superior performance under drought stress of these
accessions was associated with a better canopy biomass at mid-pod filling, which can be
related to a deeper root system and effective use of water, an efficient remobilization of
photosynthates, and grain filling [47]. Dipp et al.’s (2017) results confirmed that Andean
accessions have a higher susceptibility to drought conditions [48]. In this study, Gialet
and Posenati represented the Middle American gene pool. Drought conditions did not
have significant effects on Gialet’s yield, and Posenati’s yield was not affected when it was
under the SBF treatment. Maron and D’oro, two of the Andean local varieties, had higher
susceptibility to drought stress; however, they had different responses. Maron ALS plants
were more affected, whereas D’oro’s SAF plants were more susceptible. Dipp et al. (2017)
found that highly susceptible accessions can have yields reduced by about 70% and they
considered that accessions with yield reduction lower than 40% are tolerant to drought
conditions [48]. Smith et al. (2019) also found that drought conditions can significantly
reduce yield by 70%. The yields of Gialet and Secle, for example, were reduced by 42 and
40%, respectively, under drought conditions during the whole cycle, indicating that these
accessions can be tolerant to drought conditions [49].

Stressing the plant before flowering and applying a normal irrigation regime during
the reproductive stage increased the yield of Posenati and D’oro and significantly increased
Secle’s yields by 80%. Imposing stress before flowering on beans’ cultivation is a strategy
recommended for Italian bean local varieties and commercial varieties [50–52]. Thus,
irrigation management is a tool that can be used by farmers cultivating these local varieties,
reducing the amount of water applied and increasing the seed production and the water
use efficiency, without affecting the nutraceutical properties of the seeds.

Smith et al. (2019) also evaluated the effect of drought conditions on the macronutrient
and micronutrient contents of bean seeds. Drought conditions did not affect the content
of phosphorus, calcium, zinc, and magnesium [49], as was the case in our study. In this
study, however, variety and treatments interaction had a significant effect on seed zinc
content. Posenati and D’oro ALS seeds had significantly higher content than SBF. Nicoletto
et al. (2019) assessed the effect of two different environments (30 and 351 m altitudes) on
seed qualities of two Venetian local varieties, Gialet and Lingua di Fuoco, and their results
showed that the environment significantly affected antioxidant capacity, total phenols,
and calcium, magnesium, and phosphate content in seeds [53]. Although the growth
environment affected these parameters, drought conditions did not have significant effects
on seeds’ nutraceutical characteristics. However, there was a significant difference in
nutraceutical properties among the local varieties. D’oro and Maron had significantly
greater total phenols content and Maron also had the greatest antioxidant capacity, whereas
Gialet had significantly the lowest content of total phenols and antioxidant capacity among
the local varieties. Most of the antioxidants and total phenols of beans are present on
the seed coat and colored seeds are related to high contents of these compounds [14–16],
confirming the results of this study, as Gialet seeds are yellowish and pale, whereas
D’oro and Maron have strong golden and brownish colors, respectively. In this study,
local varieties from the Andean domestication center tended to have, on average, greater
antioxidant capacity and total phenols content and lower calcium content, when compared
to Middle American local varieties. Nicoletto et al.’s (2019) results for antioxidant capacity
and total phenols of Gialet seeds were lower than the ones obtained in this study [53].
However, these results are based on the weight of dry seeds and previous studies have
shown that soaking and cooking beans can reduce by 90% the total phenol content and
antioxidant capacity [54–56].

Blair et al. (2009) considered a Middle American accession with 42.8 mg kg−1 Zn
content on the seeds as a low content and an Andean accession with 66.7 mg kg−1 as high
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Zn content [57]. Amongi et al. (2018) assessed the Zn content of 304 accessions of a common
bean germplasm from East Africa. The Zn content on African accessions ranged from
23.9 to 47 mg kg−1, with an average of 32 mg kg−1 [58]. This study obtained a similar range
to Blair’s, from 42.2 (Posenati) to 59.3 and 59.9 mg Zn kg−1 (Maron and Gialet, respectively).
These local varieties had greater Zn concentrations’ than modern varieties assessed by
Celmeli et al. (2018) that ranged from 25 to 35 mg Zn kg−1 [59]. The average daily
recommended amount of Zn consumption for an adult male is 11 mg [60], which means
that if one adult male consumes the equivalent of 100 g of dry beans from a commercial
variety containing 32 mg Zn kg−1, it will provide about 29% of the recommended daily
consumption of Zn. If the same man eats the same amount of dry beans from a Zn-rich
local variety—such as Gialet and Maron, for example—it will provide about 55% of the
recommended daily consumption of Zn in one meal. Paredes et al. (2010) assessed the
macronutrient and micronutrient content of 52 Chilean bean accessions that had Mg content
ranging from 1300 to 1800 mg kg−1, about five times greater than the ones obtained in this
study. In contrast, Smith et al. (2019) measured Mg magnesium contents closer to the ones
from this study, about 500 mg kg−1. In terms of Ca content, this study’s results are closer to
those of Paredes et al. (2010), which ranged from 1000 to 2100 mg Ca kg−1, whereas Smith
et al. (2019) found Ca contents around 500 mg kg−1. Paredes et al. (2010) used an atomic
absorption unit to determine Ca and Mg, as was used in this study, and Smith et al. (2019)
used inductively coupled plasma (ICP) [49,61].

Table 4 indicates that the yield correlation with protein was negative (−0.2955) and
significant (p < 0.005), in agreement with the results of Bulyaba et al. (2020) and Kazai et al.
(2019) [62,63]. Davis et al. (2004) proposed a trade-off theory for the interaction between
yield and nutrient content [64]. Thus, we hypothesize that, in this study, the trade-off
of reduced protein content may be explained by the dilution effect since the increase in
yield may result in a greater carbohydrates content and reduced nitrogen content within
the endosperm. Total phenols and antioxidant capacity were also negatively correlated
with yield for beans. Kruger et al. (2013) found that both were also negatively related to
the yield of 23 accessions of black currants [65]. It is likely that greater yields increased
the endosperm vs. coat ratio, and since most of the antioxidants and phenols are in the
seed coat [14–16], their contents were decreased as yield increased, leading to the negative
correlation found in this study. On the contrary, yield had a positive and significant
correlation with calcium content (0.5062, p < 0.05). Ribeiro et al. (2013) found out that yield
was positively correlated with Ca content (0.1566) [66]. However, in another study, Ribeiro
et al. found a non-significant negative correlation between yield and calcium content [67].
Thus, we hypothesize that the correlation between yield and calcium content in the seeds
may be explained by another factor besides the dilution effect, for example, a high Ca
content in the soil, soil pH, different varietal requirements and Ca uptake, seed nutritional
characteristics, and response to drought conditions. Domingues et al. (2016) found that
a high bioavailability of Ca is correlated with higher yields and higher Ca content in the
seeds. Since the soil used in this study had a high Ca content, we hypothesized that these
local varieties were able to take advantage of the higher calcium content in the soil [68].

5. Conclusions

Exposure to drought conditions until flowering did not significantly reduce yields for
any of the local varieties and instead increased Secle’s yield by 80% when compared to the
never stressed treatment. Thus, reducing irrigation before flowering is a tool that can be
used by farmers cultivating these varieties to increase yield and their water use efficiency.
Gialet was the only variety that did not have yields significantly affected by drought
conditions for any of the treatments: before flowering, after flowering, and throughout
the cultivation cycle. Maron did not produce seeds when exposed to drought conditions
throughout the cultivation cycle. Drought conditions during different growing stages did
not affect seeds’ nutraceutical properties, except for zinc which was significantly affected
by the interaction between variety and treatment. Gialet and Maron had a high zinc content
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when compared to commercial varieties (60 mg kg−1). Gialet, a traditional variety from
Veneto, has good potential of success when cultivated in areas under risk of facing drought
conditions and is a good candidate for addressing the zinc deficiency faced by a significant
proportion of the world’s population. While these local varieties have some cultivation
limitations for large commercial growers (i.e., indeterminate growth, manual harvesting,
and practices to increase their efficiency and productivity are still little known), this study
provides useful information to small and medium farmers that will help them to increase
the water use efficiency and the nutritional values of these beans, which can be grown
in other drought regions of the world. It is also possible that these results will help and
promote the commercial value of these varieties and raise the interest of farmers to start
producing them on larger scales. However, more studies in different environments under
drought conditions are still needed in order to provide more information to bean growers.
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Abstract: Bitter gourd is one of the important cucurbits and highly liked among both farmers and
consumers due to its high net return and nutritional value. However, being monoecious, it exhibits
substantial variation in flower bearing pattern. Plant growth regulators (PGRs) are known to influence
crop phenology while gibberellic acid (GA3) is one of the most prominent PGRs that influence
cucurbits phenology. Therefore, a field trial was conducted at University of Agriculture Faisalabad to
evaluate the impact of a commercial product of gibberellic acid (GA3) on growth, yield and quality
attributes of two bitter gourd (Momordica charantia L.) cultivars. We used five different concentrations
(0.4 g, 0.6 g, 0.8 g, 1.0 g, and 1.2 g per litre) of commercial GA3 product (Gibberex, 10% Gibberellic
acid). Results showed that a higher concentration of gibberex (1.0 and 1.20 g L−1 water) enhanced
the petiole length, intermodal length, and yield of bitter gourd cultivars over control in Golu hybrid
and Faisalabad Long. A significant decrease in the enzyme superoxidase dismutase, peroxidase, and
catalase activities were observed with an increasing concentration of gibberex (1.0 and 1.20 gL−1

water) as compared to control. These results indicate that the exogenous application of gibberex at
a higher concentration (1.2 g L−1) has a dual action in bitter gourd plant: i) it enhances the plant
growth and yield, and ii) it also influenced the antioxidant enzyme activities in fruits. These findings
may have a meaningful, practical use for farmers involved in agriculture and horticulture.

Keywords: gibberex; Momordica charantia L; dismutase; peroxidase; catalase; vegetative growth

1. Introduction

Bitter gourd (Momordica charantia L.), well-known as bitter melon, balsam pear, and bitter
cucumber [1] exhibits high nutritional value in terms of enriched mineral, vitamins, and macro-nutrient
contents [2]. Despite providing essential elements it also possesses antioxidant, antiviral and
antimicrobial pressure in addition to lowering blood sugar makes it favourite among consumers [3].
Meanwhile, farmers prefer its cultivation due to shorter growing period, early maturity, incremented
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yield, and high net return per acre [4,5]. However, bitter gourd belongs to a monoecious family which
naturally bears staminate to pistillate flowers and expresses substantial variation [6]. A similar trend
was observed in bitter gourd that variates with a ratio of 50:1 [7], but these ratios are quite uncertain and
may vary from 9:1 to 48:1 [8]. This variation in sex expression is regulated by certain internal factors,
i.e., genetic or hormonal [9], and external factors, i.e., nutrient application, modulating environmental
conditions [10], water regime, and the application of plant growth regulators [11].

Among the discussed alternatives, use of plant growth regulators is a promising technique to
be adopted as they are known to affect and enhance various physiological and biological functions
of plants thus enabling a prompting transformation in plant phenotype [12]. Among plant growth
regulators, gibberellins (GAs) are highly valuable as they affect flower initiation and development as
in particular they have a crucial role in the differentiation of floral organs such as GA’s application
are known to induce feminization in maize (Zea mays L.) while masculinizing in spinach, cucumber,
and asparagus [13]. In this regard, cucumber has been used as a model plant for studying genetic and
molecular aspects of sex determination in cucurbits [14]. However, it is revealed that GA can influence
sex expression of cucumber by regulating sex differentiating genes i.e., F, M, and A genes via both
ethylene dependent and independent pathways [15]. Organic Fertilizer addition to soil increases risk of
xenobiotic contamination [16–19]. Moreover, GA signalling pathway also regulates stamen and anther
development in Arabidopsis and rice [20,21]. While this hormonal activity is also dependent on certain
environmental factors, particularly short days having low night temperatures led to an increment in
ethylene concentration, thus regulating the process of sexual differentiation in plant species [22].

Besides sexual differentiation, GA3 is also known for promoting vegetative growth by inducing
hydrolytic enzyme activity [23] and reproductive behaviour by affecting male and female fertility [24]
with enhancing quality attributes by regulating antioxidants enzymes [25] of harvested product.
Generally, GAs enhance cell division and elongation; promote stem elongation (in particular stalk
length) and improving flower and fruit volume [26]. These are also known to be most economical and
beneficent in achieving bigger fruit size, heavier fruit weight and sustainable fruit yield in addition to
enhancement of produce quality in terms of total soluble salts (TSS), acidity (TA), TSS/TA ratio, and
reducing sugar [27]. Plant growth hormones, i.e., auxins, gibberellins, cytokinins, and ethylene have
become a center of interest regarding vegetative growth, modulating sex expression, and controlling
yield components [28]. Therefore, various gibberellins (GA3), auxins (IAA and NAA), cytokinins
and ethylene are being applied exogenously to enhance the productivity of bitter gourd [29–31].
It was hypothesized that exogenous gibberellic acid application influences the morphological and
antioxidative behavior in cucurbits. Thus, the present research trial was conducted with an aim
to evaluate the effect of commercial gibberellin, gibberex (10% GA3), at various concentrations, on
the growth, yield, and antioxidative attributes of two bitter gourd varieties.

2. Materials and Methods

2.1. Experimental Design

A field experiment was conducted following randomized complete block design (RCBD) at
Vegetable Farm, Institute of Horticultural Sciences (31.4303◦ N, 73.0672◦ E), University of Agriculture
Faisalabad. The mean temperature, humidity and light duration hours during the experiment were
31.92 ◦C, 50.95% and 8.75 h respectively. Healthy and diseased free seeds of two bitter gourd cultivars
viz., Golu hybrid (G. Hybrid) and open pollinated Faisalabad Long (F. Long) were collected from Bayer
Pakistan (Private) Limited and local market, respectively. Raised beds (5.4 × 1.5 m) were prepared on
finely pulverized soil (Table 1). Soil properties changes with land use [32–34] were followed by seed
sowing by dibbling method at 2 cm depth with 2 feet plant to plant distance on one side of the bed.
Seedlings emergence were observed on a daily basis and sowing was done again in case of any dead or
week seedlings.
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Table 1. Pre-experiment soil characteristics.

Soil Units Value

Texture - Loam

pH - 8.02

EC dS m−1 2.47

Organic matter % 0.65

Organic N % 0.024

Available P mg Kg−1 6.54

Extractable K mg Kg−1 165

Abbreviations: EC = Soil electrical conductivity, N = Nitrogen, P = Phosphorus, K = Potassium

Moreover, recommended cultural practices, i.e., thinning, weeding, and trellising, were adopted
to attain proper growth of bitter gourd plants. Trellising on high-density polyethylene (HDPE) net was
done using bamboo poles (six feet high) taut with steel ropes.

2.2. Collection and Application of GA3

Gibberex (10% Gibberellic acid), a product from Evyol group was acquired and applied in different
concentrations viz., T0 = control, T1: 0.4 g, T2: 0.6 g, T3: 0.8 g, T4: 1.0 g and T5: 1.2 g per one liter of
distilled water, on bitter gourd plants. Three foliar sprays, starting from 30 days after sowing, were
done at two weeks intervals till flowering. The volume of spray per plant was kept constant with
each plant receiving approximately 20 mL of solution. The spray was done on the abaxial and adaxial
surface of leaves to have complete coverage of plant with a commercial hand-held sprayer.

2.3. Vegetative and Reproductive Parameters

Vegetative growth expressed as petiole length (cm) and internodal distance (cm) was determined
by the method described by Gocmen et al. [35]. Data regarding reproductive parameters on number of
fruits [36], fruit weight (g) and yield per plant (kg) [37] were collected.

2.4. Extraction and Determination of Antioxidant Enzymes

Fresh fruit (100 mg) from healthy (control and treated) plants was homogenized with 4 mL of
50 mM phosphate buffer (pH 7.0), containing 1 mM EDTA and 1% polyvinyl polypirrolidone (PVP).
The homogenate was centrifuged for 25 min at 15,000× g and the supernatant was used for enzyme
activity assays on an immediate basis.

Superoxide dismutase (SOD) enzyme was assayed following the protocol of Stagner and Ppovic [38]
by measuring 50% blocking of photochemical reduction of nitro blue tetrazolium (NBT). Aliquots of
supernatant (100 μL) were mixed with 500 μL of phosphate buffer, 200 μL of methionine, 100 μL of
riboflavin with 800 μL of distilled water and placed under UV light for 15 min followed by absorbance
determination at 560 nm by using a microplate reader. One unit of SOD activity was expressed on
the basis of protein contents as U mg−1 protein.

Activities of catalase (CAT) and peroxidase (POD) enzyme determined following the protocol of
Chance and Maehly [39]. Enzyme extract (100 μL) was mixed in 500 μL solution containing 300 mM
of phosphate buffer with 100 μM of 5.9 mM H2O2. Changes in reaction solution were observed by
absorbance at 240 nm while one unit of catalase activity was expressed as nmol min−1 g−1 protein.
Whereas, for POD activity assay, a solution containing 500 μL of 50 mM phosphate buffer (5.0 pH)
with 200 μL of 40 mM H2O2, 500 μL of 20mM guaiacol and 100 μL of enzyme extract. Changes in
the absorbance of reaction solution were recorded at an interval of 20 s at wavelength of 470 nm. One
unit of POD activity was expressed as μmol min−1 g−1 protein.
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2.5. Statistical Analysis

Randomized Complete Block Design (RCBD) was used to evaluate the impact of five treatments
and control having three replications with three plants per replication to conduct this experiment. Data
were analyzed with the help of two way ANOVA (analysis of variance) and means were compared by
applying LSD test at 5% level of significance [40].

3. Results and Discussion

3.1. Petiole and Internodal Length

Results indicated that gibberex application as treatment significantly (p ≤ 0.05) increased
the internodal length (IL) and petiole length (PL) of Golu hybrid and Faisalabad Long (Figure 1A,B).
Interaction of different application rates of gibberex and varieties of bitter gourd was ordinal for petiole
length (Figure 2A). A positive non-significant correlation was observed between petiole length of Golu
hybrid and Faisalabad Long with different application rates of gibberex (Figure 2A). Application of
treatment 1.0 gL−1 gibberex remained significant as compared to control in Golu hybrid for petiole
length. In Faisalabad Long, treatments 1.2 and 0.6 gL−1 gibberex showed a significant positive response
for improvement in petiole length. Maximum petiole length (9.33 and 7.33 cm) was recorded in Golu
hybrid and Faisalabad Long at 1.0 and 1.2 gL−1 gibberex respectively.

Figure 1. Effect of concentrations of Gibberex on petiole length (A) and Internodal length (B) of two
bitter gourd cultivars. Vertical Bars indicate standard error of means (n = 9). Means sharing different
letters are significantly different from each other. * Significant (p ≤ 0.05), Highly significant (p ≤ 0.01)
while results depicts that for petiole length: Varieties = **, GA = *, Varieties × GA = NS; for Internodal
Length: Varieties = **, GA = *, Varieties × GA = NS.

For intermodal length, 1.2 gL−1 gibberex differed significantly over control in Golu hybrid and
Faisalabad Long. Interaction of different application rates of gibberex and varieties of bitter gourd
was disordinal for internodal length (Figure 2B). A positive non-significant correlation was observed
between intermodal lengths of Golu hybrid with different application rates of gibberex (Figure 9A).
However, intermodal length of Faisalabad Long showed positive significant correlation with different
application rates of gibberex (Figure 9B). All application rates of gibberex remained significant over
control in Faisalabad Long for internodal length. For Golu hybrid, treatments 0.4 and 0.6 gL−1

gibberex also remained equally significant over control for internodal length. Maximum internodal
length (15.33 and 11.66 cm) was recorded in Faisalabad Long and Golu hybrid at 1.2 gL−1 gibberex
respectively. Internodal elongation is based on the ability of plants to perform cell division and cell
elongation [41] that varies from genotype to genotype. In contrast, this increment could also be due to
the application of gibberex stimulated cell division and cell elongation [42] leading to stem elongation
via stretching internodal distance [43]. These findings are comparable with outcomes of Bostrack and
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Struckmeyer [44] that observed elongation of pith parenchyma cells leading to elongation of internodal
length under GA3 application. Similar findings were reported by Ros et al. [45] and Mishra et al. [13]
that GA3 application enhanced the internodal distance and petiole length in pea and bitter gourd.

Figure 2. Interaction graph of different application rates of gibberex and bitter gourd varieties for petiole
and intermodal length. Figure (A) represents petiole length while (B) represents the internodal length.

3.2. Fruit Number and Weight

Effect of different application rates of Gibberex was significant (p ≤ 0.05) on number of fruits (NF)
(Figure 3A) and fruit weight (FW) (Figure 3B) of Golu hybrid and Faisalabad Long. Interaction of
different application rates of Gibberex and varieties of bitter gourd was disordinal for number of fruits
(Figure 4A). A positive significant correlation was observed between Golu hybrid and Faisalabad
number of fruits with different application rates of gibberex (Figure 9A,B). It was noted that application
of treatment 1.2 gL−1. Gibberex was significantly different as compared to other application rates of
Gibberex for improvement in number of fruits of Golu hybrid and Faisalabad Long. However, number
of fruits were significantly higher in Golu hybrid over Faisalabad Long. For the increase in fruit
weight of Golu hybrid and Faisalabad Long, higher application rate 1.2 gL−1 Gibberex as treatment
differed significantly from control. Interaction of different application rates of Gibberex and varieties
of bitter gourd was significant ordinal for fruit weight (Figure 4B). A positive significant correlation
was observed between Golu hybrid and Faisalabad fruit weight with different application rates of
gibberex (Figure 9A,B). Maximum increase of 17.8 and 31.4% in number of fruits and 26.4 and 36.1% in
fruit weight were noted where 1.2 gL−1 gibberex in Golu hybrid and Faisalabad Long respectively.
Balance uptake of nutrients by application of Gibberex played an imperative role in the improvement
of number of fruits and fruit weight in bitter gourd varieties [43]. Application of GA3 enhanced
the synthesis of chlorophyll which led to enhanced production of proteins [46] whereas varietal genetic
potential to produce a low or high number of fruits can also affect fruit number per plant. Moreover,
Sadia et al. [47] concluded another factor that GA3 enhances the initial growth of ovaries along with
reducing the abscission layer that leads to a reduction premature flower and fruit drop.

3.3. Yield per Plant

Results indicated a significant difference (p ≤ 0.05) among the bitter gourd cultivars for yield per
plant (YP) (Figure 5A). A significant ordinal interaction was observed among different varieties of bitter
gourd and different application rates of gibberex (Figure 5B). A positive significant correlation was
observed between Golu hybrid and Faisalabad Long regarding yield per plant with different application
rates of gibberex (Figure 9A,B). It was observed that the application of 1.0 and 1.2 gL−1 gibberex proved
to be significantly best application rate over control for the improvement in the yield per plant in Golu
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hybrid over Faisalabad Long respectively. Maximum increases of 41% and 88% in yield per plant
were noted where 1.0 and 1.2 gL−1 gibberex treatments were applied in Golu hybrid and Faisalabad
Long respectively. Role of GA3 had been in focus in various plant species for increasing biomass
and yields [48,49] as its exogenous application has proved to promote source and sink relation with
an additional increment of dry matter accumulation. However, a high increment of yield in Faisalabad
long following gibberex application could be ascribed to both improved genetic traits and GA3 mediated
enhanced nutritional uptake subsequently promoting the leaves photosynthetic capacity [50]. Moreover,
GAs had also been set up to facilitate the integration of source to the developing reproductive plant
parts followed by enhanced sink strength due to improved photosynthate translocation [51]. Further,
GA3 enhances the transformation of sucrose to glucose, thus improving extracellular invertase [52]
that leads to phloem delivering carbohydrates to sink organs, thus ultimately enhancing plant yield.

Figure 3. Effect of concentrations of Gibberex on number of fruits (A) and fruit weight (B) of two bitter
gourd cultivars. Vertical Bars indicate standard error of means (n = 9). Means sharing different letters
are significantly different from each other. * Significant (p ≤ 0.05), ** Highly significant (p ≤ 0.01). while
statistical analysis depicts that results for number of fruits: Varieties = **, GA = **, Varieties × GA = **;
for Fruit weight: Varieties = **, GA = **, Varieties × GA = *.

Figure 4. Interaction graph of different application rates of gibberex and bitter gourd varieties for
number of fruits and fruit weight. Figure (A) represents number of fruit while (B) represents fruit weight.
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Figure 5. Effect of concentration of Gibberex on yield per plant of two bitter gourd cultivars. Figure (A)
represents yield per plant while (B) represents the interaction graph of different application rates of
gibberex and bitter gourd varieties for yield per plant. Vertical Bars indicate standard error of means (n
= 9). Means sharing different letters are significantly different from each other. * Significant (p ≤ 0.05),
** Highly significant (p ≤ 0.01) while results depicted that for yield per plant: Varieties = NS, GA = **,
Varieties × GA = **.

3.4. SOD, POD and CAT

Effect of different application rates of gibberex significantly (p ≤ 0.05) affect the SOD (Figure 6A),
POD (Figure 7A) and CAT (Figure 8A) in bitter gourd varieties. Interaction between different application
rates of gibberex and bitter gourd varieties was significant ordinal for SOD (Figure 6B), POD (Figure 7B)
and CAT (Figure 8B). A negative significant correlation was observed between Golu hybrid and
Faisalabad SOD, POD and CAT with different application rates of gibberex (Figure 9A,B). Increasing
levels of gibberex significantly decreased the SOD, POD and CAT in Golu hybrid and Faisalabad Long.
Significant reductions in SOD (79% and 72%), POD (62% and 61%), and CAT (55% and 51%) were
noted where treatment 1.2 gL−1 gibberex was applied in Golu hybrid and Faisalabad Long respectively.
These findings are comparable with the outcomes of Rosenwasser et al. [53]. They also reported
that exogenously applied GA3 reduced the production of reactive oxygen species and thus leads to
improvement in the activity of SOD in Catharanthus roseus. Previous studies have concluded that
GA3 application can enhance the antioxidant activity of plants by inducing phenolic production [54]
reducing lipid peroxidation with increasing proline and glycine-betaine biosynthesis [55]. Previous
studies have reported that plant growth regulators alone or in combination are involved in regulating
the transcription of genes [56] along with mRNA [57] that ultimately, in turn, improve the synthesis of
a specific hormone to make proteins.
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Figure 6. Effect of different concentrations of Gibberex on SOD of two bitter gourd cultivars. Figure (A)
represents SOD while (B) represents the interaction graph of different application rates of gibberex and
bitter gourd varieties for SOD. Vertical Bars indicate standard error of means (n = 9). Means sharing
different letters are significantly different from each other. * Significant (p ≤ 0.05), ** Highly significant
(p ≤ 0.01) while results depicted that for SOD activity: Varieties = **, GA = **, Varieties × GA = **.

Figure 7. Effect of different concentrations of Gibberex on POD of two bitter gourd cultivars. Figure (A)
represents POD while (B) represents the interaction graph of different application rates of gibberex and
bitter gourd varieties for POD. Vertical Bars indicate standard error of means (n = 9). Means sharing
different letters are significantly different from each other. * Significant (p ≤ 0.05), ** Highly significant
(p ≤ 0.01) while results depicted that for POD activity: Varieties = **, GA = **, Varieties × GA = **.
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Figure 8. Effect of different concentrations of Gibberex on CAT of two bitter gourd cultivars. Figure (A)
represents CAT while (B) represents the interaction graph of different application rates of gibberex and
bitter gourd varieties for CAT. Vertical Bars indicate standard error of means (n = 9). Means sharing
different letters are significantly different from each other. * Significant (p ≤ 0.05), ** Highly significant
(p ≤ 0.01) while results depicted that for yield per plant: Varieties = **, GA = **, Varieties × GA = **.

Figure 9. Pearson correlation between different application rates of gibberex and bitter gourd growth,
yield and antioxidants. Figure (A) represents Golu hybrid and (B) represents Faisalabad Long. Red
circles showed a positive correlation with attributes. Blue circles showed a negative correlation with
attributes. * Significant (p ≤ 0.05), ** Highly significant (p ≤ 0.01) while results depicted that for yield
per plant: Varieties = **, GA = **, Varieties × GA = **.

4. Conclusions

It is concluded that 1.0 and 1.2 gL−1 gibberex application lead to significant enhancement of
petiole and intermodal length in bitter gourd. In particular, it enhances the number of fruits with
heavier fruit weight hence increasing yield and giving good returns to the growers. Application of
1.0 and 1.2 gL−1 gibberex is also efficacious in decreasing SOD, POD, and CAT in Golu hybrid and
Faisalabad Long. However, further research is suggested with molecular analysis to have a detailed
insight into gibberellic acid induced changes responsible for the enhancement of growth and yield in
Golu hybrid and Faisalabad Long.
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38. Štajner, D.; Popović, B. Comparative study of antioxidant capacity in organs of different Allium species.
Open Life Sci. 2009, 4, 224–228. [CrossRef]

39. Chance, B.; Maehly, A.C. Assay of catalases and peroxidases. In Methods of Biochemical Analysis; John Wiley &
Sons, Inc.: Hoboken, NJ, USA, 1954; Volume 1.

119



Horticulturae 2020, 6, 72

40. Steel, R.G.; Torrie, J.H.; Dickey, D.A. Principles and Procedures of Statistics: A Biometrical Approach, 3rd ed.;
McGraw Hill Book International Co.: Singapore, 1997.

41. Anandan, A.; Rajiv, G.; Ramarao, A.; Prakash, M. Internode elongation pattern and differential response of
rice genotypes to varying levels of flood water. Funct. Plant Biol. 2012, 39, 137–145. [CrossRef]

42. Amooaghaie, R. The effect mechanism of moist-chilling and GA3 on seed germination and subsequent
seedling growth of ferula ovina boiss. Open Plant Sci. J. 2009, 3, 22–28. [CrossRef]

43. Ullah, R.; Sajid, M.; Ahmad, H.; Luqman, M.; Razaq, M.; Nabi, G.; Fahad, S.; Rab, A. Association of gibberellic
acid (GA3) with fruit set and fruit drop of sweet orange. J. Biol. 2014, 4, 54–59.

44. Bostrack, J.M.; Struckmeyer, B.E. Effect of gibberellic acid on the growth and anatomy of coleus blumei,
antirrhinum majus and salvia splendens. N. Phytol. 1967, 66, 539–544. [CrossRef]

45. Ross, J.J.; O’Neill, D.P.; Rathbone, D.A. Auxin-gibberellin interactions in pea: Integrating the old with the new.
J. Plant Growth Regul. 2003, 22, 99–108. [CrossRef]

46. Ramteke, V.; Paithankar, D.H.; Baghel, M.M.; Kurrey, V.K. Impact of GA3 and propagation media on growth
rate and leaf chlorophyll content of papaya seedlings. Res. J. Agric. Sci. 2016, 7, 169–171.

47. Sadia, S.; Rab, A.; Shah, S.H.A.; Ullah, I.; Bibi, F.; Zeb, I. Influence of De-blossoming and GA3 application on
fruit drop and growth of winter guava. Sarhad J. Agric. 2017, 33, 526–531. [CrossRef]

48. Pan, S.; Rasul, F.; Li, W.; Tian, H.; Mo, Z.; Duan, M.; Tang, X. Roles of plant growth regulators on yield, grain
qualities and antioxidant enzyme activities in super hybrid rice (Oryza sativa L.). Rice 2013, 6, 9. [CrossRef]

49. Whitehead, D.; Edwards, G.R. Assessment of the application of gibberellins to increase productivity and
reduce nitrous oxide emissions in grazed grassland. Agric. Ecosyst. Environ. 2015, 207, 40–50. [CrossRef]

50. Eid, R.A.; Abou-Leila, B.H. Response of croton plants to gibberellic acid, benzyl adenine and ascorbic acid
application. World J. Agric. Sci. 2006, 2, 174–179.

51. Khan, N.A.; Singh, S.; Nazar, R.; Lone, P.M. The source sink relationship in mustard. Asian Australas. J. Plant
Sci. Biotechnol. 2007, 1, 10–18.

52. Zhang, C.; Tanabe, K.; Tamura, F.; Itai, A.; Yoshida, M. Roles of gibberellins in increasing sink demand in
Japanese pear fruit during rapid fruit growth. Plant Growth Regul. 2007, 52, 161–172. [CrossRef]

53. Rosenwasser, S.; Belausov, E.; Riov, J.; Holdengreber, V.; Friedman, H. Gibberellic acid (GA3) inhibits ROS
increase in chloroplasts during dark-induced senescence of pelargonium cuttings. J. Plant Growth Regul.
2010, 29, 375–384. [CrossRef]

54. Liang, Z.; Ma, Y.; Xu, T.; Cui, B.; Liu, Y.; Guo, Z.; Yang, D. Effects of abscisic acid, gibberellin, ethylene and
their interactions on production of phenolic acids in salvia miltiorrhiza bunge hairy roots. PLoS ONE 2013, 8,
e72806. [CrossRef]

55. Ahmad, P. Growth and antioxidant responses in mustard (Brassica junceaL.) plants subjected to combined
effect of gibberellic acid and salinity. Arch. Agron. Soil Sci. 2010, 56, 575–588. [CrossRef]

56. Hoad, G.V.; Lenton, J.R.; Jackson, M.B. Hormone Action in Plant Development–A Critical Appraisal;
Butterworth-Heinemann: Oxford, UK, 1987.

57. Wu, L.L.; Mitchell, J.P.; Cohn, N.S.; Kaufman, P.B. Gibberellin (GA3) enhances cell wall invertase activity
and mRNA levels in elongating dwarf pea (Pisum sativum) shoots. Int. J. Plant Sci. 1993, 154, 280–289.
[CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

120



horticulturae

Article

Effect of Seaweed Extract on Productivity and Quality
Attributes of Four Onion Cultivars

Mazhar Abbas 1, Jahanzeb Anwar 1, Muhammad Zafar-ul-Hye 2, Rashid Iqbal Khan 1,

Muhammad Saleem 3, Ashfaq Ahmad Rahi 4, Subhan Danish 2 and Rahul Datta 5,*

1 Institute of Horticultural Sciences, Faculty of Agriculture, University of Agriculture,
Faisalabad 38000, Pakistan; rmazhar@hotmail.com (M.A.); muhammadjahanzebanwar@gmail.com (J.A.);
rashid.khan3535@yahoo.com (R.I.K.)

2 Department of Soil Science, Faculty of Agricultural Sciences & Technology, Bahauddin Zakariya University,
Multan 60800, Punjab, Pakistan; zafarulhyegondal@yahoo.com (M.Z.-u.-H.); sd96850@gmail.com (S.D.)

3 Soil and Water Testing Laboratory, Vehari 61100, Punjab, Pakistan; saleembhatti1234@gmail.com
4 Pesticide Quality Control Laboratory, Multan 60000, Punjab, Pakistan; rahisenior2005@gmail.com
5 Department of Agrochemistry, Soil Science, Microbiology and Plant Nutrition, Faculty of AgriSciences,

Mendel University in Brno, Zemedelska 1, 61300 Brno, Czech Republic
* Correspondence: rahulmedcure@gmail.com; Tel.: +420-773990283

Received: 27 March 2020; Accepted: 2 May 2020; Published: 8 May 2020

Abstract: The excessive use of chemicals and inorganic fertilizers by farmers to increase crop yield is
detrimental to the environment and human health. Application of biostimulants such as seaweed
extract (SWE) in agriculture could be an effective and eco-friendly alternative to inorganic fertilizers.
Biostimulants are natural organic degradable substances. Their application serves as a source of
nutrition for crops, possibly improving growth and productivity when applied in combination with
the fertilizers. The current study was conducted to evaluate the vegetative growth, reproductive
behavior and quality attributes of four onion cultivars, ‘Lambada’, ‘Red Bone’, ‘Nasarpuri’, and
‘Phulkara’, in response to different concentrations of commercial SWE. Four levels of SWE extract
were used, 0% (control), 0.5%, 1%, 2%, and 3%, which were applied as a foliar spray to each cultivar.
The application of 0.5% SWE caused a significant increase in total soluble solids, mineral content (N,
P, and K), bulb weight and yield. Application at 3% SWE increased ascorbic acid as compared to
control. The cultivars responded in different ways regarding bulb dry weight and bulb and neck
diameter. Among all cultivars, ‘Lambada’ showed the maximum bulb dry matter, ‘Phulkara’ showed
enhanced neck diameter whereas ‘Red Bone’ showed maximum leaf length. It is concluded that 0.5%
SWE increased the yield, nutrient contents, and total soluble solids (TSS) of the four onion cultivars
whereas 3% SWE, the highest concentration, increased ascorbic acid in different onion cultivars.

Keywords: ascorbic acid; biostimulants; Allium cepa; Phulkara; Nasarpuri; Lambada and Red Bone

1. Introduction

Onion (Allium cepa L.) belongs to the family Amaryllidaceae. It originated in the Mediterranean
region of southwest Asia. More than 800 species of onion are cultivated in the tropical, temperate, and
sub-temperate zones of the world [1,2]. Onion is cultivated worldwide due to its economic importance,
taste and health-supporting attributes [3]. In the recent past, China, India, the USA, and Turkey were
the leading onion producing countries [4]. In Pakistan, onion is grown over an area of 147 thousand
acres with an annual production of 1981 thousand tons [5].

Onion has an unbranched root system; it requires a high amount of fertilizers for optimum
yield [6]. Chemical fertilizers are commonly used by farmers because of the high concentration of
nutrients. Frequent use of chemical fertilizers is a risks to human health and is also a threat to the
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environment [7]. Increased water eutrophication, nitrate accumulation, heavy metal accumulation and
toxicity, and release of nitrogen and sulfur oxides in the air are major environmental concerns. In recent
years, rapid emission of greenhouse gases from fertilizers has become a major concern [8]. Application
of organic amendments is an environmentally friendly approach to improve crop production and
soil sustainability [9]. However there is also some risk of xenobiotic contaminated in manure used to
fertilize agricultural soils [10–12].

Biostimulants are emerging as safe alternatives to some chemical fertilizers due to their modulating
hormonal, i.e., ‘auxin-like, gibberellin-like’, effects. They are available in a variety of formulations with
varying ingredients. Biostimulants are usually classified into three major groups that includes humic
substances (HS), hormone-containing products (HCP), and amino acid-containing products (AACP).
Seaweed extracts belong to HCP, contain prominent amounts of active plant growth substances such
as auxins, cytokinins, and their derivatives [13]. These growth hormones interact with the biochemical
and physiological mechanisms of plants, thus improving crop productivity [14,15].

Moreover, the use of biostimulants may also decrease the fertilizer requirement by enhancing
the assimilation of micro- and macro-nutrients [16,17]. Biostimulant benefits have been mainly
attributed to the presence of phytohormones and organic molecules [18] such as betaines [18,19]. Such
organic compounds are rich in carbohydrates and amino acids and vitamins that increase phenolic
compounds [19–21]. Significant improvement in phenolic content approximates the antioxidant activity
which decreases reactive oxygen species thus, increase growth and productivity of crops [19,22].

Among biostimulants, seaweed extract (SWE) collected from Ulva lactuca, Caulerpa sertularioides,
Padina gymnospora, and Sargassum liebmannii is the most commonly used amendment [15]. It is mainly
comprised of algal extract, glycine betaines, amino acids, and protein hydrolysates. These compounds
are very efficient in terms of improving plant growth and productivity [13]. SWE derived from
sources like Ascophyllum nodosum, Ecklonia maxima, Macrocystis pyrifer,a and Durvillea potatorum are
also used [20]. SWE extract based on Ascophyllum nodosum is enriched in phytohormones, i.e., auxins,
gibberellins, cytokinins, abscisic acid, and brassinosteroids [23]. These growth regulators improve
growth of plants and enrich overall quality attributes of crops [24]. Generally, all of these could cause a
synergistic effect on plant growth via affecting internal metabolic activity although activity and mode
of action of these molecules [25,26].

Seaweed extract derived from Ascophyllum nodosum along with its co-products is being increasingly
utilized to enhance growth and productivity of plants [27] via enhancing seed germination, contributing
to vegetative growth and modulating reproductive behavior in tomato [28].

Ascophyllum nodosum extract is comprised of different active substances, i.e., 15–25%, 15–30%
alginic acid, 0–10% laminaran, 5–10% mannitol, 4–10% fucoidan, 5–10% protein, 2–7% fats, 2–10%
tannins, 0.5–0.9% magnesium, 0.01–1.0% iodine, 2–3% potassium, 3–4% sodium, 0.002–0.006% glycine
betaine, and 70–85% water [29]. Betaines and mannitol in seaweed extract helps plants to survive under
stress conditions by improving osmotic adaptability [18,30]. However, the variable and multifaceted
constituent of these mixtures have made it very effective in promoting growth, yield, and quality
attributes of barley (Hordeum vulgare) seedlings [31], soybean (Glycine max) [32], and cotton (Gossypium
hirsutum) [33] etc.

The current study was designed to examine the effect of SWE on productivity and quality of onion
cultivars. There are few reports on the influence of SWE on onion cultivars, the present study aimed to
explore the effective application rate of SWE for onion. We hypothesized that seaweed extract could be
an effective biostimulant to improve productivity and quality of onion.

2. Materials and Methods

2.1. Plant Material and Culture Conditions

A field research trial was conducted for one year at the vegetable research farm, Institute of
Horticultural Sciences (31.4303◦ N, 73.0672◦ E), University of Agriculture, Faisalabad, Pakistan. The
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physico-chemical characteristics of the sandy loam soil of the planting site are given in Table 1; varies
with the land use [34–36]. The field was thoroughly ploughed and harrowed to make ridges and
furrows at a 60 cm spacing on finely pulverized soil. Healthy and disease-free seeds of four onion
cultivars, ‘Phulkara’, ‘Nasarpuri’, ‘Lambada’, and ‘Red Bone’ were sown on raised beds in rows
10.2–12.7 cm apart and were lightly covered with soil. To attain uniform seedling growth, necessary
cultural and agronomic practices (weeding, irrigation, nutrition and pest management) were used for
45 days until seedling maturity (emergence of 3 to 4 true leaves). The seedling bed was irrigated one day
before uprooting and transplanting of seedlings. This helps in proper uprooting with minimal damage
and better establishment of seedlings in the field. Seedlings were transplanted at the a spacing of 10 cm
in row by 25 cm between rows. Seedling establishment was observed regularly with re-transplanting
in case of any dead, weak/injured seedlings.

Table 1. Pre-experiment soil and water characteristics.

Soil Units Value Water Units Value

Texture Loam pH - 7.25
pH - 8.12 Conductivity μS·cm−1 941
ECe dS·m−1 2.19 Carbonates meq·L−1 0.00

Organic matter % 0.70 Bicarbonates meq·L−1 0.75
Organic N % 0.035 Chlorides meq·L−1 1.55
Available P mg·kg−1 6.79 Ca +Mg meq·L−1 9.10

Extractable K mg·kg−1 135 SAR - 1.51

Abbreviations: ECe = Electrical Conductivity of soil extract; TSS = Total Soluble Solids; SAR = Sodium Absorption
Ratio; Max =Maximum; Min =Minimum; meq =milliequivalent.

2.2. Collection and Application of Seaweed Extract

The SWE Wokozim (Jaffer Agro Services Private Ltd.) was acquired and, based on preliminary
work identifying the optimum concentrations, diluted in water and applied at 0% (control or water
only), 0.5%, 1%, 2% and 3% on onion plants. The Ascophyllum nodosum extract was characterized as
a mixture of cytokinins, auxins, and betaines. As per the company description, the product can be
applied as a foliar spray on all parts of plants or can be applied in irrigation water. Three foliar sprays
were applied at two-week intervals starting after seedling growth indicated they were established.
Each plant receiving approximately 20 mL of solution. The spray was applied to the abaxial and
adaxial surface of leaves with complete coverage of plant with a commercial hand-held sprayer.

2.3. Fertilizer and Irrigation

As per production recommendations of the Punjab Agriculture Department, N, P, and K were
applied at the rate of 125: 87.5: 87.5 kg ha−1. The first three irrigations of 2.5 cm were applied at 8 days
interval. Afterwards, the onion crop was irrigated as required [37].

2.4. Harvesting and Data Collection

Plants were harvested at the time of maturity (>75% of bulb necks fall over). Vegetative growth
attributes were immediately measured including, plant height, leaf (consist of a sheath at the bottom
which attaches around the stem at a node) and blade length (top of the sheath to blade tip), width and
fresh biomass, root length, and total fresh biomass. Among reproductive parameters, bulb weight,
bulb and neck diameter (at the narrowest point), total plant dry biomass (tissues were held for 24 h in
an oven at 100 ◦C), and fresh bulb yield hectare−1 was calculated. Neck was separated at 2 cm height
from the bulb. For moisture determination drying was done in the oven at 100 ◦C. The difference
between fresh and dry weight was used to calculate percent moisture.
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2.5. Total Soluble Solids (◦Brix)

The total soluble solids (TSS) (◦Brix) of bulb tissue was determined with a digital refractometer
(ATAGO, RX-5000 Japan).

2.6. Mineral Nutrient and Ascorbic Acid Analyses

Nitrogen, phosphorus, and potassium contents of bulbs were determined according to Chapman
and Parker [38]. For N analyses, dry onions were digested with sulfuric acid followed by Kjeldahl
distillation. For P and K determination, samples were digested with a di-acid (HClO4:HNO3 at a
2:1 ratio) mixture. Finally, a colorimetric method was used and concentrations were assessed at 430 nm
using a spectrophotometer for P analysis. For the development of yellow color for P quantification,
ammonium molybdate and ammonium metavanadate chemicals were used. For K determination,
digested samples were run on a flame photometer after filtration [38]. For ascorbic acid quantification,
the dichlorophenolindophenol (DCPIP) method was used. Initially, 10 g onion sample was taken and
its juice was taken with 2.5 mL of 20% metaphosphoric acid and diluted with distilled water to 100 mL
which developed blue color as per presence of ascorbic acid. Finally, 10 mL of prepared extract was
titrated with 0.1% DCPIP until the blue color disappeared and the solution became colorless [39].

2.7. Statistical Analysis

The experiment was laid out in a Randomized Complete Block Design (RCBD) with nine
replications of each cultivar by SWE concentration. Statistix 8.1 computer software was used to analyze
the data. Data pass the test for homogeneity and then analysis of variance (ANOVA) was used to
determine the overall significance of data at p ≤ 0.05. Treatments were compared using Fisher’s least
significant difference (LSD) test at p ≤ 0.05 [40].

3. Results

3.1. Leaf-Blade Length and Plant Height

SWE application had significant (p ≤ 0.05) effects on leaf blade length of the different onion
cultivars. A maximum increase of 65% was observed for ‘Phulkara’, 35.7% for ‘Red Bone’, 25.0% for
‘Lambada’ and 17% for ‘Nasar puri’ at 0.5% SWE as compared to the control (Figure 1A). Application
of 0.5 and 1% SWE significantly increased leaf blade length in all cultivars. However, application of 3%
SWE increased leaf blade length in ‘Phulkara’ and ‘Red Bone’ but decreased leaf blade length in ‘Nasar
puri’ and ‘Lambada’ as compared to the control.

Treatment with 0.5% SWE resulted in the most increase in plant height of all four cultivars. The
increase in plant height was 29.7% in ‘Phulkara’, 25.4% in ‘Lambada’, 19.9% in ‘Red Bone’, and 17.9%
in ‘Nasar puri’ as compared to control (Figure 1B). Generally, no significant change in plant height
was noted when SWE concentration was increased from 0.5% and 1%. SWE at 2% also significantly
enhanced plant height in ‘Lambada’ and ‘Phulkara’ but did not affect ‘Nasar puri’ and ‘Red Bone’ as
compared to control (Figure 1B).
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Figure 1. Leaf-blade length (A) and plant height (B) of onion cultivars as affected by foliar application
of 0 (C = control), 0.5, 1, 2, or 3% seaweed extract. Values are means of nine replicates ± standard error.
Means with different letters are significantly different from each other compared by least significant
difference (LSD) at p ≤ 0.05.

3.2. Leaf Length and Width

Application of SWE significantly (p ≤ 0.05) improved leaf length and width of onion cultivars.
A maximum increase of 38.6% in ‘Nasar puri’, 25.1% in ‘Lambada’, 14.3% in ‘Red Bone’, 13.3% in
‘Phulkara’ was noted in leaf length at 2% SWE over the control (Figure 2A). In ‘Lambada’, 1% and 3%
SWE showed similar effects with each other and were both greater than the control. In ‘Red Bone’, 1%
and 3% were similar to the control. However, 0.5% SWE caused a significant reduction in leaf length of
‘Red Bone’. For ‘Nasar puri’, both 1 and 3% SWE also significantly improved leaf length, but 0.5% SWE
did not differ from the control. Application of 3% SWE significantly enhanced but 0.5 and 1% cause a
reduction in leaf length of ‘Phulkara’.

  

Figure 2. Leaf length (A) and width (B) in onion cultivars as affected by foliar application of 0
(C = control), 0.5, 1, 2, or 3% seaweed extract. Values are means of nine replicates ± standard error.
Means with different letters are significantly different from each other compared by LSD at p ≤ 0.05.

Leaf width showed a maximum increase of 38.6% in ‘Nasar puri’, 35.2% in ‘Nasar puri’, 15.2% in
‘Phulkara’ and 11.9% in ‘Lambada’ at 0.5% SWE as compared to the control. Application of 0.5% and 1%
SWE both increased leaf width in the four cultivars (Figure 2B). SWE at 2% did not differ significantly
from the control in ‘Red Bone’ and ‘Lambada’ but remained significantly greater in ‘Phulkara’ and
‘Nasar puri’. SWE at 3% caused a significant reduction in leaf width of ‘Phulkara’, ‘Red Bone’ and
‘Lambada’ but increased leaf width in ‘Nasar puri’ over control.

3.3. Root Length and Weight

Application of SWE significantly (p ≤ 0.05) affected onion root length and weight. A maximum
increase of 81.0% in ‘Phulkara’, 70.0% in ‘Nasar puri’, 40.3% in ‘Red Bone’ and 9.2% in ‘Lambada’
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root length at 0.5% SWE were observed (Figure 3A). In ‘Lambada’, 0.5% and 1%, SWE significantly
increased root length, but 2% and 3% SWE decreased it. Application of 0.5%, 1% and 2% SWE remained
statistically alike but 3% decreased root length over control in ‘Red Bone’. In ‘Nasar puri’, all SWE
rates enhanced root length as compared to the control. However, 0.5%, 1% and 2% SWE significantly
improved but 3% SWE did not affect root length in ‘Phulkara’.

  

Figure 3. Root length (A) and fresh biomass (B) in onion cultivars as affected by foliar application of 0
(C = control), 0.5, 1, 2, or 3% seaweed extract. Values are means of nine replicates ± standard error.
Means with different letters are significantly different from each other compared by LSD at p ≤ 0.05.

A maximum increase of 92.7% in ‘Nasar puri’, 73.4% in ‘Red Bone’, 65.2% in ‘Phulkara’ and
16.6% in ‘Lambada’ root weight at 0.5% SWE was observed as compared to the control (Figure 3B). In
‘Lambada’, no significant change in root weight was observed at 1% SWE. However, 2% and 3% SWE
decreased root weight in ‘Lambada’. For root weight in ‘Red Bone’, 1% and 2% SWE were statistically
alike but 3% caused a significant reduction as compared to the control. Application of 1% SWE in
‘Nasar puri’ significantly enhanced root weight from control but 2% and 3% SWE did not differ from
the control. No significant change was observed with 1% or 2% SWE. However, 0.5% SWE significantly
increased root weight, while 3% SWE decreased root weight from control in ‘Phulkara’.

3.4. Bulb and Neck Diameter

Application of SWE significantly (p ≤ 0.05) affected bulb diameter and neck diameter of the onion
cultivars (Figure 4A). Bulb diameter showed a maximum increase of 23.9%, 9.0% and 18.3% in bulb
diameter in ‘Lambada’, ‘Nasar puri’, and ‘Red Bone’ respectively as compared to the control at 0.5%
SWE. However, in ‘Phulkara’ a maximum increase of bulb diameter of 13.2% was noted where 3%
SWE was applied. In ‘Lambada’ all levels of SWE 0.5, 1%, 2%, and 3% caused significant improvement
in bulb diameter as compared to the control. Application of 0.5 and 1% SWE were statistically alike
but only 0.5% SWE caused a significant increase in ‘Red Bone’ bulb diameter. However, 3% of SWE
caused a significant reduction in bulb diameter of ‘Red Bone’. In ‘Nasar puri’, 0.5 and 3% SWE showed
significant positive increases but 2% SWE did not differ from the control. Furthermore, the application
of 1% SWE negatively affected bulb diameter in ‘Nasar puri’. In ‘Phulkara’, except for 3% SWE, no
application rate improved bulb diameter. However, 0.5 and 1% SWE significantly decreased bulb
diameter weight in ‘Phulkara’.

Maximum increases of 71.8%, 62.9%, 48.0%, 38.9% were noted in neck diameter of ‘Red Bone’,
‘Red Bone’, ‘Lambada’ ‘Nasar puri’, and ‘Phulkara’ at 0.5% SWE as compared to the control (Figure 4B).
All application rates of SWE significant improved neck diameter of ‘Lambada’ and ‘Red Bone’. In ‘Nasar
puri’ and ‘Phulkara’, 0.5% and 1% SWE caused a significant increase, 1% SWE did not differ from the
control, and 3% SWE decreased neck diameter.
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Figure 4. Bulb diameter (A) and neck diameter (B) in onion cultivars as affected by foliar application of
0 (C = control), 0.5, 1, 2, or 3% seaweed extract. Values are means of nine replicates ± standard error.
Means with different letters are significantly different from each other compared by LSD at p ≤ 0.05.

3.5. Bulb Dry Weight and Moisture Content

Application of SWE significantly (p ≤ 0.05) affected bulb dry matter and neck moisture of different
onion cultivars (Figure 5A). A maximum increase in bulb dry matter of 59.3% in ‘Red Bone’, 49.4%
in ‘Phulkara’, 21.8% in ‘Lambada’ and 17.2% in ‘Nasar puri’ was noted at 0.5% SWE. Application of
0.5% and 1% SWE resulted in significant improvement in bulb dry matter of ‘Lambada’, ‘Red Bone’,
‘Nasar puri’ and ‘Phulkara’. SWE at 2% did not differ from the control but 3% SWE caused a significant
decrease in bulb dry matter of ‘Lambada’, ‘Red Bone’, ‘Nasar puri’ and ‘Phulkara’.

  
Figure 5. Bulb dry biomass (A) and neck moisture (B) in onion cultivars as affected by foliar application
of 0 (C = control), 0.5, 1, 2, or 3% seaweed extract. Values are means of nine replicates ± standard error.
Means with different letters are significantly different from each other compared by LSD at p ≤ 0.05.

A maximum increase of 2.19%, 2.09% and 0.63% in neck moisture was noted in ‘Nasar puri’, ‘Red
Bone’ and ‘Phulkara’ at 3% SWE as compared to the control (Figure 5B). No application rate of SWE
differed from the control for ‘Lambada’ neck moisture. It was noted that 1% SWE did not differ from
the control in ‘Red Bone’ and ‘Phulkara’ but was significantly different in ‘Nasar puri’. Application of
2–3% SWE significantly decreased neck moisture in ‘Red Bone’ and ‘Phulkara’ but only 3% caused a
reduction in ‘Nasar puri’.

3.6. Bulb Weight and Yield

Application of SWE significantly (p ≤ 0.05) affected bulb weight and yield of the onion cultivars
(Figure 6A). A maximum increase in bulb weight of 5.8, 5.4, 2.4, and 2.0% in ‘Lambada’, ‘Red Bone’,
‘Phulkara’, and ‘Nasar puri’ at 0.5% SWE was observed, respectively. SWE at 0.5 and 1% significantly
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enhanced bulb weight, 2% SWE had no effect but 3% SWE caused a reduction of ‘Lambada’. In ‘Red
Bone’, 0.5% SWE caused a significant improvement in bulb weight but 1%, 2%, 3% SWE did not differ
significantly from the control. In ‘Nasar puri’ and ‘Phulkara’, 0.5% SWE significantly improved bulb
weight, 1 and 2% had no effect but 3% SWE caused a significant reduction in bulb weight.
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Figure 6. Bulb fresh biomass (A) and yield per hectare (B) in onion cultivars as affected by foliar
application of 0 (C = control), 0.5, 1, 2, or 3% seaweed extract. Values are means of nine replicates ±
standard error. Means with different letters are significantly different from each other compared by
LSD at p ≤ 0.05.

Regarding yield per hectare, application of 0.5%, 1%, 2%, and 3% SWE caused significant increases
‘Lambada’, ‘Red Bone’, ‘Phulkara’, and ‘Nasar puri’ (Figure 6B).

3.7. Total Soluble Solids

Total soluble solids and ascorbic acid showed significant (p ≤ 0.05) positive responses to SWE
application (Figure 7A). SWE at 0.5% gave a maximum increase in TSS of 175% in ‘Lambada’, 137% in
‘Red Bone’, 111% in ‘Phulkara’ and 30% in ‘Nasar puri’ over the control. On average, all application rates
of SWE showed significant improvements in TSS of ‘Lambada’, ‘Red Bone’ and ‘Phulkara’. However,
in ‘Nasar puri’, 2 and 3% SWE caused significant reductions in TSS. For all onion cultivars, increasing
application rates of SWE also enhanced ascorbic acid content (Figure 7B). Maximum increases of
58.8%, 52.9%, 58.8% and 58.3% in ‘Lambada’, ‘Red Bone’, ‘Nasar puri’, and ‘Phulkara’, respectively,
were observed.
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Figure 7. Total soluble solids (A) and ascorbic acid (B) in onion cultivars as affected by foliar application
of 0 (C = control), 0.5, 1, 2, or 3% seaweed extract. Values are means of nine replicates ± standard error.
Means with different letters are significantly different from each other compared by LSD at p ≤ 0.05.
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3.8. Nitrogen, Phosphorus and Potassium Contents

Application of SWE significantly (p ≤ 0.05) affected N, P and K contents of the onion cultivars
(Figure 8A). SWE at 0.5% resulted in a maximum increase of 83%, 127%, and 150% in N content
of ‘Lambada’, ‘Red Bone’, and ‘Phulkara’, respectively, over the control. However, in ‘Nasar puri’,
a greater increase in N content was observed at 3% SWE. All other application rates of SWE also
significantly increased N content of the onion cultivars. For P content, again 0.5% SWE resulted in the
greatest improvement of 57.6% in ‘Lambada’, 57.5% in ‘Phulkara’ and 47.3% in ‘Red Bone’ as compared
to the control (Figure 8B). However, 1% SWE also caused a 38.3% increase in P content of ‘Nasar puri’.
Increasing levels of SWE gave decreasing trends in P content of all onion cultivars. For K content, 0.5%
SWE showed a maximum increase of 26.3% in ‘Red Bone’, 57.6% in ‘Lambada’, 29.4% in ‘Nasar puri’
and 42.8% in ‘Phulkara’ compared to the control (Figure 8C). Application of 1% SWE also improved P
content, but 2% SWE had no effect on K content of any onion cultivar (Figure 8C). However, 3% SWE
caused a significant reduction in K content of ‘Lambada’, ‘Red Bone’, and ‘Phulkara’.
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Figure 8. Nitrogen (A), phosphorus (B) and potassium (C) contents per g dry biomass in onion cultivars
as affected by foliar application of 0 (C = control), 0.5, 1, 2, or 3% seaweed extract. Values are means of
nine replicates ± standard error. Means with different letters are significantly different from each other
compared by LSD at p ≤ 0.05.

4. Discussion

In the present study, the results showed that foliar application of seaweed extract significantly
enhanced different vegetative characters, i.e., leaf length, blade width, and plant height. This increment
in leaf length and blade width could be ascribed to the role of seaweed enriched in auxin and cytokinins.
These hormones affect metabolic activities predominantly through cell division and elongation [41].
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Moreover, seaweed extract comprised of carbohydrates, mainly oligosaccharides, may control plant
growth by affecting N assimilation and basal metabolism [42] by altering gene expression [43] whereas
the number of leaves per plant may be influenced by prevailing climatic conditions, internal factors,
and the interaction of both [44]. Vigor and health of leaves are chiefly chlorophyll dependent, as under
stress conditions degradation of chlorophyll can lead to senescence of leaves [45]. SWE may prevent
this chlorophyll degradation [46] due to the presence of betaines that protect the thylakoid membrane
by regulating osmotic adjustment and enhancing ion homeostasis [47].

The present results also indicated that SWE application led to an increase in root length which can
be ascribed to alginate oligosaccharide-induced expression of an auxin-related gene leading to higher
auxin concentrations, thus promoting root formation and elongation [48]. Moreover, it could also be
associated with SWE-modified absorption and localization of auxin and cytokinins that initiates lateral
and adventitious root development along with heavier root biomass [49]. However, increased root
growth could also be due to SWE- induced uptake and utilization of mineral nutrients [50], particularly
N and S content [51]. SWE enriched in vitamins A, B and E [52] may help to enhance reproductive
characters of onion as vitamin E is known to have a significant effect on bulb and neck diameter, and
fresh and dry weight [53].

The present results also showed that all concentrations of seaweed exhibited higher bulb weight.
This could be ascribed to auxin supplied by the seaweed which in turn enhanced cell division,
elongation, and differentiation in addition to enhanced uptake of higher proteins and nucleic acid
reserves eventually ensuring higher bulb weight [54]. Nutritional contents of onion were improved
in SWE-applied treatments as the presence of glycine betaine, a constituent of SWE, could have led
to enhanced phenolic compound synthesis [55] that has also been correlated to a positive relation
between TSS, sweetness and ascorbic acid contents of fruits [56]. Total soluble solids depend upon
transported ions and organic solutes which are converted into glucose inside fruit [57] where SWE
application enhances glucose biosynthesis contributing to improved TSS content.

SWE extract application led to enhanced uptake and retention of nutrients in all onion cultivars.
Jannin et al. [51] also concluded that SWE extracts positively led to the increment of root growth that
ultimately enhanced the uptake and accumulation of elemental N content in bulbs. Similar results
were reported by Halpern et al. [50] where seaweed extract significantly increased the uptake of N,
P, and K. Also, SWE extract containing oligosaccharides resulted in increased photosynthesis, basal
metabolism, cell division and altered metabolic pathways for increased uptake and better assimilation
of nitrogen [58].

5. Conclusions

Foliar application of SWE positively influenced growth, yield, and quality attributes of in four
onion cultivars. In general, the lowest rate used, 0.5% of SWE, had a significant impact on the onion
cultivars nutrient content, yield, and TSS. However, the application of the highest rate of 3% SWE
was not efficacious for promoting growth and yield attributes other than increased ascorbic acid.
More investigations are suggested under different soil and climatic conditions to determine the best
application rate of seaweed extract in field production of onions.
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Abstract: Watermelon (Citrullus lanatus) grafting has emerged as a promising biological management
approach aimed at increasing tolerance to abiotic stressors, such as unfavorable environmental
conditions. These conditions include environments that are too cold, wet, or dry, have soil nutrient
deficiency or toxicity and soil or irrigation water salinity. Studies to date indicate that fruit yield
and quality may be positively or negatively affected depending on rootstock-scion combination and
growing environment. Growers need information regarding the general effect of rootstocks, as well
as specific scion-rootstock interactions on fruit maturity and quality so they can select combinations
best suited for their environment. This review summarizes the literature on watermelon grafting with
a focus on abiotic stress tolerance and fruit maturity and quality with specific reference to hollow
heart and hard seed formation, flesh firmness, total soluble solids, and lycopene content.

Keywords: flesh firmness; flowering; harvest time; lycopene; rootstock-scion combination;
total soluble solids

1. Introduction

Grafting watermelon (Citrullus lanatus) onto disease resistant rootstock can minimize the problems
associated with soil-borne diseases, such as Fusarium wilt (caused by Fusarium oxysporum f. sp. niveum)
and Verticillium wilt (caused by Verticillium dahliae), as well as infection by root nematodes (Meloidogyne
incognita) [1,2]. In addition, grafting can provide watermelon with tolerance against abiotic stressors,
including temperature extremes, soil salinity, and nutrient deficiency or toxicity [3–6]. For example,
grafting can be used to advance the planting date of watermelon due to tolerance of cool soil [1,7].
The root architecture of selected rootstocks enables better performance against abiotic stress factors
through improved uptake of water and macro/micronutrients [5,8–11]. These recent advances in the
understanding of rootstock-mediated effects on scion performance have broadened the application of
grafting for the cultivation of watermelon under adverse environments.

To take advantage of grafting, growers need information regarding fruit maturity and quality
(flesh firmness, total soluble solids (TSSs), lycopene content, etc.) in response to rootstock-scion
combinations under various environmental conditions. For a non-climacteric fruit like watermelon,
fruit maturity at harvest is especially important. The effect of rootstocks, scion-rootstock interaction,
and environmental conditions on the timing of fruit maturity is needed to ensure fruit quality
from grafted watermelon is optimized. Studies to date indicate that depending on rootstock-scion
combination, fruit yield, and quality attributes may be either positively or negatively affected by
grafting. However, most literature relies on the assumption of synchronous ripening in grafted and
nongrafted plants, potentially leading to the confounding reports for fruit maturity and fruit quality
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resulting from grafting. Therefore, determining an appropriate harvest time for grafted watermelon is
essential to maintain yield and quality stability.

2. Factors Affecting Time of Harvest

Harvest time may be affected when time of flowering is affected. Time of flowering may be
impacted due to modification of hormonal signaling in response to the rootstock-scion combination of
a grafted watermelon) [1,12–15]. Sakata et al. [14] reported that watermelon grafted onto bottle gourd
(Lagenaria siceraria) has early formation of female flowers. In contrast, Davis et al. [1] reported a delay
in flowering of up to 1 week with watermelon grafted on bottle gourd, resulting in an equal delay
in fruit maturity. Delayed flowering was also observed for watermelon cv. Fujihikari, grafted onto
pumpkin (Cucurbita maxima), wax gourd (Benincasa hispida), and interspecific hybrid squash rootstocks
(C. maxima × C. moschata) compared to nongrafted treatments in the greenhouse [16]. Compared to
nongrafted plants, female flowering of cv. Secretariat was delayed by 13 days and by 7 days when
grafted onto bottle gourd cv. Round and interspecific hybrid squash cv., respectively, but there were
no differences in days to harvest or fruit maturity [17]. The differences in flower initiation response
could be due to hormonal signaling, combined with environmental effects that occur during graft
union formation. For example, cytokinin is higher in grafted plants than nongrafted plants and could
potentially have an effect on flowering time [11,18].

Because grafting may affect flowering and the harvest date, harvesting fruit from grafted and
nongrafted plants concurrently may be the cause of conflicting results regarding fruit quality [1].
Most studies have assumed concurrent ripening of fruit from grafted and nongrafted plants, and fruit
has been harvested at the same time for all treatments. Further, most studies reporting the effect
of different rootstocks on fruit quality have not reported fruit maturity indices at harvest, such as
senescence of leaflet and tendril attached to the fruit pedicel, skin color development, or ground spot
formation. Yet for non-climacteric fruit, such as watermelon, fruit maturity at harvest has a major
impact on fruit quality characteristics [18,19]. Kroggel and Kubota [20] reported that grafted fruit
should be harvested 5 days after the leaflet and tendril are completely dry. Devi et al. [21] found that
fruit quality of grafted watermelon was optimized with a 7-day delayed harvest from when those
indicators of fruit physiological maturity occurred. The increase in time to harvest is likely due to the
increased vigor of the rootstock, including increased water, oxygen, and mineral uptake [22,23]. Thus,
reports of reduced fruit quality of grafted watermelon may not be an attribute imparted from grafting,
rather reduced quality may be a factor of improper (early) harvest timing [24].

3. Effect of Grafting on Fruit Quality

Regardless of the advantages of grafting, there are still concerns that grafting could potentially
reduce watermelon fruit quality below United States Department of Agriculture market standards of
10% soluble solid content (SSC) and 13 N flesh firmness [25]. Quality of grafted fruit must be equal to or
better than that of nongrafted watermelon to ensure market acceptability [3,26,27]. Grafting can enhance
fruit quality of watermelon by increasing the synthesis of endogenous hormones and the acquisition
and transport of mineral nutrients [2,28] and also by altering secondary metabolites [2,29]. While fruit
quality attributes from grafted plants have generally been found to be consistent with or slightly
improved compared to nongrafted plants, results appear to be specific to rootstock-scion combinations
under particular environmental conditions [30–35]. These effects contribute to contradictory reports of
the impact of grafting on fruit quality [1]. Overall, most rootstocks, except bottle gourd, have been
reported to increase watermelon fruit flesh firmness, total soluble solids (TSSs), and lycopene content
compared to nongrafted fruit [26,36–39].

3.1. Hollow Heart and Hard Seed Formation

Hollow heart (placental detachment from the rest of the flesh) (Figure 1A) and hard seed formation
(Figure 1B) are morphological abnormalities sometimes associated with grafted triploid watermelon
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and may reflect rootstock-scion incompatibility and/or adverse environmental conditions or cultural
practices [1,16,22]. Seedless watermelon varieties are known to be more susceptible to hollow heart
than seeded varieties, and currently, 95% of US watermelon production uses seedless cultivars [40,41].
Although there is no definitive cause, multiple factors, such as genetics, pollination, pollen viability,
flowering time, decreased fruit tissue firmness, and environmental stressors, such as cold night
temperatures, can cause this physiological disorder, especially in seedless watermelon [40,42,43].
A challenging problem with hollow heart disorder is that it is difficult to predict when it will occur.
Johnson [40] reported that the primary cause of hollow heart is inadequate pollination. Triploid
watermelon does not produce sufficient viable pollen and requires diploid (seeded) pollen sources [44].
When the distance from triploid plants to pollenizer plants increases, the incidence of hollow heart
increases. Triploid plants located 1.5 m away from a pollenizer plant showed a hollow heart incidence
of 56%, and plants located 2.4 m away from a pollenizer had a 74% incidence [40]. Prolonged
periods of hot day-time temperatures also lower bee activity and pollination rates. Furthermore,
pollen viability and rates of pollination are reduced by cold weather and prolonged periods of hot
day-time temperature.

  
(A) (B) 

Figure 1. Hollow heart (A) and black seed formation (B) in grafted triploid watermelon.

Hollow heart is less likely to occur when fruit set is later in the season [43]. Grafting watermelon
onto interspecific hybrid rootstock has been shown to increase fruit tissue firmness and may decrease
the susceptibility of hollow heart formation in triploid watermelon [41]. For example, in North Carolina,
where day/night temperature was 25 ◦C/15 ◦C, hollow heart incidence was reduced by 25–30% in fruit
of triploid cv. Liberty grafted onto interspecific squash hybrid rootstock cvs. Carnivor and Kazako,
compared to nongrafted fruit [45]. In contrast, Devi et al. [17] reported that in northwest Washington
(16 ◦C/10.5 ◦C mean day/night temperature during the growing season), hollow heart formation was
high (13–25 mm cracking, non-marketable) for cv. Secretariat nongrafted, as well as that grafted onto
interspecific hybrid squash cvs. Tetsukabuto and Super Shintosa, bottle gourd cv. Pelop, and wax
gourd cv. Round.

Immature white seed is commonly found in triploid watermelon, and under certain stress/
environmental conditions, some seed coats may become hard and black and look like a mature seed
but are empty inside [44,46] Unfavorable conditions, such as moisture extremes (drought, flood),
fertilizer imbalance, or temperature extremes may cause the formation of hard seeds [44]. There is
concern among growers that grafting may adversely increase the formation of hard seeds in triploid
watermelon. Devi at al. [17] found six hard seeds per fruit on average for both grafted and nongrafted
watermelon fruit in northwest Washington. At this study site, night temperature was 10.5 ◦C on
average, which could account for the high incidence of hollow heart and formation of hard seed.
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3.2. Flesh Firmness

Increased flesh firmness of grafted watermelon fruit has been shown in many
studies [17,21,26,31,32,47–49], while no change was reported by some studies [50–52] Interspecific
squash hybrid rootstocks appear to increase watermelon flesh firmness most consistently in both
diploid and triploid scions [26,38,53]. Liu et al. [54] reported no difference in firmness when diploid
watermelons were grafted onto five different L. siceraria and Cucurbita ficifolia rootstocks. In contrast,
Yamasaki et al. [16] reported a significant increase in firmness when diploid watermelon cv. Fujihikari
was grafted onto C. maxima×C. moschata hybrid rootstock than onto L. siceraria. Bruton et al. [26] reported
increased firmness in both diploid and triploid watermelon when grafted onto C. ficifolia and C. maxima
× C. moschata hybrid rootstocks, but L. ciceraria rootstock produced lower or more varied fruit firmness.
Similarly, triploid watermelon cv. Secretariat grafted onto C. maxima × C. moschata hybrid, L. siceraria,
and Benincasa hispida rootstocks had greater firmness than nongrafted fruit [17]. Increased flesh firmness
in grafted watermelon could be due to higher cell density [55,56] and is a positive enhancement of
fruit quality, as firm fruit have an extended shelf-life [26,57]. The impact of scion-rootstock genotypic
effects on watermelon flesh firmness can be significant; therefore, choosing the right combination may
be a necessary element for improving fruit quality and postharvest shelf-life [26,46,49,58]

3.3. Total Soluble Solids

Sugar and acids are the primary constituents of TSSs, in addition to small amounts of dissolved
vitamins, fructans, proteins, pigments, phenolics, and minerals. TSSs are an important measure of
sweetness of watermelon fruit [59]. While most research studies have generally shown that grafting
has no effect on TSS content in watermelon fruit [7,17,21,31,60,61] the rootstock-scion combination can
affect TSSs of grafted fruit [1,4,27]. For example, Petropoulos et al. [62] reported variable TSSs when
watermelon cvs. Sugar Baby and Crimson Sweet were grafted onto C. maxima × C. moschata hybrid
rootstocks. While most studies did not find a significant effect in TSS for grafted watermelon with
L. siceraria rootstocks [33,35,36,63], 0.5–1.0% reduction in TSSs was reported for grafted compared to
nongrafted watermelon treatments in several studies [26,32,35,47]. Only a few studies found grafting
to have a negative impact on TSSs [64,65] and Davis and Perkins-Veazie [32] reported that TSSs were
reduced only in their grafted diploid watermelon treatment.

3.4. Fruit pH and Titratable Acidity

Unlike SSC, which shows a continuous increase during watermelon fruit growth and development,
fruit pH was at 4.6–4.7 until about 19 days postanthesis, which increased to 5.2 just before full red
color and increased to 5.4 or greater at full ripeness [66]. The pH of fully ripe watermelon can differ
with production area, ranging from 5.4 to 6.2, with a pH over 6.5 indicating overripe watermelon [67].
The pH of diploid watermelons grafted to an interspecific hybrid squash rootstock (cv. TZ148)
was slightly lower than that of self-grafted fruit (5.7 and 5.8 pH, respectively) [24]. In a triploid
watermelon (cv. Liberty), the pH of nongrafted or grafted fruit to an interspecific hybrid squash
rootstock (cv. Carnivor) was 5.4 [45]. Titratable acidity was very low in watermelon, from 0.08–0.23%
malic acid equivalents [24,68] In grafted watermelons, titratable acidity remained higher, even after
ripeness, than in nongrafted fruit [24,39]. The slightly lower pH and higher titratable acidity of grafted
fruit may be due to both the slight delay in fruit ripening and delayed fruit senescence, but neither had
a significant effect on the marketability of fruit.

3.5. Lycopene Content

Watermelon is an important source of natural antioxidants due to lycopene, a fat-soluble
carotenoid with valuable health-promoting benefits [69]. Lycopene content of red fleshed watermelon
(4.81 mg/100 g on average) is almost 40% higher than that of tomato (3.03 mg/100 g) [69].
Lycopene content is an important measure of watermelon fruit quality and has been reported as
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higher [24,27,47,70], lower [32,37], and unchanged [17,21,26,31,32,52,65] in grafted fruit compared with
nongrafted watermelon. Grafting was reported to increase lycopene content in diploid watermelon cv.
Pegasus when grafted onto interspecific hybrid squash rootstock cv. TZ148 compared to nongrafted,
where optimum harvest maturity was reached between 35 and 40 days after flower initiation in the
nongrafted watermelon compared to 40–45 days for the grafted watermelon [24]. Further, a decrease in
lycopene content as reported with L. siceraria and C. argyrosperma rootstocks [32,37]. Proietti et al. [27]
reported a 40% increase in lycopene content for diploid mini-watermelon cv. Ingrid when grafted
onto C. maxima × C. moschata hybrid cv. PS 1313 compared to nongrafted watermelon, whereas
Bruton et al. [26] found only a 5% increase in lycopene content for triploid watermelon cv. Summer
Sweet Brand 5244, grafted onto C. maxima × C. moschata cv. RS 1330 and C. ficifolia cv. RS 1420. These
results demonstrate that lycopene content in grafted watermelon fruit is a rootstock-scion combination
dependent trait. Differences in time to peak maturity of the cultivars in the different studies, combined
with rootstocks from different genera, may influence lycopene content, possibly due to rootstock
mediated regulation of lycopene metabolism [71]. Kong et al. [71] reported that L. siceraria rootstock
enhanced lycopene content before the fully ripe stage in grafted watermelon by upregulating the
lycopene biosynthetic genes, whereas wild watermelon (C. lanatus var. citroides) rootstock promoted
lycopene accumulation in grafted watermelon fruit, potentially by downregulating lycopene catabolic
genes at the fully ripe stage. Other research studies have shown that environmental conditions, such as
soil fertility, irrigation, light intensity, and day/night temperatures, as well as harvest maturity and
vine health, can affect lycopene formation, development, and stability in watermelon [69,72]. While
numerous studies have evaluated lycopene content, the underlying mechanism of lycopene metabolism
is still unclear in grafted watermelon fruit.

3.6. Citrulline

Although not present in most foods, the non-essential amino acid L-citrulline is found in high
amounts in watermelon. Consumption of watermelon juice containing 4–6 g citrulline + arginine was
found to effectively lower blood pressure and arterial stiffness [73,74]. The effects of grafting rootstock
on subsequent fruit citrulline content was mixed. Soteriou et al. [23] reported higher amounts in grafted
watermelon fruit (2.5 vs 3.0), although no significant differences in L-citrulline were found in ‘Liberty’
(2.7–3.1 in 2017 and 3.4 in 2019) [45]. The different results may be from different rootstock genetics and
relative amounts of root-available potassium. Zhong et al. [75] found that nongrafted watermelon
fruit were lower in citrulline than those grafted to wild watermelon, bottle gourd, or interspecific
hybrid rootstocks when hydroponic solutions of 0.1- and 6-mM potassium were applied. The amount
of citrulline increased at low levels of applied potassium, except for fruit grafted to the interspecific
rootstock. Amounts of potassium found in the fruit tissue corresponded to application rates and were
similar among grafted plants but were reduced for the low potassium application rate in nongrafted
plants [76].

4. Conclusions

Research studies demonstrate that grafting can effectively mitigate the adverse effects of
environmental stress on watermelon production. Abiotic stress tolerance of grafted plants is
facilitated by the modifications in root traits, such as deeper and more extensive root systems,
higher root hydraulic conductance, and faster induction of hormone accumulation (for example,
abscisic acid). Rootstock/scion combinations can influence stress tolerance of grafted plants under
different environmental conditions. Hormonal signaling plays an important role in graft union
formation, rootstock–scion communication, growth and yield, and potential flowering and fruit quality.
Fruit quality measures can be confounded by non-standardization of harvest maturity of grafted and
nongrafted plants, and there is need for further research regarding timing of maturation to optimize fruit
quality of grafted watermelon. Although the changes in fruit quality after grafting have been widely
reported, the mechanisms involved in regulating fruit characteristics with different rootstocks are still
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unknown. Future research needs to focus on rootstock performance within specific growing regions,
soil type, and weather conditions to enhance fruit quality and extend shelf-life. In addition, there is a
need to evaluate multiple scion and rootstock combinations to better understand the interaction effects
on fruit quality under varying environmental conditions. To fully understand the impact of grafting
on fruit yield and quality, studies need to provide cultivar information and climate data. Furthermore,
research efforts are needed to understand the diverse roles of post-grafting biological and metabolic
processes at the molecular level and should take watermelon rootstock selection into consideration.
Formation of hollow heart and hard seeds also need special attention in grafted triploid watermelon,
as there is limited research that has addressed these two fruit quality issues. This information will
enable growers to select scion and rootstock cultivars for consistency of performance across locations.
Perhaps most importantly, there is a need to determine the impact of grafting on fruit development and
ripening in order to recommend maturity indicators and timing for harvest to optimize fruit quality of
grafted watermelon. Finally, researchers, agriculture extension specialists, and industry professionals
need to work together to disseminate this information in order for growers to view grafting as an
effective tool for producing high-quality watermelon under unfavorable environmental conditions.
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Abstract: This research investigated the effects of continuous elevated CO2 (20%, (v/v)) application
or a 3 day CO2 pretreatment followed by modified atmosphere (MA) or micro-perforated (MP)
packaging on the postharvest quality of asparagus. The combination of CO2 pretreatment with MA
packaging (Pre-MA) inhibited the yellowing of asparagus and fresh weight loss (FWL), whereas
stem firmness slightly increased with all elevated CO2 treatments. CO2 pretreatments increased
antioxidant activity in the stem, but not in the tip, in contrast to the continuous flow CO2 (Flow-CO2)
treatment. The phenolic and flavonoid contents increased in the elevated CO2 pretreatments and
Flow-CO2 treatment. The elevated CO2 treatments, especially Flow-CO2, inhibited the development
of microorganisms, and the treated asparagus did not decay. Pre-MA and Flow-CO2 treatments were
more effective in maintaining the visual quality and retarding the off-odor of asparagus. Furthermore,
significant correlations between sensory quality characteristics and physiological-biochemical
attributes were recognized; three principal components were extracted and they explained 86.4%
of asparagus characteristics. The results confirmed the importance of visual quality, off-odor,
firmness, color parameters, SSC and total phenolic content. In conclusion, elevated CO2 pretreatment
followed by MA packaging (Pre-MA) was beneficial for extending asparagus cold storage shelf life,
and Flow-CO2 was the best treatment for inhibiting postharvest decay.

Keywords: elevated CO2; modified atmosphere package; sensory and physiological-biochemical
characteristics; total phenol; DPPH

1. Introduction

In recent years, the consumption of green asparagus (Asparagus officinalis L.) has been increasing
due to its good eating quality, special flavor, and abundance of nutritional value. Unfortunately,
rapid quality deterioration, including toughening, off-odor development, shriveling, and fresh weight
loss due to higher respiration [1] and metabolic activities occurs. The rapid postharvest loss of green
asparagus quality poses a challenge to the development of effective methods to retard the decline
of quality and prolong shelf life. The application of modified atmosphere packaging (MAP) at low
temperature as an effective technology has been reported to be beneficial for extending the shelf life
and maintaining the quality of vegetables and fruits by reducing respiration rate and fresh weight loss,
delaying ripening and minimizing physiological disorders and decays [2,3]. In lotus (Nelumbo nucifera),
MAP treatments delayed the browning of roots, which involves changes in phenols [4]. The ambient gas
levels in postharvest storage are important as they relate to respiration rate and physiological changes [5].
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Prestorage or continuous elevated CO2 treatments have been used for many fruits and vegetables
to improve quality, inhibit the development of microbial groups and prolong shelf life. Short-term
application of high CO2 maintained the solids content and firmness of white asparagus spears, which is
related to change of metabolic activity and respiration rate [6]. In grapes (Vitis vinifera L.), high CO2

(20 kPa) pretreatment improved the appearance of bunches and maintained berry quality [7], reduced
total decay and induced the accumulation of three small heat shock proteins (HSPs) [8]. Nutrients
such as soluble sugar, soluble protein, and free amino acid content were also increased by elevated
CO2 in kidney beans (Phaseolus vulgaris) [9]. Treatment with 20% CO2 prolonged the strawberry
(Fragaria X ananassa Duch.) storage period to 12 days, reduced the energy charge related to the decline
of NADH/NAD+ and caused the accumulation of γ-aminobutyric acid (GABA) [10]. Fungal decay
was prevented, and no fermentation was observed with 20% CO2 pretreatment for two days of fresh
goji (Lycium spp.) berries [11]. High CO2 pretreatment has also been used for white asparagus,
which confirmed that the effects of higher CO2 (10%) on biochemical and textural properties were
determined by the storage temperature [6]. In a previous study, we reported that vacuum packages
supplemented with 60% (v/v) CO2 induced a higher soluble solids content, lower firmness, greener
color, and less weight loss, but more off-odor [12]. Considering the low risk and high benefit of high
CO2 treatment in many fruits and vegetables, the use of prestorage or continuous treatments with
elevated CO2 has been proposed as a suitable tool to control the development of microorganisms and
maintain green asparagus quality. However, few studies have been carried out on the effect of elevated
CO2 treatment on green asparagus postharvest quality and changes in phytochemical component and
antioxidant activity.

This work aimed to analyze the effectiveness of continuous 20% CO2 treatment and CO2

pretreatment followed by MAP in controlling the development of microbial groups and its effect
on quality attributes, antioxidant ability, and physiological-biochemical characteristics during green
asparagus storage period at 4 ◦C.

2. Materials and Methods

2.1. Plant Materials, CO2 Treatments, Packaging Material and Storage Conditions

Green asparagus (Asparagus officinalis L. cv. ‘Welcome’) was cultivated and provided by a
local farm (Yanggu-gun, Gangwon-do, Korea, lat. 38◦12’33.00” N, long. 127◦13’3.00” E) in May 2019.
Green asparagus spears were harvested and transported to the Postharvest Physiology and Distribution
Laboratory, Kangwon National University, on the same day and stored in a 4 ◦C refrigerator. Healthy
and uniform (20–30 g/spear, 1.4 ± 0.1 cm diameter and 24.0 ± 1.0 cm length) green asparagus spears
were selected and randomized for elevated CO2 treatments in this study.

A passive modified atmosphere (MA) package with a 10,000 cc/m2·day−1·atm−1 oxygen transmission
rate (OTR) (Dae Ryung Precision Packaging Industry Co., Ltd., Gwangju-si, Korea) and a micro-perforated
(MP, 34 holes on 10,000 cc/m2·day−1·atm−1 MA films perforated by drilling with 0.6 mm diameter tips)
package were selected to package asparagus spears. A 20% (v/v) carbon dioxide (CO2, released from dry
ice) treatment was applied in a sealed plastic box (30 × 21 × 15 cm) An air pump (DK-3000, Dae-Kwang
Electronics Co., Ltd, Korea) was used to control the CO2 concentration and CO2 concentration was
measured every 3 hours.

Initially, selected asparagus spears were randomly divided into two groups: pretreated with
20% CO2 for 3 days and 20% CO2 continuous application until the last day of cold storage (20 days).
The 20% CO2 pretreatment group was further divided into two groups: packaged with MA (Pre-MA)
and MP (Pre-MP) packages. Spears treated with continuous 20% CO2 (Flow-CO2) were stored in a
sealed plastic box (30–21–15 cm). Untreated groups packaged with MA (Cont-MA) and MP (Cont-MP)
packages were used as the controls. All of the groups were stored at 4 ± 0.5 ◦C and 85 ± 5% relative
humidity (RH) for 20 days. Five replicates of 20 green asparagus spears each were used for each
packaging group.
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2.2. Microbiology Analysis

Microbiological analysis was performed on initial samples (Initial day), after 3 days of pretreatment
(Treated day 3), and after 20 days of storage according to Wang [12] with some modifications.
Fresh asparagus (2.0 g) was mixed with 18 mL sterilized distilled water using a stomacher blender
(Powermixer, B&F Korea, Gimpo-si, Korea) set at the highest speed (level 10, 200 rpm) for 3 min. Then,
the mixture was diluted by a factor of 1000. Next, 1.0 mL of the dilution was dropped on a microbiology
Petri film plate (3 M Co., St Paul, MN, USA). Aerobic bacteria, yeast and mold, and Escherichia coli
were cultivated for 72 h at 35 ◦C, 72 h at 25 ◦C, and 24 h at 35 ◦C, respectively. The development of
total aerobic bacteria (TAB), yeast and mold (Y&M), and E. coli were measured using Petrifilm Plate
Reader (3M Co., St. Paul, MN, USA). The number of microorganisms was represented by the base
10-logarithm of the colony-forming unit concentration (log CFU·g−1).

2.3. Changes in Quality Parameters of Green Asparagus

Firmness (N) was measured at two locations on each asparagus spear, at 5 cm from the tip and
8 cm from the base using a rheometer (Compac-100, Sun Scientific Co. Led.,Tokyo, Japan) with a probe
(Ø 3.0 mm) at 1.0 mm/sec speed.

Green asparagus color variables were measured using a color-difference meter (Model CR-400,
Konica Minolta Sensing, Inc., Japan) at 5 cm from the tip and at 8 cm from the stem for lightness (L*),
Chroma (C*), redness a*, blueness b* and hue angle (h◦). The total color difference was represented as
ΔE*, and calculated as:

ΔE∗ =

√
(L ∗ −L)2 + (a ∗ −a)2 + (b ∗ −b)2 (1)

where L, a and b were the color parameters of fresh asparagus spears without treatment (Initial day).
The total chlorophyll content was measured following Yoon [13] with slight modifications. Frozen

asparagus samples (1.0 g) were chopped and mixed in 10 mL methanol and then incubated at 4 ◦C for
48 h to extract chlorophyll. The absorbances at 642.5 nm (A642.5) and 660 nm (A660) were measured
using a UV–VIS spectrophotometer (UV mini model 1240, Shimadzu, Japan). The total chlorophyll
content was calculated using the following formula:

Total chlorophyll
(
mg·mL−1

)
= 7.12×A660 + 16.8×A642.5 (2)

Soluble solids content (SSC) was measured by a pocket refractometer (PAL-1, Atago, Tokyo,
Japan). Asparagus samples were chopped up and extruded with gauze wrapping. The asparagus
solution was directly dripped onto a pocket refractometer and the SSC result was indicated as ◦Brix at
ambient temperature [13].

Fresh weight loss was measured according to the following formula:

Weight loss(%) =
Initial fresh weight− Final fresh weight

Initial fresh weight
× 100% (3)

Fresh asparagus was weighed and put in an oven (OF-21E, Jeio Tech Co., Ltd., Daejeon, Korea) for
10 min at 103 ◦C, dried to constant weight at 72 ◦C, and re-weighed. The water content of asparagus
spears on the final day of storage at 4 ◦C was determined as follows:

Water content(%) =
Fresh weight−Dry weight

Fresh weight
× 100%. (4)

Sensory qualities, including visual quality and off-odor of green asparagus, were assessed by
five skilled members from the “Postharvest Physiology and Distribution Laboratory” [13]. The visual
quality of the asparagus was assessed throughout the entire storage period and scored on a scale of 1
to 5 (1 =worst: yellowing, decay, shrinking, woodiness, bract opening, 2 = bad, 3 = good, 4 = better,
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5 = best: an at-harvest appearance, no decay or defects, dark green, no shrinking or bract opening).
Off-odor was assessed after 20 days of storage and scored on a scale of 0 to 5 (0 = no off-odor and
5 = strong off-odor). Asparagus with a visual quality score equal to or greater than 3 and an off-odor
score equal to or less than 3.0 was determined to be marketable.

2.4. The Effect of High CO2 on Phenol, Flavonoids and DPPH of Green Asparagus

Asparagus (2.0 g) was homogenized in 1% HCl-methanol (v/v) solution, the homogenate was
placed in a 25 mL tube with distilled water and incubated for 20 min in the dark, and then it was filtered
with 110 mm filter paper. The absorbance of the solution was measured at 280 nm and 325 nm [14].
The contents of total phenol and flavonoids were calculated as follows:

Total phenol content =
OD280

g
(5)

Flavonoids content =
OD325

g
(6)

Antioxidant activity was measured by the DPPH (α,α-diphenyl-β-picrylhydrazyl) method [15].
Green asparagus samples (2.0 g) were ground at 4 ◦C in 20 mL of methanol and then filtered with
110 mm filter paper, 1.0 mL of the filtered solution was mixed with 1.0 mL of a 0.4 mM DPPH in
methanol solution, and the mixture was incubated in darkness for 30 min before measuring the
absorbance at 516 nm.

DPPH radical scavenging activity (%) =

[
1− sample A516

blank A516

]
× 100% (7)

2.5. Gas Conditions and Respiration Rate

By inserting a needle into the packages through a septum, 1.0 mL gas samples from the headspace
of packages were collected. Carbon dioxide (CO2) concentration in different treatments was measured
with an infrared CO2/O2 analyzer (Model Check Mate 9900, PBI-Dansensor, Ringsted, Denmark).
Ethylene (C2H4) concentration was measured with a GC-2010 Shimadzu gas chromatograph (GC-2010,
Shimadzu Corporation, Japan) [12], equipped with BP 20 Wax column (30 m × 0.25 mm × 0.25 um,
SGE analytical science, Australia) and a flame ionization detector (FID). The detector and injector
operated at 127 ◦C, the oven was at 50 ◦C, and the carrier gas (N2) flow rate was 0.67 mL· s−1. CO2 and
C2H4 concentration changes in MA and MP packages were determined on the first and third days of
cold storage and subsequently were measured every 5 days up to 20 days of storage at 4 ◦C. The change
in CO2 concentration of pretreated, continuous and control groups was measured every 1 hour at
ambient temperature and determined in five duplicate packages. The respiration rate was expressed
as mL CO2 kg−1 h−1.

2.6. Statistical Data Analysis

The software Microsoft Excel 2019, R program (Version 4.0.2, 2020-06) and IBM SPSS Statistics
(24, IBM Corp., Armonk, NY, USA) was used to statistically analyze the data. The effects of elevated
CO2, MA/MP packaging, and CO2 × package interaction were analyzed using two-way ANOVA.
All results are expressed as the means (n = 5) and their standard error (SE). Significant differences were
tested with ANOVA (one-way analysis of variance) and Duncan’s Multiple Range Test at α < 0.05.
All experiments were performed with at least three independent repetitions and repeated three times.
Principal component analysis (PCA) scores and correlation coefficients between sensory quality and
physiological and biochemical performance were analyzed using Rstudio version 4.0.2 (Team 2020),
with distance measurements by Pearson’s correlation coefficient test.
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3. Results

3.1. Changes in Quality Parameters of Green Asparagus

3.1.1. Fresh Weight Loss (FWL)

Fresh weight loss developed in all treatments, with the increase greater in MP packages than in
MA packages during the entire storage period (Figure 1). Fresh weight loss of green asparagus was
2.10 ± 0.06% in Cont-MP and 1.55 ± 0.09% in Pre-MP, whereas in MA it was 0.58 ± 0.05% in Cont-MA
and 0.48 ± 0.02% in Pre-MA, all of which significantly differed. Flow-CO2 treatment showed the
highest FWL of 2.30 ± 0.05%, which was probably due to the lack of a film package during cold storage.
It is worth noting that although the weight loss of different treatments was significantly different,
all treatments had weight loss below 2.5% and were very similar to each other. FWL was well below
the limit of marketable acceptance of 8%. In addition, elevated CO2 inhibited FWL with a lower loss
than that of the control. Significant differences were found between Cont-MP and Pre-MP. Pre-MA had
the lowest FWL after 20 days of storage at 4 ◦C. The inhibition of FWL by high CO2 pretreatments
was also observed with goji berries, with significantly lower weight loss than that of control fruit [11].
Previous studies have reported that water content is important for modifying the quality and storage
period of fruits and vegetables [16,17].
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Figure 1. Fresh weight loss (%) during green asparagus cold storage as influenced by elevated CO2

treatments. Values are means of five repetitions ± standard errors (SE). Different letters over bars
indicate significant differences between treatments by Duncan’s Multiple Range Test (α < 0.05).

3.1.2. Firmness

Compared to the initial samples, asparagus firmness increased after 20 days of storage (Figure 2A).
Considering the controls and all CO2 treatments, a notable increase in firmness was observed in the
stem with the initial value of 12.3 N. Compared to the control, Pre-MP and Flow-CO2 treatments
significantly increased the firmness on the last storage day and showed the highest firmness stem
(~19.3 N). A significant difference in asparagus stem firmness was observed with elevated CO2

pretreatment. The increase in firmness was less in MA than MP packages. This suggested that Pre-MA
was more efficient at inhibiting the development of firmness during postharvest storage. This was in
keeping with the results that the asparagus spear water content was lower in the Flow-CO2 than the
control and CO2 pretreatments (data not shown). A similar negative relationship between firmness
and water content in carrots has been reported [18]. The increase in firmness in asparagus was
correlated with an increase in crude fibers, the development of lignin and the activity of phenylalanine
ammonia-lyase [19]. Likewise, our results revealed significant differences in firmness only in the
stem between the elevated CO2 treatments and the control. This result suggests that CO2 treatment
influenced the wound response from cutting damage. Verlinden [20] reported a higher respiration rate,
higher moisture loss and enhanced CO2 diffusion during the wound response in the asparagus stem,
which may lead to higher firmness.
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Figure 2. Effects of elevated CO2 treatments on (A) firmness and (B) hue angle in asparagus stem
on the initial day, treated day 3 and after 20 days of storage at 4 ◦C. The different letters represent
significant differences by Duncan’s Multiple Range Test (α < 0.05 level). Box plots consist of the median,
the lowest and the highest values, the outliers, and the approximate quartiles of our parameters.

3.1.3. Color Parameters

Color is one of the most important factors for postharvest biology and sensory evaluation of green
asparagus. Yellowing (i.e., lower hue angle) of green asparagus indicates degradation of quality during
storage [21]. Yellowing was obvious and showed a trend between the initial day and after 20 days
of storage (Figure 2B) with only Cont-MP lower than the Initial value. The deviation from the raw
material total color was represented as ΔE* and the tip was significantly less than the other treatments
at 20 days in the Flow-CO2 treatment, and it did not differ from CO2-treated day 3 (Table 1). For stems,
the lowest color difference was observed for the Pre-MP treatment at 20 days, with a value of 5.19,
which was less than the treated day 3 values.

Table 1. The means of chlorophyll content and total color deviation (ΔE*) obtained from tip and stem
of green asparagus in initial, treated day 3 and on the 20th day of storage at 4 ◦C.

Treatments
Chlorophyll Content (mg·mL−1) ΔE*

Tip Stem Tip Stem

Initial day 5.66 a 2.18 a - -
Treated day 3 4.84 b 1.98 c 6.63 c 6.54 b

Cont -MP 3.23 f 1.12 g 9.35 b 10.23 a
Cont -MA 3.09 g 1.74 f 8.34 bc 10.30 a

Pre-MP 3.76 d 1.84 e 13.38 a 5.19 c
Pre-MA 4.68 c 2.11 b 7.29 bc 8.91 a

Flow-CO2 3.62 e 1.89 d 6.25 c 8.20 ab

Values are means of five repetitions (n = 5). Different letters within a column indicate significant differences between
treatments by Duncan’s Multiple Range Test (α < 0.05)

The green color is mainly determined by chlorophyll content [22]. The chlorophyll content was
consistent with the hue angle value in all treatments (Table 1). Initial day samples had the highest
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chlorophyll content and subsequently exhibited a progressive decrease to the last day of cold storage.
Interestingly, lower chlorophyll content was observed in the controls at the start and after cold storage.
There was a significant difference among all the treatments; the Pre-MA treatment showed the highest
chlorophyll content, and the Cont-MP treatment had the lowest content. The breakdown of chlorophyll
is closely related to the remobilization of chloroplast proteins, lipids and metals during senescence [23].
An inhibitory effect of elevated CO2 on the decrease in chlorophyll content of broccoli florets after
harvest has been reported [24]. High CO2 treatment affected anthocyanin stability and color expression
in strawberries by changing the pH, while MA packaging with 15% CO2 treatment maintained the
anthocyanin stability of strawberries [25]. In the current study, Pre-MA treatment evidenced greater
inhibition of yellowing during green asparagus cold storage. The mechanism of elevated CO2 and MA
package effects may have been partially based on a decrease in chlorophyllase activity that delays the
degradation of chlorophyll because of the decrease in metabolic activity. This is consistent with the
results that high CO2 delayed chlorophyll degradation and anthocyanin accumulation by inhibiting
chlorophyllase activity and downregulating the expression of FaChl b reductase, FaPAO and FaRCCR,
which are related to chlorophyll state in postharvest storage of strawberry fruits [26]. Likewise,
cold shock delayed the degradation of chlorophyll by suppressing the activity of chlorophyllase
in cucumber [27].

3.1.4. Soluble Solids Content (SSC)

Total soluble solids content (SSC) are mainly sugars, which tended to decrease towards the end of
shelf life in all of the samples [28]. A low soluble solids content was observed in all treatments and
significantly differed among treatments (Table 2). On treated day 3, SSC had decreased to 5.58 ◦Brix
compared to the initial day samples at 6.19 ◦Brix. The decrease was probably related to respiration,
which is the key factor in converting soluble solids into energy [29]. There was no significant difference
between the control (5.30 ◦Brix), Flow-CO2 (5.23 ◦Brix) and Pre-MA (5.03 ◦Brix) treatments after 20 days
of storage. However, the lowest SSC was in the Pre-MP treatment, with a content of 4.37 ◦Brix on the
last day of cold storage. Flow-CO2 treatment without film packages slowed the decrease in the SSC.
Li and Zhang [30] reported that the water loss of green asparagus also contributed to an increasing
soluble solids content, which is consistent with the water content of asparagus in this study (data not
shown). A similar result was reported with grapes, in which high CO2 treatment inhibited the decrease
in the SSC due to an inhibition of normal postharvest metabolic activity [31].

Table 2. Effects of elevated CO2 treatments on green asparagus soluble solids content (SSC),
total phenolic and flavonoid contents, and DPPH-radical scavenging activity, on the initial day,
treated day 3 and after 20 days of storage at 4 ◦C.

Treatments SSC (◦Brix) Total Phenol (U·g−1) Flavonoids (U·g−1) DPPH (%)

Initial day 6.19 a 0.72 c 0.68 e 85.67 c
Treated day 3 5.58 b 0.82 a 0.91 a 92.67 a

Cont-MP 4.93 c 0.67 d 0.58 g 56.97 e
Cont-MA 5.30 bc 0.79 b 0.61 f 73.73 d
Pre-MP 4.37 d 0.80 ab 0.72 d 71.88 d
Pre-MA 5.03 c 0.81 a 0.74 c 88.64 b

Flow-CO2 5.07 c 0.81 a 0.76 b 91.18 ab

Values are means of five repetitions (n = 5) and each letter in the same column indicate the significant differences by
Duncan’s Multiple Range Test (α < 0.05).

3.2. The Effect of High CO2 on Phenol, Flavonoids and DPPH of Green Asparagus

Phenolic compounds such as flavonoids and anthocyanin are important naturally occurring
antioxidant compounds from many plants. The phenolic content could be influenced by biotic and
abiotic factors [32,33]. Moreover, the antioxidant capacity of phenolic compounds is related to the
ability to scavenge DPPH radicals in an assay [34]. In this study, total phenol and flavonoids content
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and DPPH radical scavenging activity were measured on the initial day, treated day 3 and after
20 days of storage (Table 2). The total phenolic and flavonoid content in the initial day samples
were 0.72 U·g−1 and 0.68 U·g−1, respectively. Total phenolic and flavonoid content increased in the
CO2 pretreatments on treated day 3, which showed the highest absorbance values of 0.82 U·g−1 and
0.91 U·g−1, respectively. At 20 days, the levels of total phenolics under elevated CO2 pretreatments
had decreased compared to treated day 3 but increased compared to the initial day. The lowest total
phenolic and flavonoid contents were observed in the Cont-MP treatment, with values of 0.67 U·g−1 and
0.58 U·g−1, respectively. The difference between the control groups and all elevated CO2 treatments was
pronounced, although no difference was found between elevated CO2 pretreatments and Flow-CO2

treatment in total phenolics but not in flavonoids. Although elevated CO2 treatments slowed the loss
of phenolic components, a decrease occurred after longer storage in all elevated CO2 treatments and
control groups which is similar to changes in strawberry [35].

Postharvest CO2 enrichment stimulated antioxidant activities and phenolic content in lettuce [36].
The beneficial effect may be because elevated CO2 treatment is a kind of abiotic stress promoting the
synthesis and accumulation of phenolic as a physiological response. Previously, CO2 storage had
marked effects on phenolic metabolites and quality, while modified atmospheres (MA) had a positive
effect on phenolic-related quality [37]. High CO2 may allow for the removal of free radicals, which are
associated with an increase of antioxidant capacity [38]. The DPPH radical scavenging activity of green
asparagus showed a similar change in pattern as the phenolic and flavonoid contents in response to
the different treatments (Table 2). The highest DPPH value of 92.67 was a significant increase after CO2

pretreatment. Flow-CO2 treatment sustained the antioxidant activity through 20 days, with a DPPH
value of 91.18. Based on these points, the Flow-CO2 treatment was noted for improving asparagus
qualities and maintaining the higher bioactive compound levels for long-term postharvest storage.

3.3. Gas Conditions in Packages and Respiration Rate

MA and MP packages involve the process of changing the atmospheric gas composition
surrounding the green asparagus, especially carbon dioxide and oxygen concentration, by controlling
gas exchange between the inside of the packages and the ambient air. The gas levels exhibited different
concentration changes between MA packages and MP packages caused by their difference in oxygen
transmission rates (OTRs). As shown in Figure 3A, the CO2 concentration increased rapidly on the
first day of cold storage in all packages and subsequently remained stable until a small decrease at
15 days of storage. MA packages showed higher CO2 concentrations than MP packages throughout
the whole storage period, 4–6% versus 0–2%, respectively. A CO2 level above 10% and O2 level
below 3% can produce injuries to green asparagus at the optimal temperature [39,40]. Compared
to the gas composition in MP packages, a better gas composition was observed in MA packages.
The recommended gas concentration for green asparagus storage at 5 ◦C is 5–10% O2, similar to
ambient composition [41], and a CO2 level of 4–6% probably decreases the respiration rate and inhibits
anaerobic metabolism. The concentration of ethylene in all packages first increased (Figure 3B), and was
followed by a decrease, finally becoming stable. It is possible that this was because elevated CO2

reduced the respiration rate and inhibited the biosynthesis and negative effects of ethylene.
The respiration rate measured on the initial day was 26.26 mL kg−1 h−1 CO2, while elevated CO2

pretreatment showed a value of 24.62 mL kg−1h−1 CO2 (Figure 3C). Comparing the respiration rate of
the Flow-CO2 treatment on the final day (35.67 mL kg−1 h−1 CO2) to the initial value, the significant
difference could be ascribed to the long period of storage and the influence of elevated CO2 since
the respiration rate increased. Asparagus is classified as perishable due to a high respiration rate of
60 mg kg−1 h−1 CO2 (at 5 °C) and rapid degradation of quality [5,42].
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Figure 3. Changes in carbon dioxide (A) and ethylene (B) concentrations in modified atmosphere
(MA) and micro-perforated (MP) packages during the postharvest storage, and the respiration rate
(C) of green asparagus as influenced by high CO2 pre and continuous treatments. Values are means of
five repetitions ± standard errors (SE). Different letters over bars indicate significant differences among
all treatments by Duncan’s Multiple Range Test (α < 0.05).

3.4. Microorganism Analysis

Compared to the initial value of 3.26 log CFU·g-1, the growth of total aerobic bacteria (TAB)
was inhibited by elevated CO2 pretreatment with 2.10 log CFU·g−1 (Table 3). Bacterial growth is
critical in the spoilage of green asparagus, as significant differences in aerobic bacterial count between
the initial and final storage days occurred. After 20 days of storage, TABs significantly increased,
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especially in Cont-MP, which had the highest count of 5.76 log CFU·g−1. Likewise, regardless of the
packages, there was no significant difference in TABs between the CO2 pretreatments and control
groups. However, Flow-CO2 with a TAB count of 2.16 log CFU·g−1 was not significantly different
from the initial or treated day 3 samples, which indicated that the Flow-CO2 treatment controlled the
growth of these microorganisms and maintained lower counts up to the 20th day at 4 ◦C. The initial
E. coli counts of green asparagus were 2.71 log CFU·g−1, and the counts increased through 20 days
of storage in all treatments. Cont-MP and Cont-MA reached 4.31 and 4.20 log CFU·g−1, respectively.
Treated day 3 did not show a sterilization effect on E. coli with 3.50 log CFU·g−1. However, a significant
effect of elevated CO2 pretreatments on E. coli was observed with lower counts after 20 days of storage
at 4 ◦C than at treated day 3 (Table 3). Likewise, 3.01 log CFU·g−1 was observed under the Flow-CO2

treatment on the last day of storage (20 days). The initial yeast and mold (Y&M) count before and after
elevated CO2 pretreatment was 0.00 log CFU·g−1 (Table 3). In contrast, Y&M increased significantly in
the Cont-MP treatment on the last day of cold storage, with 2.10 log CFU·g−1. Notably, all elevated
CO2 treatments showed an encouraging lack of Y&M with counts of 0.00 log CFU·g−1. This was
consistent with the result that high CO2 was beneficial in controlling microbial growth in fresh-cut
mango (Mangifera indica) cubes [43]. According to a previous study, short-term exposure to high
levels of CO2 modified the pathogenesis-related protein defense response and the low molecular
mass chitinase, which renders grapes less susceptible to fungal infection [44]. It has also shown that
elevated CO2 retards the growth of microorganisms, which is lethal to spores and damages the cell
wall of the microorganisms [45]. Likewise, the development of microorganisms inhibited by high CO2

is probably due to its dissolution in the aqueous phase of food products, which causes intracellular
acidification, inhibition of enzymatically catalyzed reactions and enzyme synthesis, and interaction
with the cell membrane [46].

Table 3. Effects of elevated CO2 pretreatments in MA and MP packages and continuous CO2 treatments
on the growth of microorganisms in green asparagus stored at 4 ◦C up to 20 days.

Treatments
Growth of Microorganisms ( log CFU·g−1)

Total Aerobic Bacteria E. coli Yeast and Mold

Initial day 3.26 bc 2.71 c 0.00 b
Treated day 3 2.10 c 3.50 b 0.00 b

Cont-MP 5.76 a 4.31 a 2.10 a
Cont-MA 4.58 ab 4.20 a 0.00 b
Pre-MP 4.75 ab 3.34 b 0.00 b
Pre-MA 4.56 ab 3.45 b 0.00 b

Flow-CO2 2.16 c 3.01 bc 0.00 b

Values are means of five repetitions (n = 5) and different letters in the same column indicate significant differences
by Duncan’s Multiple Range Test (α< 0.05) between means.

3.5. Sensory Quality and Relative Impacts of Asparagus Quality Attributes

On the last storage day, asparagus quality characteristics were assessed. Figure 4 illustrates the
relationships among important quality traits. Visual quality, off-odor, fresh weight loss, and stem
firmness (F-Stem) were affected significantly by elevated CO2 and different packages. In contrast,
tip firmness (F-Tip), hue angle in the tip (h◦-Tip) and stem (h◦-Stem), soluble solids content (SSC),
and water content were not affected by elevated CO2 and different packaging treatments. Visual quality
and off-odor are major factors that determine consumption. p-values in this study demonstrated
that elevated CO2 treatments and different packages had significant effects on nearly every quality
characteristic (Table 4). The elevated CO2 main effect, package main effect and CO2 × package
interaction significantly affected fresh weight loss of green asparagus whereas no effect (p ≥ 0.05) was
observed for water content. However, the elevated CO2 main effect and interaction of CO2 × package
effects did affect tip hue angle (h◦-Tip), and tip firmness (F-Tip).
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Figure 4. Spider graphs illustrating the relative impacts of elevated CO2 treatments followed by MP or
MA packaging on green asparagus quality characteristics after 20 days of storage at 4 °C. FWL: fresh
weight loss; F-Tip: Tip firmness; F-Stem: Stem firmness; h◦-Tip: Tip hue angle; h◦- Stem: Stem hue
angle; SSC: soluble solids content

Table 4. Analysis of variance results for the effects of elevated CO2 × packaging (MP or MA) interaction
green asparagus quality attributes after 20 days of storage at 4 °C.

Quality Attributes
CO2 Package CO2 × Package

p-Value p-Value p-Value

Visual quality 0.06 0.03 z* 0.07
Off-odor 0.04 * 0.03 * 0.00 **

Fresh weight loss 0.00 ** 0.00 ** 0.00 **
Water content 0.00 ** 0.59 0.47

SSC 0.00 ** 0.00 ** 0.00 **
F-Tip y 0.32 0.77 0.41
F-Stem 0.00 ** 0.03 * 0.16
h◦-Tip 0.25 0.02 * 0.43

h◦-Stem 0.00 ** 0.00 ** 0.00 **
z*= p< 0.05; **= p< 0.01. y F-Tip: Tip firmness; F-Stem: Stem firmness; h◦-Tip: Tip hue angle; h◦- Stem: Stem hue angle.

Visual quality was estimated according to the extent of shrinkage, water loss, yellowing,
bract opening, and fungal attack. In the present study, marketable visual quality was found in
the Pre-MA and Flow-CO2 treatments with scores of 3.2 and 3.0, respectively. Regarding the packages,
the control groups lost retail value, and there was no significant difference between the control and
Pre-MP treatments. The off-odor scores in the Cont-MA and Flow-CO2 treatments were low and
maintained commercial acceptability (off-odor score below 3.0), with scores of 1.9 and 2.5, respectively,
after 20 days of storage. Regardless of packages, elevated CO2 pretreatments lost marketable value with
a strong off-odor. The accumulation of odor in green asparagus is caused by methanol and acetaldehyde,
which are related to anaerobic respiration, microorganism decay and secondary metabolism [47,48].
Modified atmosphere (MA) packages reduced the production of off-odor by modifying the gas
composition of packages and maintaining the adopted CO2 (5–12%) content [5]. This is consistent with
the growth of microorganisms in this study. Considering the better visual quality and slight off-odor,
the notable efficiency of Flow-CO2 treatment on asparagus quality and shelf life was confirmed in
this study.

3.6. Correlations and Principal Components Analysis

The correlations between sensory quality characteristics and physiological and biochemical
attributes after 20 days of storage at 4 ◦C are shown in Figure 5. A significant positive association
between visual quality and soluble solids content (SSC), firmness (F), hue angle (h◦), chlorophyll
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content (Chl), and DPPH in the tip (DPPH-Tip). Negative correlations between visual quality and
off-odor, water content (WC), total phenolic content in stem (TP-Stem), total flavonoid content (Fla),
and DPPH in the stem (DPPH-Stem) occurred. Likewise, the off-odor showed negative correlations
with SSC, h◦, Chl, and Fla. This was consistent with the performance of green asparagus in different
treatments, i.e., the greener the color, the higher the soluble solids content and chlorophyll, the better
the visual quality value and the less the off-odor. Another interesting negative correlation between
firmness and WC and SSC was observed. A change in firmness is related to the change of cell structure
caused by the transformation of SSC and storage sugars in cell walls [49]. The changes in cell structure
affect the transpiration of plants which relates to water content and fresh weight loss [27]. In addition,
negative correlations were observed between FWL and h◦ and Chl. Another important finding was
the association between sensory quality and physiological-biochemical characteristics between tips
and stems of asparagus, which could be related to the at-harvest wounding of the stem (the relations
between the DPPH and TP).

 

Figure 5. Pearson’s correlation coefficient heatmap matrices and principal component analysis (PCA)
among the responses of sensory, physiological quality attributes, and biochemical components in
asparagus stored at 4 ◦C for 20 days of shelf life. FWL: fresh weight loss, WC: water content, SSC: soluble
solids content, F-Tip: firmness in the tip, F-Stem: firmness in the stem, h◦-Tip: Hue angle in the tip,
h◦-Stem: Hue angle in the stem, Chl-Tip: chlorophyll content in the tip, Chl-Tip: chlorophyll content in
the stem, TP-tip: total phenolic content in the tip, TP-tip: total phenolic content in the stem, Fla-Tip:
total flavonoid content in the tip, Fla-Tip: total flavonoid content in the stem, DPPH-Tip: DPPH radical
scavenging activity in the tip, DPPH-Tip: DPPH radical scavenging activity in the stem.

The sensory quality of green asparagus was evaluated according to color, smell, decay, shrinkage,
bract crack and others [50]. The association between sensory quality and the physiological situation
was consistent with the sensory evaluation. These results are in agreement with Lu [51] who showed
significant positive correlations between overall quality and firmness, SSC, TP, and negative correlations
to the odor of ‘Akihime’ strawberry. Subsequently, principal component analysis (PCA) was performed
and the results showed that the first three components (PC1, PC2, PC3) explained a total of 86.64% of
the parameters of asparagus characteristic (Figure 5). The PC1, PC2, PC3 explained 38.14%, 26.34%,
22.16% of the variance, respectively. The visual quality, off-odor, TP-stem, Fla-Stem SSC, h◦ were
clustered into the positive/negative of PC1, and the PC2 included FWL, DPPH, WC, Fla-Tip, F-Tip.
Only F-Stem, TP-Tip, Chl-Tip variance belonged in PC3. The results confirmed the importance of
visual quality, off-odor, firmness, color parameters, SSC and total phenolic content.

4. Conclusions

This study investigated the effects of elevated CO2 pretreatment followed by modified atmosphere
(Pre-MA) or micro-perforated (Pre-MP) packaging and continuous elevated CO2 (Flow-CO2) treatment
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on the quality characteristics of green asparagus during storage at 4 ◦C. The development of microbial
groups was inhibited by elevated CO2 treatments, especially the Flow-CO2 treatment, which showed the
lowest counts of microorganisms. Although higher firmness was observed, elevated CO2 pretreatments
and Flow-CO2 treatment resulted in better sensory quality, strong inhibition of microorganisms,
high content of the nutritional and antioxidant activity, a higher content of SSC, phenolics, chlorophyll,
and DPPH, and lower respiration rates. Furthermore, the results from the heatmap coefficient
analysis and principal component analysis indicated that sensory quality, physiological attributes,
and antioxidant activity responded differently depending on the specific treatments. The elevated
CO2 treatments caused changes in physiological attributes and content of biochemical components
that determined the sensory qualities of green asparagus. Overall, Flow-CO2 or Pre-MA treatments
had a significant effect on the qualities of green asparagus and could be useful for green asparagus
cold storage.
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