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Editorial

Fruit and Vegetable Production
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1. Background

Fruits and vegetables are generally known to contain important vitamins, fiber, es-
sential minerals, and vital bioactive compounds that possess health benefits such as anti-
inflammatory, antimicrobial, antioxidant, and anticancer properties [1]. These compounds
can help protect against chronic diseases such as cancer, diabetes, and cardiovascular dis-
eases. However, the composition of fruits and vegetables with regard to these compounds
is dependent on plant genotypic, environmental, and management factors [2–4]. By nature,
the production of fruits and vegetables requires high input and intensive management
practices compared to other crops. As such, these crops are fragile and easily succumb
to various environmental stressors during production and post-harvest processing, han-
dling, and storage [5,6]. Consequently, collaboration between industry, researchers, and
policymakers to develop or adopt novel technologies and techniques to improve fruit and
vegetable crop growth, productivity, and harvest and edible qualities is paramount.

This Special Issue (Fruit and Vegetable Production) of the journal Plants focuses on
the entire chain of fruit and vegetable production including post-harvest and marketing
topics under field and greenhouse production systems. Therefore, it is not surprising
that the information provided by this Special Issue will further strengthen the theory that
effective collaboration between researchers and stakeholders across various food systems
jurisdictions will continue to grow within these areas of research. This Special Issue
comprises a collection of 12 peer-reviewed manuscripts covering basic and applied themes
of crop response to organic amendments, biostimulants, irrigation, physiological stress,
metabolic stimulation, and novel technologies for the efficient characterization of specialty
crops, quality assessment, and cultivar evaluation.

2. The Main Findings of This Special Issue

2.1. Spatial and Compositional Variations in the Fruit Characteristics of Papaya (Carica papaya cv.
Tainung No. 2) during Ripening

Chung et al. (2023) investigated selected compositional changes of papaya during
ripening, with particular emphasis on nutrition and metabolite distributions between the
calyx and stem end of the fruit [7]. From their findings, total carbohydrates, total protein,
nitrogen, and potassium showed maximum accumulation at the stem end, with fructose,
glucose, magnesium, and manganese accumulating at the calyx end [7].

2.2. Magnetically Treated Water in Phaseolus vulgaris L.: An Alternative Method to Develop
Organic Farming in Cuba

“Magnetic biostimulation” or “magnetopriming” involves exposing water used for
priming or irrigation to a magnetic field, with this technological approach proven to be effec-
tive with several growth-stimulating effects during germination and plant development [8].
Boix et al. (2023) investigated the effect of this technology on the potential of common
beans in organic farming, with their work reporting the ability of magnetically treated

Plants 2023, 12, 3125. https://doi.org/10.3390/plants12173125 https://www.mdpi.com/journal/plants
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water to increase germination, stem length, vigor, leaf area, seed weight, and chlorophyll
and carbohydrate content [9].

2.3. The Growth and Biochemical Composition of Microgreens Grown in Different Formulated
Soilless Media

Saleh et al. (2022) evaluated the effectiveness of four different growing media on four
different plant species: namely, kale (Brassica oleracea L. var. acephala), Swiss chard (Beta
vulgaris var. cicla), arugula (Eruca vesicaria ssp. sativa), and pak choi (Brassica rapa var.
chinensis) grown as microgreens. Two media were identified as having the most beneficial
effect on microgreens: (1) 30% vermicast + 30% sawdust + 10% perlite + 30% PittMoss and
(2) 30% vermicast + 20% sawdust + 20% perlite + 30% mushroom compost [10]. Each of
the above growing media consistently increased the content of chlorophyll, carotenoids,
phenolics, and flavonoids and increased antioxidant enzyme activity. The second of the
above treatments also significantly increased yields [10].

2.4. Irrigation Effect on the Yield, Skin Blemishes, Phellem Formation, and Total Phenolics of
Red Potatoes

Jiang et al. (2022) investigated the benefits of irrigation on Dark Red Norland potatoes
known to be drought sensitive. The use of irrigation improved yields by 20.6% and reduced
surface cracking by 48.5% [11]. Microscopy imaging analysis demonstrated that tubers
from the rainfed trials formed higher numbers of suberized cell layers than those of the
irrigated potatoes. In addition, surface cracking and silver patch skins had more suberized
cell layers than the normal skins. The irrigated potatoes also had a significantly higher
concentration of total polyphenols [11].

2.5. Changes in Soil Characteristics, Microbial Metabolic Pathways, TCA Cycle Metabolites, and
Crop Productivity following the Frequent Application of Municipal Solid Waste Compost

The use of municipal solid waste compost is well established, but Abbey et al. (2022)
investigated the effect of long-term changes in soil microbial composition and subse-
quent translation on plant metabolic pathways. Both annual and biennial applications of
municipal compost increased yields, with annual application being the most effective tech-
nique [12]. Furthermore, the same effect was found with increased microbial function and
tricarboxylic metabolites, thus suggesting the potential application of municipal compost
as a novel long-term green solution for improving soil health [12].

2.6. Changes in the Biogenic Amines of Two Table Grapes (cv. Bronx Seedless and Italia) during
Berry Development and Ripening

Incesu et al. (2022) studied the accumulation of biogenic amines in two varieties of
grape berries during ripening. Although a difference in biogenic amine concentration
between the varieties was observed, there was a consistent increase in concentration
throughout the ripening process [13]. The concentration of most of the biogenic amines
analyzed increased linearly from the beginning of berry touch to when the berries ripened
during the harvesting stage. The most common biogenic amine in the grape varieties was
putrescine, followed by histamine, agmatine, and tyramine.

2.7. The Field Application of a Vis/NIR Hyperspectral Imaging System for the Non-Destructive
Evaluation of the Physicochemical Properties of ‘Madoka’ Peaches

One major challenge in assessing the physiological and biochemical characteristics
of fruits and vegetables is the destructive approaches available for quality assessment. To
help solve this problem, Jang et al. (2022) evaluated a vis/NIR hyperspectral imaging
system as a non-destructive quality assessment method in peaches [14]. The coefficient of
determination was higher than 0.8 for chromaticity and soluble solids content, although it
was slightly lower (0.6 to 0.7) for firmness and titratable acidity. Their study demonstrates
the potential of hyperspectral imaging as a method for the non-destructive estimation of
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specific quality characteristics, and as such, it would be interesting to investigate its use for
other parameters.

2.8. Cultivar and Post-harvest Storage Duration Influence Fruit Quality and the Nutritional and
Phytochemical Profiles of Soilless-Grown Cantaloupe and Honeydew Melons

Pulela et al. (2022) contrasted differences between honeydew melons and cantaloupes
grown using Hygromix® growing media covered in a layer of vermiculite. The accumulated
concentrations of vitamin C, β-carotene, zinc, phosphorous, potassium, magnesium, and
calcium were all higher in the cantaloupes studied [15]. In general, total soluble solids,
color intensity, pH, and flavonoids all increased during storage while vitamin C, flavonoids,
and phenolics all decreased [15].

2.9. Maturation and the Post-Harvest Resting of Fruits Affect the Macronutrient and Protein
Content of Sweet Pepper Seeds

Colombari et al. (2022) harvested sweet pepper fruits prior to physiological maturity
in order to investigate the seed changes that occur during post-harvest resting (i.e., the
time period between harvest and seed collection). The key findings of the study were
that potassium, calcium, and magnesium decreased during fruit maturation while seed
albumin, globulin, prolamin, and glutelin all increased [16].

2.10. The Effect of Pyroligneous Acid on the Productivity and Nutritional Quality of
Greenhouse Tomato

Pyroligneous acid is a liquid obtained from the condensation of smoke from biodiesel
or biochar formation and has been shown to be a potent biostimulant. Ofoe et al. (2022)
applied concentrations between 0 and 2% as a root soak to tomato plants, which increased
the number and mass of the tomato fruits [17]. The concentrations of several bioactive
compounds such as total phenolics, flavonoids, and ascorbate were also improved by
pyroligneous acid, as well as total dissolved solids [17]. It was shown through this study
that pyroligneous acid could play a role in greenhouse tomato production.

2.11. Plant Growth-Promoting Rhizobacteria Improve the Growth and Fruit Quality of Cucumber
under Greenhouse Conditions

Zapata-Sifuentes et al. (2022) studied the effect of three rhizobacteria species on
cucumber plant growth in the hopes of reducing dependency on chemical fertilizer inputs.
All three investigated species demonstrated improved cucumber growth parameters such
as plant height, fruit length, and yield [18]. The researchers also observed significant
accumulated levels of phenolics, flavonoids, and vitamin C and improved antioxidant
capacity [18]. From the results of their study, it was found that rhizobacteria have the
potential to improve both the quantity and quality of cucumbers.

2.12. Ascorbic Acid’s Preconditioning Effect on Broccoli Seedling Growth and Photosynthesis
under Drought Stress

MacDonald et al. (2022) explored the use of ascorbic acid as a seed priming agent in
broccoli following previous success in other species. Broccoli was not grown to harvest
in this experiment, but there were increases in critical parameters such as plant growth,
photosynthesis, water use efficiency, leaf area, and membrane protection [19]. Perhaps
more interesting is that these same critical parameters also increased during drought
stress, pointing to ascorbic acid having a role in increased plant growth and drought stress
mitigation.

Author Contributions: All authors contributed to the conception and design of this editorial for the
Special Issue. M.M. and L.A. prepared the first draft of the article and J.A. contributed to the revision
of the first draft. All authors contributed to the revision of the draft and approved the final version of
the editorial. All authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Spatial and Compositional Variations in Fruit Characteristics of
Papaya (Carica papaya cv. Tainung No. 2) during Ripening

Sun Woo Chung, Yeon Jin Jang, Seolah Kim and Seong Cheol Kim *

Research Institute of Climate Change and Agriculture, National Institute of Horticultural and Herbal Science,
Jeju 63240, Republic of Korea; jsw599@korea.kr (S.W.C.)
* Correspondence: kimsec@korea.kr; Tel.: +82-647412560

Abstract: Papaya fruit (Carica papaya) has different degrees of ripening within each fruit, affecting its
commercial market value. The fruit characteristics of “Tainung No. 2” Red papaya were investigated
at the stem-end, middle, and calyx-end across 3 ripening stages and categorized based on fruit
skin coloration: unripe at 16 weeks after anthesis (WAA), half-ripe at 18 WAA, and full-ripe at
20 WAA. The fruits maintained an elliptical shape during ripening with a ratio of 2.36 of the length
to the width. The peel and pulp color changed from green to white to yellow during ripening,
regardless of the three parts. In the pulp, soluble solid contents increased, and firmness decreased
during ripening but did not differ among the three parts. Individual nutrient contents, including
metabolites and minerals, changed dynamically between the ripening stages and fruit parts. Total
carbohydrates and proteins, N, and K, were accumulated more at the stem-end during ripening;
meanwhile, fructose, glucose, Mg, and Mn were accumulated more at the calyx-end. In the principal
component analysis, ripening stages and fruit parts were distinctly determined by the first and second
principal components, respectively. Understanding the nutrient and metabolite dynamics during
ripening and their distribution within the fruit can help optimize cultivation practices, enhance fruit
quality, and ultimately benefit both growers and consumers.

Keywords: Carica papaya; cultivation practice; fruit development; fruit tree; greenhouse; mineral
distribution; papaya fruit; skin coloration; nutrient; ripening stages; tropical

1. Introduction

Papaya (Carica papaya) is a popular fruit crop known for its sweet and distinct flavor.
The global production of papaya has continued to grow over the years, with an estimated
production of 14.10 million metric tons in 2021, making it the fourth most widely cultivated
tropical fruit behind banana, mango, and pineapple [1]. Papaya originated from the lowland
of Mexico to Panama and is found primarily in tropical regions between 23◦ N and S
latitudes because the cultivation requires high temperatures year-round [2]. Subtropical
regions, including Mediterranean countries, can also cultivate papaya; some of these
regions have to use protected facilities, including a greenhouse, because low temperatures
during winter affect fruit set, growth, and production [3–5]. Recently, due to the increasing
demand for papaya and the changing climate, the cultivation has expanded to temperate
regions such as Far East Asia [6–8].

Papaya fruits have nutraceutical values, which render them important in human diets.
These papaya parts are rich in macro- and micronutrients to varying degrees [9]. Papaya fruit
is abundant in bioactive compounds, including phenolics, carotenoids, saponins/triterpenoids,
and ascorbic acid, which possess various medicinal properties [2]. Papaya fruits exhibit
cell protection against oxidative stress, which causes or progresses several diseases, such
as cancer, metabolic disorders, and cardiovascular diseases [9]. In addition, papaya fruit
displays anti-inflammatory properties by regulating signaling pathways such as NF-κB
and MAPKs. NF-κB, a transcription factor, plays a role in the production of various pro-
inflammatory mediators such as iNOS, COX-2, and cytokines [7]. The buildup of excessive
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NO and increased COX-2 expression are linked to human diseases such as cancer and
inflammation. Research on the bioactive components of papaya fruit is needed to fully
understand the extent of their benefits for human health.

Papaya fruit quality is determined by various characteristics that are required from
the market. Papaya fruits have different shapes as sex forms, including males, females,
and hermaphrodites. Markets prefer the hermaphrodite fruit shape, which tends to be
pear-shaped or elongated [2]. The nutritional value of papaya fruit depends on the fruit
ripening stages. Papaya fruit ripening is accompanied by physiochemical changes, includ-
ing sugar metabolism, peel color changes, and pulp softening [10]. The more ripened fruit
shows different physicochemical characteristics, such as moisture, titratable acidity, and
soluble solid contents, as well as higher antioxidant activity and higher total phenolic and
flavonoid contents [7,11]. Minerals, according to the fruit ripening progress, have different
distributions depending on the fruit ripening stage [12]. The fruit is consumed regardless
of ripeness and can be eaten either raw or in processed forms [9], with unripe fruits being
used as a vegetable and ripe fruits being used as fruit [4].

Ripening initiation is a critical stage that varies significantly across different fruit
species, resulting in uneven ripening [13,14]. It has been reported that the initiation of
ripening occurs in specific fruit regions, causing distinct color changes [14,15]. For instance,
tomatoes start ripening near the calyx [14], bananas start from their distal ends [15], and
apples begin ripening from the stem-end [13]. Variations in fruit qualities have also been
observed in apples [13,16], bananas [15], and grapes [17]. These differences could be
attributed to genotypes and environmental factors, such as sun exposure and fruit skin
temperatures [13]. The different ripening degrees of fruit parts may lead to a loss of
consumer confidence [13,18,19]. Uneven fruit skin color has been reported in papaya [18],
but the other characteristics have yet to be well studied in different parts.

In this study, we investigated morphological, physicochemical, and nutritional char-
acteristics in different parts, ranging from the stem-end to the calyx-end, of “Tainung
No.2” papaya fruits during ripening. We also investigated the relationship between the
fruit characteristics, parts, and ripening stages. The fruit characteristics and their relation-
ships would be contributed to a commercially valuable database associated with papaya
fruit physiology.

2. Results

The fruit length, the width, the ratio of the length to the width, and the weight did not
change during ripening (Table 1). The length of the papaya fruit was an average of 23.6 mm,
ranging from 19.2 to 25.8 mm; the width was, on average, 10.0 mm, ranging from 9.6 to
10.3 mm. The ratio of the length to width ranged from 1.9 to 2.7, indicating the elliptical
shape of the papaya fruit. The fresh weight of the fruit ranged from 699.6 to 997.9 g, with
an average of 854.5 g.

Table 1. Fruit length (mm), width (mm), the ratio of the length to the width, and weight (g FW) of
“Tainung No. 2” Red papaya (Carica papaya) at 3 parts across ripening stages: unripe at 16 weeks after
anthesis (WAA), half-ripe at 18 WAA, and full-ripe at 20 WAA.

Stage Length Width Ratio of Length to Width Weight

mm g

Unripe 25.9 ± 1.40 a† 9.6 ± 0.54 a 2.7 ± 0.27 a 865.9 ± 123.92 a

Half-ripe 25.8 ± 0.80 a 10.3 ± 1.11 a 2.5 ± 0.32 a 997.9 ± 110.92 a

Full-ripe 19.2 ± 5.08 a 10.0 ± 0.73 a 1.9 ± 0.67 a 699.6 ± 200.26 a

† Different letters within columns indicate significant differences by Duncan’s multiple range test at p < 0.05.

The peel color of the papaya fruit changed during ripening (Figure 1 and Table 2).
The peel lightness decreased at the half-ripe and full-ripe stages compared with the unripe
stage (Table 2). The half-ripe and full-ripe stages became redder during ripening than in
the unripe stage. The b value increased during ripening, indicating that the pulp became
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yellow. The h◦ between the parts did not change at each ripening stage. The h◦ decreased in
the half-ripe and full-ripe stages compared to that in the unripe stage; the values were, on
average, 129.9, 75.5, and 58.0 at the unripe, half-ripe, and full-ripe stages, respectively. The
h◦ of the unripe stage was significantly higher than those of the other two stages. The h◦
tended to decrease during fruit ripening continuously. The trend was obviously shown in
the calyx-end parts of each stage, in which the h◦ significantly decreased. The C* increased
in the half-ripe and full-ripe stages (51.9 and 60.0, respectively) compared to the unripe
stage (13.2); there was no significant difference between the half-ripe and full-ripe stages.

Figure 1. Inner and outer flesh of papaya (Carica papaya) fruit across different ripening stages:
unripe (left), half-ripe (middle), full-ripe (right). Bar = 10 mm.

Table 2. Peel chromaticity of “Tainung No. 2” Red papaya (Carica papaya) at 3 parts across ripening
stages: unripe at 16 weeks after anthesis (WAA), half-ripe at 18 WAA, and full-ripe at 20 WAA.

Stage Position Peel Chromaticity

L* a* b* h◦ C*

Unripe Stem-end 35.5 ± 1.66 b† −8.1 ± 0.45 cd 9.3 ± 0.90 b 131.2 ± 1.60 a 12.4 ± 0.95 b

Middle 34.3 ± 0.58 b −8.7 ± 0.43 cd 9.0 ± 0.20 b 132.2 ± 1.13 a 12.2 ± 0.41 b

Calyx-end 34.9 ± 1.01 b −8.8 ± 1.35 d 12.2 ± 3.36 b 126.4 ± 3.71 a 15.0 ± 3.48 b

Half-ripe Stem-end 58.0 ± 4.55 a 18.2 ± 12.01 ab 51.0 ± 6.20 a 71.4 ± 1.12 bc 54.8 ± 8.55 a

Middle 55.6 ± 2.21 a 13.1 ± 14.08 abc 48.5 ± 2.16 a 75.9 ± 11.60 bc 51.3 ± 6.48 a

Calyx-end 55.7 ± 2.61 a 10.1 ± 12.46 bcd 47.6 ± 3.48 a 79.1 ± 13.85 b 49.5 ± 6.50 a

Full-ripe Stem-end 56.8 ± 1.85 a 32.5 ± 2.25 a 53.9 ± 3.29 a 58.9 ± 12.64 bc 62.9 ± 3.74 a

Middle 54.5 ± 1.96 a 31.7 ± 1.42 a 51.5 ± 2.62 a 58.4 ± 1.60 bc 60.5 ± 2.44 a

Calyx-end 56.0 ± 1.81 a 33.5 ± 0.95 a 51.0 ± 3.79 a 56.7 ± 1.24 c 61.1 ± 3.68 a

† Different letters within columns indicate significant differences by Duncan’s multiple range test at p < 0.05.
L*—the lightness of colors, ranging from 0 to 100 (0, black; 100, white); a*—negative for green and positive for red;
b*—negative for blue and positive for yellow; h◦—hue angle calculated as tan−1 (b*/a*); C*—chroma calculated
as (a*2 + b*2) × 1/2.

Pulp characteristics were investigated during fruit parts and ripening (Table 3). The
pulp color changed from unripe to half-ripe stages (Table 3) but not afterward. The lightness
became darker in the half-ripe and full-ripe stages (55.8) than in the unripe stages (75.1).
The a* and b* values of the unripe stage were lower than those of the half-ripe and full-ripe
stages, indicating a greenish and a yellowish color, respectively. The significance of the h◦
and C* during ripening was consistent with the L, a*, and b* values. Soluble solid contents
did not change between the fruit parts at each ripening stage but changed significantly
during ripening, from the unripe stage (3.9 ◦Brix) to the half-ripe and full-ripe stages
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(10.8 ◦Brix). Pulp firmness did not change at the fruit parts in each ripening stage. The
firmness did not change between the unripe and half-ripe stages and decreased only at the
full-ripe stage up to 96% (from 9.75 N to 0.37 N).

Table 3. Pulp chromaticity, soluble solid contents, and firmness (N) of “Tainung No. 2” Red papaya
(Carica papaya) at 3 parts across ripening stages unripe at 16 weeks after anthesis (WAA), half-ripe at
18 WAA, and full-ripe at 20 WAA.

Stage Position Chromaticity SSC Firmness

L* a* b* h◦ C* ◦Brix N

Unripe Stem-end 75.1 ± 1.12 a† −3.7 ± 0.98 b 23.7 ± 3.40 c 98.8 ± 1.10 a 24.0 ± 3.51 c 4.6 ± 0.31 b 11.1 ± 0.65 a

Middle 74.4 ± 3.10 a −4.2 ± 0.74 b 24.3 ± 3.16 c 99.8 ± 1.13 a 24.7 ± 3.21 c 3.4 ± 0.92 b 11.7 ± 0.91 a

Calyx-end 75.7 ± 3.01 a −3.3 ± 0.87 b 22.2 ± 3.35 c 98.5 ± 0.92 a 22.4 ± 3.44 c 3.7 ± 0.21 b 11.5 ± 0.71 a

Half-ripe Stem-end 57.8 ± 0.46 b 28.6 ± 1.23 a 38.5 ± 1.12 b 53.4 ± 1.98 b 48.0 ± 0.20 ab 11.3 ± 0.46 a 8.2 ± 1.86 a

Middle 57.8 ± 1.14 b 30.1 ± 2.81 a 40.2 ± 3.77 ab 53.2 ± 2.17 b 50.3 ± 4.32 ab 9.7 ± 0.50 a 7.5 ± 4.14 a

Calyx-end 58.5 ± 2.51 b 28.6 ± 2.17 a 38.1 ± 0.26 b 53.1 ± 1.89 b 47.6 ± 1.51 b 9.4 ± 0.93 a 8.5 ± 2.41 a

Full-ripe Stem-end 54.1 ± 4.10 b 30.6 ± 4.04 a 42.6 ± 2.45 ab 54.5 ± 2.04 b 52.5 ± 4.34 ab 11.3 ± 1.80 a 0.4 ± 0.29 b

Middle 55.2 ± 1.37 b 31.9 ± 2.67 a 46.7 ± 2.64 a 55.7 ± 2.99 b 56.6 ± 2.28 a 11.7 ± 0.40 a 0.3 ± 0.11 b

Calyx-end 51.3 ± 4.25 b 33.7 ± 1.59 a 42.3 ± 3.22 ab 51.4 ± 2.44 b 54.1 ± 2.77 ab 11.4 ± 0.29 a 0.4 ± 0.09 b

† Different letters within columns indicate significant differences by Duncan’s multiple range test at p < 0.05.
L*—the lightness of colors, ranging from 0 to 100 (0, black; 100, white); a*—negative for green and positive for red;
b*—negative for blue and positive for yellow; h◦—hue angle calculated as tan−1 (b*/a*); C*—chroma calculated
as (a*2 + b*2) × 1/2. SSC—soluble solid contents.

The water contents continuously decreased during fruit ripening (Table 4). The water
contents of the unripe, half-ripe, and full-ripe stages were 93.9, 92.5, and 91.2%, respectively.
The water content was not different among the parts of the unripe and half-ripe stages.
In the full-ripe stage, the content was the lowest in the stem-end (90.6%) over the other
parts (91.5%). The total carbohydrates tended to increase during fruit ripening, showing
the differences among the parts (Table 4). The lowest amount was 4.5 g/100 g at the
stem-end and the calyx-end of the unripe stage; conversely, the highest was 7.4 g/100 g at
the stem-end of the full-ripe stage. The accumulation rate of carbohydrates at the stem-end
increased from 120% to 137% during ripening, while the rate at the middle and calyx-end
ranged from 120% to 110% and from 131% to 117%, respectively. Protein contents did not
show distinct tendencies during ripening in part of the fruit, except that the accumulation
from the stem-end of each stage was higher than that in the other parts. In addition, the
lipid contents were not detected in any fruit part during the ripening.

Table 4. Water, carbohydrate, protein, and lipid contents of “Tainung No. 2” Red papaya (Carica
papaya) at 3 parts across ripening stages: unripe at 16 weeks after anthesis (WAA), half-ripe at 18 WAA,
and full-ripe at 20 WAA.

Stage Position Water Carbohydrate Protein Lipid

% g/100 g FW

Unripe Stem-end 94.0 ± 0.03 a† 4.5 ± 0.02 e 1.06 ± 0.03 cd nd
Middle 93.7 ± 0.15 a 5.1 ± 0.15 d 0.91 ± 0.01 de nd

Calyx-end 93.9 ± 0.02 a 4.5 ± 0.05 e 1.15 ± 0.05 bc nd
Half-ripe Stem-end 92.6 ± 0.02 b 5.4 ± 0.05 d 1.29 ± 0.01 ab nd

Middle 92.5 ± 0.04 b 6.1 ± 0.02 c 0.93 ± 0.03 de nd
Calyx-end 92.3 ± 0.03 b 5.9 ± 0.03 c 1.11 ± 0.01 c nd

Full-ripe Stem-end 90.6 ± 0.08 d 7.4 ± 0.08 a 1.39 ± 0.02 a nd
Middle 91.4 ± 0.04 c 6.7 ± 0.03 b 1.20 ± 0.02 bc nd

Calyx-end 91.6 ± 0.05 c 6.9 ± 0.04 b 0.88 ± 0.01 e nd
† Different letters within columns indicate significant differences by Duncan’s multiple range test at p < 0.05.
Nd—not detected.

Three soluble sugars were determined, and two were detected during ripening
(Table 5). Sugar contents increased during ripening and were different from that of the
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fruits. Fructose contents were not different among the parts at the unripe stage: the fructose
contents in the calyx-end of the two other stages were approximately 110% higher than
that in the middle and stem-end. The glucose content in each part of the fruit significantly
increased during ripening. However, these contents were not different at the three parts
within each ripening stage, except for the full-ripe stage, in which the glucose content of
the calyx-end was higher than that of the stem-end.

Table 5. Changes in the content of soluble sugars of “Tainung No. 2” Red papaya (Carica papaya) pulp
at 3 parts across ripening stages: unripe at 16 weeks after anthesis (WAA), half-ripe at 18 WAA, and
full-ripe at 20 WAA.

Stage Position Fructose Glucose Sucrose

g·100 g−1 FW

Unripe Stem-end 1.1 ± 0.01 e† 1.3 ± 0.00 d nd
Middle 1.1 ± 0.08 e 1.3 ± 0.03 d nd

Calyx-end 1.4 ± 0.07 e 1.6 ± 0.03 d nd
Half-ripe Stem-end 1.8 ± 0.17 d 2.0 ± 0.07 c nd

Middle 1.9 ± 0.23 d 2.1 ± 0.09 c nd
Calyx-end 2.1 ± 0.12 c 2.4 ± 0.04 c nd

Full-ripe Stem-end 2.5 ± 0.01 bc 2.9 ± 0.01 b nd
Middle 2.7 ± 0.14 ab 3.1 ± 0.17 ab nd

Calyx-end 2.9 ± 0.05 a 3.4 ± 0.05 a nd
† Different letters within columns indicate significant differences by Duncan’s multiple range test. Nd—not detected.

In addition to these structural compounds, bioactive compounds and minerals are
essential components of fruits. In the papaya fruit, ascorbic acid contents increased up
to approximately 300% from unripe to half-ripe and approximately 140% from half-ripe
to full-ripe in all 3 parts during ripening (Table 6). However, there were no differences
between the ripening stages. The proportion of mineral compounds varied between fruit
parts and ripening stages (Tables 7 and 8). The K proportion was about 2.85% during
ripening, followed by N (0.80%), P (0.37%), Ca (0.24%), Mg (0.13%), Fe (26.05 ppm), Cu
(2.73 ppm), Zn (11.11 ppm), and Mn (1.13 ppm). The proportion of K in each part was
maintained during ripening, whereas those of other minerals fluctuated during ripening.
The change patterns of the N proportion were distinctly different for each part: increase at
the stem-end in the full-ripe stage, decrease at the middle in the half-ripe stage, decrease
and then increase at the calyx-end in the half-ripe and full-ripe stage, respectively. The
P proportion changed only at the stem-end between the unripe and full-ripe stages. The
Ca proportion steadily decreased at the stem-end and middle parts during ripening; that
of the calyx-end decreased in the half-ripe stage and was maintained up to the full-ripe
stage. The Mg proportion of all fruit parts decreased from the unripe to half-ripe stages and
then remained in the full-ripe stage. The Fe proportion of all the parts decreased from the
unripe to half-ripe stages. Subsequently, the Fe proportion of the stem-end did not change,
and those of the middle and calyx-end increased at the full-ripe stage. The Cu proportion
decreased only in the calyx-end from the unripe to half-ripe stages; all the other proportions
did not differ between the parts and ripening stages. The Zn proportion decreased from
the unripe to the half-ripe stage and was maintained between the parts and ripening stages.
The Mn proportion at the stem-end did not change during ripening, that at the middle
increased only in the full-ripe stage, and that at the calyx-end decreased and then increased
during ripening.

The fruit characteristics of papaya were analyzed by using principal component
analysis (PCA) to identify patterns and relationships among variables. In this study, the
PCA results showed that the fruit characteristics were distributed across each PC, with the
PCs arranged according to the size of their variance, as shown in Figure 2. PC1 and PC2
accounted for the majority of the variance at 85.36%. Specifically, PC1 explained 71.78%
of the variance and was associated with chromaticity, soluble solid contents, and ascorbic
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acid. These fruit characteristics had a high correlation value of approximately 0.98 on an
absolute average, contributing to 59.78% of the variance in PC1. Notably, peel h◦, pulp L,
and pulp h◦ had negative correlations with PC1, while the other fruit characteristics had
positive correlations. Overall, PC1 was indicative of papaya fruit ripening. In contrast, PC2
accounted for 13.58% of the variance and reflected the different parts of the fruit.

Table 6. Changes in the content of ascorbic acid at each part of “Tainung No. 2” Red papaya (Carica
papaya) pulp at 3 parts across ripening stages: unripe at 16 weeks after anthesis (WAA), half-ripe at
18 WAA, and full-ripe at 20 WAA.

Stage Position Ascorbic Acid

mg·100 g−1 FW

Unripe Stem-end 8.7 ± 0.43 c†

Middle 6.8 ± 0.20 c

Calyx-end 6.9 ± 0.37 c

Half-ripe Stem-end 21.9 ± 0.23 b

Middle 23.2 ± 0.53 b

Calyx-end 22.1 ± 1.10 b

Full-ripe Stem-end 32.7 ± 0.97 a

Middle 31.4 ± 0.97 a

Calyx-end 30.7 ± 1.13 a

† Different letters within columns indicate significant differences by Duncan’s multiple range test.

Table 7. Changes in macronutrients of “Tainung No. 2” Red papaya (Carica papaya) pulp at 3 parts
across ripening stages: unripe at 16 weeks after anthesis (WAA), half-ripe at 18 WAA, and full-ripe at
20 WAA.

Stage Position N P K Ca Mg

mg·g−1 FW

Unripe Stem-end 0.7 ± 0.01 def† 0.5 ± 0.02 a 3.3 ± 0.13 a 0.4 ± 0.03 a 0.15 ± 0.010 b

Middle 0.8 ± 0.01 bcd 0.4 ± 0.02 bc 2.8 ± 0.10 b 0.4 ± 0.04 a 0.20 ± 0.010 a

Calyx-end 1.2 ± 0.07 a 0.4 ± 0.03 b 2.6 ± 0.13 b 0.3 ± 0.02 b 0.16 ± 0.010 b

Half-ripe Stem-end 0.7 ± 0.08 ef 0.4 ± 0.01 ab 3.5 ± 0.19 a 0.3 ± 0.02 bc 0.09 ± 0.000 e

Middle 0.6 ± 0.02 f 0.3 ± 0.01 c 2.7 ± 0.14 b 0.3 ± 0.02 bc 0.12 ± 0.000 cd

Calyx-end 0.8 ± 0.04 cde 0.4 ± 0.02 b 2.6 ± 0.10 b 0.2 ± 0.01 cd 0.13 ± 0.000 c

Full-ripe Stem-end 0.9 ± 0.07 bc 0.4 ± 0.04 bc 3.3 ± 0.25 a 0.2 ± 0.01 d 0.09 ± 0.000 e

Middle 0.7 ± 0.01 def 0.3 ± 0.03 c 2.5 ± 0.19 b 0.1 ± 0.00 d 0.11 ± 0.000 de

Calyx-end 0.9 ± 0.07 b 0.4 ± 0.02 ab 2.5 ± 0.14 b 0.1 ± 0.00 d 0.13 ± 0.000 c

† Different letters within columns indicate significant differences by Duncan’s multiple range test.

Table 8. Changes in micronutrients of “Tainung No. 2” Red papaya (Carica papaya) pulp at 3 parts
across ripening stages (unripe, half-ripe, and full-ripe).

Stage Position Cu Fe Mn Zn

μg·g−1 FW

Unripe Stem-end 0.28 ± 0.033 b† 2.68 ± 0.074 bcd 0.09 ± 0.005 cd 1.36 ± 0.095 b

Middle 0.30 ±0.027 b 2.94 ± 0.134 ab 0.10 ± 0.010 cd 1.78 ± 0.164 a

Calyx-end 0.42 ± 0.029 a 3.12 ± 0.159 a 0.27 ± 0.018 a 1.73 ± 0.154 a

Half-ripe Stem-end 0.23 ± 0.024 b 2.19 ± 0.070 ef 0.05 ± 0.004 d 0.80 ± 0.042 c

Middle 0.22 ± 0.028 b 2.14 ± 0.063 f 0.05 ± 0.003 d 0.77 ± 0.063 c

Calyx-end 0.30 ± 0.042 b 2.41 ± 0.083 def 0.07 ± 0.006 cd 0.84 ± 0.068 c

Full-ripe Stem-end 0.24 ± 0.023 b 2.51 ± 0.149 cde 0.09 ± 0.016 cd 0.81 ± 0.070 c

Middle 0.24 ± 0.010 b 2.62 ± 0.060 bcd 0.11 ± 0.019 c 0.86 ± 0.038 c

Calyx-end 0.24 ± 0.010 b 2.83 ± 0.075 abc 0.19 ± 0.040 b 1.06 ± 0.085 c

† Different letters within columns indicate significant differences by Duncan’s multiple range test.
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Figure 2. Principal component (PC) analysis scores of fruit qualities with PC scores of means on the
first 2 PC axes for “Tainung No. 2” Red papaya (Carica papaya) at 3 parts across ripening stages with
95% confidence of ellipses for the mean of ripening stages. Percentages in parenthesis of each axis
represent variances of each PC. Green—unripe at 16 weeks after anthesis (WAA); red—half-ripe at
18 WAA; blue—full-ripe at 20 WAA.

3. Discussion

In our result, the ratio of the length to the width of “Tainung No.2” was an aver-
age of 2.4 during the entire ripening stage, which is consistent with the general shape of
hermaphroditic fruits [20]. In addition to this ratio, the characteristics associated with the
fruit volume, including length and width, did not change during ripening. The growth
of papaya fruit follows a sigmoidal pattern, with size development being completed
before the onset of ripening [3]. This is due to the cessation of cell expansion and en-
largement, with carbon sources being redirected toward metabolic changes such as the
accumulation of pigments and soluble sugars [13,21]. This redistribution of carbon sources
is critical for the development of desirable fruit qualities such as flavor, aroma, and color
during ripening [13].

The degree of fruit ripeness is a consumer-driven trait and has significant importance
during picking, packing, and transportation [18]. Fruit color is an essential indicator
of ripeness in fresh fruits, including papaya [18] and mangoes [22], providing visual
cues for marketable values. In this study, “Tainung No.2” papaya fruit showed distinct
changes in both peel and pulp colors during ripening, with the colors evenly distributed
throughout the fruit. Along with changes in color, the soluble solid contents increased
while the firmness decreased during ripening, regardless of the fruit part. These changes

11



Plants 2023, 12, 1465

are commonly observed during the ripening of various fruits, including papaya [18,23]
and mangoes [22]. The softening of papaya fruit is highly correlated with the sweetening
process that is associated with soluble solid contents, possibly due to the easier release of
cellular contents in fully ripened tissue [23]. The results suggest that color changes and
changes in soluble solid contents and firmness can be used as reliable indicators of papaya
fruit ripeness.

The present study demonstrated that individual metabolites in papaya fruit exhibited
unique accumulation patterns in different fruit parts during ripening. Although research on
differences among tissue zones has been conducted on apples [13,19,24,25], there is limited
information to determine the characteristics of each part of papaya fruit, with no compara-
tive data in previous studies on papaya fruits. Doerflinger, Miller, Nock, and Watkins [13]
compared the carbohydrate concentration of the stem-end, middle, and calyx-end in three
apple cultivars (“Empire”, “Honeycrisp”, and “Gala”) during ripening. In the “Empire”
cultivar, the concentration of starch was the highest at the calyx-end and the lowest at the
stem-end. “Honeycrisp” and “Empire” had the highest concentration of sorbitol in the
calyx-end, whereas the concentration was highest in the stem-end in “Gala”. The distribu-
tion differences of glucose, fructose, and sucrose were similar in all three cultivars: higher
fructose and glucose concentrations in the stem-end and higher sucrose concentrations in
the calyx-end of the fruit. In papaya fruit, soluble sugars are accumulated mainly when the
fruit remains attached to the plant [23]. At the unripe stage, glucose is prevalent among
the soluble sugars, and during ripening, sucrose becomes the predominant sugar with
the modification of the soluble sugar profiles [26]. Chan Jr and Kwok [27] reported that
sucrose levels varied from 1.8% to 8.0% during ripening. In this study, “Tainung No. 2” Red
papaya fruit accumulated more total carbohydrates in the stem-end than in the other parts.
The main soluble sugars in papaya are glucose, fructose, and glucose [28]; however, their
compositions vary among cultivars [28]. In “Tainung No. 2” papaya fruit, only fructose and
glucose were identified during ripening and were accumulated more in the calyx-end than
in other parts. In addition to carbohydrates, more protein was accumulated at the stem-end.
These differences could be associated with different development rates in different tissue
zones. An increase in total primary amounts is associated with carbon allocation from the
photosynthetic organs before ripening. Meanwhile, the accumulation of soluble sugars
is one of the ripening processes. In papaya fruit, the accumulation rate rapidly increases
during ripening [29]. Therefore, changes in primary metabolites are more pronounced and
active during the ripening process of “Tainung No. 2” papaya fruit. The differences in the
structure and size of cells could also lead to developmental differences within the fruit.
However, such differences vary by each species [13] and its cultivars [30,31].

Establishing nutrient absorption and accumulation patterns is critical for planning
optimum nutrient supply and improving the influence on fruit quality [32]. Macro- and
micro-element accumulation shows dynamic variance during ripening. In this study, all
elements except N at the stem-end decreased or were maintained at the full-ripe stage,
despite different patterns at the half-ripe stage among fruit parts. The decreases in the ele-
ments have also been shown in various fruits, including papaya [12] and apple fruit [33,34].
In apple pulp, when fruits are compared approximately 60 and 120 days after full bloom
for the elements N, P, K, Mg, and S, there is a slight decrease, but Ca, Fe, Cu, Mn, and B
contents had no significant differences [34]. In papaya pulp, Ca, K, P, and Mg decreased to
75.56%, 38.67%, 66.46%, and 50.00%, respectively, at the full-ripe stage, compared to the
unripe stage. [12].

All papaya fruit samples were distinctly divided according to fruit characteristics.
PCA revealed that the ripening stage was accounted for by PC1, while different fruit parts
were accounted for by PC2. PC1 was associated with chromaticity, soluble solid contents,
and ascorbic acid, making it a suitable indicator for selecting the most appropriate stage
of ripening based on these characteristics. However, it is crucial to consider both fruit
characteristics and fruit parts when evaluating the quality and nutritional value of papaya
fruit. These findings suggest that the ripening process and nutrient accumulation in papaya
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fruit are complex and occur differently in different parts of the fruit, highlighting the
importance of considering both fruit characteristics and fruit parts when evaluating the
quality and nutritional value of papaya fruit.

4. Materials and Methods

4.1. Plant Materials

“Tainung No. 2” papaya seeds were collected from the Research Institute of Climate
Change and Agriculture, the National Institute of Horticultural and Herbal Science, Jeju,
Republic of Korea (33◦ 28 N′, 126◦ 31′ E). The seeds were sown on 10 November 2015
in black plastic pots (200 mm in diameter, 300 mm in length, and 30 L in volume) in a
medium containing 90% commercial grow media (4% zeolite, 7% perlite, 6% vermiculite,
68% coco peat, and 14% peat moss) (Baroker, Seoul Bio Co., Ltd., Gyeongju, Republic
of Korea) and 10% coarse sand (by volume), according to Joa et al. [35]. Plantlets were
grown in a greenhouse of an experimental orchard in the Institute of Climate Change and
Agriculture and then transplanted on 8 June 2016 into the ground of the same greenhouse.
These trees were cultivated according to the standard guidelines for papaya cultivation [35]:
the minimum temperature during winter was maintained at 15 ◦C in the greenhouse by
using hot air blowers to prevent papaya trees from chilling injury.

The fruit was harvested in July 2018, owing to a short juvenile phase [5], and was
categorized into 3 ripening stages based on weeks after anthesis (WAA), according to
Zuhair, Aminah, Sahilah, and Eqbal [11]: (1) unripe at 16 WAA, (2) half-ripe at 18 WAA,
and (3) full-ripe at 20 WAA. At each stage, a total of nine fruits were harvested in three
biological replicates. After the length (mm), width (mm), and weight (g) of each fruit were
measured, each fruit was dissected into three parts of equal lengths: stem-end, middle, and
calyx-end for further analyses.

4.2. Determination of Colors, Soluble Solid Contents, and Firmness

The peel and pulp colors of papaya fruits were measured at the stem-end, middle,
and calyx-end at the three ripening stages by using a spectrophotometer (CM700d, Minolta
Co., Osaka, Japan) and described by the CIE L*, a*, and b* color space coordinates [36].
The L* value represents the lightness of colors, ranging from 0 to 100 (0, black; 100, white).
The a* value was negative for green and positive for red. The b* value was negative for
blue and positive for yellow. The values were measured at three midpoint regions of each
fruit part. In addition to the CIE coordinates, the hue angle (h◦) was calculated as tan−1
(b*/a*), which implies visual color appearance; 0◦ was represented by red-purple; 90◦ was
represented by yellow; 180◦ was represented by bluish-green; 270◦ was represented by
blue. The chroma (C*) was computed as (a*2 + b*2) × 1/2, which describes the quality of
the color intensity or saturation.

The soluble solid contents (◦Brix) were measured by using a digital refractometer
(HI98801, Hanna Instruments Inc., Woonsocket, RI, USA). Peel firmness was measured by
using a texture analyzer (TA-XT express, Stable Micro System, Godalming, UK). A puncture
test was conducted by using a 2.0 mm diameter cylindrical probe (Stable Micro System)
at 3 different points along the fruit equator with a cross-head speed of 2.0 mm s−1 and a
penetration depth of 5.0 mm.

4.3. Determination of Water Proportion and Carbohydrate, Protein, and Lipid Contents

The fruit was dehydrated at 105 ◦C in a drying oven up to a constant weight to
determine the proportion of water content compared with the total fresh weight of each
sample, which was expressed as a percentage (%). To determine carbohydrate, protein,
and lipid contents, all the samples were lyophilized by using a freeze dryer and finely
ground by using a mortar and pestle. Total carbohydrate content was determined ac-
cording to the procedure of Jermyn [37]. Protein concentration was determined by using
Micro-Kjeldahl’s apparatus [38]. Lipid concentration was determined by using the Soxhlet
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extraction method [39]. All analyses were performed according to the official analysis
methods of the Association of Official Analytical Chemists (AOAC) [40].

4.4. Determination of Free Sugars

Free sugars were extracted according to the method described by Oh et al. [41] with
some modifications. In total, 3 g of ground fruits was added to 50 mL of 50% acetonitrile.
The samples were extracted thrice via the ultrasonic extraction method for 6 h. The extract
was diluted and filtered through Sep-Pak C18 cartridge column (Waters, Milford, MA, USA)
and a 0.45 μm pore size micro-filter (Woongki Science Co., Ltd., Seoul, Republic of Korea).
After the sample preparation, the free sugars were separated in a Prevail TM Carbohydrate
ES column (4.6 × 250 mm, 5 μm, Grace, Deerfield, IL, USA) that was equipped with an
HPLC system (Waters 2695, Waters Associate Inc., Milford, MA, USA). The eluents were
passed through the column at a flow rate of 0.8 mL/min by using acetonitrile: distilled
water (70:30, v/v). The chromatographic peak corresponding to free sugar was identified
by comparing the retention times with those of glucose, fructose, and sucrose (Sigma, St.
Louis, MO, USA) as standards. Concentrations were calculated by using the calibration
curve that was generated from the standard solutions.

4.5. Determination of Ascorbic Acids

Ascorbic acid was extracted by using the procedure described by Rizzolo et al. [42],
with some modifications. Thirty grams of samples were added to 25 mL of 6% metaphos-
phoric acid. The sample was homogenized and then centrifuged at 10,000× g at 4 ◦C for
10 min. The supernatant was filtrated through filter paper (Whatman No. 4, Whatman
plc, Kent, UK), a membrane filter (MF-milliporeTM 0.22 μm, Merck KGaA, Darmstadt,
Germany), and a Waters Sep-Pak C18 column (Waters, Milford, CT, USA). Ascorbic acids
in the prepared samples were separated by using a Waters Bonda Pak NH2 (3.9 × 300 mm)
column (Waters) that was equipped with an HPLC system (Waters TM 600 controller,
Waters TM 616 Pump, Waters 717 plus auto Sampler, Waters TM 486 tunable absorbance
detector). The eluent was passed through the column by using 5 mM KH2PO4 (pH 4.6):
acetonitrile (30:70, v/v) (A) and acetonitrile (B) by using a linear gradient from 100% A to
40% A in 50 min at a flow rate of 1 mL/min. The chromatographic peak corresponding to
ascorbic acid in the samples was identified by comparing its retention times with those of
the standard (Sigma). Concentrations were calculated by using the calibration curve that
was generated from standard solutions prepared for the standard. The limit of detection
(LOD) and limit of quantification (LOQ) for ascorbic acid was determined to ascertain the
linearity of the method, as previously described by [43,44]; LOD of 0.003 μg·μL−1 and LOQ
of 0.013 μg·μL−1.

4.6. Determination of Macro- and Micro-Elements

The proportions of nitrogen and phosphorus contents were determined by using the
Kjeldahl method [45] and the molybdenum blue method [46], respectively. In total, 3 g of
fruit was weighed and heated in a furnace for 4 h at 550 ◦C. The crucible was cooled down
in a desiccator and dissolved in 2.5 mL of a decomposition solution (HNO3:H2SO4:HClO4
(10:1:4, v/v/v)). The solution was filtered and diluted up to 100 mL by using distilled
water. Exchangeable cations (K, Ca, and Mg) and minerals (Fe, Mn, Zn, and Cu) were deter-
mined by inductively coupled plasma spectrophotometry (ICP-Integra XL, GBC Scientific
Equipment Pty Ltd., Braeside, Australia) following the procedure of Zarcinas et al. [47].
The results were obtained by using a working standard of 1000 ppm for each sample [41].

4.7. Statistical Analyses

To determine statistical significance, data were analyzed by using the R 4.2.2 [48].
Statistical significances were determined by using a two-way analysis of variance with the
agricolae v1.3-5 package [49]. The means of fruit characteristics were compared by using
Duncan’s multiple range tests at p < 0.05.
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PCA was performed on fruit characteristics by using the mean values of replicate sam-
ples. The Pearson correlation coefficient was used to calculate the correlation matrix among
the fruit characteristics, with a significance level of p < 0.05. The PCA was conducted with
raw data by using the factoextra v1.0.7 package in R [50]. The variables were standardized
by subtracting the mean and then dividing the result by the standard deviation of each
original variable to assign each weight in the analysis, according to Abdi and Williams [51].

5. Conclusions

Changes in color, soluble solid contents, and firmness can be reliable indicators of
papaya fruit ripeness. Moreover, individual metabolites showed unique accumulation
patterns in different fruit parts during ripening, with the stem-end accumulating more total
carbohydrates and protein. The nutrient accumulation patterns exhibited dynamic variance
during ripening, emphasizing the need to consider both fruit characteristics and parts
when evaluating the quality and nutritional value of papaya fruit. Overall, our findings
provide valuable insights into the ripening process and nutrient accumulation in papaya
fruit, which can help optimize nutrient supply and improving fruit quality.
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Abstract: Phaseolus vulgaris L. (common bean) significantly contributes to the human diet due to its
protein, vitamin and mineral contents, making it one of the major edible plant species worldwide.
Currently, the genetic resources conserved in germplasm banks in Cuba have experienced a loss
of viability, which makes their propagation difficult. Magnetically treated water has been used to
improve the response of seeds and plants of different species. However, there is little experimental ev-
idence on the cultivation of the common bean irrigated with magnetically treated water or its positive
effects on seed germination recovery and its effects on physiological, anatomical and morphological
characteristics. This study aims to evaluate the growth and development of common bean with mag-
netically treated water as an alternative to rejuvenate the seeds for organic agriculture. A two-group
experimental design was used: a group of plants irrigated with water without a magnetic field and a
group of plants irrigated with water treated with a magnetic field at induction in the range of 100
to 150 mT. There was an increase of 25% in the percentage of germination; the stomatal anatomical
structures behaved normally; and the stem length, vigor index, leaf area and seed weight increased by
35, 100, 109 and 16%, respectively. The concentrations of chlorophyll a, chlorophyll b pigments and
carbohydrates in the plants grown with magnetically treated water were also stimulated in relation
to control plants with increments of 13, 21 and 26%, respectively. The technology employed in this
study did not have negative effects on the plant nor did it affect the presence of structures or the net
content of the assessed compounds. Its use in the cultivation of Phaseolus vulgaris L. might represent
a viable alternative for the improvement of the plant in organic farming production.

Keywords: common bean; magnetic field; photosynthesis; physiological parameters; seeds

1. Introduction

Phaseolus vulgaris L. (common bean) belongs to the group of leguminous plants with
edible seeds containing a high nutritional value. Beans are grown on all five continents
and are an essential staple food, especially in Central and South America [1]. The common
bean belongs to the Leguminosae family, which comprises 727 genera and approximately
19,000 species. Of these species, only five belonging to the genus Phaseolus are cultivated
worldwide to form part of human food (P. vulgaris L., P. coccineus L., P. acutifolius A. Gray,
P. lunatus L. and P. polyanthus Greenman) [2,3].

Phaseolus vulgaris L. is preferred within the bean species for economic and scientific
purposes [4]. The bean is native to America, and its domestication has taken place in
northern Andean and Mesoamerican populations as two gene pools [2,5]. The common
bean was brought to Europe as an ornamental plant, and over time, it began to be cultivated
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in almost all parts of the world [2,6]. Common bean is an early maturing crop with a
reasonable degree of drought tolerance, which has led it to play an essential role in farmers’
strategies in drought-prone lowland regions [7].

In Cuba, the consumption of common bean is very popular due to its high caloric
content, which includes, among other elements, phosphorus, vitamins and iron. There are
more than 20 improved bean varieties and cultivars in the country [8,9]. Crop yields are
9723 and 110,765 kg ha−1 for state and nonstate agricultural sectors, respectively, which
cannot meet demand [10]. Over the past decade, the nonstate agricultural sector, mainly
consisting of farms and small plots with very diverse conditions and low availability
of agrochemical and energetic inputs, was mostly in charge of bean production in our
country [11,12]. Many of these productions are mainly based on organic agriculture.

The organic agricultural production system is promoted as a low-cost ecological pro-
duction system that improves human and soil health, improves the environment and
increases agricultural sustainability [13]. Organic agriculture includes cultivation by small,
low-income farmers. These low-input productions, if properly managed, can avoid sus-
ceptibility to water stress and low soil fertility and avoid storage pests, which are the
main constraints to the yield of most crops [14]. In Cuba, the country’s conditions have
forced the more extensive use of organic agriculture as a way of achieving higher quality
production with lower inputs, and beans have been one of those crops produced on this
ecological basis.

For better crop yields of Phaseolus vulgaris L. and to meet the Cuban population’s
demand, new technologies that would allow large-scale bean production with the use of
environmentally friendly techniques and better seed quality are needed. The success of
agricultural production initially depends on the quality of the seeds planted. The term
“seed quality” refers to the ability of the seed to germinate and have the vigor to develop in
the new growing environment [15]. It is well-known that seed germination and viability
can vary greatly from year to year and from one production site to another, as well as
depending on how they are conserved [15–17]. Currently, advances in seed technology
that stimulate growth and high vigor in the seedling phase have been obtained using
films with silver nanoparticles on watermelon seeds (Citrullus lanatus L.) [18]; bioplastics
consisting of modified starch and chitin mixed with Bacillus subtilis, used as a coating for
corn seeds [19]; and pelleting with cellulose, diatomaceous earth and soy protein in broccoli
seeds (Brassica oleracea L.) [20], among other techniques, such as the use of magnetically
treated water [21].

One feasible technology is the application of magnetic fields to irrigation water in agri-
cultural, industrial and household irrigation systems with the use of high-performance per-
manent magnet devices. In Cuba, specifically in Santiago de Cuba province, GREMAG®®

technology was employed for the magnetic treatment of irrigation water [21]. This tech-
nology has been used in different plant species, such as medicinal plants [22], ornamental
plants [23] and vegetable plants [24], with satisfactory results.

This technology improves plant growth variables and nutrient uptake [24–28]. This
type of treatment has been used to promote the best performance of several crops, such
as Solanum lycopersicum L. [24,29–32], Capsicum annuum L. [33,34], Cucumis sativus L. [35],
Vicia faba L. [36], Beta vulgaris [37], Raphanus sativus [38], Cicer arietinum L. [39] and
Phaseolus vulgaris L. [40–42]. However, there is little experimental evidence on the cul-
tivation of Phaseolus vulgaris L. irrigated with magnetically treated water or its positive
effects on seed germination recovery and its effects on physiological, anatomical and
morphological characteristics.

The objective of this paper is to assess the growth and development of Phaseolus vulgaris L.
sown with magnetically treated water, which may improve the development and produc-
tion of high-quality beans for human consumption.
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2. Results

2.1. Determination of the Effect of Irrigation with Magnetically Treated Water on the Germination
of Phaseolus vulgaris L.

The germination percentage showed statistically marked differences between the
mean values of the two experimental groups with a confidence level of 95.0%. Plants grown
with magnetically treated water showed 75% germination compared to 50% germination in
control plants (Figure 1). The difference between treatments represents a gain of 25% in
favor of the magnetic treatment of irrigation water (Figure 1).

Figure 1. Germination percentage of Phaseolus vulgaris L. grown with magnetically treated water
(p < 0.05). Control: plants grown without magnetically treated water, MTW: plants grown with
magnetically treated water under a static magnetic field between 100 and 160 mT.

Similar results were reported for seed germination rates for both experimental groups
from day 1 to 2. From day 3 to 8, the germination percentage increased in the plant group
treated with magnetically treated water, while it stayed constant in the control group. This
suggests that magnetic field application had a positive impact on seed germination and
that it can be effective from the onset of the sowing of Phaseolus vulgaris L., regardless of
the species variety.

Mean values of the hypocotyl length and vigor index in Phaseolus vulgaris L. plants
treated with magnetized water were markedly different compared to the control plant
group, with a 95% probability level (Table 1). The vigor index values suggest statistically
significant differences (p < 0.05) between the two experimental groups. The length of the
hypocotyl also increased within the same range; these data are of great importance for the
assessment of the vigor index.

Table 1. Mean values of hypocotyl length and vigor index of Phaseolus vulgaris L. grown with
magnetically treated water.

Experimental Group 1 Hypocotyl Length (cm) Vigor Index (%)

Control 1.28 ± 0.36 66.77 ± 18.44

MTW 1.78 ± 0.58 * 133.79 ± 43.70 *
1 Control: plants grown without magnetically treated water, MTW: plants grown with magnetically treated water
under a static magnetic field between 100 and 160 mT. * indicates statistically significant differences (p < 0.05).
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2.2. Determination of the Effect of Irrigation with Magnetically Treated Water on the Anatomical
and Morphological Characters of Phaseolus vulgaris L.

The stomatal area estimates showed statistically significant values of 35.32 ± 3.11 μm2

for plants treated with MTW compared to control plants (25.54 ± 2.27 μm2) (Figure 2A).
Despite the fact that stomatal density was not significantly different between the two
experimental groups (Figure 3), from a biological point of view, it was greater for plants
grown with MTW (4.9 × 10−4 ± 1.31 stomata μm2) compared with the control
(3.93 × 10−4 ± 0.82 stomata μm2) (Figure 2B).

Figure 2. Mean values of stomatal area (A) and stomatal density (B) in Phaseolus vulgaris L. plants
grown with magnetically treated water. * indicates statistically significant differences (p < 0.05).
Control: plants grown without magnetically treated water, MTW: plants grown with magnetically
treated water under a static magnetic field between 100 and 160 mT.

Figure 3. Microphotograph of stomata (S) in a leaf of Phaseolus vulgaris L. (A) Plants grown without
magnetically treated water (control). (B) Plants grown with magnetically treated water (MTW). A
40× magnification. Bright field optical microscopy.

Magnetically treated water under an induction range of 100 to 150 mT increased
water absorption and enhanced the transpiration process. It was confirmed that the stomal
structural characteristics of Phaseolus vulgaris L. grown with MTW remained unchanged
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(Figure 3). This study demonstrated that magnetically treated water increased absorption
and transpiration processes in Phaseolus vulgaris L.

The mean values of the stem length in Phaseolus vulgaris L. did not show statistically
significant differences (Figure 4A). From a biological standpoint, however, the higher values
correspond to the plant group irrigated with MTW (5.50 ± 0.68 cm) compared to the control
group (4.98 ± 0.83 cm). In contrast, the leaf area values showed statistically significant
differences, with a significance level of 95%. The leaf area value was 88.12 ± 17.83 μm2 for
the treated group and 42.12 ± 15.51 μm2 for the control group (Figure 4B).

Figure 4. Mean values of stem length (A) and leaf area (B) in Phaseolus vulgaris L. grown with
magnetically treated water. * indicates statistically significant differences (p < 0.05). Control: plants
grown without magnetically treated water, MTW: plants grown with magnetically treated water
under a static magnetic field between 100 and 160 mT.

Magnetically treated water impacts seed length, width and weight (Figure 5). Seed
weight was the variable that showed statistically significant differences with respect to the
control, with a significance level of 95% (Figure 5C). The treated group showed the highest
seed weight values (31.73 ± 1.39 g) compared to the control plants (28.62 ± 1.51 g). Al-
though there were no statistically significant differences (p < 0.05) in seed length (Figure 5A),
the group of plants grown with magnetically treated water exhibited higher values
(1.494 ± 0.070 cm) than the control plants (1.382 ± 0.047 cm). Similar results were ob-
tained for the seed width, where magnetically treated plants were 0.71 ± 0.049 cm wide,
and seeds in the control group were 0.68 ± 0.034 cm wide (Figure 5B).

Figure 5. Mean values of seed length (A), seed width (B) and seed weight (C) in Phaseolus vulgaris L.
grown with magnetically treated water. * indicates statistically significant differences (p < 0.05).
Control: plants grown without magnetically treated water, MTW: plants grown with magnetically
treated water under a static magnetic field between 100 and 160 mT.
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In general, the results obtained in this experiment show that magnetically treated
water had a positive impact on the anatomical and morphological features associated with
the productivity of Phaseolus vulgaris L. seeds treated with an induction range of 100 to
150 mT.

2.3. Determination of the Effect of Irrigation with Magnetically Treated Water on the Physiological
Characteristics of Phaseolus vulgaris L.

Chlorophyll pigments were determined for Phaseolus vulgaris L. species, in which
chlorophyll a absorbs violet, blue, orange—reddish and red wavelengths of radiation and a
few intermediate wavelengths of radiation (green–yellow–orange) (Figure 6). Accessory
pigments include chlorophyll b and carotenoids, which act as antennas, conducting the
energy they absorb toward the reaction center. Chlorophyll molecules are found in the
reaction center and can transfer their excitation as useful energy in biosynthetic reactions.

Figure 6. Mean values of chlorophyll concentrations in Phaseolus vulgaris L. grown with magnetically
treated water. * indicates statistically significant differences (p < 0.05). Control: plants grown without
magnetically treated water, MTW: plants grown with magnetically treated water under a static
magnetic field between 100 and 160 mT.

The plants grown with MTW showed higher chlorophyll a content than the control group,
with values of 2.04 × 10−3 ± 5.74 × 10−5 mg mL−1 and 1.8 × 10−3 ± 6.9 × 10−5 mg mL−1,
respectively. Statistically significant differences, with a significance level of 95%, were
found for the mean values of chlorophyll a and b content in both experimental groups. The
chlorophyll b content values in plants irrigated with magnetically treated water and the control
group plants were 7.5 × 10−4 ± 4.6 × 10−5 mg mL−1 and 6.2 × 10−4 ± 2.5 × 10−5 mg mL−1,
respectively.

Figure 7 presents the mean values of the carbohydrate concentration in the exper-
imental groups of Phaseolus vulgaris L., where the MTW group exhibited higher values
(2350 ± 290 mgmL−1) compared to the control group (1860 ± 260 mg mL−1). Statistically
significant differences with a probability of p < 0.05 were observed.

24



Plants 2023, 12, 340

Figure 7. Carbohydrate concentrations in Phaseolus vulgaris L. grown with magnetically treated water
* indicates statistically significant differences (p < 0.05). Control: plants grown without magnetically
treated water, MTW: plants grown with magnetically treated water under a static magnetic field
between 100 and 160 mT.

3. Discussion

The results obtained agree with the findings of Torres et al. [29], who reported a higher
germination percentage for Oryza sativa L. (rice) and Solanum lycopersicum L. (tomato) after
using magnetic fields of 10 and 15 mT. In the studies conducted by Grewal and Mahesh-
wari [43] with Pisum sativum L. (pea) and Cicer arietinum L. (chickpea), magnetically treated
water produced a significant increase (p < 0.05) in the germination percentage under an in-
duction range between 3.5 and 136 mT. Selim et al. [27] also found that magnetically treated
water increased the vigor index of Solanum lycopersicum L. (tomato), Triticum aestivum L.
(chickpea) and Pisum sativum L. (pea) seedlings by 18.3, 81.9 and 65.1%, respectively, when
compared to control plants.

The impact of magnetic field application on the germination process of plant species
varies according to the magnetic inductions used. Plants grow under the effect of treated
water that has different characteristics owing to changes in the water molecule structure,
hydrogen bridges, pH variations and electrical conductivity [26,38]. These distinctive fea-
tures of irrigation water favor the physiological and metabolic processes that occur during
the germination of Phaseolus vulgaris L. from hypocotyl elongation to leaf appearance. This
explains why the germination percentage and vigor index obtained in the group of plants
grown with MTW were higher than those of control plants. Mroczek-Zdyrska et al. [42]
found that the stimulation of plants by a weak permanent magnetic field (130 mT) increased
the mitotic activity in the meristematic cells of the common bean. There was no influence
of the 130 mT magnetic field stimulation on the development of aboveground plant parts.

In both experimental groups, stomata exhibited normal anatomical features, with two
occlusive cells and three adjacent epidermal cells (Figure 3). Epidermal tissue has structures
that are made up of joined cells, including stomata, formed by an ostiole, surrounded by two
kidney-shaped occlusive cells which may or may not be accompanied by other epidermal
cells that are structurally and physiologically associated with the stomata [44]. Cell wall
thickening was observed in the inside rather than the outside. This structural adaptation of
stomata confers on them the elasticity that enables them to open or close stomatal pores
depending on turgid cell pressure [37].
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Stomatal area values indicate that plants grown with magnetically treated water
showed a larger stomatal aperture, which is proportional to an increased transpiration
process. Certain environmental conditions, such as high relative humidity, have an impact
on plant growth and can affect stomatal area and density. Although this may cause higher
plant water consumption, a balanced use of water can be attained. As Phaseolus vulgaris L.
shows a better water absorption rate, allowing its optimization, hydric equilibrium and
plant growth are enhanced. Cultivation of this plant species is possible under extreme envi-
ronmental conditions. Similar stem length values have been reported by Ahamed et al. [33]
for Capsicum annuum L. (sweet pepper) seeds irrigated with magnetically treated water
with an induction of 57–60 mT.

The lack of differences in stem length may be associated with meteorological conditions
and the sowing time of Phaseolus vulgaris L. Khattab et al. [41] did not find significant
differences in the stem length of Phaseolus vulgaris L. when compared with two varieties
(Goya and Hama) of the species; however, this variable did show a significant increase due
to the influence of weather conditions when varieties of the species were sown at different
times of the year.

Leaves are the most active organs in processes such as photosynthesis, respiration and
perspiration. The estimation of leaf area is of great importance for the analysis of plant
growth, as it is closely related to the photosynthetic efficiency of plants [45]. Plants irrigated
with magnetically treated water showed an increase in leaf growth and development,
which could enhance photosynthesis (Figure 4B). Selim et al. [27] reported similar results
for Solanum lycopersicum L. (tomato) and Pisum sativum L. (pea) irrigated with magnetically
treated water. These results are in agreement with those obtained in leaf and stomatal areas
and stomatal density estimations, as under normal conditions, stomata play a fundamental
role in the water loss process in the form of steam from leaf surfaces during transpiration
and stomatal opening and closure movements, which relates to the water supply of plants
and conservation of plant homeostasis. This plant organ is directly involved in CO2 uptake
and, together with chlorophyll pigments, enables good plant development and growth [46].

Plant growth does not take place uniformly; instead, it concentrates in specific and
distinctive areas. Initial plant growth is essential in certain parts of the plant showing active
cell division known as meristems [45]. This behavior is expressed in the same way in the
growth and development of the stem, where axillary and apical shoots have meristematic
tissue capable of differentiating and starting their elongation. Leaves also play a key role
in plant growth, as different metabolic processes take place in leaves with the presence of
minerals, growth regulators and enzymes codified by a specific gene in each type of plant.

Water plays a pivotal role in seed growth and development. Water absorption is the
first process that occurs during seed germination. All hydrolysis products feed the embryo
so it can start growing [47]. The biological function of water is related to the hydration of
the new plant, its nutrition and the production of essential compounds necessary for the
germination process, thus enhancing embryo cell elongation and radicle emergence.

These results match those obtained for other species of leguminous plants reported by
Moussa [40], who found a significant increase in the crop yield and weight of Phaseolus vulgaris L.
cv. Master. However, for the production of the seeds of Phaseolus vulgaris L., the type of
water used for magnetic treatment, exposure times and magnetic induction must be taken
into consideration [26]. Other elements to be considered include endogenous factors such as
genotype and species varieties, which have a different response depending on the sowing
cycle and time [42].

Chlorophylls are pigments that enable light absorption in a very effective way as they
possess conjugated double bond systems, according to Azcón-Bieto and Talón [48], and
enhance photosynthesis [39]. Latef et al. [49] showed that in lettuce seeds (Lactuca sativa
var. cabitat L.) seedlings, they used various intensities of the static magnetic field, and
the best result was obtained in the treatment group with a magnetic induction of 770 m,
specifically in terms of the growth parameters and metabolism compared to the control
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group. Photosynthetic pigments were induced markedly in the static magnetic field group,
especially the chlorophyll a pigment.

Solar energy is absorbed by the photosynthetic pigments found in plant leaf chloro-
plasts; chlorophyll a and b are the most abundant in plants. All chlorophylls have a complex
ring chemically related to the porphyrin-like groups found in the hemoglobin in animals
and cytochromes. In addition, a long hydrocarbon tail is attached to the structure of the
ring, which also contains weakly bound electrons and is part of the molecule involved
in electron transfer and redox reactions [50]. In this case, as the content of chlorophyll
pigments in the seedlings treated with magnetized water increased, the capacity to carry
out photosynthesis was enhanced, thus providing greater growth vigor and development.

Selim et al. [27] reported that magnetized water increased photosynthetic pigments
in pea plants (Pisum sativum L.) and chickpea (Cicer arietinum) and Solanum lycopersicum L.
(tomato). The results obtained for these species are similar to those reported in the liter-
ature [37], where it is stated that magnetic field intensity and time of exposure influence
the concentration of photosynthetic pigments, which may increase, decrease or maintain
their composition with respect to plants irrigated with unmagnetized water. In this case,
a decrease in the concentration of these chemical substances (statistically significant dif-
ference with a 95% confidence level) is observed, probably as a response to magnetic
field overexposure.

The biological effect of the magnetic field depends on the magnetic field intensity.
Depending on the magnetic field intensity, the accumulation of chemical substances can
increase, decrease or remain unchanged [51]. Moussa [40] determined the concentration of
photosynthetic pigments in Phaseolus vulgaris L. cv. Master and reported higher values in
plants irrigated with magnetically treated water. They also found that carotenoid content
and photosynthetic activity increased compared to the control group of the same species.

The results reported in this study are similar to those obtained by these authors, even
though they used a 30 mT magnetic induction. Their research also suggests that magnetic
fields applied to irrigation water can stimulate plant defensive systems, provided that
photosynthesis and the translocation of the products obtained from this process are more
efficient due to the mobilization of some growth regulators and enzymes determined
in their studies. The results obtained in this paper with the use of a different magnetic
induction range of 100–150 mT could lead to processes similar to those already described
by these authors.

Magnetic treatment applied to irrigation water has led to increased carbohydrate con-
centrations, thus improving the photosynthesis and nutritional value of Phaseolus vulgaris L.
Several authors have reported increments in the content of the total available carbohydrates
(monosaccharides, disaccharides, polysaccharides) of Vicia faba L. plants irrigated with
magnetically treated water compared to plants irrigated with water without magnetic
treatment [36]. The increase in the concentration of carbohydrates was possible due to the
close relationship between stomatal conductance and photosynthesis; this could be the
result of bioenergetic structural excitation with increased cell pumping and enzymatic stim-
ulation. During this metabolic process, a huge variety of chemical compounds are obtained,
including indole acetic acid growth regulators (IAA) and proteins, as the expression of
genes that encode them has been affected [36].

These results may be related to the effect of the static magnetic field on irrigation water,
which generates chemical–physical changes. Pang and Deng [25] claim that the magnetic
treatment of water and its effects on the chains of hydrogen bonds forming water molecules
can generate a transfer of protons from the hydrogen bonds of closed chains, which may
interact with the magnetic field applied externally. At the same time, due to these magnetic
interactions, closed chains can be ordered. Therefore, for the purpose of this research, this
could explain why the treatment of water used for the irrigation of Phaseolus vulgaris L.
with an induction range of 100–150 mT (0.1–0.15 T) has also undergone some changes
in its solubility, surface tension, electrical conductivity and pH, leading to changes in its
physical–chemical parameters. In addition, it is argued that magnetic treatment can affect
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the cluster composition that structures water molecules. These changes lead to a reduction
in the molecular diameter and complexity; plants assimilate water more easily, and the
transport of nutrients necessary for metabolism occurs more efficiently.

When the seeds of Phaseolus vulgaris L. are irrigated with magnetized water, they
capture a signal induced by the behavior of excited water that presents in the form of
physical stress at the cellular and molecular levels, causing changes in cell permeability, all
of which have been reported. These interactions may have allowed soil water absorption
and the transport of ions to be carried out more efficiently through the seed coat, thus
starting the softening process.

The irrigation of Phaseolus vulgaris L. seeds with magnetically treated water under a
magnetic induction of 100 and 150 mT had positive effects compared to the experimental
group without magnetic treatment. The anatomical, morphological and physiological
characteristics of the species, as well as the germination of its seeds, showed changes that
enhance its primary and secondary metabolism. The technology employed in this study
did not have negative effects on the plant nor did it affect the presence of structures or the
net content of the assessed compounds. Its use in the cultivation of Phaseolus vulgaris L.
might represent a viable alternative for the improvement of the plant and may lead to the
development of state and nonstate organic farming productions.

4. Materials and Methods

4.1. Plant Material

Experiments were performed in the Plant Biotechnology Laboratory of the National
Center for Applied Electromagnetism (CNEA), Santiago de Cuba, Cuba. Phaseolus vulgaris L.
seeds were obtained from the seed laboratory attached to the Provincial Division of the
Ministry of Agriculture (MINAG). During the experiments, the temperature values was
in the range of 32 ± 2 ◦C; the average mean relative humidity was between 70 and 80%,
and the rainfall was between 60 and 65 mm3. The Eastern Center for Ecosystems and
Biodiversity (BIOECO), holder of registration identification No. 21842, was in charge of
plant species classification.

4.2. Crop Conditions

A substrate composed of a mixture of soil and organic matter (3:1) was used. In
addition, biological control of pathogens, bacteria and fungi was carried out in compliance
with standards set out by the Center for Industrial Biotechnology Studies (CEBI) of the
University of Oriente (Table 2).

Table 2. Physico-chemical analysis of soil in CNEA′s experimental plot farm for the cultivation of
Phaseolus vulgaris L.

Characteristics
Mean
Values

Characteristics
Mean
Values

Electrical conductivity (μScm−1) 397 Aluminum (%) 12.67
Potassium oxide (%) 0.30 Magnesium oxide (%) 8.06

Phosphorous (%) 0.940 Cobalt (%) <0.005
Calcium oxide (%) 7.29 pH 7.84

Iron (%) 3.9 Manganese (%) 0.20

4.3. Irrigation Water Characteristics

Irrigation was performed twice a day through an aerial microjet system for 30 min.
The accessories used were an ITUR pump and valve-controlled distributor system that
ensures irrigation is run in sections. Water tests were performed at CNEA’s LESA Lab.
In the water sample analyzed, pH, total hardness and total dissolved solids values were
below the maximum admissible limits (MAL) for chemical components, which may affect
the organoleptic quality of drinking water (Cuban Standard 827:2012) (Table 3).
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Table 3. Physico-chemical analysis of irrigation water at CNEA’s experimental plot farm for the
cultivation of Phaseolus vulgaris L. *: expressed as CaCO3.

Parameters Control MTW

Total hardness * (mg L−1) 129.28 ± 0.00 162.95 ± 2.33
Calcium hardness * (mg L−1) 100.80 ± 0.00 92.74 ± 0.00

Magnesium hardness * (mg L−1) 28.48 ± 0.00 70.21 ± 2.33
Phenolphthalein alkalinity * (mg L−1) 0.00 ± 0.00 0.00 ± 0.00

Total alkalinity * (mg L−1) 149.18 ± 0.00 145.15 ± 0.00
Bicarbonate * (mg L−1) 149.18 ± 0.00 145.15 ± 0.00

Chlorides (mgL−1) 23.24 ± 0.54 24.38 ± 1.08
pH 7.71 ± 0.01 7.70 ± 0.00

Electrical conductivity μScm−1 301.00 ± 2.00 302.00 ± 0.00
Total dissolved solids (mg L−1) 150.53 ± 0.97 151.00 ± 0.00

Salinity (ppt) 0.15 ± 0.00 0.15 ± 0.00
Water speed (ms−1)
Pump flow m3 h−1

1.4–1.6
2.54–2.91

4.4. Description of Static Magnetic Treatment of Irrigation Water

Seeds were planted in two 12 m long and 0.5 m wide beds at CNEA’s experimental
plot farm. The total sample size was 80 plants; each experimental group included 40 plants.

Treatments included two experimental groups: treatment 1 (control group): plants
grown with water without magnetic treatment; treatment 2: plants grown with water
magnetized with a static magnetic field (MTW) between 100 and 150 mT.

For the magnetic treatment, an external permanent magnet device designed, built
and characterized at the National Center for Applied Electromagnetism was used. The
device produced a magnetic induction range between 100 and 150 mT measured with a
192041 Soviet Microwebermeter (relative error less than 5%). These results were verified
with nuclear magnetic resonance equipment and a 410 Gauss meter/Teslameter (relative
error of 0.01 G) [52].

4.5. Determination of the Effect of Irrigation with Magnetically Treated Water on the Germination
of Phaseolus vulgaris L. Seeds

Germination percentage: germinated seeds were counted for 24 days. Using these
data, the seed germination percentage was calculated using the formula P = (seeds germi-
nated/total seeds) × 100, according to Abdul-Baki and Andenson [53].

Hypocotyl length: measured from the base of seed hypocotyl to the starting point
of epicotyl using a ruler (cm) following the methodology proposed by Abdul-Baki and
Andenson [53].

Vigor index I: calculated using the formula suggested by Abdul-Baki and Anden-
son [53].

Vigor index I = germination percentage × hypocotyl length

4.6. Determination of Irrigation with Magnetically Treated Water on the Anatomical and
Morphological Characteristics of Phaseolus vulgaris L. Seeds

Anatomical characters comprise stomatal density and area, whereas morphological
characters include stem length, leaf area and seed area and weight. These parameters were
estimated as follows:

Stomatal density and area: calculated using the stomatal impression method. The
sample was taken from the underside (abaxial side) of the leaf; the epidermal impression
obtained was observed through an optical microscope (Olympus, Cx41, Japan) under 10×
and 40× magnification. The number of stomata was calculated in three fields, and stomatal
length and width were determined according to Ortega and Rodés [54]. The results were
expressed as the number of stomata (μm2), with three replications.

Stomatal area: Stomal length and width were measured and multiplied by π = 3.14, as
suggested by Ortega and Rodés [54]. Values were expressed in μm2 with three replications.
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Stem length: The length of the stem was measured using a measuring tape (cm) in
40 plants of each experimental group from the base of the stem to the main root apex.

Length of leaf area: Leaf area was measured in the same plants of each experimental
group. The following equation was used: LA= leaf length × leaf width × π (π = 3.14).

Seed length and width: The length and width of 100 seeds from each experimental
group were measured using a calibrated ruler in centimeters (cm).

Seed weight: Seed weight was estimated with a Sartorious®® digital analytical bal-
ance (BS 124S, China; accuracy: 0.1 mg). Values were expressed in grams (g) with three
replications for each experimental group.

4.7. Determination of the Effect of Irrigation with Magnetically Treated Water on the Physiological
Characteristics of Phaseolus vulgaris L. Seeds
4.7.1. Concentration of Photosynthetic Pigments

To determine the concentration of photosynthetic pigments, 1 g of fresh leaf was
weighed. Extracts were prepared with 50 mL of solvent (96% ethanol) for both the plant
group irrigated with MTW and the control plant group. Leaves were macerated in a
porcelain mortar with said solvent. They were filtered using filter paper, and ethanol was
added to a volume of 50 mL; 5 mL of this solution was transferred to a 50 mL volumetric
flask and brought up to the mark with 96% ethanol. Absorbance peaks of extracts were
determined using a Genesys spectrophotometer (10 UV, United States) according to Ortega
and Rodés [54]. Absorbance was obtained at wavelengths of 440, 472, 643, 645, 649, 654,
663 and 665 nm. The formulas shown below were employed:

Ca = 0.0127 A668 − 0.00269 A648

Cb = 0.0229 A665 − 0.00468 A663

Ccarot = 4.695 A440.5 − 0.268 Ca + b

Values were expressed in g mL−1 with three repetitions.

4.7.2. Concentration of Carbohydrates

Estimation of total carbohydrates was carried out using the phenol-sulfuric colori-
metric method described by Dubois et al. [55]. One milliliter of Phaseolus vulgaris L. was
taken from the experimental groups. For the preparation of the glucose standard solution,
50 mg of glucose was diluted in 100 mL of distilled H2O as a final volume. Absorbance
was determined at 492 nm using a Genesys spectrophotometer (10 UV, United States). The
results were expressed in D-glucose from a calibration curve between 0.6 and 1.6 mgmL−1

obtained for this compound. The total carbohydrate content was expressed in mg of sac-
charides g−1 of dry weight. Distilled water was used as a blank in all three replicates. The
mathematical equation used to determine the sample concentration was the following:
“Extract Conc. = D-glucose Equivalent Conc.de * dilution math conc”.

4.8. Statistical Analysis

A completely randomized experimental design with three replications was used. The
Kolmogorov–Smirnov test was performed to check if the data had a normal distribution and
verify homogeneity of variances. Descriptive statistics and simple classification analysis of
variance (ANOVA) were performed. Student’s t-test was used to compare two samples. All
statistical analyses were performed with a significance value of p < 0.05 using Statgraphics
Centurium XV for Windows (Graphics Software Systems, STCC, 2000, Inc., Rockville,
MA, USA), Basic Statistics, Prisma 5.01 and Origen 6.0.

5. Conclusions

The magnetically treated water under a magnetic induction of 100 to 150 mT stimulated
the germination, growth and biomass production of the bean plants. This positive impact
of magnetically treated water on beans was associated with an increase in stomatal (38%)
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and leaf area (109%), together with stem length (35%), vigor index (100%), leaf area (109%)
and seed weight (16%), as well as the anatomical (chlorophyll a and b, with 13 and 21%,
respectively) and carbohydrates (26%). These results can be translated as a greater seed
recovery and better crop performance for food purposes. Thus, the consumption of beans
treated as a food with a high nutritional value is possible. The data also demonstrate that
no malformations or abnormal changes were detected in plants grown with magnetically
treated water, so this technology is a commercially successful agricultural practice, and
magnetic treatment can be used as a suitable environmentally friendly physical method
capable of contributing to sustainable agriculture.
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Abstract: Microgreens are immature young plants grown for their health benefits. A study was
performed to evaluate the different mixed growing media on growth, chemical composition, and
antioxidant activities of four microgreen species: namely, kale (Brassica oleracea L. var. acephala),
Swiss chard (Beta vulgaris var. cicla), arugula (Eruca vesicaria ssp. sativa), and pak choi (Brassica rapa
var. chinensis). The growing media were T1.1 (30% vermicast + 30% sawdust + 10% perlite + 30%
PittMoss (PM)); T2.1 (30% vermicast + 20% sawdust + 20% perlite + 30% PM); PM was replaced with
mushroom compost in the respective media to form T1.2 and T2.2. Positive control (PC) was Pro-mix
BX™ potting medium alone. Root length was the highest in T1.1 while the shoot length, root volume,
and yield were highest in T2.2. Chlorophyll and carotenoid contents of Swiss chard grown in T1.1
was the highest, followed by T2.2 and T1.1. Pak choi and kale had the highest sugar and protein
contents in T2.2, respectively. Consistently, total phenolics and flavonoids of the microgreens were
increased by 1.5-fold in T1.1 and T2.2 compared to PC. Antioxidant enzyme activities were increased
in all the four microgreens grown in T1.1 and T2.2. Overall, T2.2 was the most effective growing
media to increase microgreens plant growth, yield, and biochemical composition.

Keywords: microgreens; natural amendment; soil health; phytochemicals; healthy food

1. Introduction

Microgreens are immature greens harvested from tender young plants that are grown
for their high health-promoting compounds and biological properties [1,2]. Previous re-
searchers reported high amounts of phytochemicals such as ascorbic acid, α-tocopherol,
β-carotene, phylloquinone, vitamins, and minerals in different species of microgreens [3–5].
Kale (Brassica oleracea L. var. acephala), Swiss chard (Beta vulgaris var. cicla), and arugula
(Eruca vesicaria ssp. sativa), as microgreens, possess high levels of vitamins A, C, and K,
essential lipids, carotenoids, and mineral nutrients [5,6]. Microgreens are delicate and are
prone to various stress factors that can adversely affect the edible quality and bio-functional
properties. Like all plants, the key preharvest factors that can affect a microgreen’s edible
quality are genotypic characteristics, growing media, climate, and management prac-
tices [7–10]. Hence, the presented study focuses on the impact of various growing media
amendments on the quality of different microgreens. Natural amendments are organic
substrates added to a growing medium to improve plant productivity and harvest quality,
through enhancement of the physiochemical properties and functional activities of the
media [11–13]. These amendments include compost, vermicast, humates, manures, and
sawdust. They supply macro- and micro-nutrients, support beneficial microbes, improve
water-holding capacity and gas exchange, and promote nutrient availability required for
plant growth and development [13–15].

Plants 2022, 11, 3546. https://doi.org/10.3390/plants11243546 https://www.mdpi.com/journal/plants
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Vermicast (earthworm excreta or castings) is a humus-like material rich in benefi-
cial microbiome and humic and non-humic substances such as mineral elements, amino
acids, plant hormones, and other macromolecules that promote to plant growth and de-
velopment [16,17]. According to Karthikeyan et al. [18], vermicast enhanced the seed
germination rate and plant growth parameters, leaf pigmentation, root nodulation, and
the yield of Lantana (Lantana camara) and cluster bean (Cyamopsis tetragonoloba), compared
to inorganic fertilizer. In addition, adding vermicast to a growing media ameliorated soil
physiochemical properties, leading to improved aeration, media porosity, field capacity, and
microbial activity [19,20]. Similarly, Abbey et al. [14] showed that morphological indices
of kale and postharvest essential fatty acids, mineral nutrients, phenolic compounds, and
antioxidant capacity were increased by the application of dry vermicast, potassium humate,
and volcanic minerals.

Sawdust is another potential growing medium substrate that is a waste from the
forestry and wood industries. Currently, sawdust is burned or taken to landfills. There is a
growing concern over the mining and use of Sphagnum peat moss. Therefore, sawdust can
be used as an environmentally friendlier alternative or supplement to traditional substrates
such as peat moss or can be used in combination with other substrates. Maharani et al. [21]
showed that sawdust can improve the porosity and drainage of a growing medium. A study
showed that sawdust delayed the initial growth of tomato seedlings (Solanum lycopersicum),
but that the plant growth soared seven weeks after planting when the seedlings were
established, and that the yield was higher than that of the control [22]. This delay can
be attributed to toxic compounds from the wood such as lignin, cellulose, hemicellulose,
and terpenes, which probably leached out, decomposed, or diluted by reaction with other
amendments after seven weeks of planting [22–24].

Chang [25] showed that the combination of sawdust with 30% soil, plus nitrogen (N),
phosphorus (P), and potassium (K) compound fertilizers gave rise to a higher productivity
of the tomato plant compared to sawdust alone. Plant growth components, yield index,
and nutritional values of Syngonium podophyllum were drastically increased following
the application of vermicompost-sawdust extract [26]. A recent study showed that the
combination of different proportions of vermicast and sawdust improved plant growth and
biochemical compounds in Swiss chard, pak choi, and kale microgreens [23]. The authors
found that 40% vermicast + 60% sawdust, or 60% vermicast + 40% sawdust improved the
physiochemical properties of the growing media and enhanced the active microbial activity
and nutrient mineralization necessary to meet potential plant growth requirements.

Therefore, amendments such as vermicast and compost can be added to sawdust to
improve both the nutrient status and functionality of the growing medium. A study by
Hernánde et al. [27] showed that the application of spent mushroom compost increased
the seed germination percentage, fresh shoot weight, and yield of red baby leaf lettuce
(Lactuca sativa L.) by up to 7-fold, compared to peat alone. Few studies on the effects of
individual amendments on plants have been reported, but not on their combining effect
on microgreen plant growth and chemical composition. Therefore, the objective of the
present study was to evaluate the physiochemical properties of different proportions of
mixed media and their effects on the growth and biochemical composition of four different
plant species (kale, Swiss chard, arugula, and pak choi) that can be grown and harvested
as microgreens.

2. Results

2.1. Growing Media Properties

The different additives in the growing media significantly affected the physiochemical
properties (Table 1). It was found that T1.1 and T2.1 had a significantly (p < 0.05) low
bulk density of an average of 0.07 g/cm3 compared to an average of 0.10 g/cm3 for T1.2,
T2.2, PC, and NC. The highest porosity was observed in PC, followed by T1.2, and T2.2
compared to the other treatments. Porosity and field capacity of media T1.1, T2.1, and NC
were significantly (p < 0.05) lower than the other media.
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Table 1. Physiochemical properties of growing media affected by different proportions of
mixed amended.

Treatment
Bulk Density
(g/cm3)

Porosity
(%)

Field
Capacity (%)

pH
Salinity
(mg/L)

Electric
Conductivity (μS/cm)

Total Dissolved
Solids (mg/L)

T1.1 0.07 b 31.3 c 29.2 c 5.7 b 1299.7 c 2260.0 c 1719.6 c
T1.2 0.12 a 35.0 b 34.2 a 6.4 a 1689.7 a 2570.0 b 2139.7 b
T2.1 0.07 b 26.6 d 25.5 d 5.8 ab 1319.7 c 1233.0 e 1709.6 c
T2.2 0.10 ab 35.7 b 33.2 ab 6.3 ab 1494.9 b 2205.5 c 2028.4 b
PC 0.10 ab 37.8 a 30.2 bc 6.1 ab 802.9 d 1486.0 d 1233.5 d
NC 0.09 ab 27.6 d 24.5 d 5.9 ab 1861.2 a 3412.5 a 2479.7 a

p-value 0.015 0.000 0.000 0.029 0.000 0.001 0.001

T1.1: 30% vermicast + 30% sawdust + 10% perlite + 30% PittMoss (PM); T1.2: 30% vermicast + 30% sawdust + 10%
perlite + 30% mushroom compost (MC); T2.1: 30% vermicast + 20% sawdust + 20% perlite + 30% PM; T2.2: 30%
vermicast + 20% sawdust + 20% perlite + 30% MC; negative control (NC): 60% sawdust + 40% PittMoss; and
positive control (PC): Pro-mix BX™ potting medium alone; significant at p < 0.05. Treatment means followed by a
common letter are not significantly different.

The different growing media had pH values ranging from 5.7 to 6.4. The pH for
T1.1 was significantly (p < 0.05) lower than that of T1.2. The overall trend for salinity,
electrical conductivity, and total dissolve solids of the growing media was similar among
the treatments (Table 1). NC had the highest salinity, electrical conductivity, and total
dissolved solids followed by T1.2, then T1.1, and T2.1, and the least by NC.

2.2. Plant Growth and Yield

The growing media, plant species, and the interaction of growing media × plant
species influenced plant growth components significantly (p < 0.01).

Total root lengths of arugula, pak choi, kale, and Swiss chard were increased by ca.79%,
83%, 61%, and 62% in T1.1, respectively, compared to the average for their counterparts
grown in the PC and NC (Figure 1A). T1.1, T2.1, and T2.2 similarly had the highest effect
on total root length compared to the others. Total shoot length of arugula, pak choi, kale,
and Swiss chard were increased by ca. 99%, 105%, 62%, and 115%, respectively, in T2.2,
compared to their counterparts in the PC (Figure 1B).

Consistently, the PC and the NC significantly (p < 0.01) reduced the total length of
the roots and shoots of all the microgreen plants. Furthermore, the root volume was
increased by ca. 67% to 143% in plants grown in T2.2, compared to those grown in the PC
(Figure 1C). Consistently, the root volume of each plant was significantly (p < 0.01) reduced
in T1.1, followed by NC and then PC (Figure 1C). The plant yield of the microgreens
was significantly (p < 0.01) increased by ca. 230% in T2.2 and 160% in T1.2, respectively,
compared to their PC counterparts (Figure 1D). Consistently, PC and T1.1 significantly
(p < 0.01) reduced the yield of all the microgreens.

2.3. Microgreens Biochemical Composition

The ANOVA demonstrated that variations in the mixed media, plant species, and
their interaction, significantly (p < 0.01) affected the biochemical compositions of the
microgreens (Figure 2A–D). Total carotenoids, Chl a, Chl b, and Chl t of all the microgreens
were increased significantly (p < 0.05) by T1.1 and T2.2, except Chl b in the pak choi, which
was increased by T2.2 (Figure 2B). T1.2 had a similar effect to T1.1 and T2.2 in increasing
Chl a, Chl b, Chl t and the total carotenoids in arugula and kale microgreens, but the effect
varied for pak choi and Swiss chard (Figure 2A–D). Total chlorophyll and carotenoids
were approximately 1.5-fold higher in T1.1 and T2.2 compared to their PC counterparts.
Moreover, among the different plant species, kale and Swiss chard exhibited the highest
Chl t by 67% in T1.2 and by 116% in T1.1 compared to PC (Figure 2C).
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Figure 1. Total root length (A); total shoot length (B); root volume (C); yield (D) of arugula (Eruca
vesicaria ssp. sativa), pak choi (Brasica rapa var. chinensis), kale (Brassica oleracea L. var. acephala) and
Swiss chard (Beta vulgaris var. cicla) microgreens as affected by different growing media comprised of
T1.1: 30% vermicast + 30% sawdust + 10% perlite + 30% PM; T1.2: 30% vermicast + 30% sawdust
+ 10% perlite + 30% MC; T2.1: 30% vermicast + 20% sawdust + 20% perlite + 30% PM; T2.2: 30%
vermicast + 20% sawdust + 20% perlite + 30% MC; NC: 60% sawdust + 40% PittMoss; and PC:
Pro-mix BX™ potting medium alone. Vertical bars represent standard errors of the means (N = 3).
Bars with a common lower-case letter signifies treatment means that were not significantly different
at p < 0.05.

Likewise, the highest total carotenoid content was about 72% higher for both kale and
Swiss chard in T2.2 and T1.1, respectively, compared to their PC counterpart (Figure 2D).
The total carotenoid content of arugula and pak choi was increased by ca. 15% and 24%
in T2.2, respectively, compared to plants grown in the PC. Consistently, the lowest total
carotenoid content was observed in all the microgreens grown in the T2.1, except for kale,
which was lowest in the PC (Figure 2D). The overall trend for total carotenoid was arugula
(562.35 μg/g FW) > Swiss chard (518.02 μg/g FW) > kale (472.69 μg/g FW) > pak choi
(391.68 μg/g FW) (Figure 3D).
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Figure 2. Chlorophyll a (A) and b (B), total chlorophyll (C) and carotenoid (D) contents of arugula
(Eruca vesicaria ssp. sativa), pak choi (Brasica rapa var. chinensis), kale (Brassica oleracea L. var.
acephala) and Swiss chard (Beta vulgaris var. cicla) microgreens as affected by different growing media
comprised of T1.1: 30% vermicast + 30% sawdust + 10% perlite + 30% PM; T1.2: 30% vermicast + 30%
sawdust + 10% perlite + 30% MC; T2.1: 30% vermicast + 20% sawdust + 20% perlite + 30% PM; T2.2:
30% vermicast + 20% sawdust + 20% perlite + 30% MC; NC: 60% sawdust + 40% PittMoss; and PC:
Pro-mix BX™ potting medium alone. Vertical bars represent standard errors of the means (N = 3);
significant at p < 0.01. Bars with a common lower-case letter signifies treatment means that were not
significantly different at p < 0.05.

The highest sugar content was recorded by arugula microgreens grown in the PC,
followed by T2.2 compared to other treatments (Figure 3A). On the contrary, the sugar
content of pak choi was increased by 73% in T2.2 while T1.1 increased the sugar content of
kale and Swiss chard by ca. 23% and 65%, respectively, compared to the PC (Figure 3A).
Consistently, T2.1 significantly (p < 0.01) reduced the sugar content of all the four different
microgreens. Among the microgreen plant species, the overall trend for the sugar content
was arugula (3624.40 μg glucose/g) > kale (3204.99 μg glucose/g) > pak choi (3118.44 μg
glucose/g) > Swiss chard (1944.46 μg glucose/g) (Figure 3A). As shown in Figure 3B, T1.1
significantly (p < 0.01) increased the protein content in arugula and Swiss chard by ca. 37%
and 55%, respectively; while T2.2 significantly (p < 0.01) increased the protein content in pak
choi and kale by ca. 23% and 105%, respectively, compared to their counterparts grown in
the PC. The other media had similar effects on the total protein content of the microgreens.
Overall, the trend for the protein content was Swiss chard (6372.85 μg Bovine/g) > kale
(4941.84 μg Bovine/g) > arugula (4782.70 μg Bovine/g) > pak choi (3901.83 μg Bovine/g)
(Figure 3B).
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Figure 3. Sugar (A); protein (B); total phenolics (C); total flavonoids (D) contents of arugula (Eruca
vesicaria ssp. sativa), pak choi (Brasica rapa var. chinensis), kale (Brassica oleracea L. var. acephala) and
Swiss chard (Beta vulgaris var. cicla) microgreens as affected by different growing media comprised of
T1.1: 30% vermicast + 30% sawdust + 10% perlite + 30% PM; T1.2: 30% vermicast + 30% sawdust
+ 10% perlite + 30% MC; T2.1: 30% vermicast + 20% sawdust + 20% perlite + 30% PM; T2.2: 30%
vermicast + 20% sawdust + 20% perlite + 30% MC; NC: 60% sawdust + 40% PittMoss; and PC:
Pro-mix BX™ potting medium alone. Vertical bars represent standard errors of the means (N = 3);
significant at p < 0.01. Bars with a common lower-case letter signifies treatment means that were not
significantly different at p < 0.05.

Total phenolics were significantly (p < 0.01) increased in all the plants grown in T1.1,
followed closely by T2.1, which were not significantly (p > 0.05) different for Swiss chard
(Figure 3C). The increase in total phenolics in arugula, pak choi, and kale by T1.1 and T2.1
were on the average, 1.5- and 1.2-fold higher than their counterparts that were grown in
the PC. Interestingly, Swiss chard, followed by pak choi, and then arugula and kale had
phenolics contents of ca. 144%, 63%, 50%, and 29% in T1.1, respectively, compared to their
counterparts that were grown in the PC. Comparatively, the trend for the phenolics content
in the microgreens was arugula (241.76 mg GAE/g) > kale (180.08 mg GAE/g) > pak choi
(169.18 mg GAE/g) > Swiss chard (151.44 mg GAE/g) (Figure 3C). Total flavonoids in all
the microgreens grown in T2.2, except for Swiss chard, increased by 1.5-fold compared to
the microgreens grown in PC (Figure 3D). Total flavonoids in Swiss chard increased by 51%
in T1.1 compared to PC. Total flavonoids in arugula, kale, and pak choi increased by 65%,
56%, and 31%, respectively, in T2.2 compared to PC. Among the microgreen plant species,
the overall trend for the flavonoid was Swiss chard (638.34 μg quercetin/g) > arugula
(553.84 μg quercetin/g) > kale (362.50 μg quercetin/g) > pak choi (360.96 μg quercetin/g)
(Figure 3D).

The total ascorbate was increased by 57%, 64%, and 51% in arugula, pak choi, and
kale grown in T1.2, respectively, compared to PC (Table 2). Furthermore, Swiss chard
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ascorbate content was significantly (p < 0.01) increased by 83% and 73% in T2.2 and
T1.2, respectively, compared to PC. On the contrary, ascorbate was significantly (p < 0.01)
reduced in microgreens grown in the T2.1 (Table 2). The overall trend for the microgreens’
ascorbate content was kale (25.90 μmol/g FW) > Swiss chard (24.22 μmol/g FW) > arugula
(23.41 μmol/g FW) > pak choi (22.40 μmol/g FW) (Table 2). Peroxidase was significantly
(p < 0.01) increased in arugula and Swiss chard by T1.1 and T2.2 while T1.2 significantly
(p < 0.01) increased POD in pak choi and kale.

Table 2. The effects of mixed growing media on total ascorbate, peroxidase activity and ascorbate
peroxidase activity.

Treatment

Total Ascorbate (μmol g−1 FW)
Peroxidase Activity
(Unit mg−1 FW)

Ascorbate Peroxidase Activity
(Unit mg−1 FW)

Arugula
Pak
Choi

Swiss
Chard

Kale Arugula
Pak
Choi

Swiss
Chard

Kale Arugula
Pak
Choi

Swiss
Chard

Kale

T1.1 24.0 de 20.4 fgh 25.4 cd 23.6 de 0.94 bc 0.50 ij 0.96 bc 0.56 gh 0.23 a 0.08 fg 0.07 fg 0.06 g
T2.2 24.2 cde 28.0 bc 32.0 a 29.7 ab 0.67 ef 1.05 b 1.02 b 0.54 hij 0.15 cd 0.07 g 0.19 ab 0.19 ab
T1.2 32.2 a 29.5 ab 30.0 ab 32.0 a 0.60 fgh 1.25 a 0.50 ij 0.64 f 0.11 e 0.11 e 0.16 bcd 0.17 bcd
T2.1 21.5 efg 22.4 ef 21.9 ef 28.9 b 0.50 ij 0.94 bc 0.40 k 0.48 j 0.18 abc 0.04 j 0.11 e 0.05 hi

NC 17.9 hij 16.0 j 18.6
ghij 19.8 fgh 0.29 k 0.75 de 0.51 ij 0.17 m 0.06 g 0.06 gh 0.07 j 0.08 f

PC 20.6 fgh 18.1 hij 17.4 ij 21.4 efg 0.50 ij 0.87 cd 0.62 fg 0.50 ij 0.15 d 0.06 gh 0.05 de 0.07 fg

p value
G 0.001 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000
P 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000
G × P 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

T1.1: 30% vermicast + 30% sawdust + 10% perlite + 30% PM; T1.2: 30% vermicast + 30% sawdust + 10%
perlite + 30% MC; T2.1: 30% vermicast + 20% sawdust + 20% perlite + 30% PM; T2.2: 30% vermicast + 20%
sawdust + 20% perlite + 30% MC; negative control (NC): 60% sawdust + 40% PittMoss; and positive control (PC):
Pro-mix BX™ potting medium alone.; significant at p < 0.01. Treatment means followed by a common letter are
not significantly different. G, growing media; P, plant species; G × P, interaction of growing media and plant
species (N = 4).

Comparatively, Swiss chard followed by arugula had the highest POD activity and
pak choi followed by kale had the lowest. The overall trend for the microgreens POD
activity was pak choi (0.88 Unit/mg FW) > Swiss chard (0.66 Unit/mg FW) > arugula
(0.58 Unit/mg FW) > kale (0.48 Unit/mg FW). Furthermore, APEX activity increased by
77% in Swiss chard and by 68% in kale when grown in T2.2, compared to PC. APEX activity
of arugula and pak choi were increased by 55% and 54% in T1.1 and T1.2, respectively,
compared to those grown PC (Table 2). Among the microgreen plant species, the overall
trend for the microgreens APEX activity was arugula (0.146 Unit/mg FW) > Swiss chard
(0.103 Unit/mg FW) = kale (0.103 Unit/mg FW) > pak choi (0.066 Unit/mg FW) (Table 2).
Consistently, PC and NC significantly (p < 0.01) reduced the biochemical composition of
the different microgreens (Table 2).

2.4. Association among Media, Plants, and Biochemical Composition

A multivariate two-dimensional PCA biplot was used to assess the association between
the microgreens plant yield and biochemical parameters, as influenced by variations in
growing media formulations (Figure 4). The PCA explained 80% of the total variations in
the dataset. Treatments that are close to the origin of the PCA axes show a high association
and stability than those on the periphery. The PCA demonstrated that treatment T2.2 can be
associated with an improved plant yield and biochemical composition of the microgreens.
The interaction of the growing media and plant species can be closely associated with the
microgreens’ yield and total ascorbates. Furthermore, kale carotenoid content was strongly
influenced by the interaction between the growing media × plant species compared to
the other plant species. APEX activities were associated with the interaction between the
growing media and plant species in all the microgreens except arugula (Figure 4). Overall,
the interaction between the growing media and plant species can be associated with the
kale yield and its biochemical parameters compared to the other plant species.
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Figure 4. Ranking total × total biplot for comparison of treatment × plant species interaction
effects on biochemical variations in all microgreens. Arugula (Eruca vesicaria ssp. sativa) yield (YA),
arugula ascorbate (AA), arugula carotenoids (CA), arugula POD Activity (PA), arugula APEX Activity
(APXA); Swiss chard (Beta vulgaris var. cicla) yield (YCH), Swiss chard ascorbate (ACH), Swiss chard
carotenoids (CCH), Swiss chard POD Activity (PCH), Swiss chard APEX Activity (APXCH); kale
(Brassica oleracea L. var. acephala) yield (YK), kale ascorbate (AK), kale carotenoids (CK), kale POD
Activity (PK), kale APEX Activity (APXK); pak choi (Brasica rapa var. chinensis) yield (YP), pak
choi ascorbate (AP), pak choi carotenoids (CP), pak choi POD Activity (PP), pak choi APEX Activity
(APXP). T1.1: 30% vermicast + 30% sawdust + 10% perlite + 30% PM; T1.2: 30% vermicast + 30%
sawdust + 10% perlite + 30% MC; T2.1: 30% vermicast + 20% sawdust + 20% perlite + 30% PM; T2.2:
30% vermicast + 20% sawdust + 20% perlite + 30% MC; NC: 60% sawdust + 40% PittMoss; and PC:
Pro-mix BX™ potting medium alone.

3. Discussion

The effects of different substrates on the physiochemical characteristics of the for-
mulated growing media and the differential response of the four different microgreens
plant species were investigated under greenhouse conditions. The growing medium T1.2,
followed by T2.2, had the highest effect on most of the plant growth components, except
for root length. The growing media T1.1 and T2.1 contained PittMoss, which was made
from mainly shredded cardboard, and T1.2 and T2.2 contained mushroom compost. The
results show that mushroom compost was more beneficial than PittMoss. Similarly, Re-
naldo et al. [28] reported that mushroom compost increased the shoot and root dry mass
in cucumber (Cucumis sativus) compared to biochar and corn stalks but had no effect on
lettuce (Lactuca sativa), probably due to lettuce intolerance of the high salt content in the
mushroom compost. Furthermore, Vahid Afagh et al. [15] reported that a 15% mushroom
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compost mixed in sandy loam soil increased both the plant growth and yield of German
chamomile (Matricaria recutita L.) due to the improved medium structure, increased nu-
trient availability, and beneficial microbial activity [15,29]. Furthermore, the results also
suggested that the variations in response of the microgreen plants to the different media
were dependent on genotypic differences.

It was obvious that the improved structure and functionality of growing media T1.2
and T2.2 improved plant growth in all the plant species except for pak choi, as previously
explained by Emami and Astaraei [30] and Vahid Afagh et al. [15]. The root lengths of all
the microgreens were significantly increased in T1.1 and T2.1 compared to the other media.
According to Vahid Afagh et al. [15], an addition of 15% mushroom compost to a medium
increased aeration and water-holding capacity, leading to an improved crop productivity.
The addition of PittMoss in T1.1 and T2.1 reduced the growing media bulk density, which
in turn promoted root growth compared to the mushroom compost. A previous study
using a high bulk density of (i.e., 1.35 g/cm3) growing medium led to a reduction in lettuce
root growth and yield [31]. In the present study, the bulk density ranged between 0.07
and 0.12 g/cm3, which was below the root-restriction threshold bulk density of 1.6 g/cm3,
especially in T1.2 and T2.2. This may be the reason for the enhanced plant growth and
yield of microgreens grown in T1.2 and T2.2. Moreover, Gillespie et al. [32] stated that the
optimum range of pH for leafy greens growth is a 5.5 to 6.5 range, at which more nutrients
become available to plants. However, it does not seem that the pH was a limitation in the
present study, since all the media pH fell within the sufficiency range for the microgreen
plants. Nevertheless, Ur Rahman et al. [33] reported that pH variation of the medium (from
5 to 9) significantly influenced the yield and biochemical constitutions in wheat (Triticum
aestivum L.). The highest yield, total chlorophyll, and carotenoid contents were observed in
seedlings grown in media with a neutral pH (6.5–7), while the lowest one was obtained in
acidic (pH 5) and alkaline (pH 9) media that correspond with the results of this study.

Notably, there was a significant positive association between the yield, salinity, and
TDS, suggesting sufficient growing medium fertility levels in particularly, T1.2 and T2.2,
which were the only media with mushroom compost. Previous studies showed that
high electric conductivity and salinity can reduce plant growth [34,35], which can be
managed by adding perlite and wood-based substrates into the growing media to improve
texture, structure, and porosity [35–37]. However, T1.2 and T2.2 had acceptable ranges
of salinity thresholds between 640 and 1600 mg/L, as recommended for most vegetable
crops [38]. Generally, NC recorded the highest salinity and the lowest yield, as previously
reported by Shannon et al. [39], for kale and Swiss chard grown in media with excess
salinity levels > 3.0 dS/m. Lin et al. [23] reported an increase in the plant growth and yield
components of Swiss chard, pak choi, and kale in a medium consisted of 60% vermicast
and 40% sawdust, with a considerably high electric conductivity of 1450 μS/cm and a pH
of 7.3. Furthermore, Hernández et al. [27] attributed increased germination rate, fresh shoot
weight, and yield in red baby leaf lettuce to mushroom compost, with a pH of 7 and an
electric conductivity of > 4000 μS/cm. There was no significant correlation between EC
and the measured growth components, but there was a strong relationship between pH
and growth plant components in all the plants.

The microgreens’ biochemical composition was significantly altered by the different
mixed growing media. There are very few documented reports on the effect of different
mixed growing media on biochemical quality of microgreens. Previous studies have demon-
strated that vermicast and mushroom compost are well known to be rich in macro- and
micro-elements including N, which is essential for chlorophyll and carotenoid synthesis as
well as photosynthesis [40,41]. In this study, total flavonoids and ascorbates ranged from
404.1 to 653.7 μg quercetin/g, and 18.1 to 30.9 μmol/g FW, respectively. Media T1.2 and
T2.2 impacted the highest amount of microgreen flavonoids and ascorbate contents, respec-
tively, that most likely can be associated with media nutrient availability and a balance in
C/N ratio, due to the added mushroom compost as explained by Hernández et al. [27].
Moreover, it was demonstrated that mushroom compost may be chitin-rich, which can be a
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significant source of plant growth stimulants and elicitors for the biosynthesis of secondary
metabolites [42,43]. Therefore, a significant amount of chitin might be present in T1.2 and
T2.2, leading to the high microgreen plants content of total carotenoid, flavonoids, and
ascorbate, compared to media without mushroom compost. Treatments T1.1 and T2.1
improved phenolics content in all the microgreens irrespective of plant species. This can be
ascribed to the high-carbon input from the thermally treated sawdust and PittMoss. This
carbon might have improved the carbon-based phenolic compounds and their precursors
involved in plant defense mechanisms and responses to environmental stress [44]. Contrary
to this, the total phenolics was lower in T2.2, which suggested that the probably high N
content in T1.2 and T2.2, due to the addition of N-rich vermicast and mushroom compost,
might have reduced phenolic content in the microgreens as previously reported [14,44,45].
The difference in growing media had a significant effect on POD and APEX enzymes
activities in the microgreens. Several studies have reported a strong correlation between
bioactive phytochemicals and antioxidant properties [10,46]. Besides the increased ascor-
bate and flavonoids contents, POD and APEX were highly increased in the microgreens
grown in T1.2 and T2.2. Our results are consistent with findings obtained by Shiri et al. [19],
who reported a significant increase in antioxidant capacity with an elevated ascorbic acid
content in plants.

4. Materials and Methods

4.1. Plant Material and Growing Condition

The experiment was carried out in July 2020 and repeated in December 2020 in the
Department of Plant, Food, and Environmental Sciences greenhouse (45◦23′ N, 63◦14′ W),
Dalhousie University, Truro, NS, Canada. The microgreens were kale (Brassica oleracea L.
var. acephala), Swiss chard (Beta vulgaris var. cicla), arugula (Eruca vesicaria ssp. sativa),
and pak choi (Brasica rapa var. chinensis), purchased from Halifax Seed Co., Halifax, NS,
Canada. The growing media were PittMoss, vermicast, sawdust, mushroom compost,
perlite and Pro-mix BX™. PittMoss® is a soilless potting mix made from recycled paper
(Ambridge soil company, PA, USA). It is expected that the PittMoss will improve aeration
and water retaining potential, resulting in the better delivery of nutrients to the root-zone
environment. Vermicast, sawdust, and shiitake (Lentinula edodes) mushroom compost
were obtained from Modgarden Company, Toronto, ON, Canada. Perlite and Pro-mix
BX™ potting medium were purchased from Halifax Seed Company, NS, Canada. Kale,
Swiss chard, arugula, and pak choi seeds were sown in flat plastic cell trays, measuring
19 cm length × 12 cm width × 2.5 cm deep, each containing a different mixed medium.
The trays were kept in the greenhouse under a 16/8-hr day/night light regime (from high
pressure sodium lamp) at a 24◦/22 ◦C day/night temperature cycle with a 71% mean
relative humidity. A 600 W HS2000 high-pressure sodium lamp with NAH600.579 ballast
(P.L. Light Systems, Beamsville, ON, Canada) supplied the supplementary lighting. Air
distribution in the greenhouse was distributed by a horizontal air-flow ventilation system.
Watering was carried out every two days with 200 mL of tap water for each pot until the
final harvest at 15 days after sowing. No additional fertilizer was applied.

4.2. Experimental Treatment and Design

The 2-factor experiment (i.e., plant species x growing media) was arranged in a
completely randomized design with three replications. Seeds were sown in six different
proportions of mixed media (Table 3). Pots were rearranged weekly on the growth shelf
to offset microclimate variations in the greenhouse. The entire study was repeated twice.
The data from the two studies were merged because the coefficient of variation was less
than 5%. Seed germination, plant growth, yield, and various biochemical characteristics
were measured.
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Table 3. Proportions of mixed growing media.

Treatment Formulation

T1.1 30% vermicast + 30% sawdust + 10% perlite + 30% PittMoss (PM)
T1.2 30% vermicast + 30% sawdust + 10% perlite + 30% mushroom compost (MC)
T2.1 30% vermicast + 20% sawdust + 20% perlite + 30% PittMoss (PM)
T2.2 30% vermicast + 20% sawdust + 20% perlite + 30% mushroom compost (MC)
NC 60% sawdust + 40% PittMoss
PC Pro-mix BX™ potting medium alone

NC and PC are negative and positive control, respectively.

4.3. Growing Media Physicochemical Properties

To evaluate chemical properties of the growing media, 50 g of each media was added
to 50 mL of deionized water and was thoroughly mixed before the determination of
chemical properties. pH, salinity, electrical conductivity, and total dissolved solids were
measured using an ExStik® II EC500 waterproof pH/conductivity meter (Extech ITM
Instruments Inc., Newmarket, ON, Canada). The growing media physical properties and
water retention characteristics were determined in triplicate as described by Armah [47],
with slight modifications. Bulk density (Db) was determined from the weight (M) and
volume (V1) of the soil core, using a graduated glass cylinder after continuous tapping,
until there was no observable change in soil volume.

Bulk density = M/V1 (1)

Porosity = Ms/V2 (2)

Water saturation, field capacity, and wilting point were determined after the soil was
air-dried under ambient conditions (ca. 22 ◦C). A known mass of the fresh soil sample
(Ms) was placed in a 15.24 cm plastic pot with drainage holes and was weighed (Msp).
The potted soil was placed in a saucer and was saturated with distilled water, and the
saturated soil weight (Msat) was recorded after 48 h. Then, the saucer was removed so that
the free water could drain out under atmospheric pressure for 72 h and was then weighed
(Mdrained). The drained soil was spread evenly in a flat aluminum tray and air-dried under
ambient conditions for 72 h and then weighed (Mdried).

Field capacity (Fc) =
Mdrained − Msp

Ms
× 100 (3)

4.4. Plant Growth and Yield Components

Data on seedling growth indices were collected 14 days after sowing the seeds. Plant
samples (n = 15) were randomly and gently uprooted from the middle section of the
growing trays for each treatment per replicate using a spatula. The seedlings were placed
on tissue paper before carefully removing chunks of loosely attached media from the roots.
The roots were then thoroughly washed under a gentle running deionized with minimum
root loss (i.e., ca. < 2%). After drying with a blotting paper, the total lengths of roots and
shoots and root volume were determined using a Perfection V800 Photo Color Scanner
Digital ICE® Technologies (Epson America Inc., Los Alamitos, CA, USA). The shoots of
the remaining microgreens were cut with a pair of scissors at the growing media surface
after 14 days of sowing, and the fresh weights were recorded as the estimated yield per
treatment. At the final harvest, there was no seed residue on the shoots that we had to
worry about.

4.5. Microgreen Quality and Phytochemical Analysis
4.5.1. Chlorophylls a and b, Total Chlorophyll, and Total Carotenoid

Samples of the microgreens per treatment from the final harvest in Section 4.4 above
were immediately frozen in liquid N to avoid changes in the biochemical compounds
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present in the plants. Pooled samples of the microgreens frozen in liquid N were ground to
fine powder and stored in −20 ◦C until analyzed. Briefly, 0.2 g of each ground microgreen
was separately dissolved in 10 mL of 80% acetone. After centrifuging at 12,000 rpm for 15
min, the supernatant was collected and transferred into 96 micro-well plates to measure the
absorbance at 646.8 nm and 663.2 nm wavelength, using a UV-Vis spectrophotometer (Evo-
lution™ Pro, Thermo Fisher scientific, Waltham, MA, USA) against acetone as blank, using
the method described by Lightenthaler [48]. Chlorophyll and carotenoid concentrations
were obtained by the following formula.

Chla (μg/mL) = 12.25 × A663.2 − 2.79 × A646.8 (4)

Chlb (μg/mL) = 21.50 × A646.8 – 5.1 × A663.2 (5)

Chlt (μg/mL) = chla + chlb (6)

Car (μg/mL) = (1000 × A470 − 1.8 × chla − 85.02 × chlb)/198 (7)

Finally, the calculated value was multiplied by the total volume (10 mL) and then
divided by the total fresh weight (0.2 g), which was expressed as μg/g FW.

4.5.2. Total Sugar

The total sugar content of the microgreens was measured using the method described
by Mohammadkhani and Heidari [49], with some modifications. Firstly, 0.2 g of powder
was dissolved in 10 mL of 90% ethanol and was incubated in a water bath for 60 min. The
mixture was topped with up to 25 mL with 90% ethanol and centrifuged at 4000 rpm for
3 min. An amount of 1 mL of the supernatant was transferred into a glass test tube and
1 mL of 5% phenol was added and vortexed. Subsequently, 5 mL of sulfuric acid was
added and incubated in the dark for 15 min. The mixture was cooled, and the absorbance
was measured at 490 nm using a UV-Vis spectrophotometer against a blank made up of
deionized water, phenol, and sulfuric acid. The total sugar was obtained by a standard
sugar curve prepared by dissolving sucrose in distilled water at different concentrations,
from 0 to 300 μg. Then, 1 mL of 5% phenol and 5 mL of sulfuric acid was added to the
mixture and the absorbance was recorded at 490 nm. The sugar content was expressed as
μg glucose/g FW.

4.5.3. Total Protein

The total protein content was measured using the Bradford assay, as described by
Hammond and Kruger [50]. In brief, 0.2 g of the ground microgreen tissue samples
was transferred into a test tube, added with 5 mL ice-cold extraction buffer (i.e., 50 mM
potassium phosphate buffer at pH 7.0) and 0.1 mM EDTA. The mixture was vortexed for
30 s before centrifugation at 15,000 rpm for 20 min. The supernatant was collected and kept
on ice. Subsequently, the supernatant was mixed with 100 μL of enzyme extract and 1 mL
of Bradford reagent, before recording the absorbance against a blank (Bradford reagent)
at 595 nm after a 5 min incubation. The protein concentration was determined by the
regression equation obtained from a Bovine serum albumin at different concentrations
(200–900 μg mL−1) and was expressed as μg Bovine/g.

4.5.4. Total Phenolics

The total phenolic (TPC) was measured using the Folin–Ciocalteu method, as described
by Alothman et al. [51]. Briefly, 0.2 g of the ground microgreens was dissolved in ice-cold
80% methanol and incubated at an ambient temperature (approximately, 22 ◦C) for 48 h
in the dark. The mixture was then centrifuged at 13,000 rpm for 5 min. A 100 μL sample
of the supernatant, the standard at different concentrations (i.e., 0, 5, 10, 15, 20, 25 mg/L),
and a methanol blank were added into distinct tubes before adding 200 μL Folin-Ciocalteu
reagent and 800 μL of Na2CO3 and then incubating it for 2 h in the dark. Eventually, 200 μL
of the mixture, the standard, and the blank were individually transferred into a microplate
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to measure the absorbance at 765 nm by UV-vis spectrophotometer. TPC concentration was
determined by the standard curve obtained from Gallic acid equivalents and expressed as
mM Gallic acid per g of fresh sample (mg GAE/g).

4.5.5. Total Flavonoids

The total flavonoid was measured using the method described by Chang et al. [25].
Ground samples of each microgreen (0.2 g) and 2.5 mL of 95% methanol was mixed and
vortexed before centrifugation at 13,000 rpm for 10 min. The supernatant (500 μL) standard
(1 mg quercetin dissolved in 95% methanol at 5, 10, 15, 25, 50, 100, 150, 200 μg/mL
concentrations), and 95% methanol were transferred into separate tubes. Then, 1.5 mL
95% methanol, 0.1 mL 10% AlCl3, 0.1 mL 1 M potassium acetate, and 2.8 mL distilled
water were added to each tube. Afterward, the mixture was incubated at an ambient
temperature for 30 min, and the absorbance was recorded at 415 nm against a blank using
a UV-Vis spectrophotometer. The flavonoids content was measured by the standard curve
obtained from the quercetin standard curve. The total flavonoids content was expressed as
μg quercetin/g of plant fresh weight.

Total flavonoid =
([flavonoids](μg/mL)× total volume of methanolic extract (mL))

mass of extract (g)
(8)

4.5.6. Total Ascorbate

The total ascorbate was measured using the method described by Ma et al. [52]. In
brief, 0.2 g of the ground microgreens was mixed with 1.5 mL ice-cold 5% trichloroacetic
acid (TCA) and centrifuged for 15 min at 4 ◦C. Then, 100 μL of the supernatant was
collected and added to 400 μL phosphate buffer (150 mM KH2PO4), 5 mM EDTA, and
100 μL10 mM dithiothreitol and vortexed. Following the incubation of the mixture, 0.5%
N-ethylmaleimide was added to the mixture and vortexed. To obtain color, 400 μL 10%
TCA, 400 μL 44% orthophosphoric acid, 400 μL4% dipyridyl and 200 μL 30 g/L FeCl3 was
added to the mixture and incubated at 40 ◦C for 1 h before recording the absorbance at
525 nm using a UV-Vis spectrophotometer against a blank. The standard was prepared from
L-ascorbic acid in 5% TCA (0–5 mM). Total ascorbate content was expressed as μmol/g FW.

4.5.7. Antioxidant Enzyme Activity

The peroxidase (POD) and ascorbate peroxidase enzyme activities (APEX) were mea-
sured using the method described by Patterson et al. [53]. Briefly, 0.2 g of the ground
microgreens was mixed with 5 mL ice-cold extraction buffer and centrifuged at 15,000 rpm
for 20 min. The extraction buffer contained mM potassium–phosphate buffer (pH 7.0),
1% polyvinylpyrrolidone, and 0.1 mM EDTA. The supernatant (i.e., enzyme extract) was
collected for POD and APEX assays. For POD, the reaction mixture was prepared from
the combination of 100 mM potassium-phosphate buffer (pH 7.0), 0.1 mM pyrogallol, and
5 mM H2O2. Then, 10 μL of the supernatant was added to the mixture and incubated
for 5 min at room temperature. To stop any enzyme reaction in the mixture, 0.1 mL of
NH2SO4 was added. Finally, the absorbance was recorded at 420 nm using a UV-Vis
spectrophotometer against a blank (Milli-Q water). The enzyme activity was calculated by
the following formula and expressed as unit/mg FW.

POD = A420 × 3/(12 × 0.1))/0.2 (9)

To assay APEX, 100 μL of the supernatant was added to the reaction mixture, i.e.,
1372 μL of 50 mM potassium–phosphate buffer (pH 7.0), 75 μL of 10 mM ascorbate, and
3 μL of 100 mM H2O2. The mixture was incubated for 1 min before reading the absorbance
at 290 nm using a UV-Vis spectrophotometer against a blank. The enzyme activity in
unit/mg FW was obtained by:

APEX = (A 290 × 1/(2.8 × 0.1))/0.2 (10)
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4.6. Statistical Analysis

All the data were subjected to a two-way analysis of variance (ANOVA) using Minitab
version 18.3. Fisher method was used to separate treatment means when the ANOVA
showed a significant difference at p < 0.05. Furthermore, a multivariate analysis using a two-
dimensional principal component analysis (PCA) was carried out using GenStat software.

5. Conclusions

Global warming and climate change have had adverse impacts on plant production
and food security. During the last decade, synthetic chemical fertilizers and pesticides have
been extensively used in conventional agriculture to meet global food and nutrition demand.
However, their application negatively affects the environment and human health. Therefore,
the development of an innovative and climate-smart approach to food production is of high
importance. In the present study, the effect of different mixed natural growing media on the
growth and biochemical properties of different microgreen plant species was investigated.
Overall, our results showed that variations in the growing media characteristics had
a significant effect on the studied traits of the microgreens. Overall, growing media
containing mushroom compost, i.e., T2.2, was found to be the most favorable. The efficacy
of T2.2 on the assessed growth, yield, and quality traits was further confirmed through the
PCA analysis. The ingredients used to make the mixed growing media in this study are
reasonably inexpensive and locally available. Therefore, they can be used as an alternative
to conventional media such as Pro-mix BX™ potting medium for growing microgreens to
improve productivity and nutrient and non-nutrient bioactive compounds.
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Abstract: Dark Red Norland is an important potato cultivar in the fresh market due to its attractive
bright, red colour, and good yield. However, skin blemishes such as silver patch, surface cracking,
and russeting can negatively influence the tuber skin quality and marketability. It is well known that
potato is a drought-sensitive plant. This study was conducted to determine whether irrigation would
affect Dark Red Norland’s yield and skin quality. A three-year field trial was conducted by Peak of
the Market in Manitoba, Canada. Plants were treated under both irrigation and rainfed conditions.
The results show that irrigation increased the total yield by 20.6% and reduced the severity of surface
cracking by 48.5%. Microscopy imaging analysis demonstrated that tubers from the rainfed trials
formed higher numbers of suberized cell layers than those of the irrigated potatoes, with a difference
of 0.360 to 0.652 layers in normal skins. Surface cracking and silver patch skins had more suberized
cell layers than the normal skins, with ranges of 7.805 to 8.333 and 7.740 to 8.496, respectively. A
significantly higher amount of total polyphenols was found in the irrigated samples with a mean
of 77.30 mg gallic acid equivalents (GAE)/100 g fresh weight (fw) than that of the rainfed samples
(69.80 mg GAE/100 g fw). The outcome of this study provides a better understanding of the water
regime effect causing these skin blemishes, which could potentially be used to establish strategies to
improve tuber skin quality and minimize market losses.

Keywords: anthocyanin; russeting; silver patch; Solanum tuberosum; suberized cell layer; surface cracking

1. Introduction

Potato (Solanum tuberosum L.) is the fourth most important food crop in terms of
volume and consumption after maize, wheat, and rice in the world [1]. It is also one of the
most studied crops in much of the latest literature [1–3]. About one-fifth of the potatoes
grown in Canada are for the fresh table market [4]. Canada ranks as the fifth biggest fresh
potato exporter in the world [4]. During 2020 and 2021, Canada exported CAD 319 million’s
worth of fresh potatoes [4]. Norland cultivar was one of the top three registered seed potato
varieties grown in Canada in 2020 [4]. It is a common fresh market cultivar and popular
because of its bright red colour. Dark Red Norland is a developed strain of the Norland
cultivar, which has darker red skin colour and high yield but the same weaknesses: skin
discoloration and skin blemish defects. Skin blemishes can badly affect tuber appearance
and marketability.

Potato tubers are covered with a protective corky skin tissue called periderm. Periderm
has a complex structure that is made up of three types of cells. The visible outermost layer
of the skin is called the phellem layer, which is composed of many layers of suberized
cells. Under the phellem is the phellogen, which is made of layers of meristematic cells.
Under the phellogen is the phelloderm, which is made of layers of parenchyma-like cells [5].
Phellogen cells divide outwards to make suberized phellem; phellogen cells divide inwards
to make phelloderm [6].

Plants 2022, 11, 3523. https://doi.org/10.3390/plants11243523 https://www.mdpi.com/journal/plants
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Potato periderm contains enzymes and metabolites that can respond to biotic and
abiotic stresses. Phenolic compounds are the most abundant secondary metabolites in
plants. Potato skin has higher amounts of phenolic compounds than potato flesh [7]. These
compounds are important in plant defence mechanisms as antioxidants. The synthesis
of phenolic compounds is induced in response to biotic and abiotic stimulation, such as
drought, chilling, pathogens, or nutrient deficiency [8]. As a group of phenolic compounds,
anthocyanin synthesis and accumulation in potato tissues are also considered indicators
of stress resistance [9,10]. Anthocyanin discoloration in Solanaceae is more likely due to a
change in the balance between anthocyanin biosynthesis and degradation [11]. The ability
to enhance skin-set development and suberization can greatly reduce surface blemishes,
shrinkage and flaccidity, blemishes, and infections [7].

‘Skin blemishes’ are those defects on tuber skin that can badly influence the tuber’s
appearance and grading. Surface cracking, silver patch, and russeting are the three major
skin blemishes found on Dark Red Norland tubers in the field. Surface cracking is seen
as shallow, corky cracks on the tuber skin, normally presenting as rough, latticed areas of
tuber skin (Figure 1a). Most cracks are generated when the internal pressure exceeds the
tensile strength of the surface tissues during tuber enlargement, and the outer periderm
bursts [12]. Silver patch is a defect that appears as silvery, smooth patches on the tuber skin
(Figure 1b). This defect has not yet been described in the literature but has been given the
name silver patch by Dr. Tracy Shinners-Carnelley (personal communication). Russeting
presents as protruding dark-brown patches on the surface of tubers and is considered a
defect when it occurs on tubers of smooth-skinned cultivars (Figure 1c). It negatively affects
the protective functions of the skin, including the prevention of water loss and resistance
to pathogen invasion [13]. It is believed that these defects are not associated with any
disease-causing pathogens, since no pathogens have been isolated and identified in these
defective tissues (Dr. Tracy Shinners-Carnelley, personal communication).

   
(a) (b) (c) 

Figure 1. Tuber skin blemishes found on Dark Red Norland, as shown in the marked areas.
(a) Surface cracking (SC); (b) silver patch (SP); (c) russeting (R).

As a drought-sensitive plant, adequate soil moisture is suggested to be maintained at
all stages of potato development [14]. Water stress may inhibit or even completely stop one
or more physiological processes, such as transpiration, photosynthesis, cell enlargement,
and enzymatic activities [15]. Limited irrigation at different stages of potato growth results
in earlier crop maturity and decreases plant growth, tuber yield, the number of tubers per
plant, and tuber size and quality [16,17]. Drought during the periods of tuber initiation
and bulking has the most drastic effect on the yield [16]. Smaller tuber sizes and increased
external defects were found in a previous study when the irrigation gradually declined
and no irrigation occurred during the tuber initiation [18]. The effects of drought stress on
tuber physiological development could include decreases in tuber number, increases in
misshapen tubers, reduced tuber dry matter, and reduced water content [19].
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Skin blemishes, such as surface cracking, silver patch, and russeting, significantly
showed up on Dark Red Norland tubers for unknown reasons in 2019–2021 field trials in
Manitoba. It is proposed that these blemishes were caused by environmental factors. This
study determined the relationships between the water regime and the yield of Dark Red
Norland and their tuber skin blemishes. In addition, phellem structure, total phenolics,
and anthocyanin were studied to obtain a better understanding of these skin blemishes.

2. Results

2.1. Total Yield

The three-year data show that the highest yield of Dark Red Norland was in the
medium size with a range of 2.25–3.0′′ in diameter for approximately 71.2% of the total
yield (Figure 2). The proportions of less than 2′′, 2–2.25′′, and 3–3.5′′ of the total yield
were 4.8%, 8.2%, and 14.7%, respectively. When the total yields (tubers of all sizes) were
compared, higher yields were found in the irrigated plots, with a mean of 429.032 cwt/ac
for the three years. Irrigation improved the proportion of the yield from medium- and
large-size tubers (by 8.1% and 125.6%) and increased the proportion of the total yield by
20.6% but did not significantly change the yields of less than 2′′ and between 2 and 2.25′′.
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Figure 2. Tuber yields (cwt/ac) under rainfed and irrigated plots in different tuber sizes (in inches)
of the three-year trial. Means not sharing a common letter in two adjacent columns are significantly
different at p < 0.05 according to the Fisher LSD method.

2.2. Skin Blemishes

Silver patch appeared with the highest percentage of occurrence (nearly 50%) in both
the rainfed and irrigated plots (Figure 3). A significantly higher percentage of surface
cracking was found in the rainfed plots (27.39%) compared to the irrigated (18.45%), which
increased by 48.5%. A lower percentage of russeting was found in the rainfed plots (10.06%)
compared to the irrigated plots. (17.98%) (Figure 3). Normal tubers accounted for only
22.72% and 24.79% of the rainfed and irrigated treatments, respectively.
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Figure 3. Percentages of the four skin types including ‘surface cracking’, ‘silver patch’, ‘russeting’,
and ‘normal’ in all three years from rainfed and irrigated trials. Means not sharing a common letter
in two adjacent columns are significantly different at p < 0.05 according to the Fisher LSD method.
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2.3. Suberized Cell Layer

The representative samples of suberized skins in the normal skin type and the three
defected skin types of surface cracking, silver patch, and russeting are shown in Figure 4.
Normal skin had organized cells, which were well-packed (Figure 4a); russeting skin had
rough skin surface and irregular cells (Figure 4d); silver patch and surface cracking had
obviously more suberized cell layers (Figure 4b,c). Silver patch skin had well-arranged
cells (Figure 4c), while surface cracking had cracks between the cells (Figure 4b).

  
(a) (b) 

  
(c) (d) 

Figure 4. Representative samples of suberized cell layers in the (a) normal (N) skin, as well as the
three defected skin types, including (b) surface cracking (SC), (c) silver patch (SP), and (d) russeting
(R) of Dark Red Norland tubers under fluorescence. Photos were taken by Manlin Jiang using Leica
LAS X Imaging and Analysis Software.

In regard to normal skins, the tubers of the rainfed plots had more layers of suberized
cells compared to those of the irrigated plots in all three years (Table 1). The differences
in the suberized cell layers in the normal skins between the two water regimes were in a
range of 0.360–0.652 during the three years. Among the four skin types, surface cracking
and silver patch skins had significantly more suberized cell layers than those of normal
and russeting skins. This situation occurred in most of the plots in all three years (Table 2).
Table 2 lists eight treatments with heat stress applied at different growth stages, including
‘Tuber Initiation’, ‘Tuber Bulking’, ‘Tuber Skinset’, and ‘No Stress’ in both the rainfed
and irrigated plots. We do not discuss the heat treatment in this paper because the heat
treatment did not have significant effects on the soil temperature in the field trial. However,
we could clearly distinguish the differences in the number of suberized cell layers among
the four skin types. Surface cracking and silver patch skins had the most suberized cell
layers with ranges of 7.805 to 8.333 and 7.740 to 8.496, respectively.

Table 1. Two-sample t-test comparisons of suberized cell layer in normal skin samples between two
water regimes in each year.

Water Regime 2019 2020 2021

Rainfed 7.327 a 6.730 a 7.110 a

Irrigated 6.675 b 6.370 b 6.735 b

Means that do not share a letter within a column are significantly different, p = 0.05.
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Table 2. Pairwise comparisons of suberized cell layer using Tukey’s method among four skin types,
including normal skin (N), surface cracking (SC), silver patch (SP), and russeting (R) in samples of 3 years.

Skin Type

Treatment

Rainfed Irrigated

No Stress Tuber Initiation Tuber Bulking Tuber Skinset No Stress Tuber Initiation Tuber Bulking Tuber Skinset

N 7.000 c 6.900 b 6.959 b 7.358 b 6.752 c 6.385 c 6.600 c 6.611 b

SC 7.856 b 7.970 a 7.805 a 8.330 a 8.329 a 8.170 a 8.333 a 8.031 a

SP 8.495 a 8.000 a 7.740 a 8.086 a 7.835 b 7.950 a 7.710 b 8.119 a

R 6.464 c 6.282 c 6.860 b 6.700 c 7.000 c 7.044 b 6.810 c 6.214 b

Means that do not share a letter within a column are significantly different, p = 0.05.

2.4. Total Phenolic Content

Tubers from 32 plots in the 2020 and 2021 field seasons were analyzed for the total
phenolic content. In both years, silver patch skin and russeting skin showed more total phe-
nolics than normal skin (Figure 5). The amounts of total phenolic content in the silver patch
and russeting skin samples were 76.85 mg GAE/100 g fw and 77.63 mg GAE/100 g fw,
respectively. The normal skin had the lowest amount of total phenolics, with an average
of 69.12 mg GAE/100 g fw. In addition, the irrigated samples had more total phenolics
(77.30 mg GAE/100 g fw) than the rainfed samples (69.80 mg GAE/100 g fw).
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Figure 5. Comparisons of total phenolics (mg GAE/100 g fw) among four skin types including,
normal (N), surface cracking (SC), silver patch (SP), and russeting (R) in two-year samples. Means
that do not share a common letter are significantly different.

2.5. Anthocyanin Content

Thinly sliced ‘normal’ and ‘silver patch’ skin samples were observed under the bright
field of a microscope (Figure 6). In Figure 6A–J, normal skin samples are shown in the left
column, which clearly show more pinkish pigments in the periderm. Silver patch skin
samples are shown in Figure 6K–T in the right column, showing a less red colour; instead,
there is a layer of a brown-coloured compound in the skin cells. The comparisons between
the normal and silver patch skin samples demonstrated that the loss of the reddish pigment
in the silver patch skin was the reason for the blemish. Therefore, the anthocyanin contents
were measured in the normal and silver patch skin tissues. The anthocyanin content was
significantly lower in the silver patch skin tissues compared to the tissues of the normal
skin type. Figure 7 shows a summarized analysis, including all the data from both the
2020 and 2021 seasons. Within two years, the normal skins had a higher total anthocyanin
content, with an average of 0.0624 mg C3GE/100 mg fresh weight than that of the silver
patch skins, which had an average of 0.0444 mg C3GE/100 mg fresh weight. These results
demonstrate that the silver patch skins lost a significant amount of anthocyanin.
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Figure 6. Photos comparison between normal skin (A–J on the left column) and silver patch skin
(K–T on the right column) of Dark Red Norland tubers under bright field microscopy observation.
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Figure 7. Comparisons of total anthocyanin contents between normal (N) and silver patch (SP) skins
in all samples from 2020 and 2021. Means that do not share a common letter are significantly different
at p = 0.05.

3. Materials and Methods

Three-year (2019–2021) field trials were conducted by Peak of the Market (POM) in
Manitoba, Canada. All the laboratory experiments of this study were conducted at the
Faculty of Agricultural, Dalhousie University located in Truro, Nova Scotia, Canada.

3.1. Three-Year Field Trial

The field trial to produce the potato cultivar, Dark Red Norland (Solanum tuberosum
L.), for this study was conducted at the POM Research Site in Winkler, Manitoba, by
Gaia Consulting (https://gaiaconsulting.mb.ca/) (accessed on 10 December 2022). There
were 32 plots each year. Half of the plots were treated without irrigation, called ‘rainfed’
plots, while the others were treated with irrigation. The irrigation was applied using a
lateral irrigation system (Figure 8). The hand-feel method was used to determine if the
water holding capacity was close to or below 70%, which meant it was time to irrigate the
plots. The irrigation schedule was different in each of the three years due to the local daily
precipitation, soil moisture evaporation, and the amount of water storage for irrigation.
The dates and the amount of applied irrigation each year are shown in Table 3. In 2019,
irrigation was applied 11 times in the field trial, while there it was only applied 6 and
4 times in 2020 and 2021, respectively. It should be mentioned that the water reservoir ran
dry on 9 July 2021 and no additional irrigation water could be applied after that in the 2021
field trial.

 

Figure 8. Irrigation system used in the field trials in Manitoba, Canada (photo was taken by Dr. Tracy
Shinners-Carnelley).
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Table 3. Irrigation dates and applied amount (inches) in each year from 2019 to 2021.

Year Date of Irrigation Amount Applied (Inches)

2019

3 June 0.50
5 June 0.50
12 June 0.50
27 June 0.50
3 July 0.50

18 July 0.50
24 July 0.50
29 July 0.50

5 August 0.75
7 August 0.50

13 August 0.75

2020

4 June 0.75
17 June 0.75
24 June 0.50
29 June 0.50
21 July 0.75
29 July 1.20

2021

24 June 1.00
30 June 0.75
6 July 0.50
9 July 0.50

The tuber yield and tuber blemish defects, including surface cracking, silver patch, and
russeting, were recorded. After harvest, tubers from the differently treated plots were rated
for skin colour, external blemishes, yield, and size. The harvested tubers were separated
into 5 groups based on size, which were <2′′, 2–2.25′′, 2.25–3.0′′, 3–3.5′′, and >3.5′′. Tubers
with different skin blemishes were counted and transformed into percentage numbers in
each size group by using the formula:

Number of defected tuber/Total number of graded tubers × 100 (1)

The grading rules were based on the Peak of the Market Pre-Pack Inspection Manual
(POM, 2010). Selected tubers were shipped to Dr. Wang-Pruski’s lab at Dal AC for all the
lab analyses.

3.2. Sampling
3.2.1. Sampling for Suberin Analysis

The tubers were washed and graded after harvesting each year by Gaia Consulting.
Four medium-sized tuber samples were randomly selected from each plot and sent to
Dal AC for suberin analysis each year. Thirty-two bags of tubers were received each year
and stored in a cooler at 4 ◦C and 90% relative humidity (RH). Each bag was checked and
typical skin types, including normal, surface cracking, silver patch, and russeting, were
marked on the tubers (Figure 1). Tubers were photographed under bright light before
cutting. Skin samples were taken based on the four types of skin blemish occurrence in
each bag and processed using the methods described later.

3.2.2. Sampling for Total Phenolics and Anthocyanin Analyses

Eight tubers were selected from each plot for total phenolics and anthocyanin analyses
in both the 2020 and 2021 seasons. Half of the samples (four tubers) had bright red colour
and relatively normal skins, while the other half (four tubers) were selected with one or
more skin blemishes of surface cracking, silver patch, and/or russeting. These tubers
normally had lighter skin colour (less red) (Figure 9a).
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(a) (b) 

  
(c) (d) 

Figure 9. Photographs of sampling of selected tubers. (a) Eight tubers, including four tubers with
relatively healthy skin type (left four showing red skin) and four tubers with blemishes of surface
cracking, silver patch, and/or russeting (right four showing less reddish colour). (b,c) Skin samples
were cut off from the eight tubers. (d) Skin samples were cut into small pieces.

Skin samples were collected from the eight tubers based on normal, surface cracking,
silver patch, and russeting skin types for each bag of samples. Each type of skin sample
was cut off from at least two tubers in a bag by a knife with a thickness of 2 mm to 5 mm,
which included the whole periderm and partial cortex structure (Figure 9b,c). After that,
the skin tissues were cut into small pieces (Figure 9d), wrapped in aluminum foil paper,
cooled down in liquid nitrogen, put into a 50 mL polypropylene conical tube, and stored
in a −80 ◦C freezer for further usage. The processes are shown in Figure 9a–d. The total
phenolic content was measured for all the skin samples, while the anthocyanin content was
tested for the normal and silver patch skin samples.

3.3. Evaluation of Suberized Cell Layer

After the visual assessments of the tubers were completed, 4 medium-sized tubers
were randomly picked out from each treatment plot and used for suberized cell layer
analysis based on the method published by Dr. Gefu Wang-Pruski’s lab [20]. These tubers
were washed, dried, and photographed on both sides using a digital camera (Sony DSC-
F717) or a mobile phone (iPhone 13 Pro). Tuber skins were hand sliced into about 3 × 4 mm
skin samples. The skin slices were stained with TBO solution (0.05% (w/v) Toluidine Blue O
dissolved in 0.1 M sodium acetate (pH 4.5)), and then the samples were placed in complete
darkness for 5–10 min. After that, the slices were washed with ddH2O and post-stained by
neutral red (NR) solution (0.1% (w/v) Neutral Red dissolved in 0.1 M potassium phosphate
(pH 6.5)) for 1–5 min. The stained slices were washed with ddH2O, de-stained by lactic
acid (85% lactic acid and ddH2O water at 1:1 (v/v) ratio) and washed with ddH2O again.
The prepared samples were observed under a microscope (Leica DMi8) and fluorescence
light source (Leica EL6000) under a 10× objective lens. A Leica microscope and Leica
DMC6200 camera were used to observe the samples and take images (Figure 10a). Based
on the images, the number of suberized cell layers was counted (Figure 10b).
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(a) (b) 

Figure 10. Analysis of the suberized cell layer. (a) The Lecia microscope (Leica DMi8) and Leica
external light source for fluorescence excitation (Leica EL6000) and camera system (Leica DMC6200);
(b) Image of the suberized cell layers under the fluorescence (captured by Leica LAS X Imaging and
Analysis Software), showing the number of layers of suberized cells. (Leica system can be found in
Leica Microsystems Inc., 71 Four Valley Drive, Concord, ON, Canada.)

3.4. Determination of Total Phenolics

The total phenolics were measured using the Folin–Ciocalteu (FC) method [21] with
garlic acid as a standard. The absorbance against the prepared sample reagents was mea-
sured using a UV-VIS spectrophotometer (Ultrospec 3000, Biochrom, Unit 7, Enterprise
Zone, 3970 Cambridge Research Park, Beach Drive, Waterbeach, Cambridge, UK). Approxi-
mately 0.5 g of each the tuber skin samples was weighed and recorded. The absorbance
was measured against a prepared reagent blank (0 mg/L gallic acid) at 760 nm. All samples
were analyzed in duplicate. The total phenolic content was expressed as ‘mg gallic acid
equivalents/100 g fresh weight’ (mg GAE/100 g fw). Based on the skin blemish occurrence,
at most, 32 samples were measured for each skin type from 256 tubers each year. Among
all four skin types, at most, 128 samples were measured from both the rainfed and irrigated
treatments each year.

3.5. Determination of Total Anthocyanin

The anthocyanin content was analyzed using both visual observation and biochemical
analysis to show if the reduced redness in the tuber skin colour was related to a loss of an-
thocyanin. Brightfield microscopy observation was performed for the colour comparisons.
For the biochemical analysis, the anthocyanin contents in the normal and silver patch skins
were evaluated in all treatments. The extraction and quantification of anthocyanin were
carried out by the pH differential method [22], with a few modifications as indicated below.

The amount of sample per extraction was 100 mg in this experiment. The density of
the skin tissue was set as 1 g/mL. The total dilution factor (DF) was determined to be 100
as shown in the equation:

Total/Final dilution factor (DF) = DF1 × DF2 = 10 × 10 = 100 (2)

The previously identified dilution factor (DF1) was set to be 10:

DF1 = V(tissue + solvent)/V(tissue) = 10 (3)

The absorbance of the sample was read at 520 nm and 700 nm 3 times after zeroization.
The absorbance (A) and the total monomeric anthocyanin of each sample were calcu-

lated by using the equations:

A = (Abs520 − Abs700)pH 1.0 − (Abs520 − Abs700)pH 4.5 (4)
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Total anthocyanin (mg C3GE/L) = (A × MW × DF × 1000)/(ε × L) (5)

where MW is the molecular weight of the predominant anthocyanin. In this experiment,
cyanidin-3-O-glucoside (C3G) was used to express the total anthocyanin, since it is the most
abundant anthocyanin in nature [23]. The MW of C3G is 449.2 g/mol. The molar extinction
coefficient (ε) is 26,900. L is the path length (in cm), which is 1 cm. The conversion factor
from g to mg is 1000. C3GE is the cyanidin-3-O-glucoside equivalent. The total anthocyanin
(mg C3GE/L) was divided by 1000 to obtain a final unit of mg C3GE/100 mg fresh weight.

At most, 32 samples were measured for both the normal and silver patch skin types
from 256 tubers each year.

3.6. Statistical Analysis

For total yield analysis, a two-sample t-test and Fisher’s least significant difference
(LSD) pairwise comparisons were used. Mood’s Median test and Fisher’s LSD pairwise
comparisons were used for skin blemish analysis. The statistically significant level was set
as p = 0.05.

For suberin analysis, the number of suberized cell layers of all normal skin samples
was compared between the rainfed and irrigated plots using a two-sample t-test. The
number of suberized cell layers was compared among the 4 skin types using one-way
ANOVA and Tukey’s pairwise comparison. A normality test was performed before the
ANOVA and two-sample t-test. The statistically significant level was set as p = 0.05.

One-way ANOVA and Tukey’s pairwise comparison were used for the comparison
of the total phenolic contents among 4 skin types, including normal, silver patch, surface
cracking, and russeting. A two-sample t-test was performed to compare the total phenolic
content from all the skin samples between rainfed and irrigated plots. A normality test was
performed before the ANOVA and two-sample t-test. The statistically significant level was
set as p = 0.05.

A two-sample t-test was performed to compare the total anthocyanin content in the
normal and silver patch skin samples for both the 2020 and 2021 samples. A two-sample
t-test was performed to compare all the normal and silver patch skin samples extracted
in these 2 years. A normality test was performed before the two-sample t-test. When the
data did not fit the normality, the Mann–Whitney test was used. The statistically significant
level was set as p = 0.05.

4. Discussion

Water regime is an important factor that can affect tuber yield and quality. Irrigation
did increase the total tuber yield and decreased the occurrence of surface cracking skin
defects. The data from the 3-year field trials show that irrigated plants had significantly
higher total yields (Figure 2). The yields of medium (2.25–3.0′′) and large (3–3.5′′) tubers
were increased with irrigation. This result agrees with those of many previous studies about
the importance of water availability during the growing season, especially its significant
effect on tuber yield [24–26].

Surface cracking defects were found to be induced by water deficit in the field trial
(Figure 3). Irrigation significantly reduced the occurrence (%) of surface cracking defects,
however, russeting defects were increased to some degree (Figure 3). The higher russeting
defects in the irrigated plots may have been caused by the expansion of the tuber skin in
the skin developmental process [27], which is similar to the out-of-step cell division speed
due to a fluctuating moisture supply [15].

The rainfed normal tubers tended to form more suberized cell layers compared to
the irrigated normal tubers. Based on the three years of suberin analysis data, we found
that the rainfed normal samples had more suberized cell layers than those of the irrigated
normal samples. This result demonstrates that the tubers grown without irrigation tended
to form more suberized cell layers, which can result in a thicker phellem. Following
suberization, phellem cells die and create an outer defensive layer, which possesses a waxy
component that protects against cell desiccation, and a protective suberin biopolymer,
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which provides a barrier to pathogens and other intrusions [7,28,29]. Suberin serves as a
protective barrier in the periderm tissue layers, controls water and ion transport, restricts
infection, and maintains integrity [7]. It has been reported that suberization in potato
tuber periderm is associated with protection against biotic and abiotic stresses [7,27–29].
It has been observed that in response to heat stress, there was increased production and
accumulation of periderm cell layers to protect the tubers, and many transcriptional factors
of periderm responded to heat stress [7,30]. An increased number of suberized phellem
cell layers also provided resistance against tuber greening [7,31]. Our results demonstrate
that suberization can also be responsive to water deficit stress, during which the rainfed
tubers tended to form more suberized cell layers to protect the tubers from water loss and
a drought environment.

Many studies have been performed to understand the molecular mechanism of potato
periderm [5,7,32,33]. A gene called ‘CYP86A33’ was proven to have a strong function in
the formation of ω-functionalized monomers in aliphatic suberin, which are necessary for
the suberin typical lamellar organization and the periderm resistance to water loss [34–36].
Another potato gene encoding a fatty ω-hydroxyacid/fatty alcohol hydroxycinnamoyl
transferase (FHT) was reported to have significant effects on the anatomy, sealing prop-
erties, and maturation of the periderm [37]. When FHT was down-regulated, the tuber
skin became thicker and russeted, water loss was greatly increased, and maturation was
prevented [37]. It is suggested that future studies analyze the suberization-related gene
expression under different water regimes, which can improve our understanding of the
influence of water stress.

In addition to this, our results also show that the surface cracking and silver patch
skins had more suberized cell layers than those of the normal and russeting skins. This
result demonstrates that the normal skin had fewer suberized cell layers than skins with
defects. However, this is opposite to a previous study that showed russeting had increased
suberization and a thicker layer of phellem [27]. This difference could have been caused
by the different observation methods and different potato varieties. Dark Red Norland
is a smooth-skinned cultivar with a relatively thin phellem layer. The cells tend to be
cracked when the suberization activity is increased. As the tuber skin expands during
development, the thick part of the skin cracks away from the original thin skin and sloughs
off, resulting in netted, rough skins. Surface cracking has a similar process of formation,
which could also explain why the phellem of surface cracking seemed to be cracked and
had more suberized cell layers (Figure 4 and Table 2). It is suggested that irrigation is
applied throughout the tuber growing stage to reduce the soil temperature and create a
good condition for Dark Red Norland tuber skin formation. Soil temperature is another
important factor that can influence tuber growth, which is related to heat stress. A study
showed that high temperature had negative effects on tuber yield and skin formation [38].

Significantly higher amounts of total phenolics were found in the irrigated treatments.
Many studies have proven that environmental factors can profoundly influence the phe-
nolic content in plants [8,21,39–43]. However, the results are often conflicting. Drought is
likely to make plants accumulate phenolic compounds. The biosynthesis and accumulation
of phenolic compounds during drought stress are regulated by enzymes of the phenyl-
propanoid pathway [42]. Studies on leafy lettuce, grapes, leaves of maize, and leaves of
Amaranthus tricolor have observed a high accumulation of phenolic compounds in sam-
ples under drought stress [39,41,44,45]. In addition, cherry tomato, which also belongs to
Solanum genus, was indicated to have decreased polyphenol content under irrigation. In
contrast, contradictory results were obtained by Sánchez-Rodríguez et al. [46]. Studies on
broccoli, sweet potato, and cauliflower have demonstrated that irrigation could have a
positive effect on the phenolic content [43,47–50]. According to a review on the influence of
water stress on the production of phenolic compounds in plants of medicinal interest [51],
the widely accepted idea that there is a widespread increase in phenolic compounds in
response to water stress is most often incorrect [51]. The total phenolic system is compli-
cated and can be different for each plant species [51]. Our results show that irrigation had a
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positive effect on the phenolic content accumulation in Dark Red Norland tuber skins. This
suggests that irrigation has an important role in regulating total phenolic biosynthesis in
potato skins.

Significantly lower anthocyanin contents were found in silver patch skins (Figure 7).
This finding is shown in Figure 6, in which less reddish pigmentation in the silver patch
skins can be seen; instead, more brown-coloured compounds were found in the skin cells. It
has been reported that phenolic extracts can strongly stimulate the oxidation of anthocyanin
due to an anthocyanin-PPO (polyphenol oxidases)–phenol reaction that produces a brown
by-product [52,53]. This explains why there were dark brown-coloured skin surfaces in the
silver patch skin and not the pinkish-red skin colour; there was a higher concentration of
total phenolics and less anthocyanin in the silver patch skins.

5. Conclusions

Irrigation plays an important role in Dark Red Norland potato production. It signifi-
cantly improves the total yield of Dark Red Norland tubers, while reducing the occurrence
of surface cracking skin blemishes and producing more good tubers. Our results also show
that tubers grown without irrigation tended to form more suberized cell layers to protect
the tubers from drought stress. Irrigation can increase the level of total phenolics in Dark
Red Norland tuber skins. Different skin blemishes have different levels of suberization,
total phenolics, and anthocyanins, in which surface cracking and silver patch form more
suberized cell layers. Silver patch skins have higher contents of total phenolics but fewer
anthocyanins. This study provides a better understanding of potato production and skin
blemishes in Dark Red Norland tubers. Future studies can be conducted regarding drought
stress effects on suberization-related genes in potato skins.
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Abstract: The benefit sof municipal solid waste (MSW) compost on soil health and plant productivity
are well known, but not its long-term effect on soil microbial and plant metabolic pathways. A 5-year
study with annual (AN), biennial (BI) and no (C, control) MSW compost application were carried
out to determine the effect on soil properties, microbiome function, and plantgrowth and TCA cycle
metabolites profile of green beans (Phaseolus vulgaris), lettuce (Latuca sativa) and beets (Beta vulgaris).
MSW compost increased soil nutrients and organic matter leading to a significant (p < 0.05) increase
in AN-soil water-holding capacity followed by BI-soil compared to C-soil. Estimated nitrogen release
in the AN-soil was ca. 23% and 146% more than in BI-soil and C-soil, respectively. Approximately
44% of bacterial community due to compost. Deltaproteobacteria, Bacteroidetes Bacteroidia, and
Chloroflexi Anaerolineae were overrepresented in compost amended soils compared to C-soil. A
strong positive association existed between AN-soil and 18 microbial metabolic pathways out of 205.
Crop yield in AN-soil were increased by 6–20% compared to the BI-soil, and by 35–717% compared
to the C-soil. Plant tricarboxylic acid cycle metabolites were highly (p < 0.001) influenced by compost.
Overall, microbiome function and TCA cycle metabolites and crop yield were increased in the AN-soil
followed by the BI-soil and markedly less in C-soil. Therefore, MSW compost is a possible solution to
increase soil health and plants production in the medium to long term. Future study must investigate
rhizosphere metabolic activities.

Keywords: organic amendment; plant metabolites; soil health; environmental health

1. Introduction

The aim of the United Nations sustainable development goal #2 is to provide adequate
and consistent nutritious food for the estimated 9.73 billion world population by 2050 [1].
Researchers are therefore, exploring different ways to meet this food gap without endan-
gering agroecological systems and environment. One such approach is amendment of
agricultural soils with municipal solid waste (MSW) compost to improve soil organic matter
content and soil nutrient status, and to sustain soil ecosystem services and biodiversity
with the added benefit of increasing food and nutrition security [2,3].

Global generation of municipal solid waste (MSW) is estimated at ca. 2 billion Mt per
annum, and it is expected to rise to ca. 2.59 billion Mt by 2030 mainly due to increases in
urbanization and changes in people’s lifestyles [4,5]. In Canada like many other countries,
at least 40% of the MSW from kitchen, yard, restaurants, hotels, and groceries are organic
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and compostable [6]. MSW compost is a significant source of nutrients, macromolecules,
and other compounds essential for plant growth and development [7,8]. Nonetheless,
anecdotal evidence suggests that farmers and the public are concerned about the use
of MSW compost for food production due to possible contaminations with microbial
pathogens like Salmonella, and Escherichia coli in addition to pharmaceutical residues,
plastics, and other harmful physical objects. However, recent trend shows a gradual
change in public perception towards acceptability and application of MSW compost. This
trend can be attributed to sustained global climate change and deterioration of soil health,
scarcity and increase cost of fertilizers, establishment of compost quality standards in many
jurisdictions such as in the European Union, Canada and USA, and increase in global
research and promotion of MSW compost [9–13].

By nature, compost is complex and comprises humic substances (i.e., fulvic acids,
humic acids and humins), non-humic substances (i.e., nutrient elements, macromolecules,
and plant growth promoters) and beneficial microbiome that can positively alter many
plant structural, physiological, and biochemical functions [12–14]. Soil microbiome and
function are the basics for the promotion of the stability, productivity, and sustainability
of soil health that ensure essential nutrients cycling for optimum plant growth and devel-
opment [11]. Previous studies demonstrated varied microbial community composition in
mature compost including high diversity of nitrogen (N)-fixing, sulphur (S)-oxidizing and
nitrifying bacteria, and the biomass of actinobacteria, but a remarkable reduction in Gram-
negative bacteria compared to immature compost [15–17]. Furthermore, Kelly et al. [18]
reported that long-term application of compost increased microbial communities and their
functions that culminated in increased nutrient uptake and plant productivity. Besides,
MSW compost was also found to increase the accumulation of plant primary metabolites
such as organic acids, essential amino acids, and phospholipids in different crop species [19].
Despite these positive observations, the main limitation of MSW compost is the slow and
irregular release of N for plant use [10]. Therefore, the appropriate frequency and rate of
MSW compost application will be critical to the determination of N availability to plants,
and aversion of a decline in crop productivity.

Many metabolic pathways have been studied in isolation [20], and there is not much
literature to link MSW compost effect to plant metabolic pathways. A study by Neu-
gart et al. [21] indicated that food waste compost increased carotenoids concentrations but
reduced glucosinolates and phenolics concentrations in pak choi (Brassica rapa ssp. Chinen-
sis). According to Zhou et al. [22], plants use their root exudates (e.g., oxalate, malate and
citrate) as signals to mobilize specific microbial communities to combat disease pathogens,
facilitate nutrient acquisition and crosstalk amongst various plant growth regulators. These
mechanisms may influence various plant metabolic pathways but understudied. One
such major metabolic pathway is the tricarboxylic acid (TCA) cycle, which involves the
interconversion of cytosolic glucose, fatty acids and amino acids to acetyl-CoA or other
intermediates for mitochondria energy generation [23,24]. Organic acids are the key in-
termediate metabolites of the TCA cycle, which is a major metabolic pathway for the
adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate (NADPH)
syntheses in all organisms [24–26]. The precursor of the TCA cycle is pyruvic acid from
cytosolic glucose via glycolysis from which acetyl-CoA is formed [27]. So far, literature on
if and how compost regulate TCA cycle intermediate metabolites in plants is scarce.

A recent study by Rosa et al. [28] showed that as the concentration of water extract
of compost applied to maize (Zea mays) was increased from 0 to 80 mg/L, root exudate of
organic acids associated with the TCA cycle metabolites, i.e., oxalic acid, citric acid, malic
acid and succinic acid were increased by more than 100%. This might be excess metabolites
that were not used in the TCA cycle activities and may suggests that soils amended with
compost can influence the former but understudied. Consequently, we postulate that
variations in application frequency of MSW compost will differentially alter soil health,
microbiome function, and TCA cycle pathway and crop productivity. The objective of the
study was to determine how variations in application frequency of MSW compost affect
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soil health, soil microbiome, and crop productivity and TCA cycle intermediate metabolites.
We previously investigated one plant species and did not determine microbiome function
and plant metabolic response. In the present study, we were interested to understand
the responses of different crop species, so three test crops were used; namely green beans
(Phaseolus vulgaris cv. Golden Wax) (leguminous crop), lettuce (Latuca sativa cv. Grand
Rapids) (leafy vegetable) and beets (Beta vulgaris cv. Detroit Supreme) (root vegetable).

2. Results and Discussion

2.1. Location Climate

Overall, the climatic conditions in Brandon, MB during the 5-year research were
similar except the low minimum mean temperatures in May 2015 (i.e., 1.8 ◦C) and 2019
(i.e., 0.4 ◦C) while there was flood and drought conditions in June (i.e., 106 mm) and August
2016 (i.e., 0 mm), respectively (Supplementary Table S1). The annual mean temperature
ranged from 15–17 ◦C and the annual mean precipitation ranged from 41 mm to 70 mm.
Overall, the differences in climatic conditions did not adversely impact the research over
the 5-year period.

2.2. Soil Physical Properties

Continuous application of MSW compost for 5 years remarkably altered soil structure
and soil function such as increased soil water content and nutrient status and accessibility
to plants compared to the control (Table 1) as previously reported by [29]. After Year 5,
soil particle and bulk densities were significantly (p < 0.05) reduced in the annual plot
(AN-soil) seconded by the biennial plot (BI-soil) and then the control plot (C-soil). The high
soil organic matter (SOM) content of the AN-soil and the BI-soil enhanced their respective
soil structural properties leading to a significant (p < 0.001) improvement in soil water
retention, i.e., water-holding, water saturation, and field capacities (Table 1) as previously
explained by Rawls et al. [30]. All the measured soil water indices were similar for AN-soil
and the BI-soil except for water-holding capacity that was increased significantly (p < 0.05)
in AN-soil by ca. 12% and ca. 27% compared to the BI-soil and the C-soil, respectively.

Table 1. Soil physical and chemical properties of experimental plots in Year 5.

Soil Properties
Compost Application

Annual Biennial Control

Saturation capacity (%) 49.33 ± 1.23 a 46.39 ± 1.91 a 39.65 ± 0.98 b
Field capacity (%) 41.24 ± 0.98 a 35.37 ± 1.00 ab 30.49 ± 1.12 b

Wilting capacity (%) 6.40 ± 1.09 a 4.69 ± 0.09 ab 4.16 ± 1.11 b
Water-holding capacity (%) 34.80 ± 2.42 a 30.68 ± 1.49 b 25.33 ± 2.01 c

Bulk density (g/cm3) 0.99 ± 0.00 c 1.06 ± 0.01 b 1.22 ± 0.04 a
Particle density (g/cm3) 1.22 ± 0.10 c 1.33 ± 0.09 b 1.41 ± 0.12 a

Turbidity (NTU) 584.33 ± 8.14 a 516.22 ± 7.80 ab 453.56 ± 6.77 c
Organic matter content (%) 6.11 ± 1.00 a 4.61 ± 1.23 b 1.93 ± 0.21 c

Total Dissolved Solids (mg/L) 1535.2 ± 10.1 a 498.1 ± 9.91 b 272.4 ± 8.71 b
Electric conductivity (μS/cm) 2175.0 ± 10.8 a 715.2 ± 12.1 b 377.5 ± 10.00 b

Salinity (mg/L) 1040.6 ± 9.90 a 334.8 ± 7.61 b 180.8 ± 6.97 b
NTU, Nephelometric turbidity unit; means sharing the same alphabetical letters within the same row are not
significantly different at the 5% level.

2.3. Soil Chemical Properties

Total dissolved solids, which is usually used to estimate the proportion of dissolved
organic materials including organic matter and salts, was significantly (p < 0.001) higher
for the AN-soil by more than 208% and 463% compared to that of the BI-soil and the C-soil,
respectively (Table 1). Electric conductivity and salinity, which are indicators of soil fertility
status, were significantly (p < 0.001) high in the AN-soils., i.e., ca. 204% and ca. 211%
compared to the BI-soil and ca. 476% and ca. 476% compared to the C-soil, respectively
(Table 1). These were expected due to the high SOM in the AN-soil followed by the BI-soil.
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This is because SOM is a reservoir of soil nutrients [14]. The chemistry of the soil was
influenced by continuous and long-term MSW compost application (Figure 1A–H). The
SOM in the C-soil increased slightly from Year 1 up to Year 3 before it declined from 2.4%
to 1.9% (Figure 1A). There was a sharp increase in AN-soil and BI-soil SOM from Year 1
with a dip in Year 4 before rising again. The dip in Year 4 was due to the late application of
compost in Year 3 because of a delay in MSW compost delivery for the study. SOM of the
AN-soil at Year 5 was significantly (p < 0.01) increased by ca. 33% and ca. 217% compared
to those of the BI-soil and the C-soil, respectively. High SOM is associated with high soil
organic carbon (SOC) and ultimately, desirable environmental and soil health [31,32]. In
5 years, the AN-soil pH was in general higher (i.e., between lower-upper difference) then
BI-soil and C-soil. Soil pH increased from 7.7 in Year 1 to a range between 8.4 (BI-soil) and
8.7 (AN-soil) in Year 3, before declining slightly to an average of 8.15 in Year 5 (Figure 1B).
The increase in AN-soil and BI-soil pH could be due to the intrinsically high Na content
of the compost, which is supported by the corresponding increases in AN-soil and BI-soil
electric conductivity and salinity (Table 1). The increase in pH can also be attributed to the
release of hydroxyl ions from the high organic matter AN-soil and BI-soil, which declined
after Year 3. This is because MSW compost has high organic matter content with negatively
charged sites that can bind or release hydroxyl ions in acidic and basic soils, respectively
to buffer soil acidity [33]. There was a slight increase in C-soil pH from Year 4, which can
be ascribed to possible base cations naturally associated with Orthic Black Chernozem
solum on moderate to strong calcareous, loamy morainal till of limestone, granitic and
shale origin (Newdale series) of the experimental site (MAFRD, 2010). This is evident in
the highest Ca and Mg levels in C-soil (Figure 1F,G).

The inherent capacity of the soil particles to adsorb cations (i.e., CEC) was not altered
by compost application within the first 3 years of the study (Figure 1C). The AN-soil had a
higher CEC compared to the BI-soil in Year 5. There was a dip in AN-soil CEC in Year 4,
which was not significantly (p > 0.05) different from those of BI-soil and C-soil and cannot be
readily explained. Cations like K+, Na+, Ca2+ and Mg2+ are retained on negatively charged
soil components such as organic matter. According to Solly et al. [34], exchangeable Ca
contributes the most (i.e., 59–83%) to CEC at pH > 5.5 with a strong positive relationship
existing between CEC and SOM. In the present study, the exchangeable Ca increased from
19.41 meq/100 g from Year 1 to 23.67 and 23.99 and 21.85 meq/100 g in the AN-, BI-, and
C-soils, respectively, in Year 5 (data not presented). Therefore, the trend of the AN-soil
CEC compared to the BI-soil can be ascribed to the pH range (Figure 1B) and its high SOM
(Figure 1A) and exchangeable Ca (Table 2).

Total nitrogen (N) was highly increased in the AN-soil by ca. 149% and ca. 390% more
than the BI-soil and the C-soil, respectively (Table 2). Of particular interest was the high
estimated nitrogen release (ENR) in the AN-soil followed by the BI-soil (Figure 1D). ENR
is a critical index for the estimation of N availability to plants in the next growing season.
Typically, nutrients are slowly released from compost due to slow microbial decomposition
and mineralization processes. ENR of the C-soil progressively declined while compost
application increased ENR, especially in the AN-soil (Figure 1D). The AN-soil ENR was
ca. 23% more than that of the BI-soil from Years 3–5; and ca. 69% and 146% more than the
C-soil at Years 3–4 and Year 5, respectively.
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Figure 1. Changes in soil fertility status over five years of application of municipal solid waste
compost at varying application frequency. C-soil, BI-soil and AN-soil represent no compost (con-
trol), biennial and annual application of compost, respectively. (A–H) is panel label. Vertical bars
represent standard error bars (N = 9). K/Mg, potassium to magnesium ratio and Ca/Mg, calcium to
magnesium ratio.
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Table 2. Five-year accumulation of essential and beneficial chemical elements in soils as affected by
frequency of application of municipal solid waste compost.

Compost
Application

Soil Chemical Elements (mg/kg)

Total N Phosphorus Potassium Magnesium Calcium Sulphur Boron Iron

Annual 50.0 ± 3.2 a 274.0 ± 4.1 a 3610.2 ± 6.1 a 5920.1 ± 23.1 a 22,000.8 ± 21.1 a 29.7 ± 4.5 a 13.3 ± 1.2 a 9330.4 ± 9.9 a
Biennial 20.1 ± 2.1 b 195.7 ± 2.8 b 1950.0 ± 6.5 b 4380.1 ± 22.9 b 17,401.3 ± 19.0 bc 28.0 ± 3.9 a 10.0 ± 1.8 ab 8740.6 ± 11.2 b
Control 10.2 ± 1.0 c 95.3 ± 2.3 c 940.4 ± 4.3 c 3220.0 ± 16.1 c 16,100.2 ± 19.0 c 12.7 ± 1.7 b 6.7 ± 1.1 b 7670.0 ± 8.7 c

Compost
application

Soil chemical elements (mg/kg)

Manganese Molybdenum Cobalt Sodium Chromium Copper Nickel Zinc

Annual 605.3 ± 8.7 a 0.8 ± 0.0 a 3.4 ± 0.0 a 119.3 ± 2.4 a 9.3 ± 0.0 a 13.3 ± 1.5 a 9.2 ± 0.0 a 59.1 ± 3.1 a
Biennial 511.1 ± 8.7 ab 0.51 ± 0.0 ab 3.1 ± 0.0 a 95.0 ± 1.1 a 8.1 ± 0.4 a 9.7 ± 1.3 a 9.1 ± 0.0 a 40.0 ± 2.3 b
Control 400.4 ± 7.9 b 0.24 ± 0.1 b 2.9 ± 0.2 a 22.3 ± 1.6 b 6.3 ± 0.09 a 4.0 ± 0.2 b 8.2 ± 0.3 a 28.2 ± 1.7 c

Means sharing the same alphabetical letters within the same column are not significantly different at the 5% level.

The other major plant required nutrient elements, i.e., P, K, Mg and S were significantly
(p < 0.05) highest in AN-soil followed by BI-soil and the lowest in the C-soil (Table 2).
This is expected due to the variations in frequency of MSW compost addition and the
resultant differences in soil organic matter content and chemical indices as shown in
Table 1. Besides, the trends in percentage P saturation (Psat%) (Figure 1E) and K/Mg
ratio (Figure 1F) were similar. That is, AN-soil > BI-soil > C-soil. The Psat% ranged from
4–24%, 4–17% and 4–6% for the AN-soil, BI-soil and C-soil, respectively. Rheault [35]
found a threshold range of ca. 6–18% for Manitoba soils with the different types of soil.
Therefore, the addition of MSW compost increased Psat% to a maximum (BI) or exceeded
the maximum (AN) threshold. Psat% is a function of soil Ca, Fe and Al contents, and an
Indicator for environmental risk assessment [36]. The Psat% seemed to level off after Year
3, which suggested less environmental risk, particularly with the BI-soil compared to the
AN-soil. This will require further investigation to ensure safe level of soil P for such an
AN-soils. Rheault [35] also explained that stabilization of soil P occurs over time leading
to a significant reduction in extractable P. We found that exchangeable K and Mg did not
significantly (p > 0.05) change in the soils after Year 2 (data not presented). Exchangeable K
and Mg in the C-soil changed from 0.41–0.37 meq/100 g and 2.76–2.12 meq/100 g in Years
1 and 5, respectively. This can be attributed to the lack of soil amendment and continuous
soil nutrient depletion. For the AN- and BI-soils, exchangeable K was increased from
0.41 meq/100 g in Year 1 to 2.77 and 2.09 meq/100 g in Year 2, after which it did not change
significantly (p > 0.05). Similarly, exchangeable Mg remained the same throughout the
study after increasing from 2.76 meq/100 g in Year 1 to 3.78 meq/100 g for the AN-soil
and 3.41 meq/100 g for the BI-soil, respectively, in Year 2. These results suggested that
MSW compost amendment increased K and Mg availability to plants compared to the
control. However, these cations remain the same due to consistency of crop species and
MSW compost, i.e., compost type, amount, and time of application. The soil K/Mg ratio
was less than one over the entire study period irrespective of the treatment (Figure 1F).
This suggested inadequate K for plant use at time of soil sampling. A desirable soil K/Mg
ratio is between 2–10. There was a sharp decline in Ca/Mg ratio in Year 2 but rose almost
linearly with the highest increase recorded in the AN-soil followed by the BI-soil and
then the C-soil (Figure 1G). The high Ca/Mg ratio in AN-soil suggested improved soil
structure, and improved porosity and aeration. An exchangeable sodium percentage (ESP)
of more than 10 suggests sodic soils. Overall, exchangeable Na was increased in the AN-soil
and the BI-soil, which shows that the application of MSW compost increased soil sodicity
(Figure 1H), especially in the AN-soil. The general trend for the soil macro-elements P, K,
Mg and Ca was AN-soil > BI-soil > C-soil (Table 2). A similar trend was observed for the
soil micro-elements sulphur (S), boron (B), iron (Fe), manganese (Mn), molybdenum (Mo),
sodium (Na), copper (Cu) and zinc (Zn). However, soil content of cobalt (Co), chromium
(Cr) and nickel (Ni) did not change (Table 2), irrespective of the differences in soil treatment.
This suggested that soil amendment with this MSW compost will not have any negative
environmental impact.
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2.4. Soil Microbial Communities

Overall, Basidiomycota was the most relatively abundant fungal phylum found
in the microbiome in all the soils, and it was represented by ca. 42% of all ITS reads
(Supplementary Table S4) and contained 24%, 11% and 6% of the ITS reads annotated as
Tremellomycetes, Agaricomycetes, and Ustilaginomycetes, respectively. Mortierellomycota were
the other most abundant phyla represented by 42% of all the ITS reads. The ITS reads an-
notated as Mortierellomycetes. Mortierellales, Filobasidiales, Cystofilobasidiales, Agaricales, and
Ustilaginales were the most abundant fungal orders represented by 41%, 15%, 9%, 9%, and
5%, respectively. On the other hand, Actinobacteria, Proteobacteria, Acidobacteria, Chloroflexi,
and Bacteroidetes were the most abundant bacterial taxa and were represented by 35%, 23%,
11%, 11% and 5%, respectively (Supplementary Table S4). Based on total percentage reads,
the most abundant bacterial taxa were Rhizobiales (10% of total reads), Rubrobacterales (7%
of total reads), Acidobacteria Subgroup 6 (6% of total reads), Propionibacteriales (4% of total
reads), and Gaiellales (4% of total reads).

In general, compost amendments significantly (p < 0.05) influenced soil bacterial
community structure and diversity (Figure 2, Supplementary Table S5). Unlike bacteria,
fungi communities were less affected by the MSW compost application (Figure 2A).

Figure 2. Diversity and structure of soils under different rates of compost application. (A): Non-
metric multidimensional scaling plot of communities in soils under different rates of compost
application. The analysis is based on Bray–Curtis distances of 16S rRNA (top) and ITS2 (bottom)
samples. (B): Microbial taxa that were significantly overrepresented in comparison between soils with
different rates of compost application. AN, BI, and C are annual, biennial and no compost (control)
application, respectively. Corrected p-values (q-values) were calculated based on Benjamini-Hochberg
FDR multiple test correction. Features with (Welc’s t-test) q value < 0.01 were considered significant
and were retained. Only microbial taxa represented by >2% total reads were shown at the class level.

Approximately 44% of bacterial community variation could be attributed to compost
amendment. Moreover, compost significantly (p < 0.001) increased the relative number
of observed bacterial features and Shannon diversity (Table 3). More specifically, several
Actinobacteria classes such as Actinobacteria, Thermoleophilia, Rubrobacteria, Subgroup
6, and MB-A2-108 were less abundant in compost amended soils, i.e., AN- and BI-soils
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(Figure 2B). The relative abundances of Alphaproteobacterial and Gemmatimonadetes were
also reduced by compost application. On the other hand, Deltaproteobacteria, Bacteroidetes
Bacteroidia, and Chloroflexi Anaerolineae were overrepresented in compost amended
compared to the C-soil (Figure 2B).

Table 3. Microbial alpha-diversity as affected by frequency of application of municipal solid
waste compost.

Treatment/Indexes Observed Features Evenness Shannon Diversity

16S
Control 1026 ± 6.1 b 0.892 ± 0.1 a 8.825 ± 1.2 b
Biennial compost application 1127 ± 5.1 a 0.902 ± 0.1 a 9.139 ± 1.1 a
Annual compost application 1138 ± 5.0 a 0.889 ± 0.1 a 9.023 ± 1.2 ab
ITS
Control 43 ± 1.3 b 0.793 ± 0.2 a 4.280 ± 0.1 a
Biennial compost application 76 ± 2.2 a 0.734 ± 0.1 a 4.574 ± 0.2 a
Annual compost application 67 ± 1.8 a 0.753 ± 0.1 a 4.521 ± 0.2 a

For each variable, data followed by different letters are significantly different according to Kruskal–Wallis pairwise
comparison (q < 0.05).

The relative abundances of Alphaproteobacterial and Gemmatimonadetes were also re-
duced by compost application. On the other hand, Deltaproteobacteria, Bacteroidetes Bac-
teroidia and Chloroflexi Anaerolineae were overrepresented in compost amended compared
to the C-soil (Figure 2B). Our previous study showed that Bacteroidetes were among the
10 most abundant taxa in MSW compost sampled across Nova Scotia composting facili-
ties [37]. Therefore, Bacteroidetes class Bacteroidia (Figure 2B) might be enriched in the MSW
compost before adding to the soil resulting in the increase in relative abundance of this class
in compost treated soils. The relative abundances of the two most abundant microbial taxa
in our previous compost study Alphaproteobacterial and Actinobacteria [37], were reduced
with frequent compost application in the present study (Figure 2B).

As such, the observed changes in microbial abundances could be due to promotion or
repression of soil microbial growth due to differences in compost application frequency.
Furthermore, the present results showed that bacterial metabolic pathways were influenced
by frequency of compost application, which will be discussed later in this report. Specifi-
cally, compost application significantly (p < 0.01) increased fungal observed features, but
not Shannon diversity (Table 3). Approximately, 9% of variations in fungal community
can be attributed to the MSW compost application (Supplementary Table S5). We also
did not detect any fungal classes differentially represented between treated and untreated
soils. This agreed with our previous report that prokaryotes and eukaryotes differ in their
responses to environmental factors [38].

To understand the effect of compost application on microbiome function, we extrap-
olated functional profile of bacterial community based on 16S rRNA marker gene using
PICRUS2 software. Non-metric multidimensional scaling identified visual differences in
functional profiles between bacterial community from soils with different compost applica-
tion frequency. Additionally, ca. 38% KO and ca. 40% pathway of functional variation was
attributed to differences in the frequency of compost application (Table 4).

When functional profiles of bacterial communities from the AN-soil and the BI-soil
were combined and compared to the C-soil, ca. 23% KO and 26% pathway of functional
variations were attributed to the former. With reference to C-soil, the BI-soil had lower
effect on functional variation., i.e., ca. 15% KO and ca. 18% pathway as compared to those
for the AN-soil., i.e., ca. 43% KO and ca. 46% pathway. Interestingly, functional profiles of
bacterial communities from the AN-soil and the BI-soil also differed significantly (p < 0.001).
Obviously, ca. 28% KO and ca. 27% pathway of functional variation was explained by the
annual or the biennial compost application compared to the control.
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Table 4. Variation in groupings of functions prediction by PICRUSt2 explained by Bray–Curtis
distances as affected by frequency of application of municipal solid waste compost.

Grouping (Subset) KO Pathways

Treatments 0.383 ± 0.00 *** 0.400 ± 0.01 ***

Control vs. Biennial and Annual
compost applications 0.226 ± 0.00 *** 0.264 ± 0.01 ***

Control vs. Biennial compost application 0.151 ± 0.00 *** 0.182 ± 0.00 ***

Control vs. Annual compost application 0.434 ± 0.01 *** 0.460 ± 0.02 ***

Annual vs. Biennial compost application 0.283 ± 0.00 *** 0.266 ± 0.00 ***
Adonis tests were used to assess whether beta-diversity is related to sample groupings, 999 permutations, R2,
*** p < 0.001.

2.5. Soil Microbiome Function

In total, 205 pathways were differentially represented in microbiomes from the AN-
soil, BI-soil, and the C-soil out of which 18 were overrepresented in the AN-soil and the
BI-soil compared to the C-soil (Figure 3). The B-soil had medium level of functional pro-
file of bacteria community compared to the AN-soil (high) and the C-soil (low) on the
NMDS plot (Figure 3A). These 18 metabolic pathways were menaquinones (MK) and
demethylmenaquinones (DMK) biosynthesis, i.e., superpathway of menaquinol-9 biosyn-
thesis, superpathway of menaquinol-10 biosynthesis; superpathway of menaquinol-6
biosynthesis I, superpathway of demethylmenaquinol-6 biosynthesis I and superpathway
of demethylmenaquinol-9 biosynthesis; fatty acid biosynthesis, i.e., oleate biosynthesis IV
(anaerobic), stearate biosynthesis II (bacteria and plants), palmitoleate biosynthesis I (from
(5Z)-dodec-5-enoate), (5Z)-dodec-5-enoate biosynthesis and superpathway of fatty acid
biosynthesis initiation; DNA and RNA structures and enzymes cofactors, i.e., superpath-
way of purine nucleotides de novo biosynthesis II and pyrimidine deoxyribonucleotides de
novo biosynthesis II; energy production, i.e., superpathway of thiamin diphosphate biosyn-
thesis I, NAD biosynthesis II (from tryptophan), superpathway of thiamin diphosphate
biosynthesis II, superpathway of pyridoxa–phosphate biosynthesis and salvage and carbon
fixation, i.e., reductive acetyl coenzyme A pathway (Figure 3B).

The extent to which plants form mutually beneficial partnership with rhizosphere
microbiome is dependent on the genotypic characteristics of the plant as explained by
Kelly et al. [18]. This manifested in the plant growth and yield components of the different
species in Tables 5 and 6. According to Zhou et al. [22], plants use their root exudates to
mobilize specific microbial communities to combat disease pathogens, facilitate nutrient
acquisition and crosstalk amongst various plant growth regulators, and to modulate signal-
ing pathways and increase productivity. This can explain the results of the present study as
shown below but will need to be validated in future studies.

2.6. Crop Morpho-Physiology

Application of MSW compost significantly (p < 0.05) increased SPAD (soil plant
analysis development) value of leaf greenness (Table 5), which can be used to estimate leaf
chlorophyll content because of the high positive regression coefficient (R2 > 0.93) between
the two [39]. Fo was comparatively high in all the control but did not differ between AN and
BI treated crops. Fm was not significantly (p > 0.05) altered by MSW compost irrespective
of the crop. Fv of lettuce and beets were not altered by compost, but it was significantly
(p < 0.05) higher in the AN-green beans compared to the BI-green beans and the C-green
beans. Fv, Fv/Fm and Fv/Fo were similarly high (p < 0.05) in AN- and BI-green beans and
lettuce compared to the control plants (Table 5). Chlorophyll fluorescence indices were not
altered in beets except for Fo (Table 5). Compost alteration of fundamental plant structural,
biochemical, and physiological functions [14] translated into increased leaf chlorophyll
content and photosynthetic activities.
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A B 

Figure 3. Functional profile of bacterial community based on 16S rRNA marker gene. (A)–Non-
metric multidimensional scaling plot of community functions in soils under different rates of compost
application. The analysis is based on Bray–Curtis distances of functional composition of bacterial
community evaluated using PICRUSt. (B)–Pathways those were significantly overrepresented in
Biennially and Annually treated soil compared to the untreated soil. Corrected p-values (q-values)
were calculated based on Benjamini–Hochberg FDR multiple test correction. Features with (Welch’s
t-test) q-value <0.01 were considered significant and were thus retained.

Table 5. Leaf pigmentation and plant photosynthetic efficiency indices as affected by frequency of
application of municipal solid waste compost.

Crop
Compost

Application
SPAD 1

Value
ACI 2

Chlorophyll Fluorescence Index

Fo
3 Fv

4 Fm
5 Fv/Fm

6 Fv/Fo
7

Beans Annual 42.9 ± 1.2 ab 7.34 ± 0.0 a 151.73 ± 3.2 b 407.37 ± 2.9 ab 559.33 ± 3.2 a 0.72 ± 0.0 a 2.82 ± 0.0 a
Biennial 46.4 ± 1.0 a 7.97 ± 0.2 a 188.47 ± 3.1 b 491.10 ± 1.9 a 682.23 ± 2.8 a 0.72 ± 0.1 a 2.93 ± 0.2 a
Control 36.3 ± 0.8 c 6.12 ± 0.0 a 225.13 ± 4.4 a 349.20 ± 3.2 b 570.33 ± 2.2 a 0.59 ± 0.0 b 1.72 ± 0.2 b

Lettuce Annual 42.9 ± 1.2 a 6.32 ± 0.2 a 159.00 ± 3.6 b 574.93 ± 2.1 a 733.93 ± 2.1 a 0.78 ± 0.4 a 3.73 ± 0.1 ab
Biennial 36.7 ± 0.9 b 5.44 ± 0.3 a 142.70 ± 2.3 b 558.23 ± 2.2 a 706.60 ± 2.3 a 0.79 ± 0.1 ab 3.96 ± 0.0 a
Control 27.8 ± 1.0 c 3.53 ± 0.3 b 171.67 ± 1.9 a 528.30 ± 2.0 a 700.97 ± 3.1 a 0.75 ± 0.7 b 3.13 ± 0.3 b

Beet Annual 50.2 ± 1.8 a 7.95 ± 0.0 b 139.30 ± 0.1 b 435.10 ± 2.0 a 573.73 ± 1.0 a 0.75 ± 0.7 a 3.16 ± 0.1 a
Biennial 38.5 ± 1.0 b 9.45 ± 0.2 b 134.43 ± 1.9 b 444.47 ± 2.3 a 578.70 ± 1.7 a 0.75 ± 0.7 a 3.42 ± 0.1 a
Control 30.1 ± 0.4 c 18.97 ± 0.4 a 177.13 ± 2.2 a 483.37 ± 2.1 a 660.53 ± 0.9 a 0.72 ± 0.6 a 2.85 ± 0.0 a

1 SPAD, soil plant analysis development; 2 ACI, anthocyanin content index; 3 Fo, minimum, 4 Fm, maximum and
5 Fv, variable chlorophyll fluorescence indices; 6 Fv/Fm, maximum quantum yield of photosystem II; and 7 Fv/Fo,
potential photosynthetic capacity. means sharing the same alphabetical letters within the same column are not
significantly different at the 5% level.
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Table 6. Plant growth components and yield of green beans (Phaseolus vulgaris cv. Golden Wax),
beets (Beta vulgaris cv. Detroit Supreme) and lettuce (Latuca sativa cv. Grand Rapids) as affected by
frequency of application of municipal solid waste compost.

Plant Growth Component
Compost Application

Annual Biennial Control

Shoot Plant height (cm) Green beans 79.84 ± 3.2 a 67.33 ± 2.3 b 55.6 ± 1.5 c
Lettuce 30.10 ± 1.6 a 32.00 ± 1.7 a 24.16 ± 1.3 b
Beets 40.80 ± 1.4 a 34.98 ± 1.6 b 28.05 ± 1.4 c

Leaf Area (mm2) Green beans 8525 ± 13.9 a 5398 ± 12.2 b 2782 ± 9.9 c
Lettuce 23,484 ± 10.7 a 20,442 ± 9.9 b 14,389 ± 8.3 c
Beets 20,521 ± 20.0 a 14,219 ± 19.0 b 6481 ± 10.8 c

LDMC (mg/g) Green beans 121.98 ± 2.2 b 155.70 ± 2.6 b 223.24 ± 2.9 a
Lettuce 61.06 ± 2.1 a 71.62 ± 2.4 a 75.17 ± 1.9 a
Beets 137.92 ± 2.9 a 122.08 ± 1.6 a 140.52 ± 1.7 a

Stem SSD (mg/mm3) Green beans 0.12 ± 0.0 a 0.30 ± 0.1 a 0.08 ± 0.0 b
Lettuce 0.07 ± 0.3 b 0.07 ± 0.2 b 0.11 ± 0.0 a
Beets 0.12 ± 0.0 b 0.13 ± 0.0 b 0.19 ± 0.0 a

Root SRL (mg/g) Green beans 0.12 ± 0.2 b 0.12 ± 0.0 b 0.27 ± 0.1 a
Lettuce 0.15 ± 0.0 a 0.14 ± 0.0 a 0.08 ± 0.0 b
Beets 0.36 ± 0.1 b 0.76 ± 0.1 a 0.77 ± 0.2 a

Edible portion Yield (kg/m2) Green beans 434.16 ± 4.3 a 411.42 ± 4.2 ab 321.31 ± 8.1 c
Lettuce 85.00 ± 2.7 a 72.09 ± 1.4 a 10.40 ± 1.3 c
Beets 311.60 ± 3.0 a 260.00 ± 3.8 b 64.08 ± 3.3 c

LDMC, leaf dry matter content; SSD, specific stem density; SRL, specific root length; means sharing the same
alphabetical letters within the same row are not significantly different at the 5% level.

Although the MSW compost only increased Fv/Fm and Fv/Fo of green beans grown
in soils applied annually with compost, the comparatively low values of these indices
in all the control plants suggest stressful conditions (Table 5). It is well established that
nutrients imbalance can reduce photosynthetic efficiency and plant metabolism [40,41]
as found in plants grown in the control plots. Furthermore, P deficiency reduced Fv/Fm
while increasing Fo [42] with photosystem II being the most sensitive and vulnerable [43].
The comparatively low C-soil nutrients (Table 2) might have caused the nutrient-deficient
control plants to switch to a survival mode by growing extensive root system (i.e., SRL)
and biomass by way of increased leaf dry matter content and specific stem density (Table 6).
According to Lohmus et al. [44], different plant species adopt different adaptation strategies
to sustain and improve nutrition, which may include an increase in above-ground biomass
or fine root length.

The positive impact of compost on crop Productivity is well established [2,12]. Plant
heights of the AN-green beans and the AN-beets were significantly (p < 0.01) increased
by ca. 19% and ca. 17% compared to their BI- counterparts; and by ca. 44% and ca. 46%
compared to their C- counterparts, respectively (Table 6). Plant heights for the AN-lettuce
and the BI-lettuce were similar (p > 0.05) but higher than that of the C-lettuce. Plant leaf area
for the AN-green beans, AN-lettuce and AN-beets were increased significantly (p < 0.001)
by ca. 58%, 15% and 44%, respectively, compared to their BI- counterparts; and by ca. 206%,
63% and 217% compared to their C- counterparts, respectively (Table 6). Compost did not
affect leaf dry matter content (LDMC) of the lettuce and beets (Table 6). However, compost
significantly (p < 0.01) reduced LDMC of the AN-green beans and the BI-green beans by an
average of 38% compared to the C-green beans. Specific stem density (SSD) of the plants
did not change with compost application (Table 6). However, SSD was reduced in the
C-green beans by ca. 74% and increased in C-lettuce and C-beets by ca. 57% and 52%,
respectively, compared to the average for their AN- and BI- counterparts.
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Specific root length (SRL) was higher in the C-green beans and the C-beets than their
AN- and BI- counterparts (Table 6). In contrast, SRL was significantly (p < 0.01) reduced
in the C-lettuce by ca. 45% compared to the average for the AN-lettuce and the BI-lettuce.
There was no significant (p > 0.05) difference between the AN- and BI-green bean fresh
immature pod yield (Table 6). The fresh pod yield of C-green bean was reduced significant
(p < 0.01) by ca. 35% compared to the average for the AN- and the BI-green beans. The
yield difference between the AN- and the BI-lettuce was ca. 18% (Table 6). The average
yield for the AN- and the BI-lettuce was ca. 717% more than the C-lettuce. The yield of the
AN-beets was significantly (p < 0.0001) increased by ca. 20% compared to the BI-beets; and
by ca. 386% compared to the C-beets.

The results proved that the different crop species responded differently to the MSW
compost treatment. Additionally, the results of the plant growth indices demonstrated
increased plant growth and productivity with the application of MSW compost compared
with the control. According to Cornelissen et al. [45], plants with high LDMC (e.g., control
plants) have high physical strength for survival under stress conditions and can be associ-
ated with long leaf life-span but may be less productive compared to plants with low LDMC
(e.g., plants grown in AN-soil and BI-soil). Similarly, a high SSD demonstrates a dense
stem that provides structural strength to the plant and an indication of carbon storage [45],
which suggest a switch to survival mode of plants in the C-soil compared to plants that
were grown in the AN- and BI-soils. Plants with high SRL develop longer roots per dry
mass for water and nutrients uptake [45]. It seemed compost applied lettuce had higher
SRL but lower in compost applied green beans and only AN-beets compared to the control.
It can be suggested that C-soil had low soil nutrient content and as such, plants develop
higher SRL to be able to reach available nutrients and water. Lettuce is shallow-rooted and
was probably, stressed in the C-soil to the point where SRL was reduced.

2.7. Elemental Accumulation in Harvested Crops

Chemical elements accumulation in the edible portions of the crops was mostly in-
creased by the annual application of MSW compost (Supplementary Table S6), which was
previously reported in Abbey et al. [19]. Overall, lettuce accumulated most of the analyzed
macro- and micro-elements (i.e., type and quantity) compared to the green beans (inter-
mediate) and beets (lowest). On average, lettuce N (ca. 2100 mg/kg) > green bean N (ca.
967 mg/kg) > beets N (ca. 100 mg/kg); lettuce K (ca. 67,333 mg/kg) > green beans K (ca.
27,850 mg/kg) > beets K (ca. 27,200 mg/kg); lettuce Mg (ca. 5170 mg/kg) > green beans
(ca. 2468 mg/kg) > beets (ca. 2183 mg/kg); lettuce Ca (ca. 13,033 mg/kg) > green beans
Ca (ca. 4133 mg/kg) > beets (ca. 1890 mg/kg); and lettuce Fe (ca. 294 mg/kg) > green
beans Fe (ca. 70 mg/kg) > beets Ca (ca. 39 mg/kg). Continuous application of MSW
compost did affect how much micro-elements like Cu, Co and Ni accumulated in the
tissues of the different crop species. Clearly, beetroots accumulated the highest Na (i.e., ca.
2530–7830 mg/kg) compared to green beans pod (i.e., ca. 30–40 mg/kg) and lettuce leaf
(i.e., ca. 2020–3490 mg/kg). Abbey et al. [19] demonstrated that at a consumption rate of
400 g according to recommendations by WHO [46] and Statistics Canada [47], the crops are
safe for human consumption and health based on previous analyses of bioaccumulation
factor, estimated daily intake and health hazard quotient.

2.8. TCA Cycle Intermediate Metabolites

Plant metabolites involved in the TCA cycle were highly (p < 0.001) influenced by
MSW compost application frequency (Figure 4A–F). Overall, glucose content was similarly
high in lettuce and green beans but low in beets. We found that as part of the survival and
adaptation modes, lettuce plants grown in the C-soil accumulated more glucose than their
counterparts in the AN-soil and the BI-soil (Figure 4A).
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Figure 4. Plant metabolites of the tricarboxylic acid cycle as influenced by application of municipal
solid waste compost at varying application frequency. Bars with vertical lines represent lettuce,
solid black bars represent green beans and bars with horizontal lines represent beets; C-L, C-GB and
C-B represent lettuce, green bean and beets grown with no compost (control), respectively; BI-L,
BI-GB and BI-B represent lettuce, green bean and beets grown with biennial compost application,
respectively; and AN-L, AN-GB and AN-B represent lettuce, green bean and beets grown with annual
compost application, respectively; (A–F) is panel label. Differences in the letters on bars indicate
significant differences at p < 0.05 (N = 9).

This conforms to previous observation on glucose accumulation in N-deficient
plants [26,44]. AN-green beans glucose was ca. 80% and 37% more than that of the
BI-green beans and the C-green beans, respectively. The AN-beets and the C-beets glucose
were not significantly (p > 0.05) different, and their average was over 43% more than
that of the BI-beets. The AN-green beans and the BI-green beans had similar and high
pyruvic acid content than that of the C-green beans (Figure 4B). The general trend for
pyruvic acid was green beans > beets > lettuce. For lettuce and beets citric acid contents,
AN = BI > C (Figure 4C). In contrast, citric acid was significantly (p < 0.001) increased by
ca. 147% and 270% in the BI-green beans compared to the AN-green beans and the C-green
beans, respectively.

The AN-lettuce and BI-lettuce α-ketoglutaric acid contents were not significantly
(p > 0.05) different and was less than that of the C-lettuce (Figure 4D). The C-lettuce α-
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ketoglutaric acid content was ca. 208% more than the average for the AN-lettuce and the
BI-lettuce. There was no significant (p > 0.05) difference in α-ketoglutaric acid content
between the AN-green beans and the BI-green beans or the AN-beets and the BI-beets.
Succinic acid was significantly (p < 0.05) increased in the AN-lettuce by ca. 38% compared
to the average for the BI-lettuce and the C-lettuce (Figure 4E). Likewise, succinic acid
was significantly (p < 0.001) increased in the AN-green beans by ca. 103% compared to
the average for the BI-green beans and the C-green beans. Succinic acid content was not
significantly (p > 0.05) different between the BI-lettuce and the C-lettuce or between the
BI-green beans and the C-green beans (Figure 4E). Moreover, the AN-lettuce fumaric acid
was more than 17% and 63% compared to the BI-lettuce and the C-lettuce, respectively
(Figure 4F). The trend for fumaric acid contents in the green beans and the beets was
different from that for the lettuce. Fumaric acid content was highest in the C-green beans,
and it was ca. 19% and 71% more than those for the AN-green beans and the BI-green
beans, respectively. However, the AN-green beans had ca. 44% more fumaric acid than its
BI- counterpart. In general, the application of MSW compost reduced fumaric acid content
in the beets. This was confirmed by the over 509% increase in the C-beets fumaric acid
content compared to the average for the AN-beets and the BI-beets.

The biennially treated plants consistently had high pyruvic acid and citric acid contents
(Figure 4). α-ketoglutaric acid is formed from oxidation of isocitrate and found to be similar
in plants grown with annual and biennial MSW compost application. Additionally, plant
tissue contents of succinic acid (Figure 4E) and fumaric acid (Figure 4F) suggested that much
of the high α-ketoglutaric acid in C-lettuce was not converted or its synthesis exceeded the
rate at which it was converted to succinic acid. The oxidized succinic acid, i.e., succinate is
converted to fumarate and then to malate and oxaloacetate to close the TCA cycle. Fumaric
acid was high in AN-lettuce, C-green beans, and C-beets. The interconversion of these
intermediate metabolites in the TCA cycle starting from photosynthesis to respiration is
tightly regulated by enzymes [23]. The conversion is also dependent on plant species
and type of tissue as demonstrated in the present study and in previous report by Fernie
and Martinoia [48]. It is obvious from the present study that the composition of these
metabolites can vary with plant species, plant developmental stage and type of plant tissue.
However, further work will be required to investigate impact on respiratory products
such as ATP and NADPH. According to van der Merwe [20], a reduction in TCA cycle
activity in a given tissue (e.g., beet roots) reduces respiration and energy generation in that
tissue. However, green tissues (e.g., lettuce and green beans) can compensate for TCA cycle
deficiencies through photosynthesis and photorespiration as explained by Kromer [49].

2.9. Multivariate Assessment

To further examine the relationship among key variables—soil nutrients, microbiome
function and citric acid intermediate metabolites—we first constructed a multivariate 2-D
PCA biplot using an extrapolated functional profile of bacterial communities based on the
16S rRNA marker gene and the soil nutrient profile (Figure 5).

The two-dimension PCA plot showed that the AN-soil and the BI-soil can be highly
and moderately associated with high content of soil elements and the 18 metabolic path-
ways, respectively, and negatively associated (r = −0.76) with the C-soil (Figure 5A). This
is expected because compost increase of soil organic matter, chemical elements and mi-
crobiome composition is well established in the literature [2,3,50]. Moreover, DNA and
RNA structures and enzymes cofactors (DENOVOPURINE2-PWY and PWY-7187) and
MK and DMK pathways had positively strong association (r = 0.8) with soil N and Ca.
Several studies confirmed that N source influenced bacteria growth and abundance [51–53],
which is dependent on their ability to synthesize new cells, i.e., mainly new cellular struc-
tures [54]. This suggests that the high N and other elements in the AN-soil (Table 2) met
the requirement for bacteria growth more than that of the BI-soil and the C-soil.

80



Plants 2022, 11, 3153

Figure 5. Multivariate analysis using principal component biplot. (A): shows association amongst
municipal solid waste compost application frequency, soil elements and soil microbial function.
(B): shows association amongst crop species, growth and yield components, plant tissue elements,
tricarboxylic acid cycle metabolites and soil microbial function. AN, BI, and C are annual, biennial and
no compost application, respectively. S, sulphur; Fe, iron; Cu, copper; P, phosphorus; Mn, manganese;
Ca, calcium; N, nitrogen; Zn, zinc; K, potassium; Mg, magnesium. p represent plant tissue.

The green beans, lettuce and beets tissue N, P, K, Zn, and Cu were positively influenced
(r = 0.9) by the 18 microbiome metabolic pathways in the AN-soil (Figure 5B). These
pathways showed a moderate influence on citric acid and pyruvic acid accumulation
as well as plant height and yield in the AN-green beans and the AN-beets, but less for
the AN-lettuce. Under BI-soil, both BI-green beans and BI-beets were associated with
high accumulation of pyruvic acid and citric acid, and increased plant height, root length
and yield. In contrast, BI-lettuce exhibited high contents of glucose, fumaric acid, α-
ketoglutaric acid and succinic acid, which were positively associated (r ≥ 0.78) with all the
determined plant tissue elements. On the other hand, BI-lettuce was negatively associated
(r ≥ −0.92) with the plant growth components and the metabolic pathways (Figure 5B).
The C-lettuce showed a moderate positive association (r = 0.56) with only α-ketoglutaric
acid accumulation and root length; and a strong negative association (r = −0.89) with
plant tissue elements, plant growth and the remaining TCA cycle intermediate metabolites
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(Figure 5B). Hence, the low accumulation of metabolites and nutrient elements in edible
portions of the C-lettuce, the C-green beans and the C-beets beside the stunted growth
and low yield. Overall, MSW compost increased organic acids in the plant tissues that can
participate in the TCA cycle pathway for energy generation, especially in plants grown in
soils that received compost annually.

A healthy and thriving soil food web is largely dependent on beneficial soil microbial
diversity and abundance as influenced by soil organic matter and soil nutrient status [2,55].
Overall, the 2-D PCA biplot showed a strong association between MSW compost en-
hancement of soil health, particularly plots that received the annual compost application;
and high functional microbial metabolic activities that was consistent with previous stud-
ies [2,55,56]. Soil microbes utilize carbon and other nutrients in organic matter for their
metabolic activities, which facilitate nutrient mineralization and bioavailability [2,56]. Be-
sides, the availability of soil N, P and S are crucial for enhancing microbial amino acids,
proteins and nucleotides biosynthetic pathways, and C for structural building and energy
production through glycolysis and peptidoglycan biosynthesis. These might have culmi-
nated in the high crop performance in the AN-soil followed by the BI-soil and the lowest in
the C-soil.

3. Materials and Methods

3.1. Location and Materials

A 5-year organic field research was performed in Agaard Farms, Brandon, MB, Canada
(longitude 99◦56′59.9892′ ′ W; latitude 49◦50′53.9916′ ′ N; altitude: 409 m above sea level)
between fall 2015 and winter 2020. Brandon has dominant to moderate cool, boreal, sub-
humid continental climate [57]. The climatic conditions throughout the 5 years of the study
were consistent with a 30-year average as presented in Supplementary Table S1. The soil of
Agaard Farm is Orthic Black Chernozem solum on moderate to strong calcareous, loamy
morainal till of limestone, granitic and shale origin under the classification of Newdale
series [57]. The City of Brandon waste management facility donated the CQA tested MSW
compost, and the 5-year average chemical elements is presented in Supplementary Table S2.
The seeds for the green beans cv. Golden Wax, lettuce cv. Grand Rapids, and beets cv.
Detroit Supreme were purchased from The Green Spot, Brandon, MB.

3.2. Field Preparation and Planting

Field preparation, MSW compost application and planting were previously described
in Abbey et al. [7,19]. The experimental field measured 80 m × 50 m, and was further
divided into three blocks of 20 m × 10 m. Each block was subdivided into three 6 m × 3 m
plots, i.e., annual (AN), biennial (BI), and no compost (C, control) plots per block. Separa-
tions between blocks was 2 m and plots within blocks was 1 m. MSW compost application
rate was ca. 15 t/ha at a bulk density of 650 kg/m3. Compost was applied in the fall to
AN plot every year or BI plots every two years. Planting begun after the last frost day
between 20 and 30 May of each year when the soil temperature rose above 10 ◦C. Each
of the three crops were planted in strips in each plot. The order of planting was rotated
each year for five years. Green bean seeds were sown in rows 20 cm apart, and beets and
lettuce seeds were sown 10 cm apart. Drip irrigation was applied when the soil moisture
content was low or daily in summer. No synthetic chemical fertilizer or pesticide was used.
Immature lettuce leaves, beet roots and green bean pods were harvested at edible maturity
stage between 45 to 60 days after sowing.

3.3. Soil Analysis

Soil samples were randomly collected (n = 5) every year for five years from each plot at
the start of the growing season and at peak harvesting time in August using a portable soil
auger from 20 cm depth where most of the root mass were located. 300 g of composite soil
samples were taken from each treatment plot and the soil physical and chemical properties
were analyzed. For microbial analysis, 10 individual soil samples were taken per plot in
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Year 5. The soils were processed, and DNA was extracted as described in Yurgel et al. [38]
and stored at −80 ◦C for sequencing.

3.3.1. Soil Physical Properties

Soil physical properties and water retention characteristics from the AN, BI and C
plots were determined in triplicate in the 5th-year as described by Blake and Hartge [58],
Cassel and Nielsen [59], and Danielson and Sutherland [60]. In brief, bulk density (Db)
was determined from the weight (M) and volume (V1) of soil core using a graduated glass
cylinder after continuous tapping until there was no observable change in soil volume. For
particle density (Dp), soil lumps were carefully broken, and the volume (V2) was recorded
using the tapping method.

Bulk density (Db) =
M
V1

(1)

Particle density (Dp) =
M
V2

(2)

Water saturation, field capacity, and wilting point were determined after soil was
air-dried under ambient conditions (ca. 22 ◦C). A known mass of the fresh soil sample
(Ms) was placed in a 15.24 cm plastic pot with drainage holes and weighed (Msp). The
potted soil was placed in a saucer and saturated with distilled water, and the saturated
soil weight (Msat) was recorded after 48 h. Then, the saucer was removed for free water to
drain out under atmospheric pressure for 72 h and weighed (Mdrained). The drained soil
was spread evenly in a flat aluminum tray and air-dried under ambient conditions for 72 h
and weighed (Mdried).

Water saturation (Sc) =
Msat − Msp

Ms
× 100 (3)

Field capacity (Fc) =
Mdrained − Msp

Ms
× 100 (4)

Wilting point (Wc) =
Mdried − Msp

Ms
× 100 (5)

Water-holding capacity (WHC) was determined as the difference between field capac-
ity and wilting point., i.e., Fc − Wc.

3.3.2. Soil Chemical Properties

Air-dried soil samples were screened through a 2 mm sieve (Fieldmaster, Guangzhou,
China) before sending for elemental analysis at RPC Inorganic Analytical Chemistry Labo-
ratory, Fredericton, NB, Canada every year for five years. A portion of each soil sample was
digested according to the United States Environmental Protection Agency (USEPA) method
3050B (Standard Operation Procedures #4.M19). The resulting solutions were analyzed for
elemental composition by inductively coupled plasma-mass spectrometry/inductively cou-
pled plasma optical emission spectroscopy (ICP-MS/ICP-ES) using EPA method 200.8/EPA
200.7 (Standard Operation Procedures #4.M01/4.M29). Organic matter content, cation
exchange capacity and estimated nitrogen release were also reported. Portions of the soil
samples were leached in dilute potassium chlorate for 1 hr, and the leachate was filtered
and analyzed calorimetrically for nitrate-nitrite [61]. In brief, soil from each treatment
plot was separately added to deionized water at a ratio of 1:4 and stirred vigorously for
2 min. In Year 5, the potential hydrogen concentration (pH), electric conductivity, total
dissolved solids, and salinity were determined from the supernatant using ExStik® EC500
instrument (Extech Instruments Corporation, Nashua, NH, USA), and turbidity using an
Oakton Turbidimeter (T-100) (Oakton Instruments, Vernon Hills, IL, USA).
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3.3.3. Soil Microbial Properties
DNA Extraction and Sequencing

In Year 5, DNA extraction was carried out using E.Z.N.A soil DNA isolation kit
(Omega Bio-tek, Norcross, GA, USA) according to manufacturer’s protocol and the mod-
ified method of Yurgel et al. [38]. DNA quality and concentration were measured using
a NanoDrop 1000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). At least
10 μL of DNA samples were sent to Dalhousie University IMR centre (http://imr.bio/;
accessed on 5 November 2021) for V6-V8 16S rRNA gene (16S; forward: ACGCGHN-
RAACCTTACC; reverse: ACGGGCRGTGWGTRCAA), and ITS2 gene (ITS2; forward:
GTGAATCATCGAATCTTTGAA; reverse: TCCTCCGCTTATTGATATGC) library prepa-
ration and sequencing. Samples were multiplexed using a dual-indexing approach and
sequenced using an Illumina MiSeq with paired-end 300 + 300 bp reads. All PCR proce-
dures and Illumina sequencing details were as previously described by Comeau et al. [62].
All sequences generated in this study are available in the NCBI sequence read archive
under the accession numbers PRJNA883731 (16S rRNA) and PRJNA883747 (ITS).

Amplicon Variant Sequence (AVS) Picking and Statistical Analyses

A Microbiome Helper standard operating procedure [63] and QIIME2 wrapper
scripts [64] were used to process and analyze the sequencing data. Briefly, the primers were
trimmed and overlapping paired-end reads were stitched together followed by quality
filtering and open-reference AVSs picking. We filtered out AVSs that contained fewer
than 0.1% of the total sequences to compensate for MiSeq run-to-run bleed-through. The
complete statistics of Illumina sequencing data analysis is presented in Supplementary
Table S3. In brief, 892,582 and 188,044 high-quality non-chimeric reads were obtained
from 16S rRNA and fungal internal transcribed spacer 2 (ITS2). These sequences were
clustered into 55,483 (16S rRNA) and 1281 (ITS2) AVS. AVSs annotated as mitochondria
and chloroplast were removed and the datasets were normalized to the depth of 6350 and
1186 frequencies resulting in the normalized datasets comprising 1768 (16S rRNA) and
721 (ITS2) AVSs, respectively.

Microbiome Functional Analysis

To understand the impact of MSW compost on microbiome function, we extrapolated
functional profile of bacterial community based on 16S rRNA marker gene. Functional
potentials of the bacterial community were predicted using the AVS tables and reference
sequences generated by QIIME2, which were processed by PICRUSt2 software [65]. Abun-
dance tables were generated both for complete MetaCyc functional pathways as well as
individual enzymes categorized by KEGG Orthology (KO) numbers.

Bioinformatic Analysis of Amplicon Sequencing and PICRUSt2 Outputs

Alpha-diversity, i.e., Chao1 richness, Simpson evenness and Shannon diversity, and
beta-diversity metrics were generated using QIIME2 [66]. Variations in sample groupings
explained by beta-diversity distances (i.e., Adonis tests, 999 permutations) were run in
QIIME2 to calculate how sample groupings are related to microbial community structure
and function. Differential abundances bacterial taxa and pathways were determined using
ALDEx2 with Benjamini-Hochberg corrected p value of Welch’s t-test (p < 0.01) [67]. Non-
metric multi-dimensional scaling (NMDS) plots were developed based on Bray–Curtis
distances using Vegan R package [68]. Heatmap and NMDS plots were build used gglpot2
R package [69].

3.4. Plant Morpho-Physiology and Yield
3.4.1. Leaf Pigmentation and Plant Photosynthetic Efficiency

Leaf chlorophyll and anthocyanin contents were estimated from four leaves per plant
using SPAD 502DL Plus Chlorophyll Meter (Spectrum Technologies Inc., Aurora, IL, USA)
and Anthocyanin content meter ACM-200 plus (Opti-Science Inc., Hudson, NH, USA),

84



Plants 2022, 11, 3153

respectively. A portable OS30p+ Chlorophyll fluorometer (Opti-Science Inc., Hudson, NH,
USA) was used to record leaf fluorescence indices between 08:00 and 11:00 am Central
Standard Time (GMT-6). Briefly, to measure fluorescence indices, the middle portion exclud-
ing mid-vein of each selected leaf was clipped with light exclusion clips for 20 min prior
to recording minimum (Fo), maximum (Fm), variable (Fv) fluorescence indices, potential
photosynthetic capacity (Fv/Fo) and maximum quantum yield of photosystem II (Fv/Fm).
All of these plant pigmentation and photosynthetic efficiency data were collected at eight
weeks after planting in Year 5.

3.4.2. Plant Growth and Yield

Plant growth and yield components were taken from six plants in the middle of each
plant row per species per plot in Year 5. Data collected were plant height using a 60 cm ruler;
leaf area (A) was measured using LI-3000C portable leaf area meter (LI-COR Biosciences,
Lincoln, NE, USA); and leaf dry matter content (LDMC) was determined from the ratio
of oven-dry mass (Md) to a water-saturated leaf mass (Mf). In brief, leaf samples were
submerged in 250 mL distilled water for 9 h to obtain Mf before oven-dried at 65 ◦C for 48 h
in a mechanical convection oven (Cole-Parmer Instrumental Co., Vernon Hills, IL, USA) to
obtain LDMC.

LDMC =
Md
Mf

(6)

For specific stem density (SSD), diameter (d) of a 10 cm long (L) stem from plant with
full green foliage was measured using a pair of calipers and the volume (V) of the stem
was calculated using the oven-dry mass of the stem (M).

SSD =
M
V

; V = (0.5d)2 × π× L (7)

Specific root length (SRL) was determined from plant absorptive roots that were exca-
vated gently from the soil using a spade and taking extra care not to lose more that 5% of the
root mass, and to ensure that the total root length was intact before washing under running
water until clean. A 30 cm ruler was used to measure the root length (RL) and the air-dry
mass (Rm) was recorded after drying under ambient laboratory conditions at ca. 22 ◦C.

SRL =
RL

Rm
(8)

Total fresh weight of the edible portions of each vegetable plant species was used to
estimate crop yield from the green leaves of lettuce cv. Grand Rapids, roots of beets cv.
Detroit Supreme, and immature pods of green bean cv. Golden Wax.

3.5. Plant Chemical Composition

Part of the elemental composition data were previously reported in Abbey et al. [7,19].
Briefly, edible portions of the lettuce, beets, and green beans were harvested and oven-dried
at 65 ◦C for 48 h. The dried plant tissues were ground using a hammer mill and screened
through a 53-μm sieve after which samples were analyzed as described below.

3.5.1. Plant Elemental Composition

A 30 g sample of each ground tissue was shipped on ice to Research and Productivity
Council (RPC) Laboratory, New Brunswick, Canada for further preparation and analysis
in Year 5. Portions of the samples were prepared by microwave-assisted digestion in
nitric acid (SOP 4.M26). The resulting solutions were analyzed for chemical elements by
ICP-MS/ICP-ES (SOP 4.M01). Kjeldahl nitrogen and nitrates and nitrites concentrations
were analyzed using the digestion, phenate colourimetry (SOP IAS-M16) and hydrazine
red, derivatization, colourimetry (SOP IAS-M48) methods, respectively.
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3.5.2. TCA cycle Intermediate Metabolites

A 35 g sample of each ground plant tissue was put in a screw cap tube before shipping
on dry ice to Canada’s national metabolomics core facility at The Metabolomics Innovation
Centre (TMIC), AB for analysis of targeted organic acids (i.e., α-ketoglutaric acid, succinic
acid, fumaric acid, citric acid, and pyruvic acid). The samples were analyzed by the
method described in Abbey et al. [19]. Briefly, 150 μL of ice-cold methanol and 10 μL
of isotope-labeled internal standard mixture were added to 50 μL of plant extract for
overnight protein precipitation. The mixture was centrifuged at 13,000× g for 20 min.
Afterwards, 50 μL of the supernatant was loaded into 96-deep well plate followed by
the addition of 3-nitrophenylhydrazine (NPH) reagent. After incubation for 2 h, BHT
stabilizer and water were added before LC-MS injection. Mass spectrometric analysis was
performed on an ABSciex 4000 Qtrap® tandem mass spectrometry instrument (Applied
Biosystems/MDS Analytical Technologies, CA, USA) equipped with an Agilent 1260 series
ultra-high performance liquid chromatography (UHPLC) system (Agilent Technologies,
Santa Clara, CA, USA). The samples were delivered to mass spectrometer by LC method
followed by direct injection (DI) method.

3.6. Experimental Design and Data Analysis
Soil Physiochemical Properties and Plant Growth Components

The AN, BI and C treatments and the three crop species; namely, green beans, lettuce
and beets were arranged in a randomized complete block design with three replications.
The three plant species were treated independently per block. Ten samples of soil were
collected per plot and bulked before taking a composite sample. Soil chemical analyses
were performed from the composite sample in triplicate. For plants, tissue samples were
collected from 10 plants in the middle of the plant row and tissue chemical analyses were
performed in duplicate, and the average was presented due to large sample size and limited
resources. Data collected on soil physical and chemical properties and crop growth were
subjected to one-way analysis of variance (ANOVA) using Proc Mixed in SAS version
9.4 (SAS Institute Inc., Cary, NC, USA). Fisher’s least significant difference (LSD) test
was used for mean separation at α = 5% when ANOVA showed significant difference at
p ≤ 0.05. Data analysis of the metabolites was done using Analyst 1.6.2. and XLSTAT
version 19.1 (Addinsoft, New York, NY, USA). Microsoft Excel was used to plot graphs.

4. Conclusions

The present study focuses on application frequency of MSW compost effect on soil
health, soil microbiome function, and crop productivity and TCA cycle intermediate
metabolites. There are clear indications of positive impact of annual application of MSW
compost on plant tissue nutrient status, photosynthetic activities, and primary metabolites
accumulation. Currently, farmers are faced with many challenges related to soil health,
which is exacerbated by sustained global climate change, and the current global shortage
and high cost of fertilizers. Therefore, the present work is urgently needed and timely. We
concluded that MSW compost application is safe and effective for food production. We
affirm that annual application of MSW compost promoted positive association between
microbiome function and ecosystem services for the benefit of crop plants. Therefore,
annual application of MSW compost can be classified as climate-smart and sustainable
practice for the maintenance or rejuvenation of agricultural soils for nutrient-dense food
production over the medium to long-term. This will benefit farmers and if implemented,
will immensely benefit consumers with safe, nutritious and affordable food crops. Plants
are selective in the composition of rhizosphere environment and microbial communities. As
such, our next step is to investigate the rhizosphere composition of different plant species
in compost amended soil.
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Abstract: Bronx Seedless and Italia (Vitis vinifera L.) are a variety preferred by consumers owing to
their exciting flavour and widely cultivated in Aegean Region in Turkey. The aim was to identify the
biogenic amines of these table grapes during berry ripeness. The biogenic amines were analyzed by
HPLC in six different berry phenological stages. Italia grapes presented lower biogenic amine content
than Bronx Seedless table grapes. The concentration of most of the biogenic amines analyzed linearly
raised from the beginning of berry touch to when berries ripen for harvest stages. The most common
biogenic amines in grape varieties were putrescine, followed by histamine, agmatine, and tyramine.
There was also a positive correlation between all biogenic amines of the two grape varieties. The
weakest correlation was found between spermine and cadaverine, whereas the strongest correlation
was found among dopamine, trimethylamine, norepinephrine, tyramine, and histamine amines.
The present study is the first report of a synthesis study regarding the effect of B.A.s on quality
characteristics throughout berry ripeness in grape varieties containing foxy and muscat tastes. The
concentration and composition of biogenic amines identified for both varieties might provide helpful
information regarding human health and the vintage.

Keywords: grape; histamine; putrescine; agmatine; dopamine; spermine

1. Introduction

Global grape production reaches roughly 75 million tons annually, making grapes
(Vitis sp.) one of the most cultivated fruit crops worldwide [1–3]. It has significant amounts
of organic compounds, minerals, and carbohydrates, as well as its production, which
increases day by day due to its derivatives, such as raisins, wine, fruit juice, jam, and flour
consumption, which are known to be beneficial for human health [4]. The monitoring of
these organic compounds is very important to producers because efficient quality control is
needed, and their profile could influence the acceptability of consumers. It has been, indeed,
noted that grape derivatives have a positive role in the prevention of various diseases such
as liver diseases, anaemia, cardiovascular disease, cancer, and Alzheimer’s owing to the
inhibition of oxidation of low-density lipoproteins [5–7]. In addition, it has fruit acids and
a fibrous structure that help clean the blood and regulate the functioning of the kidney
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and intestinal system [8]. On the other hand, biogenic amines (B.A.s) among bioactive
compounds conducted on different grape varieties have been intensively investigated
recently due to their effects on the quality, safety, and nutraceutical properties of fruit juices
and wines [4]. Due to the fact that many authors have reported that B.A.s can have many
adverse effects on human health, especially on susceptible individuals, as well as positive
effects [9]. It has, indeed, been highlighted that the consumption of high concentrations of
B.A.s, which are low molecular weight compounds produced by the decarboxylation of
amino acids, may cause various health problems such as skin irritation, headache, blushing,
itching, tachycardia, hypertension, impaired breathing, hypotension and vomit, kidney
failure, anaphylactic shock [10–12].

Some amines such as agmatine, spermidine, serotonin, histamine, tryptamine, sper-
mine, dopamine, norepinephrine, ethanolamine, phenylethylamine, putrescine, and tyra-
mine in grapes have been reported by some authors [13,14]. It has, indeed, been noted that
naturally occurring BAs [1,4-butanediamine = putrescine; 4-aminobutil guanidine = agma-
tine; 4-(2-aminoethyl) phenol = tyramine; 1,5-pentanediamine = cadaverine; 2-phenylethyla-
mine = phenylethylamine; 4-aminomethylimidazole = histamine; (4-aminobutil) (4-[4-
aminobutylamino] butyl) amine = spermine; 3-(2-aminomethyl) indole = tryptamine; N-
(3-aminopropyl)-1,4-butanediamine = spermidine] are among the factors contributing to
the quality of grapes and wines [15,16]. It has been detected in previous reports that
these amines are both generally found in musts, and their values are affected by growing
conditions, grape variety, degree of ripening, soil type, drying conditions of grape, and
composition [17–19]. It was, indeed, highlighted that there was a relationship between
varieties and B.A. content in seven different grape varieties under sterile conditions, except
for agmatine [20,21]. It is well documented that the concentration and nature of B.A.s
present found in wines, in general, depend mainly on the composition of the grape juice
in literature by many authors [22–24]; however, we observed the lack of a synthesis study
regarding the effect of B.A.s on quality characteristics throughout berry ripeness in grape
varieties with foxy and muscat taste. As mentioned above, although there are many lines
of research examining BAs in grapes and grape-derived products, there are still many
possibilities to explore from microbiological, technological, analytical, and toxicological
perspectives. Therefore, information on the variations or amounts of B.A.s in grapes and
their derived products is mainly used as grape quality indicators and can assist in provid-
ing many insights into their potential impact on consumer health. Considering limited
information on BA variation throughout berry ripeness in grape varieties with foxy and
muscat taste, controlling these compounds can be of great importance to understanding
the formation, reduction, and monitoring of B.A.s throughout berry ripeness, and even of
the effects of B.A.s in consumers after the digestion of foods containing different levels of
these compounds.

Grape varieties containing foxy (Vitis vinifera L. cv. Bronx Seedless) and muscat
(Vitis vinifera L. cv. Italia) tastes are cultivated in different regions of Turkey, such as
Central Anatolia Aegean, Southeastern Anatolia, and Marmara [25]. Italia is a seed variety
characterized by a slight muscat flavor of fruits, a vigorous vegetative behavior, and
mid-late maturity, whereas Bronx Seedless is a variety that is attracted and preferred by
consumers because of its pink berries characterized by strawberry flavor. Recently, the
cultivation of these new grapes that can be grown in different climatic conditions instead of
traditional varieties and fresh consumption has increased in Turkey. These grape varieties
have a distinct flavor from other Vitis vinifera grape cultivars and knowledge of the variation
of BAs content in these varieties may be key for consumers. However, our knowledge
of the dynamics of changes in the B.A.s profiles of Bronx Seedless and Italia table grapes
throughout berry ripeness is limited. Monitoring B.A.s levels in these grape varieties can
be an important marketing advantage and allow the establishment of B.A profiles for the
safety and quality control of fresh consumption or by-products of these grapes. Therefore,
this paper aims to present the changes in biogenic amines in Bronx Seedless and Italia table
grapes throughout berry ripeness.
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2. Results

Variety significantly affected the content of B.A.s except for serotonin, and the season
factor affected the content of most B.A.s. There was no significant interaction between the
variety and the phenological stage. The Italia grape variety showed a higher B.A. content
than the Bronx Seedless grape variety for all B.A.s analyzed, except for spermine (Spn) and
serotonin (Ser). For both grape cultivars, the most common B.A.s in grape varieties was
putrescine (Put), followed by histamine (His), agmatine (Agm), and tyramine (Tyr). There
was wide variation in the B.A profiles, with values ranging from 0.83 (norepinephrine
for Bronx Seedless) to 12.24 μg · L−1 (putrescine for Italia). Both putrescine (Put) and
histamine (His) were mostly amines, whereas less common BAs were spermine (Spn) and
norepinephrine (Nor). Generally, berries collected at BBCH-89 and BBCH-85 stages showed
higher B.A. content than berries collected at other phenological stages for both grape
cultivars. Put and his content reached the highest level at BBCH-89, whereas lower rates
of spermine, norepinephrine, and spermidine were found at BBCH-77 when compared to
BBCH-89, BBCH-85, and BBCH-83 for both grape cultivars. Considering the phenological
stages, there was a linear increase in B.A.s contents of both grape varieties (Table 1). On the
other hand, regarding each phenological stage, there were significant differences (p ≤ 0.05)
between the two grape varieties. Total biogenic amine contents were higher in Italy grapes
than in Bronx Seedless grapes (Figure 1).

Figure 1. Total content of biogenic amines in Italia (black) and Bronx Seedless(grey) table grapes
harvested in six different phenological stages (BBCH-77, BBCH-79, BBCH-81, BBCH-83, BBCH-85,
and BBCH-89). Data are expressed as the mean of the data with their corresponding standard
deviation. For a given variable and phenological stage, different letters over the bars represent
significant differences (Duncan test, p < 0.05).

Pearson correlation analyses for the biogenic amine contents (i.e., Agm, Spd, Ser, His,
Try, Dop, Nor, Cad, Tma, Put, Tyr) appear in Figure 2 for all data sets. Findings showed a
positive correlation between all B.A.s of the two grape varieties. There was also a positive
but strong correlation between grape varieties with B.A.s, except for Spn, Dop, His, Agm,
Tyr, and Nor. Put, and Agm showed a strong correlation with other B.A.s (p ≤ 0.01),
whereas there was no correlation between Spn and Cad (Table 2). Apart from this, a P.C.A.
was performed on all of the B.A.s identified in both grape varieties to detect individual
B.A. associated with the grapes (Figure 3). PC1 (reveals 82.8% of the total data) was related
to the B.A.s contents, such as Agm, Spd, Ser, His, Try, Dop, Nor, Cad, Tma, Put, Tyr. PC2
(which reveals 11.4% of total data) was related to B.A.s contents (Figure 3).
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Figure 2. Grape varieties data correlation analysis. Scatterplot matrix representation for the entire
data set belonging to biogenic amines values of grape varieties.

Table 2. Pearson correlation between biogenic amines in grape varieties. Significant correlations
are reported for 0.01 < p < 0.05 (**) and p < 0.01 (*). The color intensity is proportioned to the
Pearson Index.

Pearson’s r Put Cad Agm Spn Spd His Try Ser Tyr Tma Dop Nor

Put 1
Cad 0.739 ** 1
Agm 0.984 ** 0.757 ** 1
Spn 0.684 ** 0.193 ns 0.593 ** 1
Spd 0.948 ** 0.814 ** 0.958 ** 0.487 ** 1
His 0.891 ** 0.897 ** 0.928 ** 0.302 * 0.952 ** 1
Try 0.912 ** 0.915 ** 0.908 ** 0.390 ** 0.933 ** 0.968 ** 1
Ser 0.809 ** 0.613 ** 0.776 ** 0.819 ** 0.744 ** 0.642 ** 0.666 ** 1
Tyr 0.963 ** 0.689 ** 0.971 ** 0.721 ** 0.902 ** 0.851 ** 0.832 ** 0.886 ** 1

Tma 0.891 ** 0.961 ** 0.895 ** 0.416 ** 0.922 ** 0.943 ** 0.967 ** 0.740 ** 0.842 ** 1
Dop 0.889 ** 0.838 ** 0.910 ** 0.295 * 0.966 ** 0.975 ** 0.956 ** 0.577 ** 0.806 ** 0.905 ** 1
Nor 0.818 ** 0.952 ** 0.811 ** 0.400 ** 0.841 ** 0.895 ** 0.933 ** 0.773 ** 0.798 ** 0.955 ** 0.827 ** 1

**. Correlation is significant at the 0.01 level; *. Correlation is significant at the 0.05 level; ns; not significant.
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Figure 3. P.C.A. biplot (score and loadings plots) of berries colored by varieties. All biogenic amines
are displayed. The size of the arrows indicates the contribution strength of the compound. Each point
is the average of quaternaryplicate of each organic acid.

3. Discussion

Although there have been new approaches and reports on a wide range of functions
of B.A.s in wine and table grapes in the last few decades [4,22,26], to our knowledge,
information on the reactions of B.A. both in grape varieties containing foxy and muscat
taste and in berry ripeness stages has yet to be revealed. Previous results on the functions
of B.A.s in wine and table grapes have allowed us to understand positive and negative
effects on human health in greater and greater detail; however, the picture’s complexity
has dramatically increased, and negative effects on human health appear in greater and
greater detail; however, the complexity of the picture has greatly increased. Much previous
research has focused on the effects of different applications on grape and wine chemical
composition in various grape varieties [4,22,26]; however, less study has been conducted
with B.A.s of grape varieties containing foxy and muscat taste. In this context, the results
of our study are similar to the previous reports by researchers who analyzed the B.A.s
of wine, and pomace from different varieties grown in various viticultural regions of the
world. In our study, Put, His, Agm, and Try were the most abundant amino acids in
raisin varieties, confirming previous reports that these B.A.s occur at high concentrations
in grapes [27]. However, when the general literature is examined, the effect of grape
evaluation forms or grape by-products (i.e., grape seeds, skins, wines, pomace, bagasse,
stalks) on the concentration of B.A.s of raisin is not clear and consistent among the different
varieties and even for the seeded and seedless grape varieties.

Experimental observations on highly complex systems for B.A.s in grape varieties are
mainly based on measurements performed in wine and must be rationalized in terms of
elementary article science. The present study is, in this context, the first report of a synthesis

96



Plants 2022, 11, 2845

study regarding the effect of B.A.s on quality characteristics throughout berry ripeness in
grape varieties containing foxy and muscat tastes. Based on our results, we can state that
there was wide variation in the total B.A.s between grape varieties, with values ranging
from 12.24 (Put) to 0.83 μg · L−1) (Nor). In addition, Put, His, Agm, and Try were the
majority amine, coinciding with the results of Gomez et al. [27]. Moreover, some authors
who agree with our findings reported on the presence of primary amines being generally
histamine, tyramine, putrescine, cadaverine, tryptamine, agmatine, phenylethylamine,
methylamine, isoamylamine, and ethylamine in wine products obtained from different
grape [10,28].

On the other hand, the Bronx Seedless grape variety showed lower content of all B.A.s
than the Italia grape variety, except for Spn and Spd (Table 1). This was not surprising
given the reports that the content of B.A. in grapes varies by variety [24,29]. The Spn and
Spd contents were relatively low for both varieties, and this could be explained by the
fact that probably by the metabolism of Agm, which is the most abundant amino acid in
grape or Spn and Spd originate from Put, the latter being produced by decarboxylation of
ornithine [30]. Although Put has also been found that this amine may be present in berries
without external microbial contamination, it has been related to poor sanitary conditions of
grapes [28]. Some studies have highlighted that the quantity of amines in food depends
not only on the amount of microorganisms present but on the activity of the decarboxylase
enzyme on specific amino acids and the favourability of the enzymatic conditions, like, pH,
temperature [28–30].

As far as phenological stages are concerned, as the berry development progresses,
individual B.A.s concentrations also rise, and there was a linear increase in all B.A.s
contents of both grape varieties. The berries of BBCH-89 and BBCH-85 stages reached
higher B.A. content than the berries of other phenological stages. The most common
B.A.s in grape varieties were Put, His, Agm, and Try, whereas among these amines, Spn,
Nor, and Spd were the lowest (Table 1). It has been reported that some bio-components
exhibit patterns of decline and subsequent accumulation during ripening, suggesting their
covalent association with other cellular compounds or utilization and degradation for the
biosynthesis of other compounds [31]. However, there is not much information in the
literature about the anabolism or the catabolism of B.A.s during berry development and
ripening. Logically here, we hypothesize that the smaller berry size in very early berry
development contains low concentrations of B.A. compared to larger berry size. On the
other hand, we think that B.A.s could have increased in musts of berry due to the hydrolysis
of hydroxycinnamic amide compounds throughout berry ripeness. It is, indeed, known
that amino acid precursors could accumulate in berries as well during berry ripeness,
supporting a further B.A.s increase. It has also been noted that amino acids vary depending
on the berry development stages [32], which confirms our hypothesis. Although it is known
that there is no consensus on the correlation between amino acids in the environment and
total B.A.s [21], this point should not be neglected by researchers.

Regarding the Pearson correlation values calculated to determine the relationships
between individual B.A.s analyzed in all data, a significant positive correlation (p ≤ 0.05)
was obtained among B.A.s (Figure 2). This is consistent with the results that there is
a significant correlation between some B.A.s identified in raisins [14]. Most significant
correlations for data obtained from both grape varieties show a high confidence level
(p ≤ 0.05), except for His, Dop, Tyr, Spn, Agm, and Nor (Table 2). A marked correlation
was determined between Put and other B.A.s (r values greater than 0.73, with p ≤ 0.05);
between Cad and other B.A.s, except for Spn, Ser, and Tyr (r values greater than 0.61,
with p ≤ 0.05). The strongest correlation was found among Dop, Tma, Nor, Try, and His
amines, whereas the weakest correlation was found between Spn and Cad (Table 2). It has
been noted that there is a high correlation between serotonin, spermidine, spermine, and
tryptophan [4], which is consistent with our results. In addition, the relationship among
cadaverine, tryptamine, and phenylethylamine [33], between histamine-tyramine [34],
putrescine-tyramine [35], or some amines [36] have been reported in different works for
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wines. On the other hand, we opted to compare the detected findings by P.C.A. in terms of
creating a descriptive model for grouping B.A.s as a function of grape varieties throughout
berry ripeness. A PCA was obtained that detected for (PC1 + PC2) 94.2 % of the variance
in the twelve B.A.s for grape varieties in our findings. Cad, Dop, His, Try, Tma, Nor, and
Spd were close to each other in the second quadrant, whereas the Agm, Put, Try, and Ser
was close to each other (except for Spn) and was located in the third quadrant (Figure 3).
This correlation among B.A.s concentration during berry ripening in our study supports
the results of Ates et al. [14], who found a high correlation between spermine, tryptamine,
putrescine, agmatine, and dopamine.

Given the dual importance (quality and health effects) of B.A.s, on the other hand,
efforts must be made to control B.A.s in grape products and regulatory limits for B.A.s
have not yet been established by the OIV (Organization International de la Vigne et du
Vin) for fresh grape, raisins, and wines; however, Lehtonen [37], stated that for France
8 mg/L, Belgium 5–6 mg/L, Austria 10 mg/L, Holland 3.5 mg/LGermany 2 mg/L, and
Switzerland 10 mg/L as the maximum limit for histamine in wine are recommended. A
legal limit for histamine in wine does not exist in either the European Union or Austria [37].
Although our findings for histamine are lower than the above-mentioned limit values, the
maximum BA limit that is generally considered safe for consumers is not yet known for
fresh grapes. It has been reported that histamine and tyramine are generally assumed to
be the most toxic amines among B.A.s European Food Safety Authority [38], (2011), but
to the best of our knowledge, there is no scientific data to confirm this yet. Despite the
increase in B.A.s content as the berry development progresses in our study, these values are
well below the values considered harmful to human health and do not cause any problems
related to berry quality.

4. Materials and Methods

4.1. Plant Material and Sample Preparation

The study was conducted in 2021 on twenty-year-old Bronx Seedless (New York
8536 × Sultanina) and Italia (Bicane × muscat Hamburg) vines grafted onto 5 B.B. root-
stock in the Manisa Province (Manisa Viticulture Research Institute), Aegean Region, Turkey
(27◦23′57.36′′ East Longitude and 38◦37′57.14′′ North Latitude at 3.3 m above sea level.
Bronx Seedless and Italia vines were planted at 2.0 m between vines and 3.0 m between
rows. Vines have a high trunk (about 1 m) cordon trellis system with 12–15 shoots per
vine and one cluster per shoot at a northwest orientation, and vines were spur-pruned.
Healthy berries (450 per cultivar) were randomly harvested in triplicate from the cluster’s
bottom, middle, and top parts. Samplings were carried out on July 27 (the first week before
veraison; stage BBCH-77), and the latest sampling was August 28 (harvest time; BBCH-89),
for a total of six selections. Based on BBCH scale published by Lorenz et al. [39], clusters
were harvested in six different stages as follows: BBCH-79, BBCH-81, BBCH-83, BBCH-85
(these stages follow in order; begin berry touch, berry touch complete, berries begin to
brighten in color, berries brightening in color, softening of berries, berries ripe for harvest).
Clusters were collected, put into plastic bags, and transported at 4 ◦C to the laboratory,
where they were stored at −80 ◦C until analysis.

4.2. Chemicals

Standard solutions of spermine (in the 1 to 30 mg/L range), agmatine, spermidine,
serotonin, histamine, tryptamine, dopamine, norepinephrine, cadaverine, trimethylamine,
putrescine, and tyramine were obtained from Sigma-Aldrich Chemie, Steinheim, Germany.

4.3. Isolation of Amines from Grape Varieties

Berries (5 g) were homogenized using an Ultra-turax homogenizer, including 0.5 mL
of 70% perchloric acid. Homogenate (X g) was centrifuged at 10,000 rpm for 10 min. The
supernatant was recovered, filtered over a 0.22 mm membrane, and diluted with 10%
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perchloric acid to the initial homogenate weight. The sample was then filtered over 0.45
μm and injected into the HPLC.

4.4. Identification of Amines from Grape Varieties by HPLC

Biogenic amines (B.A.) were separated and quantified according to the method of
Nagy et al. [40], with modifications. Samples were injected on a reverse phase column
(Bondapak C18, 300 × 3.9 mm, 10 mm; Waters, Milford, MA, USA) mounted on a Waters
Alliance Liquid Chromatograph attached to a Waters 474 fluorescence detector (Milford,
MA, USA). Post-column derivatization (2-mercaptoethanol, o-phtalaldehyde) was used to
improve detection. Peaks were identified using authentic standards. Calibration curves in
the range of 1 to 30 mg/L (spermine) and 0.1 to 10 mg/L (agmatine, spermidine, serotonin,
histamine, tryptamine, dopamine, norepinephrine, cadaverine, trimethylamine, putrescine,
and tyramine) were used for quantitation. The biogenic amine content of samples was
expressed in μg · L−1 fresh weight.

4.5. Statistical Analysis

Descriptive statistics for the studied variables were analyzed considering a completely
randomized design with the factorial arrangement, accounting for two grape varieties
involving six phenological stages. The variables were subjected to a variety analysis
(ANOVA) that was performed using SPSS 21.0 (SPSS Inc., Chicago, IL, USA). Duncan’s
test detected the significance of the differences in data (p ≤ 0.05). The Pearson correlation
coefficients were evaluated as scatterplot matrices using Analyse-it statistical software, and
they were significant at the 0.01 (**) and 0.05 (*) levels.

5. Conclusions

Although scientific advances have been achieved in understanding the biochemical,
molecular, and physiological aspects of berry ripening in grapes, there is no previous
research on the change of B.A.s throughout berry ripeness. Therefore, this study is the first
report on B.A.s. The findings showed that Bronx Seedless table grapes presented higher
contents of Put, Cad, Agm, Spd, His, Try, Ser, Tyr, Tma, Dop, Nor, and lower contents
of Spn than Italia table grapes. The analyzed B.A.s concentration increased linearly as
the berry ripened, and there reached the highest level in BBCH-77 and BBCH-89 stages.
In addition, a significant positive correlation was detected between B.A.s and a strong
correlation between Dop, Tma, Nor, Try, and His amines. Given the therapeutic value and
importance of some amines of these grapes for humans, the pharmaceutical industry may
capitalize on the potential human health benefits of pharmaceutical preparations for plants,
animals, and humans. Indeed, it is likely that soon, we will be able to see the processing of
pre-and post-harvest food crops and the production of fruits and vegetables with higher
amine levels by combining traditional and modern growing approaches.
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Abstract: Extensive research has been performed on the in-field nondestructive evaluation (NDE) of
the physicochemical properties of ‘Madoka’ peaches, such as chromaticity (a*), soluble solids content
(SSC), firmness, and titratable acidity (TA) content. To accomplish this, a snapshot-based hyperspectral
imaging (HSI) approach for filed application was conducted in the visible and near-infrared (Vis/NIR)
region. The hyperspectral images of ‘Madoka’ samples were captured and combined with commercial
HSI analysis software, and then the physicochemical properties of the ‘Madoka’ samples were pre-
dicted. To verify the performance of the field-based HSI application, a lab-based HSI application was
also conducted, and their coefficient of determination values (R2) were compared. Finally, pixel-based
chemical images were produced to interpret the dynamic changes of the physicochemical properties in
‘Madoka’ peach. Consequently, the a* values and SSC content shows statistically significant R2 values
(0.84). On the other hand, the firmness and TA content shows relatively lower accuracy (R2 = 0.6 to
0.7). Then, the resultant chemical images of the a* values and SSC content were created and could
represent their different levels using grey scale gradation. This indicates that the HSI system with
integrated HSI software used in this work has promising potential as an in-field NDE for analyzing
the physicochemical properties in ‘Madoka’ peaches.

Keywords: fruit quality; quality prediction; plant phenotyping; orchard management

1. Introduction

Hyperspectral imaging (HSI) has been intensively used as an effective tool for plant
phenotyping in the nondestructive evaluation (NDE) fields [1], agricultural products [2],
food safety, and quality [3] due to its rapid and accurate detection and classification of target
materials. Moreover, HSI can simultaneously provide the spectral and spatial information
of a target material by combining spectroscopic analysis and image processing [4–6]. It,
therefore, has a high potential to be used for online sorting application systems of various
foods [5]. Consequently, this allows users to detect or classify a target material through
pixel-based chemical images from agricultural products [7–9].

Despite the great advantages of HSI technologies for agricultural NDE, the in-field-
based HSI technologies for agricultural NDE still have some critical issues. The total cost of
an in-field based HSI system is expensive, and it is also difficult for users to handle the HSI
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system due to its complexity, such as in the scanning method (line or snapshot scanning),
long image acquisition time (more than regular machine vision), sensitive control for line
scanning, low pixel resolution, large amount of sample information, etc. [10].

Moreover, to build robust prediction models based on various chemometric methods,
spectral calibration is essential for establishing high accuracy [8,11]. However, because the
spectral calibration is strongly affected by weather conditions such as brightness and the
movement of clouds, the majority of detection and classification chemometric models have
been developed under a precisely controlled environment [6,12,13].

To overcome these difficulties, commercial companies such as Perception Park (Graz,
Austria), Prediktera (Umeå, Sweden), and perClass BV (Delft, Netherlands) have released
their commercial hyperspectral imaging software, which allows researchers and agricultural
entrepreneurs to analyze hyperspectral images more easily. They have been attempting
to use this software in a wide variety of industrial [14,15], medical [16], and agricultural
fields [17,18]. In the agricultural field, the HSI system has been widely applied to fruit
ripeness, soluble solids content (SCC), firmness, bruising, fungal contamination, nutrients,
and so on [10,19–23]. Therefore, in this study, we conducted an NDE of fruit quality using
a commercial hand-held visible near-infrared (Vis/NIR) hyperspectral camera (Specim IQ,
Specim, Oulu, Finland) and classification software (perClass Mira, Delft, Nederlands) which
performs an automatic selection of machine learning models with various preprocessing
methods for field applications.

Peaches (Prunus persica (L.) Batsch) are one of the most widely consumed fruits, which
are cultivated in both hemispheres because of their unique flavor and high nutrition [24,25].
Peaches can be divided into melting (< 8 N firmness) and non-melting (>16 N firmness)
types depending on how much of the flesh softens as they ripen [26,27]. Moreover, peach
fruits are vulnerable to climate change because they quickly ripen and lose their quality
even at room temperature [28]. Thus, ripeness is an important factor for fresh peaches
during market distribution.

As a result of global warming, the average yearly temperature might rise by 0.3 to
4.8 degrees. The worldwide mean annual temperature will rise by 0.3 to 4.8 ◦C by 2100,
and many agricultural crops will likely experience temperatures that are higher than the
global average [29]. Hence, predicting the quality parameters of peaches has recently
attracted substantial attention in the fields of agricultural NDE because of their temperature
sensitivity [23,24,30].

Approximately 30 kinds of peach cultivars, including ‘Madoka’ peaches, have been
cultivated in the Republic of Korea. ‘Madoka’ is the typical melting type that quickly
softens during its ripening stage [25]; therefore, we have selected ‘Madoka’ peaches as our
target in field applications due to its physiological response to temperature conditions.

In a lab-based environment, important physicochemical properties of agricultural
products could be measured and predicted under light source, controlled scanning speed,
and minimized vibration [3,19,20]. However, field-based HSI for agricultural products
has some critical issues, such as irregular intensity of sunlight, the movement of clouds,
dirt on the surface of fruits, and so on. They can affect the brightness of the obtained
hyperspectral images and decrease the overall HSI performance. Accordingly, improving
the performance of the field-based HSI technologies is an emerging issue for the NDE of
agricultural products [20].

Therefore, the main objective of this study was to evaluate the physicochemical
properties of ‘Madoka’ peaches. Their chromaticity, soluble solids content (SSC), firmness,
and titratable acidity (TA) were evaluated using a commercial hyperspectral camera and
software for field application of a commercial HSI system. To verify its accuracy, the
predicted values produced by the commercial software were compared with their measured
values by a colorimeter, refractometer, firmness meter, and pH meter. In addition, the
accuracy of the predicted values was acquired from laboratory (indoor) and field (outdoor)
studies to analyze the differences and accuracies between the two environments. Our
detailed objectives are summarized as follows:
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• Establish two Vis/NIR HSI systems (indoor and outdoor) for obtaining hyperspectral
data of ‘Madoka’ peaches, with an increase in their growth period,

• Measure the physicochemical properties of ‘Madoka’ peaches in an indoor and outdoor
environment and compare their predicted values with those of the commercial software,

• Analyze the predicted results from both the indoor and outdoor environment and de-
termine a preprocessing method which produces the highest accuracy among various
preprocessing methods,

• Demonstrate feasibility by providing pixel-based visualization of physicochemical distri-
bution created by hyperspectral images taken from an indoor and outdoor environment.

2. Results

2.1. Spectra Extraction First Item

Figure 1 shows the average spectra acquired from the ROI regions in both lab- and
field-based hyperspectral sample images, ranging from 400 to 1000 nm. Both spectra were
divided into six groups according to each harvesting date. The obtained spectra show
a high absorption valley appearing at the 680 nm and 970 nm regions in both spectra plots.
It was found that there was no major difference between the two methods.

Figure 1. Average spectra acquired form lab- (a) and field-based hyperspectral images (b).
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2.2. Measured Physicochemical Properties

Table 1 shows the measured physicochemical properties of peach ‘Madoka’. The
ranges of chromaticity (a*), SSC, firmness, and TA were shown, and their average, standard
error (SE), standard deviation (STDEV) values were represented, respectively.

Table 1. Measured physicochemical properties of peach ‘Madoka’.

Parameters Range Average SE STEDV

Chromaticity (a*) −3 to 30 12.88 1.48 8.84
SSC (◦Brix) 10 to 18 13.2 0.5 2.47

Firmness (N) 25 to 50 36.77 2.18 11.88
TA (pH) 0.27 to 0.36 0.36 0.02 0.02

2.3. Chromaticity (a*) Prediction

The result of predicting chromaticity (a*) in ‘Madoka’ is summarized in Table 2. As
shown in the table, under lab-based HSI, SGD 1st derivative differentiation shows the
highest R2 value (R2 = 0.87 at the validation set) in both the calibration and validation set
with the lowest bias values. On the other hand, under field-based HSI, smoothing has the
highest accuracy (R2 = 0.85 at the validation set).

Table 2. Model outcome of predicting chromaticity (a*) values of ‘Madoka’ peaches.

Place Preprocessing
Calibration Set Validation Set

RMSECV
R2 SEP RPD Bias R2 SEP RPD Bias

Lab

Raw 0.79 3.49 2.21 −0.30 0.84 4.63 1.64 −0.92 0.02
Smoothing 0.80 3.46 2.24 0.07 0.85 4.61 1.65 −0.27 0.01

Savitzky golay 1st 0.89 2.57 3.01 0.11 0.87 4.21 1.81 −0.72 0.01
Savitzky golay 2nd 0.89 2.51 3.08 −0.02 0.79 5.32 1.43 −0.67 0.01

Field

Raw 0.52 4.83 1.59 −2.23 0.82 4.27 1.81 −2.62 0.02
Smoothing 0.89 2.54 3.03 0.01 0.85 4.59 1.68 0.65 0.01

Savitzky golay 1st 0.85 2.93 2.62 0.10 0.84 4.59 1.68 −0.08 0.03
Savitzky golay 2nd 0.86 2.86 2.68 −0.09 0.78 5.35 1.44 −1.11 0.02

2.4. SSC Prediction

The results of the SSC content analysis of ‘Madoka’ peaches are summarized in Table 3.
As shown in the table, SGD 1st derivative differentiation shows the highest (R2 = 0.87)
accuracy under lab-based HSI application. In addition, smoothing and SGD 2nd derivative
differentiation show good performance (R2 = 0.89 and 0.85) under field-based HSI.

Table 3. Model outcome of predicting SSC concentrations of ‘Madoka’ peaches.

Place Preprocessing
Calibration Set Validation Set

RMSECV
R2 SEP RPD Bias R2 SEP RPD Bias

Lab

Raw 0.77 1.19 2.09 0.00 0.84 1.45 1.66 0.50 0.01
Smoothing 0.90 0.77 3.23 0.00 0.86 1.39 1.73 0.21 0.01

Savitzky golay 1st 0.91 0.73 3.40 0.00 0.87 1.37 1.76 0.20 0.01
Savitzky golay 2nd 0.88 0.87 2.85 0.00 0.82 1.62 1.49 0.22 0.01

Field

Raw 0.63 1.54 1.64 −0.05 0.87 1.36 1.68 −0.11 0.01
Smoothing 0.84 1.02 2.48 0.00 0.89 1.24 1.85 0.33 0.01

Savitzky golay 1st 0.78 1.17 2.15 0.01 0.91 1.12 2.05 0.35 0.01
Savitzky golay 2nd 0.86 0.95 2.66 0.00 0.85 1.40 1.63 0.57 0.01
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2.5. Firmness Prediction

The firmness prediction results of ‘Madoka’ are represented in Table 4. As can be seen,
it was observed that the accuracies of the calibration set were relatively much lower than
those of the validation set. SGD 2nd derivative differentiation shows the best accuracies
(R2 = 66) under the lab-based HSI application. In the field-based HSI, SGD 1st derivative
differentiation shows the highest accuracies (R2 = 0.68) under field-based HSI.

Table 4. Model outcome of predicting firmness values of ‘Madoka’ peaches.

Place Preprocessing
Calibration Set Validation Set

RMSECV
R2 SEP RPD Bias R2 SEP RPD Bias

Lab

Raw 0.54 8.35 1.48 0.08 0.81 7.56 1.36 −3.15 0.04
Smoothing 0.53 8.46 1.46 0.08 0.82 7.53 1.37 −3.01 0.04

Savitzky golay 1st 0.60 7.80 1.58 −0.08 0.82 7.72 1.33 −2.36 0.05
Savitzky golay 2nd 0.66 7.20 1.72 0.00 0.79 8.00 1.29 −3.52 0.03

Field

Raw 0.50 8.59 1.41 0.11 0.75 9.12 1.18 −2.20 0.07
Smoothing 0.67 7.00 1.73 0.00 0.51 11.87 0.91 −5.22 0.04

Savitzky golay 1st 0.68 6.91 1.76 0.00 0.58 11.40 0.94 −3.72 0.06
Savitzky golay 2nd 0.55 8.14 1.49 −0.32 0.78 8.56 1.26 −1.67 0.04

2.6. TA Prediction

Table 5 shows the results of the TA contents in ‘Madoka’. In the lab-based HSI, R2

values of the calibration and validation set were between 0.5 and 0.7. In the field-based
HSI, the model accuracy was about 0.7, which is a slightly higher value than that of the
lab-based HSI outcome.

Table 5. Model outcome of predicting TA values in ‘Madoka’ peaches.

Place Preprocessing
Calibration Set Validation Set

RMSECV
R2 SEP RPD Bias R2 SEP RPD Bias

Lab

Raw 0.56 0.07 1.51 0.00 0.68 0.09 1.18 −0.04 0.00
Smoothing 0.56 0.07 1.50 0.00 0.69 0.09 1.19 −0.03 0.00

Savitzky golay 1st 0.60 0.07 1.59 0.00 0.68 0.09 1.15 −0.03 0.00
Savitzky golay 2nd 0.71 0.06 1.86 0.00 0.67 0.09 1.13 −0.03 0.00

Field

Raw 0.73 0.06 1.92 0.00 0.63 0.10 0.90 −0.01 0.00
Smoothing 0.56 0.07 1.51 0.00 0.75 0.08 1.11 0.01 0.00

Savitzky golay 1st 0.78 0.05 2.14 0.00 0.74 0.08 1.07 0.00 0.00
Savitzky golay 2nd 0.70 0.06 1.81 0.00 0.77 0.08 1.14 0.00 0.00

2.7. Visualization of Physicochemical Properties

The pixel-based chemical imaging of the physicochemical component distribution in
‘Madoka’ was created by the prediction model chosen by perClass Mira software. Figure 2
shows the representative resultant hyperspectral images with an increase in SSC contents
and chromaticity (a*) values. The measured values of a* and SSC contents were acquired
from the ‘Madoka’ samples harvested between 13 July and 3 August. The resultant images
for firmness and TA content distribution were not shown due to their low R2 values.
In Figure 2, the resultant hyperspectral images were described by a linear gray scale
with different intensities being used for each pixel and compared with their RGB images,
facilitating improved understanding of the spatial variation in chromaticity (a*) and SSC in
the ‘Madoka’ samples.
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Figure 2. RGB and HSI images for the evaluation of chromaticity (a*) values and SSC in ‘Madoka’ peaches.

3. Discussion

3.1. Spectral Analysis

Spectral analysis of a target material can provide material information about its chemi-
cal composition and physical properties. Every agricultural product includes nearly the
same constituents contributing to the absorption (or reflection) spectra, such as chlorophyll,
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carotenoids, water, proteins, waxes, starches, structural biochemical molecules, and so
on [31]. Therefore, these components respond to electromagnetic radiation as a function of
wavelengths to their composition and physical properties.

The typical shape and absorption peaks (675 nm and 970 nm) of the ‘Madoka’ spectra
were acquired, as shown in Figure 1 [19,23,32]. The acquired sample spectra presented
similar spectral trends with different intensities. The absorption peaks at 675 nm and
970 nm are related to chlorophyll a and the second overtone stretching of O-H vibrations of
water and sugar components [19,23]. Increasing the time until harvest leads to the maturity
of yellow ‘Madoka’. This decreases the chlorophyll content and can be used to evaluate the
maturity of fresh peach fruits [33]. From the spectral data in both lab- and field-based HSI,
it was difficult to determinate the criteria for high quality ‘Madoka’ as well as distinguish
the critical differences between the two methods.

3.2. Model Evaluation Factors

The model accuracy was evaluated by conducting a quantitative analysis based on
four preprocessing methods with evaluation factors such as the coefficient of determination
(R2), standard error of prediction (SEP), residual prediction deviation (RPD), root mean
square error of cross validation (RMSECV), and bias values. These evaluation factors have
been commonly used for cross-validation and robust model establishment [4,6,34].

SEP indicates the prediction ability of the used model, and RPD is the ratio of the
standard deviation of the validation set divided by the root mean square errors of predic-
tion (RMSEP), describing by which component its prediction accuracy has been affected
compared to the mean composition for the total samples [34]. RPD can also assess NIR
calibration performance. In general, an excellent prediction model can be evaluated by the
following criteria: high R2, high RPD, low bias, low SEP, and low RMSECV [35,36].

These factors are intensively used to evaluate the performance of chemometric meth-
ods such as partial least squares-discriminant analysis (PLS-DA), principal component
analysis (PCA), least-squares support-vector machine (LS-SVM), and so on [5,36,37]. Among
them, the PLS based chemometric technique with the four preprocessing methods may be
automatically selected by perClass Mira software because they have been intensively applied
to NDE applications for assessing fresh peach quality with high accuracy [1,19–23,38,39].
Therefore, an appropriate model was selected for the NDE of the physicochemical proper-
ties of ‘Madoka’ peaches, and their pixel-based chemical images were created.

3.3. Analysis of Model Prediction

The model prediction accuracies of the physicochemical properties in ‘Madoka’ are
summarized in Tables 2–5. Each preprocessing method includes the calculated values
of the above evaluation factors under lab- and field-based HSI applications. Besides the
preprocessing methods used here, other methods, such as normalization, multiplicative
scatter correction, and standard normal variate, can be utilized to develop chemometric
models to improve model performance. However, only four preprocessing methods could
be selected by the software used.

The overall values of the firmness and TA indices gradually decrease as the time until
harvesting increases; however, chromaticity (a*) and SSC content values show an opposite
trend [33,40]. This color change on the peaches’ surface is consistent with their decreasing
chlorophyll a content and increasing anthocyanin components [41]. Therefore, the a*
component can describe the dramatic maturity stage change in red colored fruits changing
from green (negative) to red (positive) color [42]. As shown in Table 2, the accuracies
of the a* values of lab- and field-based HSI results were nearly identical and statistically
significant (R2 = 0.84 to 0.87).

Conversely, the firmness and TA prediction exhibited a major difference in R2 values
between the calibration (R2 = 0.6 to 0.7) and validation set (R2 = 0.7 to 0.85). Moreover, their
prediction accuracies were much lower than chromaticity (a*) and SSC prediction. This
indicates that the performance of firmness and TA contents, predicted by the automatically
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selected model, was statistically non-significant. In the current study, a single model was
developed and applied to simultaneous identification of the physicochemical qualities of
‘Madoka’ for rapid and real-time field application using a commercial HSI camera and
software. Based on the above analysis, we concluded that the developed model cannot
perform multiple quality factors; thus, a different approach for developing optimal models
for each quality factor is needed for the simultaneous prediction of ‘Madoka’ qualities.

3.4. Visualization of Physicochemical Properties

The conventional spectroscopy technique can create one set of spectral data per indi-
vidual target. However, hyperspectral images can produce full spectral data from every
pixel of the target image. This is the critical benefit of HSI and can provide an interpretation
of the particular chemical components in a specific pixel of the target image. Therefore, the
sample images obtained under two different environments can show different spatial and
spectral information from their pixel data.

As shown in Figure 2, the RGB images were used for comparison with their hyper-
spectral images, and the resultant hyperspectral images present different a* values and SSC
on a linear grey scale with different intensities being used for each pixel. This facilitates
improved interpretation of the spatial variation in a* values and SSC in ‘Madoka’ samples.
The differences of the a* values and SSC are hardly distinguished by the naked eye, except
for yellow ‘Madoka’ samples. However, the developed model could clearly classify the
different a* and SSC values based on the number of black and white pixels, which increase
with their levels. As seen in Figure 2a, it is particularly difficult to distinguish the peach’s
maturity in an RGB image with the naked eye, except for an a* value of –2.98, because red
and pink colors are irregularly mixed with the yellow regions of the RGB sample images.
However, the developed model detects and differentiates the increasing a* values with
a grey scale. This can be also observed in the SSC (see Figure 2c and d) from 12.3 to 21.9%.

Although the a* values and SSC contents and their different levels could be detected,
regular intervals of a* values and SSC could not be achieved in this study due to their fast
ripening characteristics. According to the measured SSC values, it seems that the ‘Madoka’
samples used ripened between 23 and 27 July. Therefore, the hyperspectral images for
gradual variation in peach maturity could not be obtained with the ‘Madoka’ samples
used. Moreover, the dramatic change in the grey scale can be observed in Figure 2c; thus,
color difference between the two groups reveals the SSC level. Consequently, the field
application of the commercial HSI camera and software used in this study has considerable
potential for the NDE of chromaticity and SSC in ‘Madoka’ peaches.

4. Materials and Methods

4.1. Sample Preparation

The ‘Madoka’ peaches utilized in this study were grown at an orchard located in
Jiphyeon-myeon, Jinju-si, Gyeongsangnam-do, Republic of Korea. Hyperspectral images
were taken from 13 July to 3 August 2021 between 10:00 am and 12:00 during the growing
season of peach plants on sunny days. Detailed weather information can be found at Korea
Meteorological Administration (https://data.kma.go.kr/). In all, 180 ‘Madoka’ samples
were collected and divided into 2 subsets: a calibration set (70 % of the total samples) for
model development and a validation set (30 % of total samples). After taking field-based
images of the samples, they were then taken to an indoor laboratory for the performance
comparison between the two different methods.

4.2. HSI System

Both a lab- and field-based HSI system were utilized for taking indoor and outdoor
sample images. Their conceptual diagrams are shown in Figure 3. The main components
of the laboratory-based system consist of a Vis/NIR hyperspectral camera (Specim IQ,
Specim Ltd., Oulu, Finland), 2 650 W halogen lamps (H1000, FOMEX, Seoul, Republic of
Korea), a calibration plate for relative reflectance correction (99% barium sulfate [BaSO4]
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reference plate), and a darkened room for sample image acquisition. For the field-based
HSI application, the same hyperspectral camera was used only under sun light conditions.
Then, these sample images were analyzed.

 

Figure 3. Conceptual diagram of the lab- (a) and field-based hyperspectral imaging system (b).

In general, the line-scan method is used for agricultural applications because food
products linearly move along a production line. Moreover, online application is well suited
to line scanning. However, in the current study, a hyperspectral camera for area scanning,
which is able to obtain two dimensional hyperspectral images (x and y plane) with full
spatial data of a target at once, was selected due to its rapid image acquisition ability for
field application [43,44].

Halogen lamps are a typical broadband light source, which can perform reflectance
and transmittable imaging because they produce a stable and continuous spectrum from
the visible to infrared wavelength region without sudden peaks [3]. The Vis/NIR region
has been widely used for HSI applications in the fields of agricultural NDE owing to its
strong response to the major chemical bonds of C–H, N–H, and O–H functional groups
at specific frequencies. Therefore, halogen lamps were selected as the illumination source
for our analysis. In addition, as shown in Figure 3a, a dark curtain was used to prevent
external light noise.

4.3. Spectral Calibration and Image Acquisition

The spectral range of the hyperspectral camera used was 400 nm to 1000 nm with a 2.9 nm
interval (total of 204 wavebands). The region of interest (ROI) was composed of 512 × 512 pixels
per single sample image. The background regions of the acquired sample images were
removed by perClass Mira software because the background pixels include totally irrel-
evant spectral information from the sample pixels. The field of view of the camera was
200 × 200 mm at a distance of 300 mm. The mean spectra within the ROI region were then
acquired to analyze both sample types.

For every hyperspectral image, the sample and white reference images were simultane-
ously taken for spectral (reflectance) calibration. The reflectance calibration is an important
process to minimize the quantum effect of the imaging sensor mounted in the hyperspectral
camera [45]. It produces an unwanted irregular radiance even when taking the same sample
images under the same conditions [7]. To prevent this, a white reference and dark current
images are typically captured, and the relative reflectance of a target is then calculated. In
this study, white reference images were obtained without current images, because the dark
current image was automatically obtained by the camera used. Spectral calibration was
performed for both lab- and field-based imaging.

111



Plants 2022, 11, 2327

4.4. Measurement of Physicochemical Properties

After obtaining the sample images, the physicochemical properties of ‘Madoka’
peaches such as chromaticity, SSC, firmness, and TA were measured for use as a cali-
bration set for model development. According to USDA peach grade and standards, the
best peach grade should have no less than one-third of its surface showing a pink or red
color [46]. To apply a red color to the digital imaging system for peach grading, CIELAB
color space has been widely used [41,47,48]. Among various color parameters, parameter
a* is closely related to peach grading, with the axis indicating negative values for immature
green and positive values for mature red [40,48]. Therefore, in this study, the a* parameter
was selected as a major indicator for peach grading and was measured using a colorimeter
(CR-400, Minolta, Osaka, Japan).

The firmness and SSC are also critical quality factors which can directly influence
customers when purchasing fresh peaches [49]. Firmness was measured 3 times using a Sun
Rheometer with an 8 mm probe (CR-100, Sun Scientific Inc., Tokyo, Japan) at a loading
rate of 2 mm/s after taking all of the lab- and field-based hyperspectral peach sample
images. The measuring point of firmness was the same location where the hyperspectral
images of the ‘Madoka’ samples were taken. The SSC was measured using a digital
refractometer (PAL-1, Atago Co. Ltd., Tokyo, Japan) after all samples were ground to juice.
The refractometer used had a refractive index accuracy of ± 0.2, and the ◦Brix (%) range
was 0 to 53% with a 0.1 % Brix resolution at room temperature. The TA was measured
using a pH meter (BP3001, Trans Instruments, Jalan Kilang Barat, Singapore). Titration was
accomplished by a 1 mL pulp diluted into 80 mL of distilled water. Then, NaOH (0.1 N)
was added at a rate of 1 mL/min to reach pH 8.3.

4.5. Model Accuracy Parameters

In this study, the model accuracy was evaluated by R2, SEP, RPD, RMSECV, and bias
values. R2 values range from zero to one and can measure how well a statistical model
predicts a result. A high R2 value corresponds to a model that describes the variations
in its data fit well [8,44]. SEP is the parameter commonly used in the HSI technique to
describe the prediction ability of the developed model. Therefore, SEP can be compared to
the expected accuracy to decide whether or not the developed method is acceptable. RPD
value is the ratio of the standard deviation to the root mean square errors of prediction,
explaining by which factor the model accuracy has been increased compared to utilizing
the mean composition for total samples. In general, quantitative prediction can be achieved
when the RPD value is higher than 2. RMSECV is calculated to evaluate the performance
of the partial least square model. The optimal wavelength combinations for predicting
physicochemical properties can be obtained by the lowest RMSECV values [36].

4.6. Visualization

Prior to model development, smoothing and Savitzky–Golay derivative (SGD) 1st and
2nd derivative differentiation preprocessing techniques were applied to the raw data to
improve model forecasting performance by correcting and lowering the baseline shift and
multiplicative scatter effects generated from electrical devices and irregular intensities of
light sources [14]. As previously mentioned, after background removal of the ‘Madoka’
sample images, the spectra of the ROI were extracted, and their spectral data were used for
model development. Then, an appropriate machine learning method was automatically
selected by perClass Mira software for rapid and real-time image analysis [50]. The flow
chart of the model development process is represented in Figure 4.
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Figure 4. Flow chart of data processing procedures for prediction of physicochemical properties of
‘Madoka’ peaches based on lab- and field-based HSI applications.

The novel benefit of HSI is that chemical mapping of a component distribution in
a target material can be accomplished by various chemometric models constructed by
simultaneous measurement of spatial and spectral information [4,43,44]. Thus, in this
study, pixel-based chemical images based on the spatial distribution of the physicochemi-
cal components in ‘Madoka’ samples were obtained from both lab- and field-based HSI
information. Spectral data in each pixel of the sample images were extracted and utilized to
analyze model prediction performance. Consequently, the prediction results were shown
in color, indicating different physicochemical concentrations in the sample images, and
the field-based application outcome was compared with the lab-based result to verify
its prediction accuracy. All data analyses for model development, preprocessing, and
visualization were conducted by perClass Mira software.

5. Conclusions

This study investigated the field application feasibility for the NDE of physicochemical
properties in ‘Madoka’ peaches using a Vis/NIR HSI system integrated with commercial
HSI analysis software. Before hyperspectral image acquisition, spectral calibration was
conducted by white balance reference to prevent the quantum effect on the imaging sensor
of the camera. Then, the absorption spectra of the ‘Madoka’ samples were extracted from
the sample images and the spectral features of both groups were analyzed.

To analyze the physicochemical properties (chromaticity (a*), SSC, firmness, and
TA), a machine learning model was automatically selected by perClass Mira software.
Three preprocessing methods (smoothing, SGD 1st, and SGD 2nd) were also applied to
the selected model to improve the model accuracy. The performance of the lab-based HSI
analysis was conducted by using the same samples used in the field-based application.

Accordingly, statistically significant R2 values (about 0.85) were found in the a* values
and SSC content; however, the firmness and TA content exhibited much lower R2 values
(0.5 to 0.7). There was also a major difference in R2 values between the calibration and
validation set. Based on these results, resultant chemical distribution images of a* values
and SSC were constructed by the selected model. The final outcome clearly demonstrates
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that the HSI camera and commercial software used have potential for the field NDE for
analyzing physicochemical properties in ‘Madoka’ peaches.
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Abstract: There is an increasing demand for sweet melon (Cucumis melo L.) fruit in fruit and vegetable
markets due to its nutritional content, resulting in different cultivars being grown in different
production systems. This study evaluated the nutritional and phytochemical contents of soilless-
grown cantaloupe and honeydew sweet melon cultivars at harvest and postharvest. At harvest,
vitamin C and β-carotene concentrations were higher in orange-fleshed (cantaloupe) cvs. Magritte,
Divine, Majestic, Cyclone, MAB 79001, E25F.00185, E25F.00075 and Adore, compared to green-fleshed
(honeydew) cvs. Honey Brew and Honey Star. The zinc (Zn), phosphorus (P), potassium (K),
magnesium (Mg) and calcium (Ca) contents were higher in orange-fleshed compared to green-fleshed
cultivars. Total phenolics content (TPC) in cv. E25F.00075 was the highest (2.87 mg GAE·g−1 dry
weight). A significant, positive, correlation occurred between β-carotene and Zn, P, K, Ca and Mg
contents. Postharvest storage duration affected TPC and total soluble solid content. The interaction
of cultivar and postharvest storage duration affected flavonoid, vitamin C and β-carotene contents,
free radical scavenging activity and fruit juice pH. Vitamin C and β-carotene contents decreased with
increased postharvest storage duration while flavonoid content increased. The cantaloupe cultivars
performed significantly better compared to the honeydew cultivars as evident in their high mineral
element content, and vitamin C and β-carotene concentrations. Selection of appropriate cultivars in a
production system should consider variation in nutritional traits of cultivars and postharvest storage
duration. Soilless production of sweet melon cultivars in tunnels offers a viable alternative to open
field to produce high-quality melons at harvest and postharvest.

Keywords: antioxidant; β-carotene Cucumis melo; flavonoids; mineral element; vitamin C

1. Introduction

Sweet melons (Cucumis melo L., family: Cucurbitaceae), commonly known as spanspek
or muskmelons, have become a popularly consumed fresh fruit across the world. Although
most melons are grown in open fields, commercial production of melons in soilless culture
under greenhouse conditions is becoming a preferred option among farmers to improve
yield [1–3]. Changes in weather conditions and availability of land and suitable soil type
coupled with build-up of soil-borne pathogens and fluctuations in available nutrient supply
are among the challenges associated with field-based monoculture systems [4]. Protected
soilless culture alleviates some of these problems while extending the harvest period with
the potential to increase yield compared to production under open field conditions [5].

Plants 2022, 11, 2136. https://doi.org/10.3390/plants11162136 https://www.mdpi.com/journal/plants
117



Plants 2022, 11, 2136

Improved fruit yield per unit area may be achieved in soilless culture under high-
tunnel protection than in a field because plants are arranged more uniformly, large gaps
between plants and rows are avoided and light interception is optimized [6]. Soilless
culture can produce fruit and vegetables with better taste, color, texture and higher nutri-
tional value than those from soil cultivation [7]. Melon growers should consider soilless
culture under protection or greenhouse conditions that can provide a consistent supply of
high-quality fruit with low risk of crop failure. Systems such as non-temperature controlled
(NTC) plastic tunnels can be employed as they use natural ventilation to reduce temper-
ature [4,8]. However, the use of soilless culture under protection does not automatically
result in production of high-quality melons. High yields and quality are dependent on
cultivar choice, crop management and growing season [9]. Sweet melon cultivars vary in
development and yield in NTC plastic tunnels [10], with no information on nutritional and
phytochemical content at harvest and postharvest.

Orange-fleshed cantaloupe and green-fleshed honeydew melons are rich sources of
β-carotene, vitamin C (ascorbic acid), vitamin E and folic acid [11–13]. Melons have low fat
and sodium with no cholesterol [11], making them a good addition to a healthy diet. There
is increased consumer awareness regarding melon fruit with good visual and eating quality,
health-promoting compounds and properties such as antioxidant capacity. Unlike cooked
vegetables in which nutritional values become altered during cooking, the nutritional
profiles of both orange- and green-fleshed sweet melon fruit are retained due to being
eaten raw.

The increase in demand for sweet melon fruit has resulted in production and release
of new sweet melon varieties. Nutritional content can vary among varieties, and the
production system used to grow them [14–16]. This study evaluated nutritional and
phytochemical qualities at harvest and after postharvest storage of fruit from sweet melon
cultivars grown in soilless culture.

2. Results and Discussion

2.1. Effect of Cultivars on Fruit Nutritional and Phytochemical Quality at Harvest

At harvest, fruit mineral element content varied among cultivars (Table 1). Cultivar
Magritte had the highest fruit potassium and phosphorus contents. Cultivar Majestic had
the highest magnesium and calcium contents, which were 2-fold that of the green-fleshed
sweet melons, cvs. Honey Brew and Honey Star. All orange-fleshed cultivars had higher
Zn content compared to the green-fleshed cultivars. Selection of orange-fleshed cultivars
may be a particularly important consideration in sub-Saharan Africa and South Asia where
zinc deficiency is prevalent [17]. Green-fleshed cvs. Honey Brew and Honey Star contained
the lowest levels of all mineral elements. Variations in fruit mineral element content might
thus be linked to cultivar differences.

The β-carotene content in harvested fruit, which is responsible for the orange color
pigments in orange-fleshed sweet melon cultivars, was higher, as expected, in orange-
fleshed cultivars (Figure 1). Honey Brew and Honey Star cvs. have a pale green color
and lack orange color pigments. Thus, the concentration of β-carotene is dependent on
the cultivar and fruit flesh color, which is linked to the pigments present in the fruit. Pig-
ment (carotenoid and chlorophyll) compositions are largely different between cantaloupe
and honeydew fruits [16]. With some limitations, color may be used as an indicator for
β-carotene-rich sweet melon cultivars. Cantaloupe fruits do not contain chlorophyll, and
β-carotene accounts for the majority of total carotenoids, while in honeydew melons, the
major pigments are chlorophylls a and b [16]. β-ionone is a major norisoprenoid derived
from β-carotene with a typical aroma, rarely found or in small quantities when present
in green- and white-fleshed melon varieties [18]. Honeydew melons accumulate less
β-carotene than cantaloupes [16]. In the current study, there were significant variations
in the β-carotene content of the cantaloupe types. Cultivar type, fruit size, growing loca-
tion and year may interact to influence β-carotene content of orange-fleshed muskmelon
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fruit [19]. The latter two factors can be excluded in the current study as the fruit were ob-
tained from cultivars grown at the same time and in the same location/production system.

Table 1. Sweet melon fruit mineral element content (mg kg−1 dry weight) at harvest.

Cultivar
Fruit Flesh

Color
Potassium Phosphorus Magnesium Calcium Zinc

Adore Orange 23,627 ± 262 b,c 1502 ± 23 c,d 1120 ± 20 b,c 657 ± 20 b 22 ± 1 a
Cyclone Orange 24,646 ± 398 a,b 1674 ± 83 b,c 1191 ± 139 b 521 ± 39 c 23 ± 1 a
Divine Orange 23,428 ± 778 b,c 1636 ± 61 b,c 1088 ± 20 b,c 405 ± 34 d 20 ± 1 a

E25F.00075 Orange 19,783 ± 594 e,f 1428 ± 65 d 998 ± 81 b,c,d 305 ± 15 e,f 22 ± 1 a
E25F.00185 Orange 23,651 ± 726 b,c 1646 ± 101 b,c 1050 ± 63 b,c 556 ± 36 c 21 ± 1 a

Honey Brew Green 20,882 ± 138 d,e,f 1121 ± 13 e 809 ± 42 d,e 250 ± 28 f 13 ± 0 c
Honey Star Green 19,488 ± 781 f 1213 ± 23 e 717 ± 32 e 323 ± 23 e,f 17 ± 2 b
MAB 79001 Orange 22,227 ± 383 c,d 1703 ± 87 a,b 921 ± 10 c,d,e 352 ± 11 d,e 22 ± 2 a

Magritte Orange 25,290 ± 182 a 1873 ± 25 a 1015 ± 60 b,c,d 309 ± 13 e,f 23 ± 1 a
Majestic Orange 21,266 ± 307 d,e 1696 ± 50 a,b 1495 ± 110 a 733 ± 13 a 22 ± 1 a

LSD0.05 1537 185 207 73 3

Values (±standard error of means) in the same column followed by the same letters are not significantly different
at p ≤ 0.05 (Fisher’s protected LSD test, n = 4).

Cultivar also influenced fruit vitamin C content at harvest (Figure 1). All orange-
fleshed cultivars had higher vitamin C content compared to the green-fleshed cultivars.
The vitamin C contents of orange-fleshed cvs. Adore, E25F.00075 and E25F.00185 were
approximately 2-fold that of the green-fleshed cvs. Honey Brew and Honey Star. Variation
in fruit color influenced concentration of vitamin C.

Cultivar E25F.00075 exhibited the highest total phenolic content with 51% increased
total phenolic content, compared to cv. Magritte with the lowest total phenolic content at
harvest (Figure 2). Cultivars E25F.00075 and Divine (both cantaloupe type) exhibited higher
total phenolic content than honeydew sweet melon cvs. Honey Brew and Honey Star.
Cultivar E25F.00185 (cantaloupe type) had the highest flavonoid content; more than double
the flavonoid content in all other cultivars (including the honeydew types) (Figure 2).
Different cantaloupe type cultivars had the highest total phenolic and flavonoid contents
whereas the honeydew type cultivars were among the cultivars with low total phenolic and
flavonoid contents. Thus, fruit color seemed to be associated with β-carotene, vitamin C,
flavonoid and total phenolic contents, with the cantaloupe cultivars in this study as more
nutrient-rich sweet melons.

Higher free radical scavenging activity was recorded with 50% methanol extract for
all cultivars compared to their respective water extracts (Figure 3). Water extracts from cvs.
Majestic and E25F.00075 (cantaloupe type) had higher free radical scavenging activity than
the honeydew melons, cvs. Honey Brew and Honey Star. The 50% methanol extracts of
cvs. MAB 79001 and Adore (cantaloupe type) had higher free radical scavenging activity
than honeydew melons. The antioxidant amount in muskmelon varied between stages and
between cultivars [20]. Cultivar type had a significant influence on the antioxidant activity
regardless of the solvent used as both extracts recorded higher activity in the orange-fleshed
cantaloupes, therefore cultivar type remains the main determinant factor. Zeb [21] reported
higher radical scavenging activity with the aqueous methanolic extracts than individual
methanol and water extracts, however, these results were from seeds while the current
study compared fruit extracts. The efficiency of extraction, as well as extract yield, depends
on type of solvents used, solubility and polarity of the active compounds in the solvent,
including time and temperature of extraction [22]. High total antioxidant activity occurs in
the early stages of muskmelon fruit ripening with its maximum in the premature stage [23].
Though the antioxidant activity may be at its maximum at the premature stage, sweet
melons are rarely harvested at this stage of growth, as this may affect eating quality for
local and commercial markets. Sweet melons are harvested at the fully ripe stage when
they have attained optimum quality.

119



Plants 2022, 11, 2136

The correlation between sweet melon nutritional and phytochemical properties at har-
vest varied (Table 2). A significant, positive, correlation was established between β-carotene
content and all mineral elements, except calcium, with β-carotene and phosphorus having
the highest positive correlation. Both phosphorus and zinc contents were individually
significantly positively correlated with fruit vitamin C, β-carotene and all other mineral
element contents. This relationship may explain why green-fleshed sweet melon cultivars
recorded low vitamin C and β-carotene contents as these cultivars had low concentra-
tions of all mineral elements. Nonetheless, a strong positive multivariate correlation is
advantageous for direct and indirect selection in biofortification as well as nutritional and
phytochemical quality improvement programs.

 

Figure 1. β-Carotene (a) and vitamin C (b) contents of fruit from sweet melon cultivars at harvest.
Bars (with error bars indicating standard error of means) with different letters are significantly
different at p ≤ 0.05 (Fisher’s protected LSD test, n = 4). DW = dry weight.
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Figure 2. Total phenolics (a) and flavonoid (b) contents of fruit from sweet melon cultivars at harvest.
Bars (with error bars indicating standard error of means) with different letters are significantly
different at p ≤ 0.05 (Fisher’s protected LSD test, n = 4). GAE = gallic acid equivalent; CE = catechin
equivalent; DW = dry weight.
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Figure 3. Free radical scavenging activity of 50% methanol (a) and water (b) extracts of fruit from
sweet melon cultivars at harvest. Bars (with error bars indicating standard error of means) with
different letters are significantly different at p ≤ 0.05 (Fisher’s protected LSD test, n = 4).

The cluster analysis based on the fruit nutritional and phytochemical qualities grouped
the cultivars into two main clusters: the honeydew melons in group I and the cantaloupe
melons in group II (Figure 4). Furthermore, the principal component analysis revealed
four principal components (PCs), each with an eigenvalue ≥ 1.00 (Table S1). The first
four PCs cumulatively accounted for 85.15% of the total variation. Vitamin C, β-carotene
and all the mineral elements (except calcium) contributed above 10% each to PC1, which
accounted for 40.39% of the total variation (Table S2). In the PC2 that accounted for 20.88%
of the total variation, flavonoids and free radical scavenging activity of the water extract
contributed 28.88% and 36.81%, respectively (Table S2). Thus, a principal component
biplot, based on the first two PCs that cumulatively accounted for 61.27% of the total
variation, revealed cultivars with high associations with the measured fruit quality at
harvest (Figure 5). All the nutritional and phytochemical traits were closely associated with
the cantaloupe cultivars as indicated by their proximity to the vector line. In particular,
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cvs. Divine, Majestic, Cyclone, Magritte and Adore were closely associated with all the
mineral elements evaluated, β-carotene and vitamin C. Cultivar E25F.00185 was closely
associated with flavonoid, while cvs. E25F.00075 and Divine were closely associated with
total phenolics. The two honeydew melons cvs. Honey Brew and Honey Star were not
associated with any of the evaluated nutritional and phytochemical qualities.

Table 2. Pearson correlation of nutritional and phytochemical traits of cantaloupe and honeydew
melon cultivars at harvest.

Variable TPC Flav Vit. C β-Car K P Mg Ca Zn FSA (W)

Flavonoids −0.162
Vitamin C 0.236 0.439 a

β-Carotene 0.051 0.008 0.184
K −0.270 0.229 0.343 0.524
P −0.042 0.183 0.387 0.825 0.679

Mg 0.249 0.055 0.260 0.538 0.238 0.572
Ca 0.204 0.267 0.417 0.228 0.273 0.370 0.761
Zn 0.175 0.129 0.699 0.591 0.437 0.691 0.457 0.467

FSA (W) 0.229 −0.919 −0.309 −0.009 −0.240 −0.059 0.192 −0.090 −0.045
FSA (AM) 0.043 0.011 0.022 −0.391 0.066 −0.184 −0.192 0.134 −0.035 −0.124

a Values in bold indicate significant (p = 0.05) correlation between 2 parameters. TPC = total phenolics content;
Flav = flavonoid; Vit. C = vitamin C; β-Car = β-carotene; K = potassium; P = phosphorus; Mg = magnesium;
Ca = calcium; Zn = zinc; FSA (W) = free radical scavenging activity of water extract; FSA (AM) = free radical
scavenging activity of 50% methanol extract.

 
Figure 4. Dendrogram indicating the interrelatedness of the cultivars based on the measured fruit
quality at harvest.
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Figure 5. Principal component biplot of fruit nutritional and phytochemical qualities for the evaluated
honeydew and cantaloupe melon cultivars at harvest. FSA (W) = free radical scavenging activity of
water extract; FSA (M) = free radical scavenging activity of 50% methanol extract.

2.2. Effect of Cultivar and Postharvest Storage on Fruit Nutritional and Phytochemical Quality

Cultivar and postharvest storage duration as individual factors, and interactively
in some cases, significantly affected fruit quality, plus nutritional and phytochemical
parameters (Table 3). Fruit flesh color a* and b* and total soluble solid (TSS) content were
only affected by cultivar (Table 4). Cultivar MAB79001 had the highest color a* and TSS
content. The minimum commercially acceptable TSS content for sweet melons is 9%;
premium markets may require 11% or more [24]. Based on TSS content alone, all cultivars
in this study were of satisfactory quality for local or international markets.

Postharvest storage duration also affected the TSS content (Table 3). The longer the
storage duration, the higher the TSS (Figure 6). Thus, a 4% increase in TSS was recorded
after 7 days of storage while it increased by 10% after 14 days of storage (Table S3). An
increase in the TSS content has been reported in several fruit, which could be due to the
alteration in cell wall structure, fruit climacteric nature and/or breakdown of complex
carbohydrates into sucrose and other simple sugars including glucose and fructose [25–29].
An increase in postharvest storage duration, however, resulted in a decrease in total
phenolic content (Figure 6, Table S3). Cultivar and postharvest storage duration did
not affect electrical conductivity (average of 3.8 mS cm−1). On the other hand, cultivar
and postharvest storage duration had a significant interaction effect on fruit color L*,
fruit juice pH, vitamin C, β-carotene and flavonoid contents and free radical scavenging
activity (Table 3). Fruit color L* and fruit juice pH of almost all cultivars increased over
the postharvest storage duration (Figure 7). The cantaloupe cultivars particularly had a
relatively high increase (≥14%) in fruit color L* after 14 days of storage in comparison
to the honeydew cultivars (Table S4). The increase in the lightness of the fruit over the
14 days of storage indicates the absence of browning reactions [15]. The pH of a fruit has
an inverse relationship with organic acids in the fruit juice. An increased pH in fruit during
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postharvest storage is accompanied by a decrease in organic acids due to hydrolysis, which
subsequently increases the fruit sweetness and decreases sourness [30].

Table 3. Analysis of variance for the effect of cultivar and storage duration on sweet melon fruit
quality parameters, plus nutritional and phytochemical contents.

Source df

Mean Squares

TPC Flav Vit. C β-Car
FSA Color

TSS pH
W AM L* a* b*

Rep 2 0.061 0.001 3.345 0.028 1.70 4.43 5.54 0.70 62.14 0.05 0.50
C 4 0.542 ns 0.466 ** 6435.795 ** 387.061 ** 68.25 ** 222.26 ** 61.85 ** 488.75 ** 33.77 * 3.64 ** 0.85 ns
S 2 2.927** 0.807 ** 5836.557 ** 17.369 ** 617.22 ** 3.48 ns 93.32 ** 1.23 ns 23.72 ns 4.29 ** 1.78 **

C × S 8 0.134 ns 0.085 ** 417.577 ** 5.009 ** 53.74 ** 22.18 ** 6.96 * 1.47 ns 2.95 ns 0.44 ns 0.41 *
Error 20 0.171 0.000 1.168 0.025 1.68 3.01 2.57 2.24 24.03 0.22 0.11
Total 44

ns, *, ** = not significant, or significant at p < 0.05 or p < 0.001, respectively. Rep = replicate; C = cultivar;
S = storage; TPC = total phenolics content; Flav = flavonoid; Vit. C = vitamin C; β-Car = β-carotene; FSA = free
radical scavenging activity; W = water extract; AM = aqueous methanol extract; TSS = total soluble solids;
L* = lightness; a* = red/green; b* = blue/yellow.

Table 4. Effect of cultivar on flesh color and total soluble solids of melon juice.

Cultivar
Color Total Soluble Solids

(% Brix)a* b*

Cyclone 7.3 ± 0.7 b 13.4 ± 2.8 a,b 10.1 ± 0.3 c
Honey Brew −5.4 ± 0.8 c 11.1 ± 1.6 b 11.4 ± 0.3 b
Honey Star −5.8 ± 0.7 c 12.1 ± 1.5 b 11.2 ± 0.3 b
MAB79001 9.3 ± 0.7 a 10.9 ± 1.8 b 11.8 ± 0.5 a

Majestic 6.7 ± 1.1 b 15.6 ± 3.8 a 11.2 ± 0.4 b

LSD0.05 1.6 2.8 0.3
Values (±standard error of means) in each column followed by different letters are significantly different at
p ≤ 0.05 (Fisher’s protected LSD test, n = 3); a* = red/green; b* = blue/yellow.

Figure 6. Effect of postharvest storage duration on sweet melon total soluble solids (a) and total
phenolic content (b). Points on the line with different letters in each graph are significantly different
at p ≤ 0.05 (Fisher’s protected LSD test, n = 3). GAE = gallic acid equivalent; DW = dry weight.

All cultivars exhibited a decrease in vitamin C concentration with an increase in
storage duration (Figure 8). At the end of the 14 days of storage, cv. Honey Star had the
greatest decrease (46%) in vitamin C (Table S4). Cultivar Cyclone consistently had the
highest vitamin C content during storage while cvs. Honey Brew and Honey Star had the
lowest concentrations (Figure 8). A decline in vitamin C content of non-netted green-fleshed
and orange-fleshed sweet melons collected from the field, and the non-netted green-fleshed
Honey Brew, had the lowest concentration on day 17 of storage [14]. In the current study,
an increase in storage duration resulted in a decline in the vitamin C content of sweet
melons regardless of the cultivar type (Table S4). During postharvest storage, β-carotene
concentration may remain stable, or decrease, depending on storage temperature [31]. In the
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current study, fruit were stored at the same temperature. A decrease in β-carotene content
occurred in cantaloupe melons with an increase in postharvest storage duration (Figure 8,
Table S4). The β-carotene concentration of cvs. Honey Star and Honey Brew, although
the lowest, remained fairly stable during postharvest storage. Cultivar and flesh color
influence β-carotene concentration among the sweet melon fruit while storage period and
cultivar determine its retention. Unlike vitamin C and β-carotene concentrations, flavonoid
content of fruit increased during storage in almost all cultivars (Figure 8, Table S4). Cultivar
MAB79001 had the highest increase in flavonoid concentration (Table S4), which was 7-fold
after 14 days of storage compared to its flavonoid concentration at harvest. With the
exception of MAB79001 methanolic extract, there was an increase in antioxidant activity
during storage of water and methanolic extracts of all cultivars (Figure 9, Table S4).

Figure 7. Interaction effect of sweet melon cultivars and storage duration on fruit color (a) and fruit
juice pH (b). Points on lines with different letters in each graph are significantly different at p ≤ 0.05
(Fisher’s protected LSD test, n = 3). L* = lightness.

Figure 8. Interaction effect of sweet melon cultivars and storage duration on vitamin C (a), β-carotene (b)
and flavonoid (c) contents. Points on lines with different letters in each graph are significantly different
at p ≤ 0.05 (Fisher’s protected LSD test, n = 3). CE = catechin equivalent; DW = dry weight.
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Figure 9. Interaction effect of sweet melon cultivars and storage duration on free radical scavenging
activity of 50% methanol (a) and water (b) extracts. Points on lines with different letters in each graph
are significantly different at p ≤ 0.05 (Fisher’s protected LSD test, n = 3).

3. Materials and Methods

3.1. Effect of Cultivars on Fruit Nutritional and Phytochemical Quality at Harvest

The procedures used to establish and maintain the plants from September 2016 until
January 2017 were as described by Pulela et al. [10]. Ten fruit per cultivar per plot were
randomly harvested at physiological maturity from sweet melon cultivars arranged in a
randomized complete block design with four replicates (Figure S1). The cantaloupe cvs.
Majestic, Magritte, Divine, Cyclone, MAB 79001, Adore, E25F.00075 and E25F.00185 and
honeydew cvs. Honey Brew and Honey Star types were used [10]. The experiment was
carried out in a non-temperature controlled, high plastic tunnel at the Agricultural Research
Council—Vegetables, Industrial and Medicinal Plants, Roodeplaat, Pretoria, South Africa.
The fruit were peeled with a sharp knife, sliced and homogenized. Fruit samples were
kept at −80 ◦C, freeze-dried and ground into fine powders. The nutritional, phytochem-
ical and antioxidant qualities of the fruit samples from each cultivar were analyzed as
described below.

3.1.1. Nutritional Analysis

Freeze-dried sweet melon samples were analyzed for phosphorus (P), potassium (K),
calcium (Ca), magnesium (Mg) and zinc (Zn). The sample analysis was carried out
with an aliquot of digested solution using inductively coupled plasma–optical emission
spectrometry (ICP-OES) as described by Mahlangu et al. [32]. Each determination was
in quadruplicate.

β-Carotene content was determined according to Moyo et al. [33]. Ice-cold hex-
ane:acetone (1:1 v/v) was used to extract freeze-dried sweet melon samples. The pooled
organic extract was gravity filtered through a 0.45 μm syringe filter before injection into an
HPLC (Prominence-i-HPLC-PDA with LC-2030C sample cooler (Shimadzu, Kyoto, Japan)).
There were four replicates for each determination at harvest, while analysis performed for
postharvest experiment was carried out in triplicate.

Extraction and high-performance liquid chromatography (HPLC) quantification of
vitamin C content were as described by Moyo et al. [33]. The extracted solution was
gravity filtered through a 0.45 μm syringe filter before injection into an HPLC (Prominence-
i HPLC-PDA, equipped with sample cooler LC-2030C (Shimadzu, Kyoto, Japan)). A
calibration curve was plotted using L-ascorbic acid. Each determination was carried out in
quadruplicate for analysis of fruit at harvest, while the analysis conducted for postharvest
experiment was performed in triplicate.

3.1.2. Phytochemical Analysis

Freeze-dried sweet melon samples (0.2 g) were extracted with 10 mL of 50% methanol
in a sonication bath for 20 min. The mixtures were centrifuged and the supernatant was
used for total phenolic and flavonoid analysis. The total phenolic content was determined
using the Folin Ciocalteu colorimetric method [34]. Reaction mixes were incubated for
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40 min at 25 ◦C and total phenolics content was determined by measuring absorbance
at 725 nm, against a blank using a spectrophotometer (SPECORD® 210 PLUS, Analytik
Jena, Jena, Germany). Gallic acid (0.1 mg/mL−1) was used as a standard for preparing the
calibration curve and the results were reported in mg gallic acid equivalent (GAE) per g
dry weight. The assay was in quadruplicate for fruit analyzed at harvest, and triplicate for
the postharvest experiment.

Flavonoid content quantification was carried out using the aluminum chloride method [35].
Absorbance was measured against a freshly prepared reagent blank and read at 510 nm
using a spectrophotometer. Suitable aliquots of catechin (0.1 mg mL−1) were used to
plot a standard calibration curve. The quantification was carried out in quadruplicate for
fruit analyzed at harvest, and triplicates for the postharvest experiment. The results were
presented in mg catechin equivalent (CE) per g dry weight.

3.1.3. Free Radical Scavenging Activity

To determine free radical scavenging activity, freeze-dried, powdered samples were
extracted with 50% methanol or distilled water at 20 mL g−1 in a sonication bath containing
ice-cold water for 1 h. The 50% methanol extracts were concentrated in vacuo after vacuum
filtration through Whatman No. 1 filter paper. Concentrated 50% methanol extracts were air-
dried at 25 ◦C. Water extracts were vacuum filtered through Whatman No. 1 filter paper and
lyophilized. Dried extracts (50% methanol and water extracts) were dissolved in methanol
at a known sample concentration in glass vials to give a final assay concentration of
200 μg mL−1. Antioxidant activity was measured using the 2,2-diphenyl-1-picryl hydrazyl
(DPPH) scavenging assay [36] with slight variations. The reaction mix contained 300 μL
of each sample, 450 μL of methanol and 750 μL of DPPH solution (0.1 mM). The reaction
mix was allowed to stand in the dark for 30 min at 25 ◦C after which absorbance at 517 nm
was recorded. Ascorbic acid was used as a standard antioxidant (positive control) while
methanol served as the negative control.

3.2. Effects of Cultivar and Postharvest Storage on Fruit Nutritional and Phytochemical Quality

Effects of cultivar and postharvest storage duration on fruit quality parameters and
nutritional and phytochemical profile were determined with fruit harvested from cvs.
Majestic, Cyclone and MAB 79001 (cantaloupe) and cvs. Honey Brew and Honey Star
(honeydew) (Figure S2). Ten fruit per cultivar were selected. Fruit were packed into crates,
arranged in a randomized complete block design with three replicates inside a cold room
at 10 ◦C and approximately 95% relative humidity. Fruit were stored for 0, 7 and 14 days.
At the end of each storage period, fruit were evaluated for vitamin C, β-carotene, total
phenolic and flavonoid contents and free radical scavenging activity as described above.
The following fruit quality parameters were also determined: fruit color chroma, total
soluble solids (TSSs), pH and electrical conductivity (EC). Fruit flesh color was determined
using a chromameter (CR400, Minolta Sensing Inc., Konica, Japan). The chromameter was
calibrated with a standard white tile before measurements. Color changes were quantified
in the L*, a* and b* color space. To determine TSS, pH and EC, fruit were sliced and blended
to produce a puree. The puree was gravity filtered through a cheesecloth to produce sweet
melon juice. The pH and EC of the juice were measured using a combo pH and EC meter
(Hanna Instruments® Inc., Curepipe, Mauritius). The TSS content of the sweet melon juice
was determined using a hand-held refractometer (ATAGO, Tokyo, Japan) and expressed
as % Brix.

3.3. Statistical Analysis

Data of fruit analysis at harvest were subjected to a one-way analysis of variance
(ANOVA) using GenStat® (ver. 11.1, VSN, Rothamsted, UK). Where significant differences
were established, cultivar mean values were separated using Fisher’s protected least
significant difference (LSD) test. To determine possible associations between measured
parameters at harvest, data were subjected to Pearson correlation analysis using XLSTAT
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(ver. 17.04.36025 Add-in-soft, New York, NY, USA). Principal component and agglomerative
hierarchical clustering analyses were also carried out to establish quality traits and cultivar
associations. To determine the effects of cultivar and postharvest storage duration on
physiochemical qualities and bioactive compounds of melons, data from the experiment
involving postharvest duration and cultivars were subjected to a two-way analysis of
variance using GenStat®. Significant interactions were used to explain results. Where
interactions were not significant, mean values of main effects were separated using Fisher’s
protected least significant difference test.

4. Conclusions

At harvest, the orange-fleshed sweet melon cultivars had higher mineral element (K,
P, Mg, Ca and Zn), vitamin C and β-carotene contents than the green-fleshed cultivars.
Thus, with some limitations, cultivar and fruit flesh color may be used as indicators of
nutrient-rich sweet melons. Cultivar and postharvest storage duration had significant
interaction effects on flavonoid, vitamin C and β-carotene concentrations, antioxidant
activity, pH and color L* of the fruit. Total soluble solids, flavonoid content and antioxidant
activity generally increased during postharvest storage, whereas the reverse was the case
with vitamin C and β-carotene contents. Although some nutritional traits decreased as
postharvest storage duration lengthened, sweet melon remains a comparatively healthy
food in the human diet. Cultivars Cyclone and Majestic relatively outperformed other
cultivars in terms of some postharvest storage nutritional qualities. In selecting the right
cultivars, variation in nutritional traits of sweet melon cultivars as affected by postharvest
storage should be an important consideration.
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for postharvest storage; Table S1: Eigenvectors from principal component (PC) analysis based on
the nutritional and phytochemical quality at harvest; Table S2: Contribution (%) of each variable to
the principal components; Table S3: Changes (%) in total soluble solid and total phenolic contents
as influenced by postharvest storage duration; Table S4: Changes (%) in fruit quality parameters,
nutritional and phytochemical contents as influenced by postharvest storage duration.
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Abstract: There are few studies about the influence of fruit maturation and post-harvest resting
on seed composition, which can be necessary for seedling development and future establishment.
Thus, the objective of this study was to evaluate the effect of maturation and post-harvest resting
of fruits on the macronutrient and protein content of sweet pepper seeds. The experimental design
was a randomized block, with eight treatments, in a 4 × 2 factorial arrangement. The first factor
was fruit maturation stages (35, 50, 65 and 80 days after anthesis), and the second, with and without
post-harvest resting of the fruits for 7 days. The characteristics evaluated in seeds were the dry
weight of one thousand seeds, macronutrient content, and content of albumin, globulin, prolamin
and glutelin proteins. There were reductions in K, Ca and Mg content, and an increase in seed content
of albumin, globulin and prolamins as a function of the fruit maturation stage. Post-harvest resting
of the fruits provided higher Ca content and protein albumin in seeds. The decreasing order of
macronutrients and protein content in seeds, independent of fruit maturation and resting stage of the
fruits, was N > K > P > Mg > S > Ca, and albumin > globulin ≈ glutelin > prolamine, respectively.

Keywords: Capsicum annuum L.; maturation; nutritional quality; seed chemical composition

1. Introduction

The main compounds that seeds store are carbohydrates, lipids, proteins, minerals,
vitamins and plant hormones [1]. During plant development, nutrients are translocated
to the fruits, and later, to seeds. The nutritional requirement of plants becomes intense
in the reproductive phase, being more critical during seed formation, where the stored
compounds will influence the formation of the embryo, and consequently, the metabolism,
vigor and storage capacity of seeds [2,3]. Nitrogen is the most accumulated nutrient in seeds,
followed by potassium and phosphorus, but it depends on the species [4,5]. As for protein
reserves, two classes are mainly found in seeds: albumins and globulins, or prolamins [6].

Seed proteins are the main sources of nitrogen and sulfur, indispensable for the
synthesis of new proteins, nucleic acids and secondary compounds [6–8]. Subsequently,
the proteins that were synthesized and stored in the seeds will be broken down into amino
acids for biosynthesis and energy generation, and, together with the other reserves, will
be mobilized during germination for the development of the embryo, until the seedling
manages to emerge above the ground and becomes photosynthetically active [6,9,10].

In the production of sweet pepper seeds, the fruits must be harvested at physiological
maturity, when the maximum accumulation of dry matter occurs. If harvested before this
point, the fruits must remain at rest after harvesting before extracting seeds for seven to
ten days. This procedure allows early harvesting, reducing the time the fruits are exposed
to unfavorable climatic conditions and the attack of pests and diseases [11,12]. During
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the post-harvest resting, the complete formation of the biochemical, morphological, and
structural systems of seeds occurs [12,13].

During the maturation period and fruit post-harvest resting, the weight of seeds in-
creases [11,12], probably because of translocation and accumulation of reserve compounds
in seeds. However, there is no research showing the changes of this species in the chemical
composition of seeds at each stage of fruit maturation and during fruit rest after harvest.
Knowledge of these factors can help identify the best fertilization management approach,
as it can indicate which nutrients are most important at each stage of plant development.
Thus, the objective of this study was to evaluate the effect of maturation and post-harvest
resting of fruits on the macronutrient and protein content of sweet pepper seeds.

2. Results

2.1. Water Content, Dry Weight of One Thousand and Macronutrient Content of Seeds

There was only a significant interaction between factors (maturation periods and
post-harvest resting of the fruits) for nitrogen and sulfur content in the seeds. Therefore,
for all other parameters, the factors were analyzed separately (Tables 1 and 2).

Table 1. Dry weight of one thousand seeds (DWTS), phosphorus (P), potassium (K), calcium (Ca)
and magnesium (Mg) content in sweet pepper seeds as a function of post-harvest resting of fruits.

Post-Harvest
Resting

DWTS P K Ca Mg

g kg−1 of Dry Matter

Without 4.3b 4.7a 12.4a 0.87b 2.4a
With 5.2a 4.4b 12.3a 1.02a 2.4a

CV (%) 2.5 1.41 4.07 8.79 7.10
Means followed by the same letter do not differ from each other by the F-test at 5% probability.

Table 2. Nitrogen (N) and sulfur (S) content of sweet pepper seeds without and with post-harvest
resting of fruits at each maturation stage.

Post-Harvest
Resting

N Content (g kg−1 of Dry Matter) S Content (g kg−1 of Dry Matter)

Days after Anthesis

35 50 65 80 35 50 65 80

Without 30a 30a 29b 28b 1.9b 2.1a 2.0a 1.9a
With 28b 30a 31a 30a 2.1a 1.9b 1.8b 1.8a

CV (%) 3.65 6.43
Means followed by the same letter in each column and for each nutrient do not differ by the F-test
at 5% probability.

Seed water content was adjusted to the decreasing linear model as a function of the
maturation stage. The highest values were obtained at 35 DAA, and they reduced over
time to a minimum of 56% and 53% at 80 DAA, without and with post-harvest fruit resting,
respectively (Figure 1A).

A linear increase in dry weight of one thousand seeds (DWTS) was observed in fruit
maturation, reaching a maximum value of 6.6 and 7.7 g at 80 DAA in seeds without and
with post-harvest resting, respectively (Figure 1B).

There was a reduction of N content in seeds without fruit rest as a function of the
maturation stage, with a minimum content of 28.5 g kg−1 of dry matter (DM) at 80 DAA
(Figure 1C). The N content had a quadratic response with fruit rest, with a maximum
estimated at 30.5 g kg−1 of DM, at 64 DAA.

Seed P contents were adjusted to the quadratic model, being estimated at a maximum
of 5.1 g kg−1 of DM at 62 DAA, without rest, and 4.2 g kg−1 of DM at 74 DAA, with
post-harvest resting of the fruits (Figure 1D).
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Figure 1. Seed water content (A), dry weight of one thousand seeds (B), nitrogen—N (C),
phosphorus—P (D), potassium—K (E), calcium—Ca (F), magnesium—Mg (G) and sulfur—S (H) con-
tent in sweet pepper seeds, as a function of maturation stage, without (•) and with (�) post-harvest
resting of fruits. * significant difference at 5% probability.

For K, Ca and Mg contents in the seeds, there were reductions during most periods of
maturation, obtaining minimum contents of 9.6, 0.81 and 2.2 g kg−1 of DM at 74, 80 and
80 DAA, respectively, without post-harvest resting. For fruits with post-harvest resting, the
minimum contents were 9.1, 0.95 and 2.1 g kg−1 of DM at 71, 70 and 80 DAA for K, Ca and
Mg, respectively (Figure 1E–G).

S contents in seeds were also adjusted to the quadratic model; however, without fruit
rest, there was an increase up to 50 DAA, with a reduction after this date. On the other
hand, there was a reduction in contents up to 65 DAA with post-harvest resting, and a
slight increase in values after this period (Figure 1H).

Comparing the factors post-harvest resting of the fruits, the presence of rest for seven
days provided higher DWTS (Table 1). The post-harvest resting of the fruits also provided
higher Ca content. Conversely, it was observed that the P content was higher without
rest (Table 1).
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Seed N content at 35 DAA was higher without fruit rest; however, at 65 and 80 DAA,
higher contents were obtained after rest (Table 2). Without post-harvest resting, the N
content in seeds reduced linearly with fruit maturation (Figure 1C); with rest, there was an
increase until 64 DAA, and after this, a small decrease was observed.

The S content of seeds at 35 DAA was higher with fruit rest, but at 50 and 65 DAA, the
contents were higher without fruit rest (Table 2).

Nutrient contents in the sweet pepper seeds followed the following decreasing order:
N > K > P > Mg > S > Ca.

2.2. Seed Protein Content

For proteins, the content of albumin and prolamine had quadratic responses, with
maximum estimated values without fruit rest of 64.7 and 7.9 mg g−1 of DM, at 66 and
53 DAA, respectively. Post-harvest resting, the maximum albumin content was estimated
at 65.9 mg g−1 of DM at 64 DAA, and prolamine was estimated at 7.1 mg g−1 of DM at
55 DAA (Figure 2A,C).

Figure 2. Albumin (A), globulin (B), prolamine (C) and glutelin (D) content in sweet pepper seeds,
as a function of maturation stage, without (•) and with (�) post-harvest resting of fruits. * significant
difference at 5% probability.

Globulin protein had a linear increase, with maximum contents of 21.9 and 20.3 mg g−1

of DM, at 80 DAA, without and with fruit rest, respectively (Figure 2B).
Glutelin content adjusted to the quadratic model according to the maturation stage;

however, there were reductions over the maturation stage, with the minimum without fruit
rest estimated at 10.5 mg g−1 of DM at 72 DAA, and with rest estimated at 11.4 mg g−1 of
DM at 68 DAA (Figure 2D).

It was observed that the post-harvest resting of the fruits enabled higher contents
of albumin and glutelin. However, the prolamine protein content was higher without
fruit resting (Table 3). Protein content in the sweet pepper seeds followed the following
decreasing order: albumin > globulin ≈ glutelin > prolamine.
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Table 3. Albumin, globulin, prolamine and glutelin content in sweet pepper seeds as a function of
post-harvest resting of the fruits.

Post-Harvest
Resting

Albumin Globulin Prolamine Glutelin

mg g−1 of Dry Matter

Without 59.6b 17.5a 6.9a 13.5b
With 61.3a 16.7a 5.8b 16.2a

CV (%) 2.2 8.5 8.8 7.7
Means followed by the same letter do not differ from each other by the F-test at 5% probability.

3. Discussion

3.1. Water Content, Dry Weight of One Thousand and Macronutrients Content of Seeds

During maturation inside the fruits, seeds maintain a high water content (35 to
40%) and undergo dry matter accumulation. Water is considered the vehicle for pho-
toassimilate translocation from the plant to the seeds, so it is necessary to synthesize
their reserves [6,14]. However, the water content necessary is lower than that needed to
initiate germination [11,12].

Studies conducted by refs. [13,14] determined the minimum water content in ‘Magda’
sweet pepper seeds to be 54% at 70 DAA, and 47% at 75 DAA in sweet yellow pepper,
without fruit rest. The reduction in seed water content as a function of the fruit maturation
stage was also reported in other species of the Capsicum genus [15,16].

An increase in the dry weight of one thousand seeds (DWTS) occurred because seeds tend
to increase the dry weight until physiological maturity during the maturation process [17].

The beginning of seed development was characterized by the relatively slow accu-
mulation of dry mass. This phase predominates the cell division and expansion, which
are responsible for the constitution of the adequate structure to receive the substances
transferred from the mother plant. Soon after, the replacement of water content with dry
matter begins after the initial seed growth [17,18].

The stage of fruit harvest for better physiological seed quality can change accord-
ing to species, cultivar and environmental conditions [13,19–22]. For the DWTS, higher
values were obtained after post-harvest resting. Similar results were reported in other
pepper seeds [23–25].

The post-harvest temporary storage of fruits before extraction allows the seeds to
complete their physiological maturation [12,13,26,27]. Thus, the reserves continue to be
metabolized and translocated to the seeds, allowing increases in weight and improving the
physiological and nutritional quality of the seed.

Post-harvest resting of fruits is especially important in species with an indeterminate
growth habit that produce fleshy fruits, such as pepper, cucumber, tomato and other species.
The post-harvest resting in species with indeterminate growth habits is helpful to improve
the uniformity generated by continuous flowering, reducing the number of harvests and
the exposure of fruits and seeds to unfavorable field conditions [24].

An increase in the DWTS during the maturation stage is associated with the amount of
reserve accumulated during seed maturation. Studies of the sweet pepper cultivar Amarela
Comprida demonstrated increases in DWTS up to 75 DAA, with a maximum weight of
6.6 g [28]. However, in the pepper cultivar ‘Malagueta’, the maximum DWTS obtained was
3.2 g at 80 DAA, and in the ‘Biquinho’ pepper, it was 2.5 g at 70 DAA [25], thus showing
that values can vary according to genotype.

The decreasing order of macronutrient content in the seeds was N > K > P > Mg > S > Ca.
N was the most accumulated in sweet pepper seeds. Several studies reported that the
N content in the seeds was always higher than the other nutrients [4,5,29,30]. Nitrogen
occupies a prominent place in the plant metabolism system because all vital plant processes
are associated with proteins, in which N is an essential constituent [31,32].

N is one of the most easily translocated nutrients from leaves to fruits [33]. However,
there are no studies of this translocation from fruits at rest to seeds, as may have occurred
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in this research, mainly in older fruits (more than 65 DAA). In younger fruits, with rest,
there may have been a “dilution effect”; that is, the increase in dry seed weight with rest
may have been greater than the translocation of N to seeds. In comparison, in older fruits,
it is possible that the N translocation rate from fruit to seeds was more intense, favoring the
increase of N content (Figure 1C and Table 2). “Nutrient dilution” is characterized when
the DM growth rate is higher than the nutrient absorption rate. Similarly, it can occur in
the seeds. With the advance of the maturation stage, together with the rest of the fruits, it
allows the continuity of the seed maturation process and DM accumulation.

P was the third most accumulated nutrient in seeds. Phosphorous compounds are
important in several reactions observed in seeds [34]. Furthermore, phosphorus is a
constituent of the nucleic acid molecule, related to protein synthesis. Additionally, P is
present in phospholipids and phosphate sugars, nucleotides and phytin, which is a salt
with calcium and magnesium in seeds [30,35]. The requirement of this macronutrient
for seeds may be associated with the fact that this nutrient provides faster initial root
growth, improving initial seedling establishment. Seeds usually contain enough P to ensure
maximum seedling growth for several weeks after germination [36].

The content of P in seeds is probably regulated by plants so that there is no deficiency
of this nutrient during seed germination and the beginning of plant development. When
there is a lack of P in the soil, it is translocated from the leaves to the fruits and seeds [37].

Regarding K, Ca and Mg content, the behavior was different from the dry matter
accumulation in seeds. The content of these macronutrients had a reduction during most
periods of the maturation stage (Figure 1E–G). According to [38], as the plant grows,
nutrients are diluted, reducing the concentration in the tissues. The same probably happens
in seeds as the maturation stages advance.

K was the second most accumulated nutrient in seeds, confirming the importance of
this element in seed formation. The physiological role of K during fruit formation and
maturation is mainly expressed in carbohydrate metabolism [39], which also makes it one
of the most accumulated nutrients of sweet pepper seeds.

Ca was the nutrient with the lowest content in sweet pepper seeds, probably due to
its low mobility in the phloem. According to ref. [29], Ca accumulation in seeds occurs
only by absorption and transport during their maturation process, with no redistribution.
Therefore, although fruit resting increases seed DM, it does not provide continuity of
translocation of all macronutrients. This translocation occurs at a lower intensity than DM
accumulation and is called the “dilution effect”.

Mg in seeds is associated with proteins. However, its role is not yet fully understood,
whether related to protein formation or whether this is a consequence of increased amino
acid translocation from leaves to drains [40].

Without post-harvest resting, S content during maturation stages increased until
50 DAA, and decreased in older fruits (Figure 1H and Table 2), similarly to N, probably
because of the “dilution effect”, when the DM growth rate is higher than the nutrient
absorption rate. With post-harvest resting, there is DM accumulation due to the maturation
stage and to resting; as such, the S content decreases during all maturation stages, similarly
to most nutrients. S regulates seed metabolism in terms of carbohydrates and storage pro-
teins. S content in sweet pepper seeds was higher than Ca; S is responsible for carbohydrate
regulation and storage of protein seed metabolism [41]. It is essential to mention that the S
content in the seeds is low in most species, and that the mineral composition of the seeds
can vary according to the species [42], emphasizing the importance of studying the mineral
composition of seeds in different species. However, in cauliflower (Brassica oleracea), S was
the second most accumulated nutrient in the seeds [30].

3.2. Seed Protein Content

Although proteins are part of seed reserves, not all groups are found in the seeds of
a determined species. Albumin and globulin are standard in dicotyledonous seeds [8].
They are probably translocated in greater proportions to sweet pepper seeds, favoring their
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concentration, with albumin, the main storage protein, being present in greater quantity
(Figure 2). The present study observed an increase in albumin content during maturation
stages (Figure 2A), and, according to ref. [43], there are relationships between protein
content, especially albumin, and seed physiological quality.

Glutelins are common proteins in cereals, and prolamins are common in grasses [8];
this may justify the lower prolamine content in sweet pepper seeds. Thus, plants accumulate
reserves such as carbohydrates, oils and proteins during the maturation process, which
are essential for germination and establishment [44]. As such, at the beginning of the
germination process, the seeds are soaked in water, which begins the mobilization of a
food reserve. The storage organs (cotyledons and endosperm) provide essential energy
to nourish the seedling until stabilization [45]. Thus, the present result obtained in the
study corroborates the literature. Since the reduction of storage proteins is degraded by
the offending action and exopeptidases, proteolytic enzymes convert the storage proteins
into soluble peptides that are further hydrolyzed into free amino acids, which are then
mobilized to the embryonic axis to support growth [46,47].

4. Materials and Methods

4.1. Site Description

The experiment was conducted in a protected environment at the experimental area of
São Paulo State University (UNESP), in São Manuel—SP (22◦46′ S, 48◦34′ W and altitude
of 740 m). During the experiment, the average maximum daily temperature was 28.7 ◦C,
the minimum was 22.6 ◦C, and the maximum and minimum relative humidity were 73 and
54%, respectively. The experiment was conducted in pots (13 L); the soil used in the pots
was fertilized and corrected with limestone as is recommended by Bulletin 100 [44], and
the top dressing by fertigation according to ref. [48].

The chemical characteristics of the soil used were: pH (CaCl2): 4.4; organic mat-
ter: 5 g dm−3; P(resin): 2 mg dm−3; H+Al: 26 mmolc dm−3; K: 1.1 mmolc dm−3; Ca:
33 mmolc dm−3; Mg: 4 mmolc dm−3; sum of bases: 39 mmolc dm−3; capacity of exchange
cation: 64 mmolc dm−3; base saturation: 60%.

4.2. Experiment Conduction and Experimental Design

Sowing was performed on 24th July 2017, and seedling transplantation at 47 days
after sowing. An inbred line (SK 1730) from Sakata Seeds was used in this study. The
management approach involved the withdrawal of sprouts until the appearance of the first
flower, drip irrigation twice a day, and chemical pest and disease control when needed.

The experiment design was randomized in blocks, in a 4 × 2 factorial arrangement,
and in four replications. The first factor comprised four maturation periods (35, 50, 65
and 80 days after anthesis (DAA)), and the second, the fruit post-harvest management
(with and without the fruit rest for seven days after harvesting at laboratory conditions
(25 ± 2 ◦C)). Ten plants were evaluated per plot, and all fruits fixed on the plants were
harvested without thinning.

To determine the maturation period, all flowers were marked on the day of their anthe-
sis. The harvests were performed when the fruits had the maturity stage corresponding to
35, 50, 65 and 80 DAA. Half of the fruits had their seeds extracted on the day of harvesting
(without rest), and then half remained post-harvest, resting before seed extraction. At
harvest time, the visual appearance of the fruits was: fully green fruits at 35 DAA; fruits
with transient coloration from green to yellow at 50 DAA; fruits with 75% bright yellow
color at 65 DAA; and at 80 DAA, the fruits were 100% yellow, but opaque and with less
pulp firmness (Figure 3). Harvests were carried out manually, using scissors to separate the
fruit from the mother plant.
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Figure 3. Visual aspects of sweet pepper fruit at 35 (A), 50 (B), 65 (C) and 80 (D) days after anthesis.

4.3. Seed Analysis

Seed water content was determined immediately after fruit extraction by the oven
method at 105 ± 3 ◦C for 24 h, using 10 g of seeds [46]. After extraction, the seeds were put
in a dry chamber (40% relative humidity and 20 ◦C) to reduce the seed water content to
approximately 8% for storage.

The seed characteristics evaluated were the dry weight of one thousand seeds (DWTS),
macronutrients (N, P, K, Ca, Mg and S) and protein (albumin, globulin, prolamine and
glutelin) content.

To determine the dry weight of one thousand seeds (DWTS), seeds were dried in
a forced-air oven at 65 ◦C until they reached a constant weight and weighed on a scale
of 0.0001 g [49].

Sulfuric digestion was used to obtain the extract in order to determine the content
of N, while P, K, Ca, Mg and S content were extracted by nitroperchloric acid digestion
and determined by atomic absorption spectrophotometry, as described by AOAC [50].
To determine the contents of albumin, globulin, glutelin and prolamine proteins, the
methodology proposed by ref. [51] was used. For all determinations, four replications
were used.

4.4. Data Analysis

The data were submitted for analysis of variance (F test) and, when significant, to
compare the post-harvest resting periods of the fruits, the means were considered different
by the F-test (p < 0.05). The effects of maturation periods were analyzed by regression
analysis (p < 0.005).

5. Conclusions

The determination of sweet pepper seed quality is affected by the stage of maturation
and the presence of rest for 7 days. This is mainly due to the reduction of K, Ca and
Mg, essential macronutrients for good germination. However, the reserve protein content
(globulin and prolamine) increased due to the presence of maturation.

In this way, obtaining a good seed production with post-harvest rest helps with the
accumulation of calcium, albumin and glutelin. Therefore, harvesting the sweet pepper
fruit and resting is a management strategy that can improve the quality of seeds.
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Abstract: Pyroligneous acid (PA) is a reddish-brown liquid obtained through the condensation of
smoke formed during biochar production. PA contains bioactive compounds that can be utilized in
agriculture to improve plant productivity and quality of edible parts. In this study, we investigated the
biostimulatory effect of varying concentrations of PA (i.e., 0%, 0.25%, 0.5%, 1%, and 2% PA/ddH2O
(v/v)) application on tomato (Solanum lycopersicum ‘Scotia’) plant growth and fruit quality under
greenhouse conditions. Plants treated with 0.25% PA exhibited a significantly (p < 0.001) higher
sub-stomatal CO2 concentration and a comparable leaf transpiration rate and stomatal conductance.
The total number of fruits was significantly (p < 0.005) increased by approximately 65.6% and 34.4%
following the application of 0.5% and 0.25% PA, respectively, compared to the control. The 0.5%
PA enhanced the total weight of fruits by approximately 25.5%, while the 0.25% PA increased the
elemental composition of the fruits. However, the highest PA concentration of 2% significantly
(p > 0.05) reduced plant growth and yield, but significantly (p < 0.001) enhanced tomato fruit juice
Brix, electrical conductivity, total dissolved solids, and titratable acidity. Additionally, total phenolic
and flavonoid contents were significantly (p < 0.001) increased by the 2% PA. However, the highest
carotenoid content was obtained with the 0.5% and 1% PA treatments. Additionally, PA treatment
of the tomato plants resulted in a significantly (p < 0.001) high total ascorbate content, but reduced
fruit peroxidase activity compared to the control. These indicate that PA can potentially be used as a
biostimulant for a higher yield and nutritional quality of tomato.

Keywords: Solanum lycopersicum; biostimulant; pyroligneous acid; vegetable production; post-harvest

1. Introduction

Tomato (Solanum lycopersicum) is among the most cultivated greenhouse vegetable
crops worldwide [1], and is known to be a rich source of health-promoting phytochemicals
including carotenoids, phenolics, flavonoids, and ascorbic acid [2]. These phytochemicals
exhibit antioxidant properties, which protect cells against oxidative stress by scavenging
reactive oxygen species. Its antioxidant properties are known to induce anticancer, anti-
inflammatory, and chemo-preventive effects. Thus, contributing largely to the prevention
of chronic diseases such as cardiovascular, cancer, atherosclerosis, and neurodegenerative
disorders [2,3]. The flavor and dietary qualities of food, which strongly influence con-
sumers preference, are usually associated with physical characteristics (e.g., chewability
and texture) and chemical composition (pH, ◦Brix, elements, carotenoids, phenolics, and
flavonoid) [4]. These properties can be influenced by growing conditions, environmental
factors, and the genetic characteristics of the plant. As a result, current greenhouse produc-
ers seek alternative inputs which rely mostly on organic amendments to improve the yield
and quality of tomato fruits. One such input is the use of pyroligneous acid (PA), which is
a natural and environmentally friendly by-product of pyrolysis of plant biomass [5].
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During pyrolysis, organic biomass is burnt at a high temperature under the presence
of limited oxygen and the gaseous and smoke phase is condensed to produce a liquid
smoke [6]. The condensed liquid smoke is stabilized by allowing it to stand for six months,
which results in the formation of wood tar at the bottom, light oil at the top and condensed
aqueous translucent PA. This aqueous translucent PA is also known as wood vinegar, bio-
oil or liquid smoke [6]. PA has a smoky odor and the color may vary from light yellow to
reddish-brown depending on the feedstock [7]. It is a complex mixture containing 80–90%
water as a major component and over 200 water-soluble chemical compounds including
nitrogen, phenolics, organic acids, sugar derivates, alcohols, and esters [6,8,9]. The chem-
ical composition of PA mainly depends on the temperature, heating rate, feedstock, and
residence time, and has been widely used in diverse areas including agriculture, food and
medicine [6,10]. Evidence revealed that PA also contains a butanolide, a biologically active
compound, that belongs to a new family of phytohormones known as karrikinolide or
karrikins [11,12]. Interestingly, the signaling mechanism and mode of action of karrikins are
analogous to that of known phytohormones [11,13,14], suggesting that PA at an appropriate
concentration can positively influence plant growth and productivity. Furthermore, kar-
rikins are thermal resistant, hydrophilic, and long lasting and can therefore remain highly
potent at a wide range of concentrations. Several studies revealed that karrikins stimu-
late seed germination and regulate seedling photomorphogenesis by enhancing seedling
sensitivity to light [11,12,15–18].

PA is commonly used as a biostimulant to improve plant growth and productiv-
ity [6]. Depending on the concentration, PA can be used as an antimicrobial agent [19,20],
a herbicide [21], a soil enhancer [22], and an insect repellent [23] or promote root devel-
opment [24,25] and microbial activities [26] when diluted. Recent studies reported that
PA enhances seed germination rate, vegetative and reproductive growth of several plants
species [6,24,25,27–29]. However, the concentration of PA applied to promote plant growth
varied between studies. For instance, it was reported that the application of 1:500 (v/v)
increased tomato yield but did not affect fruit nutritional quality, whereas according to
Mungkunkamchao et al. [27], 1:800 PA enhanced the growth and yield of tomato. Sim-
ilarly, soil drench with 20% PA increased the growth and yield of rockmelon (Cucumis
melo var. cantalupensis) [30]. These suggest that the effectiveness of PA is dependent on
its concentration, type of crop, and mode of application. Generally, the high acidity of PA
necessitates its use at low concentrations for plant growth and productivity [6]. As such, an
appropriate concentration can contain the right proportions of several bioactive compounds
which induce beneficial effects on crop growth and quality [17]. Furthermore, phenolic
compounds in PA induce high reactive oxygen species scavenging, reducing power activi-
ties and anti-lipid peroxidation capacity [8,31]. However, the chemical composition and
individual chemical activities can be influenced by the pyrolytic temperature, as a high
pyrolytic temperature between 311 and 550 ◦C was demonstrated to exhibit the strongest
antioxidant activity [8]. It was amply demonstrated that a high PA concentration increases
the availability of phenolics and organic acids that could adversely affect plant growth
performance [32]. All these studies demonstrated the use of PA as a natural biostimulant
with high efficacy for crop production but this was not extensively explored.

Accordingly, most studies on PA efficacy and use in crop production have focused on
seed priming and foliar application. There is limited information on the efficacy of drench
application on crop yield and especially on crop quality [6]. Additionally, agricultural use
of PA in Canada and globally is in its infant stage due to limited studies on its efficacy
for growth promotion and because recommended applications rate have not been clearly
established. An understanding of how PA can regulate plant growth, yield and quality of
tomato under greenhouse conditions is crucial not only to growers but also to consumers
and researchers. In this study, we investigated the biostimulatory effect of varying concen-
trations of PA for production and increase in nutritional quality of tomato ‘Scotia’ under
greenhouse conditions.
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2. Results

2.1. PA Chemical Composition

The chemical composition of PA is presented in Supplementary Table S1. The most
significant elements were nitrate, nitrite, calcium and potassium. Significant amounts of
organic acids (i.e., salicylic acid, oxalic acid, propionic acid, and malic acid) and small
amounts of shikimic acid and acylcarnithines were also present.

2.2. Morpho-Physiological Response

PA application had no significant (p > 0.05) effect on plant height, stem diameter, and
the number of branches and flowers (Table 1). Plant height non-significantly increased
slightly with low PA concentrations, i.e., 0.25% and 0.5% PA, by ca. 5% compared to the
control. The highest stem diameter was recorded with 0.25% PA followed by with 2%
PA but was not statistically different from that of other treatments. Additionally, plants
treated with 0.5% PA increased numbers of branches and flowers by ca. 13% and 8%,
respectively, compared to that of the control although they were not statistically different
(p > 0.05). Similarly, PA treatments had no significant (p > 0.05) effect on Fv/Fm, Fv/Fo,
and chlorophyll content (Table 2). The effect of PA on Fv/Fm and Fv/Fo was comparable
to the control. Likewise, PA had no significant (p > 0.05) effect on leaf intracellular CO2
and photosynthetic rate (Table 2). However, leaf transpiration rate, sub-stomatal CO2, and
stomatal conductance were significantly (p < 0.001) reduced by PA compared to the control.
Plants treated with 0.25% and 0.5% PA showed significant (p < 0.001) reductions in these
physiological characteristics except for sub-stomatal CO2, which was increased by ca. 3%
with 0.25% PA compared to the control. On the other hand, plants treated with 1% and 2%
PA exhibited significant (p < 0.001) reductions in leaf transpiration rate, sub-stomatal CO2,
and stomatal conductance compared to the other PA treatments.

Table 1. Morphological response of tomato ‘Scotia’ plants treated with pyroligneous acid (PA).

Treatment Plant Height (cm) Stem Diameter (mm) Branch Number Flower Number

Control 57.82 ± 2.86 a 9.60 ± 0.80 a 6.52 ± 0.58 a 33.50 ± 7.23 a
0.25% PA 60.50 ± 5.79 a 10.02 ± 0.61 a 5.81 ± 0.96 a 27.25 ± 7.80 a
0.5% PA 60.62 ± 5.23 a 9.32 ± 0.77 a 7.04 ± 0.82 a 38.00 ± 8.41 a
1% PA 57.71 ± 6.40 a 9.51 ± 0.92 a 5.70 ± 1.73 a 31.00 ± 11.86 a
2% PA 56.07 ± 2.97 a 9.81 ± 0.49 a 6.38 ± 1.50 a 32.25 ± 11.41 a

p-value 0.565 0.689 0.480 0.622
Values are the means ± SD of four replicates and different letters indicate significant (p < 0.05) difference according
to Fisher’s least significant difference (LSD) post hoc test.

Table 2. Physiological response of tomato ‘Scotia’ plants treated with pyroligneous acid (PA).

Treatment Fv/Fo Fv/Fm SPAD
Intra Cellular

CO2

(μmol mol−1)

A
(μmol m−2 s−1)

E
(mol m−2 s−1)

Ci
(μmol mol−1)

gs

(mol m−2 s−1)

Control 4.16 ± 0.41 a 0.80 ± 0.01 a 34.14 ± 5.80 a 410.56 ± 6.13 a 2.15 ± 0.60 a 2.53 ± 0.52 a 360.70 ± 30.46 ab 0.11 ± 0.02 a
0.25% PA 4.06 ± 0.27 a 0.81 ± 0.01 a 36.59 ± 3.74 a 417.74 ± 8.72 a 1.80 ± 0.84 a 2.16 ± 0.60 ab 370.27 ± 19.04 a 0.09 ± 0.01 ab
0.5% PA 3.96 ± 0.33 a 0.80 ± 0.01 a 34.07 ± 2.96 a 410.85 ± 6.61 a 2.19 ± 0.80 a 1.95 ± 0.71 b 343.01 ± 35.68 b c 0.08 ± 0.03 b
1% PA 4.07 ± 0.34 a 0.80 ± 0.01 a 35.57 ± 5.14 a 413.55 ± 13.84 a 1.80 ± 0.79 a 1.28 ± 1.03 c 325.23 ± 42.80 c 0.05 ± 0.04 c
2% PA 3.91 ± 0.24 a 0.80 ± 0.01 a 37.13 ± 6.32 a 415.68 ± 14.65 a 1.84 ± 1.38 a 1.35 ± 0.59 c 332.50 ± 41.80 c 0.05 ± 0.04 c

p-value 0.196 0.188 0.262 0.226 0.534 <0.001 <0.001 <0.001

A: photosynthetic rate; E: transpiration rate; gs: stomatal conductance; Ci: sub-stomatal CO2. Values are the
means ± SD of four replicates and different letters indicate significant (p < 0.05) difference according to Fisher’s
least significant difference (LSD) post hoc test.

The application of 0.25% PA increased above-ground fresh weight but similar to the
control (Figure 1A). However, tomato plants treated with 0.5% and 1% PA reduced the
above-ground fresh weight by ca. 13% compared to the control. The above-ground dry
weight of the tomato plant treated with 0.25% PA was significantly (p < 0.005) increased by
ca. 11% compared to the control (Figure 1B). In contrast, the 0.5% and 1% PA reduced the
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above-ground plant dry weight but was not significantly (p > 0.05) different from those of
the control and the 2% PA treatment.

Figure 1. Pyroligneous acid effect on tomato plant above-ground biomass: (A) fresh weight and
(B) dry weight. Values are the means of four replicates and different lowercase alphabetical letters
indicate significant (p < 0.05) difference according to Fisher’s least significant difference (LSD) post
hoc test. Error bars show the standard deviations.

2.3. Fruit Yield and Quality

The 0.5% PA treatment increased the total fruit weight by ca. 26% although not
significantly different from that of 0.25% PA and the control (Figure 2A). However, 2% PA
had a significant reduction in total fruit weight, which is not different from that of the 1%
PA-treated plants. Similarly, the number of fruits was significantly (p < 0.005) increased
by ca. 66% and ca. 34% by 0.5% and 0.25% PA, respectively, compared to the control
(Figure 2B). Nevertheless, the application of 2% PA and e control reduced the number of
fruits compared to the other PA treatments. Fruit morphological characteristics including
polar (Figure 2C) and equatorial diameters (Figure 2D) were not significantly (p > 0.05)
affected by PA treatment. Tomato fruit juice pH, ◦Brix, salinity, electric conductivity (EC),
total dissolved solids (TSS) and titratable acidity (TA) were significantly (p < 0.001) affected
by PA treatment (Table 3). Juice pH was significantly (p < 0.001) increased by ca. 3.3% and
1.3% following the application of 0.25% and 0.5% PA to the plants, respectively, compared
to the control. An increase in PA concentration from 1% to 2% did not alter fruit juice pH.
The ◦Brix content of the fruits was increased by ca. 13% following the application of 2%
PA compared to the control (Table 3). However, ◦Brix content was significantly (p < 0.001)
reduced by ca. 45% in fruits following the application of 0.25% PA compared to the control.

A significantly (p < 0.001) high fruit juice salinity was noticed with the 2% PA treatment
compared to the control, while the 0.25% PA recorded the least salinity (Table 3). A
considerable increase in fruit electrical conductivity was recorded with the 2% PA, while
the least PA of 0.25% reduced fruit juice electrical conductivity. Likewise, the 2% PA
recorded the highest fruit juice total dissolved solids (Table 3). Moreover, fruit titratable
acidity was significantly (p < 0.001) increased by ca. 39% upon the application of 2% PA
compared to the control (Table 3). Nevertheless, the 0.25% PA had a significant (p < 0.001)
reduction on fruit TA, which was not different from those of 0.5% PA and 1% PA treatments.
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Figure 2. Fruit yield of tomato ‘Scotia’ in response to pyroligneous acid treatment: (A) total fruit
weight, (B) fruit number, (C) fruit polar diameter, and (D) fruit equatorial diameter. Values are the
means of four replicates and different lowercase alphabetical letters indicate significant (p < 0.05)
difference according to Fisher’s least significant difference (LSD) post hoc test. Error bars show the
standard deviations.

Table 3. Chemical quality of tomato ‘Scotia’ fruits from plants treated with pyroligneous acid (PA).

Treatment Juice pH ◦Brix
Salinity
(g L−1)

EC (mS) TDS (g L−1)
TA

(% Citric Acid)

Control 3.60 ± 0.04 c 5.67 ± 0.05 b 2.95 ± 0.02 b 5.42 ± 0.03 b 3.80 ± 0.01 b 0.26 ± 0.01 b
0.25% PA 3.72 ± 0.01 a 3.12 ± 0.05 d 1.66 ± 0.02 e 3.11 ± 0.08 e 2.20 ± 0.02 e 0.23 ± 0.03 c
0.5% PA 3.67 ± 0.01 b 5.62 ± 0.13 b 2.68 ± 0.03 c 5.01 ± 0.07 c 3.44 ± 0.07 c 0.24 ± 0.01 b c
1% PA 3.62 ± 0.03 c 5.20 ± 0.14 c 2.50 ± 0.03 d 4.65 ± 0.04 d 3.22 ± 0.02 d 0.23 ± 0.01 b c
2% PA 3.62 ± 0.03 c 6.42 ± 0.10 a 3.01 ± 0.03 a 5.71 ± 0.04 a 3.94 ± 0.04 a 0.36 ± 0.01 a

p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

EC: electrical conductivity; TDS: total dissolved solids; TA: titratable acidity. Values are the means ± SD of four
replicates and different letters indicate significant (p < 0.05) difference according to Fisher’s least significant
difference (LSD) post hoc test.

2.4. Fruit Biochemicals and Peroxidase Activities

Carotenoid was significantly (p < 0.05) increased by the 0.5% PA and 1% PA by ca.
20% and 22%, respectively, compared to that of the control (Figure 3A). The carotenoid
contents of the 0.5% and 1% PA fruits were not statistically (p > 0.05) different from that of
the 2% PA, while the carotenoid content of the 0.25% PA fruits was low and comparable
to the control. Tomato fruit total phenolics (Figure 3B) and flavonoid were significantly
(p < 0.001) influenced with PA treatment (Figure 3C). The application of 2% PA exhibited
a considerably higher fruit total phenolic compounds (ca. 23%) and flavonoid content
(ca. 39%) compared to the control. The 0.5% PA reduced fruit TPC and flavonoid contents.
Total ascorbate was increased by ca. 377%, ca. 177%, ca. 165% and ca. 129% following the
application of 2%, 0.25%, 1% and 0.5% PA, respectively, compared to the control (Figure 3D).
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Although 0.5% PA had the highest impact on total fruit protein, it was not statistically
(p > 0.05) different from those of the 0.25% PA and the control treatments (Figure 3E).
However, the 2% PA significantly (p < 0.001) reduced total fruit protein content compared
to the control. Furthermore, PA caused a significant (p < 0.001) reduction in total fruit sugar
content (Figure 3F). The 1% PA-treated plants exhibited the least total fruit sugar content,
while the 2% PA slightly increased total fruit sugar but was ca. 5% lower than that of the
control. Furthermore, PA application exhibited a significant (p < 0.001) reduction in fruit
peroxidase activity (Figure 4). The reduction in peroxidase activity was more obvious in
the 0.25% PA fruits followed by the 1% PA and the 2% PA fruits.

Figure 3. Tomato ‘Scotia’ fruit biochemical content in response to pyroligneous acid treatment:
(A) carotenoid content, (B) total phenolic content, (C) flavonoid content, (D) total ascorbate content,
(E) total protein content, and (F) total sugar content. Values are the means of four replicates and
different lowercase alphabetical letters indicate significant (p < 0.05) difference according to Fisher’s
least significant difference (LSD) post hoc test. Error bars show the standard deviations.

2.5. Fruit Elemental Composition

Tomato ‘Scotia’ fruit N content was increased by ca. 10% upon plant application with
0.25% PA compared to the control but was reduced by the 0.5% PA (Table 4). Fruit Ca was
markedly increased by ca. 29% upon plant treatment with the 1% PA, but was reduced
by the 0.5% PA. Generally, PA had no effect on fruit K compared to the control. However,
fruit Mg was increased by ca. 13% with the 0.25% PA but was reduced by ca. 12% with
the 0.5% PA compared to the control. Fruit P content was increased slightly by the 2% PA,
which was similar to the effect of the 0.25% PA but was reduced by the 0.5% PA treatment.
Fruit Na content increased by ca. 59% following the application of 1% PA compared to the
control, but was reduced by the 0.5% PA. Variation in PA concentration did not change
fruit B content. Overall, Fe, Zn, Mn and Cu, contents were increased with the application
of 0.25% PA by ca. 8%, ca. 8%, ca. 9% and ca. 15%, respectively, compared to the control.
However, the 0.5% PA markedly reduced these four elements in the fruits.
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Figure 4. Peroxidase activity of tomato ‘Scotia’ fruit in response to pyroligneous acid treatment.
Values are the means of four replicates and different lowercase alphabetical letters indicate significant
(p < 0.05) difference according to Fisher’s least significant difference (LSD) post hoc test. Error bars
show the standard deviations.

Table 4. Tomato ‘Scotia’ fruit elemental composition in response to pyroligneous acid (PA) treatments.

Element
Treatment

Control 0.25% PA 0.5% PA 1% PA 2% PA Mean CV (%)

Nitrogen (N %) 1.68 1.84 1.44 1.61 1.56 1.63 9.12
Calcium (Ca %) 0.24 0.29 0.23 0.31 0.28 0.27 12.39
Potassium (K %) 2.68 2.27 2.67 2.32 2.59 2.51 7.91

Magnesium (Mg %) 0.17 0.19 0.15 0.17 0.17 0.17 8.21
Phosphorus (P %) 0.44 0.46 0.41 0.42 0.47 0.44 5.60

Sodium (Na %) 0.02 0.03 0.02 0.04 0.02 0.02 26.28
Boron (B mg L−1) 12.61 13.61 12.59 13.91 13.62 13.27 4.69

Copper (Cu mg L−1) 7.51 8.86 5.98 6.53 7.02 7.18 15.29
Iron (Fe mg L−1) 42.46 49.87 40.08 43.37 45.00 44.16 8.28

Manganese (Mn mg L−1) 26.14 28.37 22.58 27.49 25.06 25.93 8.71
Zinc (Zn mg L−1) 14.81 17.71 14.80 14.68 16.25 15.65 8.44

CV = coefficient of variation.

2.6. Association between Morpho-Physiological Properties of Tomato Plants and Productivity and
Quality in Response to PA Application

Pearson’s correlation coefficient (r) was used to further assess the association amongst
the morpho-physiological, yield and quality of tomato plants in response to PA application
(Table S2). The PCA biplot showed a projection of response variables in the factor spaces
and explained ca. 69% of the total variations in the data set. The results revealed that
the number of suckers had a significantly (p < 0.05) stronger positive correlation with
the number of flowers (r = 0.903) and fruit K content (r = 0.914), while SPAD had a
significantly (p < 0.05) stronger positive association with leaf intracellular CO2 content
(r = 0.927) and a negative correlation with photosynthetic rate (r = −0.891). Similarly,
leaf transpiration had a significantly strong positively correlated with sub-stomatal CO2
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content (r = 0.888) and stomatal conductance (r = 0.996) and moderate association with
photosynthetic rate (r = 0.608) and total fruit weight (r = 0.651) although this was not
statistically significant. Total fruit weight exhibited a significant (p < 0.05) and strong
positive correlation with plant height (r = 0.943) and fruit number (r = 0.887). However, it
had a significantly (p < 0.05) strong negative interaction with total phenolics (r = −0.915)
and flavonoid content (r = −0.953). Additionally, fruit number has a similar association
with plant height (r = 0.915), total phenolics (r = −0.897) and flavonoid content (r = −0.906).
Fruit salinity content showed a significantly strong positive correlation with EC (r = 0.998),
TDS (r = 0.999) and Brix (r = 0.979), and a negative association with pH (r = −0.864).

3. Discussion

Current crop production practices make use of natural products that can boost plant
growth and the desirable dietary and nutritional quality without compromising the en-
vironment and agroecological systems. Therefore, the functional properties of various
natural materials such as PA have recently attracted the interest of farmers and researchers.
In this study, although the drench application of PA had no statistically significant effect
on tomato ‘Scotia’ plant morphological parameters, they were slightly increased by 0.25%
and 0.5% PA concentrations. These results agree with other studies where the foliar ap-
plication of PA influenced the morphological growth of several plant species including
tomato [27], soybean [33], rockmelon [30], and rapeseed [21]. The discovery of karrikins in
PA has revolutionized its use in crop production because its signaling and biophysiological
activities in plants mimic that of known phytohormones [11,12,15,16]. Moreover, karrikins
have been demonstrated to stimulate seed germination and plant growth [12,18]. Hence,
the increase in plant growth, although not significant, can be ascribed to the presence of
karrikins. Compared to the other elements, N required for vegetative plant growth was
considerably high in the PA used for this study. Therefore, the increase in plant growth
with PA treatment was reflected in the above-ground fresh and dry weights, which can be
attributed to increased nutrient uptake and promotion of cell division and elongation [27].

Stomatal conductance and transpiration rate play a pivotal role in thermoregulation
and photosynthesis [34,35]. It was demonstrated that PA and other biostimulants affect
stomatal conductance in plants under both stress and non-stress conditions [21,36]. We
observed that lower concentrations of PA, i.e., 0.25% or 0.5% PA, exhibited a comparable
stomatal conductance and leaf transpiration effect while higher PA concentrations, i.e.,
>1%, reduced these parameters drastically. A reduction in stomatal conductance is an
adaptive strategy used by plants to minimize water loss during water-deficit and other
related climatic stress conditions. This scenario adversely affects CO2 diffusion and net
photosynthesis [37]. Although the photosynthesis rate in the present study was not affected
by PA treatment, we surmised that the reduction in stomatal conductance with PA treat-
ment could be due to adaptive thermoregulation of the photosynthesis system and stress
mitigation mechanism [35], which will require further investigation.

Plant productivity (i.e., the total number of fruits and yield) increased with PA appli-
cation as widely reported by many authors [18,21,27,30]. The composition of PA is complex
and consists of numerous bioactive compounds including organic acids, phenolics, alcohol,
alkane, and ester [18,21]. This suggests that plants with varying genotypic characteris-
tics will respond differently to PA application. In the present study, an increase in the
number of tomato fruits and fruit yield were observed with the application of 0.5% PA.
The application of 0.5% and 0.25% PA may be considered less toxic to root systems and
may promote root growth, thereby enhancing plant nutrient uptake and utilization [25].
Although data on trusses number were not considered, the increase in fruit number in
plants treated with lower PA concentrations could suggest that fruit setting was higher
in low-PA-treated plants compared to those treated with higher PA concentrations. This
was reflected in the correlation analyses where total fruit weight had a strong association
with fruit number. From the farmer’s perspective, a slight increase in total fruit yield is
considered significant improvement to the overall cashflow. Furthermore, the chemical
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components of PA might have interacted with and stimulated the activities of various
phytohormones including gibberellin, cytokinin, auxin, and various enzymes to enhance
plant growth and development as previously reported [21].

Interestingly, determinants of fruit quality such as ◦Brix, titratable acidity, flavonoid,
phenolics, and ascorbate were increased by the 2% PA. This suggests that PA could be
used to enhance crop quality for human health and nutritional purposes. These results
are inconsistent with the report by Kulkarni et al. [38]. The discrepancies may be due to
differences in the tested concentration, time of application, and tomato variety. Generally,
tomato fruits are considered an excellent source of phytochemicals including phenolics,
flavonoids, and ascorbates, which exhibit high antioxidant properties by scavenging reac-
tive oxygen species (ROS) radicals [2]. Studies demonstrated that higher PA concentration
increases the availability of phenolics and organic acids that could affect plant growth [32].
Thus, the increased tomato fruits antioxidants in the present study was highly expected
since previous studies have demonstrated that phenolic compounds in PA exhibited high
ROS-scavenging activities, reducing power, and anti-lipid peroxidation capacity [8,31].

Accordingly, the present finding may be attributed to the increased phenolics and
organic acids as reported in Citrus limon [39] and Olea europaea [40]. The ROS-scavenging
abilities of these phytochemicals protect cells against oxidative stress, which are crucial
for preventing chronic diseases including cancers, atherosclerosis, and inflammation dis-
orders [2,3,41]. Moreover, fruit carotenoids are lipophilic pigments essential for human
health [42]. Carotenoid content was higher in fruits harvested from plants that were treated
with 0.5% and 1% PA compared to the control. This beneficial effect of PA can be attributed
to the activation of pathways involved in N metabolism [43]. Furthermore, most plants
adapt to stress conditions by accumulating these compounds, which ultimately enhances
fruit dietary and nutritional quality. For instance, salinity stress increase TDS, sugar, and
antioxidant compounds in tomato fruits [44,45]. Hence, it is plausible that although the 2%
PA did not alter the growth of the tomato plants, it stimulated the plants to accumulate
these phytochemicals in the fruits.

Mineral elements represent a minute fraction of the fruit dry matter content but
constitute a vital component of the quality and nutritional profile of vegetables [46]. The
present study demonstrated that the application of 0.25% PA enhanced tomato fruit N,
Mg, P, and all the analyzed micronutrients except B. Additionally, the 1% PA increased
Ca and Na in the tomato fruits. Some possible explanations could be (1) PA increased
the uptake and translocation of mineral elements due to enhanced root growth and root
functional activities [24]; (2) PA activated and promoted the expression of transporter genes
in root cells for efficient nutrient element transport (not determined); and (3) some bioactive
compounds in PA intensified the sink effect resulting in continuous flow and accumulation
of these elements [21,47]. Therefore, it can be suggested that the optimal application rate
of PA for enhancing tomato fruit elemental composition may range between 0.25% and
1% PA. Similar observations were made following the application of other biostimulants
that enhanced the elemental composition of numerous crops including tomato [46,48] and
eggplant [49]. Therefore, increased yield and dietary and nutrition quality of tomato can be
obtained when the appropriate concentration of PA is applied in a greenhouse production
system.

4. Materials and Methods

4.1. Plant Material and Growing Condition

This research was carried out in the greenhouse located in the Department of Plant,
Food, and Environmental Sciences, Faculty of Agriculture, Dalhousie University between
November 2020 and February 2021 and repeated in March (spring) and July (summer) 2021.
Tomato (Solanum lycopersicum) cultivar ‘Scotia’ seeds were purchased from Halifax Seeds
(Halifax, Canada). Seeds were sterilized with 10% sodium hypochlorite (NaClO) for 10 min,
and thoroughly washed three times with sterile distilled water (ddH2O) followed by 70%
ethanol sterilization for 5 min, and subsequently washed 5 times with sterile distilled water.
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The sterilized seeds were germinated in a 32-cell pack containing Pro-Mix® BX (Premier
Tech Horticulture, Québec, Canada) and grown for 30 days in a growth chamber with
a day/night temperature regime of 25 ◦C, 16/8 h d−1 illumination, 300 μmol m−2·s−1

light intensity and 70% relative humidity. The seedlings were transplanted at the third to
fourth true-leaf stage into 11.35 L-plastic pots containing approximately 1.5 kg of Pro-Mix®

BX peat-based soilless medium. The plants were climate hardened for a week before the
first treatment application under greenhouse conditions at 28 ◦C/20 ◦C (day/night cycle)
temperature and 70% relative humidity with a 16 h photoperiod. Supplemental lighting
was provided by a 600 W HS2000 high-pressure sodium lamp with NAH600.579 ballast
(P.L. Light Systems, Beamsville, Canada) throughout the planting duration.

4.2. Experimental Treatment and Design

The five experimental treatments were arranged in a completely randomized design
with four replications. The experimental treatments consisted of 0.25%, 0.5%, 1%, and
2% PA, and distilled water was used as a negative control. The PA derived from white
pine biomass was obtained from Proton Power Inc. (Lenoir City, TN, USA). The company
(Proton Power Inc.) produces and sells graphene and biochar and not PA. The PA is a
by-product to them. So, our study, which was funded by the federal agency, was to test this
by-product for potential commercialization in the future by which time it will be available
to purchase. At present, PA samples may be obtained from Proton Power for only research
purposes before it can be available later for purchase. The chemical composition of the
PA used in this study is listed in Table S1. All the treatments were applied biweekly as a
soil drench to field capacity, and water-soluble compound fertilizer nitrogen-phosphorus-
potassium (20:20:20) was applied at 20-day intervals. Pots were rearranged weekly on the
bench to offset unpredictable occurrences due to variations in the environment. The entire
study was repeated twice.

4.3. Plant Growth and Yield Components

Plant growth parameters were measured at 50 days after transplanting (DAT). Plant
height was measured from the stem collar to the highest leaf tip with a ruler and the
stem girth (i.e., diameter of the main stem) was measured at 10 cm from the collar with
Vernier calipers (Mastercraft®, Ontario, Canada). Total numbers of flowers and suckers (i.e.,
branching) were recorded for each treatment. Intracellular carbon dioxide concentration,
net photosynthetic rate, and stomatal conductance were determined from the same four
fully expanded leaves per plant using LCi portable photosynthesis system (ADC BioScien-
tific Ltd., Hoddesdon, UK). Chlorophyll fluorescence indices including maximum quantum
efficiency (Fv/Fm) and potential photosynthetic capacity (Fv/Fo) were measured on the
same leaves using a Chlorophyll fluorometer (Optical Science, Hudson, NH, USA) [50].
Chlorophyll content was measured on the same leaves using a chlorophyll meter (SPAD
502-plus, Spectrum Technologies, Inc., Aurora, IL, USA). The total fresh weight of the
above-ground tissues (i.e., leaves and shoot) was measured with a portable balance (Ohaus
navigator®, ITM Instruments Inc., Sainte-Anne-de-Bellevue, QC, Canada) and subsequently
oven-dried at 65 ◦C for 72 h for dry weight determination. Tomato fruit yield, determined
as the total fresh weight of ripe fruits per plant, was recorded using the XT portable balance.
The equatorial and polar diameters of the harvested fruits were measured with the digital
Vernier caliper.

4.4. Fruit Quality and Phytochemical Analysis

At harvest (75DAT), seven representative ripe fruits based on size and color were
randomly selected and surface-sterilized with 70% ethanol. The pericarp (containing the
epidermis) was excised from the longitudinal part of each fruit using a sterile scalpel blade.
The pericarp was immediately frozen in liquid nitrogen and stored in a −80 ◦C freezer
while the remaining fruits were frozen at −20 ◦C until further analysis. All frozen fruits
were thawed at room temperature and fruit total soluble solids (TSS) were determined
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using a handheld refractometer (Atago, Japan). Briefly, ripe fruits were cut, placed in a clear
Ziploc bag and hand squashed. The juice was poured into a 50 mL beaker and 500 μL was
used for TSS determination expressed as degree Brix (◦Brix). Fruit juice qualities including
pH, salinity, total dissolved solids (TDS), and electrical conductivity (EC) were determined
with a multi-purpose pH meter (EC 500 ExStik II S/N 252957, EXTECH Instrument, Nashua,
New Hampshire, USA). For titratable acidity, 10 mL of juice from each treatment was diluted
in 50 mL distilled water, and titratable acidity was determined at an endpoint of pH 8.1
with 0.1 N sodium hydroxide (NaOH). The mean titratable acidity was expressed in citric
acid percentage [1]. The elemental composition of the fruits was determined at the Nova
Scotia Department of Agriculture Laboratory Services, Truro, using inductively coupled
plasma mass spectrometry (PerkinElmer 2100DV, Wellesley, Massachusetts, USA) [51].

4.4.1. Fruit Carotenoid Content

Fruit carotenoid content was determined as described by Lichtenthaler [52]. Briefly,
0.2 g of ground fruit pericarp was homogenized in 2 mL of 80% acetone. The homogenate
was centrifuged at 15,000× g for 15 min and the absorbance of the supernatant was mea-
sured at 646.8, 663.2, and 470 nm using a UV–Vis spectrophotometer with 80% acetone
alone as the blank. Total carotenoid content was expressed as μg g−1 fresh weight (FW) of
the sample.

4.4.2. Total Ascorbate Content

Total ascorbate was measured following the method described by Ma et al. [53] with
little modification. Approximately 0.2 g of ground fruit pericarp was homogenized in
1.5 mL ice-cold freshly prepared 5% trichloroacetic acid (TCA). The mixture was vortexed
for 2 min and centrifuged at 12,000× g for 10 min at 4 ◦C. A volume of 100 μL of the super-
natant was transferred into a new tube and 400 μL phosphate buffer (150 mM potassium
dihydrogen phosphate (KH2PO4) (pH 7.4), 5 mM Ethylenediaminetetraacetic acid (EDTA))
was added. A volume of 100 μL of 10 mM Dithiothreitol (DTT) was added and vortexed for
30 s. A reaction mixture containing 400 μL of 10% (w/v) trichloroacetic acid (TCA), 400 μL
of 44% orthophosphoric acid, 400 μL of 4% (w/v) α,α-dipyridyl in 70% ethanol and 200 μL
of 30 g/L ferric chloride (FeCl3) was added to obtain color. The mixture was incubated
at 40 ◦C for 60 min in a shaking incubator and the absorbance was measured at 525 nm.
The total ascorbate content was determined using a standard L-ascorbic acid curve and
expressed as μmol g−1 FW.

4.4.3. Soluble Sugar Content

The total sugar content of the tomato fruits was estimated following the phenol-
sulfuric acid method described by Dubois et al. [54]. An amount of 0.2 g of ground fruit
pericarp was homogenized in 10 mL of 90% ethanol and the mixture was incubated in a
water bath at 60 ◦C for 60 min. The final volume of the mixture was adjusted to 5 mL with
90% ethanol and centrifuged at 12,000 rpm for 3 min. An aliquot of 1 mL was transferred
into a thick-walled glass test tube containing 1 mL of 5% phenol and mixed thoroughly. A
volume of 5 mL of concentrated sulfuric acid was added to the reaction mixture, vortexed
for 20 s, and incubated in the dark for 15 min. The mixture was cooled to room temperature
and the absorbance was measured at 490 nm against a blank. Total sugar was calculated
using a standard sugar curve and expressed as μg of glucose g−1 FW.

4.4.4. Total Phenolics Content

Total phenolics content (TPC) was determined by the Folin–Ciocalteu assay described
by Ainsworth and Gillespie [55] with little modification. An amount of 0.2 g of ground
fruit pericarp was homogenized in 1.5 mL of ice-cold 95% methanol and incubated in the
dark at room temperature for 48 h. The mixture was centrifuged at 13,000× g for 5 min
before mixing 100 μL of the supernatant to 200 μL of 10% (v/v) Folin–Ciocalteau reagent.
The mixture was vortexed for 5 min, mixed with 800 μL 700 mM Na2CO3, and incubated
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in the dark at room temperature for 2 h. The absorbance of the supernatant was measured
at 765 nm against a blank. TPC was calculated using a gallic acid standard curve and
expressed as mg gallic acid equivalents per g FW (mg GAE g−1 FW).

4.4.5. Total Flavonoid Content

Total flavonoid was estimated following the colorimetric method described by Chang
et al. [56]. An amount of 0.2 g of ground fruit pericarp was homogenized in 1.5 mL of ice-
cold 95% methanol followed by centrifugation at 15,000× g for 10 min. A volume of 500 μL
of supernatant was added to a reaction mixture containing 1.5 mL of 95% methanol, 0.1 mL
of 10% aluminum chloride (AlCl3), 0.1 mL of 1 M potassium acetate, and 2.8 mL distilled
water. The mixture was incubated at room temperature for 30 min and the absorbance was
measured at 415 nm against a blank lacking AlCl3. Total flavonoid content was estimated
using quercetin equivalents and expressed as percentage flavonoid using the formula:

Total flavonoid =
([flavonoids](μg/mL)× total volume of methanolic extract (mL))

mass of extract (g)

4.4.6. Protein Content and Peroxidase Activity

For protein content and antioxidant enzyme activity, approximately 0.2 g of ground
sample was homogenized in 3 mL ice-cold extraction buffer (50 mM potassium phosphate
buffer (pH 7.0), 1% polyvinylpyrrolidone, and 0.1 mM EDTA). The homogenate was
centrifuged at 15,000× g for 20 min at 4 ◦C. The supernatant (crude enzyme extract) was
transferred to a new microfuge tube on ice and the protein content was measured at 595 nm
after 5 min of mixing with Bradford’s reagent [57]. The protein content was estimated
from a standard curve of bovine serum albumin (200–900 μg mL−1). Peroxidase (POD, EC
1.11.1.7) activity was determined using Pyrogallol as substrate according to Chance and
Maehly [58] with little modification. The reaction mixture consisted of 100 mM potassium-
phosphate buffer (pH 6.0), 5% pyrogallol, 0.5 % H2O2 and 100 μL of crude enzyme extract.
Following reaction mixture incubation at 25 ◦C for 5 min, 1 mL of 2.5 N H2SO4 was added
to stop the reaction and the absorbance was read at 420 nm against a blank (ddH2O). One
unit of POD forms 1 mg of purpurogallin from pyrogallol in 20 s at pH 6.0 at 20 ◦C.

4.5. Statistical Analysis

All data obtained were subjected to one-way analysis of variance (ANOVA) with the
averages of the two experiments using Minitab statistical software version 20 (Minitab Inc.,
State College, PA, USA). Treatment means were compared using Fisher’s least significant
difference (LSD) post hoc test at p ≤ 0.05. Pearson’s correlation analysis was performed
using XLSTAT version 19.1 (Addinsoft, New York, NY, USA).

5. Conclusions

In conclusion, the drench application of low PA concentrations of 0.25% and 0.5%
increases the morpho-physiological response of tomato plants. Overall, the application of
0.5% PA enhances the number of fruits and yield of tomato but reduces the quality of the
fruits. Alternatively, the application of 0.25% PA will increase the elemental composition of
tomato fruits. Additionally, the drench application of 2% PA can be considered stressful
to tomato plants, but significantly enhanced fruit phytochemical contents including total
phenolics and flavonoids and can be adopted to improve the nutritional and health benefits
of tomato fruits. Hence, PA represents a novel natural product for improvement of plant
growth, productivity, and nutritional content of tomato and other plants. However, further
investigation is required to elucidate the molecular basis of the effect of PA on different
plant species.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants11131650/s1, Table S1: Chemical composition of PA obtained
from White pine; Table S2: Pearson’s correlation between the morpho-physiological, yield and quality
of tomato plants in response to PA application.
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Abstract: Cucumber fruit is rich in fiber, carbohydrates, protein, magnesium, iron, vitamin B, vitamin
C, flavonoids, phenolic compounds, and antioxidants. Agrochemical-based production of cucumber
has tripled yields; however, excessive synthetic fertilization has caused problems in the accumulation
of salts in the soil and has increased production costs. The objective of this study was to evaluate
the effect of three strains of plant growth-promoting rhizobacteria (PGPR) on cucumber fruit growth
and quality under greenhouse conditions. The rhizobacteria Pseudomonas paralactis (KBendo6p7),
Sinorhizobium meliloti (KBecto9p6), and Acinetobacter radioresistens (KBendo3p1) was adjusted to
1 × 108 CFU mL−1. The results indicated that the inoculation with PGPR improved plant height,
stem diameter, root length, secondary roots, biomass, fruit size, fruit diameter, and yield, as well
as nutraceutical quality and antioxidant capacity, significantly increasing the response of plants
inoculated with A. radioresistens and S. meliloti in comparison to the control. In sum, our findings
showed the potential functions of the use of beneficial bacteria such as PGPR for crop production to
reduce costs, decrease pollution, and achieve world food safety and security.

Keywords: rhizobacteria; PGPR; nutraceutical quality

1. Introduction

Cucumber (Cucumis sativus L.) is a plant of the family Cucurbitaceae which is produced
worldwide in open fields and protected agriculture [1]. Cucumber fruit is widely consumed
for its taste and freshness around the world, in addition, its nutritional contribution and
nutraceutical properties have positive impacts on health, especially in people with diabetes,
hypertension, cardiovascular, and Alzheimer’s disease [2–4]. Moreover, it is also a high
source of fiber, carbohydrates, proteins, magnesium, iron, vitamin B and C, flavonoids,
phenolic compounds, and antioxidants [5,6]. In the last few years, agrochemical-based
production schemes have helped to increase the yield of the cucumber crops by three,
however, synthetic fertilization has caused problems with salt accumulation in soil and
increased production costs [7–10].

Currently, beneficial microorganisms have been applied in the plants as a sustainable
alternative for food production [11], likewise, the combination with synthetic fertilizers has
led to increased plant growth and productivity [7,12]. Plant growth-promoting rhizobacte-
ria (PGPR) are a microorganism group able to increase the shoot and root length, improve
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water and nutrient absorption, and improve fruit quality and productivity in plants [13].
Undoubtedly, among the promoting mechanisms the production of phytohormone (auxin
and cytokinins), volatile compounds, siderophores, atmospheric nitrogen fixation processes,
and solubilized phosphate are the most important [12,14].

Moreover, the common genera of PGPR reported are Azospirillum, Pseudomonas, Bacil-
lus, Azotobacter, Caulobacter, Flavobacterium, Enterobacter, among others [14–16]. One of the
most studied genera within PGPR is the Pseudomonas [17]. Furthermore, the P. paralactis
has stood out in vitro for its capacity to solubilize phosphate, indoleacetic acid (IAA), and
siderophores production, however, up to now, no previous study has investigated its effect
in vivo [18]. Acinetobacter radioresistens is another PGPR that produces IAA, it can solubilize
phosphate and produce siderophores, in turn, it has promoted the growth of plants such
as Ilex paraguariensis and Aloe vera [19,20]. Another one is Sinorhizobiun meliloti character-
ized by nitrogen fixation [21], IAA production [22], phosphate solubilization [23], and the
growth-promoting of the Medicago sativa L. and Lactuca sativa L. [21]. Based on the above,
the role of PGPR on plants is important and necessary to incorporate into the agricultural
systems production. In addition, the evaluation of their potential for fruit production and
quality is just as important, therefore, the aim of the present study was to evaluate the effect
of PGPR on the growth and fruit quality of cucumber fruit under greenhouse conditions.

2. Results

2.1. Morphological Parameters of Cucumber Plants Inoculated with PGPR

PGPR inoculation of cucumber significantly increased plant growth (Table 1). The
height of plants inoculated with rhizobacteria; S. meliloti, P. paralactis, and A. radioresistens
showed significant differences with respect to plants without microorganisms. Plants
inoculated with S. meliloti and A. radioresistens showed an increase in stem diameter of
36 and 30%, respectively, and an increase in dry biomass of 59 and 83%, respectively.
Regarding root length, A. radioresistens promoted an increase of 135%. Finally, P. paralactis
increased secondary roots by 97%.

Table 1. Effect of PGPR on growth of C. sativus cultivation under greenhouse conditions.

Treatment
Plant

Height
(cm)

Stem
Diameter

(mm)

Root
Length

(cm)

Secondary
Roots

Dry
Biomass

(g)

Fruit
Length

(cm)

Fruit
Diameter

(mm)

Yield
(kg/plant)

S. meliloti 156.27 a 4.97 a 17.21 ab 13 ab 20.07 a 21.33 a 54.44 a 5.96 b

P. paralactis 164.60 a 4.70 ab 16.52 ab 22 a 14.13 b 21.33 a 52.02 a 6.35 b

A. radioresistens 163.33 a 4.75 a 20.61 a 15 ab 23.10 a 22.67 a 56.52 a 6.94 a

Control 146.38 b 3.65 b 8.75 b 11 b 12.57 b 17.01 b 46.03 b 4.56 c

Different letters indicate a significant difference (p < 0.05) according to Tukey’s test.

2.2. Fruit Length, Diameter, and Yield

Fruit length and diameter increased significantly when plants were inoculated with
the three rhizobacteria and A. radioresistens, increasing yield by 51.9% (Table 1).

2.3. Fruit Quality, Total Phenolic Contents, Total Flavonoids, Antioxidant Capacity, and Vitamin C
Content

PGPR inoculation had a significant effect on the phenolic content in cucumber fruits,
with the rhizobacterium S. meliloti promoting the greatest increase in phenolic content
by 73% (Figure 1a), flavonoids by 126% (Figure 1b), and antioxidant capacity by 47%
(Figure 1c). A. radioresistens increased the content of vitamin C by 112% (Figure 1d).
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Figure 1. Effect of PGPR on the content of phenolic compounds (a), flavonoids (b), antioxidant
capacity (c), and vitamin C (d) in C. sativus fruit under greenhouse conditions. Different letters
indicate a significant difference (p < 0.05) according to Tukey’s test.

2.4. Total Protein

Total protein values showed no significant difference, however, inoculation with
S. meliloti increased by 64% with respect to the control (Figure 2).

Figure 2. Effect of PGPR on total protein content in C. sativus fruit under greenhouse conditions. Data
are shown as mean ± SD. Different letters indicate a significant difference (p < 0.05) according to
Tukey’s test.

2.5. Rhizobacterial Population

CFU counts indicated the presence of PGPR in the root of cucumber plants. There was
a statistical difference between treatments, with P. paralactis being 409% higher than the
control (Figure 3).
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Figure 3. Rhizobacterial population on C. sativus L. Different letters indicate a significant difference
(p < 0.05) according to Tukey’s test.

3. Discussion

Pseudomonas paralactis, Sinorhizobiun meliloti, and Acinetobacter radioresistens, are con-
sidered PGPR due to their capability to promote growth, development, productivity, and
fruit quality [21,24,25]. The results obtained on plant height and stem diameter when
using S. meliloti and A. radioresistens as inoculant in C. sativus plants can be attributed
to the increase in root length and the number of secondary roots, implying an effect on
biomass accumulation and yield. In similar studies [26], using Bacillus velezensis as inoc-
ulant of C. sativus, it was observed that the host plant modifies the root structure, which
improves water and nutrient uptake, promoting a higher photosynthetic rate. It has been
suggested that the modification of the root structure of a cucumber plant is related to
the phytohormone indoleacetic acid (IAA) produced by S. meliloti, A. radioresistens, and
P. paralactis [11,14,27]. In addition, it has been reported that S. meliloti and A. radioresistens
possess the ability to fix nitrogen and solubilize phosphate, resulting in an increase on
the number of late-stage roots and root hairs, since these elements are essential for the
plant to increase photosynthetic pigments and proteins, which improves photosynthetic
activity and rate, having a positive effect on plant development and a greater accumulation
of biomass [28,29]. Furthermore, it has been pointed out that IAA is associated with cell
division and differentiation, which improves the structure of the root system [30–32].

Regarding nutraceutical quality, S. meliloti increased the contents of phenolic com-
pounds, flavonoids and antioxidant capacity, which can be attributed to the ability of
the microorganism’s and/or its effect to induce phenolic compounds, osmolytes and or-
ganic acids in the plant, improving the availability of these compounds to be used by the
plant [33]. It has been reported that in the cultivation of Capsicum annuum, the number of
flavonoids increases when the plant is inoculated with P. putida because it uses quercetin
and kaempferol catabolizing them as a carbon source [34], moreover, it has been observed
that S. meliloti responds to the synthesis of proteins, mainly the Nod protein, excreting
flavonoids [35]. Furthermore, if the antioxidant capacity is in dynamic equilibrium under
normal growth conditions, it implies the decrease of enzymatic activity which results in the
elimination of reactive oxygen, however, membrane lipid peroxidation is induced [29], and
this could explain the increase of antioxidant capacity in the fruit of C. sativus in our results.

PGPR increases vitamin C in fruit as a non-enzymatic response to the retardation of
the oxidation, also, the increase in total proteins may be due to oxidation; since the PGPR
mitigate the effects of oxidation by allocating bioactive compounds to reduce the exposure
of reactive oxygen species (ROS) with DNA and protein packaging, it can be inferred that
the increased nutraceutical qualities of cucumber crop are due to a non-enzymatic response
to natural oxidation of the plant and fruit [36].

The change in culturable bacterial subpopulation density can be attributed to the na-
ture of each microorganism, host plant, plant genotype and environmental conditions [37],
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which may explain how PGPR decreases at a rate of 10−2 [38]. Although P. paralactis has
been reported [39] as a PGPR due to IAA production and phosphate solubilization in vitro,
this is the first study of its effect on growth promotion in cucumber plants.

4. Materials and Methods

4.1. Inoculation in Seed, Production of Seedlings, and Crop Management

The study was carried out through an agricultural cycle from Spring to Summer 2020
at Comarca Lagunera (101◦40′ and 104◦45′ W; 25◦05′ and 26◦54′ N). It was established
at the Universidad Autónoma Agraria Antonio Narro, Unidad Laguna (UAAAN-UL),
maintaining an average temperature of 25 ◦C and a relative humidity of 70%.

The genera of PGPR studied were Pseudomonas paralactis (KBendo6p7), Sinorhizobium
meliloti (KBecto9p6), and Acinetobacter radioresistens (KBendo3p1) donated by the Microbial
Ecology Laboratory of Biology Faculty from Universidad Juárez del Estado de Durango,
México. After the reactivation of each bacterial strain, each bacterial strain was cultured in
PBS al 0.5% [40] at 30 ◦C for 24 h with a constant shaking at 120 revolutions per minute
(rpm). Subsequently, the concentration was adjusted to 1 × 108 colony-forming units
(CFU) mL−1 with a spectrophotometer (VELAB VE-5100UV) at a wavelength of 540 nm
(Absorbance = 1.0 unit).

Cucumber seeds (Poinset 76 variety) were prepared, seeds were then disinfected with
5% sodium hypochlorite for 1 h, the polystyrene germination plates were sterilized with the
same solution and washed using distilled water. In addition, the peat moss was sterilized
in autoclave at 15 psi for 1 h. Prior to sowing, around 200 seeds were inoculated with
immersion in 50 mL of each bacteria for 24 h [41]. One seed per cavity was deposited
in germination plates which were placed in a greenhouse. After 20 days, each seedling
was transplanted into 10 L black polyethylene pots containing a substrate of sand and
perlite in 80:20 ratio, respectively, the substrate was previously sanitized with a 5% sodium
hypochlorite solution for 72 h. Eight plants per treatment were used in a completely
randomized block design.

Irrigation was based on daily evapotranspiration according to evapotranspiration
requirements [42] and was applied from transplanting to 150 days after emergence from a
100% Steiner nutrient solution [43] with an electrical conductivity (EC) of 2 dSm−1 and a
pH of 5.5.

At 55 days after transplantation (DAT), plants were re-inoculated with 15 mL of each
rhizobacterium at a concentration of 1 × 108 CFU mL−1 [40,41].

4.2. Parameter Evaluated
4.2.1. Morphology

At 45 DAT, the plant height (cm) and stem diameter (mm) were measured and at
150 DAT, root length (cm) and secondary roots were measured. For biomass (g), three
plants per treatment were taken, placed in paper bags and placed in a drying oven at 70 ◦C
for 72 h, determining the dry biomass (g) at the end.

4.2.2. Fruit Size, Fruit Diameter, and Yield

Three plants per treatment were harvested at 80 and 120 DAT to measure the fruit
diameter using a digital vernier (H-7352, Uline) expressing its units in millimeters (mm),
the length was measured (cm) taking the first point from the base to the appendix of the
fruit and for the determination of yield the total weight of the fruit obtained by each plant
(kg/plant) was recorded using a digital balance (VE-CB2000, VELAB).

4.3. Nutraceutical Quality, Phenolic Content, Flavonoids, Antioxidant Capacity, Vitamin C, and
Total Protein
4.3.1. Extracts Preparation

The extracts were obtained as follows: from three plants per treatment, two fruits
were taken at random, and then crushed to obtain a compound mixture. Afterwards, 2 g
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of fresh pulp were placed in 10 mL of 80% ethanol in a glass tube with screw cap, leaving
them in a rotary shaker (Remi RS—24BL, Jayanti Scientific, Delhi, India) for 24 h at 70 rpm
at room temperature. Finally, the tubes were centrifuged at 3000 rpm for 5 min, once the
supernatant was extracted; the procedure was performed in triplicate for each treatment.

4.3.2. Total Phenolic Content

The total phenolic content was determined according to the Folin-Ciacalteau
method [44] expressing the result in milligrams of gallic acid (GAE) per 100 g of fresh
weight (FW) (mg GAE 100 g−1 FW).

4.3.3. Flavonoids

The total flavonoids were determined by the Lamaison and library technique [45], the
results were expressed in milligrams of quercetin (QE) per 100 g of FW(mg QE 100 g−1 FW).

4.3.4. Antioxidant Capacity

The antioxidant capacity was determined with the DPPH++ method [46] and is ex-
pressed in μM equivalent Trolox 100 g−1 FW.

4.3.5. Vitamin C Content

Vitamin C content was determined according to Hernández-Hernández [47], the units
of measurement correspond to milligrams per 100 g of FW (mg 100 g−1 FW).

4.3.6. Total Protein

Total soluble protein was determined by Bradford’s method [48] expressed in mil-
ligrams per gram of fresh weight (mg g−1 FW).

4.4. Colonies Count of Rhizobacteria

The culturable bacterial subpopulation density was carried out on a sample composed
of roots per treatment (10 g), macerating the roots with a ceramic mortar to homogenize
them and then gauging to 100 mL with NaCl saline solution at 0.85%. 85% of the mixture
was shaken for 5 min in a Benchmark vortex and allowed to stand for 20 min, then the
samples were serially diluted to 10−4 and an aliquot of 100 μL was inoculated in triplicate,
for each treatment, in Petri dishes with 20 mL of trypticase soy agar (TSA) culture medium
and 1g of copper sulfate. They were incubated at 37 ◦C for 48 h and colony forming units
(CFU) were counted [49].

4.5. Statistical Analysis

The study variables were analyzed by means of an analysis of variance with the SAS
9.4 statistical package; if a significant difference was found, a comparison of means was
performed using the Tukey method (p < 0.05).

5. Conclusions

Inoculation of the plants with PGPR improved height, stem diameter, root length, sec-
ondary roots, biomass, size and fruit diameter, and yield. In addition, nutraceutical quality
parameters in the plants inoculated with P. paralactis, S. meliloti and A. radioresistens were
increase compared to the control. In the future, it is necessary studies on the effects of the
inoculation of bacteria consortiums on growth, productivity, and fruit quality of cucumber.
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Abstract: Drought is an abiotic stress that decreases crop photosynthesis, growth, and yield. Ascorbic
acid has been used as a seed preconditioning agent to help mitigate drought in some species, but
not yet in broccoli (Brassica oleracea var. italica). The objective was to investigate the effect of
ascorbic acid on growth, photosynthesis, and related parameters in watered and drought-stressed
broccoli seedlings. A 2 × 4 factorial experiment was designed where stress (watered or drought)
was the first factor and ascorbic acid preconditioning (untreated, 0 ppm, 1 ppm, or 10 ppm) was
the second factor. Positioning within the greenhouse was included as a blocking factor and the
experiment was replicated three times. All seedlings were watered for 8 weeks and then half
had water withheld for 7 days to impose drought while the other half continued to be watered.
Ascorbic acid preconditioning increased shoot dry mass, root dry mass, water use efficiency, and
photosynthesis in all seedlings while also increasing chlorophyll, relative water content, and leaf area
in droughted seedlings. Ascorbic acid preconditioning also decreased membrane injury in droughted
seedlings to the point that membrane injury was not significantly different than the watered control.
There was strong evidence to support ascorbic acid as a successful seed preconditioning agent in
watered and droughted broccoli.

Keywords: antioxidant; Brassica oleracea; chlorophyll index; membrane injury; stomatal conductance;
water deficit; water use efficiency

1. Introduction

Broccoli is a member of the Brassicaceae family that grows best at 13–20 ◦C [1]. Broccoli
grows 60–90 cm tall, forms a branching green stalk, and has dense flower buds that represent
the commonly consumed organ [2]. The market for broccoli has expanded significantly in
the latter half of the 20th century, with a yield that has increased to approximately 26 million
tons globally [3]. The increased popularity of broccoli is largely due to its many desirable
nutrients, antioxidants, and other bioactive compounds [2,4]. Broccoli is considered a cool
season crop and, like many crops, is vulnerable to several abiotic stresses that might limit
productivity [5].

Drought is one abiotic stress critical to photosynthesis and crop yields [6]. Drought
may occur because of insufficient rainfall, increased evapotranspiration, or increased salin-
ity in soils [7,8]. Stomata close rapidly after the onset of drought to conserve water, but
this is accompanied by reduced CO2 absorption, photosynthesis (Pn), and growth [9,10].
A reduction in CO2 absorption causes an imbalance between electron excitation and uti-
lization during photosynthesis, which in turn increases the production of reactive oxygen
species (ROS) [11]. ROS serve, in part, as a physiological signal indicative of abiotic stress,
but also cause significant damage to cellular membranes and biochemicals [12].

Drought stress can affect a variety of agricultural species. Drought decreased Pn and
increased ROS production in several wheat cultivars [13], decreased Pn in apple trees [14],
decreased Pn in several forestry species [15], and decreased Pn and yields in several Brassica
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species [16,17]. Even mild drought can adversely affect broccoli yields where a 20% and
40% decrease in irrigation resulted in 29% and 41% lower broccoli yields, respectively [18].
Closely related crops, such as cauliflower, also had reduced germination, shoot length, root
length, curd growth, and dry mass (DM) due to drought [5]. The cumulative effects of
drought have reduced global crop yields by 10% from 1964 to 2007 [19]. Drought-induced
crop losses of only maize, rice, soy, and wheat from 1983 to 2009 were estimated at USD
166 billion [20].

Seed preconditioning or priming is one of the many technologies available to help
mitigate drought stress. Seed preconditioning involves incubating seeds with a seed pre-
conditioning agent (SPA) to induce benefits in developing seedlings and mature plants [21].
Many compounds have been used successfully as SPAs. Salicylic acid, acetylsalicylic
acid, and glycinebetaine promoted germination in carrots [22], 5-hydroxybenzimidazole
increased yields and stress resistance in tomatoes [23], and pyroligneous acid increased
yields in rice [24]. Several naturally occurring antioxidants, such as lycopene, β-carotene,
and ascorbic acid (AsA), also increased tomato dry mass and photosynthesis when used as
SPAs [25].

Seed preconditioning with AsA is of particular interest because it is inexpensive,
readily accessible, and has benefitted several crops. Seed preconditioning with 1 ppm and
10 ppm AsA increased tomato shoot dry mass by 40%, leaf area by 50%, and increased Pn
by 223% compared to a control [25]. Preconditioning with 50 ppm AsA increased wheat
grain yields by approximately 26% [26]. Finally, preconditioning with 10 ppm and 20 ppm
AsA increased rice germination and dry mass [27]. However, there is no literature on the
effect of AsA preconditioning on broccoli.

We hypothesize that AsA will promote drought stress tolerance in broccoli. In other
species, varieties with increased drought tolerance typically presented with delayed de-
creases in Pn, higher biomass and leaf area, and decreased membrane injury [13–15,25].
Thus, it is predicted that AsA-preconditioned broccoli would have similar responses. The
specific objectives of this research are to investigate the effect of AsA on growth, photosyn-
thesis, and related parameters in watered and drought-stressed broccoli seedlings.

2. Results

2.1. Soil Moisture

Soil moisture was maintained at 38.5 ± 1.5% in all treatments throughout the first 8 weeks
of the experiment and was not significantly different between drought and watered treat-
ments until the imposition of drought. However, average soil moisture decreased below
20% after withholding water for 1 day and then gradually decreased to 4.1% after water was
withheld for 1 week (Figure 1). Though there was a significant difference in soil moisture
between watered and droughted treatments at the end of the experiment (Figure 1), there
were no differences in soil moisture between any preconditioning treatments.

2.2. Biomass

Drought stress significantly (p < 0.001) decreased shoot DM by approximately
39% compared to watered plants and the second was that preconditioning seeds with
10 ppm significantly (p < 0.001) increased shoot DM when compared to a control (Figure 2).
The 10 ppm-preconditioned watered seedlings had 35% and 52% higher shoot DM than
non-preconditioned or water-preconditioned seedlings, respectively. Further, the 10 ppm-
preconditioned droughted seedlings had 42% and 36% higher shoot DM than non-
preconditioned or water-preconditioned seedlings, respectively. Differences in shoot
size were visually apparent (Figure 3).
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Figure 1. Soil moisture over time in pots during the last week of the experiment. Watered pots
continued to receive water each day while water was completely withheld from droughted pots.
Each data point represented the mean of 36 pots in each treatment. Error bars indicate standard error.

Figure 2. Shoot biomass in 9-week-old broccoli seedlings that were well watered or droughted
for 1 week. Each bar represents a mean and error bars represent standard error calculated from
9 replicates. Means with different letters are significantly different (p < 0.05) as determined by
Tukey’s honestly significant difference.

AsA preconditioning had a significant (p = 0.007) effect on root DM. Both 1 ppm
and 10 ppm preconditioning significantly (p = 0.007) increased root DM by 49% and
149% compared to the control, respectively. Only the 10 ppm AsA preconditioning in-
creased root DM in watered seedlings compared to controls (Figure 4a). The increase in DM
due to preconditioning was more pronounced in roots than shoots in AsA-preconditioned
seedlings, which resulted in a significant decrease in shoot:root ratio of droughted seedlings
compared to the control (Figure 4b). There were no differences in the shoot:root ratios of
watered seedlings due to preconditioning.

2.3. Photosynthetic Measurements

Pn was significantly (p < 0.001) decreased by 68% due to drought compared to watered
seedlings (Figure 5a). Ascorbic acid preconditioning significantly (p < 0.001) increased
Pn in both watered and droughted seedlings. Preconditioning with 10 ppm ascorbic acid
increased Pn by 83% compared to a control in watered seedlings. The droughted control
had virtually ceased Pn, but droughted seedlings preconditioned with 10 ppm ascorbic
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acid maintained photosynthetic rates that were not significantly different than watered
controls (Figure 5a).

  
(a) (b) 

Figure 3. Overhead view of 9-week-old broccoli seedlings that were (a) watered and (b) deprived of
water for 1 week. Control seedlings (C) were provided no seed preconditioning while others were
provided 0 ppm, 1 ppm, or 10 ppm of ascorbic acid preconditioning.

 
(a) (b) 

Figure 4. (a) Root biomass and (b) shoot:root ratio in 9-week-old broccoli seedlings which were
watered or deprived of water for 1 week. Each bar represents a mean and error bars represent
standard error calculated from 9 replicates. Means with different letters are significantly different
(p < 0.05) as determined by Tukey’s honestly significant difference.

Transpiration (E) and stomatal conductance (Gs) were significantly (p < 0.001) de-
creased by 51% and 96%, respectively, due to drought compared to watered seedlings (Fig-
ure 5b,c). AsA preconditioning had no significant impact on E (Figure 5b), though Gs was
significantly higher in both AsA treatments in watered seedlings (Figure 5c). Consequently,
there was a significant (p = 0.03) interaction effect between stress and preconditioning
on WUE. Preconditioning with 10 ppm ascorbic acid increased WUE by almost 2-fold in
watered seedlings, but by 26-fold in droughted seedlings compared to their respective
controls (Figure 5d).
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(a) (b) 

 
(c) (d) 

Figure 5. (a) Photosynthesis, (b) transpiration, (c) stomatal conductance, and (d) water use efficiency
in 9-week-old broccoli seedlings that were well watered or droughted for 1 week. Each bar represents
a mean and error bars represent standard error calculated from 9 replicates. Means with different
letters are significantly different (p < 0.05) as determined by Tukey’s honestly significant difference.

2.4. Leaf Measurements

There was a significant (p < 0.001) interaction between stress and preconditioning on
chlorophyll index (Figure 6a). Drought decreased chlorophyll index by 47% and 31% in
seedlings that were not preconditioned or preconditioned with water only, respectively,
compared to watered seedlings. However, drought did not affect chlorophyll index in
seedlings preconditioned with 1 ppm or 10 ppm ascorbic acid.

There was a significant (p = 0.028) interaction between stress and preconditioning on
relative water content (RWC) (Figure 6b). Drought decreased RWC by 42% and 29% in
seedlings that were not preconditioned or preconditioned with water only, respectively,
compared to watered seedlings. Drought also decreased RWC in preconditioned seedlings,
but only by 13% and 19% in seedlings preconditioned with 1 ppm and 10 ppm ascorbic
acid, respectively, compared to watered seedlings.

Both stress and preconditioning had a significant (p < 0.001 and p = 0.012) effect on leaf
area (Figure 6c). Leaf area was significantly higher than the control due to water or 1 ppm
ascorbic acid preconditioning in watered seedlings but was significantly higher than the
control due to only 10 ppm ascorbic acid preconditioning in droughted seedlings. Drought
generally decreased leaf area by an average of 56% in all seedlings.

There was a significant (p < 0.001) interaction between stress and preconditioning
on membrane injury index (MII) (Figure 6d). There was no difference in MII between
preconditioning treatments in watered seedlings. However, MII was 36% and 40% lower
in 1 ppm- and 10 ppm-preconditioned droughted seedlings, respectively, compared to
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a control. MII in droughted seedlings that had been preconditioned with 10 ppm ascorbic
acid was not significantly lower than any watered seedlings.

 
(a) (b) 

 
(c) (d) 

Figure 6. (a) Chlorophyll index, (b) relative water content, (c) leaf area, and (d) membrane injury index
in 9-week-old broccoli seedlings that were well watered or droughted for 1 week. Each bar represents
a mean and error bars represent standard error calculated from 9 replicates. Means with different
letters are significantly different (p < 0.05) as determined by Tukey’s honestly significant difference.

3. Discussion

AsA increased Pn, WUE, and shoot DM in watered broccoli seedlings, which was
comparable to AsA effects on tomatoes [25]. Pn appears to be a key response since Pn
would influence both shoot DM and WUE; increased Pn would result in increased CO2
fixation and an increase in Pn without any change in E would directly correspond to WUE.
Although this experiment did not grow plants to maturity, it seems plausible that AsA
preconditioning could promote broccoli yields in a similar manner to previous SPAs [23].

AsA preconditioning affected more response variables in drought-stressed seedlings
than watered seedlings. Pn, WUE, shoot DM, root DM, leaf area, chlorophyll, and RWC
content all increased while MII decreased in AsA preconditioned seedlings exposed to
drought. As above, this is comparable to previous results with tomato seedlings [25].
Additionally, as above, the increase in Pn likely explains increases in shoot DM, root DM,
and WUE.

Since PM, DM, and WUE were higher in all AsA-preconditioned seedlings compared to
their respective controls, these responses in droughted seedlings are not specific indicators
of drought stress tolerance. However, chlorophyll, RWC, leaf area, and MII were negatively
impacted by drought but largely mitigated by AsA preconditioning, which is indicative of
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increased stress tolerance. Maintenance of chloroplasts due to AsA preconditioning would
result in improved light capture and energy conservation, which would help explain why
Pn remained so high during drought [28]. Further, AsA-preconditioned seedlings also had
higher RWC during drought, which would improve biosynthesis and chlorophyll proteins
and, consequently, Pn [14,29].

The specific mechanism through which AsA confers benefits to developing seedlings
remains unclear. One explanation is that since watered seedlings were larger, perhaps
seedlings were more apt to survive drought. Several studies report either larger un-
stressed plants or accelerated germination/emergence due to AsA [22,23,26,30]. A second
explanation is that the increased root DM or decreased shoot:root ratio allowed for AsA-
preconditioned plants to access more water during drought [25]. Root access of water seems
unlikely though because all seedlings were grown in pots and soil moisture never differed
among the preconditioned treatments. A third explanation is that, as an antioxidant, AsA
is protecting cellular membranes from stress-induced oxidative damage. Certainly, a signif-
icant decrease in MII supports the concept of membrane protection, which would include
chloroplast membranes and help explain why Pn was maintained during drought. How-
ever, a direct antioxidant effect seem unlikely since seeds were treated several weeks before
imposed stress, Pn was increased in watered seedlings, and there are instances where other
potent antioxidants have had no effect on MII when used as SPAs [25].

For an SPA to provide any benefit to developing or mature plants, it seems likely
there must be some change directly within seeds that persists as plants develop. Several
SPAs induced new proteins that were not present in untreated or water preconditioned
seeds [25]. Further, some SPAs seem to induce an epigenetic effect since next generation
seedlings grown from preconditioned parents had similar benefits as their parents [23].
Two previous studies support the concept of AsA-induced proteins; there was an increase
in soluble proteins and protease in AsA-preconditioned rice [27] and increased protease,
peroxidase, and superoxide dismutase in AsA-preconditioned wheat [26]. Further work is
needed to identify which induced proteins are increasing photosynthesis, growth, and/or
drought tolerance.

Changes in osmoregulation of droughted seedlings must be considered as a possible
mechanism for AsA preconditioning-induced drought tolerance. It is well established
that osmoregulation through the accumulation of sugars, ions, amino acids, or other
metabolites can promote drought tolerance [13,28,31]. Exogenously applied AsA increased
the uptake of several cations and osmolytes proline and glycinebetaine, which increased
stress tolerance [32]. Seed priming with other SPAs increased the concentration of several
osmolytes that helped mitigate stress [33,34] and it stands to reason that AsA would have
a similar effect as an SPA.

4. Materials and Methods

4.1. Experimental Design

This experiment was designed with two factors of interest and one blocking factor.
The first factor of interest was seed preconditioning with 4 levels, where seeds were either
not preconditioned (control), preconditioned with water only (0 ppm), preconditioned
with 1 ppm AsA, or preconditioned with 10 ppm AsA. The second factor was stress level
which had 2 levels. All broccoli seedlings were grown and watered for 8 weeks and then
half continued to be watered while the other half were deprived of water for 1 week.
The blocking factor was based on location within a greenhouse with seedlings placed in
3 different positions. The experiment was replicated 3 times, which required 72 broccoli
seedlings overall with 1 seedling per pot.

4.2. Seed Preconditioning

A 1000 ppm stock solution of AsA (Sigma-Aldrich, Oakville, ON, Canada) was made
in deionized water. The stock solution was diluted to 10 ppm and 1 ppm while deion-
ized water only was used as the 0 ppm AsA treatment. Each of the three precondi-
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tioning treatments was transferred to a 250 mL flask. Exactly 50 seeds were added to
each flask and placed in a G24 Environmental incubator Shaker (NB Scientific Co., Inc.,
Woodbridge Township, NJ, USA) at 150 rpm and 20 ◦C. After 24 h, flask contents were
poured through a sieve screen and seeds were dabbed dry. Control seeds were not precon-
ditioned at all.

4.3. Growing Conditions

Seeds were grown in a greenhouse starting 11 January 2022 in 10 cm pots using Promix
(Halifax Seed, Halifax, NS, Canada) as substrate then moved to a greenhouse. There were
three trays in different locations within the greenhouse that served as experimental blocks.
Each tray was randomly assigned six pots of each preconditioning treatment, for a total of
24 pots per tray. Pots were randomly arranged on each tray.

All seedlings were grown for 8 weeks under the same conditions. The greenhouse was
set at 20 ◦C/15 ◦C day/night temperatures. All seedlings were watered daily and provided
200 ppm of 20-20-20 fertilizer, 5 ppm of iron chelate, and 2 ppm of micro-chelate (all from
Halifax Seed, Halifax, NS, Canada) once per week for the first 8 weeks. However, after
the 8th week, half the pots were deprived of water for 1 week to simulate drought stress.
Seedlings in the watered treatment were not provided fertilizer for this final week.

All response variables were measured at the end of the 9th week except soil moisture.
Soil moisture was measured daily throughout the experiment using an HH2 Moisture Meter
(Delta-T Devices, Cambridge, UK) to ensure all pots were being maintained at similar soil
moisture and to evaluate the difference in soil moisture during drought.

4.4. Photosynthetic Measurements

Pn, E, and Gs were measured using an LCA-4 Gas Exchange System (ADC Bioscientific,
Hoddesdon, UK). The procedure was modified from [25] so that each measurement was
taken three times, once after 30 s, 60 s, and 90 s. Pn, E, and Gs were each reported as the
average of those three measurements. WUE was calculated as a ratio of Pn:E. Gas exchange
measurements were taken on a cloudy day where light intensity in the greenhouse was
238 ± 5.7 μmol m−2 s−1 provided via ambient light as determined by 3 measurements
per block. The temperature was 20 ◦C with a relative humidity 60% (vapor pressure
deficit = 0.94 kPa).

4.5. Intact Leaf Measurements

Chlorophyll index was measured with a Minolta SPAD 504 meter (Konica Minolta,
Ramsey, NJ, USA). The newest fully expanded leaf was placed in the sensor and the
instrument measured the transmittance at wavelengths of 650 nm and 940 nm [35]. Results
were averaged from five readings from each replicate.

Leaf area was measured using ImageJ processing and analysis software (National
Institutes of Health, Bethesda, MD, USA). A scaled white paper backboard was placed
around seedling stems at soil level and overhead photos were taken of each seedling. Each
photo had a scale set before conversion into a binary image. The entire overhead leaf
canopy was selected using the flood fill tool to determine area.

4.6. Detached Leaf Measurements

Relative water content (RWC) was measured in all seedlings at the end of the 9th week.
One leaf (approximately 0.6 g) was cut from each seedling, weighed for fresh mass (Mf),
and then placed in deionized water to reach full turgidity. After 24 h, the leaves were
removed from water, surface moisture was removed by dabbing with tissue paper, and
leaves were weighed for turgid mass (Mt). Leaves were then dried at 90 ◦C for 24 h and
then weighed again for dry mass (Md). The following calculation from [36] was used:

RWC =
Mf − Md
Mt − Md

× 100 (1)

176



Plants 2022, 11, 1324

MII uses the percentage of electrolyte leaked into solution to quantify membrane
integrity [37]. Centrifuge tubes were filled with 30 mL of deionized water and were
allowed to adjust to room temperature (25 ◦C). The electrical conductivity of the deionized
water (ECw) alone was measured using a CDM 2e Conductivity Meter (Bach-Simpson,
London, ON, Canada). Afterward, 1 leaf (approximately 0.4 g) was removed from each
seedling and completely submerged in a centrifuge tube. The tubes were sealed and left
at room temperature for 24 h. Initial conductivity (EC0) was measured to quantify the
electrolytes leached into solution. Sealed tubes were then placed in a forced-air oven
for 4 h at 90 ◦C to kill tissues and then cooled to room temperature. Final conductivity
measurements (ECf) were taken after equilibrating to 25 ◦C to determine maximum leakage.
MII was then calculated using the following formula:

EC0 − ECw

ECf − ECw
× 100 (2)

4.7. Biomass Measurements

Entire seedlings were removed from their pots and then separated into shoot and
root. Roots were cleaned of soil then roots and shoots were each dried in a hot air over
at 80◦C for 48 h. Shoots and roots were weighed to determine DM. The leaf DMs from
Section 4.6 were added to their respective shoot DM, so that final values were indicative of
the entire shoot.

4.8. Statistical Analysis

Data were submitted to Minitab 19 (Minitab LLC., Centre County, PA, USA) to analyze
as a general linear model. The model included main and interactive effects of stress level
and preconditioning treatments as well as the experimental block. Statistical assumptions
of homogeneity, normality, and independence were verified. Multiple means comparison
was completed using Tukey’s honestly significant difference at 5% significance.

5. Conclusions

These results support our original hypothesis that AsA preconditioning promotes
growth and drought stress tolerance in broccoli seedlings. Pn, root DM, shoot DM, and
WUE efficiency were increased in watered and drought-stressed seedlings. Root DM,
chlorophyll, MII, RWC, and leaf area were all also improved in drought-stressed seedlings.
Improved membrane protection association with chlorophyll index and MII combined with
maintained RWC are indicative of drought stress tolerance, which contributed to positive
effects of Pn and growth.

From a practical perspective, this research represents a viable SPA technology that
could be important for industry. AsA is a relatively inexpensive SPA (CAD~0.20/g) and the
required concentration of 10 ppm is relatively low. The cost of preconditioning 50 seeds with
AsA based on our methodology was only US $0.0005. Yet, AsA preconditioning improved
shoot DM and Pn by up to 52% and 83%, respectively, which would have tremendous value
for commercial operations. Further research would be required to determine the effect
on yield.

From a physiological perspective, this research presents further evidence of additional
roles of AsA in plant physiology. Exogenous application of AsA to seeds has induced
several positive effects in developing plants. It seems likely that specific proteins are
triggered within the developing broccoli seedlings that protect chloroplasts, membranes,
and photosynthesis. AsA represents the impetus for these physiological changes, but
there are several other steps that remain unknown to understand the entire physiological
mechanism.
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