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1. Introduction

There is a close link between food and territory. The current challenges can be found in
precision agriculture and food metrology from the perspective of monitoring and improv-
ing food quality and addressing the promotion of diversity of agroecosystems and diets.
The study of Durazzo et al. [1] describes the metrology, agriculture, and food relationship
by quantitative literature research analysis as a useful tool for identifying emerging research
directions, collaboration networks, and suggestions for more in-depth literature searches.

Research studies describing factors affecting food quality—such as agronomic
conditions, post-harvest elicitors, cultivar selection, harvest date, or environmental
influences—are described. Sustainable environmental and innovative practices should
be promoted.

Hu et al. [2] have compared the grain quality and starch physicochemical properties
between Japonica rice cultivars with different contents of amylose, as affected by nitrogen
fertilization: the selection of a low amylose content japonica rice cultivar grown without
nitrogen fertilizer can reduce the amylose and protein contents, as well as improving the
pasting properties, starch retrogradation properties and eating quality of the cooked rice.

Feledyn-Szewczyk et al. [3], by studying the milling and baking quality of spring
wheat (Triticum aestivum L.) from organic farming, concluded on the basis of the 3-year
study results that the most useful variety for organic production is Arabella, followed by
Brawura, Izera, Kandela, Katoda, KWS Torridon, Waluta, and Zadra.

Boussahel et al. [4] described phenolic compounds and antioxidant properties of
monocultivar olive oils from Northeast Algeria.

Ma et al. [5] showed how reasonable nitrogen fertilizer management improves rice
yield and quality under a rapeseed /wheat-rice rotation system.

Jahangirlou et al. [6] showed a case study from the semiarid conditions of Iran on the
study of grain quality of maize cultivars as a function of planting dates, irrigation, and
nitrogen stress.

Botella et al. [7] studied bioactive compounds of tomato fruit in response to salinity,
heat, and their combination: the results show the viability of exploiting abiotic stresses and
their combination to obtain tomatoes with increased levels of health-promoting compounds.

Advanced techniques, such as mass spectrometry, infrared, and Raman spectroscopy,
in the monitoring and control of foodstuffs for modeling the agrofood system should be
considered. Innovative green technologies should be taken into account. Targeting food
approaches should be promoted. Chemometrics applications are welcome.

For instance, Kedzierska-Matysek et al. [8] proposed a chemometric approach for
studying the relationships linking the color and elemental concentrations of blossom
honeys with their antioxidant activity.

Guilherme et al. [9] showed a comparative study on phenolics and antioxidant activity
of green and red sweet peppers from organic and conventional agriculture: the results
confirmed that the production system, as well as the maturation stage affect phenolic
content and antioxidant activity, allowing their possible use as maturation—-production
biomarkers. Moreover, the authors mark how the chemometric approach reveals how

T
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phenolic composition together with the antioxidant capacities could be used to differentiate
the production system and the maturation stage of sweet peppers.

Da Silva et al. [10] studied the effects of camu-camu (Myrciaria dubia) powder on the
physicochemical and kinetic parameters of deteriorating microorganisms and Salmonella
enterica subsp. enterica Serovar Typhimurium in refrigerated vacuum-packed ground beef:
camu-camu powder addition decreases the lipid oxidation of vacuum-packed ground
beef, although it influences color features leading to a decreased red hue in the camu-
camu powder-containing meat. Regarding antimicrobial activity, camu-camu powder does
not interfere in S. enterica ser. Typhimurium behavior and does not extend the shelf-life of
vacuum-packed ground beef based on the concentration of certain spoilage microorganisms,
acting only on the kinetic bacterial behavior parameters [10].

Souza et al. [11] showed the physicochemical properties and antioxidant activity of
spouted bed dried Rosmarinus officinalis extract.

The perspective of Durazzo et al. [12] is focused on antioxidant properties of bee
products derived from medicinal plants as beekeeping sources.

It is worth mentioning that the preliminary study of Das et al. [13] evidenced how
microbiome analysis of the rhizosphere from wilt-infected pomegranate reveals complex
adaptations in Fusarium by demonstrating the capabilities of the whole metagenome
sequencing approach for rapid identification of potential key players of wilt disease patho-
genesis wherein the symptomatology is complex.

The papers included in this Special Issue cover a broad range of interdisciplinary
aspects from agriculture and biology, chemistry, and nutrition. It is hoped that this Special
Issue will stimulate further research in these areas.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In this study, a conical-cylindrical spouted bed dryer with Teflon® beads as spouting material
was used for producing powdered rosemary (Rosmarinus officinalis L.) extract. The influence of the
inlet drying gas temperature (Tg;) and the percentage ratio between the feed rate of concentrated
liquid extract by the maximum evaporation capacity of the spouted bed (Ws/Wmax) on selected
physicochemical properties of the finished products were investigated. Antioxidant properties of the
concentrated liquid extract and dried extracts were also evaluated by the 2.2-diphenyl-1-picrylhydrazyl
radical scavenging (DPPH®) and lipid peroxidation induced by Fe?*/citrate (LPO) methods; and
compared with the values obtained for a lyophilized extract (used as a control). Colloidal silicon
dioxide (Tixosil® 333) and maltodextrin (DE 14) at a 2:1 ratio was added to the concentrated extract
before drying (4.4% w/w) to improve the drying performance. The drying variables Ws/Wnax and Tgi
have statistically significant influence on total polyphenols and total flavonoid contents of the dried
powders. The concentrated extract (on dry basis—being absolute solid content) showed superior
antioxidant activity (AA) compared to both the spouted bed dried and the lyophilized extracts;
exhibiting IC50 values of 0.96 + 0.02, 2.16 + 0.04 and 3.79 + 0.05 ug mL~! (DPPH® method) and
0.22 + 0.01, 1.31+ 0.01 and 2.54 + 0.02 ug mL~! (LPO method), respectively. These results of AA
are comparable to values obtained for quercetin, a flavonoid compound often used as a reference
standard due to its potent antioxidant activity; with ICsg of 1.17 ug mL~! (DPPH®) and 0.22 pg mL~!
(LPO). However, the dried rosemary extracts are about 13.5 times more concentrated than the
initial concentrated extract (dry weight), with a concentration of total flavonoids and polyphenols
compounds ranging from 4.3 to 12.3 and from 1.2 to 4.7 times higher than the concentrated extract
values (wet basis). The AA per dry product mass was thus significantly higher than the values
measured for concentrated extractive solution, irrespective of some losses of AA apparently due to
the drying process.

Keywords: herbal medicinal product; dried extract; spouted bed drying; antioxidant activity;
Rosmarinus officinalis; powder properties

Agriculture 2020, 10, 349; doi:10.3390/agriculture10080349 www.mdpi.com/journal/agriculture
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1. Introduction

The use of herbal materials as medicines and food is as old as mankind. Plant-derived natural
products are widely acclaimed to be cheap and safe, currently making them a preferred source of
medicines and nutritional supplements [1-5]. These products are necessarily processed from their crude
natural form to an acceptable finished product for reasons of convenience, standardization, stability
enhancement, and improvement in physicochemical characteristics among other considerations.
However, several factors affect the quality of herbal products, such as the climate, harvest period, and
post-harvest treatments (e.g., drying and storage conditions) [6-11]. Therefore, a strict control of the
steps involved in the production of a herbal product is needed to achieve consistent and appropriate
level of bioactive substances, ensuring quality, efficacy and safety. The production control can be
very difficult, since herbs and their preparations are a complex mixture of substances with varied
physicochemical properties [8,9,12-16].

Herbal preparations are commonly marketed as a liquid, viscous preparations, or powders
resulted from dried and comminuted plant materials (e.g., leaves, flowers, roots or the whole plant), or
from the drying of an extractive solution. Compared to conventional liquid forms, the dried extracts
show several advantages compared to liquid preparations such as lower costs of transport and storage,
high concentration and stability of active substances. However, the processing conditions used during
the manufacture of the dried extract affect the physicochemical properties of the product and might
cause varying degrees of loss of active compounds [17].

Drying techniques, including spray drying (SD), freeze-drying, and fluidized beds, have been
commonly used in the production of dry powders including herbal extracts [17-19], with spray drying
being particularly used in herbal processing industries [20]. Various studies reported in literature focus
on the search of alternative and innovative drying methods for herbal extracts drying, such as the
spouted bed technology (SB). Spouted bed drying is considered a cheap, efficient, and reproducible
method for drying herbal extracts, capable to produce high-quality powdered products suitable for
pharmaceutical/nutraceutical applications [17,21,22]. A description of the fundaments of the spouted
beds and their application in drying can be found elsewhere [23,24].

Polyphenols are an important class of plant metabolites, which attract high interest linked to
their postulated health protecting properties, in particular their antioxidative activity, attributed to
the ability to scavenge free radicals and/or to prevent oxidation of low-density-lipoprotein [8,9,25-27].
However, adequate intakes and absorption rate of polyphenols would be recommended to ensure any
beneficial outcome [28].

Rosmarinus officinalis L. (rosemary) is a common aromatic plant grown in many parts of the
world, being native of the Mediterranean region. It can be used as ornamental plant, spice in
cooking, preservative in food, and medicinal plant. The profile of rosemary bioactive compounds
includes principally phenolic compounds such as caffeic acid, chlorogenic acid, carnosic acid, carnosol,
rosmarinic acid, and ursolic acid found in the extract; and constituents identified in the essential oil
such as a-pinene, oleanolic acid, camphor, eucalyptol, rosmadial, rosmanol, rosmaquinones A and B,
secohinokio, and derivatives of eugenol and luteolin [29,30].

Rosemary extracts are commercially available in Europe and USA for use as natural antioxidants
in the food industry. They have received Generally Recognized as Safe (GRAS) status from the US
Food and Drug Administration. The antioxidant activity of rosemary is linked to the high content of
polyphenols, such as carnosic acid, carnosol, rosmanol, epirosmanol, and methyl carnosate, but over
90% of the antioxidant profile is attributed to carnosol and carnosic acid. The development of high
quality standardized dried extracts of rosemary is a highly noteworthy study.

A comparison between SD and SB for drying of rosemary extract has been previously reported [31],
in which the feasibility of the process at very strict processing conditions has been demonstrated.
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The aim of the present work was thus to determine the effects of the SB operating variables, namely,
the inlet drying gas temperature (Tg;) and the percentage ratio between the feed rate of concentrated
liquid extract by the maximum evaporation capacity of the spouted bed (Ws/Wmax), on concentration of
some antioxidant compounds (flavonoids and polyphenols) and on product moisture, using statistical
methods. The antioxidant activities of the concentrated liquid extract and SB dried extract were
also evaluated by both DPPH® and lipid peroxidation induced by Fe?*/citrate (LPO) methods; and
compared with the values obtained from a lyophilized extract (used as a reference). To the best of our
knowledge this is the first time that antioxidant activity of SB dried rosemary extract was determined.

2. Materials and Methods

2.1. Herbal Material and Reagents

Dried leaves of Rosmarinus officinalis were purchased from Oficina de Ervas Pharmacy (Ribeirao
Preto, Sao Paulo, Brazil). The dried vegetable material was milled in a knife mill (model MA
680, Marconi, Piracicaba, Sao Paulo, Brazil) until all particles passed through an 800 pum sieve.
The reagents, standard materials, and drying carriers utilized in this study include ethyl acetate,
methanol, isobutanol, acetone, aluminum chloride, ethanol, chloridric acid, o-phosphoric acid, sodium
hydroxide, potassium chloride, dimethyl sulfoxide (DMSO) and sucrose obtained from Labsynth
(Vinhedo, Brazil), hexamethylenetetramine, sodium tungstate, phosphomolibidic acid obtained from
Vetec, (Duque de Caxias, Brazil), colloidal silicon dioxide (Tixosil® 333, Rhodia, Sao Paulo, Brazil),
maltodextrin (Mor Rex® 1914, Corn Products, Sao Paulo, Brazil), dehydrated quercetin, gallic acid,
2.2-diphenyl-1-picrylhydrazyl (DPPH®), ammonium ferrous sulfate hexahydrate, thiobarbituric acid
(TBA) and MDA (malondialdehyde tetrabutylammonium salt, purity >98%) from Sigma-Aldrich
(Steinheim, Germany).

2.2. Experimental Procedure

2.2.1. Extraction of the Bioactive Compounds from Rosemary Leaves

The extractive solution was obtained by dynamic maceration in a bench top extraction system
comprising a jacketed vessel coupled to a mechanical stirring unit. The vessel was connected to a
thermostatic water bath (Marconi, MA-184), which circulate water at constant temperature; thereby
maintaining desired extraction temperature. As described by Souza et al. [31], the extractive solution
was obtained using a hydroalcoholic solvent (70% v/v ethanol) at the following conditions: extraction
time of 1 h; extraction temperature of 50 °C; and plant to solvent mass ratio of 0.2. The crude extractive
solution was vacuum filtered at 650 mm Hg through filter paper (grade 80G) and concentrated three
times in a rotary evaporator at a temperature of 50 °C under a vacuum pressure of 650 mm Hg.

2.2.2. Physicochemical Characterization of the Powdered Raw Herbal Material and Extractive Solution

The powdered herbal material was characterized by determination of the mean particle
diameter, moisture content, total extractable matter and total flavonoids and polyphenols content.
The concentrated extract was characterized for its density (pycnometry), solids concentration, and
total flavonoids and polyphenols contents.

The moisture content (Xp) of the powdered herbal material was carried out by gravimetric analysis
(using the oven method). About 2 g of herbal material weighed into a dry Petri dish was dried to constant
weight in an open tray oven operated at 102 + 1 °C. Xp was determined as the percentage ratio of the
difference between the wet and dried herbal material by the dried mas of herbal material (dry basis).

The total flavonoids and polyphenols contents were determined by UV-Vis spectrophotometry,
using a HP 8453 spectrophotometer running the software HP Chem-Station® (Agilent Life Sciences
and Chemical Analysis, Santa Clara, CA, USA). The procedure for flavonoid quantification involves
the hydrolysis of the glycosides, the extraction of the flavonoids with ethyl acetate and the color
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development with the addition of a solution of aluminum chloride [32,33]. The reaction between
aluminum chloride (AICl3) and flavonoids results in a bathochromic shift of absorption wavelength of
flavonoids. In this manner, concentration of flavones and flavonols in the extractive materials can be
determined spectrophotometrically, measuring the absorbance at Amax = 425 nm, after 30 min of the
addition the AlCl; solution. Other phenolic compounds can equally complex with AlCl3, but show
Amax at 434 nm. Quercetin, a well-recognized flavonol, was used as reference standard; and the
results expressed as quercetin equivalent (QE). The quantification of the total polyphenols content
was determined using the Folin-Denis method [34]. The procedure is based on the reduction of the
phosphomolybdic-phosphotungstic acid by the polyphenols in a basic medium producing a dark blue
color measured spectrophotometrically at 750 nm [31]. Gallic acid, a standard polyphenolic acid, was
used as the reference substance, being the results expressed as gallic acid equivalent (GAE).

The solids content (Cs) of the concentrated extract was carried out by gravimetric analysis
(using the oven method). About 2 g of liquid extract weighed into a dry Petri dish was evaporated to
constant weight in an open tray oven operated at 102 + 1 °C and the solid content determined by the
ratio between the dry mass by the corresponding mass of the liquid extract. Results are expressed as
average of three determinations (+standard deviation).

2.2.3. Spouted Bed Drying

Experimental Apparatus

Powdered extract of rosemary was obtained from the extractive solution following incorporation
of adjuvants denominated as drying carrier. Previous experiments by our group evaluating different
proportions of the drying carriers showed that the best ratio for spouting bed drying (under the
operating conditions studied in this work) was 2:1 (40:20 Tixosil®:maltodextrin) [31]. The drying
carrier was added to the concentrated extractive solution at a proportion of 4.4% w/w. The concentrated
extract plus carrier were standardized to a solids content of 11.3%. The drying runs were carried
out in a stainless steel, conical-cylindrical spouted bed, constituted by a conical base, with internal
angle of 40° and inlet orifice diameter of 33 mm, connected to a cylindrical column with diameter
of 150 mm and height of 400 mm. The upper part of the equipment is constituted by another cone
and a powder collecting system (cyclone). The drying gas, heated by an electric heater (total power
of 5000 W), was supplied into the spouting chamber through a 7.5 hp blower. Teflon® beads having
a mean diameter of 5.45 mm, density of 2160 kg m~3, surface area of 5.27 cm? g~! and shape factor
of 0.96 were used as spouting particles. For spouted bed drying of pharmaceutical products, Teflon
beads are an excellent choice, due to its inert nature, thermal stability, low coefficient of friction,
insolubility and lack of toxicological effects [35]. The extract feed system consists of a 0.8 mm double
fluid atomizer with internal mixing (installed at the top of the fountain), a peristaltic pump and an
air compressor. A temperature control system, thermocouples, and rotameter were employed in the
equipment instrumentation.

Drying Procedure

Drying operation started with the feed (through the inlet entrance orifice), of heated drying air to
the spouted bed previously loaded with Teflon® beads (static bed height of 14 cm). At the desired
drying temperature, the concentrated extract incorporated with the respective drying carrier was fed
at the top of the fountain of the spouting bed through the double fluid atomizer, together with the
atomizing air, at a preset flow rate. Measurements of the outlet gas temperature, Tgo, were taken
at regular intervals in order to detect the moment when the dryer reach the steady state (+15 min).
Samples of the dried extract were withdrawn and used for determination of its physicochemical
properties and AA. The studied process parameters were the inlet drying gas temperature, Tg; (80 and
150 °C); and the percentage ratio of the mass feed flow rate of the concentrated extract to the evaporation
capacity of the dryer, Ws/Wmnax (15, 45 and 75%) (Table 1). Study on the evaporation capacity for this
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dryer have been reported elsewhere [31]. The mass flowrate of the drying gas was maintained at
0.0340 kg s71, corresponding to 1.4 times the minimum spouting mass flowrate (Qms). The atomizing
air feed flow rate was fixed at 20 L min~! at a pressure of 196.1 kPa.

Table 1. Spouted bed drying parameters used in manufacture of the dried extract.

Tgi (°C) Ws/Wmax (%) W; (g min~1)

80 15 6.0

80 45 18.0
80 75 30.0
150 15 10.0
150 45 33.0
150 75 49.0

Ty, inlet drying gas temperature; Ws/Wmax, the percentage ratio of the mass feed flow rate of the concentrated
extract to the evaporation capacity of the dryer; W, mass feed flow rate of the concentrated extract (g min™?).

A portion of the crude concentrated extract was lyophilized and the product used as a reference
sample, since dehydration occurred at a low temperature. The lyophilization was carried out in a
Thermo Fisher Scientific freeze dryer model SNL 108 (Waltham, MA, USA) containing a Micromodulyo
1.5 L freeze-drying unit (305 X 330 x 432 mm), stainless steel condenser; 1/4 hp compressor and 0.30
kw power; ultra-vacuum pump VLP 195 FD-115 and freeze-drying vials with independent valves. No
adjuvant was added to the concentrated extract prior to dehydration.

2.2.4. Physicochemical Characterization of Dried Rosemary Extract

The physicochemical characterization of the spouted bed dried rosemary extract was carried-out
by measurement of product moisture content, total flavonoids, total polyphenols contents, extract
bulk density (pp,); tapped density (p 1250), and the flow and compressibility parameters; Hausner ratio
(IHausner = P,1250/Pb) and Carr index (Icarr=(P,1250-Pb)/Ppb), and product morphology.

Moisture content, total flavonoids and polyphenols contents were determined by the methods
described in Section 2.2.2.

The bulk density (pp,) was obtained as the ratio of the mass of a powder sample to the volume
occupied by the same sample when placed freely in a measuring cylinder without any compaction;
while the tapped density (p 1250) was determined by a similar ratio using the volume occupied by the
powder after the cylinder was tapped 1250 times through a distance of 3 cm using a tapped density
tester mod. TDT 22 (Caleva, Frankfurt, Germany). Determinations were carried out in triplicates [36].

The product morphology was assessed from photomicrographs of the spouted bed dried extracts
acquired in a scanning electronic microscope (SEM) with magnification of 1000x. Samples were
placed on an aluminum foil placed on a carbon tube. An auto fine coater was used to coat the
samples by sputtering with platinum and analyzed on a Quanta 200-ESEM system (FEI, Eindhoven,
The Netherlands) using gaseous secondary electron detector holding the chamber at 27 °C and imaging
at 20 kV and 600 Pa.

2.2.5. Antioxidant Activity of the Rosemary Extracts

The DPPH?* scavenging and the lipid peroxidation assays were the methods selected to estimate
the antioxidant activity of the concentrated extract, lyophilized extract and the spouted bed dried
rosemary extract.

DPPH® Radical Scavenging Assay

Preliminary tests were carried out to determine concentration ranges of the concentrated extract
and the dehydrated test samples required for the DPPH® assay. Ten puL of the concentrated extract at
various dilutions (1:10; 1:20; 1:50; 1:100 and 1:200) and of the dried rosemary extract (0.375-6.25 mg mL™)
in ethanol were added to the reaction mixture containing 1 mL of 0.1 M acetate buffer pH 5.5, 1 mL
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of ethanol, and 0.5 mL of 250 uM of 2,2-diphenyl-1-picrylhydrazyl (DPPH?®) in ethanolic solution.
The concentrations of the concentrated extract and dried rosemary extracts in the reaction medium
ranged from 0.15 to 2.93 pg mL~! and from 0.94 to 15.6 g mL~! (dry basis), respectively. The change
in absorbance was measured after 10 min at room temperature. The hydrogen donating ability of the
dried extracts of rosemary to DPPH® was determined from the change in absorbance at 517 nm using
the spectrophotometer HP 8453 running the HP Chem-Station® software [37]. All measurements were
made in triplicate. The same test was also performed for the flavonoid quercetin (positive control),
being a reference antioxidant substance, which present a dose-dependent response [38-40].

Lipid Peroxidation Method

The lipid peroxidation (microsomal lipid peroxidation induced by Fe*?/citrate) was assayed
by malondialdehyde generation [41] in the presence of different concentrations (determined in a
preliminary experiment) of rosemary extracts. Mitochondria was prepared by standard differential
centrifugation techniques as described by Rodrigues et al. [41]. The protein content was determined by
the biuret reaction [42]. 10 uL of the concentrated extract at various dilutions (1:10 to 1:200) and of
the dried rosemary extract at different concentrations (12.5 to 300 ug mL ™! in DMSO) were added to
1.0 mL of a reaction mixture (125 mmol L~" sucrose, 65 mmol L' KCl and 10 mmol L~! Tris-HCl, pH
7 4—medium I). Mitochondria was added to yield a final concentration of 1 mg of protein plus 50 uM
(NHy),Fe(SO)4 and 2 mM sodium citrate for 30 min at 37 °C. The solids concentrations of the extractive
solution and of dried extract in the reaction medium ranged from 0.15 to 6.25 ug mL~! and from 0.38 to
6.25 pg mL!, respectively. 1 mL of 1% thiobarbituric acid (TBA) (prepared in 50 mM NaOH), 0.1 mL
of 10 M NaOH and 0.5 mL of 20% H3PO, were added to the reaction medium, followed by incubation
for 20 min at 85 °C. Malondialdehyde-thiobarbituric acid (MDA-TBA) complex was extracted with
2 mL of isobutanol. The samples were then centrifuged at 1660x ¢ for 10 min. The measurement was
performed on the supernatant at 535 nm using a UV-Vis spectrophotometer. Two controls were used for
this test, a positive control (without the samples) and a negative control (without iron). The blank was
prepared in the same way as the reaction mixture, but without the mitochondria. All measurements
were made in triplicate.

2.3. Experimental Design

The drying runs were conducted according to two-factors and three-levels (2 X 3) experimental
design, aiming to determine the effects of the processing drying variables (factors) Ws/Wmax and Tg;
on total flavonoids and polyphenols contents, and on product moisture (Xp). The experimental data
was submitted to an analysis of variance (ANOVA) test to detect the factors effects with statistical
significance on the experimental responses (x = 0.05). Response surfaces were plotted using the
Statistica 13.5 software (TIBCOTM, Palo Alto, CA, USA), to show the impact of the studied factors on
the desired outcomes.

3. Results and Discussion

3.1. Physicochemical Characterization of the Powdered Herbal Material and of Extractive Solution

The vegetable material was milled to increase the surface area for greater solvent contact, thereby
enhancing the extraction efficiency. The milling process resulted in powdered leaves with mean particle
diameter of 0.3 mm (sieve), considered as moderately fine. The starting vegetable material showed
moisture content of 10.4 + 0.2 (% w/w), extractable matter of 22.2 + 0.01 (% w/w), and total flavonoids and
polyphenols contents of 3.32 + 0.02 (mg.QE g~'—dry basis), and 31.2 = 0.31 (mg.GAE g~'—dry basis).

The extraction of the bioactive compounds from the powdered leaves of Rosmarinus officinalis
was carried in an extraction system at a controlled temperature of 50 °C, adequate for extraction but
not to cause substantial degradation of the extracted bioactive compounds. Hydroalcoholic solvent
was used for the extraction process to facilitate the extraction of the polar and non-polar substances
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with ethanol preferred due to its relatively low toxicity profile. The extractive solution obtained
containing about 2.8% (w/w) of solids, was concentrated approximately 2.6 times by rotary evaporation
of the solvent, thus increasing the solids content prior to spouted bed drying. The concentrated
extract had a density of 0.98 + 0.01 (g cm™2), a solids content of 7.32 + 0.06 (% w/w), total flavonoid
contents of 11.87 + 0.02 (mg.QE g~!—dry basis) and a total polyphenols concentration of 146.07 + 0.23
(mg.GAE g~!—dry basis).

3.2. Spouted Bed Drying and Physicochemical Characterization of the Dried Rosemary Extracts

Although spouted bed driers have been previously employed to process vegetable drug materials
and phytopharmaceuticals [31], the initial attempts at drying the concentrated rosemary extracts were
challenging. High amounts of the atomized feed material adhered to the surfaces of the inert material
and the dryer wall, resulting in dryer collapse within a short processing time. In an attempt to solve
this problem, drying carriers were added to the concentrated extract before the drying procedure [31].
A mixture of colloidal silicon dioxide (Tixosil 333®) and maltodextrin DE 14 at proportion of 40:20 (2:1)
relative to the total solids content improved considerably the spouted bed dryer performance; with
respect to atomization of the feed, adherence of extract on the inert material and dryer wall.

Table 2 shows the experimental results of total flavonoids and total polyphenols contents of the
spouted bed dried extracts obtained at various processing conditions, together with the moisture
content (Xp).

Table 2. Total flavonoids and total polyphenols contents of the spouted bed dried extracts.

Tgi °C)  Wo/Wmax (%)  Tp (mg.QEg1)* T, (mg.GAEg™)*  Xp (% w/w)

80 15 6.4 +0.05 13.1+0.98 13.7 £1.12
80 45 5.6 +0.03 25.0 + 1.87 8.7 +0.87
80 75 4.7 +0.04 36.6 +2.11 13.9 £ 0.95
150 15 5.0+ 0.04 324 +1.13 2.0+0.05
150 45 3.8+0.05 48.6 +2.05 79+ 0.55
150 75 3.7+0.01 499 +1.29 11.1 +£1.03

Tgi, inlet drying gas temperature; Ws/Wmay, the ratio of the mass feed flow rate of the concentrated extract to the
evaporation capacity of the dryer; * dry basis.

The experimental data of T, T, and X, were subjected to analysis of variance (ANOVA) to detect
any significant effects of the processing variables on the responses. The sum of the interaction effects
between the variables were used as an estimate of the experimental error. ANOVA results reveal that
the linear effects of the factors Ty and Ws/Wmax exerts statistically significant influence on both Tg
(p-values of 0.026 and 0.033) and Tj, (p-values of 0.026 and 0.033), with a F,c at least 1.52 times higher
the critical value for an « = 0.05 (Fy 2-0.05 = 18.513). On the other hand, the ANOVA results for Xp did
not show statistical significance of the investigated factors, even using an « = 0.10, with the maximum
Feale value (obtained for the linear effect of Tg;), at least 3.7 times lower than the critical tabled value
(F1,2-0.10 = 8.526). Figure 1a,b present the response surface plots showing the effects of drying variables
Ws/Wmax and Tgi on total flavonoids and total polyphenols contents in the dried rosemary extracts,
respectively. It can be seen from Figure 1a that increases in Ws/Wmax and Tg; exert negative effects on
Tg, The decrease observed for Tg might be linked to the thermal degradation of flavonoids, for example
due to the occurrence of oxidative reactions or decomposition of thermolabile compounds, increasing
concentration of other phenolic substances. The extent of degradation varies from compound to
compound and is dependent on the dehydration method [43]. Flavones (e.g., luteolin) and flavonols
(e.g., quercetin) concentration have been shown to reduce by up to 50% within 15 min of exposure
to heat above 130 °C [44]. This behaviour could explain the corresponding increase of Tp as values
of study variables increase (Figure 1b). For example, thermal degradation of quercetin resulted in
accumulation of protocatechuic acid, a phenolic compound [45]. Such compounds might be detected by
the quantification reaction of the Folin-Denis method [34], which measures total phenolics substances.
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The phenolic compounds comprise a large number of organic molecules with heterogeneous structure,
including the flavonoids. These substances present high reactivity to O, and have an important role as
antioxidants [46].

The moisture content of biological dried materials and the water activity are important quality
parameters, since they are linked to product stability. The physicochemical and microbiological stability
tended to increase conversely with the water content (linked to water activity) of the dried products.
The decrease in product moisture content implies a reduction on water activity; although there is a
minimum value given by the monolayer moisture content. Below this value, the water is strongly
bonded to material structure; reducing the rate of degradation reactions and hindering microbial
growth. The monolayer moisture content is usually considered the lowest value to which food and
agricultural material can be dried to ensure product stability [47,48]. Although ANOVA did not
evidence any statistically significant effects of the drying variables on Xp (Fcaic < F12.0.10), the data
presented in Table 2, give evidences that the increase of the inlet gas temperature and/or reduction in
the feed flow rate of the concentrated extract tends to reduces the product moisture content; as can be
seen qualitatively on Figure 2. For dried extracts of medicinal plants, the Brazilian Pharmacopoeia
recommends maximum moisture content of 4%. From Table 2, it can be seen that only the dried extracts
produced at Tgi =150 °C and Ws/Wmax = 15% falls in the recommended range. The powder production
at this drying condition provided the higher powder production rate (yield = 65%), perhaps due to the
decrease of the adhesion tendency of the powder product to equipment wall; a positive effect of its low
moisture content. Since the biological activities of rosemary extract is attributable to several phenolic
constituents rather than a singular compound, it is appropriate that simultaneous retention of these
bioactive principles is put in perspective in order to set the best processing conditions.

The characterization of the flow properties of the spouted bed dried extracts were carried out
through the determination of the loosely packed bulk density, py,, tapped bulk density, p;, the real
density, p;, Carr’s index, and the Hausner ratio. These properties have been shown to have direct
relationship with the behavior of the product during storage, manipulation and industrial processing.
The spouted bed dried rosemary extracts has an Hausner ratio ~ 1.81 and compressibility index ~ 45%;
mean loosely packed bulk density around 430 + 10 kg m~3 and tapped bulk density ~ 780 + 20, being
the true density, measured with a helium pycnometer, equal to 1493.7 + 2.9 kg m~3 [31]. These results
are indicative of powders with poor flow and compression properties.

Figure 1. Response surface plots showing the effects of drying variables Ws/Wmax and Tg; on total
flavonoids (a), and total polyphenols content in the dried rosemary extract (b).
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Figure 2. Qualitative surface plot showing the effects of drying variables Ws/Wmax and Tg; on product
moisture content (Xp) of the dried rosemary extract.

Figure 3 shows photomicrographs obtained by SEM at two distinct processing conditions; showing
the presence of irregular to rounded powder particles, with polydisperse characteristics. Figure 3b
corresponds to the product obtained at high Ws/Wmax (45%) and low Ty (80 °C), which shows Xp
almost 4.4 times superior to the value measured for the product of Figure 3a (8.7 vs. 2.0% w/w—see
Table 2). The bigger particles in Figure 3b might be caused by the increase in atomized droplets

size and on Xp by the high feed flowrate of rosemary extract to the spouted bed [49], and lower
drying temperature.

o

(a) We/Wanax = 15% Ti = 150 °C

(b) We/Winax = 45% Tgi = 80 °C

Figure 3. Typical SEM photomicrographs (magnification of 1000x) of spouted bed dried rosemary

extracts produced at distinct operating conditions: (a) at Ws/Wmax (15%) and Tg; (150 °C), (b) at
Ws/Wmax (45%) and Ty; (80 °C) (see Table 2).

3.3. Antioxidant Activity of the Concentrated and Dried Rosemary Extracts

Deleterious free-radical reactions have been linked to a variety of degenerative pathological
conditions including cancer, autoimmune disorders, cataract, rheumatoid arthritis, cardiovascular
and neurodegenerative diseases [50-53]. This effect has been described as a consequence of the
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involvement of reactive oxygen species in initiating autoxidation of cellular lipid membranes, which
are mainly composed of polyunsaturated fatty acids, leading to cellular necrosis [54,55]. There is no
single method that alone can evaluate the antioxidant activity accurately and quantitatively, since
oxidative processes involve multiple active species, reaction characteristics, and mechanisms [56].
The literature recommends the simultaneous use of several methods based on different mechanisms
of the inhibition of oxidation to examine the antioxidant capacity of a given sample. In this study,
the evaluation of the antioxidant activity was carried out for the concentrated extract, SB dried extract
obtained at Wy/Wphax of 15% and Tig of 150 °C (which presents good Tr and Tp values, and has moisture
content below the maximum value recommended by the Brazilian pharmacopoeia), and for a sample
of lyophilized extract (used as a control). The antioxidant activity was determined by two distinct
methodologies, namely: DPPH® scavenging (DPPH?®) and the inhibition of the lipid peroxidation
(LPO) methods. Figure 4a—c shows the results of DPPH® inhibition produced by the concentrated
extractive solution, spouted bed dried, and lyophilized extracts, respectively (dry basis). It can be
seen from the Figures that DPPH® inhibition exhibits a dose dependent behavior regardless of the
sample analysed. The concentrated extract exhibited an IC50 = 0.96 + 0.02 g mL ™" (dry-basis), with a
maximum DPPH?® inhibition of approximately 78 + 1.6% at concentration of 2.93 + pg mL™!, being
the steady state obtained thereafter (Figure 4a). Figure 4b,c show a maximum DPPH?* inhibitions of
79 + 1.1 and 81 + 1.3%, respectively for the spouted bed dried and the lyophilized extracts. These
results were reached at concentrations of 15.6 + 0.2 ug mL! of the dried extract sample; with IC50
values of 2.16 = 0.04 and 3.79 + 0.03 ug mL~, respectively.

The AA of the spouted bed dried extract determined by this method was lower than the one
measured for the concentrated extract (in dry basis), but higher than the value determined for the
lyophilized extract, used as a control. Nevertheless, considering that the spouted bed dried extract has
in its composition 60% of drying carriers, the concentration of active constituents of the extract is about
62.5% diluted in relation to those present in the concentrated extract. Performing this correction, it can
be seen that the loss of AA due to drying is less than 30%. Tests (control) performed with synthetic
quercetin, a flavonoid with potent antioxidant properties, resulted in an ICsg of 1.17 ug mL™" [57].
The rosemary extracts caused instantaneous decrease in the absorbance of DPPH®, in a manner similar
to that presented by quercetin, which supports its AA.

The effects of the rosemary extracts on lipid peroxidation induced by Fe*?/citrate were accessed by
the production of MDA-TBA complex (absorbance reading at 535 nm). Figure 5a—c show, respectively,
the experimental results of the inhibition of lipid peroxidation obtained for the concentrated extract,
spouted bed dried, and lyophilized rosemary extracts, respectively (dry basis). It can be seen that
the inhibition of the LPO activity produced by the rosemary extracts samples were dose dependent,
the same behavior observed with the DPPH" method. The maximum inhibition falls between 82% and
86%.The IC5( values obtained for the concentrated extract (a), spouted bed dried rosemary extract
(b), and for the lyophilized sample (c) were, respectively, 0.22 + 0.01, 1.31 + 0.02 (0.82 + 0.01 with
dilution correction), and 2.54 + 0.02 ug mL~! in the reaction medium; while the flavonoid quercetin
showed an ICsy of 0.22 ug mL~! [58]. The significant AA exhibited by the rosemary extracts samples
by DPPH* and LPO assays are in agreement with studies reported in the literature [59]. ICsq values
reported for concentrated extract and SB extracts of Bauhinia forficata L. were 15.2 and 12.2 pg/mL
(DPPH?* assay) [60], and 22.5 and 25.9 pg/mL for the LPO method; values significantly higher than the
values here reported. The maximum inhibition of DPPH exhibited by the actual spouted bed dried
rosemary extract was also superior to those reported for SB dried Bauhinia forficata extract (79% x 69%),
and (86.3% x 80.3%). Notwithstanding, these values were reached at significantly lower concentrations
for the rosemary SB dried extract compared to Bauhinia forficata. Altogether, these results evidenced a
higher AA for the SB dried rosemary extract compared to B. forficata dried extract [60].
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The results of AA of the rosemary extracts assessed by DPPH®* and LPO assays evidenced a
slight to moderate decrease in the AA of the rosemary extracts caused by the SB drying operation,
apparently due to degradation of bioactive compounds on exposure to the processing conditions used
in this study; mainly heated air. It is known that polyphenolic compounds are thermolabile and their
efficacy may be compromised on exposure to heat [61]. However, the SB dried rosemary extracts here
produced are near 13.5 times more concentrated than the concentrated extract (in dry weight); and
have high concentration of bioactive compounds by extract mass (in wet basis). A simple calculation
with the experimental results of Tr and T}, presented in Table 2, shows that the concentration of
total flavonoids and polyphenols compounds presented in the spouted bed dried extract ranges from
4.3 to 12.3 and from 1.2 to 4.7 times the values in the concentrated extract, respectively. Therefore,
even considering the losses of bioactive compounds and of AA caused by the drying, the SB dried
extracts have advantages compared to the concentrated extract, regarding the concentration bioactive
compounds, lower storage volume, and perhaps higher stability.

4. Conclusions

The results here reported indicate that the production of dried extract of Rosmarinus officinalis
by the spouted bed technology is feasible. The processing conditions should be strictly controlled in
order to ensure the product quality with an acceptable dryer performance. The use of experimental
design could facilitate the identification of the significant variables and allow the optimization of the
processing variables. The drying variables Ws/Wnax and Tgi exert statistically significant effects on the
content of bioactive compounds in the dried rosemary extract. The antioxidative properties of rosemary
extracts were evaluated by both DPPH" and lipid peroxidation methods. The rosemary extracts
caused instantaneous decrease in the absorbance of DPPH" (in a manner similar to that presented
by quercetin) and were able to inhibit the lipid peroxidation induced by Fe*?/citrate, indicating their
high antioxidant profile. The drying operation caused a slight to moderate decrease in the antioxidant
activity of the spouted dried rosemary extracts; but the spouted dried rosemary extracts have higher
concentration of bioactive compounds by extract mass (in wet basis) compared to concentrated extract;
ranging from 4.3 to 12.3 and from 1.2 to 4.7 times, respectively for Tr and Tp. The spouted bed dried
extracts showed powerful antioxidant activity and have potential to be used as a natural antioxidant
or phytoactive ingredient in food, cosmetic and pharmaceutical applications. Further work still needs
to be carried out in order increase the production yield and to improve product properties to respond
to the specifications from the pharmaceutical regulatory bodies.
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Abstract: In Algeria, the olive tree is one of the main fruit species and plays a very important
socioeconomic role. The objective of this study was firstly, to identify and quantify the phenolics of
some Algerian olive oils, and secondly, to assess the antioxidant activity of the samples. The olive oils
used in this study were derived from Algerian cultivars, including Tefahi, Gelb Elfarroudj, Chemlal,
and imported cultivar Manzanilla and Zebboudj. For this purpose, gas chromatography—mass
spectrometry (GC-MS) was used to identify olive oil fatty acids profile, while the individual
phenolic compounds were assessed by ultra-high-performance liquid chromatography—electrospray
ionization-high-resolution mass spectrometry (UHPLC-HESI-MS). To verify the antioxidant capacity,
five in vitro free radical assays were used. Questionable values of particular physico-chemical
parameters, such as the high value of free acidity and the low concentration of monounsaturated
fatty acids in oil from the Zebboudj cultivar, indicate that improvements in olive cultivation and oil
production practices are needed. Gelb Elfarroudj, Tefahi, and Manzanilla oils contain quantities of
monounsaturated fatty acids in accordance with EU regulations. The oil obtained from the Zebboudj
cultivar is not usable for food purposes due to the high value in free acidity and the low concentration
of monounsaturated fatty acids. Tefahi and Manzanilla cultivars have given oils with the best
antioxidant activity as compared to other studied cultivars; this is attributable to their composition in
bioactive phenolic compounds, such as secoiridoids, which play an important role in human health
as scavengers of free radicals. The results are interesting for producers and consumers to promote the
culture of olive oils derived in particular from the Tefahi cultivar. However, in order to improve the
health qualities of this oil, the agronomic techniques essentially linked to the time of harvesting of the
olives destined for oil production must be improved.

Keywords: Manzanilla; Tefahi; Gelb Elfarroudj cultivar; secoiridoids; radical scavenging;
UHPLC-HESI-MS; phenolics
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1. Introduction

Olea europaea L., or more commonly olive tree, is largely cultivated for the production of
its nutritional and healthy fruits. Extra virgin olive oil (EVOO) is an integral ingredient of the
Mediterranean diet and a wide number of analytical techniques were used to identify the chemical
composition [1]. These techniques indicated that the fine characteristics, the good health effect, and
the biological activity of EVOO are mainly attributed to the presence of the unsaturated fatty acids as
major components. They are recognized in olive oils mostly by the presence of the acids: oleic (C18:1),
palmitic (C16:0), palmitoleic (C16:1), stearic (C18:0), linoleic (C18:2), and linolenic (C18:3). The high
quality of olive oil is also attributed to the presence in its composition of minor components such
as phytosterols, carotenoids, tocopherols and hydrophilic phenols. The major phenolic compounds
present in olive oil and conferring it the antioxidant activity belong to the class of secoiridoids mainly
represented by oleuropein and ligstroside derivatives, which are strong radical scavengers and are also
responsible for bitterness and pungency of EVOO [2-4].

Phenolic compounds are used as quality markers for virgin olive oil, and they are of great
interest due to their anticancer, antiviral, and anti-inflammatory properties [5,6]. Their content is an
important factor when evaluating the EVOO quality because they have been correlated with the oil
oxidative stability and, in particular, its resistance to lipid peroxidation [7,8]. Extra virgin olive oil
quality production could be influenced by several factors, for instance: olive cultivar, geographical
region, environmental factors (seasonal conditions), irrigation, olive ripeness, harvesting, storage,
and extraction procedure [9-11]. Light exposure, elevated temperature, and oxygen are all natural
adversaries of EVOO and contribute to its deterioration [12].

The Mediterranean countries head the list of olive oil producers; the International Olive Oil
Council classed Algeria as the ninth largest producer country of olive oil in the world, with around
87.5 tons in the 2015/16 season [13-15]. The olive oil production in Algeria is continuously increasing.
In fact, the country is following a development policy called “National program for agriculture
development” which opens the way for financing and supporting the agricultural sector [16]. Within
the framework of this program, the government provides financial aid to farmers who plant olive trees
and to the producers of olive oil [17]. Even with this, the commercialization of a high quality of olive
oil is still presenting a challenge for the producers in Algeria.

The aim of this study was the chemical characterization of monovarietal oils produced in Algeria
and the evaluation of their quality. In particular, the study focused on the comparison of the qualitative
characteristics of: (a) Tefahi and Gelb Elfarroud;j olive oils (cultivars not known in literature); (b)
Chemlal and Zebboudj olive oils (known cultivars); (c) Manzanilla oil (imported cultivar). The authors
believe that a quantitative characterization of the bioactive constituents of Algerian olive oils could
contribute to their enhancement in a constantly growing international market.

For this, firstly, quality control tests were performed on all olive oils under study. Then,
phenolic profile, fatty acid methyl esters pattern, and in vitro antioxidant capacity of the olive oils
were determined.

2. Materials and Methods

2.1. Plant Material and Olive Oil Samples

Olive oil from four Olea europaea cultivars growing in the northeast of Algeria were used in this
study (Setif and Batna provinces) (Figure 1). Three cultivars (Chemlal, Tefahi, and Gelb Elfarroudj) are
native to the region, while one is locally grown but it is a foreign cultivar (Manzanilla). Furthermore,
Zebboudj olive oil (Olea oleaster) was bought from the market and included in this study. The cultivars
were growing under the same environmental characteristics in a semiarid region. Drop irrigation was
used twice a year: in January (every fortnight) and in August (every 10 days). The method used in this
study for olive harvest and extraction was the one used by most of Algerian producers. Healthy olive
fruits of all cultivars were hand-picked when the skin of the fruit was black. The oils were extracted
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from 200 kg of the collected fruits using a commercial modern mill located in the same region. The mill
originated from Jeha Company (Alexandria, Egypt) and was equipped with a two-phase extraction
system. The extraction of olive oil started with leaf stripping and olive cleaning, then olives passed
into a hammer-crusher to obtain a homogenized olive paste. The malaxation time and temperature of
the olive paste were 30 min at 30 °C. After centrifugation, the oil was separated from the paste and
water, and then stored in amber glass bottles at room temperature (15-18 °C) in the dark. Soon after
the oil extraction, the samples were used in the chemical analytical methods described below.

T}

T

Figure 1. Biogeographical Algerian area where olives are grown.

2.2. Reagents and Standards

Formic acid, water, methanol, acetonitrile (LC-MS grade) were purchased from Biosolve
B.V. (Valkenswaard, The Netherlands). All solvents, Folin-Ciocalteu reagent, sodium carbonate
(NayCOs), 2,2-diphenyl,1-picrylhydrazyl (DPPH), 2,4,6-tri(2-pyridyl)-1,3,5-triazine (TPTZ), ferric
chloride (FeCl; x 6H0), gallic acid, acetic acid, ferric sulfate (FeSO, x 7H,0), sodium
acetate, 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), potassium persulfate,
phosphate-buffered saline (PBS), tween 40, B-carotene, Trolox, and chemical standards (cinnamic acid,
p-coumaric acid, p-hydroxybenzoic acid, ferulic acid, syringic acid, vanillic acid, caffeic acid apigenin,
apigenin 7-glucoside, diosmetin, hydroxytyrosol, tyrosol, luteolin, oleuropein, vanillin, pinoresinol),
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.3. Quality Parameters

Free acidity, given as g oleic acid 100 g~! of oil, peroxide value (PV) expressed as meq O, kg™ of
oil, AK and Kj3;, Ko7 extinction coefficients calculated from absorptions at 232 nm and 270 nm were
measured as described by the Regulation EC no. 2016/2095 [18].

2.4. FAMEs Composition

Fatty acid methyl esters (FAMEs) were analyzed using the GC-MS method after extraction and
hydrolysis of triacyl glycerols using potassium hydroxide in methanol.

A mass of 0.1 g of oil samples were diluted in 1 mL of n-heptane and 0.1 mL of 2N KOH in MeOH
solution was added and mixed in a vortex for 2 min. An aliquot of 500 uL of organic phase containing
fatty acid methyl esters was diluted with 500 uL n-heptane. Immediately, GC-MS analyses were
carried out using a DSQ II single quadrupole system (Thermo Fisher Scientific, Bremen, Germany).
The temperature of ion source and injector were 260 °C and 270 °C, respectively. The capillary column
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used was a ZB-WAX (30 m x 0.25 mm i.d., film thickness 0.25 um) (Phenomenex, Italy). The oven
program temperature started at 165 °C (held for 10 min), it was increased to 200 °C at 1.5 °C/min, then
increased to 250 °C at 10 °C/min and kept for 20 min at 250 °C under isothermal conditions. Ionization
energy was 70 eV and the mass range scanned was 35-550 m/z. Helium flow rate of 1 mL min~! was
used. Monovarietal olive oil samples of 1 uL were injected with a split ratio of 1:100 in triplicate. Fatty
acid methyl esters identification was carried out using a mass spectrum database and 37-component
fatty acid methyl esters mix (Sigma Aldrich Milan, Milan, Italy).

2.5. Individual Phenolic Compounds Characterization by UHPLC-HESI-MS

Liquid-liquid extraction method was used to isolate the phenolic fraction of olive oils. For
this purpose, 2 g of each olive oil was mixed with 5 mL of a solution of methanol-water (80:20 v/v);
then, the samples were shaken in a vortex for 1 min, placed in an ultrasonic bath for 15 min, and
centrifuged at 5000 rpm for 25 min. The resulting aqueous solutions were filtered over PTFE syringe
filter 0.45 um and quickly analyzed by ultra-high-performance liquid chromatography, using a heated
electrospray probe and high-resolution mass spectrometer (UHPLC-HESI-MS) for quali-quantitative
determination of phenolic compounds, with three different dilution factors (1:2, 1:10, 1:100 v/v) to
encompass the concentration variability. Triplicate samples of monovarietal olive oil were used for
phenolic extractions. Experimental conditions used for qualitative determination of the phenolic
constituents have been described in literature [19-21].

Briefly, UHPLC used was a Dionex Ultimate 3000 System equipped with an auto sampler controlled
by Chromeleon 7.2 Software (Thermo Fisher Scientific, Bremen, Germany and Dionex Softron GmbH,
Germering, Germany). A column Luna C18 50 x 1 mm, 2.5 um was used. A flow rate of 50 pL. min~!
was set for separation of the selected compounds. The separation was achieved using eluent A (water
with 0.1% acetic acid (v/v) pH 3.2) and eluent B (acetonitrile). The gradient elution program was:
0-2 min 5% B; 2—4.5 min linear increase to 10% B; 4.5-16 min linear increase to 25% B; 1629 min linear
increase to 95% B; 29-31 min decrease to 5% B; 31-33 min hold 5% B coming back to the initial conditions
and being equilibrated. The column temperature was set at 35 °C and the injection volume at 1 uL.
Heated electrospray ion source (HESI) was used for the ionization. HESI parameters were optimized as
follows: sheath gas flow rate 35 arbitrary units; auxiliary gas unit flow rate 4 arbitrary units; capillary
temperature 250 °C; auxiliary gas heater temperature 259 °C; spray voltage 3.5 kV; and S lens RF level
30. MS in negative mode was selected for analysis of low-molecular phenolic compounds [19,21].
Detection of phenolic compounds was performed using a quadrupole Orbitrap mass spectrometer
(Q Exactive; Thermo Scientific, Bremen, Germany). Full scan (100-800 m/z) acquisition method and
a targeted single ion monitoring (SIM) analysis were performed using the mass inclusion list of the
target analytes.

Phenolic compounds were quantified using solutions containing all commercial standards at six
different concentration levels (5, 2.5, 1, 0.5, 0.25, 0.1 ug mL‘l). Each point of the external calibration
graph corresponded to the average of five independent injections.

In the case of secoiridoids derivatives, where commercial standards were not available, their
equivalent values were estimated. Monovarietal olive oil contents of 3,4-DHPEA-EA (oleuropein
aglycon and stereoisomers), 3,4-DHPEA-EDA (oleacein), p-HPEA-EA (ligstroside aglycon and
stereoisomers), deacetoxy-10-hydroxy oleuropein aglycon (DAc-10-OH Ole Agly), and elenolic acid
(EA) were expressed as a p-HPEA-EDA (oleocanthal) equivalent (mg kg"l of oil) [18]. Isolation of
p-HPEA-EDA (oleocanthal) from olive oil was carried out according to a reported procedure developed
in literature [19-21]. Briefly, 500 mL of olive oil was mixed with 250 mL hexane and 250 mL methanol.
The mixture was sonicated for 15 min and after partition, the methanolic phase was centrifuged at
3000 rpm for 10 min. The hexane phase was extracted with 200 mL of methanol again. Combined
methanolic phases were evaporated and the oily residue was extracted with 25 mL methanol-water
(1:1) and 50 mL of hexane.
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The aqueous MeOH layer was used for isolation of oleocanthal. Preparative chromatography
was performed on an HPLC Agilent 1100 binary pump equipped with a UV-Vis detector. The
chromatographic column was a reverse-phase Supelcosil LC 318 column, 25 cm, 4.6 mm, 3 um
particle size. HPLC elution was performed at 5 mL/min with a binary gradient system with water
(solvent A) and acetonitrile (solvent B). The gradient was: 0-5 min, 30% B; 5-30 min, 100% B; 3540
min, 30% B. The eluate was monitored at 278 nm and fractions of about 3 mL were collected from
the detector. After fractions collection, the solvents were evaporated under reduced pressure using a
rotary evaporator, and finally the residue was stored at —20 °C. The obtained fractions were analyzed
by UHPLC-ESI-MS/MS and those with similar composition were combined for further preparative
chromatography in the same conditions. Identity and purity of the oleocanthal were verified through
spectroscopic techniques such as "THNMR, 13C NMR, and UHPLC-HESI-MS.

Oleocanthal was used as external standard to prepare further calibration solutions (10, 5, 2.5, 1,
0.5,0.25,0.1 ug mL™1). The deprotonated molecule [M-H]~ detection was based on calculated exact
mass and on retention time of target compounds.

2.6. Olive Oil Extracts for Determination of Total Phenolic Content and for Antioxidant Assays

The oil samples (2 g) were added to 5 mL of a methanol/water (80:20, v/v) mixture in a centrifuge
tube. After vigorous mixing, they were centrifuged for 25 min at 5000 rpm. The hydroalcoholic phase
was collected, washed with 2 mL of n-hexane to remove the residual oil, and then concentrated under
reduced pressure using a rotary evaporator at 35 °C. The issued phenolic fraction extracts (PFEs) were
fully dried using a vacuum desiccator. The oil PFEs were dissolved in the methanol/water mixture to
use them in the determination of total phenolic content and in antioxidant assays.

2.7. Total Phenols Content

The total phenol compounds of the o0il’s phenolic fraction extracts (PFE), was determined by the
Folin—-Ciocalteu colorimetric assay [22]. Briefly, fifty microliter of the solutions containing different
concentrations (5 mg mL1, 3 mg mL1 1 mg mL~1, 0.5 mg mL~!, and 0.25 mg mL‘l) oil’s PFE to be
tested were added to 450 pL of deionized water, 500 uL of Folin-Ciocalteau reagent, and 500uL of
10% aqueous sodium carbonate solution. Samples were then maintained at room temperature for 1 h
and absorbance was measured at 786 nm (UV-Vis Spectrophotometer, Shimadzu Japan) against blank
containing 50 pL of the methanol (sample solvent). Gallic acid at different concentrations (300 ug mL7},
150 pg mL 7!, 75 pug mL 7!, and 25 pug mL™!) was used as standard. The experiment was performed in
triplicate and the results were expressed as pg gallic acid equivalents/mg of phenolic fraction extracts
(1ug GAE mg~! PFE).

2.8. Antioxidant Activity

2.8.1. 2,2-Diphenyl-1-Picrylhydrazyl Test

The free-radical-scavenging capacity of the oil’s phenolic fraction extracts (PFEs) was determined
by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay as reported in literature [23]. A volume of 1.5 mL of
DPPH? solution (100 mM in methanol) was mixed with 37.5 uL of various concentrations (87 mg mL1,
60 mg mL~!, 50 mg mL~!, 45 mg mL~!, 30 mg mL~!, 25 mg mL~!, 10 mg mL~!, 5 mg mL™!) of oil’s
PFE, or with methanol as control. After 20 min of incubation at room temperature, the absorbance was
recorded at 517 nm with a UV-Vis spectrophotometer (Shimadzu, Japan). Results were expressed as
mmol Trolox equivalents mg‘l of phenolic fraction extracts (mmol TE mg‘1 PFE), using the calibration
curve prepared with Trolox as standard using different concentrations (1.5 pg mL1, 1 ug mL~1,05 ug
mL~1,0.25 pg mL~!,0.125 pg mL~!). Each determination was performed in triplicate.
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2.8.2. Trolox Equivalents Antioxidant Capacity

The Trolox equivalents antioxidant capacity (TEAC), also known as the ability of the oil’s PFEs
to scavenge the 2,2’-azinobis-(3-ethylbenzothiazine-6-sulfonic acid radical (ABTS"), was evaluated
as previously described [24]. The ABTS* radical cation was produced by the oxidation of ABTS*
(1.7 mM) with potassium persulfate (4.3 mM) in water. The mixture was allowed to stand in the dark
at room temperature and the ABTS™ solution was diluted with phosphate-buffered saline (PBS) at pH
7.4 to give absorbance of 0.7 + 0.02 at 734 nm. An aliquot of 50 umL of a solution containing different
concentrations (50-0.5 mg mL™!) of the oil’s PFE or methanol (blank) was added to 2 mL of the ABTS*
solution, and the absorbance was recorded at 734 nm in a UV/Vis spectrophotometer (Shimadzu, Japan)
after allowing the reaction to stand for 6 min in the dark at room temperature. Results were expressed
as mmol Trolox equivalents/milligram of phenolic fraction extracts (mmol TEmg~! PFE) using the
calibration curve prepared with Trolox standard at different concentrations (0.215 pg mL~!, 0.0625 ug
mL~1,0.0312 ug mL1,0.015 ug mL‘l,). Each determination was repeated at least three times.

2.8.3. Ferric-Reducing/Antioxidant Power

The ferric-reducing/antioxidant power (FRAP) of the phenolic fraction extracts was evaluated
as previously described [25]. The fresh working solution ferric-reducing/antioxidant power (FRAP)
reagent was prepared by mixing 2.5 mL of 10 mM 2,4,6-tripyridyl-s-triazine solution (prepared in
40 mM HCl) with 25mL of 0.3 M acetate buffer (pH 3.6) and 2.5 mL of 20 mM FeCl3-6H,0 solution, and
then preheated at 37 °C before use. A volume of 50 uL of a methanolic solution containing different
concentrations (25-1 mg mL™1) of the o0il’s PFE to be tested, or of the solvent, were added to 1 mL of
FRAP reagent, and the absorbance was measured at 593 nm in a spectrophotometer (Shimadzu, Japan)
after incubation at 20 °C for 4 min. A standard curve was prepared using various concentrations (1 pug
mL™!, 0.5 ug mL~1, 0.25 ug mL~!, 0.1 ug mL 1) of FeSO4 x 7H,0O. Each determination was performed
in triplicate; the results were expressed as mmol Fe?*/milligram of phenolic fraction extracts (mmol
Fe?*/mg of PFE).

2.8.4. Beta-Carotene Bleaching Assay

The potential of the oil’s PFE in the 3-carotene bleaching assay (BCB) was determined as described
in literature [26]. A mass of 1 mg of -carotene was dissolved in 10 mL of chloroform. Then, 5 mL of
solution was added to 40 puL of linoleic acid and 400 uL of Tween 40. Chloroform was removed using a
rotary evaporator and 100 mL of distilled water was added.

A volume of 5mL was added to 200 uL of a solution containing different concentrations
(25-0.5 mg mL™) of oil’s PFE, whereas 5 mL of DMSO was used as blank. The absorbance was
measured at 470 nm and results were expressed as 50% mean inhibition concentration (IC 50) with
confidence limits (CL) at 95% calculated by Litchfield and Wilcoxon test. Each determination was
carried out in triplicate and repeated at least three times.

2.9. Statistical Analysis

The results are expressed as mean values + standard deviation (SD) from three separate experiments.
The results of total phenolic content and antioxidant activity were analyzed using Student’s ¢ test.
Differences were considered to be statistically significant at p < 0.05.

3. Results

3.1. Quality Parameters

The qualitative parameters of the oils studied, obtained using analytical methods described by
the International Olive Council [27], highlight some defects of Algerian monovarietal oils.

26



Agriculture 2020, 10, 494

The results are summarized in Table 1. The oil obtained from the Zebboudj cultivar had a free
acidity value (1.25 g oleic acid 100 g~! of oil) higher than the established limit, whereas the oils obtained
from the Manzanilla and Gelb Elfarroudj cultivars had free acidity values 0.80 and 0.75 respectively;
the first value was equal to the maximum allowed limit and the second one was very close to it. The
peroxide values were also quite high even if below the maximum allowed limit; in particular, they
were between 12.75 meq O, kg™! and 15.50 meq O, kg~!. The conjugated trienes Ky7y and dienes Kpz,
showed values in the range of 0.12-0.21 and 1.47-2.30, respectively, while AK results were in the range
of —0.007-0.11.

Table 1. Results of qualitative parameters of monovarietal Algerian olive oils under study.

Cultivars Free Acidity (%) PV (meq Oy/kg) Koz Ko7 AK
Tefahi 0.48 £ 0.03 ¢ 1268 +1.23b 198 +£0.17b 0.17 £0.02a —0.002 £ 0.01 ¢
Chemlal 0.50 +0.05 ¢ 1275+ 1.13b 229+028a 019 +0.01a 0.001 +£0.01b
Gelb Elfarroud;j 0.75 + 0.06 b 1550 £ 1.53 a 197 £0.26 b 021+0.03a 0.003 +0.03 b
Manzanilla 0.80 +0.04 b 1550 £0.24 a 147 +£0.24c 0.12+0.01b —0.007 +£0.01d
Zebboudj 1.25+0.11a 1251 +0.32b 0.39 +0.03d 0.11 +0.05b 0.11 +0.05a

Free acidity = g oleic acid 100 g~! of oil, peroxide value (PV) = meq O, kg™" of oil. Results were expressed as
mean + SD. Different letters in columns indicate statistical differences at p < 0.05 (Student’s t test) among cultivars.

3.2. Fatty Acid Composition

Using GC-MS, 12 fatty acids were detected as shown in Table 2. The composition of the samples
was a combination of four saturated fatty acids (palmitic acid C16:0, margaric acid C17:0, stearic
acid C18:0, and arachidic acid C20:0); six mono-unsaturated fatty acids (palmitoleic acid C16:1 (7-cis)
(w-9), palmitoleic acid C16:1 (9-cis) (w-7), heptadecenoic acid C17:1, oleic acid C18:1 (w-7), oleic acid
C18:1 (w-9), and 11-eicosenoic acid C20:1 (w-9)), and two poly-unsaturated fatty acids (linoleic acid
C18:2 (w-6) and o-linolenic acid C18:3 (w-3)). The monounsaturated fatty acids were higher in the
monovarietal oils of Gelb Elfarroudj, Tefahi, and Manzanilla, due to the high content of oleic acid C18:1
(w-9). Polyunsaturated fatty acids content was highest in Zebboudj oil mainly due to the high content
of linoleic acid. The percentages of fatty acids in our work are very close to those of other Algerian
cultivars [28]. Our results in the concentrations of palmitic acid, linoleic acid, and «-linolenic are also
in agreement with those reported in other studies about Chemlal Algerian olive oil [29].

Table 2. Fatty acid methyl esters (in percentage) identified by GC-MS in the monovarietal olive oils
under study.

Cultivars
Fatty Acids Tefahi Chemlal Gelb Elfarroudj Manzanilla Zebboudj
C16:0 12.27 £ 0.04b 15.75+0.02 a 12.70 + 0.05 b 9.97 +0.31 ¢ 11.59 + 0.09 b
Cl6:1(w-7) 0.14 £ 0.01b 035+15a 0.16 £ 0.01 b 0.20 +0.01b nf
C16:1 (w-9) 1.12+0.01b 1.05+022a 121+0.05b 0.57+0.01 ¢ 0.10£0.01d
C17:0 0.03 +0.01b 091 +156a 0.08 +0.02b 0.05+0.04b 0.08 +0.01 b
C17:1 0.05+0.01b 015+ 0.09a 0.10 £ 0.01 b 0.08 £0.01b 0.05 +0.01 b
C18:0 246 +£0.04c 495+0.88a 2.68 +£0.05¢ 239 +0.03 ¢ 427 +0.01b
C18:1(w-7) 317+011a 2.37+055b 348 +0.39a 231+0.11b 1.55+0.03 ¢
C18:1(w-9) 66.93 +0.26 b 59.97 +1.11c¢ 66.03 +0.49 b 749 +035a 26.65 + 0.08 ¢
C18:2(w-6) 1243 +0.17b 9.34+0.33 ¢ 12.10 £ 0.09 b 8.18 £ 0.06 ¢ 48.51+0.02a
C18:3(w-3) 0.84+0.09b 0.83 +0.01b 0.97 +0.10b 0.81 +0.01b 6.35+0.01a
C20:0 0.26 +0.04 a 032+0.01a 0.33+0.03a 027 +£0.02a 0.33+0.01a
C20:1 (w-9) 0.27 £ 0.07 b 0.25+0.01b 0.24 £0.05b 031 +0.02a 0.16 £0.01 ¢
YSFA 't % 15.02b 2193 a 15.69 b 1258 ¢ 16.27b
YMFA % 71.7 a 64.14b 712a 784 a 28.5¢
Y PFA S % 13.27b 10.17 ¢ 13.07b 8.99 ¢ 54.86 a

The results are expressed as mean % = SD of total fatty acid methyl esters (n = 3). *: saturated fatty acid; ¥:
monounsaturated fatty acid; S: polyunsaturated fatty acid; nf = not found. Different letters for each fatty acid
indicate statistical differences at p < 0.05 (Student’s f test) among cultivars.
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3.3. Individual Phenolic Compounds Identification

In our study, UHPLC-HESI-MS was used for identification of the phenolic compounds.
Table 3 shows the calibration data of reference compounds used as external standards in the
UHPLC-HESI-MS characterization.

Table 3. Calibration data of reference compounds used as external standards for identification of

phenolic compounds.

Phenolic Molecular Experimental m/z Retention Li R . )
Compounds Formula [M-H]- Time inear Regression

Tyrosol CgH190, 137.05933 12.05 Y= -124,926 + 8556 x X 0.9937
Hydroxytyrosol CgHy903 153.05438 9.15 Y =-5.29 x 10° + 7.31 x 107 x X 0.9974
”'CZ‘E“‘“ CyHgO3 163.03847 18.30 Y = —-5.83 x 106 + 872 x 107 x X 09959
Caffeic Acid CoHgOy4 179.03392 14.90 Y = -2.65 x 10° + 8.46 x 107 x X 0.9750
Ferulic Acid C1oH1004 193.05026 19.10 Y = -5.99 x 10° + 5.15 x 107 x X 0.9983
Vanillic Acid CgHgOy 167.03388 14.30 Y = 412,147 + 2.85 x 10° x X 0.9812
P 'Hy‘xsi’;ybenz‘"c C;HOs3 137.02304 13.50 Y = 648,298 + 649 x 107 x X 0.9982
Syringic Acid CgHy9O5 197.04519 14.56 Y = 746,927 + 5.54 x 105 x X 0.9852
Cinnamic Acid CyHg0, 147.04049 3.50 Y = -1.69 x 10° + 2.42 x 10° x X 0.9888
Gallic Acid C7HeO5 169.01319 7.45 Y = -1.94 x 10° + 4.30 x 107 x X 0.9968
Pr"t";ﬁ?h“m C;HOy 153.01763 10.35 Y = -2.85 x 106 +2.09 x 107 x X 0.9929
Oleocanthal Cy7Hp0s 303.12387 23.50 Y = -3.19 x 10° + 3.09 x 107 x X 0.9984
Vanillin CgHgO3 151.03867 17.22 —318,221 + 5.02 X 105 x X 0.9994
Pinoresinol CaoH204 357.13445 23.05 =—61,525.2 + 634911 x X 0.9988
Oleuropein Co5H3013 539.17732 20.60 Y =-3.11x10° +3.10 x 107 x X 0.9985
Luteolin Cy5H1006 285.04037 23.30 Y =361 x10° +1.24 x 108 x X 0.9992
Diosmetin C16H1204 299.05621 24.05 Y =1.435 x 108 x X 0.9853
Apigenin Ci5H10s 269.04565 24.00 Y =237 x 107 +2.18 x 108 x X 0.9989
Apigenin-7-glucoside C;HgOs 431.09854 22.90 Y =9.18 x 10° + 7.56 x 107 x X 0.9954

The UHPLC-HESI-MS analysis allowed the identification of 13 phenolic compounds and the class
of secoiridoids is the most represented as shown in Table 4.

Table 4. Phenolic compounds (mgkg ™) identified in the monovarietal olive oils by UHPLC-ESI-MS.

Phenolic Compound Cultivars
Tefahi Chemlal Gelb . Manzanilla Zebboudj
Elfarroudj
Phenolic Hydroxytyrosol 0.41 f f 0.24 Nf
alcohol yaroxytyroso! g a ni ni .Z4a
p-Coumaric acid 0.54b nf 0.61a nf 0.41b
Phenoli Caffeic acid 0.07 ¢ 098 ¢ 1.22a 0.8b 0.72a
e’,‘c‘i’“c Ferulic acid 041a 055¢ 0.68b nft nf
acids Vanillic acid nf nf 0.70 ¢ nf t 143b
p-Hydroxy benzoic acid nf nf 0.42a 0.32¢ 0.45a
Oleacein
(34-DHPEA-EDA) 8.01a 2.50 b 2.30 a 25.16 b nf
Oleocanthal
Secoiridoids (-HPEA-EDA) 2.07b 354c¢ 1.13b 420a nf
Oleuropein aglycon
(34-DHPEAEA) 49.65 a 7.28 a 13.71a 62.67 a 0.13a
Deacetoxy-10-hydroxy
oleuropein aglycon 0.61a 0.18a nf 0.84b nf
(DAc-10-OH Ole Agly);
Elenolic acid 16.88 b 3.70b 172a 3.18b nf
Ligstroside aglycon
(p-HPEA-EA) nf 8.09 ¢ 346 ¢ 1286 a 0.22a
Flavonoids Luteolin 0.83 b 0.54a 0.51b 041a 0.14b

The results are given by the mean value (1 = 3) of independent determinations, including extraction and injection.
Different letters for each phenolic compound indicate statistical differences at p < 0.05. nf = not found.

Monovarietal oil samples showed a very similar phenolic composition. Differences from a
quantitative point of view were recorded, in particular for the portion of the secoiridoids where
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3,4-DHPEA-EA (oleuropein aglycon) was the main compound found. With regard to flavonoid
derivatives, luteolin was detected in all samples, contrary to diosmetin and apigenin-7-glucoside.

The main phenolic compound was 3,4-DHPEA-EA (oleuropein aglycon) with contents varying
from 62.67 mg kg1 to 0.13 mg kg1, together with p-HPEA-EA (ligstroside aglycon) that ranged from
12.86 mg kg ! to 0.22 mg kg~!; 3 4-DHPEA-EDA (oleacein) was found in a range of 2.30 mg kg~! to
25.16 mg l(g‘1 ; p-HPEA-EDA (oleocanthal) showed the highest content (3.54 mg kg‘l) in Chemlal and
the lowest content (2.07 mg kg™!) in Tefahi.

In the group of phenolic acids, the amounts of the compounds were less abundant in olive oils
than the amount of the secoiridoids group. p-coumaric acid, caffeic acid, ferulic acid, vanillic acid, and
p-hydroxybenzoic acid were the phenolic acids found in some of the oils with small amounts.

3.4. Antioxidant Activity and Total Content of Phenolic Compounds

The results of the in vitro antioxidant assays performed on the olive oil phenolic fraction extracts
are summarized in Table 5. They revealed that the oil PFE issued from the Tefahi cultivar was the most
active, while Zebboudj was the least active and did not give any result in 3/5 of the assays (DPPH,
FRAP, and TEAC). There was no significant difference observed between the oil PFE of Tefahi and
Manzanilla cultivars in the results obtained with FRAP, TEAC, and BCB assays and much closer results
were observed in the Folin-Ciocalteu test between the oils of Manzanilla, Chemlal, and Gelb Elfarroud;.

Table 5. Antioxidant activity and total phenolic content of the olive oil phenolic fraction extracts as
measured by means of five in vitro assays.

Folin—-Ciocalteu DPPH FRAI; TEAC BCB
Varieties ug GAEmg-1 mmol TEmg~! Fex?;lg‘] mM TEmg~! IC599, mgml-1
(+SD) (+SD) (+SD) (+SD) (CL95)

Tefahi 237.19 + 23.70 0.70 + 0.08 0.84 +0.12 0.31 +0.07 1.84 (1.52-2.15)
Chemlal 59.24 + 8.99 ** 0.05 + 0.001 ** 0.12 +0.02 ** 0.008 + 0.001 ** 14.81 (12.74-17.21)*

Gelb Elfarroudj ~ 48.94 + 5.65 ** 0.03 + 0.004 ** 0.044 + 0.002* 0.020 + 0.003 ** 8.46 (7.41-9.66)*

Manzanilla 46.32 £9.10 ** 0.22 +0.06 ** 0.34 +0.20 0.37 +0.02 6.54 (5.36-7.99)

Zebboudj 3734+ 471 - - - 7.44 (5.62-9.84)

Results are expressed as mean + SD of three experiments for DPPH, FRAP, and TEAC tests, and as 50% mean
inhibition concentration (ICs) with confidence limits (CL) at 95% for the BCB assay. GAE: Gallic acid equivalents;
TE: Trolox equivalents. * p < 0.05; ** p < 0.01 versus Tefahi oil phenolic fraction extract.

4. Discussion

The qualitative parameters of the studied oils highlight very high values which bring into question
their quality. In particular, Zebboudj, Manzanilla, and Gelb Elfarroudj oils had high values of free
acidity (0.75-1.25 g of oleic acid 100 g™! of oil), which could be connected with the prolonged ripening
before the olive harvest.

The amount of phenolic compounds in EVOO is an important factor when evaluating its quality,
given that the natural phenols improve its resistance to oxidation, and to a certain extent, are responsible
for its sharp bitter taste.

In this study, for the first time, the composition of secoiridoids in olive oils of some Algerian
cultivars was analyzed with UHPLC-HESI-MS. The most abundant secoiridoids of the olive oil
analyzed were the aglycones of oleuropein and ligstroside, and these results agree with previous data
found for Algerian Chemlal olive oils [30,31]. In general, all the samples showed lower concentrations
of oleocanthal, if compared to the other cultivars of the countries of the Mediterranean basin [19,20].

We suggest that the composition in phenolic compounds of the oils under study could be higher if
the harvesting time is done earlier; previous studies demonstrated that olives have the highest phenolic
compound content at the phase between green and darker skin [13,32]. The extraction of olive oil from
black olive fruits was justified by the Algerian producers in that it allows them to get better olive oil
yield [33].
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The phenolic compounds are known to contribute to antioxidant/radical scavenging activity; their
concentrations have a relationship with the percentage of radical inhibition [34]. Consequently, the
lack of antioxidant activity in some experiments when testing Zebboudj oil PFE could be explained by
the low concentration of phenolic compounds. However, Zebboudj oil PFE demonstrated good BCB
results, probably due to the presence of vanillic acid, since previous studies reported its antioxidant
and protective effects on the peroxidation of lipids [35].

The antioxidant activity of Tefahi oil PFE may be related to its composition in secoiridoids mainly
due to oleuropein aglycon (3,4-DHPEA-EA) and elenolic acid. The antioxidant activity of Manzanilla
oil PFE is probably due to the presence also of high amounts of secoiridoids, mostly oleuropein
aglycon (3,4-DHPEA-EA) and ligstroside aglycon (p-HPEA-EA). We noticed that in both Tefahi and
Manzanilla, there were high amounts of oleuropein aglycon (3,4-DHPEA-EA), a hydrophilic secoiridoid
that demonstrated in other works a metal-chelation and a free-radical-scavenging action [36]. Some
other phenolics may contribute to the antioxidant activity with their remarkable presence such as the
phenolic acid oleacein (3,4-DHPEA-EDA) in both Tefahi and Manzanilla oil PFE.

In another study about the Manzanilla cultivar growing in Australia, the authors reported amounts
of caffeic acid (0.46 mg kg!) less than the amounts found in this study (0.8 mg kg~!), whereas they
detected other compounds that we could not find such as vanillic and ferulic acids. The same study
reported that a significant gradual decrease was noted in major polyphenolic compounds in the later
harvest stage [37].

Other authors tested the antioxidant activity of Algerian olive oils (cultivar Chemlal and Olea
europaea L. subsp. Oleaster) extracted using laboratory technics instead of extraction in the mill,
and the results of antioxidant activity were higher with respect to our results [30,38]. Unfortunately,
there are no studies on the composition and antioxidant activity of olive oils from Algerian cultivars
growing in the same region of our study (Setif and Batna); for this reason, it is difficult to compare the
results. Certainly the region of cultivation of the various cultivars plays a decisive role in the chemical
characteristics of the oils produced [39].

The technics used in the commercial mills for the extraction of olive oil may play also a crucial role
in the olive oil quality such as the malaxation temperature. In literature it was reported that a significant
increment of total phenols concentration was found with a maximum at 27 °C, whereas for higher
temperatures (30-36 °C), a progressive decrement was observed [40]. The malaxation temperature
used in the commercial mill in this study was 30 °C; we suggest that reducing this temperature may
give better olive oil quality.

In our study, the olive oils were obtained with the method used from local producers in Algeria.
This method did not give us a very high olive oil quality. In general, to produce EVOOs with high
quality which reinforces its enhancement in the international market, a better knowledge of the local
cultivars and the best agronomic techniques are necessary.

5. Conclusions

Antioxidant activity as well as fatty acids composition, phenolic acids, and secoiridoids content
of some Algerian monovarietal olive oils were investigated. The results indicate that the quality
parameters are acceptable for all oils, except for Zebboudj oil. The most important results from
the chemical point of view were the phenolic portion. Manzanilla reported the greatest quantity of
secoiridoids in particular as regards oleuropein aglycon, ligstroside aglycon, and oleacein (62.67 mg
kg1, 12.86 mg kg~!, and 25.16 mg kg !, respectively). Tefahi oil showed quality parameters in line
with international regulations, an appreciable content of monounsaturated fatty acids (66.93%) but
modest levels of oleuropein aglycon (49.65 mg kg™!) and other secoiridoids if compared to those of
other oils of the Mediterranean areas. The antioxidant activity of Tefahi oil was found to be the best
among the cultivars used. This study constitutes a starting point for the diffusion and marketing of
Tefahi monovarietal oils due to their phenolic content and antioxidant capacity.
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This is just a preliminary report since only a single sample from each cultivar was investigated.
However, a more in-depth study must be done on agronomic techniques and ripening stage before
the olive harvest takes place, which has been shown to have great influence on the quality of the
oils produced.
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Abstract: Today, consumers are very concerned regarding food quality, nutritional composition and
positive health effects of consumed foods. In this context, the preference and consumption of organic
products has been increasing worldwide. In the present work, sweet peppers in two maturation stages
(i.e., green and red peppers) from organic and conventional production systems were evaluated in
regards to phenolic composition and antioxidant activity. Nine phenolic compounds were identified
and quantified by a high-performance liquid chromatography-diode-array detector (HPLC-DAD),
namely resveratrol, meta-coumaric acid, ortho-coumaric acid, clorogenic acid, caffeic acid, myricetin,
rutin, luteolin-7-O-glucoside and quercitin-3-O-rhamnoside. In contrast to the production system,
the maturation stage showed a pronounced significant effect on the phenolic composition of the studied
sweet peppers; in general, green peppers possessed higher contents than red ones. Meta-coumaric
acid, ortho-coumaric acid and quercitin-3-O-rhamnoside were more abundant in green conventional
peppers and chlorogenic acid, caffeic acid and rutin were found in higher levels in red organic
peppers. Regarding the antioxidant activity, green conventional peppers showed the highest DPPH,
ABTS®** and total reducing capacities, while red conventional peppers had higher TEAC values.
Finally, principal component analysis showed that the phenolic composition together with the
antioxidant capacities could be used to differentiate the production system and the maturation stage of
sweet peppers. This finding confirmed that both factors influenced the peppers’ phenolic composition
and antioxidant capacity, allowing their possible use as maturation-production biomarkers.

Keywords: phenolic compounds; resveratrol; linear discriminant analysis; production—maturation
mode discrimination

1. Introduction

Sweet pepper (Capsicum annuum L.), is one of the most popular and consumed vegetables around
the world. The high diversity of fruit forms and colors, in many cases related to its maturation degree,
and also its pungency, specific taste and/or distinct aroma make sweet peppers very popular and an
excellent ingredient to be included in many types of diets and dishes with high attractiveness for
several types of consumers [1].

Agriculture 2020, 10, 652; doi:10.3390/agriculture10120652 www.mdpi.com/journal/agriculture
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In the last decades, there has been an increasing concern by consumers for healthier, safer and
high-quality foods produced under environmentally friendly practices and economically fair modes.
In this sense, the worldwide demand for organic products has increased, and is expected to undergo
a sharper increase in the coming years [2-4]. Consumers believe that organic products are of better
quality, tastier, with high amounts of vitamins and other healthy compounds and are consequently more
nutritious, and these perceptions are the main driver of the observed increase in preference for organic
products [5]. This perception is usually related to the fact that the use of chemical fertilizers or synthetic
plant protection products are not permitted in organic farming [6-8], being in-line with the reported
higher levels of bioactive compounds reported for organic compared to conventional sweet peppers [8,9].
Sweet peppers are, in general, recognized as a potential food source of vitamins, phenolic compounds,
carotenoids and flavonoids, which possess known positive health effects [8,10]. Besides the agronomic
production system [11-16], the richness in bioactive compounds (e.g., carotenoids and phenolic
compounds) and the related antioxidant capacities greatly depend on the sweet peppers’ cultivar [17-20]
and on the fruits’ maturation stage [10,21]. Several phenolic compounds have been detected and
quantified in sweet peppers. The phenolics have been detected in both free and bound forms [20].
Depending on the cultivar, production system, maturation stage, environmental-climatic conditions and
geographical origin, several phenolics have been found, including flavonoids and hydroxycinnamic
acids. In fact, apigenin, caffeic, chlorogenic, ferulic, p-courmaric, p-hydroxybenzoic, rosmarinic,
sinapic and vanillic, acids, naringenin, quercetin-3-O-glucoside and luteolin have been found in
different levels, not always considering the effect of some of the above mentioned factors [16,18-27].

Therefore, it still is of utmost interest to assess the specific phenolic composition of different sweet
pepper cultivars, as well as to establish the possible effects of the production system and maturation
stage. Indeed, it has been previously reported that the phenolic profiles alone or coupled with other
chemical data (e.g., volatile fraction composition and antioxidant activity data, among others) allowed
for differentiating peppers’ cultivars [26,28], such as red pepper cultivars grown under different shade
and controlled-temperature conditions [20], fresh and cooked sweet peppers of two cultivars [27],
sweet and hot peppers [29] as well as fresh and dried red peppers grown under conventional or organic
systems [16]. Recently, the research team has shown that chemical-sensory data and potentiometric
signal profiles, recorded using a lab-made electronic tongue could be satisfactorily used as biomarkers
of sweet peppers” agronomic production system (organic versus conventional) and the maturation stage
(green versus red fruits) [30]. In the present work, we intended to evaluate the effect of the production
system (organic and conventional) and maturation stage (green and red colors) on the phenolic
composition and on the antioxidant activity of sweet peppers from the Entinas variety. These effects
were further evaluated based on unsupervised (principal component analysis, PCA) and/or supervised
(linear discriminant analysis, LDA) pattern recognition techniques. To limit/overcome the known
influence of non-controlled external factors (e.g., sweet pepper varieties, agro-climatic conditions,
soil compositions, harvest time-periods, among others), the study was limited to a single pepper variety
grown by two producers within the same geographical area. This option allowed a deep evaluation
of the two factors under study (production system and maturation stage), although it posed some
additional difficulties in establishing an optimal and general study model.

2. Materials and Methods

2.1. Sweet Peppers Production System and Sampling

For this study, two different sweet peppers (Capsicum annuum L.) producers were selected.
Both producers, one organic and one conventional, were located near Coimbra, in the center region of
Portugal with around one kilometer of distance between fields. The organic producer followed the
organic production European Commission guidelines [6], and the conventional producer followed
the conventional rules of agricultural production without the limitations of use of pesticides and
fertilizers. The peppers’ producers were selected taking into account some aspects, namely, soil with
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similar physical and chemical characteristics. Soil of both fields was analyzed before the experiment.
The organic field presented a pH value of 6.4, organic matter 1.5%, 105 mg P,Os kg~! (available P)
and 156 mg K,O kg‘1 (available K), whereas the values for the conventional field were 6.0 for pH,
1.8% for organic matter, 181 mg P,Os kg™! for available P and 134 mg K,O kg~! for available K.
The production occurred in open field conditions. The planting of sweet pepper seedlings, from the
Entinas variety, was performed in the last days of May 2018. The number of plants per hectare was
22 222 (75 cm between rows, 60 between plants). In both fields, plants were drip-irrigated with water
from Mondego River, with a flow rate of 2.66 L s™! per emitter during 20 min every two or three
days according to the climatic conditions. In the organic field, nutritional requirements were supplied
by the incorporation of 29.6 t ha™! (5.8 g of N kg~!, 2.8 g P,Os5 kg~! and 5.3 g K,O kg™') of horse
manure on soil before planting. In the conventional field, chemical fertilizers were used at a rate of
700 kg ha™! before sweet pepper planting. The fertilizer was composed of 7% N, 14% P,Os, 14% K,O,
3% Ca0, 2% MgO, 9% SO3 and 0.02% B; this was reinforced in late July with 300 kg ha™"! of a fertilizer
composed of 27% N and 4% CaO. A phytosanitary treatment was applied against aphids (100 g L™! of
deltamethrin) in the conventional field. The harvest of sweet peppers occurred in the second week of
September 2018, and from each production system (organic and conventional) two different maturation
stages were selected. The first, green, corresponds to completely developed fruits that have reached
the requirements to be collected; and the red corresponds to an advancement of maturation when
fruits are completely red. For each production system and each color, five independent 2 kg samples
were collected, for a total of 20 independent samples. Afterward, the fruits were transported to the
laboratory, washed, had all non-edible parts removed, frozen at —20 °C and lyophilized until analysis.

2.2. Sweet Peppers Phenolic Compounds Evaluation by High-Performance Liquid
Chromatography-Diode-Array Detector (HPLC-DAD)

The evaluation of the phenolic composition of sweet pepper samples was performed using a
solid-liquid extraction followed by a high-performance liquid chromatography (HPLC)-diode-array
detector (DAD) injection to identify each phenolic present in each sample. The extraction of phenolic
samples was performed by mixing 40 mg dried powder (dw) of each sample with 950 uL of 70%
methanol and 50 uL of internal standard (naringin). Each mixture was agitated thoroughly in a vortex
and placed in a thermoblock at 70 °C for 45 min, and then centrifuged (Centrifuge 5804 R, Eppendorf,
Hamburg, Germany) at 4000 rpm for 15 min. The extracts were then filtered (Fisherbrand & 90 mm)
and supernatants transferred to amber vials and stored at —20 °C (Chromacol 2-SVWK(A)ST-CPK,
ThermoScientific, Langerwehe, Germany) until further analysis. The HPLC-DAD system used was
a Gilson HPLC (Villers-le-bel, France) equipped with a Finnigan/Surveyor DAD (Thermo Electron,
San Jose, CA, USA, C18 column (250 x 4.6 mm, 5 um) (ACE, Aberdeen, Scotland) with an eluent
composed of water with 0.1% of trifluoroacetic acid (TFA) (solvent A) and acetonitrile with 0.1% TFA
(solvent B) and a flow rate of 1 mL min~!. The gradient used started from 0% solvent B at 0 min,
0% solvent B at 5 min, 20% solvent B at 15 min, 50% solvent B at 30 min, 100% solvent B at 45 min,
100% solvent B at 50 min, 0% solvent B at 55 min and 0% solvent B at 60 min. The chromatograms
were recorded at 254, 280, 320 and 370 nm. The identification of phenolics was based on their peak
retention times, UV spectra and UV max absorbance bands in comparison with commercial standards
(resveratrol, meta-coumaric acid, ortho-coumaric acid, chlorogenic acid, caffeic acid, myricetin, rutin,
luteolin-7-O-glucoside, quercitin-3-O-ramnoside; Extrasynthese, Genay, Rhone, France) and literature.
Phenolics were quantified using the internal standard method and the results expressed in pug g~ dw
as the mean + standard error of three replicates.
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2.3. Sweet Peppers Antioxidant Activity Assays

2.3.1. Preparation of Extracts

The different samples were split according to the production system (organic and conventional) and
maturation stage (green and red). All peppers were washed, cut, cleaned of seeds, frozen in plastic bags
and then freeze-dried. Afterward, the extraction was performed using 600 mg of freeze-dried sample in
150 mL of water-methanol solution (70:30, v/v), at 70 °C for 45 min. Afterward, methanol was removed
using a rotary evaporator (Stuart Re300), and the remaining water was removed by freeze-drying
until a dry extract was obtained. Typical electron transfer antioxidant-based assays were performed,
including DPPH, ABTS** and TEAC.

2.3.2. Determination of the Blocking Effect of 2,2-Diphenyl-1-Picrilhhydrazyl Free Radicals (DPPH)

The evaluation method used to detect the ability to block DPPH free radicals from pepper extracts
was described by Hatano et al. [31]. Thus, 0.3 mL of extract with predetermined concentrations of each
sample was mixed with 2.7 mL of a methanolic solution containing DPPH radicals (6 x 107> mol L)
(Sigma—-Aldrich, St Louis, MO, USA). The mixture was vigorously stirred and left to stand in the dark
at room temperature for 60 min, until stable absorbance values were obtained. The spectrophotometric
reading was done at 517 nm in a UV-Visible UV-1280 spectrophotometer model Shimadzu and the
results were presented as a percentage of DPPH discoloration, using the following equation:

% Blocking effect = [(ADPPH — AA)/ADPPH] x 100

The antioxidant activity values corresponding to the absorbance of the solution with the sample
extract and the ADPPH values the absorbance of the DPPH solution (white).

2.3.3. Radical Scavenging Activity (ABTS**)

The formation of the ABTS radical [2,2"-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)] is the
basis of one of the spectrophotometric methods that has been applied to measure the antioxidant
activity of products. The peppers’ radical scavenging activity was carried out following the method
of Sanchez et al. [32] with some modifications described below. To prepare the solution, 25 mL of
ABTS** solution was used. The radical was generated using 0.440 mL of the potassium persulfate
solution; after stirring, it was placed in the dark for 12 to 16 h. The solution was diluted with absolute
ethanol until an absorbance of 0.70 + 0.02 was obtained, read at A = 734 nm. Once the radical was
formed, 2 mL of ABTS®** solution was mixed with 0.1 mL of the sample with the previously determined
concentration. After 6 min of reaction, each sample was read at 734 nm on a Shimadzu UV-Visible
UV-1280 spectrophotometer. The results were presented in percentage of ABTS** discoloration using
the same equation presented in the free radical blocking effect (DPPH) method.

2.3.4. Reducing Power

To perform the assessment of the reducing power of the extracts, the method described by Berker
et al. was used [33]. Thus, 1 mL of the extract solution was used, 2.5 mL of 0.2 M sodium phosphate
buffer solution with a pH of 6.6 and 2.5 mL of potassium ferrocyanide (K3Fe(CN)g) to 1%. The formed
mixture was stirred and incubated at 50 °C for 20 min in a water bath. After cooling the samples,
2.5 mL of 10% (w/v) trichloroacetic acid was added and stirred vigorously. After this, 2.5 mL of the
mixture supernatant was removed and 2.5 mL of distilled water and 0.5 mL of 0.1% iron (III) chloride
were added. After the mixture with all the necessary reagents was ready, we waited for 2 min and the
reading to assess the reducing capacity was made at 700 nm absorbance. The results obtained were
expressed in mg Trolox per g of sample.
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2.4. Statistical Analysis

One-way ANOVA was applied to discuss the statistical significance of the agronomic production
system-maturation stage effect on the individual and total phenolic composition as well as on the
antioxidant radical scavenging activity. In the case that a statistically significant effect was detected
(i.e., p-value < 0.05) the post-hoc multi-comparison Tukey’s test was further used to identify which
levels were or were not significantly different. Boxplots were used to visualize the statistical results.
As usual, the 1st, 2nd (median) and 3rd quartiles were plotted and the box bars represented the values
that are within the 1st and 3rd quartiles. Additionally, whiskers were plotted (vertical lines) from the
middle of the top and bottom edges of each box. The whiskers were 1.5 times the inner quartile spread
in length, being measured from the median. The whiskers provided an arbitrary cutoff point to identify
data points that were possible outside values. Minimum and maximum values that fell outside the
whisker range were plotted (dot symbols) and symbolized possible extreme values or outliers.

In addition, the differentiation/discrimination of the agronomic production system and/or fruit’s
maturation stage was also evaluated (unsupervised and supervised classifications) using, respectively,
the principal component analysis (PCA) or the linear discriminant analysis (LDA). The unsupervised
differentiation performance was evaluated using 3D-plots of the first three principal components
(PCs). The supervised classification technique was implemented together with the simulated annealing
(SA) algorithm (i.e., a variable selection meta-heuristic algorithm) to choose the non-redundant
variables with the most discrimination potential and to minimize noise effects [34,35]. The predictive
performances of the LDA-SA models were checked using two cross-validation (CV) variants, namely the
leave-one-out cross-validation (LOO-CV) and the repeated K-fold-CV (with 10 repeats and K set equal
to 4, allowing that 25% of the data were used for validation purposes at each iteration). For both variants,
the percentage of correct classifications (i.e., the model’s sensitivity) was calculated. The statistical
analysis was performed using the Subselect [35] and MASS [36] packages of the open source statistical
program R (version 2.15.1), at a 5% significance level.

3. Results and Discussion

3.1. Phenolic Composition of Entinas Sweet Peppers

Nine phenolic compounds (caffeic, chlorogenic, m-coumaric and o-coumaric acids,
luteolin-7-O-glucoside, myricetin, resveratrol, rutin and quercetin-3-O-rhamnoside) were detected
by HPLC-DAD in all the studied Entinas sweet pepper samples grown under both conventional
and organic systems and at the two maturation stages (green and red peppers). The contents
(in ug g~! dw) of the nine phenolic compounds quantified in Entinas peppers are shown in Figure 1
as well as in Table S1, according to the maturation stage (green and red peppers) and the agronomic
production system (conventional and organic systems). The less abundant phenolic was m-coumaric
acid (red organic peppers with a mean content of 1.15 pg g~! dw) and the most abundant one
was luteolin-7-O-glucoside (green conventional peppers with a mean content of 458.54 pg g~!
dw). Although the cultivar, production system, fruits’ maturation stage, environmental-climatic
conditions and post-harvest treatments significantly influence the peppers” phenolic composition
and contents, in general, the identified phenolics and respective levels found for the Entinas
peppers were in-line with the wide range of values previously reported for other sweet pepper
cultivars [16,19-21,23,25-27,37]. As can be visualized, for each phenolic compound, the contents
varied within each production system—maturation stage group. Still, significant statistical differences
(p-values < 0.05, for one-way ANOVA) were found among the contents of the individual phenolic
compounds of green and red peppers grown under conventional or organic systems. Green peppers
had higher contents of chlorogenic, m-coumaric and o-coumaric acids, as well as of resveratrol,
myricetin, luteolin-7-O-glucoside and quercetin-3-O-rhamnoside compared to red peppers; these two
latter phenolics were the most abundant ones. This finding pointed out that, with the exception of
caffeic acid and rutin, maturation promoted a significant decrease of the abundance of the majority of
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the individual phenolic compounds. Similar trends were reported for total phenolic contents decreasing
with the ripening type in different pepper cultivars [38,39]. The observed decreasing trend could be
tentatively attributed to the synthesis of amino acids (e.g., phenylalanine, tyrosine, among others),
in the early stage of fruit ripening, which enter the metabolic pathway of the shikimic acid, acting as
precursors of phenolic acid formation, leading to possible higher contents in green fruits. However,
other works also showed that the phenolic content trend (decrease or increase) with the maturation
stage could be cultivar-dependent [40]. Indeed, an increasing trend of the total phenolic contents (TPC)
with the ripening time was described for green and red bell peppers [41].
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Figure 1. Individual phenolic compounds quantified (in ug g~! dw), by High-Performance Liquid
Chromatography-Diode-Array Detector (HPLC-DAD), in sweet pepper samples according to the
maturation stage (green or red peppers) and agronomic production system (conventional or organic
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systems). Box bars represent the values that are within the 1st and 3rd quartiles and the horizontal line
represents the 2nd quartile (median). Vertical lines from the middle of the top and bottom edges of
each box represent the whiskers. Dot points represent minimum or maximum values that fall outside
the whisker range (extreme values or outliers). Different lower case letters mean significant statistical
differences (p-value < 0.05) among maturation—production levels.
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On the other hand, although several studies reported that peppers grown under the organic
system were richer in phenolics, namely in total phenol content compared to those grown under
the conventional system [8,9,14,16], the results of the present study (Figure 1) show that, sometimes,
conventional peppers possessed greater contents of some individual phenolic compound.

In fact, Entinas peppers produced in the conventional system had higher contents of m-coumaric
and o-coumaric acids, myricetin, luteolin-7-O-glucoside and quercetin-3-O-rhamnoside, but lower
contents of caffeic acid, resveratrol and rutin, compared to those grown under the organic system.
However, Marin et al. [22] observed slight differences among the contents of individual and total
phenolic compounds of green and red peppers cultivated under organic, integrated or soil-less systems.

The opposite findings reported in the literature, together with those of the present study clearly
show the difficulty in attempting to establish a priori the effects of the agronomic production system
and/or maturation stage on the phenolic composition of sweet peppers, pointing out the relevance of
factors such as cultivar, environmental-climatic conditions and post-harvest treatments. If an optimal
and general evaluation model was envisaged, a broader study would be needed, which should take
into account different sweet pepper varieties grown in different geographical regions under different
agronomic practices and subjected to different climatic conditions. However, several evaluation
difficulties would arise from such a wide-ranging approach, leading to a complex data analysis where
main conclusions could be hard to identify and further extrapolate to other practical cases.

3.2. Antioxidant Activity and Total Phenolic Content of Entinas Sweet Peppers

The total phenolic contents (TPC), calculated as the sum of the individual contents of the detected
phenolics, as well as the antioxidant activities (DPPH, in %; ABTS®*, in %; and TEAC, in mg Trolox g‘l)
of the Entinas sweet peppers are shown in Figure 2, according to the production system (conventional
and organic) and maturation stage (green and red). The mean TPC values varied from 656 to
1400 pg g~! dw for red and green conventional peppers, respectively, which is in agreement with
the wide range of literature values determined using either spectrophotometric (Folin-Ciocalteu
based-method: 300-7700 pg g~1) [21,27,41-43] or chromatographic assays (LC coupled or not with MS:
1204000 pg g~') [16,20,27]. These values greatly depend on several factors, including, pepper cultivar,
production system, environmental-climatic conditions, maturation stage and post-harvest treatments.
Similarly, red and green conventional peppers showed, respectively, the lowest and highest mean
DPPH (varying from 55% to 71%) and ABTS** (ranging between 45% and 61%) radical scavenging
activities. An opposite finding was observed for TEAC, for which red conventional peppers had the
greater values (11 mg Trolox g~1) and green conventional peppers had the lower ones (8 mg Trolox g™ 1).
It should be noted that the DPPH values found are in accordance with the values reported by several
research teams (varying from 45% to 87%) for different pepper cultivars at different maturation stages
and grown under different agronomic systems [43—45].

Opverall, green peppers had significantly greater DPPH and ABTS®* activities compared to
red peppers, probably due to the higher TPC, but showed lower TEAC. Thus, the TPC and
antioxidant activity were favored by early maturation stage of Entinas peppers. By contrast,
Lutz et al. [42] and Cisternas-Jamet et al. [41] observed an increase in the DPPH activity with ripening.
Regarding the oxygen radical antioxidant capacity (ORAC), a similar increasing trend was found
by Lutz et al. [42], although no clear effect of maturity was observed by Cisternas-Jamet et al. [41].
In addition, Marti et al. [46] did not find significant changes in the total antioxidant activity between
green and red peppers of different cultivars. It should be noted that DPPH and ABTS®* radical
scavenging activity as well as the ferric reducing antioxidant power assay (FRAP) are greatly
cultivar-dependent [21,27,43,47,48], which can partially explain the different trends found in the
present study as well as in the literature. Concerning the agronomic production system effect on the
radical scavenging activity, conventional peppers showed the highest TPC and TEAC but lower DPPH
and ABTS®* activities, compared to organic peppers.
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Figure 2. Antioxidant activities (DPPH, in %; ABTS®**, in %; and, TEAC, in mg Trolox g‘l) and total
phenolic contents (TPC) (sum of individual phenolics, in pg g~ dw) of sweet peppers according to the
maturation stage (green or red peppers) and agronomic production system (conventional or organic
systems). Box bars represent the values that are within the 1st and 3rd quartiles and the horizontal line
represents the 2nd quartile (median). Vertical lines from the middle of the top and bottom edges of
each box represent the whiskers. Dot points represent minimum or maximum values that fall outside
the whisker range (extreme values or outliers). Different lower case letters mean significant statistical

differences (p-value < 0.05) among maturation—production levels.

3.3. Unsupervised and Supervised Entinas Peppers Differentiation Based on the Phenolic Profile and
Antioxidant Radical Scavenging Data

The possible use of the phenolic composition (individual and total contents) and/or the related
radical scavenging activity (DPPH, ABTS** and TEAC) data to act as possible biomarkers of Entinas
peppers production system/maturation stage was further evaluated using unsupervised (PCA) and
supervised (LDA) multivariate pattern recognition techniques. Previously these statistical techniques
have been applied, for example, to differentiate pepper cultivars/maturation stage based on the
phenolic composition [26], although different cultivars/maturation stages were grouped into the
same clusters; or to distinguish fresh and dried peppers grown under conventional or organic
systems [16], although in this case, the use of both phenolic and aroma compounds was required.
Recently, the production system—maturation stage of Entinas peppers could be identified using
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chemical-sensory data or potentiometric signal profiles, recorded using a lab-made taste sensor
device [30]. As reported by Guilherme et al. [30], LDA classification models could be established
using non-redundant independent parameters selected by the simulated annealing (SA) algorithm,
allowing the correct classification of 80-90% of the studied samples (leave-one-out cross-validation,
LOO-CV). In the present study, the possibility of assessing the production system—maturation stage of
Entinas peppers, based on the phenolic composition and antioxidant capacity was further evaluated
using PCA and LDA-SA approaches.

Figure 3 shows the 3D-PCA plots based on the individual (caffeic, chlorogenic, m-coumaric and
O-coumaric acids, luteolin-7-O-glucoside, myricetin, resveratrol, rutin and quercetin-3-O-rhamnoside)
and total phenolic contents (TPC) together with the radical scavenging activities (DPPH, ABTS** and
TEAC). As can be inferred, the three first principal components (1st, 2nd and 3rd PCs), which explained
80% of the total data variance, allowed a satisfactory differentiation of the studied Entinas peppers
either considering simultaneously the production system-maturation stage (Figure 3a), or taking into
account each factor separately (Figure 3b,c, for production system or maturation stage, respectively).
Moreover, from a qualitative point of view, it is also clear that the abovementioned data would enable
a better recognition of the maturation stage compared to the production system, pointing out that the
phenolics composition and related antioxidant activities are more influenced by peppers’ maturation.
To identify the parameters that had the higher discriminant power, LDA-SA models were established
for each aim, i.e., to simultaneously discriminate the production system—maturation stage or each
factor per se.
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Figure 3. Unsupervised differentiation (3D principal component analysis (PCA) plots) of Entinas
sweet peppers based on the nine individual phenolics detected by HPLC-DAD (caffeic, chlorogenic,
m-coumaric and o-coumaric acids, luteolin-7-O-glucoside, myricetin, resveratrol, rutin and
quercetin-3-O-rhamnoside, 11g g~! dw), total phenolic content (TPC, ug g~! dw) and radical scavenging
activity data (DPPH, in %; ABTS**, in %; and, TEAC, in mg Trolox g’l): (a) according to the agronomic
production system (organic and conventional) and the maturation stage (green and red peppers);
(b) according to the agronomic production system (organic and conventional) independently of the
maturation stage; (¢) according to the maturation stage (green and red peppers) independently of the
agronomic production system.

For the simultaneous discrimination of the four production system—maturation stage levels a
LDA-SA model with three discriminant functions was established based on seven non-redundant
parameters (resveratrol, m-coumaric acid, chlorogenic acid, myricetin, quercetin-3-O-rhamnoside,
TPC and TEAC) selected by the SA algorithm. The classification model allowed the correct classification
0f 100%, 75% and 76 + 16% of the peppers, for the original data grouped (training), LOO-CV and repeated
K-fold-CV (predictive internal validation variants). Although 5 of 20 peppers were misclassified,
it should be remarked that, the misclassification occurred between the production system within
the same maturation stage (i.e., green and red peppers were always correctly classified). Therefore,
to further confirm this finding, LDA-SA models were also developed for predicting the peppers’
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production system or maturation stage. For the production system, classification models with one
discriminant function were obtained based on four non-redundant parameters (o-coumaric acid,
chlorogenic acid, myricetin and DPPH). This model had sensitivities (i.e., correct classifications) of
100%, 90% and 89 =+ 11% for the original data grouped, LOO-CV and repeated K-fold-CV. In this case,
only 2 of the 20 peppers were misclassified, with one sample of each production system misclassified.
Finally, for the maturation stage, a model with one discriminant function was also established based
on only three phenolic compounds (resveratrol, m-coumaric acid and myricetin), which allowed
100% of correct classifications for training and both predictive cross-validation variants. The overall
results clearly show that maturation stage could be easily predicted based on the peppers’ phenolic
composition; this was also reliable for the assessment of the production system. Thus, phenolic and
antioxidant data could be used as a preliminary peppers classification tool. However, for taking into
account both factors simultaneously (i.e., production system and maturation stage) a data fusion
approach, using other physicochemical data would be required.

4. Conclusions

The study carried out confirmed that the production system, as well as the maturation stage has
a significant effect on the phenolic profile and on the antioxidant capacity of Entinas sweet peppers.
Regarding the Entinas cultivar, it was observed that a lower maturation degree (i.e., green peppers)
promoted the increase of the total phenolic content, the DPPH-radical scavenging activity and the
bleaching of the ABTS radical cation, but a lower TEAC. Regarding the individual phenolic levels,
the maturation effect greatly depended on the specific phenolic compound. Concerning the agronomic
production system, the conventional system seemed to enhance the overall phenolic-antioxidant
richness of the studied Entinas peppers, although this trend was not observed for all individual
phenolics. Finally, the chemometric evaluation performed allowed us to verify that Entinas peppers’
phenolic-antioxidant levels could be satisfactorily used as discrimination biomarkers for both
production system and maturation stage; this finding is more visible for the maturation stage
recognition. Nevertheless, it should be emphasized that the abovementioned conclusions were
established for a specific sweet pepper variety grown within a narrow geographical region and so,
any extrapolation should be carefully made if different varieties grown under different agro-climatic
conditions are considered in the future. Indeed, to establish an optimal and general model, other
external factors must be included in a future study.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0472/10/12/652/s1,
Table S1: Individual phenolic compounds and total phenolc compounds quantified (in ug g~! dw), by HPLC-DAD,
and antioxidante activitires (DPPH, in %; ABTSe+, in %; and, TEAC, mg Trolox/g), mean + standard deviation of
10 individual samples, in sweet pepper samples according to the maturation stage (green or red peppers) and
agronomic production system (conventional or organic systems).
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Abstract: Maize grain is an important source of human and animal feed, and its quality can be affected
by management practices and climatic conditions. This study aimed to evaluate the concentration
and composition of starch, protein and oil in grain of maize cultivars in response to different
planting dates (20 June and 21 July), irrigation (12-day and 6-day intervals) and nitrogen rates (0 and
184 kg N ha—1). The first two principal components (PCs) accounted for 84.5% of the total variation.
High N fertilization increased protein (by 6.0 and 10.9 g kg~!) and total nonessential amino acids
(by 3.4 and 2.4 g kg~ 1) during 2018 and 2019, respectively. With the high irrigation rate, the high N
rate increased oil, total unsaturated fatty acids, and starch and amylopectin, whereas with the low
irrigation rate, there was no effect of the N rate. With earlier planting, total saturated fatty acids were
higher. The findings highlight the complicated relationship between the different factors and how
they affect quality characteristics of maize grain. There was a large impact of year, which to a great
extent cannot be controlled, even in this environment where water supply was controlled and rainfall
did not affect the results.

Keywords: amino acids; fatty acids; oil; protein; starch; Zea mays L.

1. Introduction

Dent maize (Zea mays L. var. indentata) is cultivated because of its various end uses
including livestock nutrition, human consumption and ethanol production [1].

The mature grain of dent maize is composed of storage components including 60%
to 72% starch [2], 8 to 11% protein [3] and 4 to 6% oil [1]. Amylose and amylopectin
are glucose storage polymers that can alter physicochemical properties of starch [4]. The
optimal amylose-amylopectin ratio differs depending on the purpose of use. While high-
amylose maize grain is a good source to supply resistant starch for food industries [5], high-
amylopectin grain can be appropriate for livestock feeding because it is easier to digest [6].
For poultry diets, amylose content is significantly correlated with lower digestibility or
higher resistant starch content because of a very compact physical structure [7].

Protein of cereals is critically important with regards to nutritional quality. Protein
is relevant in terms of its overall concentration, and the essential and nonessential amino
acids and their ratios [8]. Diets with essential amino acids as the only N source are
used less efficiently than diets with an optimal ratio of essential to nonessential amino
acids [9], which affects the amount of N losses from poultry excrement [10]. Saturated
and unsaturated fatty acids and their distribution in triacylglycerol molecules are also
important compositional factors of crude fat or oil to estimate metabolizable energy values
in animal diets and oil nutritional value for human consumption [11].
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The abovementioned compositional factors, as substantial dimensions of cereal grain
quality are strongly affected by the genetic potential, the growing environment and agri-
cultural practices [12,13]. Among agronomic practices, key strategies include cultivar
selection [14]; water regimes [15]; nutritional status, especially N utilization [8]; and
edaphic and climatic conditions, in particular, temperature changes due to year, location
and planting date [16]. The effect of these factors on grain quality is more complex than
yield. As an example, apart from interspecies differences, reports have shown that higher
N rates reduced rice cooking quality by decreasing amylose [17], and in wheat grain, higher
N doses caused an increase in different fractions of proteins and amino acids [18]. Lower
temperatures resulted in smaller starch granule formation and decreased amylose content
of maize grain starch [19]. Concentrations of amino acids increased with canopy warming
in winter wheat [20]. Soil water deficit decreased the contents of amylose and starch in
wheat grain [21] and of oil and linolenic acid in maize grain [22]. Water stress caused an
increase in amino acid concentrations of maize grain [23]. An increase in starch [11] and
a decrease in protein concentration [24] were reported for sorghum grain grown under
high water-deficit conditions. Interactions between factors can also affect grain quality.
For example, variations in nitrogen-based compounds like protein and amino acids can
be a consequence of the dilution effect—decreasing the concentration of elements in plant
tissue due to changes in environmental conditions—in response to irrigation and N in-
teractions [25]. As a result, cultivar, water regime, N rate and planting date impact the
qualitative characteristics of cereal grains; however, more knowledge is needed on how
these factors work in an interactive way.

Thus, in this study, we assessed the interactive effects of planting date, irrigation
timing and N fertilization on various measures of maize grain quality. The aim of the re-
search was to provide a basis of knowledge for defining future research and for developing
guidelines for improving maize grain quality.

2. Materials and Methods
2.1. Experiment Site

Field experiments were performed in 2018 and 2019 in Pakdasht city (35.4669° N,
51.6861° E), Tehran province, Iran. The geographical location of Pakdasht city in Iran is
shown in Figure 1. This region has a semiarid climate with relatively cold winters and hot
summers. Annual precipitation in Pakdasht is approximately 160 mm and concentrated in
late autumn and winter. Irrigated summer maize in this region is typically cultivated after
winter cereals like wheat and barley. Summaries of the climatic parameters during the
summer maize growing season for two years of the experiment are presented in Table 1. The
overall means of daily temperatures were 25.3 and 24.9 °C for 2018 and 2019, respectively,
and the total precipitation was less than 1.5 mm in each growing season. The highest
temperatures occurred in July for both years. Soil sampling was conducted before the first
cultivation year from two depths (0-30 and 30-60 cm). The samples were air dried; passed
through a 2-mm sieve; and tested for organic carbon using the Walkley—Black method [26],
total nitrogen (N) using the Kjeldahl method [27], for available phosphorus (P) by the Olsen
procedure [28] and for available Potassium (K) by using a flame photometer [29]. The
soil is characterized as clay-loam, and the initial physicochemical characteristics in 0—30
cm soil depth were as follows: organic carbon, 1.09%; total N, 0.12%; P, 90.17 mg kg_1 ;
and K, 453 mg kg~!. Moisture release curve was used to determine soil water [30,31].
Water content at field capacity and permanent wilting point were 0.346 and 0.115 g-cm 3,
respectively.
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Figure 1. The geographical location of Pakdasht city (35.4669° N, 51.6861° E), Tehran province, Iran.

Table 1. Average minimum and maximum daily air temperatures and monthly total precipitation
during the summer maize growing season from June through November of 2018 and 2019 in Pakdasht
city, Iran.

Temperature (°C) Precipitation (mm)
Month Minimum Maximum
2018 2019 2018 2019 2018 2019
June 20.3 20.8 387 39.1 0.1 0.0
July 244 242 424 419 0.0 0.0
August 225 21.0 40.1 39.3 0.0 0.0
September 17.8 16.9 35.1 35.3 0.0 0.0
October 12.3 12.2 26.6 26.9 0.3 0.8
November 6.7 44 16.5 15.6 0.9 0.6
Total 17.3 16.6 33.2 33.0 0.24 0.23

2.2. Experimental Design

In mid-June 2018, experimental strips and plots were designated at a farm where no
crops had been cultivated for the previous three years. The field was divided into two
strips (24-m length) to apply different irrigation timings (12-day and 6-day intervals). Two
planting dates (20 June and 21 July) were randomized within the irrigation treatments. Two
ditches crossed the strips, partitioning each of them into three plots. Thus, the experiment
comprised twelve main plots. The four combinations of cultivars (KSC704 and KSC260)
and N rates (0 and 184 kg ha~!) were randomized to subplots within each plot. Thus, a total
of 12 main plots containing a total of 48 subplots were obtained from three replications in
each cultivation year. Individual subplots were 6 m in length and consisted of 6 rows sown
at a density of six and eight plants per square meter for KSC704 and KSC260, respectively.
Treatments were applied to the same plots in each year.

KSC704 is a locally popular high-yield late maturity hybrid which has been cultivated
in Iran since 1980 and accounts for 80% of the maize growing areas of Iran [32]. KSC260, an
early maturity maize cultivar, was introduced in 2008 and has shown good performance
in various experiments comparing new early-maturing cultivars [33]. Harvesting date,
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maturity period and the total growing degree days (GDDs) of cultivars in the present
study are shown in Table 2. GDD was calculated using the GDD calculator program [34].
For this study, 10 °C was set as the base temperature, 34 °C was set as the optimum
temperature and 40 °C was set as the maximum temperature threshold, adapted from
Cutforth and Shaykewich [35]. The two planting dates were chosen to create different
temperature conditions during grain filling. The variability of daily average temperature
during the reproductive stage (VI-R6) for both planting dates is shown in Figure 2. There
were clear differences between the recorded temperatures for the planting dates in each
year and differences between the two years. The second year was a warmer year during
the reproductive period.

Table 2. Planting dates, harvesting dates, maturity period and growing degree days (GDDs) of
cultivars in 2018 and 2019.

Year Maize Hybrids  Planting Date  Harvesting Date Maturity Period  GDDs

(Days) Q)

20 June 7 November 140 2424

Jo1s KSC704 21 July 26 November 138 1839
KSC260 20 June 18 October 120 2311

21 July 11 November 118 1796

20 June 2 November 135 2370

019 KSC704 21 July 28 November 130 1855
KSC260 20 June 12 October 120 2220

21 July 14 November 116 1704

The temperature thresholds used to calculate GDDs were 10 °C (base temperature), 34 °C (optimum)
and 40 °C (maximum) (Cutforth and Shaykewich, 1990).
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Figure 2. Variability of average daily temperatures (°C) during the reproductive stage of maize for conventional and late
planting dates in 2018 and 2019: the upper and lower hinges of the box indicate the 75th percentile and 25th percentile of
the data set, respectively. The line in the box indicates the median value of the data, and the upper and lower whiskers
represent the maximum and minimum of the data, respectively. PD1, planting date 21 June; PD2, planting date 22 July; C1,
KSC704; C2, KSC260.

An irrigation regime with 6-day intervals and N rate of 184 kg ha~! were specified
as typical non-stressed growing conditions. Furrow irrigation was used for irrigation.
The closed-end furrows were constructed with a ditcher. The ridge and furrow widths
were 40 cm and 20 cm, respectively, and the depth of the furrow was 15 cm. Based on the
flow rate per furrow (approximately 1.3 L/s), water was delivered until the furrows were
completely full and the duration of each irrigation event was recorded. The known flow
rate of the irrigation pump was then used to estimate irrigation volumes.

In total, the KSC704 cultivar received about 9200 m3 ha—! of water with 6-day irri-
gation timing and about 5800 m® ha~! with 12-day irrigation timing. KSC260 received
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less water due to a shorter growing period and less irrigation events: 7800 m® ha~! with
6-day irrigation timing and 4800 m> ha~! with 12-day irrigation timing. The Food and
Agriculture Organization (FAO) estimates the water requirement of late-maturing maize
cultivars in arid and semiarid regions to be around 7000 to 8000 m> ha~1[36]. Urea was
used as the N source and top-dressed in equal proportions at two stages (pre-planting
and V4-V6). Fresh irrigation water was used from the main ditch for each replication, and
excess water was not reused.

2.3. Procedures of Sampling and Laboratory
2.3.1. Sample Preparation

At the R6 (physiological maturity) stage, based on the Hanway standard [37], 15 plants
in an area of approximately 11 m? (4-m row length x 0.7-m row spacing x 4 rows) were
randomly cut from each subplot. Ears were threshed and dried at 60 °C to a constant
weight. Seeds were separated from ears and were weighed and ground. The milled samples
were maintained at 5 &= 1 °C until the start of laboratory procedures.

2.3.2. Analysis of Starch Content and Composition

Total starch and its composition (amylose and amylopectin) were determined using a
Spectrophotometer (V-M5 model, BEL Engineering, Monza, Italy) set at 510 nm according
to the amylose/amylopectin Megazyme procedure [38].

2.3.3. Analysis of Protein Content and Composition

Crude protein, essential amino acids (composed of methionine, threonine, valine,
isoleucine, leucine, phenylalanine, histidine, arginine, lysine and tryptophan) and nonessen-
tial amino acids (composed of cysteine, asparagine, serine, glutamine, proline, glycine and
alanine) were estimated using Near-Infrared Reflectance Spectroscopy (NIRS) (NIRS-XDS
model, Foss, Hilleroed, Denmark) in the 1100-2500 nm wavelength range at five-nm inter-
vals. A dent maize library of global origin samples that previously had been assayed by
wet chemistry or non-NIR methods was used for model calibration.

2.3.4. Analysis of Oil Concentration and Fatty Acid Composition

Oil extraction was conducted using a Soxhlet extractor for approximately 4 h with
hexane as the solvent, with a solid to solvent ratio of 1:7 m v~!. The fatty acid methyl
esters (FAME) were extracted according to AOAC 996.06 protocol [39]. The synthesized
FAME was injected into gas chromatography (GC) (CP-Sil 88 model, Varian, Walnut Creek,
CA, USA) to detect fatty acid composition by curve and retention time. The GC was
equipped with a flame ionization detector (FID) (Column: CP-Sil 88 (100 m * 250 pum *
0.2 pm) removable phase: Nitrogen, 28.8 min, heat injection chamber: 270 °C, heat detector:
260 °C).

2.4. Statistical Analysis

Principal component analysis (PCA) scores were derived using Minitab, v.19 [40] after
standardizing the variables by using the correlation matrix. Results from the two cultivation
years were analyzed separately, using mixed model procedures with PROC MIXED in
SAS, v.9.4 software [41]. The mixed-effects model included fixed effects of irrigation,
planting date, cultivar, N, their interactions, and the random effects of irrigation x planting
date and irrigation x planting date x block interactions. Because of the experimental
design, irrigation effects have to be interpreted with caution—possible meaningful effects
of irrigation and its interactions can be either caused by differences between the planned
irrigation treatments or by differences in the two sections of the field where the irrigation
treatments were applied. Tukey’s statistic was used to test differences (p < 0.05) among
means.
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3. Results
3.1. Correlations between Variables and Treatments

The PCA comprising the first two principal components accounted for 84.5% of the
total variance. The loading plot (Figure 3A) shows the eigenvectors for nine variables:
starch, amylose, amylopectin, protein, total essential amino acids (ZEAA), total nonessen-
tial amino acids (XNEAA), oil, total saturated fatty acids (XSFA) and total unsaturated
fatty acids (XUSFA).

0.4 T 4 B
A 0il i

04 Starch 3r !

: LUSFA Amylose i
e~ ENEAA F 2}
p ZEAA &
g 02 r Protein S 1}
d ]
Q‘ et
g g
g [ eemmimimcmim i e s e = 0o -
= a
.1 &
B3] = -1k
£ _ 2 L i 8
) 0.2 T Amylopectin E E %l

H o
i T R=
-04 } g SFA = »
0.6 & i i . o —4 T
-06 04 -02 0 02 04 06 =54 -3-2-10 1 2 & 4 3

Principal component 1

Principal component 1 (63.6%)

©2018-11 O2019-11 ®@2018-12 @2019-12

Figure 3. Plots of principal component 1 versus principal component 2 based on measured maize grain quality characteristics:
the loading plot (A) shows the eigenvector of each characteristic. The score plot (B) shows the means, grouped by year
and irrigation treatment. Each marker represents the mean of replicates in the field. Abbreviations; I1, Irrigation at 12-day
intervals; 12, Irrigation at 6 day-intervals; “EAA, total essential amino acids; EZNEAA, total non-essential amino acids; XSFA,
total saturated fatty acids; ZUSFA, total unsaturated fatty acids.

The cosine of the angle between two vectors estimates the correlation between them;
therefore, clustered points are highly correlated with each other. There are two clusters
of variables that are strongly correlated with each. The first cluster includes protein
concentration, protein composition (XEAA and XNEAA) and starch composition (amylose
concentration) of the grain. The eigenvector for amylopectin points in the opposite direction;
thus, the first cluster is highly negatively correlated with amylopectin (e.g., the correlation
between ENEAA and amylopectin is —0.917). Running perpendicular to the first cluster,
the second cluster of highly correlated variables includes oil, starch and XUSFA. This
cluster is highly negatively correlated with ©SFA (e.g., the correlation between starch and
YSFA is —0.663).

The score plot means are shown in Figure 3B. To illustrate the most noticeable trends,
points are labelled according to combinations of year and irrigation treatment. The first
component separates the first year of the experiment from the second year—markers for the
first year (2018) are located in the left of the score plot, whereas markers for the second year
(2019) are in the right. The second component separates well-irrigated samples from those
under potential water-stress. Markers for well-watered samples are distributed toward
the top, while markers from water-limited plots are mostly located toward the bottom.
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However, the differences of irrigation timing are more clearly separated in the first year of
the experiment than second.

The data points presented in score plots coincide with the directions of change in
maize grain compositional variables in the loading plots. The two clusters of eigenvectors
and their negative correlations define two axes, making an x shape. The first axis (from the
southwest to northeast quadrants) separates 2018 from 2019. i.e., 2019 samples were higher
in amylose, ZEAA, ENEAA and protein. The second axis (from the northwest to southeast
quadrants) separates the irrigation treatments. Irrigated plots were higher in starch, oil and
LUSFA.

3.2. Treatment Effects on Starch Content and Composition

After calculating p-values of all main effects and interactions (Supplementary
Materials S1), the treatment main effect means are presented in Table 3 and significant
interactions were plotted (unless no pairs of means were significantly different or the effect
could not be clearly interpreted).

Table 3. Least square means, significances and standard errors of maize grain starch, amylopectin, amylose, protein, total
nonessential amino acids (XNEAA), total essential amino acids (ZEAA), oil, total unsaturated fatty acids (XUFA) and total
saturated fatty acids (XSFA) in response to treatment main effects (irrigation, planting date, cultivar and nitrogen rate) in

2018 and 2019.
Starch Amylopectin Amylose Protein INEAA LEAA oil LUSFA LSFA
Treatment gkg 1

2018 2019 2018 2019 2018 2019 2018 2019 2018 2019 2018 2019 2018 2019 2018 2019 2018 2019

n 668.10 682.50 549.17 49423 100.48 187.36 105.00 121.40 4220 61.90 31.80 43.30 31.30 31.90 2698 27.20 424 4.60

12 750.80 684.00 637.77 509.22 128.26 173.99 97.50 116.10 39.00 58.50 31.50 41.60 48.70 41.70 4271 36.33 5.75 530
p-value 0.056 0.937 0.043 0.565 0.035 0.133 0.206 0.337 0.042 0.137 0.012 0.334 0.068 0.022 0.065 0.022 0.083 0.005

SEM 7.31 15,51 6.00 18.44 1.50 2.83 2.52 3.11 214 7.36 0.05 9.42 1.86 337 1.62 3.20 0.19 0.55

PD1 705.90 685.60 594.67 496.33 11131 187.59 101.50 115.10 40.40 60.70 31.40 43.00 43.00 37.20 37.43 3195 5.43 5.06

rD2 713.00 680.90 592.26 507.12 11743 173.77 101.00 122.50 40.80 59.70 31.90 41.80 37.00 36.50 3226 3157 4.56 4.84
p-value 0.509 0.814 0.757 0.663 0.154 0.129 0.898 0.254 0.309 0.400 0.007 0.421 0.191 0.291 0.194 0.447 0.143 0.016

SEM 7.31 15.51 6.00 18.44 1.50 283 252 31 214 7.36 0.05 9.42 1.86 3.37 1.62 3.20 0.19 0.55

c1 710.40 688.50 593.72 499.36 112.94 187.52 99.20 117.50 40.00 60.30 31.20 43.10 40.00 36.40 34.78 31.38 5.02 4.89

Cc2 708.50 677.90 593.22 504.09 115.80 173.84 103.40 120.00 4120 60.20 3210 41.80 40.00 37.20 3491 3215 4.97 5.02
p-value 0.628 0.011 0.895 0.251 0.015 <0.001 0.056 0.212 <0.001 0.866 <0.001 0.012 0.955 0.188 0.881 0.181 0.697 0.194

SEM 3.89 3.90 3.75 40.41 1.09 1.89 2.10 1.88 151 224 0.35 496 1.02 6.38 0.88 5.64 0.13 0.95

N1 711.50 682.90 589.59 49317 119.25 190.18 98.10 111.80 38.90 59.10 31.20 41.70 40.20 33.90 34.99 29.10 5.08 4.67

N2 707.50 683.50 597.35 510.28 109.50 17117 104.40 125.70 4230 61.40 32.00 43.10 39.80 39.80 34.70 34.43 491 524

p-value 0.316 0.878 0.049 <0.001 <0.001 <0.001 0.006 <0.001 <0.001 <0.001 <0.001 0.009 0.669 <0.001 0.743 <0.001 0.214 <0.001
SEM 3.89 3.90 3.75 40.41 1.09 1.89 2.10 1.88 151 224 0.35 4.96 1.02 6.38 0.88 5.64 0.13 0.95

I1, irrigation at 12-day intervals; 12, irrigation at 6 day-intervals; PD1, planting date 21 June; PD2, planting date 22 July; C1, cultivar KSC704;
C2, cultivar KSC260; N1, zero-nitrogen; N2, 184 kg ha™! nitrogen.

In 2019, average starch concentration in KSC704 was higher than KSC260 by 11 g kg ~?
(Table 3). In 2018, there was an interactive effect of irrigation and N rate on starch
(Figure 4A). With the high irrigation rate, the high N rate increased starch, whereas
with low irrigation, the high N rate decreased starch. Grain starch was higher with the
high irrigation rate, regardless of the N rate. In 2019, high N increased amylopectin con-
centration by 17 g kg ™! (Table 3). In 2018, there was an interactive effect of irrigation
and N rate on amylopectin (Figure 4B). With the high irrigation rate, the high N rate
increased amylopectin (649 g kg 1), whereas with low irrigation, there was no N effect.
Grain amylopectin was higher with the high irrigation rate, regardless of the N rate.

In 2018, there were interactive effects of irrigation and N rate (Figure 4C); irrigation
rate and cultivar (Figure 4D); and N rate, planting date and cultivar (Figure 4E) on amylose
concentration. For either irrigation rate, high N decreased amylose (Figure 4C). Amylose
was higher with the high irrigation rate (with either N rate) than with the low irrigation rate
(Figure 4C). With the high irrigation rate, there was no cultivar effect, whereas with low
irrigation, KSC260 (103 g kg’l) had higher amylose than KSC704 (97 g kg’l) (Figure 4D).
Grain amylose was higher with the high irrigation rate regardless of the cultivar (Figure 4D).
With the zero N rate, KSC704 planted late had higher amylose than that planted earlier.
With the high N rate, KSC260 planted late had higher amylose than that planted earlier. In
general, amylose was higher with zero N fertilizer than with the high N rate (Figure 4E).
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Figure 4. Least square means of maize grain starch (A), amylopectin (B) and amylose (C) in response to interaction effects
of irrigation and nitrogen, and least square means of maize grain amylose in response to interaction effects of irrigation and
cultivar (D); nitrogen, planting date and cultivar (E); nitrogen, cultivar and irrigation (F); planting date and cultivar (G);
and planting date and nitrogen (H). I1, irrigation at 12-day intervals; 12, irrigation at 6 day-intervals; PD1, planting date 21
June; PD2, planting date 22 July; C1, KSC704; C2, KSC260; N1, 0; N2, 184 kg N ha~1. Least square means labelled with the
same letter do not differ significantly at p < 0.05 based on Tukey’s test. Vertical bars represent the 95% confidence interval.

In 2019, there were interactive effects of N rate, cultivar and irrigation rate (Figure 4F);
planting date and cultivar (Figure 4G); and planting date and N rate (Figure 4H) on amylose
concentration. Low irrigation rate and zero N rate in KS704 had the greatest amylose
concentration (205.15 g kg~!), whereas high irrigation and N rate in KSC260 decreased
amylose to its lowest value (154.53 g kg ~!) (Figure 4F). With an early planting date, KSC704
had higher amylose than KSC260 (198.98 g kg 1), whereas with a late planting date, there
was no cultivar effect (Figure 4G). For both planting dates, N application decreased amylose
concentration; however, the effect was greater with the late planting date (Figure 4H).

3.3. Treatment Effects on Protein Content and Composition

Irrigation, planting date and cultivar did not influence protein concentration in either
year. However, high N increased proteins by 6.0 g kg ! in 2018 and 10.9 g kg~ in 2019.
Moreover, high N increased ZNEAA concentrations by 3.4 g kg ™! in 2018 and 2.4 g kg !
in 2019 (Table 3). In 2018, low irrigation rate increased ZNEAA by 3.2 g kg1, and KSC260
had higher “NEAA than KSC704 by 1.2 g kg~! (Table 3). In 2019, there was an interactive
effect of planting date and cultivar on EZNEAA (Figure 5A). With the early planting date,
KSC704 had a higher XZNEAA than KSC260, whereas with late planting, KSC260 had a
higher YNEAA than KSC704.
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Figure 5. Least square means of maize grain for total nonessential amino acids (“NEAA) in response
to interaction effects of planting date and cultivar (A) and least square means of maize grain total
essential amino acids (ZEAA) in response to interaction effects of irrigation and nitrogen (B), planting
date and nitrogen (C), and planting date and cultivar (D). I1, irrigation at 12-day intervals; 12,
irrigation at 6 day-intervals; PD1, planting date 21 June; PD2, planting date 22 July; C1, KSC704; C2,
KSC260; N1, 0; N2, 184 kg N ha~!. Least square means labelled with the same letter do not differ
significantly at p < 0.05 based on Tukey’s test. Vertical bars represent the 95% confidence interval.

In 2018, KSC260 had higher “EAA than KSC704 by 0.8 g kg~! (Table 3). In 2019,
high N increased the ZEAA concentration by 1.4 g kg™! (Table 3). In addition, in 2018,
there was an interactive effect of irrigation and N (Figure 5B), and planting date and N
(Figure 5C) on EAA concentration. For either irrigation rate, a high N rate increased the
ZEAA concentration (Figure 5B); however, the effect was greater with a low irrigation rate.
For either planting date, the high N rate increased the ZEAA concentration (Figure 5C);
however, high N had a greater effect on ZEAA concentration (32.35 g kg~?) for the later
planting date. In 2019, there was an interactive effect of planting date and cultivar on
YEAA (Figure 5D). With the early planting date, KSC704 had higher ZEAA than KSC260,
whereas with the late planting date, there was no cultivar effect.

3.4. Treatment Effects on Oil Content and Composition

Planting date and cultivar did not affect oil and ZUSFA concentration in either year.
In both years, there was an interactive effect of irrigation and N rate on oil (Figure 6A,B)
and ZUSFA (Figure 6C,D). In 2018, with the high irrigation rate, there was no N effect on
oil and XUSFA, whereas with low irrigation, the high N rate decreased oil and XUSFA
(Figure 6A,C). In 2019, with the high irrigation rate, the high N rate increased oil and
Y USFA, whereas with low irrigation, there was no N effect (Figure 6B,D). In both years,
oil and XUSFA were higher in the high irrigated plots (with either N rate) than with the
low irrigated ones. In 2019, £SFA concentration with the early planting date was higher
(by 0.22 g kgfl) than with the late planting date (Table 3). In both years, there was an
interactive effect of irrigation and N rate on XSFA (Figure 6E,F). In 2018, with the high
irrigation rate, there was no N effect on £.SFA, whereas with low irrigation, the high N rate
decreased XSFA (Figure 6E). In 2019, with the high irrigation rate, the high N rate increased
YSFA, whereas with low irrigation rate, the high N rate decreased XSFA (Figure 6F).

57



Agriculture 2021, 11, 11

0 ]
SN Ry T 60
- o4 =0 2
2 2 50
e 48 ] e
C 2 Z 4
= 3 = [re
s % = s N
16 now
: 0
1INl IIN2 N1 BN2 B 2 BN I2N2 < i
TN TNz BN TN [INT TIN2 N1 12N2
Treatments Treatments Treatments
-0 10
T, 60 o =8
= 5 0 o
=0 - -
= 40 = CRd
}: 30 = = 4
5 4 4
A 5 w W,
0 0
IIN1 IINZ IZN1 INZ IIN1 1IN2 I2N1 12N2 IIN1 TIN2 I2N1 N2
Treatments Treatments Treatments

Figure 6. Least square means of maize grain oil (A,B), total unsaturated fatty acids (XUSFA) (C,D)
and total saturated fatty acids (XSFA) (E,F) in response to interaction effects of irrigation and nitrogen.
I1, irrigation at 12-day intervals; 12, irrigation at 6 day-intervals; PD1, planting date 21 June; PD2,
planting date 22 July; C1, KSC704; C2, KSC260; N1, 0; N2, 184 kg N ha—l. Least square means
labelled with the same letter do not differ significantly at p < 0.05 based on Tukey’s test. Vertical bars
represent the 95% confidence interval.

4. Discussion
4.1. Correlations between Variables and Treatments

The results suggest that year and irrigation were the most influential effects in this
experiment. The findings are well supported by Hammac et al. [42], who reported that
temperature and water changes are more effective than soil nutrient status for changing
rapeseed composition. In this study, there are two main potential sources for the differences
among the trend of the years: (a) daily temperature differences among years and (b)
performing the experiment after three years of fallow. The grain filling period is an enzyme-
dependent stage of accumulating storage materials, primarily starch and protein and is
sensitive to factors affecting photosynthesis, especially temperature and soil moisture, and
nutritional status [43].

Many studies point to the negative impact of elevated temperatures and water deficit
on oil, starch and dry matter accumulation in cereal grain [44,45]. Examples from the
literature report 76.8% of the changes in oat oil content [46] and 52% of the changes in
canola oil content [47] explained by climatic variation, especially water and temperature
variability among years. However, Riccardi et al. [48] found that water stress induces the
expression of proteins not specifically related to this stress but rather to reactions against
cell damage. This may be the reason why the protein and its composition did not show
a clear response to further irrigation compared to starch and oil, according to the PCA
results. Castro et al. [49] reported that slight heat stress increased protein of wheat grain by
shortening the grain filling period and by increasing the rate of N remobilization to grain.
This is a potential reason for the long eigenvector of protein concentration in the second
year.

The great impact of irrigation amount on the starch, protein and oil content of maize
grain was reported by Kresovic et al. [15]. Moreover, other studies point to the large effect
of water availability [50] and genotype—environment interactions [51] on compositional
attributes of maize and wheat grain. On the potential effect of fallow, fallows improve
soil fertility, organic matter and physical properties to supply essential nutrients needed
for assimilation and changes in grain composition. In contrast, continuous cultivation
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may result in some elements being deficient in grain, if they are not provided through
fertilization [52].

4.2. Treatment Effects on Starch Content and Composition

The results showed that the average starch concentration for KSC704 was higher than
for KSC260. One potential reason for this result is genetic differences between the two
cultivars [53]. There is a positive correlation between grain weight and starch content
in cereals [54,55]. Considering that the 100-grain weight in KSC704, as a late maturity
hybrid, is higher than KSC260 [53], a higher starch concentration is expected. The highest
concentration of starch was achieved by interactive effects of higher N and irrigation rate.
Starch accumulation in grains is a physiological process of transportation and conversion
of photosynthetic assimilates into starch and is expected to increase under irrigation and
adequate N supply [56]. Moreover, the results showed that high N application with low
irrigation decreased starch concentration. One potential reason for this result is the inverse
starch and protein relationship in grain with high N application [57].

In the first year, the highest value of amylopectin was achieved by the interactive
effect of high irrigation and N rate. In the second year, a high N rate increased amylopectin
concentration. These results are in agreement with Jiyun et al. [58] and Kaplan et al. [59],
who reported that amylopectin contents of maize hybrids increased under high irrigation
and N rate in a similar trend to starch. The effect of N on amylose in the present experiment
was that high N application was associated with reduced grain amylose. This is in close
agreement with Kaufman et al. [60], who reported that high N application reduces type A
granules in sorghum grain compared to type B or C, [61], suggesting that high N application
reduces amylose by decreasing type A granules.

In addition, the results of the first year suggest that amylose was higher with the high
irrigation rate regardless of N rate. The results are not in agreement with Kaplan et al. [59],
who reported that the amylose content of maize grain decreased with an increase in
irrigation rate, and it increased with an increase in N rate. Potential reasons for the dis-
crepancy between results are different N and irrigation rates, and climatic conditions. The
second-year results suggest that planting KSC704 earlier significantly increased amylose
concentration. Few studies have investigated the simultaneous effects of maturity group
and planting date on amylose content of grain. However, the increase in amylose in re-
sponse to earlier planting [19] and lengthening maize kernel maturation [62,63] has been
suggested.

4.3. Treatment Effects on Protein Content and Composition

Higher protein content in plots with higher N rates was not surprising. These re-
sults are similar to the results obtained by Saint Pierre et al. [64], Yang et al. [65], and
Cao et al. [17], who reported there is a positive correlation between N application and
protein content of cereal grains. This is because N stimulates the activity of panel enzymes
involved in protein biosynthesis [66]. Increasing the crude protein concentration in grain
can be achieved via two scenarios: (a) increasing N utilization and (b) sustaining higher
partitioning of N to grain (nitrogen harvest index-NHI) [67]. Due to the nonsignificant
differences between cultivars in terms of protein, it can be concluded that NHI did not
differ between cultivars.

Our findings on the significant effect of N, irrigation and their interaction on XINEAA
and XEAA are in agreement with Zhang et al. [8], who reported that EAA in wheat grain
increased in response to high N rate and low frequency irrigation. They also reported an
interactive effect of irrigation and N rate on wheat grain amino acids but did not have
a consistent response during the three years of their experiment. Since N is one of the
basic element of amino acids and protein compounds in grain [68], higher amino acids in
N-contained treatments is expected. In the first year, EINEAA was lower in plots with more
frequent irrigation. One potential reason for a decrease in amino acids in high irrigation
conditions is due to yield dilution effects on N-containing compounds in the grain [8].
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The first-year results showed that KSC260 had higher XNEAA and LEAA than
KSC704. In the second year, amino acids differed between cultivars and changing planting
dates. In general, the inconsistency of cultivars amino acids among years and planting
dates could suggest a large impact of exogenous factors in addition to the maturity group
and genetic potentials on grain quality [69], which can further be associated with the
complexities of genotype—environment-management interactions. The results are in close
agreement with Huang et al. [70] in rice, who found that, with earlier planting dates, early
maturity cultivars enter the reproductive phase earlier than late maturity ones, potentially
causing flowering to coincide with high summer temperatures and consequently reducing
amino acids in early maturity cultivars. Accordingly, we infer that the absence of “ZEAA
differences between maturity classes in the late planting date may be because of lower
temperatures during grain filling.

4.4. Treatment Effects on Oil Content and Composition

The results demonstrated that, for any year of cultivation, oil concentrations were
affected by interaction effects of irrigation and N rate. This observation gives weight to the
results from Aguirrezdbal et al. [71] and Kaplan et al. [22], who reported that the interaction
effects of irrigation and N rate are very influential on grain oil. In any year of cultivation,
grain oil was higher with the high irrigation rate, irrespective of N rate. This implies that
water was more critical than N for increasing oil concentration and quality. This is because
water deficiency reduces grain oil by decreasing N uptake [72] and germ growth and by
reducing the enzyme activity responsible for lipid biosynthesis [73].

The results suggest that, for any year of cultivation, JUSFA was higher with high
irrigation, regardless of N rate. Our findings for irrigation effects on fatty acids were
somewhat different with Kaplan et al. [22]. These authors reported that high irrigation
decreased linoleic acid, as the most abundant unsaturated fatty acids in maize grain. Higher
irrigation regimes, lower air temperature and higher precipitation during grain filling are
potential reasons for decreasing linoleic acid under higher irrigation rates in the study
conducted by Kaplan et al. [22].

The results showed a negative impact of high N rate on ZSFA under the low irrigation
rate. This is in close agreement with the study of Ali and Ullah [74], who reported that a
high N rate (225 kg ha~!) decreased palmitic acid and stearic acid in sunflower hybrids. In
the second year, XSFA concentration was higher with earlier planting. Similar results were
reported by Obeng et al. [75] in camelina cultivars. A possible reason for the difference be-
tween planting dates in the second year is a higher air temperature during the reproductive
stage of maize growth. Some studies proposed that, as the average daily temperature rises
during grain filling, the crop tends to produce more saturated fatty acids in sunflower [76]
and oilseed crops [77]. This may be related to high-temperature impacts on lipid profiles
by destabilizing enzymes effective in unsaturated fatty acid synthesis; as a result, saturated
fatty acids increase in the grain [78].

There are some commonalities between trends from PCA and ANOVA results; how-
ever, one possible reason for some discrepancy between ANOVA and PCA trends is that
the PCA plots only present the data in two dimensions (principle components 1 versus 2),
whereas the correlation matrix values take into account all dimensions [79].

5. Conclusions

This study aimed to provide insights into understanding the relationship among
quality characteristics of maize grain. Applying principal components analysis, the first
two PCs accounted for 84.5% of the total variation. Year and irrigation had the greatest
effect on yield and quality. Plots with high irrigation were associated with higher starch,
oil and total unsaturated fatty acids (ZUSFA), and data points from 2019, a warmer year,
were associated with higher amylose, protein and amino acids. Analysis of variance results
revealed more details on the effects of other factors and their interactions on maize grain
components. In any year of cultivation, N application significantly increased protein
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and XNEAA values. A combination of high irrigation and N rate often increased oil
and fatty acids values, whereas with the low irrigation rate, increased N had no effect.
The cultivar KSC704 had a higher starch concentration, and KSC260 had a higher amino
acids concentration. With earlier planting, “SFA was higher. The study was limited to
two cultivars, and although there were clear differences between them, further studies
that include additional cultivars would provide more confidence in the results. However,
year-to-year variations in the effects of factors on amylose, amylopectin and amino acids
suggest that the response of cultivars to the environment plays an important role in the
final composition of starch and protein. The findings highlight the complicated relationship
between the experimental factors and the large impacts of growing season conditions on
quality attributes of maize grain.
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2/11/1/11/s1, S1: P-values of maize grain starch, amylopectin, amylose, protein, total non-essential
amino acids (ZNEAA), total essential amino acids (ZEAA), oil, total unsaturated fatty acids (XUFA)
and total saturated fatty acids (XSFA) in response to treatment (irrigation, planting date, cultivar and
nitrogen rate) effects in 2018 and 2019.
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Abstract: This study aims to evaluate the effects of camu-camu powder (CCP), Amazonian berry fruit
with documented bioactive properties, physicochemical meat parameters, and the growth kinetics
parameters of S. enterica ser. Typhimurium, psychrotrophic bacteria (PSY), and lactic acid bacteria
(LAB) in vacuum-packed ground beef. Batches of ground beef were mixed with 0.0%, 2.0%, 3.5%,
and 5.0% CCP (w/w), vacuum-packed as 10 g portions, and stored at 5 °C for 16 days. Centesimal
composition analyses (only on the initial day), pH, TBARS, and color were quantified on storage days
1,7, and 15, while PSY and LAB were counted on days 0, 3, 6, 9, 13, and 16. Another experiment was
conducted with the same camu-camu doses by inoculating S. enterica ser. Typhimurium microbial
kinetic curves were modeled by the Huang growth and Weibull decay models. CCP decreased
TBARS in beef from 0.477 to 0.189 mg MDA kg ~!. No significant differences in meat pH between
treated and control samples were observed on day 15. CCP addition caused color changes, with
color a* value decreases (from 14.45 to 13.44) and color b* value increases (from 17.41 to 21.25), while
color L* was not affected. Higher CCP doses caused progressive LAB growth inhibition from 0.596 to
0.349 log CFU-day ! at 2.0% and 5.0% CCP, respectively. Similarly, PSY growth rates in the treated
group were lower (0.79-0.91 log CFU»day’l) compared to the control (1.21 log CFU-day’]). cCcp
addition at any of the investigated doses produced a steeper S. enterica ser. Typhimurium inactivation
during the first cold storage day, represented by Weibull’s concavity « shape parameter, ranged from
0.37 to 0.51, in contrast to 1.24 for the control. At the end of the experiment, however, S. enterica
ser. Typhimurium counts in beef containing CCP were not significantly different (p < 0.05) from the
control. Although CCP affects bacterial kinetics, it does not protect ground beef against spoilage
bacteria and Salmonella to the same degree it does against lipid peroxidation.

Keywords: camu-camu powder; meat; pH; S. enterica ser. Typhimurium; spoilage bacteria; TBARS

1. Introduction

The camu-camu (Myrciaria dubia) is a reddish fruit color found in trees of typical
Amazon forest wild species [1-4]. This fruit exhibits a high phytochemical profile, confer-
ring nutritional and functional values to this fruit and economic importance. Camu-camu
is essential for the food, pharmaceutical, and cosmetics industries due to its bioactive,
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antioxidant, anti-inflammatory, and antimicrobial properties while also containing high
vitamin C, carotenoid, and phenolic compound contents [3-10].

The beef industry has attempted to use natural compounds displaying functional and
antimicrobial properties to formulate products to promote health and food safety [11]. The
presence of Salmonella in beef is a relevant concern among biological risks, as this pathogen
is involved with the most food-borne disease outbreaks [12]. Thus, alternatives such as
natural compounds to control Salmonella in foodstuffs are increasingly required.

Previous assessments concerning camu-camu powder (CCP) have indicated phenolic
compounds such as flavonoids, anthocyanins, ellagic acid derivatives, ellagitannins, gallic
acid derivatives, and proanthocyanidins in the pulp, seed, and fruit peel [4,13]. Among
phenolic compounds, CCP contains flavones, quercetin, and naringenin, which play a
role in microorganism inhibition [14]. Both fresh and dry camu-camu exhibit the highest
antioxidant capacity and polyphenol contents among 18 native non-traditional tropical
Brazilian fruits [15].

Alcoholic camu-camu seed and pulp extracts exhibit high anti-bactericidal activity
against Streptococcus mutans and Streptococcus sanguinis [16], while aqueous camu-camu ex-
tract fractions, rich in phenolic compounds, display inhibitory action against Staphylococcus
aureus [3]. In another study, CCP methanol/water extracts (70:30 v/v) showed inhibitory
effects against S. aureus. However, no effects were observed against other microorgan-
isms, such as Escherichia coli, Enterobacter aerogenes, Listeria monocytogenes, S. enterica ser.
Typhimurium or Salmonella enterica ser. Enteritidis [6]. Some studies have evaluated the
antimicrobial properties of camu-camu extracts, although CCP effects in meat have not yet
been evaluated.

In this context, the present study aimed to evaluate CCP effects on physicochemical
meat properties and the behavior of psychrotrophic bacteria, lactic acid bacteria, and S.
enterica ser. Typhimurium in vacuum-packed ground beef during cold storage. So, these
results can be used in meat industries to use one natural compound in the processes.

2. Material and Methods

This study comprised two experiments. In the first experiment, physicochemical
characteristics and spoilage microorganisms were quantified along time in non-inoculated
ground beef samples to evaluate if CCP impacts the shelf-life and quality attributes of
ground meat. The second experiment consisted of a challenge study where S. enterica ser.
Typhimurium was inoculated in ground beef containing CCP to characterize its kinetic
parameters of behavior. Beef samples were obtained from a slaughterhouse located in
Braganza, Portugal, while raw whole camu-camu powder (CCP) was purchased from Bio-
Aurora Industry (Lima, Peru). The proximate CCP composition, informed by the industry,
was as follows: moisture 6.08%, fat 0.06%, protein 1.64%, ashes 1.52%, carbohydrates
90.73%, fiber 0.81% with 15.02% titratable acidity (citric acid), and 7397 mg/100 g vitamin C.

2.1. Sample Preparation

A total of four batches (420 g each) of ground beef were mixed with CCP at 0.0%,
2.0%, 3.5%, and 5.0% (w/w), respectively, using a semi-professional mixer (model Arti-
san 5KSM125, KitchenAid, Benton Harbor, MI, USA) for 5 min at speed 4 (~100 rpm).
Ten-gram portions were then vacuum packed in transparent gas-tight polyamide and
polyethylene bags (grades vacuum bags, Orved®, Musile di Piave, Venice, Italy, with the
permeability of 84 4 4.20 cc/m?/24 h/atm for O, 361 & 18.05 cc/m? /24 h/atm for CO,,
22 + 1.10 cc/ m?/24 h/atm for N, and 9.0 £ 0.45 cc/m? /24 h/atm for H,O and a density
of £100 um) using a vacuum sealer (Silvercrest SFS 110B2, Bochum, Germany), and stored
at 5 °C in a cooling chamber (Froztec, Miramar, FL, USA).

2.1.1. Physicochemical Analyses

Three samples (10 g portions) per treatment were analyzed to determine the physico-
chemical parameters (pH, color, and lipid oxidation) on days 1, 7, and 15. The proximate
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composition (moisture, lipids, protein, and ash) was determined on day 0, per treatment,
according to AOAC [17] and ISO [18] in duplicate subsamples, while physicochemical
parameters were determined in five subsamples. The pH values were determined using a
potentiometer (HI 9913, Hanna Instruments, Eibar, Spain) and color (L*, a*, b*) by a Minolta
colorimeter (Konica Minolta CM-600d, Osaka, Japan). Lipid oxidation was determined
through the thiobarbituric acid reaction (TBARS) according to Vyncke [19]. Briefly,a10 g
portion was added to 97.5 mL of distilled water containing 2.5 mL of 4 N HCl, homogenized
and distilled. Then, 5 mL of the distillate was added to 5 mL of a 0.02 M TBA solution
and heated in a water bath at 100 °C for 35 min. Measurements were carried out using
a Specord 200 spectrophotometer (Analytik Jena AG, Jena, Germany) at 528 nm, and the
results were expressed as mg of malondialdehyde (MDA)/kg.

2.1.2. Microbiological Analyses (PSY and LAB)

Total psychrotrophic and lactic acid bacteria counts were performed on storage days
0,3,6,9,13, and 16. Sample (10 g) was added to 90 mL of buffered peptone water 2%
(Oxoid, Cheshire, UK) and homogenized for 60 s (Stomacher 400, Seward, West Sussex,
UK)), followed by serial dilutions preparations.

According to APHA [20], psychrotrophic plate counts were performed where 1 mL
of appropriate dilutions, in duplicate, were pour-plated into PCA agar (Liofilchem® s.r.1.,
Roseto Degli Abruzzi, Italy) and incubated at 7 °C for 10 days. For lactic acid bacteria,
1 mL of appropriate dilutions were pour-plated in duplicate in MRS agar (Liofilchem®
s.r.l,, Roseto Degli Abruzzi, Italy) supplemented with Tween 80 (Liofilchem® s.r.l., Roseto
Degli Abruzzi, Italy), and overlaid with MRS agar. The plates were then incubated in
anaerobic conditions at 30 °C for 48 h. Typical colonies were counted with a colony
counter (Digital s®, J.P. Selecta S.A., Barcelona, Spain), and the data were converted to
log1o CFU~g_1.

2.2. S. enterica ser. Typhimurium Behaviour in Vacuum-Packed Ground Beef Containing CCP

One loop of S. enterica ser. Typhimurium ATCC 14028 strain stored in a cryo-vial at
—80 °C was transferred to TSB broth (Liofilchem® s.r.l., Roseto Degli Abruzzi, Italy) and
incubated 35 °C for 24 h. Subsequently, a loopful was streaked on XLD agar (Liofilchem®
s.rl.,, Roseto Degli Abruzzi, Italy) and incubated at 35 °C for 24 h to obtain isolated colonies.
One isolated colony was then transferred to a new TSB broth tube and further incubated at
35 °C for 24 h. A loopful was finally transferred to TSB broth (Liofilchem® s.r.1., Roseto
Degli Abruzzi, Italy) and incubated at 8 °C (slow growth condition) until reaching the early
stationary phase, determined with the aid of a previously constructed calibration curve
determined using a Specord 200 spectrophotometer (Analytik Jena AG, Jena, Germany) at
600 nm.

Batches (200 g) of ground beef were mixed with CCP at 0.0%, 2.0%, 3.5%, or 5.0% (w/w)
using a semi-professional mixer (model Artisan 5KSM125, KitchenAid, Benton Harbor, MI,
USA) for 5 min at speed 4 (~100 rpm). An appropriate amount of the refrigerated inoculum
was diluted in physiological water (5 mL) added to the bulk ground beef to target an S.
enterica ser. Typhimurium concentration of 5 log CFU/g~!. The ground beef was further
mixed for 7 min. Three portions of ten-gram each were then vacuum packed in transparent
gas-tight polyamide and polyethylene bags (grades vacuum bags, Orved®, Spain, with the
permeability of 84 &+ 4.20 cc/ m?2/24 h/atm for O,, 361 + 18.05 cc/m? /24 h/atm for CO,,
22 +1.10 cc/m? /24 h/atm for N, and 9.0 4 0.45 cc/m? /24 h/atm for H,O and density of
=+ 100pm) using a vacuum sealer (Silvercrest SFS 110B2, Bochum, Germany), and stored at
5°C.

S. enterica ser. Typhimurium was enumerated on storage days 0, 3, 6,9, 12, and 15 in
three samples analyzed per treatment and time point. Ten-gram samples were then mixed
with 90 mL of buffered peptone water 2% (Oxoid, Cheshire, UK) and homogenized for 60 s
(Stomacher 400, Seward, West Sussex, UK). Serial dilutions were performed, and 0.1 mL of
the appropriate dilutions were inoculated, in duplicate, onto plates containing Hektoen
Enteric Agar (Liofilchem® s.r.1, Roseto Degli Abruzzi, Italy) and incubated at 35 °C for
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24 h. Typical colonies were counted with a colony counter (Digital S®, J.P. Selecta S.A.,
Barcelona, Spain), and the data were converted to logjo CFU-g~ 1.

2.3. Statistical Analyses

The physicochemical data, namely pH, L*, a*, b*, TBARS, and proximate analysis,
underwent an analysis of variance and Dunnett’s comparison of means tests to determine
potential differences CCP levels at a significance probability level of 0.05. All statistical
analyses were carried out using the R software [21].

Each of the experimental psychrotrophic bacteria and LAB growth curves was mod-
eled by adjusting the integrated form of the Huang primary model (Equation (1)) proposed
for a constant environmental condition [22], as follows:

Y(t) = Yo + Yiax — In{exp(Yo) + (exp (Ymax) —exp (Y0)) X exp (—HmaxB(t))}

_ 1 1+exp (—a(t—A)) 1)
B(f) =t+ gan

where: Yy, Yyax, and Y represent the natural logarithms of microbial concentrations at
an initial time point (f = 0), maximum population and actual time ¢, respectively; pyax
accounts for a maximum specific growth rate (day—!); A is the delay interval (or lag time) of
a curve depicting microbial behavior through time (day); « is the coefficient that accounts
for the lag phase shift (set to 4, as recommended by Huang [23]); and t is the time interval.
Since LAB curves did not exhibit any lag phase, A was set to zero in Equation (1) when
adjusting the Huang model.

S. enterica ser. Typhimurium decay behavior was modeled by a three-parameter
modified Weibull equation (Equation (2)), defined as

Y(t) =Y - (;)ﬁ @

where the scale and shape parameters of the underlying Weibull distribution are x and
B, respectively. In shape parameter f > 1, convex curves are obtained, and for § < 1,
concave curves are represented. Although the Weibull model is basically empirical, van
Boekel [24] suggested that f < 1 presumes that the surviving microorganisms at any point
in the inactivation curve display the capacity to adapt to the applied stress, whereas > 1
indicates that the remaining cells become increasingly susceptible to heat. The parameter x
is called scale parameter (a characteristic time). Y is defined as above, and the parameter
Yy represents the natural logarithm of the initial microbial concentration, and t represents
the time.

3. Results
3.1. Physicochemical Characterization of Vacuum-Packed and Refrigerated Beef Containing
Camu-Camu Powder

The centesimal composition of the ground beef samples presented mean values
of 68.13%, 3.79%, 23.71%, and 1.31% for moisture, lipids, proteins, and ashes, respec-
tively. Table 1 presents the proximate composition of the meat samples subjected to CCP
treatments.

Table 1. Proximate composition (% wb) of ground beef control and treatments with the addition of
camu-camu powder as determined on the initial day of the experiment.

CCP (%) n Moisture (%) Lipids (%) Protein (%) Ashes (%)
0.0% 5 71.2 34 24.1 1.3
2.0% 5 68.7 4.3 23.7 13
3.5% 5 67.5 43 237 13
5.0% 5 66.8 3.3 23.6 1.4

CCP = camu-camu powder; n = number of samples analyzed.
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Concerning physicochemical parameters, significant effects were observed as a func-
tion of CCP addition, storage time (days), and the interactions of these factors. pH values
varied (p < 0.05) as a function of CCP addition and time. However, higher CCP concen-
trations resulted in increases in pH values of 5.4 (0.0%) to 5.6 (5.0%). Considering storage
time, pH values decreased from 5.9 to 5.3 between days 1 and 15, respectively. Regarding
color changes, significant effects on L*, a*, b* were observed with CCP addition, while
significant effects during the storage time were observed only for a* and b* (Table 2).

Table 2. Physicochemical parameters determined in vacuum-packed ground beef containing different levels of camu-camu

powder and stored at 5 °C.

Parameters
Main Effects - L 2* b* TBARs
p [mg MDA/kg]
CCP (0/0) L L L2 e EEad

0.0 5.476 3 + 0.051 49.11°¢ + 0.544 14.45° +0.401 17.412 4+ 0.354 0.573 ¢ + 0.065
2.0 5576 4 0.069 4434% 4 0.260 14.44° £ 0.306 20.08 " 4 0.180 0.464 ¢ + 0.069
35 5.640 € + 0.085 43.03 b +0.333 13.96 % 4 0.229 21.23¢+0.189 0.289 2 + 0.048
5.0 5.662 € + 0.069 41.922 40222 13.44°2 +0.212 21.25¢ +0.215 0.207 2 + 0.048

Time (days)

ok

NS

Rk

e

ok

1 5.933 € 4 0.029 44242 +0.645 14.28° + 0.281 19.82 + 0.541 0.066 2 + 0.017

7 5.488° + 0.026 44.822 +0.831 14.48° +0.222 20.6° +0.296 0.403 b + 0.044

15 5.3442 4 0.010 44752 + 0.560 13.46 @ + 0.251 19.6 4 0.334 0.501 € + 0.050
CCP >< Tlme EE 2 NS EE ¥ ¥

ab< Means = standard error followed by the same letter in the columns do not differ according to Dunnett’s test at 5% significant: NS =
non-significant. *** and ** = 0.001% and 0.01% of significance, respectively, by ANOVA test.

Camu-camu powder addition promoted decreases (p < 0.05) in meat lipid oxidation
with values from 0.573 mg malondialdehyde (MA)/Kg (control group) to 0.207 mg malon-
dialdehyde (MA)/kg (5.0% CCP) (Table 2). Interactions between CCP addition and storage
time were also observed for TBARS values (p < 0.05) (Table 2). Higher decreases in lipid
oxidation were noted for the 5.0% CCP concentration during nine storage days.

Considering the interaction between CCP concentration and time, pH decreases
(p < 0.05) were observed from the first day until the end of the experiment for all treatments,
while the CCP addition caused lipid oxidation declines, resulting in the lowest TBARS
concentrations in samples containing 5.0% CCP. A progressive lipid oxidation inhibition as
a function of increasing CCP concentrations was also observed (Figure 1).

Concerning color characteristics, interactions between CCP addition and time resulted
in meat color changes, with decreases in L* and a*, and increases in b* values (Table 2).
The control treatment presented higher L* values (49.11) compared to the CCP samples
(44.34-41.92) (p < 0.05). Decreased (p < 0.05) a* values from 14.45 (control) to 13.44 (5.0%
CCP) were observed, causing a red color reduction in the meat samples. Concerning b*
(yellow hue), CCP addition caused increases from 17.4 (control) to 20.08 up to 21.25 in the
CCP-containing samples (Figure 2).
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Figure 1. pH (a) and TBARS (b) of vacuum-packed ground beef containing different camu-camu
powder levels stored at 5 °C.
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Figure 2. Colors, L* (a), a* (b), b* (c) of vacuum-packed ground beef containing different camu-camu
powder levels stored at 5 °C.
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3.2. Behavior of Deteriorating Microorganisms and S. enterica ser. Typhimurium in
Vacuum-Packed Ground Beef

Kinetic parameter effects on both spoilage bacteria and Salmonella were caused by
CCP addition. Although CCP additions decreased LAB kinetic parameters, such as {tmax,
microbial growth did not show changes, with decreased initial concentrations and increased
final concentrations (Table 3).

Table 3. Kinetic parameters of the Huang growth model describing lactic acid bacteria concentrations
in vacuum-packed ground beef containing different camu-camu powder levels stored at 5 °C.

Model Camu-Camu Powder Concentration
Parameters ' 0.0% 2.0% 3.5% 5.0%
Yo 3.696 + 0.227 *2 3.655 £+ 0.277 * 3.584 + 0.106 * 3.851 £0.375*
Ymax 6.941 £0.175* 7.019 £ 0.186 * 6.985 + 0.091 * 7.601 + 0.532 *
Hmax 0.490 £ 0.079 * 0.596 + 0.112 * 0.451 £ 0.033 * 0.349 £ 0.092 *

1Yy: initial counts (log CFU/g); Ymax: final counts (log CFU/g); Hmax: maximum growth rate (day ') (these
parameters were expressed as means and standard error). 2 Asterisks represent the significance of the estimated
parameter at p < 0.05.

CCP addition caused a psychrotrophic bacteria lag phase increase from 7.955 to 8.156
days in the controls and 5.0% in the treated groups, respectively (Table 4). However, no
significant initial and final concentration effects were observed.

Table 4. Kinetic parameters of the Huang growth model describing psychrotrophic bacteria concen-
trations in vacuum-packed ground beef containing different camu-camu powder levels stored at
5°C.

Model Camu-Camu Powder Concentration
Parameters ! 0.0% 2.0% 3.5% 5.0%
Yo 5.092 4 0.016 *2 5.060 + 0.022 * 4.910 + 0.080 * 4.845 4+ 0.158 *
A 7.955 + 0.308 * 7438 +£0.270 * 7.599 4+ 0.917 * 8.156 4+ 0.804 *
Ymax 7.871 £+ 0.030 * 7470 £+ 0.046 * 7.309 £+ 0.166 * 7.579 £ 0.315*
Hmax 1.210 & 0.350 * 0.788 £+ 0.133 * 0.828 £+ 0.527 * 0.912 4+ 0.694 *

1Yy initial counts (log CFU/g); A: lag phase duration (day); Ymax: final counts (log CFU/g); {max: maximum
growth rate (day ') (these parameters were expressed as means and standard error). 2 Asterisks represent the
significance of the estimated parameter at p < 0.05.

The results for other kinetic parameters did not present a statistical difference with
initial concentration, and the maximum concentration at final storage time was between
7.30 to 7.87 log CFU/ g, indicating the start of deterioration. Although no statistical effect,
it should be highlighted the pmax difference between the control group and treated groups
showing kinetic action.

Significant effects (p < 0.05) were observed concerning Salmonella concentrations and
kinetics in vacuum-packed ground beef stored at 5 °C (Table 5). Increasing in y parameters,
and the decrease in § parameters indicate higher declines in pathogen concentrations on
the first days of cold storage.
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Table 5. Kinetic parameters of the Weibull decay model describing S. enterica ser. Typhimurium
behavior in vacuum-packed ground beef containing different camu-camu powder levels stored at

5°C.
Model Camu-Camu Powder Concentration
Parameters ! 0.0% 2.0% 3.5% 5.0%
Yo 5121+ 0.048*2  5.046 4 0.072 * 5.091 4 0.028 * 5.089 4= 0.040 *
X 13.65 £ 1.710 * 13.61 £5.192* 2690 +7.319%  40.324+20.34™
B 1.247 £0.442* 0.519 £ 0.240 * 0.433 £0.110* 0.359 4 0.103 *

1Y): initial counts (log CFU/g); x: scale parameter (day—'); B: shape parameter (dimensionless) (these parameters
were expressed as means and standard error). > Asterisks represents the significance of the estimated parameter
at p < 0.05; ns: non-significant.

No variations were observed in final pathogen concentrations, with values ranging
from 4.61 to 4.79 log CFU/g. Therefore, the decreased bacterial concentrations observed in
the present study were due to the low storage temperature (Figure 3).

e | S
-] w
(a) 0.0% CCP (b) 2.0% CCP
w |
w
o |
w
|
b3
o | S
- T T T T hl ] | ] I
0 5 10 15 0 5 10 15
o <
-] w
(c) 3.5% CCP (d) 5.0% CCP

4.0

0 ] 10 15 0 5 10 15

Figure 3. Weibull model fitting to experimental survival curves of S. enterica ser. Typhimurium in
vacuum-packed ground beef containing different camu-camu powder (CCP) levels stored at 5 °C:
0.0% (a), 2.0% (b), 3.5% (c) and 5.0% (d). The 95% confidence intervals are displayed as green lines
and the prediction intervals as blue lines. X-axis: Time (day); y-axis: Counts (log CFU/g).

4. Discussion

The addition of CCP caused moisture variations between 71.2% (control) and 66.78%
(5.0%), while for lipids these values were between 3.34% (5.0% CCP) and 4.28% (2.0% CCP).
Protein and ashes presented values between 23.70% and 24.13% and 1.27% and 1.37% re-
spectively. Proximate composition alterations are not unexpected since camu-camu berries,
apart from water, are mainly composed of carbohydrates (4.84% wb), crude fiber (0.56% wb),
and several minerals such as potassium (87.0 mg/100 g, phosphorous (18.2 mg/100 g),
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sulphate (14.7 mg/100 g), calcium (9.1 mg/100 g), magnesium (7.4 mg/100 g), cobalt
(1.2 mg/100 g), and iron (0.42 mg/100 g), among others [9].

In one experiment, the addition of 100 ppm of camu-camu peel and seed extracts led
to increases in pH values from 6.01 to 6.16 in ground-lamb meat stored at 4 °C for nine
days under normal atmosphere [25], which was also observed herein (Table 2). Another
study reported that pH values increased in lamb meat after 10 days of refrigeration due to
medium alkalinization by bacteria and endogenous enzymatic protein degradation [26].
In the present study, bacterial spoilage growth (PSY and LAB) was observed during
refrigerated storage of the CCP containing- vacuum-packed beef.

Lipid oxidation decreases were observed herein with CCP addition. In another experi-
ment, camu-camu extracts affected (p < 0.05) lipid oxidation values in chilled ground lamb
meat treated with camu-camu peel and seed extracts and stored at 4 °C for 9 days under
a normal atmosphere, where the control group presented 0.108 mg MDA /kg while treat
groups presented 0.079 and 0.068 mg MDA /kg for peel and seed extracts respectively [25].
The camu-camu extracts promoted food stability, which may be associated with phenolic
compounds present in camu-camu fruits. In the present survey, TBARS decreases were also
observed in the meat containing CCP, indicating that phenolic compounds are available in
both the extract and powdered forms of the fruit.

Lipid peroxidation decreases between 24% and 86% (p < 0.05) have been reported in
egg homogenates due to the use of aqueous and ethyl alcohol camu-camu seed extracts
in studies using DPPH (2,2-diphenyl-1-picrylhydrazyl) radical activity and FCRC (Follin-
Ciocalteu reducing capacity) tests [27]. Lipid oxidation inhibition was correlated with
total phenolic contents (r = 0.78), total flavonoid contents (r = 0.67), and condensed tannin
contents (r = 0.68), and may be an effect of reaction mechanisms, resulting in greater
antioxidant activity [27]. Another study reported camu-camu flour (CCF) and camu-camu
pulp powder (CCPP) antioxidant capacities, as both the products contain both vitamin C
and phenolic compounds [13]. In a DPPH assay, CCF and CCPP contained 1036.4 and
510.5 umol Trolox/g dry material, respectively, while other polyphenol-rich powders
exhibit values between 300 and 450 pumol Trolox/g dry material. Therefore, the antioxidant
activity was higher with CCP addition in the present study, probably due to higher phenolic
compound concentrations.

Furthermore, the highest antioxidant capacity among five ripe exotic fresh fruit was
observed for camu-camu in another survey [28]. Camu-camu residue powders are a rele-
vant source of vitamin C (8.2 mg/g of dried weight), and its extracts contain considerable
phenolic content, even accounting for dehydration losses [3].

In the present study L* values were significantly different (p < 0.05) as a function
of CCP concentrations, with values ranging from 49.11 (control) to 41.92 (5.0% CCP).
However, no effects were observed concerning storage time or interactions with CCP
concentrations. Similar to this study, another experiment noted no significant effects on L*
values in refrigerated ground-lamb meat treated with camu-camu peel and seed extracts,
with values ranging between 43.30 and 45.67 [25].

Fresh camu-camu residues presented an L* value of 51.8, increasing to 58.9 and 70.3,
respectively, after dehydration by heat or freeze-drying [3], while L* values of 60.45 and
36.60 to 40.84 were observed for freeze-dried and dried camu-camu pulps, respectively [6].

During the storage period, and concerning CCP concentrations versus time, L* did
not differ between the initial and final storage days, with a mean value of 44.75. Another
survey observed that the luminosity value of vacuum-packed ground beef changed from
44.6 to 48.4 during 20 days of refrigerated storage [29].

Concerning the other investigated color characteristics, significant effects were ob-
served, with decreases in a* values and increases in b* values as a function of CCP concen-
trations and decreases and increases in a* and b* values, respectively, as a function of time
storage.

One survey demonstrated that peel and seed camu-camu extracts resulted in a*
reductions from 11.13 to 6.51 and 15.60 to 6.71, respectively, in vacuum-packed ground
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lamb meat stored at 4 °C for nine days. Decreases in b* values were also observed, with
values ranging from 16.29 to 11.25 and 13.33 to 10.19 for peel and seed camu-camu extracts,
respectively [25]. These findings corroborate with the present study, where decreased
red hues (a*) in CCP-containing meat samples were observed. In addition, the same
aforementioned study indicated that camu-camu peel and seed extracts led to a* value
decrease, from 16.29 and 13.33 to 10.19 in vacuum-packed ground lamb meat stored at 4 °C
for nine days [25]. It probably occurred due to color pigments oxidation by the action of
radical species from lipid oxidation [25].

Concerning the microbial analyses, LAB did not present lag phase (A), exhibiting
growth since the beginning of the experiment. CCP addition did not interfere with the initial
microorganism concentrations in the investigated meat samples. The control and CCP
treatment values were 3.69 log CFU/g and between 3.58 and 3.85 log CFU/g respectively.
Camu-camu powder addition did not inhibit LAB growth in meat, determined as 7.01, 6.98,
and 7.60 log CFU/g in the treated group and 6.94 log CFU/g (control group).

On the other hand, CCP interfered in the kinetic behavior of LAB, resulting in de-
creased maximum growth rates, ranging from 0.45 to 0.35 log CFU/g/day for samples
containing 3.5% and 5.0% CCP, respectively, and 0.49 log CFU/g/day in the control
samples.

Some authors have reported the high antibacterial activity of alcoholic camu-camu
pulp and seed extracts against Streptococcus mutans and Streptococcus sanguinis. These bacte-
ria exhibit a high prevalence in the human oral cavity. Antibacterial activity was observed
only for pulp extracts, with a minimum inhibitory concentration (MIC) of 62.5 png/mL for
the tested microorganisms [16]. It should be noted that Streptococcus belongs to the LAB
group.

Another survey reported that camu-camu peel and seed extracts presented great
antimicrobial activity against Gram-positive bacteria [4]. Other authors [3] reported MIC
values ranging from 0.312 to 0.62 mg/mL for polyphenol-rich aqueous camu-camu extracts
against Staphylococcus aureus. However, another assessment reported a lack of antibacterial
effects of camu-camu seed and pulp extracts against Staphylococcus aureus, Escherichia coli,
and Saccharomyces cerevisiae strains [30].

In the present study, slight decreases in initial PSY concentrations were observed in
meat containing CCP with the value of 4.84 log CFU /g (5.0% CCP sample) and 5.092 log
CFU/g in the control sample. CCP concentrations decreased the maximum PSY growth
rate (Hmax) to 0.788-0.912 log CFU/g/day in the CCP groups and 1.21 log CFU/g/day in
the controls.

Another study found that dried and freeze-dried raw CCP extracts resulted in effects
only against Staphylococcus aureus. In addition, the extracts displayed no antimicrobial
activity against Enterobacter aerogenes, Escherichia coli, Listeria monocytogenes, S. enterica ser.
Enteritidis, and S. enterica ser. Typhimurium [6]. These results corroborate the present
study, where CCP did not inactivate S. enterica ser. Typhimurium concentrations in beef
samples.

Strong antimicrobial activity of n-hexane and seed CCP extracts containing acylphloroglu-
cinols and rhodomyrtone compounds against Gram-positive bacteria has been reported [4],
with significant action against Bacillus cereus, Micrococcus luteus, Staphylococcus epidermidis,
but no effects against Gram-negative bacteria such as Pseudomonas aeruginosa and S. enterica
ser. Typhimurium. No CCP action against Salmonella and psychrotrophic bacteria was
observed in the present study, probably due to the cell wall differences between Gram-
positive and Gram-negative bacteria. However, effects against Pseudomonas aeruginosa
were observed in a culture medium applying freeze-dried optimized camu-camu seed
extracts [27]. Most studies have tested the antimicrobial effects of camu-camu extracts
than CCP, and a few researches have analyzed the antimicrobial effects of CCP addition in
meat, mainly in beef. Thus, we aimed to study only CCP effects to simplify camu-camu
processing and use.
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Regarding the pathogen behavior analyzed herein, Salmonella initial concentrations
(Y() were significant (p < 0.05), with values ranging between 5.121 log CFU/g (control
sample) and 5.046, 5.091, and 5.089 log CFU /g (treated samples). A fast decline in Salmonella
concentrations with increasing CCP concentrations was observed, and it can be observed
due to x values of 26.9 and 40.32 in the 3.5% and 5.0% camu-camu addition treatments,
respectively (Table 5), indicating more time for pathogen concentration decrease.

According to the shape parameter of the Weibull model, the 5.0% CCP addition
(B = 0.359) caused more damage and stress to the evaluated pathogens than in the control
group (B =1.247) (p < 0.05). These shape parameters were 0.519 and 0.433 for the 2.0% and
3.5% CCP additions, respectively. Consequently, Salmonella exhibited higher adaptation
in control group samples (0.0% CCP), demonstrating that camu-camu powder affected
pathogen adaptability in ground beef.

One study using the micro-dilution method did not present any effects of dried and
freeze-dried CCP extracts against S. enferica ser. Typhimurium and Salmonella Enteri-
tidis [6], while another report indicated no antimicrobial activity of acylphloroglucinol
and rhodomyrtone isolated from camu-camu peels and seeds against S. enferica ser. Ty-
phimurium [4]. On the other hand, other authors [27] using the diffusion method on
plate-cavity agar technic observed antimicrobial activity of freeze-dried optimized camu-
camu seed extracts against Salmonella Enteritidis and S. enterica ser. Typhimurium, with
6.82 mm and 6.42 mm inhibition halos, respectively. S. enterica ser. Typhimurium and
S. enterica ser. Enteritidis growth both were not inhibited by the action of freeze-dried
and spray-dried CCP extracts in another survey [31]. Another assessment concluded that
camu-camu seed and peel extracts had no effect against S. enterica ser. Typhimurium,
concluding that these extracts exhibit strong action against Gram-positive bacteria, but
little or no effect against Gram-negative bacteria such as Salmonella [4].

The results finding shows CCP addition did not decrease Salmonella concentrations
in vacuum-packed ground beef, although it caused significant effects on some kinetic
parameters.

5. Conclusions

CCP addition decreases lipid oxidation of vacuum-packed ground beef, although it
affects color aspects, leading to a decreased red hue in the CCP-containing meat. Concern-
ing antimicrobial activity, CCP does not interfere in S. enterica ser. Typhimurium behavior
does not extend the shelf-life of vacuum-packed ground beef based on the concentration of
certain spoilage microorganisms, acting only on the kinetic bacterial behavior parameters.
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Abstract: To determine the influence of N fertilizer management on rice yield and rice quality under
diversified rotations and establish a high-yield, high-quality, and environmentally friendly diversified
planting technology, a rapeseed /wheat-rice rotation system for 2 successive years was implemented.
In those rotation systems, a conventional N rate (Nc; 180 kg/ hm? N in rape season, 150 kg/ hm?
N in wheat season) and a reduced N rate (Nr; 150 kg/hm? N in rape season, 120 kg/hm? N in
wheat season) were applied. Based on an application rate of 150 kg/hm? N in the rice season, three
N management models were applied, in which the application ratio of base:tiller:panicle fertilizer
was 20%:20%:60% in treatment M1, 30%:30%:40% in treatment M2, and 40%:40%:20% in treatment
M3. Zero N was used as the control (MO0). The results showed that, under Nc and Nr in the rape
season, M3 management produced an increase in rice yield. The average rice yields in 2018 and
2019 were 9.41 t/hm? and 9.54 t/hm?2, respectively. An increase in rice peak viscosity, hot viscosity,
break disintegration, and chalkiness was achieved. Under Nc and Nr in the wheat season, the
panicle fertilizer of 40%:40%:20% in rice season produced a higher rice yield. The average yield was
9.45 t/hm? and 9.19 t/hm?, respectively, and an increase in rice peak viscosity, hot viscosity, and break
disintegration was produced. Reduced N for rapeseed and the panicle fertilizer of 40%:40%:20%
in rice season under a rapeseed-rice rotation system can be recommended to stabilize yield and
ensure high-quality rice production and environmentally friendly rapeseed-rice rotation systems in
southern China.

Keywords: rapeseed/wheat-rice rotation system; nitrogen management; rice yield; rice quality

1. Introduction

It is known that rice plays an important role in the world. With the improvement
of living standards, consumers pay more attention to rice quality, particularly the eat-
ing/cooking quality. Studies have found that rice varieties with high amylose content
have poor eating/cooking quality [1], while rice varieties with low amylose content gen-
erally have a higher eating/cooking quality. Quality is an important consideration in
rice production. Rice quality is not only controlled by genetic factors but also affected
by temperature, water, and nitrogen management. Nitrogen is an important element in
fertilizer that can significantly affect the grain yield and quality of rice [2,3]. Reasonable
nitrogen fertilizer management not only increases the yield of rice but is also an important
cultivation measure to regulate the quality of production [4,5]. There is a large nitrogen
fertilizer input in China’s nitrogen-fertilized farmland, and the nitrogen utilization rate
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is only about 30%. The high nitrogen fertilizer input not only reduces the use of nitrogen
but also causes environmental pollution. The nitrogen fertilizer enters the water body, soil,
and air, causing water and soil pollution [6,7]. Diversified crop rotation models, such as
wheat-rice crop rotations and rapeseed-rice crop rotations, are widely distributed and
produce a large amount of straw every year in China. Rapeseed and wheat straw contains
abundant nutrients, and its incorporation has become one of the important methods used
to decrease the application of N and other chemical fertilizers. Straw returned to the
field can effectively increase the rice yield, roughness rate, polished and whole rice rate,
reduce chalky grain rate, chalkiness and amylose content, increase the aspect ratio and gel
consistency, and improve the rice processing quality and appearance quality, taste quality,
and nutritional quality [8,9]. Yan et al. [10] showed that returning wheat straw to the field
can increase rice yield. At the same time, it can reduce the chalky grain rate and chalkiness
and improve the rice quality under a rice-wheat rotation system. The optimization of straw
return to the field and nitrogen fertilizer under different rotation modes can not only realize
the efficient use of resources but also effectively improve economic benefits [11]. Under
the wheat-rice and rapeseed-rice rotation model, straw returned to the field and nitrogen
fertilizer management have a significant effect on the nitrogen use efficiency of hybrid
rice [12]. Returning straw to the field combined with on-site nitrogen fertilizer management
can increase yield and improve the appearance and taste quality of rice [13]. Under the
condition of a nitrogen application rate of 276 kg-hm~2, if only high-quality rice is required,
a nitrogen fertilizer operation with a ratio of base tiller to panicle fertilizer of 10:0 should
be used. For high-quality rice, nitrogen fertilizer management with a 7:3 ratio between the
base tiller fertilizer and spike fertilizer should be used [14]. Under conditions of a nitrogen
application rate of 2.25 t/hm? and 4.50 t/hm?, and a nitrogen fertilizer operation with a
ratio of the base tiller to panicle fertilizer of 6:4-8:2, the chalkiness and amylose content of
rice are reduced, while the gel consistency and protein content are reduced, which can im-
prove the cooking and eating quality and nutritional quality of rice [15]. The above research
mainly focuses on the effects of the straw return to the field, nitrogen fertilizer management,
and the supporting nitrogen fertilizer management under a single rotation mode on rice
yield and rice quality, but there are few comparative studies between straw return to the
field and nitrogen fertilizer management under different rotation modes. Therefore, in this
study, under a rapeseed-rice and wheat-rice rotation system, the straw of rape and wheat
were returned to the field, and different nitrogen fertilizer management treatments were
used. The objective was to determine the effects of optimized nitrogen fertilizer application
on the yield and quality of hybrid indica rice under a rapeseed /wheat-rice rotation system.
In so doing, the regulation and control methods for the quality and yield improvement of
hybrid indica rice under the diversified rotation system can be identified, with a view to
improving the quality of rice under different rotation models in production.

2. Materials and Methods
2.1. Experimental Site Information

The experiments were conducted at the farm of the Rice Research Institute, Sichuan
Agricultural University, Wenjiang, Sichuan Province, China (30.70° N, 103.83° E) from
October 2017 to early September 2019. Immediately before the field experiment (2017),
soil samples from the top 0.20 m of surface soil contained 1.52 g/kg total N (Kjeldahl
method, UDK-169, ITA), 23.89 mg/kg of available phosphorus (Mo—Sb colorimetry after
digestion with HySO4 and HCIOy), 2.421% organic matter (K,Cr,O7-volumetric method),
and 52.61 mg/kg available K (flame spectrometry after NH;OAc extraction) and had a
pH of 6.19 (tested in a sample containing a 1:2.5 ratio of soil to water). The average air
temperature and precipitation during the previous crop and rice-growing season, measured
at the weather station close to the experimental site, are detailed in Figure 1.
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Figure 1. The meteorological data of the experimental area, including temperature and rain full in 2017-2019.

2.2. Experiment Design

The experiment adopted a three-factor design. The first factor (two levels) was the
previous crop, which was rape and wheat represented by Pr and Pw, respectively. The
second factor (two levels) was the N application rate in the previous season, with a
conventional N application (Nc; 180 kg/ hm? N in rape season, 150 kg/ hm?2 N in wheat
season), reduced N (Nr; 150 kg/ hm? N in rape season, 120 kg/ hm? N in wheat season),
and N fertilizer as basal manure and top dressing at a 5:5 ratio. The third factor (three
levels) was N fertilizer management, with common urea as the N source. Based on an
application rate of 150 kg/hm? N in the rice season, three N management models were used,
where the ratio of the application of base fertilizer, tiller fertilizer, and panicle fertilizer
was 20%:20%:60% in treatment M1, 30%:30%:40% in treatment M2, and 40%:40%:20%
in treatment M3. MO was defined as the zero-N control. A total of 16 treatments were
performed with three repetitions. Each experimental plot was 15.75 m? in area with a
30 cm-wide ridge covered with a plastic film to prevent water and nutrient penetration
from the contiguous plots.

The rape variety used was ‘Mianyou No. 15" (Mianyang Academy of Agricultural
Sciences, Sichuan Province), and the wheat variety used was ‘Shumai 969’ (Wheat Research
Institute of Sichuan Agricultural University). Rape seedlings were transplanted on 12
October 2017 and 2018 and spaced at 0.5 x 0.35 m (57,000 plants/hm?) in both 2017 and
2018. The rapeseed was harvested on 1 May 2018 and 2019, and the wheat was harvested
on 8 May 2018 and 2019. Straw was cut into 5 cm pieces and returned to the corresponding
plots after the rape and wheat harvest. The N contribution to the plot by rape straw was
16.08-27.81 kg /hm?, 13.08-19.88 kg/hm? by wheat straw. Urea (N, 46.4%) was used as the
N source, phosphorus (P,0s, 12.0%) was used as the phosphorus source, and potassium
chloride (K20, 60.0%) was used as the potassium source. Phosphorus and potassium were
applied to the soil as a base fertilizer 1 day before sowing or transplanting. Nitrogen,
phosphorus, and potassium fertilizers were applied in the rape season at a ratio of 2:1:2
and in the wheat season at a ratio of 2:1:1.

‘Fyou 498’ a commonly planted, high-yield, indica hybrid rice cultivar, was sown in a
seedbed on 17 April 2018 and 2019, and seedlings were transplanted to the field on 23 May
2018 and 2019. The rice seedlings were transplanted and spaced at 0.333 x 0.167 m, in both
2018 and 2019, with one plant per hill. Ordinary urea was applied during the rice season.
Nitrogen, phosphorus, and potassium fertilizers were applied in the rape season at a ratio
of 2:1:2. Phosphate fertilizer (P,Os; 75 kg/hm?) and potash fertilizer (K,O; 150 kg/hm?)
were used as base fertilizers. The base fertilizer was applied 1 day before transplanting.
Tiller fertilizer was applied 7 days after transplanting. Spike fertilizer, divided into flower-
promoting fertilizer and flower-keeping fertilizer at a ratio of 5:5, was applied twice at the
four-leaf and two-leaf stages. After the rice was harvested, the entire amount of straw was
chopped and returned to the corresponding plot, and the N contribution to the plot by rape
straw was 16.08-27.81 kg/hm?. The weeds were controlled in the rape and rice plots with
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pretilachlor (1720 mL/hm?) (Jiangsu Changlong Agrochemicals Co., Ltd. Taizhou, China).
The herbicide was applied once at the seedling stage of rapeseed and the tillering stage of
rice. Pests and diseases were controlled by imidacloprid (90 g/hm?) (Hubei Xinhe Chemical
Co., Ltd. Wuhan, China) and kasugamycin (1200 mL/hm?) (Hubei Dibai Chemical Co.,
Ltd., Wuhan, China) to avoid yield loss.

2.3. Measurements and Methods
2.3.1. Plant Sampling and Measurements

At the maturity stage, all rice plants were selected from each plot to test the rice yield
(GY) were calculated according to the actual number of harvested plants; the value was
adjusted to 13.5% moisture to ensure safe storage.

2.3.2. Rice Quality Index Measurements

Rice grains were collected, dried, and stored for more than 3 months, according to
NY/T83-1988 (1988). Grain samples of 120 g with 3 replications from each plot were
collected for grain quality analysis according to GB/T 17891-1999 (1999). The brown
rice, milled rice, and head rice rates were expressed as percentages of the total grain
weights. Chalkiness was evaluated on 100 milled grains per plot. The number of grains
containing over 20% white was considered as chalkiness rate. The chalkiness size was
expressed as the percentage of the total area of the kernel. The amylose content was
determined from the absorption at 620 nm by scanning the iodine absorption spectrum
from 400 to 900 nm using a spectrophotometer (Ultrospec 6300 pro, Amersham Biosciences,
Little Chalfont, UK). The values were converted to amylose content by reference to a
standard curve prepared from rice. The protein content was measured with a grain
analyzer (Infratec 1241, Foss, Denmark). Rice paste properties were determined using
a Rapid Visco Analyser (RVA; Super3, Newport Scientific, Sydney, Australia), following
the procedure of the American Association of Cereal Chemists. Three-gram samples of
flour were sifted with a 0.15 mm sieve and mixed with 25 g of deionized water in an
RVA sample tube. Peak viscosity, hot viscosity, cool viscosity in centipoise units (cp), and
their derivative parameter breakdown (peak viscosity minus hot viscosity), setback (cool
viscosity minus peak viscosity), and consistency (cool viscosity minus hot viscosity) were
recorded with matching software, Thermal Cline for Windows (TCW). Cooking/eating
quality was measured by Taste Analyzer RCTA11A (Satake Co., Hiroshima, Japan). The
primary function of the taste analyzer was to convert various physicochemical parameters
of rice into taste value.

2.4. Data Analysis

Data were analyzed using analysis of variance (ANOVA), and the means were com-
pared based on the least significant difference (LSD) test at the 0.05 probability level using
SPSS23 (Chinese version v22.0.0.0) (Statistical Product and Service Solutions Inc., Chicago,
IL, USA). The Origin Pro 2017(OriginLab, Northampton, MA, USA) was used to draw
the figures.

3. Results

3.1. Effects of N Application Rate in the Previous Season and N Management in Rice Season, on
Rice Yield

The analysis of variance showed that the previous crop (P), nitrogen application rate
(N), nitrogen fertilizer management (M), and their interaction effects reached significant
levels, and there were also differences between treatments in the 2 years (Table 1).
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Table 1. Analysis of the variance of rice yield by nitrogen fertilizer management under a rapeseed /wheat-rice rotation sys-

tem.
Source of Variation Degree of Freedom Sum of Squares Mean Square Computed F Fo.05 Fo.01
Replication 4 0.01 0.00 73.13 ** 2.53 3.65
Treatment 30 169.82 5.66 116467.42 ** 1.65 2.03
Year (Y) 1 431 4.31 88609.67 ** 4.00 7.08
Previous crop (P) 1 1.19 1.19 24546.63 ** 4.00 7.08
N rate (N) 1 0.33 0.33 6798.35 ** 4.00 7.08
N management (M) 3 156.81 52.27 175441.77 ** 2.76 413
Y x P 1 1.19 1.19 24453.13 ** 4.00 7.08
Y x N 1 0.01 0.01 199.67 ** 4.00 7.08
Y xM 3 425 1.42 29128.42 ** 2.76 413
PxN 1 0.02 0.02 344.81** 4.00 7.08
PxM 3 2.94 0.98 20151.89 ** 2.76 4.13
N xM 3 0.11 0.04 77441 ** 2.76 4.13
Y xPxN 1 0.08 0.08 1715.07 ** 4.00 7.08
Y xPxM 3 1.49 0.50 10198.31 ** 2.76 4.13
Y x NxM 3 0.82 0.27 5635.96 ** 2.76 4.13
PxNxM 3 0.35 0.12 242326 ** 2.76 413
YxPxNxM 3 0.23 0.08 1567.64 ** 2.76 413
Error 60 0.00 0.00
Total variation 95 174.14

Y: year; P: previous crop; N: nitrogen rate; M: nitrogen management. * and ** mean significance at the 0.05 and 0.01 probability levels,
respectively. F: Analysis of variance.

Further analysis shows that the change in rice output between the years is basically the
same (Figure 2). The yield of rice under different previous crops was rapeseed (Pr) > wheat
(Pw), and Pr increased by 2.67% relative to Pw. Under different nitrogen application rates,
the performance was ranked as: conventional nitrogen application (Nc) > reduction (Nr).
Under different nitrogen operations, the performance was: M3 > M2 > M1 > M0, andM3
was relative to M2, M1, and M0, and increased by 1.39%, 4.61%, and 55.67%, respectively.
The interaction effect of Pr and M3 nitrogen fertilizer management on seed setting rate,
thousand-grain weight, and yield was significantly higher than the interaction effect of
other previous crops and different nitrogen fertilizer management treatments, and the
interaction effect of Nc and M3 nitrogen fertilizer management treatment had a higher
impact on yield. Interaction effects of other nitrogen application rates and different nitrogen
fertilizer management strategies indicated that in the rape season, the rice yield under
Nc and Nr was the highest under the M3 operation, and the 2-year average yields were
9.41 t/hm? and 9.54 t/hm?, respectively. Compared with Nc, the rice yield under the M3
operation in the rice season increased by 1.38% on average in 2 years. In the wheat season,
both Nc and Nr had the highest rice yield under the M2 operation, and the 2-year average
yields were 9.45 t/ hm? and 9.19 t/hm?. Compared with Nc in wheat season, rice yield
under M2 operation decreased by 2.75% on average in 2 years, and the difference was not
significant. This indicates that reducing nitrogen by 20% in rapeseed season, with a ratio of
the application of base fertilizer, tiller fertilizer, and panicle fertilizer of 40%:40%:20% (M3)
in rice season, was more conducive to increasing rice yield.

3.2. Effects of N Application Rate in the Previous Season and N Management in Rice Season, on
Rice Quality Characteristics

The analysis of variance shows that there are significant differences among the various
indicators of rice quality depending on the year, the previous crop, the amount of nitrogen
applied, the proportion of nitrogen fertilizer, and the interaction between them. The
interaction of the three was not significant (Table 2). It can be seen that nitrogen fertilizer
management under the rapeseed /wheat-rice rotation had a greater impact on various
indicators of rice quality.
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Figure 2. The effects of the N application rate in the previous season and N management in the rice season on the rice
yield. RNc and RNr represent the conventional nitrogen application and reduced nitrogen application in the rape season,
respectively. WNc and WNTr represent the conventional nitrogen application and reduced nitrogen application in the wheat
season, respectively. MO represents zero N was used in rice season; M1, M2, and M3 represent based on an application
rate of 150 kg/hm? N in the rice season, three N management models were applied, in which the application ratio of
base:tiller:panicle fertilizer was 20%:20%:60%, 30%:30%:40%, and 40%:40%:20%, respectively. Lower case letters indicate
that the yields of the hybrid rice are significantly different among the treatments (p < 0.05, LSD method).

3.2.1. Processing and Nutritional Quality

The brown rice rate, polished rice rate, and amylose content of rice are the highest in
2019 (Table 3). The brown rice rate, protein, and amylose are higher in the wheat season
than in the rape season; the polished rice rate and the whole rice rate are higher in the
rapeseed season than in the wheat season. Different previous crops have a significant
impact on the processing and nutritional quality of rice. Brown rice rate, polished rice rate,
and whole rice rate are the largest under different nitrogen application rates in rapeseed
and wheat seasons under reduced nitrogen applications, while protein and amylose are
the highest under conventional nitrogen application in rapeseed and wheat seasons. The
brown rice rate, polished rice rate, and protein content under different nitrogen fertilizer
management showed as M1 > M2 > M3 > MO0; protein content increased by 4.24%, 6.97%,
and 28.72% compared to M2, M3, and MO under the treatment of M1; the content of amylose
was M0 > M3 > M2 > M1 under the different nitrogen fertilizer strategies. The amylose
content of rice, except for the control without nitrogen fertilizer (M0), was the highest, and
all gradually decreased with the decrease of the ratio of basal tiller fertilizer. The change in
protein content was opposite, with significant differences between treatments. Increasing
the ratio of panicle fertilizer can improve the nutritional quality of rice.
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Table 3. The effects of the N application rate in the previous season and N management in the rice season on rice

quality characteristics.

Year Treatment BR (%) MR (%) HMR (%) PC (%) AC (%)
MO 79.181 65.51 de 52.00jkI 1224 1963 g
M1 8142 be 67.90 abe 59.50 bed 585h 16.31]
Ne M2 80.76 gh 68.48 ab 58.60 ef 5.63 i 17.78 hi
M3 8114 cd 68.32 abc 58.44 of 5.61j 1857h
average 80.63 67.55 57.14 533 18.07
Pr MO 79.481 64.62 ef 51.02 mn 1433q 17.85 hi
M1 81.18 cd 68.99a 61.382 6.05g 16.90 i
Nr M2 80.84 fg 69.54a 60.70 abc 587h 17.481
M3 81.50 be 68.96a 60.18 abc 5.75 hi 17.69 hi
average 80.75 68.03 58.32 5.50 17.48
2018 MO 80.03 k 63.10 fgh 52.23jkl 490 mn 278 cd
M1 §1.82 abc 63.02 fgh 44940 6.53 be 2239 de
Ne M2 81.96 abc 63.15 fgh 54883 h 6.31 def 22,55 de
M3 8152 be 62.36 ghi 54.21 hi 6.29 of 2259 de
average 81.33 6291 51.57 6.01 258
Pw MO 80.71 gh 61131 52.05 k1 501 m 22,60 de
Ml 82.28 ab 62.68 ghi 51.08 Im 673a 2197 ¢
Nr M2 81.71 abc 61.78 hi 57.34 fg 6.55b 2247 de
M3 81.48 be 63.19 fgh 53.53 hij 6.43 bed 2251 de
average 81.55 62.20 53.50 6.18 22.39
MO 80.18jk 66.62 cd 56.83 460p 23.03 abc
M1 81.61 abc 69.16a 60.74 abc 5.64i 22,30 ef
Ne M2 81.35 be 68.05 abc 61.00 ab 5.59] 2243 de
M3 81.23 cd 67.16 be 59.34 cd 5.58] 2283 be
Pr average 81.09 67.75 59.48 5.35 22.65
MO 80.29 i 68.12 abc 5452h 168 0p 23.04 abe
Ml 81.08 de 69.20a 60.82 abc 583h 21.99 £
Nr M2 80.57 hi 68.46 ab 58.00 efg 5161 2223 ef
M3 80.98 ef 68.54 ab 59.22 de 47810 22,89 be
o1 average 80.73 68.58 58.14 5.11 2254
MO 80.71 gh 62.66 ghi 52.56 jkI 5181 24.02a
M1 81.56 be 62.46 ghi 51.79 kI 622 f 23.29 abe
Ne M2 82.17 ab 63.75 fg 52,96 ijk 6.17fg 23.42 abe
M3 81.95 abc 63.15 fgh 50.14n 6.16 fg 23.82 abe
o average 81.60 63.01 51.86 5.93 23.64
MO 81.36 be 61.86 hi 5162k 526K 24032
M1 82.60a 63.58 fgh 5432 hi 641 cde 22,98 abe
Nr M2 82.08 ab 62.42 ghi 52,44kl 574 hi 23.22 abe
M3 8113 cd 62.06 ghi 52,647kl 536k 23.88 ab
average 81.79 62.48 5276 5.69 23.53

Pr represents rapeseed; Nc and Nr represent the conventional nitrogen application and reduced nitrogen application in the rape season,
respectively; Pw represents wheat; Nc and Nr represent the conventional nitrogen application and reduced nitrogen application in the
wheat season, respectively. M0 represents zero N was used in rice season; M1, M2, and M3 represent based on an application rate of 150
kg/hm2 N in the rice season, three N management models were applied, in which the application ratio of base:tiller:panicle fertilizer was
20%:20%:60%, 30%:30%:40%, and 40%:40%:20%, respectively. Lower case letters indicate that the rice quality characteristic are significantly
different among the treatments (p < 0.05, LSD method). BR: brown rice rate; MR: milled rice rate; HMR: head rice rate; AC: amylose content;

PC: protein content.

3.2.2. Appearance Quality

The rice chalkiness rate, chalkiness, aspect ratio, appearance, hardness, and eating
quality (such as taste and eating value) were the highest in 2019 (Table 4). The hardness,
taste, and taste values of the wheat season were the highest, followed by the rape season; the
aspect ratio was the highest in the rape season, followed by the wheat season. The previous
crop had a significant impact on the appearance and taste quality of rice. Appearance
(chalkiness rate, aspect ratio, appearance, hardness) and taste quality (taste and eating
value) were highest under different nitrogen application rates in the rapeseed season and
wheat season. The chalkiness is based on the rapeseed or wheat season. Conventional
nitrogen fertilization was the highest in the rape season and wheat season. Different
nitrogen application rates have a great impact on the appearance and taste quality of
rice. Different nitrogen fertilizer management had a great impact on the chalkiness rate,
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chalkiness size, and chalkiness of rice appearance. Chalkiness and chalkiness rate were
MO > M3 > M2 > M1 under different nitrogen fertilizer operations; aspect ratio was M0 >
M3 > M2 > M1 under different nitrogen fertilizer operations. Appearance under different
nitrogen fertilizer operations was M0 > M2 > M3 > M1; under the oil-rice rotation, the
rice season M3 treatment increased the rice length-to-width ratio, but at the same time,
increased the rice chalkiness and reduced the appearance quality of the rice. Under the
wheat-rice rotation, the M2 treatment in the rice season increased the aspect ratio of
the rice, and at the same time, increased the chalkiness of the rice and also reduced the
appearance quality of the rice. The rice taste and mouthfeel under different nitrogen
fertilizer managements were M0 > M3 > M2 > M1. Among them, rice taste M3 increased
0.35% and 2.43% compared with M2 and M1, respectively. Nitrogen fertilizer management
under the oil/wheat-rice rotation had a great impact on the eating quality. The taste of rice
under the oil-rice rotation increased with the increase in the ratio of the base tiller fertilizer
to the total nitrogen application, and the M3 operation was the best treatment. Under the
wheat-rice rotation, the taste of rice increased first and then later changed with the increase
in the ratio of the base tiller fertilizer to the total nitrogen application. The M2 operation is
the best. Therefore, it is more appropriate to reduce the application ratio of ear fertilizer,
which is then conducive to improving the eating quality of rice.

3.2.3. RVA Profile Characteristic Value of Rice

The characteristic of the starch RVA profile is an important indicator of the taste
of rice. Generally speaking, varieties with better eating quality generally have a larger
disintegration value and lower cut-off value. The peak viscosity, hot paste viscosity, cold
glue viscosity, and disintegration value were the largest in 2019, while the peak time,
reduction value, and gelatinization temperature were the highest in 2018 (Table 5). The
gum viscosity and disintegration values were highest in the wheat season, followed by the
rape season, while the peak time, reduction value, and gelatinization temperature were the
highest in the rape season, followed by the wheat season. Different previous crops will
affect the RVA of rice starch. The effect of nitrogen application rate on the RVA spectral
characteristics of starch is clear. Peak viscosity, hot paste viscosity, cold glue viscosity,
disintegration value, and peak time were higher under conventional nitrogen application,
while the reduction value and gelatinization temperature were the largest under reduced
nitrogen application. Different nitrogen fertilizer operations have a great impact on the
characteristic value of the RVA profile of rice starch. The peak viscosity and hot slurry
viscosity under different nitrogen fertilizer operations was M0 > M1 > M2 > M3; the
disintegration value under different nitrogen fertilizer operations was M3 > M2 > M1 > M0;
M3 increased relative to M2, M1, and MO0 by 2.54%, 2.88%, and 6.98%, respectively. The cold
glue viscosity and gelatinization temperature under different nitrogen fertilizer operations
was expressed as M0 > M1 > M2 > M3; the reduction value was M1 > M3 > M2 > M0; M1
relative to M3, M2 and MO increased by 27.13%, 52.62%, and 71.04%, respectively. The
peak viscosity, hot pulp viscosity, disintegration value, and cold gel viscosity of rice under
different nitrogen fertilizer management treatments under the oil-rice rotation (except
for the control treatment without nitrogen fertilizer; M0) were the highest and were the
same as the base tiller fertilizer. The proportion of nitrogen increased gradually, while the
change in the reduction value was opposite; under the wheat-rice rotation, the proportion
of base tiller fertilizer in the total nitrogen application increased first and then decreased.
The difference between the treatments was significant, and the disintegration value was
the largest under the M2 treatment. The reduction value was the smallest at M2. It shows
that reasonable nitrogen fertilizer management under the rapeseed /wheat-rice rotation is
beneficial in improving the eating quality of rice.

87



Agriculture 2021, 11, 490

Table 4. The effects of the N application rate in the previous season and N management in the rice season on rice appearance

quality and eating quality.
Year Treatment CP (%) CD (%) L/'W Appearance Comprehensive Hardness Mouthfeel
MO 57.06 ¢ 20.26 b 2.50 cd 8.43 cd 85.33 cd 336h 7.56 def
M1 35920 11.68 klm 2.50 cd 7.80 ijk 7433 g 3.96 be 6.30 m
Nc M2 35570 11.26 Im 2.50 cd 7.63 jk 77.66 £ 4.13 abc 6.73 jkl
M3 38.36 Imn 12.26 jkl 2.60 a 7.23m 80.00 e 3.86 cd 6.90 ijk
P average 4173 13.87 2.53 7.77 79.33 3.83 6.8725
r MO 53.80d 17.21 cdef 2.50 cd 8.50 cd 85.33 cd 3.50 gh 7.60 def
M1 33.23p 10.63 m 2.56 ab 7.60 jk 76.33 fg 4.33 ab 6.50 Im
Nr M2 35520 11.07 Im 2.52cd 7.67 jk 77.33 f 4.10 abe 6.66 k1
M3 37.03mno  11.231m 2.61a 7.30 Im 77.66 f 3.66 fg 6.70 k1
2018 average 39.90 12.54 255 7.77 79.16 3.90 6.865
MO 62.63 a 23.03a 2.60 a 8.83 ab 88.33 ab 4.13 abc 8.33Db
M1 55.76 cd 20.61b 243 e 843 cd 84.00d 3.50 gh 7.70 def
Nc M2 50.50 ef 17.60 cde 251 cd 8.36 de 84.66 cd 3.63 fg 7.76 de
M3 45.96 hi 16.66 def 246 de 8.40 de 84.66 cd 4.16 abc 7.63 def
Pw average 53.71 19.48 2.50 8.51 85.41 3.86 7.855
MO 60.43 b 2236 a 2.6la 9.01a 89.33 a 3.30h 8.70 a
M1 4326 k 14.66 hi 251 cd 8.56 be 84.33 d 3.60 gh 7.63 def
Nr M2 43.70 jk 15.86 fgh 2.50 cd 8.36 de 86.33 bed 436a 7.90 cd
M3 49.76 fg 18.05 cd 2.50 cd 8.53 be 86.00 bed 4.23 ab 7.86 cd
average 49.29 17.73 2.53 8.62 86.50 3.87 8.0225
MO 55.70 cd 18.54 ¢ 26la 8.66 bc 86.00 bed 3.53 gh 7.86 cd
M1 38.83 Im 12.74 jk 251 cd 7.76 ijk 77.00 f 4.16 abc 6.63 klm
Nc M2 38.56 Im 13.46 ij 2.50 cd 8.03 hi 76.66 f 3.83 de 6.71jkl
M3 40.151 12.87 jk 2.56 ab 7.53 kl 81.00 e 4.20 ab 7.16 ghi
average 43.31 14.40 2.55 8.00 80.17 3.93 7.09
Pr MO 55.85 cd 18.26 ¢ 2.60 a 8.26 fg 84.00 d 3.56 gh 741 efg
M1 35510 11.76 klm 2.50 cd 8.26 fg 80.00 e 3.80 ef 7.03 hij
Nr M2 38.76 Im 12.35 jkl 2.50 cd 8.03 hi 80.33 e 4.20 ab 7.10 ghi
M3 4923 fg 16.33 efg 2.56 ab 7.86 ij 83.66 d 353 gh 7.36 fgh
2019 average 44.84 14.68 2.54 8.10 82.00 3.77 7.225
MO 63.43a 23.03a 2.62a 8.83 ab 88.33 ab 4.16 abc 8.33Db
M1 36.50 no 12.97 jk 2.50 cd 843 cd 83.66 d 3.80 ef 7.60 def
Nc M2 45.37 ij 15.16 gh 2.53 be 8.20 gh 86.33 bed 3.50 gh 7.90 cd
M3 44.06 ijk 14.66 hi 2.50 cd 8.61 bc 84.33d 340h 7.40 efg
Pw average 47.34 16.46 2.54 8.52 85.66 3.72 7.8075
Mo 63.03 a 22.36 a 2.6la 9.01a 89.33 a 3.30h 871a
M1 47.74 gh 17.24 cdef 2.50 cd 8.73 ab 84.33 d 3.56 gh 7.56 def
Nr M2 51.85e 1821 ¢ 2.50 cd 8.33 ef 87.00 abc 3.66 fg 8.13 be
M3 49.57 fg 18.19 ¢ 2.50 cd 8.50 cd 85.33 cd 433 ab 7.66 def
average 53.05 19.00 2.53 8.64 86.50 371 8.015

Pr represents rapeseed; Nc and Nr represent the conventional nitrogen application and reduced nitrogen application in rape season,
respectively; Pw represents wheat; Nc and Nr represent the conventional nitrogen application and reduced nitrogen application in the
wheat season, respectively. MO represents zero N was used in rice season; M1, M2 and M3 represent based on an application rate of
150 kg/ hm?2 N in the rice season, three N management models were applied, in which the application ratio of base:tiller:panicle fertilizer
was 20%:20%:60%, 30%:30%:40%, and 40%:40%:20%, respectively. Lower case letters indicate that the rice appearance quality and eating
quality are significantly different among the treatments (p < 0.05, LSD method). CP: chalk grain rate; CD: chalkiness degree; L/W: Grain
length/Width ratio.

Table 5. The effects of the N application rate in the previous season and N management in the rice season on the RVA profile

characteristic value of rice.

Year Treatment PV (cp) HV (cp) BD (cp) CV (cp) SB (cp) Pt (cp) PT (cp)
MO 305.55 ij 200.72 cde 104.77 jk1 317.61 ef 16.10 cdef 6.13 abc 78.45 a
M1 281410 161.65 op 96.14 m 301.39 Im 19.50 be 6.11 abc 78.13 ab
Nc M2 289.77 Imn 186.30 ij 96.11 m 308.36 ij 22.63 ab 6.18 ab 78.35 ab
M3 289.97 Imn 193.91 efg 106.94 hi 312.66 gh 16.47 cdef 6.07 abc 77.28 be
2018 Pr average 291.68 185.65 100.96 310.01 18.68 6.12 78.05
MO 300.35 jk 207.02 abc 104.30 klm 31122 gh 11.66 hij 6.09 abc 78.15 ab
M1 284.27 no 165.58 nop 9453 n 309.66 hi 1841 cd 6.15 ab 77.61 abc
Nr M2 283.95 no 180.13 k1 108.97 gh 296.61 m 22.50 ab 5.95 def 77.41 abc
M3 285.67 no 192.85 efg 114.97 fg 303.43 k1 17.64 cde 6.02 abc 78.26 ab
average 288.56 186.40 105.66 305.23 17.55 6.05 77.86
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Table 5. Cont.

Year Treatment PV (cp) HV (cp) BD (cp) CV (cp) SB (cp) Pt (cp) PT (cp)
Mo 342.45b 20031cde  12943abc  335.67b —225n 602abc  76.62 ghi
M1 29660kl 17244 mn 139.01a  331.01bc 4391m 6.01 bed 76.88 fg
Ne M2 32803de  196.83def  12469cd  315.11fg 3.361m 5.95 cde 76.81 fg
M3 307.52hi  19259fgh  12189cd  30458jkl  1247ghi  597cde  76.68 ghi
b average 318.65 190.54 128.70 321.59 449 5.99 76.75
W Mo 337.66bc  20243bed  12645bc  337.33ab  —2107n  594def 7658 ghi
Ml 31638fg  197.58def  1221dcd  32258def 657kl 603bed 7649 ghi
Nr M2 32130ef  197.97def  12672bc  321.53def 632Kl 6.13 abe 76.95 ef
M3 313.94gh  189.64ghi  117.47def  31957def  1025i 6.03 bed 77.13 de
average 32232 196.91 123.15 325.25 526 6.03 76.79
Mo 20865jk  19538defg  10808ghi  313.14gh  1530defg  6.09 abc 78.31 ab
M1 27152p 162.86 op 10652i 31450 fg 2427 a 6.08 abc 78.13 ab
Ne M2 28547n0  17219mn  10891gh 29428 n 25.08a 595def  77.63 abe
M3 296.69 kI 18861hi  11580efg  29669m  1539defg  6.02abc  78.06 abc
average 288.08 179.76 109.80 304.65 20.01 6.04 78.03
Pr MO 29560 Klm 18647 ij 11505f  31272gh  130lfghi  6.06abc 78.13 ab
Ml 28415n0  167.52mno  10227lm 30677 ijk 26.08 2 6.09abc  77.86abc
Nr M2 284.83 no 180.68 kI 11455fg  30425jkI  1672cdef  6.02abc 78.21 ab
M3 28880mno  174.641m  11694def 30328kl 16.69cdef  595def  77.83abc
average 288.35 177.33 112.15 306.76 1813 6.03 78.01
2019 Mo 32485 ¢ 20875ab  131.17abc 32678 cd 3391m 5.94 def 7625
Ml 313.62 gh 15925 p 10827ghi  32422cde  1394efgh  6.15ab 77.18 cd
Ne M2 314.62fg 19498 defg  12408cd 284330 1.56 m 579 f 77.45 abe
M3 26556 p 186,52 ij 11619def  31489fg  519kim 601 bcd 76.93 f
average 304.66 187.38 119.85 312.56 6.02 5.97 76.95
Pw MO 359.51a 210.89a 1049k  3487a 91170 6222 77.31 abe
Ml 30461 jj 18334 jk 11866de 30647 ik 8.52jk 599bcd  77.45 abe
Nr M2 3B26lcd  19666def  13505ab  34387a 4251m 5.91 of 7632 hi
M3 32536  19540defgs  12619bcd  322.94def 1155 hij 6.09abc  77.39 abc
average 330.52 196.57 12115 329.54 3.80 6.05 77.12

Pr represents rapeseed; Nc and Nr represent the conventional nitrogen application and reduced nitrogen application in rape season,
respectively; Pw represents wheat; Nc and Nr represent the conventional nitrogen application and reduced nitrogen application in the
wheat season, respectively. MO represents zero N was used in rice season; M1, M2 and M3 represent based on an application rate of 150
kg/hm? N in the rice season, three N management models were applied, in which the application ratio of base:tiller:panicle fertilizer was
20%:20%:60%, 30%:30%:40%, and 40%:40%:20%, respectively. Lower case letters indicate that the RVA profile characteristic value of rice are
significantly different among the treatments (p < 0.05, LSD method). PV: peak viscosity; HV: hot viscosity; BD: break disintegration; CV:
cool viscosity; SB: setback; PT: peak time.

4. Discussion
4.1. Effects of Nitrogen Fertilizer Management on Yield in Different Rotation Modes

How to increase crop yields and reduce nitrogen fertilizer input to increase the efficient
absorption and utilization of nitrogen fertilizer by crops is one of the current hot spots
in the domain of agricultural research. Existing studies have shown that straw return to
the field, nitrogen fertilizer management, and straw return to the field combined with
nitrogen fertilizer have important regulatory effects on rice efficiency and yield, carbon and
nitrogen metabolism, and high-efficiency utilization of nitrogen [16]. A large number of
studies have shown that appropriate nitrogen fertilizer management, nitrogen application
rate [17], and straw return to the field and nitrogen fertilizer management [18] can promote
a significant increase in the cumulative amount of nitrogen uptake by rice at the mature
stage, which can greatly reduce the amount of nitrogen fertilizer applied. Studies have
shown that reduced fertilization has little effect on yield in crop rotation systems such as
wheat-rice, rapeseed-rice, and corn-cole [19,20]. Zhang Weile et al. showed that under the
condition of returning straw to the field, the nitrogen demand of crops could be met by the
post-fertilization of nitrogen fertilizer, and high and stable crop yields can be ensured [21].
Yanfengjun et al. [22] reported that when the ratio of base tiller fertilizer to ear fertilizer
was 6:4, high yields were ensured. This study believes that whether rice yield increases
significantly under the rapeseed /wheat-rice rotation is closely related to the ratio of base
tiller fertilizer to panicle fertilizer nitrogen fertilizer. The results of this study show that
in the rapeseed-rice planting system, the yield of rice under different treatments depends
on the reduction of nitrogen in the rape season, which is the largest when combined with
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the nitrogen fertilizer M3 in the rice season. The advantages of the huge root system of
rapeseed with a large accumulation of nutrients, large biomass of straw returned to the
field, and high nutrient release efficiency may be the main reasons for its significant role
in promoting rice production in the rice season. In the wheat-rice rotation system, rice
yield under different treatments is represented by conventional nitrogen application in the
wheat season, which is highest when combined with the nitrogen fertilizer M2 operation
in the rice season. It is possible that the reasonable management of nitrogen fertilizer in
the wheat-rice rotation system reduces the nitrogen accumulation in the early stage of rice
growth, inhibits the occurrence of ineffective tillers, and then meets the nitrogen demand
during the grain development process through top dressing, ensuring the production of rice.
In different crop rotation systems, reasonable nitrogen fertilizer management can better
coordinate straw rot and rice growth to compete for nitrogen, ensure early and stable rice
tillers, achieve the expected number of panicles, and coordinate the contradiction between
foot panicles and large panicles to achieve high yields. Nitrogen fertilizer management
under other crop rotation modes and the background value of soil nutrients will affect
nitrogen fertilizer management. The effect of returning straw into the field on the formation
of rice yield remains to be further studied in this respect.

4.2. Effects of Nitrogen Fertilizer Management on Rice Processing, Appearance, RVA and
Nutritional Quality under Different Rotation Models

The types of straw and the amount of nitrogen applied have substantial effects on rice
processing, appearance quality, and nutritional quality. After returning the straw to the
field, it can reduce the chalkiness rate, the size and the degree of chalkiness, increase the
brown rice rate, the polished rice rate, and the whole rice rate, and improve the processing
quality and appearance quality of rice [23,24]. Previous research reveals that an appropriate
amount of N fertilizer can decrease the chalky kernel rate, while the overuse of N can
increase the chalky kernel rate and undesirable grain appearance [25,26]. The degree
of chalkiness was significantly negatively related to eating/cooking quality. This was
primarily due to the fact that high chalkiness implies a low density of starch granules,
and therefore, the grains are more prone to breakage during cooking [27]. The amylose
content was decreased with the increasing nitrogen level. According to a previous study,
there are A- and B-types of starch granules in the endosperm [28]. This study shows
that under different rotation modes, returning crop stalks to the field had significant or
effects on the rice milling rate, chalkiness, hardness, and protein content of hybrid indica
rice. We believe that the effect of straw return on rice chalkiness may be mainly related
to the nitrogen and carbon supply of grain filling and the dynamic changes in grain
filling [29]. The mechanism of returning all straws to the field to improve the appearance
of rice needs to be further explored. The protein of rice is an ideal plant protein, which is
easily absorbed by the human body and is the main indicator of the nutritional quality of
rice. Reasonable nitrogen fertilizer management can substantially improve the quality of
rice [30]. Wopereis-Pura et al. [31] researched that more panicle fertilizer application can
significantly improve the processing quality of rice. The results of this study also show
that as the percentage of panicle fertilizer in the total nitrogen application increases, the
brown rice rate, polished rice rate, and whole rice rate increase. Increasing the ratio of
panicle fertilizer to the total nitrogen application can significantly improve the processing
quality of rice. Marwanto et al. [32] believed that an increase in the proportion of nitrogen
fertilizer does not increase the chalkiness rate of rice, but the chalkiness becomes larger.
The results of the current study are consistent with this. It shows that increasing the ratio
of ear fertilizer to the total nitrogen application can significantly improve the nutritional
quality of machine-grown, high-quality edible rice under a rapeseed-rice rotation system.
The effect of returning the whole amount of straw to the field on the eating quality of rice is
still lacking. Starch RVA profile characteristics are important indicators for evaluating rice
quality and are closely related to cooking and eating quality. After the straw is returned to
the field, the maximum viscosity and disintegration value both increase, but the reduction
value becomes smaller [33]. In this study, the reduced amount of nitrogen fertilization in
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the rape season under the rapeseed-rice rotation and the eating quality of the rice under the
treatment of the M3 operation in the rice season are the best, and the rice taste quality was
best following the conventional nitrogen application in the wheat season combined with
the M2 operation in the rice season under wheat-rice rotation. This shows that reasonable
nitrogen fertilizer management under the rapeseed/wheat-rice rotation is beneficial in
improving the eating quality of rice.

5. Conclusions

Optimizing nitrogen fertilizer management can increase rice yield and rice quality
under rapeseed/wheat-rice rotation systems. Reduced N for rapeseed and the panicle
fertilizer of 40%:40%:20% in rice season under a rapeseed-rice rotation system can be
recommended to stabilize yield and high-quality rice production and can be used as
an N-saving and environmentally friendly measure in rapeseed-rice rotation systems in
southern China.
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Abstract: In light of foreseen global climatic changes, we can expect crops to be subjected to several
stresses that may occur at the same time, but information concerning the effect of long-term exposure
to a combination of stresses on fruit yield and quality is scarce. This work looks at the effect of a
long-term combination of salinity and high temperature stresses on tomato yield and fruit quality.
Salinity decreased yield but had positive effects on fruit quality, increasing TSS, acidity, glucose,
fructose and flavonols. High temperatures increased the vitamin C content but significantly decreased
the concentration of some phenolic compounds (hydroxycinnamic acids and flavanones) and some
carotenoids (phytoene, phytofluene and violaxanthin). An idiosyncrasy was observed in the effect
of a combination of stresses on the content of homovanillic acid O-hexoside, lycopene and lutein,
being different than the effect of salinity or high temperature when applied separately. The effect of
a combination of stresses may differ from the effects of a single stress, underlining the importance
of studying how stress interactions may affect the yield and quality of crops. The results show the
viability of exploiting abiotic stresses and their combination to obtain tomatoes with increased levels
of health-promoting compounds.

Keywords: sugars; carotenoids; phenolic; antioxidants; nutritional quality; high temperature; NaCl

1. Introduction

Tomato (Solanum lycopersicum L.) is an important horticultural crop worldwide and
one of the most consumed vegetables in the world. Several abiotic stresses, such as water
deficit, salinity and extreme temperatures, can affect crop production. The effects of one of
these single stresses on plant production and physiological, biochemical and molecular
changes have been widely studied in the literature. In particular, tomato plants are often
cultivated in arid or semi-arid regions of the world, where salinity and high temperature
threaten to become, or already are, a problem. The effect of irrigation with saline waters on
tomato fruit has been well documented, indicating a decrease in yield and changes in fruit
quality [1], usually leading to better tasting fruits [2,3]. In relation to high temperatures,
several studies have shown a decrease in tomato fruit yield [4,5], and some authors have
indicated that secondary metabolites were more affected than primary metabolites [6].
Moreover, different responses to heat conditions amongst tomato genotypes have been
associated with the different effects of heat on some photosynthetic parameters [7].
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Agricultural land in arid or semi-arid regions can be affected not only by a single
stress, but by several stress conditions simultaneously. Moreover, considering the predicted
global climatic changes, we can expect this situation to be exacerbated, with serious
consequences [8]. Recently, several studies have focused on the effect of combinations
of various stresses on plant physiological responses [9,10]. Some results have indicated
that when plants are subjected to a combination of abiotic stresses, the response may be
different from that under each stress applied separately [10].

Similarly, results have indicated that the combination of various stresses had a greater
impact on plant growth and productivity than a single stress [8,11]. Nevertheless, some
reports have shown that a combination of stresses (e.g., salinity and heat) may lead to
better plant behavior than when each stress was applied individually [9,12,13]. However,
it is important to note that most of these studies reported on the short-term physiological
effects of stress combinations, while information about the effect of long-term exposure to
a combination of stresses on fruit yield and quality is scarce.

The aspects of productivity and sensory quality have attracted most attention, but re-
cently, there has been increasing interest in the nutritional value of fruits and vegetables [14],
as consumers demand products with a high content of health-promoting constituents. In
this respect, tomato is an important source of carotenoids such as (3-carotene, a precursor
of vitamin A; lycopene, which has been associate to a reduction in the risk of cancer, cardio-
vascular disease and macular degeneration [15]; lutein, which plays a fundamental role in
the protection of vision [16] and in preventing age-related maculopathy [17]; others that
have been less well studied, such as phytoene and phytofluene, which may contribute to
inhibiting the progression of atherosclerosis [18]. Furthermore, tomato is also a source of
phenolic compounds such as flavonoids and hydroxycinnamic acid derivatives and vita-
mins such as ascorbic acid. All of these compounds contribute to its antioxidant properties
and beneficial health effects [19].

The above-mentioned compounds are important for the commercial quality of tomato
and can be affected by factors such as variety and environmental, agricultural and post-
harvest conditions [20]. Moreover, using controlled abiotic stress may be an interesting
approach to improve the nutraceutical value of fruits and vegetables [21]. Taking all of
this into consideration, the aim of this work was to study the effect of a combination of
different stresses (salinity and high temperature) on tomato yield and fruit quality. Unlike
most previous studies found in the literature, this study involves the long-term exposure
to the combination of stresses, according to the current growing conditions, and allows for
elucidating the effect of these stresses on the final bioactive composition of the fruit.

2. Materials and Methods

The study was carried out from April (mid-spring) to July (mid-summer) in two poly-
carbonate greenhouses. Tomato seedlings (Solanum lycopersicum L.) were transplanted
to 120 L containers (1 plant per container) with aerated Hoagland nutrient solution
(pH = 5.5-6.1) prepared with osmosis-generated water and 1 mM NaCl in order to reach an
optimum conductivity value (2.2 dS m~!) for tomato plant and fruit development [22]. The
cultivar used was Boludo, provided by Monsanto, which is an indeterminate hybrid variety
for fresh consumption with a high fruit-setting capacity at high temperature and rounded
fruits of medium size and homogeneous color at maturity. Thirteen days after transplant-
ing (DAT), the temperature treatments were started, maintaining one of the greenhouses
(greenhouse 1) at a maximum of 25 °C during the day, while in the other (greenhouse
2), the maximum temperature was gradually increased over three days to reach a final
maximum temperature of 35 °C during the day. These temperatures were reached naturally
(without any heat source). To avoid exceeding these temperatures, the greenhouses were
fitted with a control system that included shade nets, zenithal windows and a cooling
system (Munters, Madrid, Spain). The shade nets were activated simultaneously in both
greenhouses for twelve hours per day starting at 8 a.m. In addition, zenithal windows
were opened from 6 a.m. until the temperature exceeded a temperature value of 20 °C.
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Thereafter, the maximum temperature set in each greenhouse was maintained using the
cooling system. Night temperatures ranged between 20 and 13 °C throughout the growing
period in a similar way in both greenhouses. The saline treatment (60 mM NaCl) was
started (16 DAT) in half of the containers in each greenhouse, through the application of
20 mM NaCl for three consecutive days in order to avoid osmotic shock. The salinity level
(60 mM NaCl, 7.8 dS m 1) was selected on the basis of previous results, which showed that
this level increased tomato fruit quality and reduced yield without drastically affecting
plant development [22,23]. These combinations provided a total of four treatments: control
(C, 25 °C + 1 mM Na(l), saline (S, 25 °C + 60 mM NaCl), heat (H, 35 °C + 1 mM NaCl)
and heat + salinity (S + H, 35 °C + 60 mM NaCl), distributed in a completely randomized
design with 6 replications (plants) per treatment (Figure 1). The nutrient solutions were
analyzed every week, and nutrients were added when they were 10% below the starting
level. The pH was adjusted every two days and water was added twice a week to replace
that lost by evapotranspiration.
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Figure 1. Experimental design layout of the greenhouse container experiment using a completely
randomized design (CRD) with four treatments, control (C), saline (S) and heat conditions (H) and
the combination of salinity and heat (S + H), and six replicates per treatment.
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Plants were allowed to grow until they produced the ninth cluster, at which point the
experiment terminated. Each tomato fruit was individually weighted to determine total and
commercial production and mean fruit weight. Fruits under 70 g and/or affected by BER
or cracking were classified as non-commercial. In order to analyze tomato quality, fruits at
the full-red stage of ripening from trusses two and three were sampled during the period
between 157 and 164 DAT. Fruit firmness of tomatoes with intact skin was determined with
a texturometer (TA XT plus Texture Analyzer, Stable Micro System, Godalming, UK). Color
was determined using a Minolta colorimeter CR200 model (Minolta Company, Limited,
Ramsey, NJ, USA), taking three measurements for each fruit along the equatorial axis.
Tomatoes taken from the same plant were cut into small pieces and mixed, constituting a
sample (six samples per treatment). Later, the fruits were homogenized, and half of the
homogenate was centrifuged to determine total soluble solids (TSS), pH and total acidity.
The other half was kept at —80 °C for subsequent analysis of sugars, organic acids, vitamin
C, phenolic compounds and carotenoids. Each sample was analyzed in triplicate.

Primary metabolites (soluble sugars and organic acids) and bioactive compounds
(vitamin C, carotenoids and phenolic compound) were analyzed by high-performance
liquid chromatography (HPLC) using a refraction index (IR) for sugars, a triple quadrupole
mass spectrometer detector (MS/MS) for organic acids, vitamin C and phenolic compounds
and a photodiode array UV-visible detector for carotenoids, following the methodologies
described by Flores et al. [24], Fenoll et al. [25] and Flores et al. [26]. The IBM SPSS Statistic
21 software was used to statistically analyze the results with a one-way ANOVA and
Duncan’s test.
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3. Results and Discussion
3.1. Yield Parameters

The total tomato yield obtained under control conditions was significantly reduced
by the three different treatments (p < 0.001). The effect of salinity and heat individually
was similar, and the combination of both stresses resulted in the highest yield reduction
(Figure 2A). The reduction in commercial yield was even higher with all different treat-
ments, which indicates a reduction in the percentage of commercial fruits (Figure 2B).
Commercial yield was reduced from 91.8% under control conditions to 80.5, 73.5 and 65.4%
with salinity, heat stress and the combination of both stresses, respectively. The above
decrease in tomato yield with the different treatments was attributed to the significant
reduction (p < 0.001) in fruit weight (Figure 2C) and not to a reduction in fruit number
(Figure 2D). Several authors have described a reduction in tomato fruit size but no or little
effect on fruit number under saline conditions [27-30]. In regard to the decrease in fruit
weight under saline conditions, this effect has been attributed to a lower water uptake
by the root, thus reducing water transport to the fruit [31-33]. Unlike salinity, heat stress
may affect fruit set with negative consequences for the yield [34]. However, under our
experimental conditions, heat stress alone or combined with salinity had no significant
effect on fruit number.
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Figure 2. Total production (A), commercial production (B), fruit mean weight (C) and fruit number
per plant (D) of tomato plants under control (C), saline (S) and heat conditions (H) or the combination
of salinity and heat (S + H). Values are means + SE (n = 6). Different letters indicate significant
differences between means according to Duncan’s test at the 5% level.

Different responses to combinations of stresses can be found: (1) additive, which is
the addition of the single stress responses; (2) synergistic, which is the sum of each single
stress; (3) idiosyncratic, when completely different from the individual stress responses;
(4) dominant, if it is very close to one of the stresses [35]. Our results point to a higher
negative effect of stress combinations than of each single stress on fruit yield (additive).
Although Rivero et al. [9] reported that after 72 h, the heat treatment improved the salinity
tolerance of tomato plants, long-term exposure to stress, such as in the present study,
would be expected to have more pronounced effects on plant physiology and fruit yield. In
agreement with our results, other authors studying drought, heat and their combination in
tomato plants over a period of 6 days indicated that combined stress reinforced the negative
effect of the individual stresses [36]. In addition, long-term studies have indicated that
different stress interactions have a higher effect on yield than any of the stresses applied
individually [8,11].
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3.2. Fruit Organoleptic Properties

Total soluble solids (TSS) significantly increased by salinity, whether applied alone or,
to a lesser extent, by the combination of salinity with high temperature, while temperature
alone had no effect (Table 1). The combination of both stresses significantly decreased the
pH in fruit, and the saline treatment applied as a single stress increased acidity. Other
authors have reported similar results in relation to the effect of salt stress in tomato fruits,
with both soluble solids and tritable acidity increasing [37,38]. Fruit firmness decreased
with the combination of salinity and heat, but there were no differences between the other
treatments. None of the treatments had any effect on L or hue values, while chroma
increased only with the combination of stresses.

Table 1. Total soluble solids (TSS, °Brix), pH, acidity (g citric acid L), firmness (N cm?) and color
parameters (L, hue and chroma) of tomato fruits under control (C), saline (S) and heat conditions (H)
or the combination of salinity and heat (S + H). Values are means (1 = 6).

Treatments TSS pH Acidity ~ Firmness L Hue Chroma
Control 474 4.3be 202 13.8P 429 51.6 39542
S 55¢ 424ab 2.7b 11.6 2P 439 54.1 40.7 20
H 462 44c¢ 202 13.5ab 433 52.6 39.72
S+H 52P 412 232 10.82 440 51.2 40°
*% *3% *3% * n.s. n.s. *

*** Significant differences between means at the 5 or 1% level of probability, respectively; n.s., non-significant
at p = 5%. For each stage, different letters in the same column indicate significant differences between means
according to Duncan’s test at the 5% level.

The glucose and fructose contents significantly increased when salinity was applied
as a single stress, but were not affected when heat was the only stress (Table 2). However,
heat and salinity together had an additive effect, with the combination of both stresses
resulting in the highest increase in both glucose and fructose. Many results can be found in
the literature related to the increase in tomato fruit quality as a result of an increasing sugar
content caused by salinity of the nutrient solution [3,27,39—41], which was attributed to
the effect of saline stress on enzymes associated with sugar biosynthesis [42]. As for high
temperature, no effect on the fruit’s reducing sugar content has been described in tomato
in spite of its impact on fruit mass production [43]. However, our findings indicated that
under high temperature conditions, irrigation with saline water could increase the fruit
sugar content and, therefore, lead to greater consumer preference because of the increase
in sweetness and flavor.

Table 2. Concentration of soluble sugars and organic acids (mg g~ fresh weight) in tomato fruits
under control (C), saline (S) and heat conditions (H) or the combination of salinity and heat (S + H).
Values are means (1 = 6).

Treatments Glucose Fructose Citric Glutamic Malic
Control 14.752 15.40 2 1.59 3.00 2P 0.42 b
S 20.23P 19.80© 1.86 341° 0302
H 13.64 2 14.322 1.95 2234 049°
S+H 24.26 ¢ 23.09 € 1.74 2.89 b 0.412b

EE % n.s' * *

*#** Significant differences between means at 5 or 0.1% level of probability, respectively; n.s., non-significant
at p = 5%. For each stage, different letters in the same column indicate significant differences between means
according to Duncan’s test at the 5% level.

Glutamic acid concentration was not affected by any treatment with regard to the
control (Table 2), although significant differences were found between single stress appli-
cations (p < 0.05), being 1.5 times higher under saline than under heat stress. In the case
of malic acid, the heat treatment led to a 1.6 times higher content than that obtained in
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saline conditions. Neither a single stress nor the combination of both significantly changed
the citric acid concentration. Other authors have indicated that salinity increases organic
acid as well as the sugar concentration [27,44], but this effect was closely dependent on
the tomato variety [27]. The increased concentrations of both sugars and organic acids
in tomato fruits by salinity and high temperature have been previously associated to a
concentration effect as a result of a decreased sink/source ratio due to increased flower
abortion [27,28]. However, the experimental conditions in the present study did not led to a
decrease in the number of fruits as a consequence of any single stress or their combination.
Therefore, the increased concentrations of sugars and organic acids could be attributed to
an enhanced biosynthesis under these stress conditions.

3.3. Phenolic Compounds

The most abundant phenolic compound was homovanillic acid-O-hexoside, with an av-
erage concentration of 26.4 ug gfl, followed by the flavonol derivative rutin (10.6 ug g’l) and
kaempferol-3-O-rutinoside (8.6 j1g g~ 1) and the flavanone naringenin (7.0 ug g~ 1). Hydrox-
ycinnamic acids were mainly represented by chlorogenic acid (5.9 pg g~1). The dihydrochal-
cone phloretin-C-diglycoside was found at an average concentration of 3.8 yg g~ 1. Other
detected phenolic compounds were the flavonol derivatives rutin-O-hexoside (0.20 ug g~ 1),
rutin-O-pentoside (0.07 ug g~ 1), quercetin (0.04 ug g~ 1), the flavanone naringenin-O-hexoside
(3.1 ug g~ 1) and the hydroxycinnamic derivatives caffeic-acid-O-hexoside (2.4 ng g~1), cryp-
tochlorogenic acid (1.4 ug g~ 1), ferulic acid-O-hexoside (1.3 ug g~ 1) and p-coumaroyl quinic
acid (0.19 ug g™, dicaffeoylquinic (0.15 pg g 1), ferulic (0.14 ug g~1), caffeic (0.12 ug g~ 1)
and p-coumaric acids (0.03 ug g~ !). Table S1 shows the values of each individual phenolic
compound in the different treatments.

The content of hydroxycinnamic acids was significantly reduced by the high tempera-
ture, while the other treatments had no effect on these compounds (Figure 3A). Interestingly,
salinity inhibited the detrimental effect of heat on this parameter. Flavanones were not af-
fected by salinity but decreased significantly and in a similar manner with high temperature
and the combination of salinity and heat (Figure 3B), which indicates that heat dominated
the combined stress response. In contrast, flavonols were significantly increased by salinity
and the combination of both stresses, and no significant differences were found between
both conditions, indicating the dominant effect of salinity on this parameter. No effects of
heat as a single stress were observed on the flavonol content (Figure 3C). Homovanillic
acid-O-hexoside was significantly higher with both stresses applied together (Figure 4A),
and phloretin was significantly reduced with the saline treatment (Figure 4B).

Phenolic compounds are important for the detoxification of free radicals [45] and
environmental stress can increase the levels of these scavenger molecules [21]. Regarding
salinity, contradictory reports of the effects on phenolic compounds in tomato fruits can be
found in the literature, increasing [46,47], decreasing [48] or even remaining unchanged [49].
The same is true of flavonoids, with some authors finding an increase in the total flavonoid
content of tomato fruits under saline conditions [48] and others reporting a reduction [50].
In the case of heat stress, some authors have pointed to an increase in specific phenolic
compounds [6,51] under high temperature conditions. Martinez et al. [12] described a
differential accumulation of phenolic compounds that was dependent on the type of abiotic
stress, concluding that the accumulation of flavonols over hydroxycinnamic acids favored
oxidative damage protection under abiotic stress. In agreement with these authors, our
results indicated an increase in flavonols/hydroxycinnamic acids ratio under all stress
conditions, with the highest values obtained when both stresses were combined.

The different results found in the literature could be due to the influence of several
factors, such as stage of ripeness and tissue, growth conditions, genotype or the detection
method [52,53]. Our results showed the specific effects of individual and combined stresses
on each phenolic compound family, which may be underestimated when the total contents
are analyzed with non-selective methods. Moreover, the effect of salinity on phenolic
compounds may be influenced by other factors, as mentioned by Incerti et al. [54], who re-
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ported that their level decreased or increased, depending on the season (spring or autumn).
These findings highlight the need to study the interaction between different factors that are
expected to coexist when evaluating the impact of abiotic stress on fruit composition.
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Figure 3. Concentration of hydroxycinnamic acids (A) flavanones (B) and flavonols (C) (ug g~ fresh
weight) in tomato fruits under control (C), saline (S) and heat conditions (H) or the combination
of salinity and heat (S + H). Values are means + SE (1 = 6). Different letters indicate significant
differences between means according to Duncan’s test at the 5% level.
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Figure 4. Concentration of homovanillic acid-O-hexoside (A) and phloretin (B) (1g g’1 fresh weight)
in tomato fruits under control (C), saline (S) and heat conditions (H) or the combination of salinity
and heat (S + H). Values are means + SE (1 = 6). Different letters indicate significant differences
between means according to Duncan’s test at the 5% level.
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3.4. Vitamin C

Vitamin C concentrations increased (p < 0.01) similarly with high temperature and
when both stresses were applied, indicating the dominant effect of heat stress and no
effect of salinity (Figure 5). Gautier et al. [6] found that ascorbate levels decreased when
temperature increased to 32 °C, and Rosales et al. [50] observed an increase in ascorbic
acid under stress conditions due to high temperature. After an initial fall, an increase in
vitamin C was found by Hernadndez et al. [55] after a long exposure to high temperatures,
suggesting that plant metabolism adapted to a high temperature and/or when the tem-
perature decreased during the night, a restoration of the ascorbate synthesis took place.
Ehret et al. [30] suggested that vitamin C concentration increased as a response to abiotic
stress through de novo synthesis or due to its regeneration from dihydrolipoic acid. In
spite of the increase in vitamin C caused by salinity in tomato fruits reported by other
authors [27,30,46,56], our results found that salinity had no effect when applied alone and
no synergistic effect when applied at the same time as a high temperature.
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Figure 5. Concentration of vitamin C (ug g’] fresh weight) in tomato fruits under control (C), saline
(S) and heat conditions (H) or the combination of salinity and heat (S + H). Values are means + SE
(n = 6). Different letters indicate significant differences between means according to Duncan’s test at
the 5% level.

3.5. Carotenoids

Salinity applied as a single stress did not significantly affect any of the precursors or
carotenoids (Figures 6 and 7). High temperature did not increase carotenoids concentrations
while the concentration of phytoene (Figure 6A), phytofluene (Figure 6B) and violaxanthin
(Figure 7D) decreased with heat, whether applied as a single stress or combined with salin-
ity. In spite of what occurred with the individual stresses, lycopene and lutein increased
as a response to the combination of both stresses (Figure 7A,C). As for 3-carotene, no
significant differences were observed between any of the single stress treatments or their
combination and the control treatment (Figure 7B).

Carotenoids can contribute to the fluidity and permeability of membranes in response
to changes in temperature [57,58]. Although heat stress (32 °C) caused a decrease in
lycopene levels, under certain conditions the fruits could recover or even increase the
initial concentrations [55]. High temperature seems to have no effect on f-carotene and
lutein [6,55]. However, some authors have reported a beneficial effect of salinity on the
carotenoid content, [27,30,40,59], while Serio et al. [60] reported that salinity did not affect
the lycopene content, in agreement with our results. Comparative studies have indicated
that the response of carotenoids in tomato to salinity was genotype dependent [50,59].

Unlike the response to salinity or high temperature when applied separately, a specific
and different response to the combination of both stresses was the increase in lycopene and
lutein concentrations. Under such stress conditions, our results suggested a degradation of
the precursors phytoene and phytofluene towards the accumulation of lycopene and lutein
and the maintenance of 3-carotene levels at the expense of a decreased accumulation of
violaxanthin. These results of increased lycopene and lutein concentrations are especially
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important, considering the role of these metabolites in human health [61] and with lycopene
being the principal carotenoid, which confers the red pigmentation to the fruit.
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Figure 6. Concentration of phytoene (A) and phytofluene (B) (ug g~ fresh weight) in tomato fruits
under control (C), saline (S) and heat conditions (H) or the combination of salinity and heat (S + H).
Values are means & SE (n = 6). Different letters indicate significant differences between means
according to Duncan’s test at the 5% level.
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Figure 7. Concentration of lycopene (A), B-carotene (B), lutein (C) and violaxanthin (D) (ug g’1
fresh weight) in tomato fruits under control (C), saline (S) and heat conditions (H) or the combination
of salinity and heat (S + H). Values are means & SE (1 = 6). Different letters indicate significant
differences between means according to Duncan’s test at the 5% level.

The effect of a combination of stresses may differ from those of single stresses, high-
lighting the importance of studying the effect of stress interactions on the yield and quality
of crops. To summarize our findings, salinity applied as a single stress decreased the yield
of tomato but had a positive effect on fruit quality by increasing sugars and flavonols. High
temperatures increased the vitamin C content, but had a negative effect on yield and the
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content of various phenolic compounds (hydroxycinnamic acids and flavanones) and some
carotenoids. Interestingly, an idiosyncrasy was found in the effect of the combination of
stresses on the contents of homovallinic acid O-hexoside, lycopene and lutein. In addition,
the combination of stresses inhibited the detrimental effect of high temperature on hydrox-
ycinnamic acid content. The results from this preliminary study point to the viability of
exploiting abiotic stresses and their combination to obtain tomatoes with increased levels
of health-promoting compounds. However, it is to be expected that environmental, crop
management and even varietal factors may affect the results obtained. Therefore, further
studies are needed considering these factors and other abiotic stresses. Moreover, since
abiotic stress combinations due to climate change are expected to severely restrict crop yield
and fruit quality in the coming years, more studies that combine good crop management
with new breeding tools and gene editing technologies will be needed in order to improve
plant resilience and cope with the food, fiber and livestock feed demand.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/agriculture11060534 /51, Table S1: Concentration of individual phenolic compounds (ug g‘1
fresh weight) in tomato fruits under control, salinity, heat or the combination of salinity and heat.
Values are means & SE (n = 6). Different letters indicate significant differences between means
according to Duncan’s test at the 5% level.
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Abstract: In order to determine the effects of nitrogen fertilizer on the grain quality and starch physic-
ochemical properties of japonica rice cultivars with different contents of amylose, normal amylose
content (NAC) and low amylose content (LAC) cultivars were grown in a field, with or without
nitrogen fertilizer (WN). The relationships between the amylose content, starch physicochemical
properties and eating quality were also examined. Compared with WN, nitrogen fertilizer (NF)
significantly increased the grain yield but markedly decreased the grain weight. In addition, the
processing quality tended to improve, but the appearance quality and eating quality deteriorated
under NF application. The grain yield was similar between NAC and LAC cultivars. However, the
grain quality and starch physicochemical properties were significantly different between NAC and
LAC cultivars. The palatability of the cooked rice was significantly higher in the LAC than in NAC
cultivar, which was due to its lower amylose content, protein content, hardness, and retrogradation
enthalpy and degree, and its higher stickiness, peak viscosity, breakdown, relative crystallinity and
peak intensity. The amylose content and protein content were significantly negatively correlated with
the palatability. The amylose content was significantly positively correlated with the final viscosity
and setback, and was significantly negatively correlated with the relative crystallinity, peak intensity,
gelatinization enthalpy and breakdown. Palatability was significantly positively correlated with peak
viscosity, breakdown and peak intensity, and was significantly negatively correlated with the final
viscosity, setback, and retrogradation enthalpy and degree. Therefore, the selection of a low amylose
content japonica rice cultivar grown without nitrogen fertilizer can reduce the amylose and protein
contents, as well as improving the pasting properties, starch retrogradation properties and eating
quality of the cooked rice.

Keywords: nitrogen fertilizer; japonica rice cultivars; grain quality; starch physicochemical properties

1. Introduction

Rice (Oryza sativa L.) is one of the most staple food grains for more than half of the
world’s people, especially in China, where rice provides nutrients for two-thirds of the
population [1]. With the increase in the population and the improvement of living standards
in China, the demand for a high-yield, high-quality rice grain is rapidly increasing. Recently,
the structural reform of the cereal grain supply was proposed because of the relative surplus
of national cereal grain in China [2,3]. As a result, the focus has shifted from high yield to
high quality in rice breeding and cultivation. In order to improve the quality of japonica rice,
some cultivars with a high eating quality and low amylose content (AC: 10% to 15%) have
been released in China, such as Nangeng 46, Nangeng 5055, Nangeng 9108, Suxianggeng
100, Zaoxianggeng 1, Huruan 1212 and Songxianggeng 1018, which have the characteristics
of being soft but not sticky after cooking, and are defined as soft japonica rice [4,5].
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Rice quality is a very important factor affecting the choice of producers and consumers,
including milling, appearance, nutrition and eating quality [6]. The four main quality
traits are related to the content and composition of starch and protein in rice endosperm.
The appearance quality, indicated by the opaqueness or chalkiness, is affected by the
shape, size, and packing of starch granules, and by the starch composition [6]. The protein
content stored in the seed determines the nutritional quality [7]. Of the four quality traits,
eating quality is the most important, which is affected by multiple factors related to the
amylose content, amylopectin content, gel consistency, gelatinization temperature and
protein content [8]. A low amylose content is the main factor determining the high taste
quality of cooked rice [9]. The protein content is also involved in the cooking quality,
by impeding starch gelatinization (Chen et al. 2012; Ma et al. 2017). The pasting properties
reflect the variation in the viscosity of the starch when rice is cooked, and in previous
studies, a high taste quality was associated with a high peak viscosity and breakdown,
and a low setback [10,11].

Starch is the dominant component in rice grains, accounting for approximately 90% of
the endosperm’s weight, and it is essentially composed of linear amylose and moderately
branched amylopectin [12]. Previous studies indicate that the starch composition and
structure influence the starch functional properties [13,14]. Cai et al. [15] found that the
amylose and amylopectin contents, as well as the crystalline structure (relative crystallinity,
lamellar peak intensity and lamellar distance), determine different functional properties;
starch with a higher amylose content always shows faster retrogradation, leading to the
higher setback viscosity of the starch. Wang et al. [16] found that rice starch with a
lower amylose content had a higher relative crystallinity and short-range molecular order,
which contributed to its higher swelling power, peak viscosity and breakdown viscosity.
However, little information is available on the correlations between the starch structure
and physicochemical properties and the rice grain quality, especially the eating quality.

The difference in the grain quality and starch physicochemical properties of rice
cultivars with normal amylose content (NAC) and low amylose content (LAC) has been
reported previously [17,18]. Nevertheless, the amylose content of rice cultivars with low
AC is generally more susceptible to a varying environment than those with high AC.
Cheng et al. [17] suggested that the effects of high temperatures on the AC of rice are
cultivar-dependent, with high temperatures reducing the AC in a low-AC cultivar but
increasing the AC in a high-AC cultivar.

Nitrogen (N) is a crucial factor that affects the AC, grain quality and the starch
physicochemical properties. In previous studies, the amylose content decreased with an
increase in the N level in NAC [19] and LAC [20] rice cultivars. How, the way in which
the susceptibility of AC to N deficiency is affected by NAC and LAC cultivars is unclear.
Several studies reported that N application improved the processing quality; in particular,
topdressing N fertilizers increased the head rice percentage [21,22]. Zhu et al. [20] reported
that increased N application decreased the appearance quality and improved the nutritional
quality. Gao et al. [19] suggested that rice’s taste value increases with a decrease in the N
level, with the maximum value reached under an N deficiency. Therefore, we hypothesized
that the rice eating quality would be improved by selecting an LAC rice cultivar grown
under an N deficiency.

The objectives of this study were: (1) to compare the grain quality and starch physic-
ochemical properties between NAC and LAC japonica rice cultivars with or without N
fertilizer, and (2) to determine the relationships between the rice eating quality and the
amylose content, protein content and starch properties. The traits of the rice quality
(milling, appearance, nutrition, and eating quality), starch structure (starch granule size,
relative crystallinity and lamellar structure) and physicochemical properties (pasting and
gelatinization properties) were determined in order to understand their relationships.
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2. Materials and Methods
2.1. Plant Materials and Growth Conditions

Field experiments were conducted in a paddy field in Shengao Town, Jiangyan County,
Jiangsu Province, China (120.13° E, 32.58° N) in 2016 and 2017. In the paddy field, the clay
soil had the following nutrient contents in 2016 and 2017, respectively: 27.1 and 26.9 g kg*1
organic matter; 1.8 and 1.7 g kg ! total N; 18.9 and 18.3 g kg ~! Olsen-P; and 95.2 and 95.9
mg kg~ ! available K. The soil nutrients were determined by the standard procedures [23].
The precipitation, sunshine hours and temperature during the rice growing season across
the two years are shown in Figure 1.
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Figure 1. Precipitation, sunshine hours and temperature during the rice growing season of 2016 and 2017 in Jiangyan,
Southeast China. The precipitation and sunshine hours are monthly totals. The temperatures are the monthly averages.

Eight conventional japonica rice cultivars or lines with different amylose contents were
investigated in this study. We included four NAC cultivars with amylose contents ranging
from 15% to 17.8% and four LAC cultivars with amylose contents ranging from 9.2% to
14.2%. The specific information on the rice cultivars or lines is shown in Table 1.

Table 1. The information on the japonica rice cultivars or lines with different contents of amylose.

Amylose Content

C%;};‘éar Cultivar/Line l{)efleoafsficég/l) Yea%(;ilfeoa?;icial Cross Information Breeding Organization
; Jindao 9618 x Tianjing Academy of
Jingeng 818 178 2014 Jindao 1007 Agricultural Science
Zhengdao 99 x . .
Sugeng 815 15.0 2014 Wuyungeng 11 x Jiangsu Zth"ggﬂang Seed
Yandao 1229 ustry L-ompany
NAC Zhendao 88/Zhonggeng Lianvuneane Academ
Liangeng 7 16.2 2014 8415 x Zhongjingchuan ~ AV'LIEHA8 AL EY
2/Wuyugeng 3 5
Jia 45/9520 x Waujing Rice
Wuyungeng 27 17.2 2012 Wuyungeng 21 Research Institute
Shanghai Songjiang
Songzaoxiang 1 132 2014 Zaoxiangruanfan 2 District Agricultural
aoxiangchangligeng Technology
Extension Center
. Nanjing 46 X Changshu Agricultural
LAC Zaoxianggeng 1 9.2 2019 Wuyugeng 21 Research Institute
Yanggeng 239 129* Not released / Yzljggrizchlﬁltluf:lasdc eirer;?;?f
Ning 4725 142+ Not released / Na“ji{‘ﬁi“’;egrrsift‘;“uml

NAC, japonica rice with normal amylose content; LAC, japonica rice with low amylose content. * The amylose content was determined in

this experiment.
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2.2. Treatments

The experiment was conducted in a rice-wheat rotation and was a split-plot design,
with the N rate as the main plot and the cultivar amylose content as the split plot. The two
N levels were ‘no N application’ (WN, 0 kg ha™') and ‘N fertilizer’ (NF, 225 kg ha™1).
The seeds were sown on 13 June 2016 and 15 June 2017. The seeding rate was 60 kg ha~!.
The size of each plot was 12 m? (4 m x 3 m). Three replicates were included in the exper-
iment. Phosphorus (80 kg ha~! as single superphosphate) and potassium (120 kg ha~?
as potassium chloride) were applied and incorporated before the direct sowing in both
nitrogen treatments. In the NF treatment, basal N (90 kg ha~! as urea) was applied and
incorporated before the direct sowing, and top dressing N was also applied at the tillering
(90 kg ha~! as urea) and panicle branch differentiation (45 kg ha~! as urea). Water, weeds,
insects and diseases were controlled as required to avoid yield loss.

2.3. Grain Quality and Starch Property Measures

Once the rice had matured, the grain yield was determined from a harvest area of
6.0 m? in the middle of each plot. The yield components, i.e., the number of panicles per
square meter, the number of spikelets per panicle, the percentage of filled grains, and the
grain weight, were determined. The harvested grains were air-dried to 14% grain moisture
content and then stored at 4 °C for three months. The rice quality analyses were performed
according to GB/T 17891-2017.

2.3.1. Processing Quality

The rice grains were passed through a dehusker to obtain brown rice. The brown rice
was polished to obtain milled rice. In order to obtain head-milled rice, grain with a length
longer than 3/4 of its total length was separated from the milled rice. The brown rice,
milled rice, and head-milled rice are expressed as percentages of the total grain weight.

2.3.2. Appearance Quality

The chalkiness was evaluated on 100 milled grains per plot. Chalky kernel rate (%)
= the number of chalky kernels/100 milled grains x 100. Chalky area (%) = the chalky
area/the total area of the kernel. Chalkiness degree (%) = the chalky kernel rate x the
chalky area.

2.3.3. Nutritional Quality

The protein content and amylose content were measured in a 30 g sample of milled
rice with a grain analyzer (Infratec 1241, Foss, Denmark). The protein content indicates the
nutritional quality of rice. The amylose content is related to the eating quality.

2.3.4. Eating Quality

The sensory properties (palatability, hardness, stickiness) of the cooked rice were
measured using an STA-1A rice sensory analyzer (Satake, Japan), which reflects the eating
quality. Milled rice, 30 g, was washed in a stainless steel container and then transferred
into a 50 mL aluminum box containing 40 mL water. The milled rice was cooked in an
electric rice cooker (Z06YA3-S2, Supor, China). After the cooking, the sensory properties of
the cooked rice were determined.

2.3.5. Pasting Properties

The milled rice was ground into flour. The rice flour pasting properties were de-
termined using a rapid viscosity analyzer (RVA, Super 3, Newport Scientific, Australia).
A total of 3 g flour sifted through 0.15-mm sieves was mixed with 25 g pure water in the
RVA sample can. The peak viscosity, trough viscosity, final viscosity in cP (centipoise)
and their derivative parameters, i.e., breakdown (peak viscosity-trough viscosity), set-
back (final viscosity-peak viscosity), and consistency (final viscosity-trough viscosity) were
recorded with matching Software of Thermal Cline for Windows (TCW).
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2.3.6. Flour and Starch Isolation

Polished rice was ground into flour in a mill (FOSS 1093 Cyclotec Sample Mill, Sweden)
in order to pass through a 0.5 mm screen. The starch was isolated from the rice grains
according to the method of Zhang et al. [13]. Polished rice grains (10 g) were soaked in an
NaOH solution (0.2%) for 24 h. After soaking at room temperature, the swollen grains were
rinsed and homogenized in a blender (IKA-T RCT-Basic, Germany) at 1500 rpm for 3 min.
Then, 5 mg protease K was added to the slurry and mixed for 24 h at 37 °C. The slurry was
sieved through a 150 um mesh. The residue was mixed with the original volume of the
0.2% NaOH solution and passed through a 150 pum mesh. The combined starch filtrates
were centrifuged at 3000x ¢ for 15 min, and the supernatant was decanted. The process
was repeated six times until the yellow tailings were removed. The starch sample was
washed with ethanol, dried at 30 °C and stored in a container at 4 °C.

2.3.7. X-ray Diffraction Analysis of the Starch

X-ray diffraction (XRD) patterns were obtained using an X-ray diffractometer (D8 Ad-
vance, Bruker, Germany). The starch samples were analyzed by the diffractometer at
200 mA and 40 kV, with a diffraction angle (20) that ranged from 3 to 35° (20) at a scanning
speed of 0.02°. The relative crystallinity (%) was quantified as the ratio of the crystalline
area to the total area.

2.3.8. Small-Angle X-ray Scattering Analysis of the Starch

The lamellar structure of a starch sample was determined by using a Bruker NanoStar
SAXS instrument equipped with a Vantec 2000 detector and pin-hole collimation for point
focus geometry according to the method of Cai et al. [15]. The variables of the small-angle
X-ray scattering (SAXS) were analysed according to the simple graphical method.

2.3.9. Gelatinization Properties

The starch gelatinization properties were measured using differential scanning calorime-
try (DSC, 200-F3, Netzsch, Germany). In total, 5mg starch was weighed in an aluminum
pan and mixed with 15 uL. water. The samples were stored at 4 °C for 12 h. After incubating
at room temperature for 1 h, the samples were then heated from 20 °C to 130 °C at a rate of
10 °C min~!. The samples were analyzed in triplicate.

2.4. Statistical Analyses

The data were analyzed using Microsoft Excel 2013 and SPSS 17.0 (SPSS, Chicago,
IL, USA). Following the ANOVA, the means comparison was based on a least significant
difference (LSD) test at p < 0.05. The data of the grain yield components were analyzed as
the average of two years; only the 2016 data were used for the analysis of the grain quality
and starch properties.

3. Results
3.1. Grain Yield and Yield Components

The grain yield and yield components of both types of japonica rice cultivars varied
with the N level (Table 2). Compared with the yield (kg ha~') in WN, the grain yield of
both types of japonica rice cultivars increased significantly in NF in 2016 and 2017. In the
same N treatment, there were no significant differences in the grain yield between the
NAC and LAC cultivars. Of the yield components, the panicles and spikelets per panicle
increased significantly, and the grain weight decreased significantly in NF compared with
those in WN. In both NF and WN, the yield components were similar between the NAC
and LAC cultivars.

3.2. Milling and Appearance Quality

Compared with those in WN, the measures of the milling quality (brown rice, milled rice,
and head-milled rice) and appearance quality (chalkiness and chalky grain percentage) in
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both types of rice cultivars increased slightly in NF (Table 3). Therefore, with N application,
the milling quality improved, but the appearance quality deteriorated in both types of rice
cultivars. In the same N treatment, the percentages of milled rice and head-milled rice and
the measures of the appearance quality were lower in NAC than in LAC cultivars (Table 3),
whereas the brown rice rate was higher in NAC than in LAC cultivars. Therefore, the LAC
cultivars had a better milled rice quality but inferior appearance quality.

Table 2. Yield and yield components of the japonica rice cultivars with different contents of amylose, grown with or without
nitrogen fertilization.

Nitrogen ¢y iyar . Panicles Spikelets per Filled Grain Grain Weight  Yieldin2016  Yield in 2017
Trea(tlt’nent Type @ Cultivar (x10* ha-1) i PanicleP Perc(s/:l)tage (mg) 8 (kg-ha—1) (kg-ha—1)
Jingeng 818 379.80 88.60 94.89 27.80 8.46 8.80
Sugeng 815 443.10 86.50 84.94 26.76 8.30 8.59
NAC Liangeng 7 427.50 91.70 93.64 25.33 9.44 9.05
Wuyungeng 27 427.50 97.60 85.13 27.05 8.73 9.28
Mean 419.48 +£23.78 a 91.10 = 4.18 a 89.65 + 4.64 b 26.73 £0.90 b 873 +044a 893 +026a
NF Songzaoxiang 1 410.40 82.67 94.95 25.30 7.95 7.93
Yanggeng 239 347.70 86.70 94.78 30.65 8.42 8.14
LAC  Zaganggeng 370550 8043 95.42 2830 7.74 7.87
Ning 4725 401.10 88.43 95.68 25.58 8.10 7.96
Mean 382.43 + 2490 a 84.56 +3.17 a 95.21 £ 0.36 ab 27.46 +2.18b 8.06 £ 0.25a 798 +£0.10a
Jingeng 818 288.60 69.60 97.31 31.40 6.12 5.84
Sugeng 815 342.00 71.50 98.21 29.93 6.45 6.64
NAC Liangeng 7 316.65 76.84 97.68 26.84 6.15 6.53
Wuyungeng 27 320.70 71.00 98.67 30.32 6.43 6.60
Mean 316.99 + 19.01 b 7224 +£2.75b 9797 £ 052 a 29.62+1.70a 629 +0.15b 6.40 +0.33b
WN Songzaoxiang 1 307.80 68.00 97.12 28.10 5.39 4.81
Yanggeng 239 293.70 76.30 98.05 32.44 6.23 6.17
LAC Zaoxianggeng 1 324.90 75.50 94.65 28.89 6.52 6.23
Ning 4725 404.70 71.60 91.86 26.72 6.83 6.49
ean 332.78 £ 42.97b 72.85+3.32b 95.42 + 2.40 ab 29.04+211a 6.24 +0.53b 5.93 + 0.66 b

() NF, nitrogen fertilizer; WN, without nitrogen fertilizer. @ NAC, japonica rice with a normal amylose content; LAC, japonica rice with a
low amylose content. Different lowercase letters within the same column indicate significantly different means at the 0.05 probability level.
The data presented are the mean =+ standard deviation, n = 3.

Table 3. Milling

and appearance quality of japonica rice cultivars with different contents of amylose, grown with or without

nitrogen fertilizer.

Milling Quality Appearance Quality
Nitrogen Cultivar . i i
treatment @ Type @ Cultivar Brown Rice Milled Rice Hea(Ii{-iCMellled Chalkiness Clﬁ:ﬂ(eyngraén
(%) %) o0 (%) RN
o o
Jingeng 818 85.40 76.55 72.05 4.83 18.49
Sugeng 815 85.65 73.80 68.03 7.57 25.10
NAC Liangeng 7 85.90 73.91 69.85 11.15 36.87
Wuyungeng 27 85.45 74.55 69.13 8.56 27.37
Mean 85.60 £0.20 a 7470 £ 1.10 a 69.76 £ 1.47 a 8.03+226a 26.96 £ 6.59 a
NF Songzaoxiang 1 83.61 76.10 71.15 12.03 51.34
Yanggeng 239 86.60 77.50 72.07 11.39 51.76
LAC Zaoxiangéeng 1 85.25 76.35 71.37 10.63 36.79
Ning 4725 83.55 74.50 70.55 8.93 26.85
ean 8475 +1.27a 76.11 £1.07 a 7128 £ 0.54a 1075+ 116a  41.68+10.48a
Jingeng 818 84.50 75.75 69.05 4.37 17.39
Sugeng 815 85.90 72.35 64.52 7.49 22.85
NAC Liangeng 7 85.55 73.10 66.17 7.94 29.68
Wuyungeng 27 85.20 74.65 70.53 8.24 24.53
Mean 8529 £0.52a 73.96 £ 1.32a 6757 £2.36a 701 £155a 23.61 £4.39a
WN Songzaoxiang 1 81.95 73.25 64.82 7.63 23.96
Yanggeng 239 84.95 75.95 69.75 13.35 47.80
LAC Zaoxianggeng 1 84.35 74.70 71.79 8.55 35.28
Ning 4725 82.05 72.70 69.52 7.38 29.19
ean 8333 +1.34a 7415+ 127a 68.97 £2.55a 923+242a 34.05+8.89a

() NF, nitrogen fertilizer; WN, without nitrogen fertilizer. @ NAC, japonica rice with a normal amylose content; LAC, japonica rice with a
low amylose content. Different lowercase letters within the same column indicate significantly different means at the 0.05 probability level.
The data presented are the mean =+ standard deviation, n = 3.
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3.3. Eating Qualities and Their Relationships

Compared with that in WN, the amylose content was significantly lower in both types
of rice cultivars in NF (Table 4). By contrast, the protein content was higher in NF than in
WN. In both WN and NE, the protein content was higher in NAC than in LAC cultivars.
In a comparison of the variability in the amylose content between LAC and NAC cultivars
in NF, the coefficient of variation (CV) of the NAC cultivars (CV = 5.09%) was higher than
that of the LAC cultivars (CV = 4.49%). Therefore, the response of the amylose content of
the NAC cultivars to N fertilization was more variable.

Table 4. Protein content, amylose content, and eating quality of japonica rice cultivars with different contents of amylose,
grown with or without nitrogen fertilizer.

Nitrogen . Protein Amylose L .
T @  Cultivar Type @ Cultivar Content Content Hardness Stickiness Palatability
reatment (%) (%)
Jingeng 818 9.50 16.30 8.80 2.65 42.00
Sugeng 815 9.80 15.45 8.10 3.45 48.75
NAC Liangeng 7 9.45 16.55 8.53 273 43.75
Wuyungeng 27 9.05 17.80 8.15 3.65 49.50
Mean 945+ 027a 16.53 = 0.84b 839+029a 3124+044Db 46.00 £3.20 ¢
NE Songzaoxiang 1 9.05 13.15 7.30 5.30 60.50
Yanggeng 239 9.00 12.85 7.13 5.18 61.50
LAC Zaox1ang§eng 1 8.30 14.25 6.58 7.08 66.50
Ning 4725 8.10 14.15 6.23 6.78 64.24
Mean 8.61+042Db 13.60 4 0.61 ¢ 6.81 +0.43Db 6.08£085a  63.19 +552ab
Jingeng 818 8.60 18.80 8.35 2.68 44.50
Sugeng 815 8.45 18.15 7.65 4.16 53.63
NAC Liangeng 7 8.85 17.65 7.95 3.86 51.13
Wuyungeng 27 8.15 20.05 7.71 4.28 53.88
Mean 851+025b 18.66 + 0.90 a 7924027a 374+064b  50.78 £3.78 bc
WN Songzaoxiang 1 8.65 15.95 6.28 7.34 73.38
Yanggeng 239 8.00 16.15 6.30 6.26 70.00
LAC Zaoxianggeng 1 8.10 16.25 6.21 6.89 72.50
Ning 4725 7.80 16.55 6.10 7.33 74.50
Mean 8.144+031b 16.23 +0.22b 6.22 +0.08b 695+ 044a 72.59 + 1.66 a

() NF, nitrogen fertilizer; WN, without nitrogen fertilizer. ? NAC, japonica rice with a normal amylose content; LAC, japonica rice with a
low amylose content. Different lowercase letters within the same column indicate significantly different means at the 0.05 probability level.
The data presented are the mean =+ standard deviation, n = 3.

In WN and NEF, the LAC cultivars had the highest palatability, indicating the best
eating quality (Table 4). Compared with that in WN, the palatability was lower in both
types of rice cultivars in NF. Regardless of the N level, the LAC cultivars had significantly
higher palatability than the NAC cultivars. Higher palatability was associated with lower
hardness and higher stickiness. Compared with the NAC cultivars, the LAC cultivars had
lower hardness and higher stickiness.

The amylose content was negatively correlated with the palatability and protein con-
tent (Table 5). The protein content was significantly negatively correlated with palatability
and stickiness, but significantly positively correlated with hardness. Hence, the low amy-
lose content and low protein content both contributed to the higher palatability of the
cooked rice.

3.4. Pasting Properties in Relation to the Eating Quality

The differences in the pasting properties between the two types of japonica rice cultivars
in the two N treatments are shown in Table 6. In NF, the peak viscosity, trough viscosity,
breakdown and final viscosity decreased compared with those in WN. Regardless of the N
treatment, compared with the NAC cultivars, the peak viscosity and breakdown increased,
whereas the final viscosity, setback and pasting temperature decreased in the LAC cultivars.

The amylose content was significantly negatively correlated with breakdown, and was
significantly positively correlated with final viscosity (Table 5). Palatability was signifi-
cantly positively correlated with the peak viscosity and breakdown, and was significantly
negatively correlated with the final viscosity and setback. Therefore, the characteristics
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of high eating quality were as follows: a low amylose content, a high peak viscosity and
breakdown, and a low final viscosity and setback.

Table 5. Correlation matrix of the protein content, amylose content, eating quality and pasting properties (V) of japonica

rice cultivars.

AC PA HN SN PV TV BD FV SB PT
PC —0.164 —0.726** 0.756 ** —0.704 **  —0.587 * —0.480 —0.320 -0.019 0.376 0.231
AC —0.494 % 0.400 —0.439 —0.083 0.368 —0.513* 0.775 ** 0.693 ** 0.141
PA —0.994 ** 0.996 ** 0.596 * 0.116 0.723 ** —0.543*  —0.845** —0.254
HN —0.982**  —0.584* —0.123 —0.700 ** 0.532 * 0.829 ** 0.222
SN 0.615* 0.118 0.749 ** —0.535*  —0.851 ** —0.260
PV 0.713 ** 0.658 ** 0.113 —0.575* —0.215
vV —0.059 0.709 ** 0.108 —0.426
BD —0.601*  —0.934 ** 0.152
FV 0.748 ** —0.210
SB —0.029

@ pC, protein content; AC, amylose content; PA, palatability; HN, hardness; SN, stickiness; PV, peak viscosity; TV, trough viscosity; BD,
breakdown; FV, final viscosity; SB, setback; PT, pasting temperature. * and ** indicate significance at the p < 0.05 and p < 0.01 levels,
respectively (n = 16).

Table 6. Pasting properties of japonica rice cultivars with different contents of amylose, grown with or without nitrogen fertilizer.

Nitrogen Cultivar . Peak Viscosi "l_"roug.h Breakdown Final Viscosi Setback Pasting
Treatment Type @ Cultivar (cP) o VIS(E?’S)HY (cP) (cP) v (cP) Temraecl’?hll’e
Jingeng 818 2401.0 1307.0 1094.0 2465.0 64.0 70.45
Sugeng 815 2244.0 970.0 1274.0 1844.5 —399.5 75.58
NAC Liangeng 7 2200.5 1124.0 1076.5 2262.0 61.5 69.33
Wuyungeng 27 2427.0 1374.0 1053.0 2546.0 119.0 69.70
NF Mean 23181 +£975b 1193.8 +£158.3 b 11244 +87.6a 2279.4 + 271.6 ab —38.8 +209.5 a 7126 £25a
Songzaoxian§ 1 3107.0 1516.0 1591.0 2124.0 —983.0 69.75
Yanggeng 239 2570.5 1321.0 12495 19475 —623.0 70.10
LAC Zaoxiang%er\g 1 2928.0 1440.5 1487.5 2097.5 —830.5 70.50
Ning 4725 2692.5 1307.5 1385.0 1926.5 —766.0 70.10
Mean 2824.5+207.6a  1396.3 +86.4ab 14283 +126.3a 2023.9 +87.7b —800.6 +129.3b 70.114+03a
Jingeng 818 2952.0 1904.0 1048.0 3078.0 126.0 71.35
Sugeng 815 2717.0 1219.5 14975 2188.5 —528.5 75.58
NAC Liangeng 7 27235 1556.5 1167.0 2753.0 29.5 69.73
Wuyungeng 27 2742.0 1676.0 1066.0 2890.0 148.0 70.08
Mean 2783.6 £97.6a 1589.0 2472 a 1194.6 +180.7 a 27274 4+ 3318a —56.3 2763 a 7168 £23a
WN Sor\gzaoxian% 1 3242.0 1565.5 1676.5 2221.5 —1020.5 70.08
Yanggeng 239 2765.5 14735 1292.0 2169.5 —596.0 70.13
LAC Zaoxianggeng 1 2709.0 1367.0 1342.0 2018.0 —691.0 69.65
Ning 4725 2931.0 1473.0 1458.0 2125.0 —806.0 70.40
Mean 29119 £207.3a  1469.8 £703ab 14421+ 148.1a 21335 +749b —7784+158.3Db 70.06 +- 0.3 a

() NF, nitrogen fertilizer; WN, without nitrogen fertilizer. @ NAC, japonica rice with a normal amylose content; LAC, japonica rice with a
low amylose content. Different lowercase letters within the same column indicate significantly different means at the 0.05 probability level.
The data presented are the mean =+ standard deviation, n = 3.

3.5. Thermal Properties of Starch

The starch of both types of rice cultivars in both N treatments showed no significant dif-
ferences in its gelatinization temperatures and enthalpy (AHgel) (Table 7). Compared with
those in WN, in NF the retrogradation enthalpy (AHret) and degree (%R) increased by
51.6% and 48.8% in the NAC cultivars, and by 31.9% and 30.0% in the LAC cultivars,
respectively. Therefore, NF increased the starch AHret and %R. Compared with those in
the LAC cultivars, AHret and %R in the NAC cultivars increased by 49.2% and 55.2% in
NE and by 29.8% and 35.6% in WN, respectively. Hence, the AHret and %R were higher in
NAC than in the LAC cultivars.

The amylose content was significantly negatively correlated with AHgel (Table 8).
Palatability and stickiness were both significantly negatively correlated with AHret and
%R. Hardness was significantly positively correlated with AHret and %R.
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Table 7. Thermal properties of japonica rice cultivar starches with different contents of amylose, grown with or without

nitrogen fertilization.

Nitrogen Cultivar . To Tp Tc AHgel AHret o
Treatment Type @ Cultivar 0 (o] 0 (/g (J/g) %R
Jingeng 818 60.55 65.40 73.10 11.02 227 20.59
Sugeng 815 66.15 71.75 78.40 1243 2.33 18.75
NAC Liangeng 7 61.50 66.90 74.80 11.50 1.69 14.66
Wuyungeng 27 61.90 66.45 73.50 10.92 1.13 10.31
Mean 6253 £215a 67.63 =244 a 7495 +2.09 a 1147 £0.60 a 1.854+049a 16.16 = 3.96 a
NF Songzaoxiang 1 63.95 68.15 74.10 12.49 1.46 11.69
Yanggeng 239 63.45 68.20 74.80 11.72 1.17 10.00
LAC Zaoxianggeng 1 63.10 67.90 75.00 11.69 1.30 11.16
Ning 4725 63.55 68.35 75.85 11.61 1.01 8.69
Mean 63.51+0.30 a 68.154+0.16 a 74.94 4+ 0.62a 11.88 +0.36a 124+0.17ab 1041+ 1.15ab
Jingeng 818 61.60 67.15 74.75 11.40 1.09 9.54
Sugeng 815 67.25 72.30 75.85 11.87 1.46 12.27
NAC Liangeng 7 61.65 66.30 73.80 10.77 1.17 10.88
Wuyungeng 27 61.55 66.50 74.15 10.82 1.16 10.70
Mean 63.01 +245a 68.06 +2.47 a 74.64 +0.78 a 1121+ 045a 122+0.14ab  10.86 = 0.97 ab
WN Songzaoxiang 1 63.55 67.80 73.80 12.04 0.72 5.96
Yar\ggeng 239 63.05 67.85 75.40 11.63 0.70 6.02
LAC Zaoxianggeng 1 62.75 67.45 74.95 11.15 1.29 11.61
Ning 4725 63.55 68.30 75.55 11.95 1.03 8.64
ean 6323+ 034a 67.85+0.30a 74.93 +0.69 a 11.69 £0.35a 0.94 +0.25b 8.01 +£2.32b

() NF, nitrogen fertilizer; WN, without nitrogen fertilizer. @ NAC, japonica rice with a normal amylose content; LAC, japonica rice with
a low amylose content. To, Tp, Tc, AHgel, AHret and %R correspond to onset temperature, peak temperature, conclusion temperature,
gelatinization enthalpy, and retrogradation enthalpy and degree, respectively. Different lowercase letters within the same column indicate
significantly different means at the 0.05 probability level. The data presented are the mean =+ standard deviation, n = 3.

Table 8. Correlations between the eating quality, starch structure and gelatinization properties () of japonica rice cultivars.

To Tp Tc AHgel AHret %R PI PWHM PP LD RC
AC —0.261 —0.175 —0.186 —0.587 * —0.084 —0.011 —0.546 * —0.041 —0.499 * 0.32 —0.740 **
PA 0.267 0.137 0.143 0.318 —0.614 * —0.656 ** 0.709 ** 0.494 0.216 —0.121 0.208
HN —0.292 —0.171 —0.188 —0.316 0.640 ** 0.683 ** —0.725** —0.486 —0.24 0.131 —0.188
SN 0.256 0.12 0.107 0.32 —0.590 * —0.630 ** 0.681 ** 0.496 0.174 —0.11 0.203

M AC, amylose content; PA, palatability; HN, hardness; SN, stickiness; T, onset temperature; T}, peak temperature; T, conclusion temper-
ature; AHgel, gelatinization enthalpy; AHret, retrogradation enthalpy; %R, retrogradation degree; PI, peak intensity; PWHM, peak width at
half maximum; PP, peak position; LD, lamellar distance; RC, relative crystallinity. * and ** indicate significance at the p < 0.05 and p < 0.01

levels, respectively (n = 16).

3.6. Small-Angle X-ray Scattering Variables and the Relative Crystallinity of the Starches

The XRD patterns of the starch of eight rice cultivars affected by nitrogen levels
were very similar (Figure 2), showing the typical A-type diffraction pattern. The relative
crystallinity calculated from the XRD patterns showed no significant differences between
the nitrogen levels or the type of rice cultivar (Table 9). Compared with that in WN,
the relative crystallinity increased by 5.0% in the NAC cultivars, and by 3.6% in the LAC
cultivars in NF. The relative crystallinity was 2.8% and 4.1% lower in NAC cultivars than
in LAC cultivars in NF and WN, respectively. The amylose content was significantly
negatively correlated with the relative crystallinity (Table 8). Therefore, the starch samples
with a low amylose content had a high relative crystallinity.

The lamellar structures of rice starch were investigated using SAXS (Figure 3). The peak
intensity, peak width at half maximum, peak position, and lamellar distance calculated
from the SAXS patterns are shown in Table 9. The SAXS variables of both cultivar types
were not significantly different between NF and WN. Compared with that in the LAC
cultivars, the peak intensity in the NAC cultivars decreased by 17.9% in NF and by 21.6%
in WN. The peak width at half maximum, peak position and lamellar distance were similar
between the NAC and LAC cultivars in the two N treatments. The peak intensity and
peak position were significantly negatively correlated with the amylose content, and the
peak intensity was significantly positively correlated with the palatability and stickiness
(Table 8).

113



Agriculture 2021, 11, 616

Jingeng 818 Nitrogen rate
—— Liangeng 7 () LF‘
Sugeng 815 ’ |
= Wuyungeng 27 {““hl'l .|.'
a | i
g I ‘5 i WF?
E 'fkp"f'% n‘ i |
E AT RRS o
R, R RN
2 Ko™t VNG Wb
!\" ] ; I“ " y;ﬂ'
Mot N
\{W( “Ww i
gtV
5 10 15 20 " 25 s
Diffraction angle 20(°)
Jingeng 818 Without nitrogen
Liangeng 7 (c)
Sugeng 815
= Wuyungeng 27
=
2
=
[T} i
E "ﬁﬁm
N

5 20
Diffraction angle 20(%)

25 n

Relative intensity

—— Songzaoxiang 1

(b)

‘Yanggeng 239
Zaoxianggeng 1
Ning 4725 ,

Nitrogen rate

10 15
Diffraction angle 20(%)

—
20

Relative intensity

Songzaoxiang 1
Yanggeng 239 (d
Zaoxianggeng 1 "
Ning 4725

Without nilrogen

‘II5 2
Diffraction angle 20(%)

5 30

Figure 2. X-ray diffraction patterns of the starch of japonica rice cultivars with different contents of amylose, with or without
nitrogen fertilization. (a) NAC, with fertilization; (b) LAC, with fertilization; (¢) NAC, without fertilization; (d) LAC,

without fertilization.

Table 9. Small-angle X-ray scattering (SAXS) variables and relative crystallinity of the starch of japonica rice cultivars with

different contents of amylose, grown with or without nitrogen fertilizer.

SAXS Variable
Nitrogen Cultivar . Peak Width at Relative
Treatment Type @ Cultivar Peak Intensity Half Peak Position Iba.n:ellar Crystglhmty
(Count) Max1mum (A1) 1(s ance (%)
(A1) nm)
Jingeng 818 108.28 0.019 0.067 9.38 30.4
Sugeng 815 120.56 0.017 0.069 9.13 32.3
NAC Liangeng 7 130.55 0.019 0.068 9.24 33.9
Wuyungeng 27 124.30 0.019 0.068 9.24 30.4
Mean 12092 +8.12b 0.018 £0.00 a 0.068 £ 0.00 a 9.25 4+ 0.09 a 3175+ 146a
NF Songzaoxiang 1 150.34 0.018 0.068 9.19 33
Yanggeng 239 157.66 0.020 0.070 9.01 33.3
Zaoxianggeng 1 128.87 0.019 0.068 9.19 329
Ning 4725 152.40 0.018 0.069 9.38 31.5
ean 147.32 £10.98 a 0.019 £ 0.00 a 0.069 £ 0.00 a 9.19+0.13a 32.68 £ 0.69 a
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Table 9. Cont.

SAXS Variable
Nitrogen Cultivar . Peak Width at Relative
Treatment @ Type @ Cultivar Peak Intensity Half Peak Position Iﬁa.n;ellar Cry: stglhmty
(Count) Maximum (A1) 1(s al;ce %)
(A1) nm
Jingeng 818 123.24 0.018 0.068 9.23 29.7
Sugeng 815 129.48 0.018 0.068 9.19 31.6
NAC Liangeng 7 98.61 0.019 0.068 9.21 30.5
Wuyungeng 27 118.06 0.019 0.068 9.28 29.2
Mean 117.35 £ 11.55b 0.018 £0.00 a 0.068 £ 0.00 a 9.23 +£0.03a 3025+ 091 a
WN Songzaoxiang 1 146.48 0.020 0.068 9.21 32.1
Yanggeng 239 153.79 0.020 0.068 9.21 325
LAC Zaoxianggeng 1 132.39 0.020 0.068 9.23 31.0
Ning 4725 166.19 0.020 0.068 9.19 30.5
ean 149.71 £12.23a 0.020 £ 0.00 a 0.068 £ 0.00 a 921+ 0.01a 3153 £0.81a

@ NE, nitrogen fertilizer; WN, without nitrogen fertilizer. @) NAC, japonica rice with a normal amylose content; LAC, japonica rice with a
low amylose content. Different lowercase letters within the same column indicate significantly different means at the 0.05 probability level.
The data presented are the mean =+ standard deviation, n = 3.
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Figure 3. Small-angle X-ray scattering spectra of the starch of japonica rice cultivars with different contents of amylose,
with or without nitrogen fertilization. (a) NAC, with fertilization; (b) LAC, with fertilization; (¢) NAC, without fertilization;
(d) LAC, without fertilization.

4. Discussion

Rice grain quality is markedly influenced by the cultivar genotype and N applica-
tion [24]. In previous studies, N fertilizer application improved the milling quality and
nutritional quality of rice [11,25]. Our findings are consistent with these results, and in
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NE, the milling quality and nutritional quality improved, although the appearance quality
and eating quality deteriorated compared to WN (Tables 2 and 3). Top-dressed nitrogen
increases the protein content but decreases the amylose content in rice grains [26,27]. Simi-
larly, in our study, the protein content was higher and the amylose content was lower in NF
than in WN. Compared with WN, the palatability of the cooked rice decreased significantly
in NF because of the higher protein content and hardness and the lower stickiness. Ref. [28]
reported similar results in which a high protein content led to a firmer texture of rice, result-
ing in the insufficient absorption of water for compete gelatinization. Differences in grain
quality are found in rice cultivars with different contents of amylose [9]. Zhao et al. [18]
reported that rice varieties with lower amylose contents had a lower peak time, trough,
final, setback, and consistent viscosity, as well as a lower hardness of the cooked rice
and a higher gel consistency, breakdown viscosity, stickiness and comprehensive value of
the cooked rice. In this study, compared with those of NAC cultivars, the peak viscosity,
breakdown value and stickiness were higher, and the final viscosity, setback value, protein
content and hardness were lower in LAC cultivars, leading to the higher palatability of
cooked rice.

Yang et al. [29] examined the response of starch physicochemical properties to N
application, and according to Zhu et al. [30], an increasing level of N decreased the gela-
tinization temperature and increased the relative crystallinity and gelatinization enthalpy.
Those results are partially consistent with our findings. The highest relative crystallinity
(Table 9), gelatinization enthalpy and retrogradation enthalpy (Table 7) were observed in
NF, compared with WN. Singh et al. [31] also found that the amylose content decreased,
and the pasting temperature, gelatinization temperature and enthalpy increased with
N application.

The starch physicochemical properties of different types of rice cultivar have been
studied extensively. Cai et al. [15] investigated the structure and functional properties of
the starch of 10 rice cultivars with different amylose contents, and found that an increased
amylose content increased the gelatinization enthalpy and decreased the relative crys-
tallinity and peak intensity. Compared with NAC cultivars, the relative crystallinity and
peak intensity increased (Table 9), and the retrogradation enthalpy and degree decreased
(Table 7) in LAC cultivars. However, the gelatinization temperature and enthalpy were
similar between LAC and NAC cultivars (Table 7). The intensity of the scattering peaks
depends primarily on the order degree in semicrystalline regions, and decreases with an
increasing amylose content [32]. Thus, our findings are consistent with those of previous
studies [15,32].

The amylose content and protein content in the rice endosperm are the main fac-
tors that affect the rice eating quality [28,33,34]. In this study, the amylose content and
protein content were significantly negatively correlated with the palatability of cooked
rice. According to previous studies, the difference in the amylose content determines the
starch crystalline structure and physicochemical properties [35-37]. Kong et al. [35] found
that the amylose content was significantly positively correlated with the peak viscosity,
hot paste viscosity, cold paste viscosity, setback and hardness, whereas it was negatively
correlated with adhesiveness, cohesiveness, gelatinization temperature (To, Tp, Tc) and
enthalpy. In our study, the amylose content was significantly positively correlated with the
final viscosity and setback, and was significantly negatively correlated with the relative
crystallinity, peak intensity, gelatinization enthalpy and breakdown (Table 8); these results
are consistent with those of previous studies [15,35].

Pasting properties are also closely associated with the rice eating quality. Our findings
showed significant positive correlations between palatability, peak viscosity and break-
down, and significant negative correlations between palatability, final viscosity and setback
(Table 5). These results support those of previous studies in which rice with a high eating
quality had a high peak viscosity and breakdown, and a low setback (Asante et al., 2013;
Zhao et al., 2019). Rice cultivars with low gelatinization temperatures and enthalpy require
less water and cooking time, and absorb less thermal energy to reach starch gelatiniza-
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tion, contributing to the high palatability of the cooked rice [38]. In our study, there was
no significant correlation between the palatability and gelatinization temperature or en-
thalpy, but palatability was significantly negatively correlated with the retrogradation
enthalpy and degree (Table 8). These results are partially consistent with those of a previ-
ous study [33].

Therefore, in this study, the high eating quality of rice was associated with a higher
peak viscosity, breakdown, relative crystallinity and peak intensity, as well as a lower
protein content, amylose content, final viscosity, setback, and retrogradation enthalpy
and degree.

5. Conclusions

Compared with no N application, N fertilizer led to the deterioration of the eating qual-
ity of rice cultivars because of the higher protein content, lower pasting viscosity, and higher
retrogradation enthalpy and degree. Compared with NAC cultivars, LAC cultivars had
a higher pasting viscosity and lower retrogradation enthalpy and degree, leading to a
higher eating quality; however, they also tended to have an inferior appearance quality.
The amylose content and protein content were significantly negatively correlated with the
palatability of cooked rice. The differences in the amylose content determined the starch
crystal structure and pasting and gelatinization properties. Significant correlations were
detected between the amylose content, eating quality and starch properties. Therefore,
in order to increase the eating quality of cooked rice, an LAC rice cultivar should be se-
lected and grown under N deficiency because the amylose content and protein content
decrease, and the pasting properties and retrogradation properties improve. These results
provide new insight into the grain quality of rice and how to direct breeding and agronomic
management to achieve high eating quality.
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Abstract: The antioxidant activity of honey depends on the botanical origin, which also determines
their physicochemical properties. In this study, a multivariate analysis was used to confirm potential
relationships between the antioxidant properties and colour parameters, as well as the content of
seven elements in five types of artisanal honey (rapeseed, buckwheat, linden, black locust, and
multifloral). The type of honey was found to significantly influence most of its physicochemical
properties, colour parameters, and the content of potassium, manganese and copper. Antioxidant
parameters were shown to be significantly positively correlated with redness and concentrations of
copper and manganese, but negatively correlated with the hue angle and lightness. The principal
component analysis confirmed that the darkest buckwheat honey had the highest antioxidant activity
in combination with its specific colour parameters and content of antioxidant minerals (manganese,
copper and zinc). The level of these parameters can be potentially used for the identification of
buckwheat honey.

Keywords: honey; physicochemical properties; colour; minerals; trace elements; ferric reducing-
antioxidant power assay; radical scavenging activity

1. Introduction

Bee products are valuable, natural foodstuffs with a wide range of beneficial properties
for human health which are exploited in medicine [1]. Honey is the main product of
extensive beekeeping in almost all countries worldwide. Owing to the biodiversity of
plants and monocultures, multifloral and unifloral honeys are obtained [2,3].

The basis for the multifaceted use of honey in the human diet and therapy is its
complex chemical composition, dominated by carbohydrates (70-80%). In the honeys,
enzymes, amino acids, vitamins, carotenoids, organic acids, phenolic acids, polyphe-
nols, and flavonoids are present as well [4]. Honey also contains minerals essential for
the functioning of the human body, with the content in fresh honey varying depend-
ing on the type, geographic origin, and method of honey harvesting and storage [3,5-8].
Excessively long storage affects the composition of honey and alters the biological ac-
tivity of its components [3,7]. It should be underlined that honey also demonstrates
antioxidant [2,9-11], immunomodulatory, and anti-inflammatory properties [12]. In view
of the fact that the ageing process and degenerative diseases have their basis in free radicals,
one way to counteract these changes and protect against free-radical diseases is to supply
the body with appropriate antioxidants, which reduce the number of superoxide radicals
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in varying degrees. Substances with a beneficial effect on the human body include natural
antioxidants counted among phenolic compounds [13].

Honey intended for human consumption must meet key criteria for content of fructose
and glucose (sum of both), sucrose, moisture, water-insoluble content, electrical conductiv-
ity, free acid, diastase activity, and hydroxymethylfurfural [14]. One of the most important
criteria is the level of 5-hydroxymethylfurfural (HMF < 40 mg kg™!), due to the potential
risk for bees and humans. Another parameter is the enzymatic activity of a-amylase
(diastase activity >8.0 on the Schade scale) naturally occurring in honey. A high diastase
number (DN) and low content of 5-HMF are considered a guarantee of high-quality honey.
Negative changes in honey are caused by the effects of high temperature during decrys-
tallization and long-term storage in combination with high temperature and exposure to
light [15-17].

The botanical origin of honey determines its diversity in terms of physicochemical,
organoleptic and biological properties [5-7]. The type of honey is distinguished by a
wide range of colours, a characteristic flavour and aroma, chemical composition, form of
crystallization, and specific preventive properties against individual disease conditions.
Owing to these varied attributes, each consumer can choose honey according to individual
needs and preferences. At the same time, due to the rich content of different sugars, honey
can be a healthy substitute for white sugar [10].

Multivariate analysis (e.g., principal component analysis, PCA; hierarchical cluster
analysis, HCA; linear discriminate analysis, LDA) were previously very often used to
evaluate and/or classify honey in relation to its chemical composition, physicochemical or
biological properties. Numerous papers have confirmed the suitability of this method for
honey evaluation. [2,3,6-8,18].

The antioxidant activity of honey depends on the botanical origin, which also deter-
mines its physicochemical properties. This study had two main objectives: (1) to evaluate
and compare the physicochemical properties and antioxidant activity of five Polish blos-
som and multifloral honeys; (2) to identify/investigate potential relationships between the
antioxidant properties of the honeys and their colour parameters and content of macro-
and micro-elements using principal component analysis (PCA).

2. Materials and Methods
2.1. Sampling

The study was conducted on 63 honeys harvested in south-eastern Poland (Lublin
region) in 2019. The percentage of the predominant pollen grains in the honey samples was
determined according to the method recommended by Polish law concerning analytical
methods used in the assessment of honey [19]. The following types of honey were distin-
guished: rapeseed, RS (Brassica napus L., n = 10), buckwheat, BW (Fagopyrum esculentum
Moench, n = 8), linden, LI (Tilia spp. L., n = 13), black locust, AC (Robinia pseudoacacia L.,
n = 5), and multifloral, MF (no dominant pollen, # = 27). The honeys were purchased
directly from beekeepers and stored in the dark at room temperature 20-25 °C.

2.2. Analyses
2.2.1. Physicochemical Properties

Water content was determined with a refractometer (Abbe Carl Zeiss, Jena, Germany)
based on the refractive index of the honey in its liquid state. Water percentage by weight
(% m/m) was read from the table as corresponding to the refractive index [20]. The content
of reducing sugars and sucrose was determined by the Lane-Eynon method, according to
the Polish Committee for Standardization (PN-88/A-77626. Bee honey).

The electrical conductivity (mS cm~!) and pH of the honey were determined according
to [20] using a pIONneer 65 Meter (Radiometer Analytical, Villeurbanne, CEDEX-France)
with a 4-pole conductivity cell (CDC 30T) and a combined pH electrode (E16M340). The
free acidity of the honey was measured by potentiometric titration using a 0.1 M NaOH
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solution to obtain pH 8.30 and the result was expressed in milliequivalents per kilogram of
honey (mval kg™ 1.

The water activity (aW) of fresh honey was performed using a Rotronic HygroLab
C1 analyser (Bassersdorf, Switzerland) equipped with two HC2-AW measurement heads.
Duplicate measurements were taken in the AWQ mode with stabilization set to 15 min
after previously conditioning the honey samples at room temperature (20 &= 1 °C).

The concentration of 5-HMF (5-(hydroxymethyl-)furan-2-carbaldehyde) in mg kg !
was determined according to [21]. The absorbance of a clear solution of honey with water
relative to a solution of honey with sodium bisulphate was measured at wavelengths 284
and 336 nm. The measurement was made with a Carry 300 Bio spectrophotometer (Varian
Australia Pty, Ltd., Mulgrave, Australia).

Diastase activity (diastase number DN, in Schade units per gram of honey) was de-
termined by photometry using Phadebas tablets (Honey Diastase Test, Magle AB, Lund,
Sweden). They contained non-soluble starch conjugated with a blue pigment and hydrol-
ysed by the amylase present in the sample. The resulting water-soluble fragments of the
starch chain were dyed blue. The absorbance of the coloured solution was measured with
a Varian Carry 300 Bio spectrophotometer (Varian Australia PTY, Ltd.) at 620 nm [20].

The honey’s colour was measured according to the procedure of [15] with some
modifications. Briefly, the colour of three aliquots of each honey sample (previously
equilibrated to room temperature) was measured three times in a round optical glass cell
CR-A504 (diameter 34 mm) using a portable CM-600d spectrophotometer (Konica Minolta
Sensing, Inc., Osaka, Japan) equipped with cell holder CM-A515. The thickness of the
honey layer was 20 mm. Samples of multifloral, rapeseed, buckwheat and linden honey
were crystallized naturally (set honey), and the black locust samples were in liquid form
(strained honey). The results of the measurements (illuminant D65, observer 10°) were
given in the CIE L*a*b* colour space, including the following spectral values: L* (lightness
axis), a* (red to green axis), b* (yellow to blue axis), C* (saturation) and h° (hue angle/tint).

For mineral analysis, samples were prepared for mineralization as follows: a 6 mL
volume of 65% nitric acid (Suprapur grade; Merck, Germany) was poured over honey
samples weighed out to within 0.0001 g and the certified reference material NCS ZC
73014 Tea (to verify the method) in vessels (PFA). All solutions together with a blank
sample were mineralized in a MARSXpress 5 microwave digester (CEM Corporation,
Matthews, NC, USA). The oven was programmed for mineralization of the samples as
follows: power—1600 W/100% max power; temperature increment—20 min/200 °C;
holding time—20 min. Then the mineralized samples were transferred to volumetric flasks
using ultrapure water produced in an HLP 20UV demineralizer (HYDROLAB, Poland).
Schinkel buffer (enth./cont. 10 g L1 CsCl + 100 g L1 La; Merck, Germany) was used to
minimize interference during analysis (Mg, K and Na).

K, Na, Mg, Zn, Fe, Mn, and Cu were determined according to the procedure of [3]
using a Varian AA240FS spectrometer (Fast Sequential Atomic Absorption Spectrometer,
Varian Australia Pty Ltd., Mulgrave, Australia). The elements were atomized in the flame
of a burner fed with a mixture of air (oxidizing gas, flow 13 L min~!) and acetylene
(combustible gas, flow 2.0 L min~!). The following parameters were used: instrument
mode—absorbance; measurement mode—integration; calibration mode—concentration;
calibration algorithm—New Rational. Analytical wavelengths (nm): Mg 285.2, Zn 213.9,
Fe 248.3, Min 279.5, Cu 324.7, Na 589.0, and K 766.5. Background correction was used in
the determination of Mg, Zn, Fe, Mn and Cu. To plot a standard curve, single-element
standard solutions (Merck, Germany) were used for each element (K, Na, Mg, Zn, Cu,
Fe and Mn) with a mass concentration of 1000 mg L~!. The following limits of detection
(LOD) were used in the analysis: 0.01 mg kg~ for Na, Zn, Mn and Cu; 0.04 mg kg~! for K;
0.09 mg kg~! for Fe; and 0.47 mg kg ! for Mg.
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2.2.2. Antioxidant Activity

The capacity of the honeys to scavenge the stable free radical 2,2-diphenyl-1-
picrylhydrazyl (DPPH, Sigma Aldrich Co., St. Louis, MO, USA) was tested according
to the method of [22]. Samples of the honeys (2 g) were dissolved in 10 mL of distilled
water (HLP 20UV, HYDROLAB, Straszyn, Poland), then an aliquot (0.2 mL) of each di-
lution was mixed with a 1.8 mL solution of 0.1 mM DPPH in methanol (Sigma Aldrich
Co., St. Louis, MO, USA). The reaction mixture was left in the dark at room temperature
for 60 min. Next, the absorbance of the mixture was measured spectrophotometrically
(UV-2600i spectrophotometer, Shimadzu, Japan) at 517 nm against methanol as a blank. All
the determinations were performed in triplicates. The calibration curve was plotted in a
range from 0.1 to 100 ug mL ! of Trolox (Sigma-Aldrich, Co., St. Louis, MO, USA) solution
in ethanol. The results were expressed as mM of Trolox equivalent (TE) per 1 kg of honey
(mM TE kg~ ! honey).

The total ferric reducing antioxidant power assay (FRAP assay) was performed accord-
ing to [23]. FRAP reagent was prepared by mixing 25 mL of 0.3 M acetate buffer (pH 3.6)
with a 2.5 mL solution of 10 mM TPTZ (Sigma Aldrich Co, St. Louis, MO, USA) in 40 mM
HCI, and 2.5 mL of 20 mM ferric chloride (Sigma Aldrich Co, USA). An aliquot (0.2 mL)
of each honey dilution (1 g in 10 mL distilled water) was mixed with 1.8 mL of FRAP
reagent. The resulting mixture was then pre-warmed at 37 °C for 10 min. The absorbance
was measured spectrophotometrically (UV-2600i spectrophotometer, Shimadzu, Japan)
at 593 nm against a blank that was prepared with distilled water. All the determinations
were performed in triplicates. A calibration curve was prepared using the ethanol solution
of Trolox (Sigma Aldrich Co., St. Louis, MO, USA) in a range from 25 to 300 nmol mLL.
FRAP values were expressed as mM of Trolox equivalent per kg of honey (mM TE kg~ 1).

2.3. Statistical Analysis

Statistical analysis of the results was performed in Statistica ver. 13 (TIBCO Software
Inc., Palo Alto, CA, USA). One-way analysis of variance (ANOVA) followed by Tukey’s
(HSD) test was used to compare means of physicochemical traits and colour parameters
between honey types (multifloral, rapeseed, buckwheat, linden and black locust). The
normality and homogeneity of the variance of minerals were verified by the Kolmogorov-
Smirnov test and Levene’s F-test, respectively. The influence of the honey type on the
elemental concentrations was verified by the Kruskal-Wallis test (comparison of multiple
independent groups). Differences between means at confidence levels of 95% and 99%
(p <0.05 and p < 0.01, respectively) were considered statistically significant. The mean and
standard deviation are presented in the tables. The relationship between parameters of an-
tioxidant activity (FRAP and DPPH) and physicochemical traits and mineral contents in the
honeys was determined by calculating Pearson’s correlation coefficients (r) and Spearman’s
rank correlation coefficients (rS), respectively. The correlations were further verified by
principal component analysis (PCA), separately for two data sets (for antioxidant activity
and colour and for antioxidant activity and minerals) to demonstrate the diversity among
honey types.

3. Results and Discussion
3.1. Physicochemical Properties

The honey type significantly influenced most of its physicochemical parameters (ex-
cept the content of water, saccharose and reducing sugars), all colour parameters, and the
concentrations of K, Mn and Cu (Table 1).

Although the water content in the honeys did not differ significantly, the value of
this parameter indicates the maturity of the honey (readiness for harvest). The mean
water content was similar, ranging from 17.11% in the linden honey to 17.93% in the
rapeseed honey, and thus did not exceed the maximum acceptable content of 20% [14].
Sugars make up the largest proportion of dry matter in honey, and their qualitative and
quantitative composition is an important criterion in the quality assessment of honey. The
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most important factors for determining the sugar composition of honey include the region
of origin, climate conditions, and types of flowers used by the bees [24]. In the present
study, the highest content of reducing sugars and the lowest content of saccharose was
noted in the black locust honey (77.24% and 1.83%), while the reverse pattern was noted in
the linden honey (73.76% and 2.14%). It should be stressed that the saccharose content in
the honey did not exceed the acceptable limit of 5 g/100 g of product.

Table 1. Parameters of physicochemical traits and antioxidant activity of the honey types (mean values +
standard deviation).

Parameters Multifloral (MF) Rapeseed (RS) Buckwheat (BW) Linden (LI) Black Locust (AC)
Water (%) 17.53 + 1.012 17.93 +0.89 2 17.83 £1.172 17.11 £1.232 17.90 + 0.58 2
Reducing sugars (%) 7412 +3.182 74.60 & 1.402 7493 42422 73.76 +2.39 2 77.24 +1.002
Sucrose (%) 2.09 40282 2.04 +0.132 20240222 21440232 1.83 +£0.09
pH 3.80+0.152 3.83 +0.102 3.69 +0.172 3.91+0.16" 3.68 +0.122
Free acidity (mval kg™!) 32.1+£9.948 219 +£4.24 445+26C 35.1 +£9.9 5¢ 29.1 +10.3 AB
Elemxécﬁf‘}‘;“"“y 0.390 == 0.145 AB 0.232 £ 0.037 A 0.448 = 0.099 AB 0.564 £ 0.163 B 0.304 4 0.149 AB
B 0.567 4 0.026 AB 0.582 +0.017 B 0.570 4+ 0.017 AB 0.546 + 0.023 A 0.552 4 0.028 AB
5-HMF (mg kg™!) 550 +2.77 A 3.67 +£3.814 14.51 + 854 B 349 +£2274 420 +1.694
Diastase number (Schade unit) 27.09 + 7.44 A 18.58 +5.98 A 49.40 +17.66 B 29.04 4 7.50 A 21.45 + 4.86 4
Colour CIE
L* 4412 +7.28€ 49.47 + 6.60 ° 30.84 +2.44 A 35.64 +3.54 B 31.55 + 5.42 AB
a* 236+ 1488 0.90 +0.36 » 322 4092€ 0.88 +0.514 0.61 40284
b* 16.05+5.84 B 1329 +£2.03 B 69142904 8.74 +£238 4 5.09 42404
C* 16.25+5.96 B 13.08 £2278 7.64 +2934 8.86 +2.36 4 5.14 4+2.39 4
h° 81.97 + 3458 85.94 4+ 1.39 € 62.70 + 6.96 A 84.40 + 3.62 BC 82.38 +4.17 B
Minerals (mg kg™!)
K 1055.55 + 479.472> 70094 +£399.30® 115526 + 359.173>  1258.27 4+ 564.50°  876.26 + 435.06 2®
Na 29.10 + 20.03 2 2421+ 12.722 33.18 + 29.98 2 25.86 + 14.652 15.09 + 1.16 2
Mg 28.77 +10.55 2 20.15 + 4.26 2 29.56 + 10.36 27.93 +9.832 2319 +9.942
Zn 1.84 +1.802 1.26 +0.69 2 2.94 43,032 1.65 4+ 0.97 0.88+0.312
Fe 1.66 4 0.68 1.26 +0.49 2 1.85+0922 1.71 £0.622 1.39 £0.972
Mn 1.77 £1.56 % 1.37 £1.50 5.58 4 4.29 P 1.22 +1.36 2P 0.72 +£0.622
Cu 0.56 + 0.16 AB 048 +£0.174 0.95+0.378 0.52 4 0.09 AB 0.47 +0.07 4
Antioxidant activity
DPPH (mM TE kg~1!) 1.12 + 0.44 € 0.83 £0.124 2334 0.36C 0.90 + 0.16 AB 0.63 +0.174
FRAP (mM TEkg ™) 1.28 40498 047 £0.104 214 +027€ 0.53 +0.154 029 +0.014

aw, water activity; 5-HMF, 5-(hydroxymethyl-)furan-2-carbaldehyde; L*, lightness; a*, redness; b*, yellowness; C*, saturation; h°, hue angle;
K, potassium; Na, sodium; Mg, magnesium; Fe, iron; Zn, zinc; Mn, manganese; Cu, copper; DPPH, scavenging capacity; FRAP, ferric
reducing antioxidant power. Means with different letters in rows differ significantly according to Tukey’s test: 2, >—p < 0.05; 4, B—p < 0.01.

All the honeys had a pH < 4. Although regulations do not specify the pH of honey, it
is worth noting that honey pH between 3.2 and 4.5, together with titratable acidity, inhibits
the growth of microbes [4]. The higher range of pH for the same honey types in this study
(from various regions of Poland), i.e., from 4.07 (buckwheat) to 4.23 (linden) was reported
earlier [6]. Lower pH than in the present study was reported for Indian blossom honey
(3.5) [7], while higher pH (4.38) was found in Slovakian honey [25].

The honey type significantly influenced its degree of acidity, which ranged from
21.9 mval kg ! (rapeseed) to 44.5 mval kg~! (buckwheat), without exceeding the limit in
EU regulations [14], which is 50 mequivalents acid per kg. Acidity results mainly from
the presence of organic acids, amino acids and phenolic acids in honey, as well as from
processes taking place during its maturation [13]. Free acidity has been shown to remain
practically constant in honey, but with an increase observed during storage for 20 months
at room temperature [26] or frozen storage for 18 months [15].

Specific conductivity is a parameter that can be used to determine the botanical
origin of honey, i.e., to distinguish nectar honey (up to 0.8 mS cm~!) from honeydew
honey (over 0.8 mS cm ™). This was also confirmed in the present study, as the specific
conductivity of the nectar honeys varied significantly (p < 0.01) from 0.232 mS cm ™! (rape-
seed) to 0.564 mS cm~! (linden). The specific conductivity of Slovakian honey averaged
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0.6515 mS cm ™!, ranging from 0.1345 t0 0.9912 mS cm ™! [25]. Multifloral and acacia honeys
from India exhibited lower conductivity (0.25-0.26 mS cm™1) [7].

The aW of honey is usually between 0.50 and 0.65, and in the literature, aW values
above 0.60 are considered to represent a critical threshold for microbial stability [4] due
to the activity of various species of bacteria and osmophilic yeasts resulting in fermen-
tation [12]. In the present study, the honeys did not exceed the critical value for this
parameter, but it varied significantly (p < 0.01) from 0.546 (linden honey) to 0.582 (rapeseed
honey). These honey types also had the lowest (17.11%) and highest (17.93%) water content,
which indicates a linear relationship between the two parameters, statistically confirmed
in the present study (r = 0.616, p = 0.000). Nonetheless, due to the significant influence of
temperature, honey type (flower or honeydew), harvesting year, geographical and botani-
cal origin, a universal linear equation for water activity and moisture content could not
be established [27]. The wider range of water activity in honeys (0.456 < aW < 0.659) was
linked to the varied composition of sugars [25]. Water activity in honey from India ranged
from 0.507 to 0.566 [7], and in flower honey from Turkey was between 0.51 and 0.69 [24].
Low water activity (aW) together with low pH, low protein content, and high osmotic
pressure has an inhibitory effect on the development of bacteria [13].

An important indicator of the quality and health safety of honey is the content of
5-hydroxymethylfurfural (5-HMEF). The values for this parameter in the present study were
low, well under the limit of 40 mg kg~ [14]. Significantly (p < 0.01) the highest content of
5-HMF was noted in the buckwheat honey (14.51 mg kg~ !); it was more than four times as
high as in the linden (3.49 mg kg~!) and rapeseed (3.67 mg kg ') honeys (p < 0.01). The
5-HMF content between 0 and 4.12 mg kg ! was reported for Turkish flower honey [24],
which was considered fresh honey. Higher 5-HMF content was found in Slovakian honeys
25.76 mg kg ! [25], while the level in Indian honeys ranged from 5.49 mg kg ! in acacia
honey to 22.64 mg kg~ ! in multifloral honey [7]. For Andalusian multifloral honey, the
content of 5-HMF was found between 0.19 and 41.16 mg kg~ [28].

The diastase number (DN) indicates the amylolytic activity of honey. Alpha-amylase
(diastase) is an enzyme that takes part in the hydrolytic degradation of complex sugars.
Like 5-HMF, the diastatic activity of honey can be used as an indicator of adulteration,
ageing, overheating (increased temperature), and the degree of preservation [16]. All honey
types tested in the present study had a diastase number >8, i.e., above the recommended
minimum [14]. DN values obtained for Polish regional honeys [29] confirmed the low
enzymatic activity of rapeseed (15.32 DN) and higher activity in multifloral (22.15 DN) and
linden (31.99 DN) honey. In turn, the diastase number of polyfloral honeys from Andalusia
varied widely from 6.05 to 40.89 [28].

The honey type significantly (p < 0.01) influenced all parameters in the instrumental
assessment of colour (Table 1). The highest lightness value was noted for the rapeseed
honey (L* = 49.47), followed by the multifloral honey (L* = 44.12), while the darkest was
black locust honey (L* = 31.55) and buckwheat honey (L* = 30.84). Buckwheat honey also
had the highest value for the colour red (a* = 3.22) and the lowest hue angle (h° = 62.70).
The hue angle in the other honey types ranged from h°® = 81.97 (multifloral) to h® = 85.94
(rapeseed). Hue angle is defined as starting at the +a* axis and is expressed in degrees: 0°
is red (+a*), 90° is yellow (+b*), 180° is green (—a*), and 270° is blue (—b*). Values between
0° and 90° are a mixture of red and yellow, resulting in an orange colour.

The amount of red was similar for the black locust, linden and rapeseed honeys
(0.61 < a* <0.90), in contrast to the multifloral honey (a* = 2.36) and the aforementioned
buckwheat honey (a* = 3.22). In the case of the colour yellow and saturation, the varieties
can be divided into two groups with similar values for these parameters, i.e., black locust,
buckwheat and linden (5.09 < b* < 8.74 and 5.14 < C* < 8.86) vs. rapeseed and multifloral
(13.29 < b* < 16.05 and 13.08 < C* < 16.25).

A wider range of values for colour components for Polish honey was reported ear-
lier [6], respectively: 26 < L* < 51; —3.41 < a* <7.9;and 5.8 < b* < 23.7. The differences
may have been due to differences in the preparation of samples, which were heated
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and homogenized prior to analysis. Nectar contains natural plant pigments such as
carotenoids, anthocyanins, flavonoids, and chlorophyll, which determine the colour of the
honey through various amounts of colours, including yellow, red, brown and green. The
colour of the product is also influenced by honey colloids, polyphenols (e.g., tannins), and
melanoidins. Phenolic compounds function not only as pigments but also as antioxidants,
insecticides and fungicides [6]. The colour of honey is also largely determined by its
degree of crystallization and the conditions in which physicochemical changes take place
during storage.

In the present study, the dark buckwheat honey (L* = 30.84) had a high free acid value
(44.5 mval kg~1), while the light rapeseed honey (L* = 49.47) had significantly (p < 0.01)
the lowest acidity (21.9 mval kg —1). Dark honeys have been shown to have much higher
acidity than light ones [9]. Kaczmarek et al. [6] also reported higher levels of free acids in
buckwheat (34.25 meq kg~!), multifloral (34.04 meq kg~1) and linden (31.09 meq kg!)
honey than in acacia (12.8 meq kgfl) and rapeseed (10.5 meq kgfl) honey.

In the present study, the highest content of elements was generally found in the
buckwheat honey and the lowest in the black locust and rapeseed honey (Table 1). The type
significantly influenced the content of Mn and Cu (p < 0.01) and K (p < 0.05). The highest
content of potassium was noted in the linden honey (1258.3 mg kg~') and the lowest
in the rapeseed honey (700.9 mg kg~!). The potassium content in the honey varieties
was similar to that obtained in honey from Poland (892.4 mg kg~!) [3] and Malaysia
(904.9 mg kg 1) [30], but lower than in Hungarian honey (397.88 mg kg~1) [31].

The buckwheat honey had significantly the highest content of Mn and Cu (5.58 and
0.95 mg kg~ 1). The black locust honey had the lowest level of manganese (0.72 mg kg~ 1),
and the black locust and rapeseed honeys had the lowest content of copper
(0.47-0.48 mg kgfl). Wieczorek et al. [32] reported lower values for K (233-782 mg kgfl),
Mg (11.6-24 mg kg~ 1), Mn (0.37-1.25 mg kg~ 1), and Cu (0.04-0.06 mg kg~ !) in multifloral,
linden and black locust honeys, but higher values for Zn (1.65-6.20 mg kg~!) and Fe
(1.9-4.0 mg kg ') compared to the results of our study, which in turn were in agreement
with those obtained by other authors [33] for varietal honeys from Podkarpacie in Poland.
They noted the highest content of Zn, Mn and Cu in buckwheat honey, in comparison
with linden, rapeseed and multifloral honeys. Our previous research [3] also indicated a
higher concentration of these elements in buckwheat honey. For this reason, Deng et al. [34]
suggest that the levels of Mn, Zn and Cu in buckwheat honey can potentially be used to
distinguish this variety of honey. Many authors also stressed that dark honeys have higher
mineral content than light ones [23,30], as well as a stronger flavour [34] and higher content
of phenolic compounds, which influence antioxidant activity [7].

3.2. Antioxidant Activity

The buckwheat honey had the highest content of elements considered to be antiox-
idants (Zn, Mn and Cu). This is also indicated by the results for antioxidant activity
measured in the reaction with DPPH and by the FRAP value (Table 1). Significantly
(p < 0.01) the highest antioxidant activity was noted in the buckwheat honey (DPPH
233 mM TE kg ! and FRAP 2.14 mM TE kg~ !), and the lowest activity in the black lo-
cust (DPPH 0.63 mM TE kg~! and FRAP 0.29 mM TE kg '), rapeseed (DPPH 0.83 mM
TE kg~ ! and FRAP 0.47 mM TE kg~ !) and linden (DPPH 0.90 mM TE kg~ ! and FRAP
0.53 mM TE kgfl) honeys.

The highest antioxidant activity in buckwheat honey from Poland measured in reac-
tions with DPPH and ABTS and the lowest in rapeseed and acacia honeys were reported
previously [11]. In the present study, the mean DPPH values in mM TE kg*1 in the rape-
seed, buckwheat, linden and black locust honeys were about twice as high as those reported
earlier [2]. Skrovénkova et al. [35] analysed total antioxidant capacity (TAC) using the
DPPH reagent and found that it was highest in honeydew honey, followed by multifloral,
forest, and floral honeys, with the lowest values noted in rape and acacia honeys. The
DPPH activity in buckwheat honey from China was 0.304 mg Trolox/g, and the FRAP
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value was 0.355 mg Trolox/g [36]. However, it may be difficult to compare our results for
antioxidant activity with values reported by other authors due to the differences in their
analysis or presentation. Nevertheless, it should be emphasized that many studies indicate
that dark honeys show higher activity than light honeys. Piszcz and Gl6d [37], based on the
assessment of total antioxidant potential (TAP), reported the following order for varietal
honeys: buckwheat > honeydew > linden > multifloral > acacia. Dzugan et al. [38] found
the highest antioxidant activity (DPPH) in buckwheat honey (82.41%) and the lowest in
rapeseed honey (21.81%). Other authors [10] also confirmed high antioxidant activity in
buckwheat honey (17.0 mmol Trolox/g) compared to soybean, sweet clover, fireweed, and
acacia honeys (8.3, 6.1, 3.1 and 3.0 mmol Trolox/g).

3.3. Correlations

To test the relationships between antioxidant capacity expressed as DPPH and FRAP
and physicochemical properties, colour parameters, and concentrations of selected ele-
ments, Pearson (r) or Spearman (rS) correlations were calculated. In the case of the first
group of properties, DPPH and FRAP were shown to be significantly (p < 0.001) and
positively correlated with 5-HMF (r = 0.643 and r = 0.676), diastase number (r = 0.612 and
r =0.706), and free acids (r = 0.544 and r = 0.560). The only significant negative correlation
was between DPPH and pH (r = —0.320, p < 0.05).

Antioxidant activity (DPPH and FRAP) was positively correlated with the colour red
(r =0.452 and r = 0.549, p < 0.001) and negatively with lightness (r = —0.309 and r = —0.259,
p < 0.05) and hue (r = —0.781 and r = —0.706, p < 0.001) (Table 2).

Table 2. Correlations between antioxidant activity and colour parameters and minerals.

Parameter FRAP DPPH
Colour CIE Pearson’s correlation coefficient (r)
L* —0.259 * —0.309 *
a* 0.549 *** 0.452 ***
b* 0.022 —0.127
Cc* 0.058 —0.091
h° —0.706 *** —0.781 ***
Minerals Spearman’s rank correlation coefficient (rS)
K 0.155 0.268 *
Na 0.173 0.176
Mg 0.156 0.276 *
Fe 0.247 0.218
Zn 0.212 0.127
Cu 0.386 ** 0.522 *#**
Mn 0.370 ** 0.457 ***

*p <0.05; ** p < 0.01; ** p < 0.001; L*, lightness; a*, redness; b*, yellowness; C*, saturation; h°, hue angle; K,
potassium; Na, sodium; Mg, magnesium; Fe, iron; Zn, zinc; Mn, manganese; Cu, copper; DPPH, scavenging
capacity; FRAP, ferric reducing antioxidant power.

Kus et al. [2], for six Polish single-variety honeys, reported higher correlation coef-
ficients for DPPH and FRAP with colour parameters: for L* r = —0.955 and —0.961, for
a*r=0.943 and 0.964, and for b* r = 0.814 and 0.786. Lower correlation coefficients for these
parameters were obtained for honey from Slovenia [23]. The intensity of honey colour
may be associated with its antioxidant capacity, as the content of phenols, flavonoids and
carotenoids is greater in darker honeys than in lighter ones [5]. Moreover, the acceleration
of the Maillard reaction or fructose caramelization can contribute to a darker colour of
honey through the production of brown pigments, concomitantly with the formation of
HMEF as an intermediate product. Similar changes in rape honey, consisting in a reduc-
tion in lightness (L*) but an increase in redness (a*) and colour intensity (ABS450, mAU)
were observed in our previous study [16], which can be directly linked to the presence of
pigments such as terpenes, carotenoids, and some flavonoids [7].
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High, positive correlation coefficients between colour evaluation (AA) and antioxidant
capacity were previously reported for ABTS r = 0.8836 and for DPPH r = 0.8937 [35].
Many authors confirm a strongly positive and significant (p < 0.01) relationship between
colour intensity, expressed as ABS450, and DPPH and FRAP. For instance, Moniruzzaman
et al. [39] reported coefficients of r = 0.938 and r = 0.873, and Beretta et al. [40], reported
r=0.889 and r = 0.933. A lower correlation coefficient (r = 0.68) between ABS450 and DPPH
was obtained by Kaczmarek et al. [6].

The DPPH and FRAP parameters characterizing antioxidant activity were most
strongly and positively correlated with antioxidant minerals: Cu (S = 0.522, p < 0.001 and
rS =0.386, p < 0.01) and Mn (1S = 0.457, p < 0.001 and rS = 0.370, p < 0.01) (Table 2).

To our knowledge, there are few reports on the correlation between the minerals
content and antioxidant activity of honeys. In the present study, low and non-significant
(p > 0.05) correlation coefficients were obtained for parameters of antioxidant activity and
elements Na, Fe and Zn. Perna et al. [41] report significant (0.01 < p < 0.001) correlation
coefficients for DPPH and FRAP with Fe (r = 0.67 and r = 0.73) and Zn (r = 0.32 and
r = 0.48) in honey from Italy.

3.4. Principal Component Analysis
3.4.1. Antioxidant Activity and Colour

For a more in-depth analysis of the results obtained for the antioxidant activity and
colour of the honey types, a principal component analysis (PCA) was performed, with
7 variables and 64 cases. Two principal components with eigenvalues exceeding 1 (Kaiser
criterion) explained 87.12% of the total variance, with PC 1 accounting for 46.58% and PC 2
for 40.53% (Table S1).

Figure 1a visualizes the projection of variables as a two-factor plane (PC1 x PC2).
The first component (PC1) has a positive correlation with L* (0.828) and h° (0.846), but a
negative correlation with DPPH (—0.723) and a moderate negative correlation with FRAP
(—0628). The second component (PC2) has a negative correlation with most variables,
including a* (—0.897), C* (—0.740), b* (—0.708), and FRAP (—0.654) (Table 3).
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Figure 1. Projection of variables (a) and projection of cases (b) depending on the botanical origin of the honey in a two-factor
plane (PC1 x PC2). (a): L*, lightness; a*, redness; b*, yellowness; C*, saturation; h°, hue angle; DPPH, scavenging capacity;
FRAP, ferric reducing antioxidant power; (b) honey type: RS, rapeseed; BW, buckwheat; LI, linden; AC, black locust;

MF, multifloral.
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Table 3. Correlations between the principal components and the original variables.

Variable PC1 PC2
L* 0.828 —0.318
a* —0.116 —0.897
b* 0.667 —0.708
C* 0.665 —0.740

h° 0.846 0.408
FRAP —0.628 —0.654
DPPH —0.723 —0.537

L*, lightness; a*, redness; b*, yellowness; C*, saturation; h°, hue angle; DPPH, scavenging capacity; FRAP, ferric
reducing antioxidant power.

As can be seen in Figure 1, three groups of parameters, characterized by their loadings
and the length of the directional vectors can be distinguished. The L*, b* and C* variables
were distributed in the positive area of PC1 and negative area of PC2, while h° is located in
positive areas of both components, and a*, DPPH and FRAP have negative values of PC1
and PC2.

Figure 1b shows the projection of cases depending on the botanical origin of the honey
in the coordinate system defined by PC1 x PC2. The buckwheat honey samples are clearly
separated and situated in the bottom left area of the plot, i.e., they have negative values
of both components. Therefore, the buckwheat honey located in this square of the plot
showed the highest values of antioxidant activity and redness (a*), together with the lowest
value of h®, which was negatively correlated with FRAP and DPPH (Table 2). Among other
honey types, the second group is composed of rapeseed samples (RS) in the upper right
square of the plot, which is positively correlated with both components and represents the
highest values of L* and h°. In contrast, the samples of multifloral (MF) honey were more
scattered, while the black locust (AC) and linden (LI) samples were generally positively
correlated with PC2. Summing up, the data presented in Figure 1 confirm the results given
in Tables 1 and 2. Buckwheat honey showed the highest antioxidant activity together with
the greatest redness and the lowest value of h°.

Kaczmarek et al. [6], based on the cluster analysis dendrogram, have distinguished
two well-separated clusters of eight types of Polish honeys. The first cluster included
dark honeys (nectar-honeydew, buckwheat, honeydew, and heather), while the second one
contained light coloured honeys (acacia, rape, linden, and multiforal).

3.4.2. Antioxidant Activity and Minerals

Another PCA analysis (including 9 variables and 64 cases) was conducted on the
results obtained for antioxidant activity and the concentrations of selected minerals and
trace elements. Three principal components with eigenvalues exceeding 1 (Kaiser criterion)
explained 73.46% of the total variance, with PC1 accounting for 40.65%, PC2 for 18.24%,
and PC3 for 14.57% (Table S2). Figure 2a visualizes the projection of variables onto a
two-factor plot (PC1 x PC2), explaining 58.89% of the total variance. The variables were
distributed in two-quarters of the plot. The first area (bottom right quarter) included Cu,
Mn, DPPH, FRAP and Fe, positively correlated with PC1 (0.893, 0.808, 0.772, 0.697 and
0.596) (Table 4). The second area (upper right quarter) included K and Mg, which were
positively correlated with PC2 (0.725 and 0.708, respectively). The third component was
positively correlated with Na and Zn (0.760 and 0.433).

Figure 2b shows the projection of cases depending on the botanical origin of the honey
in the coordinate system defined by the first two principal components (PC1 x PC2). With
the exception of buckwheat honey, the honey types were characterized by high dispersion
of samples in the plot. Samples of buckwheat honey were found only in the bottom right
square, i.e., positively correlated with PC1 and negatively with PC2. Thus, buckwheat
(BW) honey showed strong antioxidant activity, together with a high concentration of Mn
and Cu. Based on analysis of the content of selected minerals and trace elements in various
types of Italian honeys, it was confirmed that their botanical origin significantly influenced
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their chemical composition, particularly in the case of Ca, Na and Mn [18]. Furthermore,
PCA analysis indicated correlations between the concentration of minerals and the type of
honey, as the highest element concentrations were found in the darkest honeys (honeydew)
and the lowest content in light-coloured samples. Similar relationships between mineral
concentration (Fe, Zn and Mn) and pine honeydew (dark) and acacia (light) were reported
for honeys from Kashmir [7]. The results of our research confirm these dependencies for
buckwheat honey from Poland.
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Figure 2. Projection of variables (a) and projection of cases (b) depending on the botanical origin of the honey in a two-factor
plane (PC1 x PC2). (a) K, potassium; Na, sodium; Mg, magnesium; Fe, iron; Zn, zinc; Mn, manganese; Cu, copper; DPPH,
scavenging capacity; FRAP, ferric reducing antioxidant power; (b) honey type: RS, rapeseed; BW, buckwheat; LI, linden;
AC, black locust; ME, multifloral.

Table 4. Correlations between the principal components and the original variables.

Variable PC1 PC2 PC3
K 0.396 0.725 —0.394
Mg 0.535 0.708 —0.264
Na 0.451 0.128 0.760
Fe 0.596 0.413 0.467
Zn 0.395 —0.051 0.433
Cu 0.893 —0.140 —0.093
Mn 0.808 —0.259 —0.170
FRAP 0.697 —0.410 —0.156
DPPH 0.772 —0.413 —0.200

K, potassium; Na, sodium; Mg, magnesium,; Fe, iron; Zn, zinc; Mn, manganese; Cu, copper; DPPH, scavenging
capacity; FRAP, ferric reducing antioxidant power.

4. Conclusions

The study demonstrated that the physicochemical properties, instrumental colour
parameters, content of some elements, and antioxidant activity of five honey types from
Poland were significantly influenced by their botanical origin. Strong relationships were
shown between antioxidant activity and parameters of instrumental CIE L*a*b* colour
analysis, as well as antioxidant minerals. The principal component analysis allowed the
types to be classified in terms of their antioxidant activity in combination with their colour
characteristics and content of certain elements. The buckwheat honeys, which were the
darkest, had the strongest antioxidant activity, which may have been linked to the fact that
they had the highest concentrations of copper, manganese and zinc. These parameters can
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be potentially used for the identification of buckwheat honeys from other blossom types.
However, this requires further studies with honeys of different geographical origins.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agriculture11080702/s1, Table S1: Eigenvalues and the proportion of variation (%) explained
by 7 principal components, Table S2: Eigenvalues and the proportion of variation (%) explained by
9 principal components.
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Abstract: The quality of grain products from organic agriculture is an important subject of research
for food safety and consumer health. The aim of the study was to examine the grain of spring wheat
from organic agriculture according to their infestation by Fusarium spp., mycotoxin content, and
technological value for milling and baking processing. The material was grain of 13 spring wheat
varieties cultivated in organic systems in 3 years. The results showed that the intensity of Fusarium
head blight (FHB) was low and ranged from 0.0% to 5.5% of ears. Grain infestation by Fusarium spp.
varied between varieties and years from 1.5% to 18.5%. The colonization of grains by Fusarium spp.
did not reflect the intensity of FHB. The lowest grain infestation by Fusarium spp. was noted for the
varieties: Waluta, Zadra, and Arabella. Mycotoxin contamination of the grain of tested varieties did
not exceed accepted standards. The requirements of the milling and baking industries were generally
met by grain and flour of all the tested varieties. On the basis of the 3 year study results related to
food safety and processing properties, the varieties most useful for organic production are Arabella,
followed by Brawura, Izera, Kandela, Katoda, KWS Torridon, Waluta, and Zadra.

Keywords: spring wheat; organic agriculture; Fusarium spp.; mycotoxins; quality of grain; flour
yield; technological value

1. Introduction

Spring wheat is a popular crop in both conventional and organic farms, as it is an
important consumer cereal in Europe [1,2]. However, in organic agriculture, the choice of
proper variety is of great importance because it influences the yield [3-7] and quality of
grain [8,9]. Spring wheat varieties vary according to their agricultural traits (morphological
features, yielding potential, resistance to disease and pests, weed suppression ability) and
technological parameters [5,6,10-13]. The information about the suitability of different
varieties for organic farming and food processing according to their susceptibility to
Fusarium sp. disease and mycotoxin contamination, and the technological value of grain
and flour, is desired by producers, advisors, and processors. The common wheat pathogens
in organic farming are fungi of the genus Fusarium. Some of them, such as Fusarium
rot pre- and post-emergence, Fusarium foot rot, and Fusarium leaf blight can lead to a
significant drop in yields, while Fusarium head blight (FHB) and grain infestation by
Fusarium spp. (Fusarium disease kernels—FDK) may contribute to a decrease in yields [14].
The infested ears either do not form grains at all or form fewer grains that are smaller and
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poorly filled that contain less starch and gluten proteins and, therefore, the flour obtained
from them has a low baking value [15]. In addition, certain species of fungi of the genus
Fusarium have the ability to synthesize mycotoxins that accumulate in grains, and these
mycotoxins are also present in products derived from them, which can be dangerous to
human health [16-18]. The significant contaminants in all cereal grains, including wheat,
are deoxynivalenol (DON), zearalenone (ZEA), and fumonisins By and By. Zearalenone
is one of the strongest non-steroidal estrogenic substances, which can cause functional
changes in the reproductive system similar to those of estrogens [19]. Deoxynivalenol
and nivalenol are important toxins from the group of trichothecenes. Deoxynivalenol,
similar to other trichothecenes, has a significant effect on biochemical processes. The
most frequently observed DON toxicosis symptoms in animals include vomiting and
body weight loss with successive numerous physiological changes in internal tissues [20].
Fumonisins, especially fumonisin By, has caused field outbreaks of leucoencephalomacia
in horses, porcine pulmonary oedema in swine, and were found to be hepatotoxic and
hepatocancerogenic to rats [21]. Beauvericin and enniatins (EnnA, EnnA;, EnnB, EnnBy)
are well-known toxic cyclic hexadepsipeptides with a specific cholesterol acyltransferase
inhibitor activity [22]. Beauvericin and enniatins are early emerging mycotoxins, and they
are being identified, with an increasing frequency, in cereal grains worldwide. Moniliformin
is a potent inhibitor of mitochondrial pyruvate and ketoglutarate oxidation and has caused
acute degenerative lesions in the myocardium [23]. EU countries have established and
published guidelines for maximum levels of deoxynivalenol (DON), zearalenone (ZEA),
and the sum of fumonisins B1 and B2 [24].

The technological value of wheat grains is determined not only by genetic factors
but also by habitat conditions and the crop management treatments applied, which
are limited in the organic production system [8,16]. Agrotechnical treatments have
a significant impact on the quantity as well as the fractional composition of protein,
which is commonly considered as one of the basic indicators of the suitability of wheat
grains for processing [8,16,25]. The response of individual wheat varieties to the applied
cultivation conditions is not the same. It is important to select wheat varieties with the
lowest possible variability of grain quality traits for organic farming. In Poland, as in other
EU countries, no separate quality requirements have been defined for wheat grain from
organic farming, so it has to meet the general quality requirements for wheat grain [26],
and the direction of its use should be selected taking into account the requirements of the
processing industry [27].

The aim of the study was to examine 13 spring wheat varieties (Triticum aestivum L.)
cultivated in organic farming due to their susceptibility to Fusarium spp. diseases and
technological parameters of grain, flour, and bread. Moreover, mycotoxin content in the
grain of two selected spring wheat varieties was analyzed.

The hypothesis was that it is possible to obtain wheat grains in organic farming that
met processing criteria.

2. Materials and Methods
2.1. Sites Characteristics, Experimental Design and Agronomic Practices

The experiment with the varieties of spring wheat was carried out in the years 2014—
2016 in the organic farm of the Institute of Soil Science and Plant Cultivation—State
Research Institute (IUNG-PIB), located in Osiny, central-eastern part of Poland (Table 1).
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Table 1. The characteristics of habitat conditions of the experiment.

Items Specification

Localization Osiny, Lublin province, Poland

Experimental Station of the Institute of Soil Science and Plant

Type of organic farm Cultivation—State Research Institute (IUNG-PIB) started in 1994

Soil type [28] Luvisol
Texture loamy sand
pHkal 59
Soil abundance:
humus (%) 14
P,0s5 (mg - 100 g~ soil) 8.6
K0 (mg - 100 g~ soil) 10.0
Mg (mg - 100 g~ soil) 9.1
Pre-crop potato

Spring wheat varieties were cultivated in a randomized complete block design, with
four replications. The area of each plot of replication for sowing and harvesting was 30 m?.
Thirteen spring wheat varieties (Triticum aestivum L.) included in the Common Catalogue
of Varieties of Agricultural Plant Species [29]—Arabella, Brawura, Cytra, Ethos, Izera, KWS
Torridon, Kandela, Katoda, Koksa, Korynta, Ostka Smolicka, Waluta, and Zadra—were
cultivated in organic system. Sowing treatments were performed in accordance with good
agricultural practice at the optimum time for each region. The sowing rates were the
same for each variety—450 grains m~2. The row spacing was 12 cm and the planting
depth 3.5 cm. According to organic agriculture rules, mineral fertilizers and chemical
plant protection products were not used [30]. Harvests were undertaken in the first week
of August.

The experimental site belongs to a moderately continental climate zone. The character-
istics of the meteorological condition in the location of the experiment in the 3 years of the
study are presented in Table 2. In 2014 and 2015, high precipitation occurred in May (more
than twice the multi-annual average). The 2016 growing season was warm and dry. The
temperatures from March to August exceeded the multi-annual average, and the amount
of precipitation was below the average (except in August).

Table 2. Total precipitation and average monthly temperatures in the experiment.

Temperature (°C) Precipitation (mm)

Month r ¥
on 2014 2015 2016 TOMETEM o014 o015 2016 LORSTTErm
Mean Mean
I 6.4 52 41 1.9 427 490 251 28.1
v 9.8 8.6 10.2 8.1 729 290 199 420
v 136 130 150 13.8 1889 1090 385 55.0
VI 157 173 207 17.1 1181 290 154 71.0
VII 207 201 195 18.6 658 520 679 78.2
VI 183 224 183 17.8 1190 40 93.5 67.3
Mean 141 144 146 12.9 1012 453 434 56.9

2.2. Fusarium sp. Occurrence

An assessment of Fusarium head blight was performed at the milk-dough stage of
spring wheat (BBCH 77-83). From each experimental combination, 4 x 50 randomly
selected ears were analyzed, and the percentage of their infestation was determined.

After the harvest, a mycological analysis of the grain was performed. From each
combination, 4 x 100 grains were taken at random. After rinsing under running water,
decontaminating for 2.5 min in 1% NaCl, and rinsing three times in sterile water, the grains
were placed into PDA (Potato Dextrose Agar) (pH = 5.5) and incubated at 20 °C for 6 days.
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The growing colonies of fungi were grafted onto slants of PDA and identified according to
mycological keys [31,32].

2.3. Analysis of Mycotoxins

In the first year of research (2014), five toxins synthesized by Fusarium species were
analyzed—zearalenone (ZEA), deoxynivalenol (DON), nivalenol (NIV), beauvericin (BEA),
and moniliformin (MON)—whereas, in the second and third year (2015-2016), twelve
mycotoxins—zearalenone (ZEA), deoxynivalenol (DON), nivalenol (NIV), beauvericin
(BEA), moniliformin (MON), enniatins (EnnA, EnnA7, EnnB, EnnB,) and fumonisins (FB,,
FB,, FB3)—were measured in the wheat grains of two selected varieties—Kandela and
Ostka Smolicka. These varieties were chosen because they showed greater infection of the
grain by Fusarium spp. in the first year of research; the same varieties were tested for the
next 2 years. Moreover, Ostka Smolicka was the only bristly variety among tested varieties,
and we aimed to check its susceptibility to Fusarium infection.

In order to achieve effective extraction, the mycotoxins were divided into 3 groups with
similar physico-chemical properties: I. ZEA, DON, NIV—extracted with an acetonitrile-
water solution (8:2 v/v); II. Enns, FBs—extracted with a methanol-water solution (3:1 v/v);
III. MON, BEA—extracted with an acetonitrile-methanol-water solution (16:3:1 v/v/v).

Grain material was extracted using 2.5 mL of solvent per 1 g of sample; then, it was ho-
mogenized in a Ultraturrax model T25 basic (IKA Werke, Freiburg, Germany) for 4 min at
13,500 rpm. The content of mycotoxins was determined using the chromatographic system
with a Waters 2695 high performance liquid chromatograph, a Waters 2475 Multi A Fluo-
rescence Detector, and /or a Waters 2996 Photodiode Array Detector (Waters Corporation,
Milford, PA, USA). The quantification limits (LOQ) were determined by multiplying the
detection limits (LOD) by 3.3. The LOD of the methods were calculated by a signal-to-noise
ratio of 3:1. Mycotoxin analyses were performed in triplicate. The presented concentration
values are the average of the obtained results.

The extract of ZEA was purified on an immunoaffinity column according to the
method described by Visconti and Pascale [33]. Zearalenone content was determined using
the fluorescence detector. The excitation and emission wavelengths were 274 and 440 nm,
respectively. The reserve-phase column was a C-18 Nova Pak column (3.9 x 150 mm),
while the mobile phase was acetonitrile-water—-methanol (46:46:8, v/v/v) at a flow rate
of 0.5 mL-min~1. Quantification of ZEA was performed by measuring the peak areas at
the ZEA retention time according to the relevant calibration curve (correlation coefficient
R = 0.9998). The limit of zearalenone detection was 3 pg-kg~!. The recovery of zearalenone
was measured in triplicate by extracting ZEA from blank samples spiked with 5-100 ng-g~!
of the compound. The results of the experiments confirmed the literature data on ZEA
recovery in the range of 97% to 99%. The relative standard deviation (R.S.D.) was below
1%. In order to confirm the presence of zearalenone, the photodiode array detector was
used. To analyze the trichothecenes (DON, NIV), extracts were purified by filtration on a
column (Celite 545:charcoal, Darco G-60:neutral alumina, 3:9:5 w/w/w) according to the
method described by Tomczak et al. [34]. Deoxynivalenol and nivalenol were quantified
by HPLC using a C-18 Nova Pak column (3.9 x 300 mm) and a photodiode array detector
(Amax =224 nm for DON and NIV). DON and NIV were eluted from the column with a 25%
water solution of methanol (flow rate 0.7 mL-min~'). The detection limit for DON and NIV
was 10 pg-kg 1. Positive results (on the basis of retention times) will be confirmed by HPLC
analysis and by comparison with the relevant calibration curve (correlation coefficients for
NIV and DON are 0.9994 and 0.9997, respectively). The recovery rates for NIV and DON
were 75% are 87%, respectively, estimated in triplicate by extracting mycotoxins from blank
samples spiked with 10-100 ng-g~! of the compounds. The relative standard deviation
(R.S.D.) was below 5% for DON and NIV. Enniatins and beauvericin were identified and
quantified as reported by Logrieco et al. [23]. Extracts were prepurified once on a C18
column (500 mg, 3 mL, 40 pm), concentrated to 1 mL, and filtered through an Acrodisk
filter (pore size, 0.22 um) before HPLC analysis. HPLC analyses were performed using a

138



Agriculture 2021, 11, 765

diode array detector and C18 column (250 x 4.6 mm, 5 um). HPLC conditions included
a constant flow at 1.5 mL-min~! and acetonitrile-water (65:35, v/v) as the starting eluent
system. The starting ratio was kept constant for 5 min and then linearly modified to 70%
acetonitrile over 10 min. After 1 min at 70% acetonitrile, the mobile phase was returned
to the starting conditions in 4 min. Beauvericin and enniatins were detected at 205 nm.
Mycotoxins were identified by comparing retention times and UV spectra of samples with
those of authentic standards. Mycotoxins were quantified by comparing peak areas from
samples to a calibration curve of standards. The detection limits were 5.0 ug-kg*1 for EnnA,
1.8 ug-kg~! for EnnAy, 1.0 pg-kg~! for EnnBy, 0.5 pg-kg~! for EnnB, and 1.0 pg-kg ™! for
beauvericin determination. The calculated standard deviation was always less than 5%.
The extract of MON was purified on a Florisil column according to the method described by
Kostecki et al. [35]. Moniliformin was quantified by HPLC using a C-18 Nova Pak column
(3.9 x 300 mm) and a photodiode array detector (Amax = 229 nm). MON was eluted from
the column with the acetonitrile-water solvent (15:85, v/v) buffered with 10 mL of 0.1 M
K,HPOy in 40% t-butyl-ammonium hydroxide in 1 L of solvent (flow rate 0.6 mL-min~1).
The detection limit for MON was 8 pg-kg~!. Positive results (on the basis of retention
times) were confirmed by HPLC analysis and by comparison with the relevant calibration
curve (correlation coefficients 0.9990). The recovery rate for MON is 90%, estimated in
triplicate by extracting mycotoxin from blank samples spiked with 10-100 ng-g~! of the
compound. The relative standard deviation (R.S.D.) was below 7%. The detailed procedure
of extraction and purification of FBs was reported by Waskiewicz et al. [36]. The fumonisin
B4, By, and Bj standards (5 nL) or extracts (20 uL) were derivatized with 20 or 80 pL of the o-
phosphoric acid (OPA) reagent. After 3 min, the reaction mixture (10 uL) was injected onto
an HPLC column. Methanol sodium dihydrogen phosphate (0.1M in water) solution (77:23,
v/v) adjusted to pH 3.35 with o-phosphoric acid, after filtration through a 0.45 pm Waters
HV membrane was used as the mobile phase with a flow rate of 0.6 mL-min~!. A HPLC
with a C-18 Nova Pak column (3.9 x 150 mm) and a fluorescence detector (AEX = 335 nm
and AEM = 440 nm) were used in the metabolite quantitative determination. The detection
limit of FBy, FB,, and FBj3 determination was 10.0 ug~kg*1. Positive results (on the basis
of retention times) were confirmed by HPLC analysis and compared with the relevant
calibration curve (the correlation coefficients for FB;, FB,, and FB3 were 0.9967, 0.9983,
and 0.9966, respectively). The recovery rates for FBy, FB,, and FB3 were 93, 96, and 87%,
respectively. The relative standard deviation (R.S.D.) was below 5%.

2.4. Quality Traits of Grains, Flour, and Bakery Products

The evaluation of the quality traits of the grain of the tested spring wheat varieties,
different laboratory tests were carried out according to the methods commonly used to
evaluate cereal grain and cereal products [37]. As part of the physico-chemical evaluation
of grains, grain selectness, uniformity, glassiness, and hardness were determined using a
farinograph adapter (Brabender, Duisburg, Germany).

The laboratory milling of the grain was carried out in a two-passage laboratory mill
Quadrumat Senior (Brabender, Duisburg, Germany). Before milling, the grains were
cleaned on granules (Brabender, Duisburg, Germany) and conditioned to 14.5% humidity.
Based on the milling balance, the total flour yield was calculated. As part of the evaluation
of the physical and chemical characteristics of the flour, the following determinations were
made: total ash content according to the AACC Method 08-01.01 [33]; total protein content
using Kjeldahl’s method (N-5,83) in a Kjeltec apparatus 8200 (Foss, Hillered, Sweden)
according to the AACC Method 46-11.02 [38]; wet gluten yield and gluten index (IG) in a
Glutomatic 2200 apparatus (Perten Instruments, Hagersten, Stockholm, Sweden) according
to the AACC Method 38-12.02 [38]; and the falling number, with the Hagberg—Perten
method in a Falling Number 1400 apparatus (Perten Instruments, Hagersten, Stockholm,
Sweden) according to the AACC Method 56-81.03 [38].

The suitability of flour for the production of bakery products was determined by
conducting a laboratory test baking. Dough (160% yield) was prepared directly from 500 g
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of flour with a moisture content of 14.0%, 300 cm® of water, 15 g of baker’s yeast, and 7.5 g
of kitchen salt in an SP-800A mixer (SPAR Food Machinery, Taiwan). The time of dough
kneading was 4 min. Fermentation was carried out in two stages, with piercing of the
dough after 60 and 90 min. The final expansion of the dough was carried out in moulds.
Baking took place in a Svena Dahlen DC-32E oven (Sveba Dahlen, Fristad, Sweden) at
230 °C for 30 min.

The evaluation of the baking process was carried out on the basis of calculations of
bread yields. The analysis of bread quality was carried out 24 h after baking (the bread
was stored in room conditions). It included an evaluation of bread volume, crumb porosity,
and an organoleptic evaluation using the point method according to the standard [39]. The
assessment team consisted of 20 people. The evaluation included the following quality
characteristics of the bread: external appearance of the loaf, colour and thickness of the
crust, elasticity, porosity and sliceability of the crumb, taste, and smell.

2.5. Statistical Analysis

For all tested features, analysis of variance (ANOVA) and the post-hoc Tukey’s test
was done, where varieties and years of the research were the factors of the experiment. The
research on Fusarium spp. on ears and grain infestation were conducted in 4 replications
(n =3 years x 4 replications = 12), whereas the study of baking quality traits was conducted
in 3 replications (n = 3 years x 3 replications = 9). Due to the lack of significant years x
cultivar interactions for the features related to the technological value of grain, flour, and
bread, these results were presented in the form of means from 3 years of research for each
variety. All tests were performed at the significance level of « = 0.05.

3. Results
3.1. Infestation of Spring Wheat Ears and Grain by Fusarium spp.

In the 3 years of the experiment, the intensity of Fusarium head blight (FHB) of spring
wheat was low and ranged from 0.0% to 5.5% of ears (Table 3, Figure 1A). The low level of
infestation of ears in all years of research was a result of the weather conditions (warm and
dry in the phase of ears ripening) (Table 2). The analysis of variance showed significant
differences among the wheat varieties only in 2015, when the infestation of Izera variety
ears was lower than Katoda variety. No significant interaction year x variety for the
occurrence of FHB on the ears was detected.

Table 3. The occurrence of FHB on the ears of spring wheat varieties (% of ears infested by Fusar-
ium spp.).

Years of Research

Variety

2014 2015 2016
Arabella 0.0 al 2.5 ab 0.5 a
Brawura 1.0 a 3.0 ab 0.5 a
Cytra 1.0 a 4.5 ab 0.0 a
Ethos 0.0 a 4.0 ab 0.5 a
Izera 1.0 a 1.5 b 0.5 a
Kandela 0.0 a 4.0 ab 0.5 a
Katoda 0.5 a 55 a 1.0 a
Koksa 0.0 a 3.0 ab 1.5 a
Korynta 1.0 a 2.5 ab 0.5 a
KWS Torridon 0.5 a 3.0 ab 2.0 a
Ostka Smolicka 0.5 a 35 ab 1.0 a
Waluta 0.5 a 5.0 ab 0.5 a
Zadra 0.0 a 2.0 ab 0.5 a

Mean 05A2 34B 0.7 A

! Different letters indicate significant differences between varieties according to Tukey’s test at « = 0.05; 2 Different
capital letters indicate significant differences between years according to Tukey’s test at & = 0.05. Interaction year
X variety non-significant (p > 0.05).
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Grain infestation by Fusarium spp. varied between varieties and years from 1.5% to
18.5% (Table 4, Figure 1B,C). The significant interaction year x variety was found. The
highest grain infestation was observed in 2014 (Table 4), when the precipitation was high
in May, June, and August (Table 2). Waluta, Zadra, and Arabella varieties in each year of
the study belonged to the group of varieties with the lowest percentage of infected grains.
In the first year of research, the highest infestation of the grains was noted for Kandela and
Ostka Smolicka varieties. On average, the largest amount of Fusarium spp. was isolated
from grains of KWS Torridon and Cytra (Table 4).

Table 4. The infestation of the grains (%) of spring wheat varieties.

Years of Research

Variety 2014 2015 2016
Arabella 70 efg ! 0 g 2 def
Brawura 7AO efg 3]'38 od 4]'38 cdef
Cytra 120 b 1;6 a 8é0 b
Ethos 1X0 bed 23 a SE';S bc
Izera 8AO def 1]'38 fg 7A3 bed
Kandela 7o a 2 def o8 bed
Katoda 3]'30 ij 1k1 a 3]'38 ef
Koksa 5]'30 ghi 3]'35 cde 7A'7 b
Korynta 2]'30 j 5A'8 bc 61'%7 bed
KWS Torridon 9}'30 cde 6(.:6 b 12'5 a
Ostka Smolicka 13‘;0 bc 5]'30 bed 3c’:3 fg
Waluta 00 fgh i fg i g
Zadra 4]'30 hi 2(':0 efg 6AO bede
Mean 8.0A? 52C 6.7B

! Different letters indicate significant differences between varieties according to Tukey’s test at o = 0.05; 2 Different
capital letters indicate significant differences between years according to Tukey’s test at « = 0.05. Significant
interaction year x variety (p = 0.032).

Figure 1. (A) Fusarium head blight; (B) Fusarium disease on grains; (C) infestation of grains by Fusarium sp.
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The results of the research indicated that the lack of Fusarium disease symptoms
on the ears does not mean that the grain is not infected by Fusarium spp. In all years,
F. poae was the most frequently isolated species from grains, which does not cause the
symptoms on ears (Table 5). The domination of F. poae explains the differences between
the intensity of Fusarium spp. symptoms on ears and the colonization of grain. Other
species—F. avenaceum, F. culmorum, F. equiseti, F. graminearum, F. langsethiae, F. sporotrichioides
and F. tricinctum—were isolated occasionally, but to a lesser extent.

Table 5. Species from Fusarium genus isolated from grains of spring wheat varieties (% of infested grains).

Fusarium

Fusarium

Fusarium

Fusarium

Fusarium

Fusarium

Fusarium

Variety avenaceum  culmorum equiseti  graminearum poae sporotrichioides  tricinctum Sum
2014
Arabella 6.0 1.0 7.0
Brawura 1.0 3.0 3.0 7.0
Cytra 4.0 5.0 4.0 13.0
Ethos 1.0 3.0 6.0 1.0 11.0
Izera 4.0 1.0 3.0 8.0
Kandela 5.0 1.0 5.0 6.0 17.0
Katoda 1.0 1.0 1.0 3.0
Koksa 2.0 2.0 1.0 5.0
Korynta 1.0 1.0 2.0
KWS Torridon 1.0 7.0 1.0 9.0
Ostka Smolicka 5.0 2.0 5.0 12.0
Waluta 1.0 3.0 2.0 6.0
Zadra 1.0 1.0 2.0 4.0
Mean 23 0.1 0 2.0 3.3 0.1 0.1 8.0
2015
Arabella 1.5 1.5
Brawura 1.8 2.0 3.8
Cytra 1.5 3.3 6.8 11.6
Ethos 1.5 5.0 3.3 9.8
Izera 1.8 1.8
Kandela 1.8 1.5 3.3
Katoda 1.8 3.3 5.0 1.0 11.1
Koksa 1.5 2.0 35
Korynta 2.0 3.8 5.8
KWS Torridon 1.8 3.3 1.5 6.6
Ostka Smolicka 5.0 5.0
Waluta 1.8 1.8
Zadra 2.0 2.0
Mean 1.2 0 0 1.3 25 0.1 0.1 5.2
2016
Arabella 4.2 42
Brawura 1.8 1.5 1.5 4.8
Cytra 15 6.5 8.0
Ethos 1.5 6.8 8.3
Izera 1.0 1.5 3.8 1.0 7.3
Kandela 6.8 6.8
Katoda 3.8 3.8
Koksa 6.5 1.2 7.7
Korynta 3.2 3.5 6.7
KWS Torridon 3.5 5.0 10.0 18.5
Ostka Smolicka 1.8 1.5 3.3
Waluta 1.8 1.8
Zadra 1.0 5.0 6.0
Mean 1.1 0.1 0.1 0.5 4.6 0.0 0.3 6.7
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3.2. Mycotoxin Content in the Spring Wheat Grains

The content of mycotoxins in the tested samples of wheat grain varied depending
on the year and variety (Table 6). In 2014, when five toxins were analyzed, the presence
of DON was found only in one sample (Ostka Smolicka—181.5 pg-kg~!). The content of
this toxin did not exceed the maximum contamination level of (1250 pg-kg~!) set by EU
regulations [24]. The second of the tested trichothecenes—NIV—was found in the grain of
a Kandela variety in the amount of 334.7 ug-kg~!. Both of these toxins were found in
the tested grains only in the first year of the study (Table 6), which was the wettest year
(Table 2).

The presence of ZEA was detected in two of the six tested samples; one from 2015
and one from 2016 (Table 6). Contamination of grains with this mycotoxin at levels of
24.1-62.9 ug- kg~! did not exceed the accepted standard of 100 ug-kg=! [24]. Due to
the fact that F. pose was the dominant fungus isolated from the grain, accompanied by F.
avenaceum and F. tricinctum, BEA and MON produced by these species were also examined.
Mycotoxins BEA and MON were found in larger amounts in the examined grains. The
concentration of BEA in the grains of both of the tested cultivars was over 6300 ug-kg~,
while the concentration of MON in the grains of both tested varieties was over 200 ug~kg’1
(Table 6).

In the second and third year of the study, 12 metabolites synthesized by Fusarium
fungi were analyzed (Table 6). Additionally, enniatins (Aj, A, B, and B;) and fumonisins
(FB4, FBy, and FB3) were included in the study. In 2015 and 2016, very high BEA contents
were found (respectively, over 13,000 pg-kg~! in 2015 and over 89,000 ug-kg~! in 2016).
No correlation was observed between the number of synthesized toxins and the infestation
of variety. No MON was found in 2015, but it was found in both wheat varieties in 2016.
Of the analyzed enniatins, only enniatin A; was present in all wheat samples from 2015
and 2016. In 2015, this toxin remained relatively stable, and its amount ranged from 23.430
to 25.380 pg-kg~!. In the last year of the study, its concentration increased significantly
(97,426.8 pg-kg~! for variety Ostka Smolicka and 81,635.9 ug-kg~! for variety Kandela).
In 2015 and 2016, the grains were also tested for concentrations of fumonisins. Only one
sample from 2015 showed the presence of FB; (Kandela 20.3 pg-kg ™), while none of them
had the other fumonisins, FB, and FB3. The correlation analysis showed no relationship
between the infestation of grain by Fusarium spp. and the concentration of fumonisins.

Table 6. Mycotoxin content in spring wheat grains.

Year Variety

Fusarium Mycotoxin Content [ug-kg—1]
spp-[%]l  ZEA DON NIV BEA MON EnnA EnnA; EnnB EnnB; FB; FB, FB;

Maximum level of mycotoxins in

wheat grains *
Kandela
Ostka
Smolicka
Kandela
Ostka
Smolicka
Kandela
Ostka
Smolicka

2014

2015

2016

17.0
12.0
3.3
5.0
6.8
3.3

100 1250 - - - - - - - - - -
nd nd 3347  6399.3 4822 na na na na na na na
nd 181.5 nd 6370.6 3359 na na na na na na na
nd nd nd 7050.0 nd nd 25,380.0 nd nd 20.3 nd nd
629 nd nd 13,180.0 nd nd 23,430.0 nd nd nd nd nd
24.1 nd nd 89,535.8 613.1 nd 81,635.9 nd nd nd nd nd
nd nd nd 56,412.7 228.7 nd 97,426.8 nd nd nd nd nd

* According to the Commissions Regulations (EC) No 1881/2006 of 19 December 2006, setting maximum levels for certain contaminants in
foodstuffs [24]. ‘nd’—not detected; ‘na’—no analysis; - maximum level not set for wheat in the EU regulations.

3.3. Assessment of the Technological Value of Grains of Spring Wheat Varieties and Their
Suitability for Processing

The grains of spring wheat cultivars from organic cultivation showed significant
differences in terms of all of the assessed physico-chemical characteristics, i.e., selectness
and uniformity, glassiness and hardness, and ash content (Table 7). During the three year
study period, the average grain selectness ranged from 74.7% to 90.0%. The grain selectness
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of the majority of the examined wheat varieties (except for Izera and Koksa) coincided
with grain uniformity, which proved their high plumpness. The most plump were wheat
grains of the varieties Katoda, Waluta, Arabella, KWS Torridon, and Kandela, while the
least plump were grains of the varieties Ethos and Koksa.

Grain uniformity ranged from 74.7% to 90.0% on average (Table 7). During the three
year research period, the greatest uniformity, as with selectness, was observed in the grains
of wheat varieties Katoda, Waluta, Arabella, KWS Torridon, and Kandela.

Table 7. Results of the assessment of grain milling value (averages over 2014-2016).

Variety Selectness (%) Uniformity (%) Glassiness (%) Hardness (BU)! Ash (% d. m.) Yleld(f))/f)Flour
Arabella 88.0a2 88.0a 21f 605 bede 1.81c 773 a
Brawura 83.0 bc 83.0 bc 35cd 623 b 1.79 cd 76.8 a
Cytra 80.7 be 80.7 bed 42D 598 cde 1.90 ab 758 a
Ethos 74.7 e 74.7 £ 5la 670 a 1.83 ¢ 77.3a
Izera 74.0e 76.0 ef 28 e 585 efg 179 ¢ 77.6a
Kandela 83.7 bc 83.7 bc 15f 563 g 1.90 ab 779 a
Katoda 90.0 a 90.0 a 17 £ 608 bed 1.79 d 74.7 a
Koksa 74.7 e 77.0 def 38 be 602 bede 193a 74.7 a
Korynta 753 e 75.3 f 38 bc 613 be 1.81c 76.7 a
KWS Torridon 84.0b 84.0b 34 cde 665 a 1.89b 772 a
Ostka Smolicka 79.7 cd 79.7 cde 31de 598 cde 1.89 ab 76.7 a
Waluta 89.0 a 89.0 a 19f 588 def 1.75d 779 a
Zadra 76.0 de 76.0 ef 33 cde 570 fg 1.88b 780 a

Mean 81.0 81.3 31 607 1.84 76.8

1 BU—conventional units in Brabender scale; 2 Different letters indicate significant differences between varieties according to Tukey’s test

at o = 0.05.

The glassiness and hardness of grains indicate the structure of the endosperm. In
the milling industry, glassy grains with a glassiness above 60% are classified as floury
when the number of glassy grains is below 40%. In the 3 year testing period, the glassiness
of grains was between 15% and 51% on average (Table 7). The highest percentage of
grains with a glassy structure of the endosperm was observed in the following varieties:
Ethos, Cytra, Koksa, and Korynta. The most floury grains were the Kandela, Katoda, and
Waluta varieties.

During the 3 year testing period, the average grain hardness of the tested wheat
varieties ranged from 563 BU to 670 BU (Table 7). Grains of Ethos, KWS Torridon, and
Brawura wheat varieties had the hardest white, while grains of the Kandela and Zadra
varieties had the softest.

The average content of mineral substances (total ash) in grains of the wheat varieties
ranged from 1.75% d.m. t0 1.93% d.m. (Table 7). The lowest ash content was found in grains
of wheat varieties including Waluta, Brawura, Katoda, Arabella, Izera, and Korynta, while
the highest total ash content was found in the grains of wheat varieties Koksa, Kandela,
and Cytra.

During the three year research period, the average flour yields (extracts) ranged from
74.7% to 78.0% (Table 7). The obtained flour yields were high and comparable to those
obtained in industrial mills. The largest flour extracts (above 77%) were obtained from
milling grains of wheat varieties Zadra, Waluta, Kandela, Izera, Arabella, and Ethos.

During the three year testing period, the total protein content of the flours tested was,
on average, from 9.5% d.m. to 11.2% d.m. (Table 8). The highest levels of this component
were recorded from flours from the grain varieties Koksa, Korynta, Ethos, KWS Torridon,
and Cytra.
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During the 3 year study period, the average yields of wet gluten ranged from 21.2%
t0 29.9% (Table 8). The highest levels of gluten proteins were contained in flours from
the grains of the following wheat varieties: Ethos, Cytra, KWS Torridon, Koksa, and
Korynta, which were also characterized by the highest total protein content. As required
by standards [40], the amount of gluten in low-extraction wheat flours should not be lower
than 25%. The gluten yield meeting this requirement was recorded in flours obtained from
the grains of varieties Cytra, Ethos, Koksa, Korynta, KWS Torridon, and Zadra.

The average values of the gluten index (GI) ranged from 40 to 98 (Table 8). Flours
from most wheat varieties were distinguished by optimal gluten quality (GI values from
60 to 90). Regardless of the year of wheat harvest, exceptionally strong gluten was found in
flours from the grains of the Arabella, Kandela, and Waluta varieties, while exceptionally
weak gluten was found in the Cytra variety.

During the 3 year study period, the mean values of the falling number, which is the
amylolytic enzyme activity index, ranged from 256 s to 314 s (Table 8). The optimal activity
of amylolytic enzymes in flour intended for baking should be at an average level (a falling
number in the range 220-280 s) [27]. This requirement was met by flours from the grain
of Izera, Kandela, Koksa, and Zadra varieties. In wheat grain flours from the remaining
varieties, the activity of amylolytic enzymes was lower. Before baking, it can be increased,
e.g., by adding malt, which is a source of amylolytic enzymes.

The average bread yield (the amount of bread obtained from 100 parts of flour by
weight) was not very diversified, ranging from 139.1% to 143.0% (Table 8). Bread with the
highest yield was obtained from flour of the following varieties: Koksa, Ethos, Izera, and
Ostka Smolicka.

Breads from the laboratory test baking had the correct taste and smell, typical of wheat
bakery products. The shape of the loaves was correct, typical for bread baked in tins. The
bread crust had the right thickness, the color ranging from light to dark brown. The growth
of the loaves was varied. During the three year research period, the volume of the loaves
was, on average, from 357 cm3-100 g~! to 420 cm3-100 g~ ! (Table 8). The largest volume
of bread was obtained from flour of the wheat varieties Katoda, Arabella, Waluta, Izera,
and Kandela, while the least risen bread loaves were obtained from Ostka Smolicka, Koksa,
KWS Torridon, and Zadra.

Bread crumb was characterized by very good or good flexibility. It was varied in its
porosity (Table 8, Figure 2). The crumb of bread from Arabella, Kandela, Katoda, and
Waluta varieties was the most evenly distributed. The lowest rated in this aspect was the
crumb of breads from flour from the varieties Ethos, Ostka Smolicka, and Zadra.

C

irs

Figure 2. Comparison of crumb porosity in 2016: (A) variety Izera, porosity coefficient 70; (B) variety Kandela, porosity
coefficient 65; (C) variety Cytra, porosity coefficient 50; (D) variety Zadra, porosity coefficient 45.

During the organoleptic evaluation, the highest value was given to bread made from
flour from the grains of the following varieties: Katoda, Arabella, Izera, and Korynta, while
the lowest value was from Cytra, Zadra, and Ostka Smolicka (Table 8). Based on the total
number of points awarded, breads made from flour from the grains of the Cytra, Zadra, and
Ostka Smolicka varieties were graded to the second quality level. Bakery products made
of flour from grains of the other wheat varieties were graded to the first quality group.
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On the basis of the results of a 3 year study on spring wheat varieties from organic
systems that are recommended for the production of bakery products, it was concluded
that the requirements of the baking industry were met, to the greatest extent, by flours
from the grains of varieties Arabella, Izera, Kandela, Katoda, and KWS Torridon.

4. Discussion

In organic agriculture, chemical products are forbidden; thus, other agrotechnical,
mechanical, and biological methods, such as choice of a proper variety, are used to achieve
a high yield of good quality [4,16,41]. One of the important features of wheat varieties that
should be taken into account when evaluating their usefulness for cultivation in organic
agriculture and food processing is their susceptibility to fungal diseases. Fusarium head
blight (FHB) and grain infestation by Fusarium spp. (FDK—Fusarium disease kernels) may
be caused by various species of Fusarium that have different climatic requirements and
different toxin formations [17,18]. The most dangerous mold fungi for wheat ears include
Fusarium culmorum, F. avenaceum, and F. graminearum. Factors that influence the occurrence
of FHB and fungal infestation of the grain primarily include the weather (rainfall and
temperature) during the stages from BBCH 55 to BBCH 73, as well as crop management
treatments applied, crop rotation, nitrogen fertilisation, variety, plant protection products,
and the quantity of inoculum of Fusarium spp. on a given field [17,42-46]. The severity
of the disease symptoms in this experiment in the years 2014-2016 was low, which was
probably influenced by the weather conditions, and especially by the low rainfall in the
2015 and 2016. Significant differences among the wheat varieties were observed in each
year of the study according to infestation of grain and, in one year, due to the infestation of
ears, as other agricultural factors were not differentiated in the experiment.

Mycotoxins most commonly accumulated in grains during wheat growth include
deoxynivalenol, zearalenone, T-2 and HT toxins, and nivalenone. The risk is even more
significant because certain amounts of mycotoxins have also been found in grains harvested
from ears without symptoms of FHB [47]. The content of mycotoxins during the analyzed
period was low and did not exceed the standards permitted by the European Union [24].
However, due to their high level of harmfulness, there is a need for constant monitoring of
their content.

The profile of fungi inhabiting the territory of Poland has changed in the last years.
Therefore, the toxins in cereals have also changed. Many of them were not standardized
because they appeared sporadically. Therefore, it is necessary to update these standards
allowing for the presence of individual compounds and to determine their toxicity to
humans and animals. In Poland, such species as Fusarium subglutinans, Fusarium poae, and
Fusarium verticilioides occur, which primarily produce fumonisins, beauvericin, group A
and B trichothecenes, and enniatins [48]. The same shift in species was also found in other
countries of central Europe [49].

According to Gromadzka et al. [50], the highest amount of BEA content was recorded
in 2015, with a maximum concentration of 1,731,550.0 pg~kg*1. In China, 82.3% of the wheat
samples were contaminated by BEA, in the range from 0.04 pg-kg ™! to 1006.56 pg-kg™!,
followed by EnnA, with the levels ranging from 0.06 ug-kg ™! to 16.61 pg-kg™!, and EnnBy,
with the levels ranging from 0.07 ug-kg ™! to 3.33 pg-kg~! [51]. According to Chelkowski
et al. [52], E. poae contributed to an accumulation of a high number of mycotoxins; namely,
toxic hexadepsipeptides—both BEA (up to 46,000 ug-kg~!) and enniatins EnnA (up to
37,000 ug-kg~1), EnnB (up to 46,000 ng-kg~!) and EnnB; (up to 75,000 pg-kg—!). On the
other hand, MON was found in 25,32, and 76% of the Norway samples of barley, oats, and
wheat, respectively. The maximum MON concentrations in barley, oats, and wheat were
380, 210, and 950 pg-kg~!, respectively [53].

In the research of Orlando et al. [54], conducted in France, F. tricinctum or F. poae
affected enniatin content. . tricinctum was the leading enniatin producer in spring barley
(23% to 37%). F. avenaceum produced large amounts of enniatins in wheat (1% to 18%).
F. poae made a minor contribution, never accounting for more than 2% of total enniatin
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content. According to these authors, enniatins were highly prevalent in French small grain
cereals and were mostly produced by E. avenaceum and E. tricinctum.

The presence and concentration of mycotoxins in grains can be influenced by many
factors. One of the most important factors is the potential ability of fungi to form myco-
toxins, as only a part of the isolates of a given species has the capacity to form secondary
metabolites. Moreover, other grain-infesting fungi and weather conditions may affect the
number of mycotoxins produced [55]. In plant protection, the breeding of varieties with
increased resistance to Fusarium fungi has great importance. In our research, the varieties
with the smallest colonization of the grain by Fusarium spp. were Waluta, Zadra, and
Arabella. The grains of the following cultivars were the most infested: Cytra, Kandela, and
KWS Torridon.

It could be assumed that crops in organic farming are more vulnerable to diseases as
they lack chemical protection. However, there are reports in the literature that, under this
cropping system, the intensity of Fusarium spp. is not higher and is often even lower than
with conventional system [56-60]. According to a review of the literature, Fusarium diseases
are found less often in cereals grown in the organic system than in the conventional one
(this also applies to mycotoxin content) [61,62].

Bernhoft et al. [63,64] report that using crop rotation, as in the organic system, reduced
both the occurrence of Fusarium spp. in grains, and the mycotoxin content, while the lack
of mineral fertilization and herbicides reduced the occurrence of E. graminearum. They also
found increased levels of Fusarium spp. and mycotoxins in the case of plant lodging, which
often occurs in conventional cultivation as a result of high mineral fertilization. Other
factors determining the lower pressure of Fusarium sp. in the organic system, as compared
to the conventional one, were: higher overall biodiversity, lower compactness of the canopy
for better aeration, and ear structure of individual varieties.

However, it should be taken into account that our research included as many as
12 metabolites of Fusarium sp. fungi. Additionally, compounds that were naturally synthe-
sized in significant quantities were analyzed. Therefore, the results obtained constitute an
important supplement to the world literature and are the basis for further detailed research.

The basic direction of the use of wheat grains is the production of various types of
flour, which are primarily raw materials for the production of bread, but also pastries, pasta,
noodles, dumplings, pancakes, etc. [27]. Wheat grains that are commercially marketed,
irrespective of the farming system, must be healthy, clean, ripe, and free from foreign odors
or pests [26]. The moisture content of the grains must not exceed 15.0%, while the bulk
density must not be lower than 72.0 kg /hl. The maximum total content of impurities should
not exceed 15% at the grain buying, including harmful and/or toxic seeds 0.5%, and ergot
0.05%. The activity of amylolytic enzymes, determined on the basis of the falling number,
should not be lower than 160 s [16,27]. The grains from all the tested organic spring wheat
varieties, regardless of the year of harvest, met the general quality requirements, which
indicates that they could be marketed.

Depending on the type of intended processing, specific quality requirements for wheat
grains are determined. The requirements of the milling industry mainly concern grain
size and grain uniformity, the structure of the endosperm (glassiness, hardness), and the
maximum ash content [27,65]. The larger (more plump) the grains are, the higher the
share of the endosperm and the smaller the share of the peripheral layers. From such
raw material, higher flour yields with a low ash content can potentially be obtained [65].
In addition to being more mature, grains should also have a degree of sizing uniformity
of not less than 75%. This high level of uniformity facilitates the cleaning (removal of
impurities) and conditioning of grains [27]. It could be assumed that grains from organic
farming, where the use of mineral fertilizers is forbidden, will be smaller than grain from
conventional farming. Data from the literature indicates, however, that organic farming
produces wheat grain of comparable size to that of conventional farming [16,25,66-70].
The possibility of obtaining grains of organic wheat of high maturity and uniformity is
also indicated by the results obtained in this work, in which the average values of grain
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selectness and uniformity ranged from 74.0% to 90.0%. As in previous studies [16,25,66],
both grain selectness and uniformity were significantly dependent on varietal traits. In
terms of these parameters, in this study, the highest ratings were given to the grains of the
varieties Katoda, Waluta, and Arabella.

Hardness and glassiness (flouriness) are considered to be the basic indicators for
assessing the structural and mechanical properties of grains, especially their basic anatomi-
cal part—endosperm. The greater the hardness and glassiness of the grains, the greater
the resistance to grinding, which translates into higher energy consumption [69]. The
glassiness and flouriness are related to the chemical composition of grains, especially the
protein—starch ratio. Glassy grains have a higher protein content than floury grains and
a more compact structure, which makes them more resistant to mechanical stress. From
glassy grains, large quantities of flour from grinding passages are produced. Flours from
these passages exhibit low ashiness and light color [65]. The grains of the tested organic
wheat cultivars were characterized by a floury structure of the endosperm; the percentage
of glassy grains ranged from 15% to 51% and depended significantly on varietal traits. Ac-
cording to Marzec et al. [25], grains of wheat from organic farming exhibit lower glassiness
and hardness of the endosperm than grains from intensive farming due to a lower content
of protein substances that form the matrix surrounding the starch grains.

Ash content is one of the basic parameters characterizing wheat grain in terms of
milling. The ash content of the grains determines, to a large extent, the ashiness of the
flour obtained from it. A good raw material for the milling industry is wheat grain with
a low ash content (maximum 1.75-1.80% dry matter), especially with a low ash content
of the endosperm [65]. The ash content in the grain of the examined wheat varieties was
relatively high, ranging from 1.75% to 1.93% d.m. An ash content not exceeding 1.80%
d.m. was found in the grains of four wheat varieties: Brawura, Izera, Katoda, and Waluta.
According to the literature data [8,16,25,66], ash content in the grains of wheat from organic
farming may be slightly higher than in the grains from intensive farming. Spring wheat
grains generally contain more ash than winter wheat [65].

The yields of flours obtained from milling the grains of the tested wheat varieties
from organic farming were high (over 74%). According to many authors [16,66,70], the
yields of flour obtained from grains of organic wheat are comparable to those of grains
from intensive cultivation, which indicates that it is a suitable raw material for milling into
low-extraction flours.

Flours obtained from the milling of grains should have the appropriate utility traits
that are desirable for further processing. In the case of wheat flour intended for the
production of bread, the quantity and quality of protein substances are particularly im-
portant [27,71,72]. The protein content of wheat grain, which is the raw material for flour
production, is favorably influenced by mineral nitrogen fertilizers, which, however, cannot
be used in an organic production system [6]. As a result, the protein content in the flour
of organic wheat grains is lower than that of intensive cultivation, as indicated by many
authors [16,70,71,73,74]. The flours tested in this study had a relatively low protein content,
ranging from 9.5% to 11.2% d.m. Significant differences in the content of this component
indicate that some varieties (Koksa, Korynta, Ethos, Cytra, KWS Torridon) better used the
nitrogen available in the soil for protein synthesis than other varieties (Ostka Smolicka,
Kandela, Brawura).

Among the proteins present in wheat flour, gluten proteins are of particular impor-
tance. They have a structuring function in bread due to their ability to form a branched
structure, which, when the dough is mixed, envelops the swollen starch grains and enables
the retention of gases produced during dough fermentation [72]. The results of many
studies [16,68,70,71,73,74] indicate that organic wheat grain flours have a lower gluten
protein content, as well as total protein content, than intensive grain flours. In this study,
depending on the variety, the amount of wet gluten isolated from the tested flours ranged
from 21.2% to even 29.9%. The gluten washed out of most flours, except for grain flour of
Cytra variety (GI 40), was of good quality (GI 71 to 98).
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An important parameter in assessing the baking value of wheat is also the falling
number, which is an indicator of a-amylase activity. Flours for baking purposes should
have the average activity of this enzyme (falling number of 220280 s) [27]. The organic
flours tested in this study showed medium or low amylolytic activity, none of them having
an increased value of this parameter. According to some authors [70,72], the activity of
amylolytic enzymes in organic wheat grain flour may be higher than in intensive wheat
grain flour, and, according to others [16,68], it is at a similar level.

The best method of evaluating the value of baked flour is to carry out laboratory
baking combined with an evaluation of the quality of the baked goods obtained, including
a sensory evaluation. Breads obtained from the tested organic flours were highly rated in
terms of sensory quality. They exhibited an intensive smell and taste typical of wheat bread;
there were no major objections to the external appearance of the loaf and crumb. The loaves
were generally well-risen; the volume per 100 g of bread was in the range of 363-420 cm3,
which met the requirement set out in Polish standard (no less than 260 cm3-100 gfl) [75].
Data from the literature [16,66,67,71] indicate that flours from organic wheat grains can
be used to make bread of a similar volume to that made of flour from intensively farmed
wheat. However, there are also reports [73,74] that indicate that bread made from organic
grains has a smaller volume. In addition to the volume of the loaf, the porosity of the
crumb is an important quality feature. Wheat bread should have an even, finely porous
crumb with thin walls, which adheres well to the crust. The porosity of the crumb of bread
obtained from the tested organic flours varied. The crumb with the best porosity was noted
for breads made of flour from grains of the following wheat varieties: Arabella, Kandela,
Katoda, and Waluta.

An evaluation of the technological value of the grains showed that the grains of the
tested spring wheat varieties generally met the quality requirements for the milling and
baking industries. In the presented ranking of spring wheat varieties, the Arabella variety,
a quality bread variety, was ranked the highest. Arabella has been noted since 2009 in the
Polish Varieties Register carried out by Research Centre for Cultivar Testing (COBORU) [76].
This variety is also useful for late autumn sowing. It tolerates slight soil acidification, which
makes it suitable for cultivation on poorer, sandy soils. This variety was also ranked high
according to the agricultural traits and yield in our previous research [10] so it can be
especially recommended for organic production.

5. Conclusions

The presented study is in line with the current trends in the greening of agriculture
and the organic agriculture development according to the recent European Union strategies,
such as the European Green Deal, the Farm to Fork strategy, and the European Biodiversity
Strategy for 2030, which aim to increase the share of organic farming to 25% area of
agricultural land in Europe by 2030. Our results give information about the traits of spring
wheat varieties that are suitable for an organic system and food processing. The most
resistant varieties to the threat of infection by Fusarium spp. were Waluta, Zadra, and
Arabella. Mycotoxin contamination of the grain of two examined wheat varieties did not
exceed maximum accepted levels. However, we observed that the colonization of grains
by Fusarium spp. did not reflect the intensity of FHB; thus, the lack of symptoms of disease
on ears does not mean the lack of grain infestation by mycotoxins. Therefore, there is a
need for constant monitoring of phytosanitary condition of the canopy and wheat grain in
organic farming. On the basis of the results of a 3 year study, the varieties most useful for
organic production and processing were found to be Arabella, followed by Brawura, Izera,
Kandela, Katoda, KWS Torridon, Waluta, and Zadra. The research results could be applied
by farmers, advisors, and food processors that carry out crop production and processing
in organic agriculture sector. Future research will focus on the suitability of other wheat
varieties, in particular winter varieties, for organic farming and food processing.
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Abstract: Wilt disease affecting pomegranate crops results in rapid soil-nutrient depletion, reduced
or complete loss in yield, and crop destruction. There are limited studies on the phytopathogen
Fusarium oxysporum prevalence and associated genomic information with respect to Fusarium wilt
in pomegranate. In this study, soil samples from the rhizosphere of different pomegranate plants
showing early stage symptoms of wilt infection to an advanced stage were collected from an orchard
situated in Karnataka, India. A whole metagenome sequencing approach was employed to gain
insights into the adaptations of the causative pathogen F. oxysporum. Physicochemical results showed
a drop in the pH levels, N, Fe, and Mn, and increase in electrical conductivity, B, Zn, Cl, Cu was
observed in the early and intermediate stage samples. Comparative abundance analysis of the
experimental samples ESI and ISI revealed an abundance of Proteobacteria phyla Achromobacter sp.
2789STDY5608625, Achromobacter sp. K91, and Achromobacter aegrifaciens and Eukaryota namely As-
pergillus arachidicola, Aspergillus candidus, and Aspergillus campestris. Functional pathway predictions
implied carbohydrate binding to be significant (p < 0.05) among the three experimental samples. Mi-
crobiological examination and whole microbiome analysis confirmed the prevalence of F. oxysporum
in the soil samples. Variant analysis of F. oxysporum revealed multiple mutations in the 3IPD gene
with high impact effects. 3-Isopropylmalate dehydratase and carbohydrate-active enzymes could
be good targets for the development of antifungals that could aid in biocontrol of F. oxysporum. The
present study demonstrates the capabilities of the whole metagenome sequencing approach for rapid
identification of potential key players of wilt disease pathogenesis wherein the symptomatology
is complex.

Keywords: microbiomics; soil metagenomics; DNA sequencing; wilt; rot; Punica granatum

1. Introduction

Pomegranate is a widely cultivated fruit crop with its origins traced to Turkey and
Iran. The crop is extensively cultivated in various parts of India and India has emerged
as the leading producer of pomegranate globally [1-3]. There are extensive reports on the
medicinal properties of the pomegranate viz it’s antimicrobial [4], antihyperglycemic [5],
anticancerous [6,7], its nutraceutical [8], pharmaceutical [9], and cosmeceutical [10] appli-
cations due to the presence of a wide range of nutrients, secondary metabolites such as
alkaloids and flavonoids [2]. There are also reports of anti-inflammatory properties and the
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potential of the pomegranate juice and peel against various disorders [2,3,11-13] and protec-
tion from UV photodamage [14]. However, cultivating the crop has been challenging due to
its susceptibility to diseases and pest infestations which results in a drastic reduction in the
yield and quality of the fruit. Major diseases are caused as a result of bacterial and fungal
infections. Some of the fungal pathogens reported are Colletotrichum acutatum [15] Tricho-
derma spp., Botrytis cinerea, Aspergillus niger, Penicillium spp., Alternaria spp., Colletotrichum
gloeosporioides, Pestalotia brevista, and Pilidiella granati [16-19] anthracnose disease of the
flower. The infection results in the abortion of the flower leading to a reduction in the
yield [15]. The manifestations of infection caused by Pilidiella granati are crown rot, twig
blight, and dieback with common symptoms of necrosis in fruits and twigs respectively
during the early stage of infection [15,19]. Among the bacterial diseases, blight disease is
one of the serious challenges faced by farmers in India. The causative organism has been
identified as Xanthomonas campestris. pv. punicae. Yield loss of up to 80% has been reported
in Bangalore, Karnataka as a result of an epidemic outbreak. The pathogen infects the
entire plant. Epidemic outbreaks are also reported in Andhra Pradesh, Maharashtra, and
Delhi [20]. The detection of the fungal and bacterial pathogens is generally done through
the isolation of the organism followed by culturing them. The identification is done based
on the morphological characters and physiological and biochemical tests. These methods
are highly labor-intensive, time-consuming, need expertise [21] and only the cultivable or-
ganisms can be identified. These limitations were later overcome by PCR based diagnostic
method. The identification and detection of P. granati were carried out through the nested
PCR method. Species-specific primers were designed and the method could effectively
detect the pathogen in the fruits of pomegranate [22]. In another study, the phytopathogen
Xanthomonas campestris pv. punicae, causing blight disease in pomegranate was detected
using ERIC-PCR-Generated genomic fingerprints. A relationship was established between
the fingerprints and virulence pattern of the blight-causing pathogen [20]. These methods
have limitations with respect to specificity as they are not based on DNA sequencing.

16S rRNA gene sequencing is an excellent approach to reveal the identity of the
pathogen as they are signature specific sequences in bacterial species with higher accu-
racy. Bacterial wilt disease in Cucurbita maxima in China caused by Ralstonia solanacearum
was identified by 165 rRNA gene sequencing of the isolates obtained from the plants
infected with wilt. Pathogenicity analysis revealed that all the isolates belonged to Ralstonia
solanacearum [23]. Investigations on determining the microbiota associated with symp-
tomatic and non-symptomatic bacterial wilt-diseased banana plants were also done using
16S rRNA metagenome sequencing. Illumina MiSeq platform was used for sequencing.
The results revealed the predominance of Ralstonia in the pseudostem of the symptomatic
diseased plant compared to non-symptomatic [24]. The findings could also throw light
on the role of endophytic microbes revealed through sequencing studies in conferring
tolerance to the disease. Many successful studies have been carried out in fruit crops and
vegetables, where 165 rRNA gene sequencing has emerged as an excellent tool for the de-
tection of the associated plant pathogens. Another newly reported disease in pomegranate
is the Bacterial root-bark necrosis disease and wilt in pomegranate, which was found to
affect the plant entirely. A recent study by Ajaysree and Borkar, 2018, shed light on the
symptomatology of the disease that includes symptoms of wilt disease on the leaves and
stem such as yellowing of leaves, followed by leaf fall and wilting of branches. The study
reports complete death of the plant with no recovery in a period of 2-3 months. On the
other hand, reports suggest that the roots of plants show symptoms of root-bark necrosis.
16S rRNA sequencing facilitated the identification of the pathogenic bacterium Klebsiella
pneumoniae [25].

To explore the correlation between monocropping followed in banana and the Fusar-
ium wilt incidence, the soil samples from such fields were subjected to sequencing of 16S
rRNA genes for bacteria and internal transcribed spacer using the MiSeq platform for
fungal identification. The findings led to the conclusion that monocropping significantly
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increased the incidence of Fusarium wilt [26], with the help of 16S metagenomics the role
of the cropping system in disease management.

16S rRNA sequencing using the 454 platforms could accurately reveal the bacteria
associated with the nematodes infesting pine trees. This association is responsible for the
wilt disease of pine. 25 Operational Taxonomic Units could be analyzed based on 97% of
similarity in the sequences of the library. The microbial diversity revealed Alphaproteobac-
teria, Betaproteobacteria, Gammaproteobacteria, and Bacteroidetes [27]. These findings are
vital for adopting the proper control measures for wilt disease as it is influenced by the
nematodes as well as the associated microbiota establishing a unique ecosystem.

However, despite all the benefits of employing the 16S metagenomics approach,
there are certain limitations to consider prior to planning a soil metagenomics study.
Firstly, soil microbial diversity is vast, and exploring the soil communities with a targeted
approach that considers quantifying relative abundances of taxa may remain incomplete in
terms of its functional potential. Secondly, the resolution is dependent on the databases
employed. There are large scale efforts put towards developing database and tools to
improve classification of bacterial communities and their diversity [28-30] The emergence
of long read platforms have offered potential solutions to help sequence the entire 165 rRNA
using the Nanopore or PacBio platforms. Some studies have reported higher microbial
identification and taxonomic resolution as compared to the short amplicon sequencing
despite the higher depth from platforms such as Illumina [31]. To specifically identify
fungi, the gene cluster within the 18S ribosomal RNA is considered and the repetitive
internal transcribed spacer (ITS) sequences are used. Furthermore, 185 rRNA sequencing
comes with its limitations particularly with extraction methods showing biased results [32],
primer-biases in PCR resulting in amplification of certain taxa preferentially [33], the
copy numbers of the small subunit (SSU) rRNA genes [34], sequencing errors [35,36] and
remnant DNA amplification [37].

The whole metagenome sequencing approach has helped address some of these lim-
itations pertaining to targeted metagenome approaches. Microbe-pest-host associations
are complex and their adaptations remain elusive. The whole metagenome approach is a
powerful method to not only screen microbes but also facilitate understanding of plant-
microbe-soil interactions and the disease pathogenesis in plants. The advanced Illumina
Novaseq 6000 (Illumina) offers a unique possibility to perform soil microbial characteriza-
tion [38,39]. Despite the large data outputs from these platforms, bioinformatics analysis of
the data employing server and cloud-based analytics services have enhanced the speed
and efficiency of analysis [40]. There are limited studies on the phytopathogen Fusarium
oxysporum prevalence and associated genomic information with respect to Fusarium wilt
in pomegranate. In the present study, we demonstrate the implementation of shotgun
sequencing using the whole metagenome approach to study the pathogenomics of wilt
disease in Punica granatum caused by Fusarium, wherein the symptomatology is complex.

2. Materials and Methods

The present study involved screening the physiochemical parameters of the soil
samples from the rhizosphere of the infected plants. The total microbial counts were
estimated. Employing conventional microbiological methods the soil samples were plated
on specialized media to confirm the presence of the pathogen Fusarium oxysporum and
Aspergillus niger. Following which genomic DNA was isolated from soil samples and the
quality control of the samples was performed. Whole metagenome shotgun sequencing
was carried out. Thereafter, the data was subject to bioinformatics analysis to estimate
the relative abundances of the microbes, and the functional predictions were performed.
Finally, variant analysis was carried out to screening for possible targets that could provide
key leads to understand the adaptations of the pathogen. An overview of the methodology
adapted in the study is provided in Figure 1.
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Figure 1. Overview of the experimental workflow from sample collection to identifying key players in microbial adaptation.
The figure depicts the wet laboratory and dry laboratory methods employed in the present study.
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2.1. Site Description and Sampling

Soil samples were collected from a pomegranate orchard close to Chikkaballapur
(13.3907° N, 77.6880° E) from Karnataka, India. The orchard has been used for cultivating
the crop over a span of 5 years and the farmer suffered huge losses due to the reducing
fruit yield attributed to severe pest infestations. In the past year alone, the farmer suffered
a loss in fruit yield by over 36%. The land was surveyed and post-harvest, without the
application of any pesticides or antibacterial or antifungal agents, samples were collected
in December 2019 from the rhizosphere of 5 plants from each category showing similar
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symptoms. The symptoms were categorized as early signs of infection, moderate signs of
infection, on and severe infections, in triplicates and pooled (Figure 1). The plants were
identified as early-stage infection (ESI) with early symptoms of wilt, intermediate stage of
infection (ISI), and advanced stage of infection (ASI) on the basis of physical examination
of the leaves, stem, fruits, and roots (Figure 2).

e s
EARLY STAGE INFECTION (ES)  INTERMEDIATE STAGE INFECTION (159 ADVANCED STAGE INFECTION (AS)

= WILT COMPLEX g

PALER RED, BROWNISH-RED DISCOLOURATION

Figure 2. Physical symptoms of the plants, figures depict the physical symptoms of the infected
plants—ESI; Early-stage infection, ISI; Intermediate stage infection, and ASI; Advanced stage infection
(a—d). Other wilt-associated symptoms such as yellowing of leaves and root knots observed (e),
rotting of fruit (g), complete defoliation (f), brown decay, and sporulation (h) observed are depicted.

2.2. Physicochemical Characterization and Total Microbial Count Estimation

All the physical and chemical characterizations were carried out based on the proce-
dures provided by [41]. pH values, electrical conductivity, were estimated by the electro-
metric method [41]. The total microbial counts were estimated using the protocols provided
in IS 5402 and IS 5403 for the total bacterial and total fungal count respectively [42,43].
Each reading was collected in duplicates.

2.3. Isolation of Fusarium oxysporum, Aspergillus niger from Soil Samples

39 g of potato dextrose agar powder (catalog no. M096, HiMedia) was added in 1 L
sterile water and it was thoroughly mixed. The media was autoclaved at 15 psi pressure at
121 °C for 15 min. Test Samples (1 mL) were 10-fold diluted in 9 mL of water (10~1). From
that sample was serially diluted up to (1072) and (10~9). All three dilutions were plated
on Selective media by spread plate technique. The plates were incubated in both aerobic
chambers at 37 °C for 2448 h for bacteria and 27 °C for 48-72 h. After 24-48 h incubation
colonies were observed and recorded [42] (Tables S1 and S2).
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2.4. DNA Extraction and Quality Control

DNA extraction was carried out based on the protocol by Amorim et al. [44]. Nanodrop
was used initially to test the purity of DNA (OD260/0D280) (NanoDrop, Wilmington,
DE, USA). Agarose Gel Electrophoresis was performed to assess DNA degradation and
potential contaminations (Figure S1) and finally, Qubit 2.0 was used to quantify the DNA
concentration precisely.

2.5. Library Construction and Quality Control

Qualified DNA was cut into fragments by the restriction enzyme. The construction of
the DNA libraries is through the processes of end repairing, adding A to tails, purification,
PCR amplification, and Libraries were sequenced by Illumina high-throughput sequencer
with paired-end sequencing strategy. The libraries, that passed the QC, were then fed
into sequencers after pooling according to their effective concentration and expected data
volume.

2.6. Whole Meta-Genome Sequencing

The qualified libraries are fed into sequencer Illumina Novaseq 6000 (sequencing
facility of Novogene Co. Ltd., Beijing, China) after pooling according to its effective concen-
tration and expected data volume. The detailed protocol is provided in the supplementary
data, Table S3.

2.7. Data Analysis

Raw Data QC of individual samples was conducted using FastQC (parameters: de-
fault) (https:/ /www.bioinformatics.babraham.ac.uk/projects/fastqc/; accessed on 10 Jan-
uary 2020, Table S4). FastQ Screen v0.14.0 (https:/ /www.bioinformatics.babraham.ac.uk/
projects/fastq_screen/; accessed on 11 January 2020) was employed to screen the host
genome sequences (References: GCF_007655135.1, GCA_002837095.1, GCA_002864125.1,
GCA_002201585.1) from the raw data (parameters: —tag —filter ‘00000’; configured with
bowtie2-2.3.5.1 and default Adapters). Host screened data was further validated using
fastq-pair v1.0 and then assembled using metaSPAdes v3.13.0 (parameters: default) [45],
metagenomic classification and visualizations using Kraken2 (parameters: —use-names
—paired —gzip-compressed; database: built on 12 November 2020) [46] and pavian (https:
//github.com/fbreitwieser/pavian/; accessed on 10 January 2020) respectively. SPAdes
assembled genome was subjected to gene prediction using MetaGeneMark (parameters: -f
3 -a-d -k -v -m MetaGeneMark_v1.mod) [47]. The predicted nucleotides were searched
against NCBI NR database (Downloaded in March 2020) using Diamond v0.9.30 (pa-
rameters: -k 1) BlastX. Annotations were further meganized (parameters: default) using
MEGAN v6 (relevant database were Downloaded in March 2020) [48].

Genome resolved metagenomics of Individual samples was performed using the
SqueezeMeta pipeline v1.3.0 in sequential mode with MegaHIT assembler (default parame-
ters). Short contigs (<200 bps) were removed and contig statistics were estimated using prin-
seq. RNAs were predicted using Barrnap. 165 rRNA sequences were taxonomically classi-
fied using the RDP classifier. tRNA /tmRNA sequences were predicted using Aragorn [49].
ORFs were predicted using Prodigal. Similarity searches for GenBank, eggNOG, KEGG,
were done using Diamond HMM homology searches were done by HMMER3 [50] for the
Pfam database. Read mapping against contigs was performed using Bowtie2. Binning was
done using MaxBin2 [51] and Metabat2 [52]. A combination of binning results was per-
formed using the DAS Tool [53]. Bin statistics were computed using CheckM. Bins with at
least 50% completeness and <20% contamination were selected and subjected to annotation
using enrichM’s annotation module (https://github.com/geronimp/enrichM, accessed
on 20 May 2021) against KO, PFAM, EC, and CAZY databases. The generated annotation
matrices were subjected to enrichment using enrichM’s enrich module. Alternatively,
functional analysis of the metagenomic samples was also done using MG-RAST online
server (https://www.mg-rast.org/; accessed on 22 January 2020) with default parameters.
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2.8. Prediction of Protein Functions

Processed FASTQ reads of individual samples were used to search most popular
databases that include protein databases, protein databases with functional hierarchy
information, and ribosomal RNA databases namely RefSeq, IMG, TrEMBL, Subsystems,
KEGG, GenBank, SwissProt, PATRIC, eggNOC, KO, GO, COG, RDP, LSU, SSU and NOG
as a part of the MG-RAST analysis.

2.9. Variant Analysis

Based on the analysis of the processed reads and the resultant assemblies obtained
from metaspades, the organisms Fusarium oxysporum and Aspergillus niger were used from
the samples ESI and ISI respectively. BWA [53] was utilized for indexing (parameters: index)
and mapping (parameters: mem) the pre-processed reads to A. niger CBS 513.88 (NCBI
Accession: GCF_000002855.3), and F. oxysporum f. sp. lycopersici 4287 (NCBI Accession:
GCF_000149955.1) reference genomes. Then the aligned reads were converted to bam and
sorted using Samtools v.1.6 [54] (parameters: sort -I 9) and duplicate reads were marked
using GATK MarkDuplicates v.4.1.9.0 [55], followed by adding and replacing the read
groups using GATK AddOrReplaceReadGroups. The reference dictionary was created
for the genome using Samtools (parameters: dict) and the reference genome was also
indexed using Samtools (parameters: faidx) to aid the variant calling process. GATK
HaplotypeCaller (parameters: -ERC GVCF -GQOB 50) and GATK GenotypeVCFs to generate
known variants for base quality score recalibration using GATK BaseRecalibrator, followed
by GATK ApplyBQSR. Furthermore, the recalibrated alignments were again run through
GATK HaplotypeCaller (parameters: -ERC GVCF -GQB 50) and GATK GenotypeVCFs to
identify the variants, followed by selecting identified SNPs and INDELSs separately using
GATK SelectVariants (parameters: —select-type-to-include SNP) (Parameters: —select-type-to-
include INDEL) and extracted SNPs were further masked using GATK VariantFiltration
(parameters: -mask -mask-extension 5 —mask-name “INDEL”) to tag the SNPs identified in
and around INDELSs. Finally, the masked SNPs and filtered INDELs were merged using
GATK MergeVcfs [56]. In order to predict the variant effects, reference genomes were
prepared using snpEff v.5.0d [57] (parameters: build-genbank) and variant summary and
effect predictions were obtained.

2.10. Statistical Analysis

Output from MEGAN in. SPF format was used for statistical analysis and was per-
formed using STAMP 2.1.3 (http:/ /kiwi.cs.dal.ca/Software /STAMP; accessed on 10 Jan-
uary 2020, [58]). The one-sided G-test (w/Yates’ + Fisher’s) with asymptomatic confidence
intervals (0.95) using the Benjamini-Hochberg FDR method was implemented [59].

3. Results
3.1. Physical Examination

Physical examination of the pomegranate plants, with respect to their, roots, leaves,
stems, and fruits showed symptoms of wilt were considered for the study. Examination of
the fruits showed the presence of rot disease was deemed for study.

Considering the ESI plant sample, few leaves showed mild yellowing (Figure 2b,e)
and on examination of the roots, root knots were observed (Figure 2e). A few of the fruits
showed black spots with mild discoloration. In the ISI, the dark brown coloration of the
stem was observed, the fruits were darkly colored irregular spots with cracking (Figure 2f)
and leaves showed yellowing, presence of moist, dark-colored irregular spots (Figure 2b).
The ASI sample showed complete defoliation (Figure 2c) fruits that had completely turned
dry with dark-brown pigmentation (Figure 2h), the root systems were dry and reduced
with elongated galls, and dark brown coloration of the stem which has turned completely
dry was observed (Figure 2f). ASI sample had complete yield reduction with no recovery
(Figure 2).
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3.2. Physiochemical Properties

The pH of the ESI sample was found to be 7.73 and electrical conductivity was
estimated to be 135 ps/cm. Macronutrient and micronutrient analysis of ESI revealed
0.20% of total nitrogen (N), 0.0084% Phosphorous (P), 0.011% Potassium (K), 0.92% organic
Carbon (C), 15 ppm Chloride(Cl), 0.98% Iron (Fe), 9.5 ppm Manganese (Mn), 26.9 ppm
Copper (Cu), 24.8 ppm Zinc (Zn), and 3.4 ppm Boron (B). The pH and electrical conductivity
of the ISI sample were estimated to be 6.35 and 139 ps/cm, respectively. In ISI samples
the total N was calculated to be 0.19%, followed by P (0.010%), K (0.011%), C (0.93%), C1
(18 ppm), Fe (0.93%), Mn (9.1 ppm), Cu (29.4 ppm), Zn (30.9 ppm), B (4.1 ppm). The pH
of the ASI sample was found to be 6.63 and electrical conductivity was estimated to be
180 ps/cm, followed by total N (0.20%), P (0.011%), K (0.014%), C (0.97%), C1 (21 ppm), Fe
(0.98%), Mn (9.6 ppm), Cu (31.4 ppm), Zn (33.2 ppm), B (4.3 ppm). The pH was found to be
altered in the ISI sample (6.35) and ASI sample (6.63) as compared to that of the ESI sample
(7.73). Furthermore, reduced levels of N, Fe, and Mn micronutrients were reported in the
ISI sample as compared to the ESI sample. Whereas, the micronutrients B, Zn, Cl, Cu, were
found to be higher in the ISI sample when compared to the ESI sample (Tables 1 and S5).

Table 1. Physicochemical Characteristics and total microbial count of the soil samples.

Sample

EC

N P K ocC Cl Fe Cu Mn Zn B Microbial Count/g

H
P (us/cm)

Bacterial Fungal

% ppm (cfu) (cfu)

ESI
ISI
ASI

7.73 135
6.35 139
6.63 180

0.20  0.0084 0.011 0.92 15 0.98  26.9 9.5 248 3.4 1968 154
0.191 0.010 0.011 0.93 18 093 294 9.1 30.9 41 2240 170
020 0.011 0.014 0.97 21 098 314 9.6 33.2 43 2126 154

EC—Electrical conductivity.

3.3. Total Microbial Counts

The total bacterial counts and total fungal were estimated to be 1968 g/cfu, 2240 g/cfu
and 2126 g/cfu for the ESI, ISI, and ASI, respectively. The total bacterial counts in the
ISI sample showed a significant increase as compared to ESI and ASI. Similarly, the total
fungal counts showed a significant increase in the ISI sample, which was estimated to be
170 g/cfu, as compared to ESI (154 g/cfu) and ASI (154 g/cfu) (Tables 1 and S5).

3.4. Sequence Information

13 GB of high-quality raw data per sample for ESI, ISI, and ASI was generated using
the Illumina Novaseq 6000 sequencer. The complete protocol information and sequenc-
ing results are tabulated in Tables 2 and S4. The BioProject Id is PRINA701747. The
BioSample Ids for the samples ESI, ISI, and ASI are SAMN17910186, SAMN17910187, and
SAMN17910188, respectively. The rarefaction curve of the experimental data sets ESI, ISI
and ASI are provided in Figure S2.

Table 2. Sequence Information.

Sample

Raw Reads

Raw Data (Gb) Sequence Count BioProject BioSample SRA

ESI
ISI
ASI

44869321
44773336
44063752

13.5 5,924,482 SAMN17910186 SRR13705840
13.4 5,165,924 PRJNA701747  SAMN17910187 SRR13705839
13.2 5,379,446 SAMN17910188 SRR13705838

3.5. Microbial Abundance Analysis

Table 3 shows an overview of the taxonomic hits distribution in all three samples of ESI,
ISI, and ASI. The ESI sample showed early symptoms of wilt disease. Employing the MG-
Rast server, authors obtained maximum reads that mapped to Bacteria—2,076,360 (96.54%),
followed by Eukaryota—63,248 (2.94%), Archaea—8979 (0.42%), unclassified sequences
1311 (0.06%), and Viruses 935 (0.04%) at the kingdom level. Actinobacteria 1,026,641
(57.52%), Proteobacteria 450,739 (25.25%), Planctomycetes 55,347 (3.10%), Ascomycota
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52,339 (2.93%), Chloroflexi 37,935 (2.13%), Bacteroidetes 33,727 (1.89%), Firmicutes 29,671
(1.66%), Verrucomicrobia 21,659 (1.21%), Acidobacteria 20,072 (1.12%), Cyanobacteria
11,919 (0.67%), unclassified (derived from Bacteria) 7962 (0.45%), Gemmatimonadetes 7030
(0.39%), Deinococcus-Thermus 4694 (0.26%) and Euryarchaeota 4231 (0.24%) were mapped

at the phylum level.

Table 3. Taxonomic hits distribution.

Taxonomic Hits Distribution
Domain Level Microbial Abundance

ISI

Percent of Reads

ASI
Percent of Reads

ESI
Percent of Reads
Bacteria 2,076,360 (96.54%)
Eukaryota 63,248 (2.94%)
Archaea 8979 (0.42%)
Unclassified sequences 1311 (0.06%)

Viruses 935 (0.04%)

2,192,380 (96.08%)

79,978 (3.50%)
7089 (0.31%)
1496 (0.07%)
939 (0.04%)

2,348,985 (97.61%)
43,462 (1.81%)
10,928 (0.45%)

2003 (0.08%)
1001 (0.04%)

Phylum level Microbial Abundance

Actinobacteria 1,026,641 (57.52%)
Proteobacteria 450,739 (25.25%)
Plantomycetes 55,347 (3.10%)
Ascomycota 52,339 (2.93%)
Chloroflexi 37,935 (2.13%)
Bacteroidetes 33,727 (1.89%)
Firmicutes 29,671 (1.66%),
Verrucomicrobia 21,659 (1.21%)
Acidobacteria 20,072 (1.12%)
Cyanobacteria 11,919 (0.67%)
Unclassified (from Bacteria) 7962 (0.45%)
Gemmatimonadetes 7030 (0.39%),
Deinococcus-Thermus 4694 (0.26%)
Euryarchaeota 4231 (0.24%).

995,904 (52.92%)
517,416 (27.49%)
72,331 (3.84%)
69,904 (3.71%)
39,681 (2.11%)
38,024 (2.02%)
33,232 (1.77%)
28,599 (1.52%)
25,715 (1.37%)
13,685 (0.73%)
9248 (0.49%)
9358 (0.50%)
4978 (0.26%)
4290 (0.23%)

955,903 (49.62%)
562,154 (29.18%)
102,778 (5.34%)
34,814 (1.81%)
54,360 (2.82%)
36,944 (1.92%)
37,538 (1.95%)
33,042 (1.72%)
33,599 (1.74%)
18,085 (0.94%)
11,289 (0.59%)
8945 (0.46%)
6399 (0.33%)
5509 (0.29%)

The ISI sample showed further symptoms of wilt disease and maximum reads from
this sample also mapped to Bacteria—2,192,380 (96.08%), followed by Eukaryota—79,978
(3.50%), Archaea—7089 (0.31%), unclassified sequences—1496 (0.07%) and Viruses—939 (0.04%)
at the kingdom level. At the phylum level the mapped reads revealed Actinobacteria—995,904
(52.92%), Proteobacteria—517,416 (27.49%), Planctomycetes—72,331 (3.84%), Ascomycota—
69,904 (3.71%), Chloroflexi—39,681 (2.11%), Bacteroidetes—38,024 (2.02%), Firmicutes—33,232
(1.77%), Verrucomicrobia—28,599 (1.52%), Acidobacteria—25,715 (1.37%), Cyanobacteria—
13,685 (0.73%), Gemmatimonadetes—9358 (0.50%), unclassified (derived from Bacteria)—
9248 (0.49%), Deinococcus-Thermus—4978 (0.26%), and Euryarchaeota—4290 (0.23%). The
all major symptoms of wilt disease were seen in ASI sample. Our analysis revealed that
the most reads were mapped to Bacteria 2,348,985 (97.61%), followed by Eukaryota 43,462
(1.81%), Archaea 10,928 (0.45%), unclassified sequences 2003 (0.08%) and Viruses 1001
(0.04%) at the kingdom level. Furthermore, at the phylum level, Actinobacteria 955,903
(49.62%), Proteobacteria 562,154 (29.18%), Planctomycetes 102,778 (5.34%), Chloroflexi
54,360 (2.82%), Firmicutes 37,538 (1.95%), Bacteroidetes 36,944 (1.92%), Ascomycota 34,814
(1.81%), Acidobacteria 33,599 (1.74%), Verrucomicrobia 33,042 (1.72%), Cyanobacteria
18,085 (0.94%), unclassified (derived from Bacteria) 11,289 (0.59%), Gemmatimonadetes
8945 (0.46%), Deinococcus-Thermus 6399 (0.33%), and Euryarchaeota 5509 (0.29%) were
identified. The alpha diversity for ESI was 351, ISI was 367 and ASI was 401 species.

Comparative statistical analysis of the samples ESI and ISI revealed 35,554 features
in all after filtering out unclassified reads, of which 29,747 mapped to Bacteria, 4582 to
Eukaryota, 1214 to Archaea, 1 to none. From the total number of features, 79 were found to
be significant with corrected g-value =< 0.05 (Figure 3b). Considering which of the microbes
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were more abundant in the ESI sample, the top differentially abundant microbes belonged
to Proteobacteria phyla Achromobacter sp. 2789STDY5608625 with a count of 299 in ESI
and 8 in ISI samples. Achromobacter sp. K91 from the phyla Proteobacteria followed by the
Achromobacter sp. 2789STDY5608625 with 236 (ESI) and 4 (ISI). Achromobacter aegrifaciens
followed the two Proteobacteria phyla members with 23. The parent sequence count 2975
(ESI) and 588 (ISI). Microbacterium sp. SUBGO005 from phyla Actinobacteria and Agrobac-
terium larrymoorei from the Proteobacteria phyla were the subsequently most abundant
bacteria (Table 4). Furthermore, comparing the ISI and ASI samples, Streptomyces sp. Fx-
anaCl, Streptomyces sp. F12 and Rhizobium sp. NFACCO06-2 was estimated as being the top
three differentially abundant species. Amongst the Eukaryota, the Aspergillus arachidicola
was found to be differentially abundant, followed by Aspergillus candidus and Aspergillus
campestris all from the phyla Ascomycota. With the ISI and ASI comparison, Aspergillus
nomius and Aspergillus ochraceoroseus were found to be species that were prevalent in the
ISI sample and significantly lower in the ASI sample (Tables 4 and S6).
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Figure 3. Microbial diversity and abundance. (a) The top-ranked microbes at the phylum level are depicted along with
a comparison between ESI (blue) and ISI (purple); (b) and, ISI and ASI (pink); (c) depict the top-ranked microbes and
the proportions and difference between the proportions with 95% confidence intervals along with the g-value (corrected)
(g value < 0.001).
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Table 4. Relative Abundance of Microbial species.

Species Parent Sequence Count Relative Frequency % p-Values Effect Size
ESI IsI ESI IsI ESI IsI PVval corrected
Achromobacter sp. 16 1
2789STDY5608625 299 8 2975 588 10.05 1.36 5.90 x 10 3.00 x 10 8.69
Achromobacter sp. K91 236 4 2975 588 7.93 0.68 9.17 x 10715 3.62 x 1071 7.25
Achromobacter aegrifaciens 233 5 2975 588 7.83 0.85 133 x 1078 394 x 10710 6.98
Microbacterium sp. SUBG005 196 6 19,463 13,719 1.01 0.04 1.22 x 10737 217 x 1073 0.96
Agrobacterium larrymoorei 174 14 691 741 25.18 1.89 6.24 x 107% 222 x 107% 23.29
Curtobacterium sp. . _
MR_MD2014 P 153 6 2534 695 6.04 0.86 8.66 x 107! 1.62 x 1077 517
Pseudomonas sp. T 140 7 4318 3374 3.24 0.21 275 x 107%  1.63 x 1073 3.03
Moraxella osloensis 132 9 146 26 90.41 34.62 290 x 10~ 4.69 x 10°° 55.80

The Figure 3 depicts an overview of the kingdoms and corresponding microbes. The
heatmap in the outer circle represents the prevalence among the three experimental samples
as per the scale provided (a). The top-ranked microbes at the phylum level are depicted
along with a comparison between ESI (blue) and ISI (purple) (b) and, ISI and ASI (pink) (c)
depict the top-ranked microbes and the proportions and difference between the proportions
with 95% confidence intervals along with the g-value (corrected) (g value < 0.001).

3.6. Pathway Predictions

The output files from MEGAN were used to search the InterPro2GO, a resource of
protein information [60], under the Molecular functions category. The top hits included
catalytic activity—oxidoreductase activity, transferase activity, and hydrolase activity. The
other major functions were transporter activity, ion binding, and nucleotide binding. Under
biological process, the top hits were mapped to Metabolic processes, transport, DNA, and
RNA metabolic processes. Under cellular component, the intrinsic component of membrane
and membrane functions were highlighted (Figure 4). eggNOC, a database for functional
annotations, orthology, and gene evolution [61] revealed the major pathways related to
metabolism, information storage, and processing, cellular processing, and signaling. The
major pathways in metabolism included amino acid metabolism and transport, energy
production and conversion, and carbohydrate metabolism and transport, inorganic ion
and transport, lipid transport and metabolism, secondary metabolites biosynthesis, trans-
port and catabolism, coenzyme transport and metabolism, and nucleotide transport and
metabolism. In information storage and processing, the major pathways were transcription,
replication, recombination and repair, and translation, ribosomal structure, and biogenesis.
Under the cellular processes and signaling category, the pathways were signal transduction
and mechanisms, cell wall/membrane/envelope biogenesis, Post-translational modifica-
tions, protein turnover, chaperones, and defense mechanisms. SEED functional annotation
using SEED [62] highlighted Metabolism and stress response, defense, and virulence.
Under metabolism, the predictions showed fatty acids, lipids, and isoprenoids mainly
indicating acyl carrier protein (Figure S3). Statistical analysis of the predicted pathways
revealed significant hits obtained from the InterPro2GO database. Carbohydrate binding
was found to be significant (p < 0.05) between ESI and ISI. Kyoto Encyclopedia of Genes
and Genomes (KEGG) [63] hits included K03088; RNA polymerase sigma-70 factor ECF
sub-family, K12132; Eukaryotic-like serine/threonine protein kinase and K01990; ABC-2
type transport system ATP-binding protein (Tables 5, S7 and S8).
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Figure 4. Pathway hits from InterPro2GO, databases. The top-ranked pathways are represented as per the color scheme—
three samples ESI (blue), ISI (purple), and ASI (pink) (a). The top-ranked pathways are represented (a). A comparison
between ESI (blue) and ISI (purple) (b) and, Significant hits represented show the top-ranked pathways along with
the proportions and difference between the proportions with 95% confidence intervals considering a g-value (corrected)

(p <0.05).

Table 5. Pathway predictions. The top hits from the most popular databases have been furnished in the table below.

Pathway Predictions
InterPro2GO [60] KEGG [63] SEED [62] COG [64] Pfam [65] eggNOC [61]
ENOGA10XNMEH: ISP *: Transcription.
KO03088; RNA Histidine kinase. i Replication, recombination,
I . . PF00005; ABC and repair.
polymerase sigma-70 COG1012; N
GO: 0030246; factor ECF sub-famil . NAD-dependent transporter. CSP *: Cell
Carbohydrate binding. actor . Sub- "“f“ﬁ' AC);] carrier aldeh: dep PF07690; Major wall/Membrane/Envelope
GO: 0046906; K12132; Eukaryotic-like gro ein. Y Facilitator superfamily. biogenesis, signal transduction
Tetrapyrrole binding. serine/threonine tress response, dehydrogenases. PF00528; Binding mechanisms.
GO: 0030170; Pyridoxal E{)O]t;(];(‘).kg%aéeé ¢ sﬁ'f\flgi\ece COG1960; Acyl-CoA protein-dependent Metabolism: Amino acid
phosphate binding. transport Syst’em}’Pe ’ géh (()isrf ENases. Transport system Inner transport and metabolism,
ATP-binding protein. Serine/threonine membrane component. carbohydrate transport and

metabolism, energy production

Protein kinase. |
and conversion.

* Information storage and processing; +Cellular processes and signaling.

3.7. Genome Resolved Metagenomics

Following confirmation with microbiological methods, normalized read counts ob-
tained for F. oxysporum in the ESI were found to be 209, in ISI it was 120 and 94 in ASI. Using
the SqueezMeta pipeline, a total of 13, 8, and 5 genome bins were recovered from samples
ISI, ASI, and ESI respectively. Based on CheckM analysis, 4, 4, 2 bins from samples ISI,
ASI, and ESI were found to be at least 50% complete and with less than 15%. Significantly
enriched terms (Mann-Whitney U test; p value < 0.05) of these bins against KO, PFAM,
and other databases are shown in Table 5 and complete enrichment results are provided as
Supplementary Figures S4-56; Tables S7 and S8.

3.8. Variant Analysis

F. oxysporum genome in the sample ESI was analyzed to screening for variants using
the GCF_000149955.1 as reference (Tables S9 and S10). The variant analysis showed 81
SNPs out of which multiple mutations were observed in the 3-Isopropylmalate dehydratase
(IPMD) predicted as high impact effects, which is required for fungal pathogenicity [66].
IPMD is encoded by LEU2 and involved in the leucine biosynthetic pathway.
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Variant Analysis of A. niger genome from the ISI sample with reference (GCF_00000285
5.3) showed three genes mutated with high impact names histidine kinase J7, MFS trans-
porter, and NADH-ubiquinone oxidoreductase subunit. While two of the genes, histidine
kinase and the MFS transporter gene, showed multiple mutations with high impact vari-
ations namely frameshift mutations, NADH-ubiquinone oxidoreductase subunit gene
showed one variation leading to a frameshift mutation.

ANI_1_1000064 | histidine kinase ]7 showed an insertion at position 1764099 of A/ACG
AGT. The other high-impact variant was a deletion at 1764101 GTCCTT/G. Predictions
revealed three high-impact variants in the ANI_1_2008144 | MFS transporter gene. The first
one was an insertion at 1799089 position A/ACGCGCTTC, the second one was again an
insertion at position 1799092 G/GTGCGT and the third one was an insertion at position
1799094 C/CG. In the ANI_1_742164 | NADH-ubiquinone oxidoreductase subunit a large in-
sertion was found at the position 1286777 T/ TCGAGAACTCGAAGTTCGGACCCTCGACG
ATGGCATCGACC.

4. Discussion

Pomegranate has been used for a wide range of health benefits making it a commer-
cially important crop. India is the leading producer of pomegranate with Maharashtra,
Karnataka, Odisha, Tamil Nadu, Gujarat, Rajasthan, Chattisgarh, Telangana, and Naga-
land states contributing to India’s major producer of the fruit crop. Karnataka, which is
the second-largest contributor of fruit produce to India, faces a number of challenges in
crop management due to wilt, anthracnose, bacterial blight, and heart rot. In the present
study, we explored the soil samples from an Orchard in the Chikkaballapur district of
Karnataka. Wilt infection in the orchard resulted in a 36% yield loss to the farmer. A
shotgun metagenomics approach was employed and the microbial communities in soil
samples were screened.

Comparative analysis of the samples ESI and ISI revealed 35,554 features in all after
filtering out unclassified reads, of which the majority of the features mapped to Bacteria (29,
747), followed by Eukaryota (4582) and Archaea (1214). In our analysis, we reported 79 fea-
tures to be significant (corrected g-value =< 0.05). The top differentially abundant microbes
prevalent in the ESI sample to Proteobacteria phyla Achromobacter sp. 2789STDY5608625,
ESI (299), and ISI (8) samples. Achromobacter sp. 2789STDY5608625 was followed member
of the sample phyla, Achromobacter sp. K91, ESI (236), and ISI (4). Achromobacter aegrifaciens
followed the two Proteobacteria phyla members with 23. Microbacterium sp. SUBG005
from phyla Actinobacteria and Agrobacterium larrymoorei from the Proteobacteria phyla
were the subsequently most abundant bacteria. There have been reports of members of the
genus Achromobacter employed as biocontrol agents against Fusarium oxysporum causing
wilt in other plants [67,68]. The role of the microbes from this genus could be explored for
their biocontrol potential against F. oxysporum. Furthermore, comparing the ISI and ASI
samples, Streptomyces sp. FxanaCl, Streptomyces sp. F12 and Rhizobium sp. NFACC06-2 was
estimated as being the top three differentially abundant species. Amongst the Eukaryota,
the Aspergillus arachidicola was found to be differentially abundant, followed by Aspergillus
candidus and Aspergillus campestris all from the phyla Ascomycota. With the ISI and ASI
comparison, Aspergillus nomius and Aspergillus ochraceoroseus were found to be species that
were prevalent in the ISI sample and significantly lower in the ASI sample.

We particularly screened F. oxysporum as a causative pathogen for Wilt disease in
pomegranate after assessing the physical symptoms of the plant. The presence of F. oxys-
porum was confirmed both with microbial isolation and metagenomics validation. The
presence of early symptoms of Wilt was reported in the ESI sample in our study. Further-
more, the fruits showed early symptoms of rot disease. The sample was screened for A.
niger the causative pathogen for rot disease. The plant with more noticeable symptoms
of the disease in our study was the ISI sample. In the rhizospheric samples of the ISI
sample, we reported an abundance of A. niger with a decrease in F. oxysporum. A decline
in Fusarium species with an increase in Aspergillus species was observed in the plants
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from ESI and ISI samples respectively. Variant analysis of F. oxysporum showed multiple
high-impact mutations on the IPMD gene. IPMD has been reported in other studies for
its role in fungal pathogenesis. IPMD is encoded by LEU2 and involved in the cataly-
sis of leucine biosynthesis particularly in the conversion of 3-isopropylmalate (3-IPPM)
to 2-ketoisocaproate (2-KIC). Intriguingly, another important finding from this study is
with respect to the carbohydrate binding pathway which is one of the significant hits.
Phytopathogens are known to synthesize carbohydrate-active enzymes (CAZymes) also
known as plant cell wall degrading enzymes (PCWDE) [69], which can also function as
Carbohydrate binding modules (CBM). CAZymes are required for pathogenesis as well as
growth [70,71]. It may be reasonable to assume that targeting IPMD and CAZymes could
be a good strategy for the development of antifungals which could aid in biocontrol of F.
oxysporunm.

The present study took advantage of the current state-of-the-art sequencing platform,
the Illumina Novaseq 6000 platform that provides higher resolution in screening and
identification microbial communities. The approach aided in the identification of certain
key targets that are linked to the pathogenicity of Fusarium. However, further research
is being carried out to particularly validate the key findings of this study. In this study,
we demonstrate the capabilities of the whole metagenome sequencing approach in identi-
fying potential key players of wilt disease affecting the pomegranate plant, wherein the
symptomatology is complex.
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Abstract: Great attention has been given in recent years to the relationships between metrology,
agriculture, and food. This study aims at providing an analysis of the literature regarding the
relationships between metrology, agriculture, and food. The Scopus online database has been
used to extract bibliometric data throughout the search string: TITLE-ABS-KEY (Metrology* AND
Agriculture* OR Food*), and the VOSviewer bibliometric software was used to visualize results
as bubble maps. The novelty character of this perspective paper is to indicate and point out the
main research themes/lines addressing the relationships between metrology, agriculture, and food
by analyzing: (i) the authors of the published papers; (ii) the type of paper; (iii) the countries and
institutions where the research is developed. Bibliometrics allows one to holistically examine entire
scientific areas or sub-fields to get new qualitative and quantitative insights. These results represent
a useful tool for identifying emerging research directions, collaboration networks, and suggestions
for more in-depth literature searches.

Keywords: metrology; agriculture; food; biodiversity; literature quantitative analysis

1. Introduction

Nowadays, an integrated, multidisciplinary, and interoperable approach can be seen
as a modern way to research food and an innovative challenge to analyze and model
agro-food systems following a holistic approach [1]. A great challenge is to identify a
unique dimension of food-agricultural aspects in terms of quality and safety [2]. The
recent work of Brown [3], remarks how metrology remains a unique important effort, and
outlines the importance of updating the concept of metrology: it proposes a new feature—
‘measuring measurement’—, emphasizing the characteristic meta-thought associated with
the discipline, which distinguishes it from any routine measurement.

Metrology is the science of measurements, that is the discipline that deals with defining
the procedures for performing correct measurements. The International Bureau of Weight
and Measures in 2004 defined metrology as “the science of measurement, embracing both
experimental and theoretical determinations at any level of uncertainty in any field of
science and technology” [4].

Nonetheless, metrology is not only meters, kilograms, and atomic clocks; the science
of measurement wants to be closer to everyday life, for example taking into account the
“farm to fork model”, reaching the consumer, certifying the origin of food. Metrology has
always supported the needs of the technological world, and today it is accompanying the
spread of completely new technologies. The application of metrology to the environment
and food is the last frontier in this research area.
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Today, the agri-food sector represents a strategic asset for all countries in Europe and
not only there, being one of the most important socio-economic activities, and it is crucial
for providing employment, the supply of healthy and high-quality food, and facilitating
the integration of small and medium-sized enterprises (SMEs), representing 99% of all
businesses in the European Union in the food chain [5]. The focus of consumer needs is
represented by food quality and authenticity, and in this direction food traceability and
safety become critical factors in ensuring the quality and protection of food consumer
interests. Furthermore, providing healthy and sustainable diets is a challenge of the
agri-food sector [6].

Metrology is also a tool, throughout the use of advanced data analysis methods, at
the service of the so-called “precision agriculture”, which combines satellite and drone
images with those of sensors and actuators in order to identify, for example, the most
efficient interventions in relation to the real cultivation needs and the biochemical and
physical characteristics of the soil. In fact, in recent years the need to enhance the resilience
of communities and territories, the reduction of the consumption of natural resources and
chemical and phytosanitary fertilizers, and the optimization of agricultural production has
forced the development of innovative techniques for crop management. Thus, metrology
may allow, thanks to the experience in the field of meteorological forecasts, the knowledge
of historical and actual agronomic data, the coordination of the activities related to the
reduction of emissions and the development of information technologies for precision
agriculture, such as networks of sensors, geolocation systems and agrometeorological
models.

In order to achieve climate-neutrality by 2050, while also considering pandemic situa-
tions such as the COVID-19 pandemic, the challenge is to promote economic recovery and
return to facing global goals, e.g., clean growth and climate change, for example by means
of innovative technologies as well as the management of big data within the perspective
of sharing and dissemination at the e-cloud interface [7,8]. The novelty character of the
proposed perspective work is to give a current snapshot on the relationships existing
between metrology, agriculture, and food, and to indicate related current directions and
collaboration networks by analyzing research themes and major contributors with reference
to country/regions, institutions and types of published papers. In fact, the bibliometric
analysis reveals the applications of metrology principles in the agricultural and food fields.

2. Materials and Methods

The overall landscape of the literature in the research field of metrology, agriculture
and food relationships has been investigated through a bibliometric analysis. The literature
quantitative research analysis consisted in the following main steps: (i) literature search
based on Scopus online database; (ii) data extraction and analysis.

2.1. Literature Search

In July 2021, a search for metrology, agriculture, food relationship publications
was carried out based on the Scopus database content. The Scopus online database
(https:/ /www.scopus.com/home.uri, accessed on 3 July 2021) was used to extract bib-
liometric data using the search string: TITLE-ABS-KEY (“Metrology*” AND “Agriculture*”
OR “Food*”). Publications mentioning the relevant words or their derivatives in the title,
abstract, or keywords were identified throughout the applied search strategy. The evalu-
ated parameters were: trends of publications and citations, document type, authorship,
country/region and institution.

2.2. Data Extraction and Analysis

Bibliographic data, e.g., publication year, publication count, citation count, document
type, authorship, countries/regions and institutions, were assessed. For the basic analyses
the functions of the Scopus web online platform named “Analyze” and as “Create Citation
Report” were used. The “full records and cited references” were exported to VOSviewer
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software (version 1.6.16, www.vosviewer.com, accessed on 3 July 2021) for additional
processing procedures/operations.

The terms utilized in the title abstracts of publications and keywords of publications
were analyzed by the above mentioned VOSviewer software (v.1.6.16, 2020) [9-11]: the
paragraphs were broken down into words and phrases, and linked to the publications’
citation data, in order to visualize the results as a bubble map. This approach has been
previously used in different fields of study, including food, nutraceutical, and chemical
areas [12-15]. In a term map, the bubble size indicates how frequently a term is mentioned
in the articles. Two bubbles that are positioned more closely to each other reflect that
the terms coappeared more often in the selected publications. The average citations per
publication (CPP) are given by the color of a bubble.

Five was set as the minimum number of occurrences of a keyword. Out of the 3166
keywords, 108 met the selected threshold, and 3 of them were manually excluded.

3. Results

Three hundred and twelve publications were returned by the search: they covered
the time range from 1970 to 2021 and were cited collectively 2183 times. The publication
and citation trends for the relationships between metrology, agriculture and food research
are reported in Figure 1. The first publication is the Proceedings of the Instrument Society
of America (ISA) Silver Jubilee Conference and Exhibit on advances in instrumentation,
located in Philadelphia on 26-29 October 1970 and also including subjects such as metrology,
analysis instrumentation and food industry [16].

Figure 1. Publication and citation trends for the relationships between metrology, agriculture, and
food research. (Bibliometric data were extracted from the Scopus online database).

The most recent “Review” is focused on the global situation of reference materials in
assuring the quality and safety of the most consumed beverages in the world, i.e., coffee,
cocoa, and tea, by discussing aspects related to reference material preparation processes, as
well as the results of homogeneity and stability tests and their application, together with an
overview of the patents developed for food. The authors remarked in the conclusion a clear
need to develop certified reference materials and reference materials for these beverages
for other analytes of interest, such as chlorogenic acids and other phenolic compounds [17].
The most recent “Article” showed the application of a smart pansharpening approach
using kernel-based image filtering, as an example of numerous applications of remote
sensing image fusion in monitoring, metrology, and agriculture [18]. Another application
of innovative technologies is given by Fiorani et al. [19] on the use of a photoacoustic
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laser system for food fraud detection as a reliable technique for the rapid screening of
counterfeited ingredients in the supply chain, which needs further development.

Additionally, the most cited paper (300 times) is a paper by De Chiffre et al. [20] which
reported industrial applications of computed tomography in different fields including the
food industry.

The distribution of the types of documents relative to the 312 publications retrieved
are shown in Figure 2. “Article” accounts for 50.3%, followed by “Conference paper”
(26.3%), “Review” (8.0%), and “Conference Review” (6.4%). Among “Book”, it is worth
mentioning the one published in 2007 by Meinrath and Schneider [21] entitled “Quality
assurance for chemistry and environmental science: metrology from pH measurement to
nuclear waste disposal”: the basic metrological concepts for measurements in chemistry
and geochemistry like traceability, ISO uncertainties or cause-and-effect diagrams were
discussed, and applications of metrological techniques in highly complex situations, i.e.,
in thermodynamics, geochemical modeling, hydrology and radioactive waste disposal,
were given. Another book focuses on the description of voluntary standards, mandatory
technical regulations, conformity assessment (testing and measurement of products), certi-
fication, quality and quality management systems as well as other management systems
such as environmental, social responsibility and food safety management systems [22].
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Figure 2. Distribution of the type of document. (Bibliometric data were extracted from the Scopus
online database).

A book published in 2010 entitled: “Metrology in Industry: The Key for Quality”
described an analysis of the metrological requirements needed to ensure quality, along
with the organization of metrology, mastering the measurement process approach, the
bank of measuring instruments, the traceability to national standards, measurements and
uncertainties, the measuring environment, and others [23].

Among the “Editorial” category, the editorial published by Chirico and Bonavolonta [24]
entitled: “Metrology for agriculture and forestry 2019” addressed recent advances in inte-
grated monitoring and modelling technologies for agriculture and forestry.

Figure 3 reports the most productive authors. It should be noted that ‘Anon’ as
Anonymous was originally ranked second by the Scopus ‘Analyse Results’ function, and
it is not listed in Figure 3. Additionally, we underline that some of the most productive
authors participate in the same collaborative papers.
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Figure 3. Most productive authors. (Bibliometric data were extracted from the Scopus online database).

Castanheira, I. (n = 8) resulted as the most productive author. The oldest work of this
author regarding this matter pointed out the need to have reference materials in order to
monitor the intake of nitrates [25]. Her most recent papers are represented by two confer-
ence proceedings presented at the 22nd World Congress of the International Measurement
Confederation, IMEKO 2018, held from 3 to 6 September 2018 [26,27]; in one paper [26], the
authors presented new Research Infrastructure METROFOOD-RI within the framework of
the European Strategy Forum on Research Infrastructures (ESFRI) with the aim of promot-
ing metrology in food and nutrition fields through the constitution of a well-organized and
structured network of physical and electronic facilities: cross-cutting research activities
and deliver advanced services were performed, covering several areas at the interface of
different typologies of users: food business operators, research/academy, food control
agencies, food policy makers, consumers/citizens. The core-services of METROFOOD-RI
are the development and production of new (certified) Reference Materials (RMs). In the
second one, published by Zoani et al. [27], feasibility studies for the development of new
food matrix-Reference Materials (RMs) were presented. The feasibility studies included the
following procedure Reference Materials preparation; procedures and guidelines definition
for collecting characterization results and for processing the obtained data; Reference
Materials characterization; homogeneity and stability studies; data processing and result
evaluation, and three candidates for new Matrix-Reference Materials were tested: rice
grains, rice flour, and lyophilized oyster tissue.

Castanheira’” most highly cited paper (cited 11 times) focuses on ensuring food in-
tegrity by means of the integrated use of metrology and the application of FAIR (acronym
for: findable, accessible, interoperable, and re-usable) data principles throughout the ex-
perience of the pan-European project METROFOOD-RI [28]. Among her papers, it is
worth mentioning, also, the Conference Proceeding concerning the European Strategy on
metrology in food composition databanks presented at the 20th IMEKO World Congress
held from 9 to 14 September 2012 in Busan. In that document, the use of the International
System of Units, modes of expressions and Reference Materials were indicated as being
among the most important metrological tools for improving the quality of data in national
Food Composition Databanks [29].

It is worth mentioning that METROFOOD-RI is composed of a Physical Infrastructure
(P-RI) and an electronic infrastructure (e-RI). Among the relevant papers reported on
the topic, like the ones by Zoani, C. and Zappa, G., it is worth mentioning the work of
Alexandre [30], which describes the facilities which have been inventoried and classified
in a database, providing an organized overview of the capacities of the distributed P-RI.
These data were presented at the 3rd IMEKOFOODS Conference: “Metrology Promoting
Harmonization and Standardization in Food and Nutrition”, held in Thessaloniki from 1
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to 4 October 2017. On the other hand, another work, presented at the same Conference
by Presser et al. [31], and coauthored also by Zappa, G., described the development of a
pilot e-RI where several datasets from different countries were used and interrelated to
integrate national e-resources into a European-wide e-RI providing new functionalities.
Additionally, a further position paper on METROFOOD-RI and its e-component were
presented at the IEEE International Conference on Big Data, 2019, held in Los Angeles from
9 to 12 December 2019 [32].

The most cited paper of Iyengar, V. is a note focusing on metrological concepts for
enhancing the reliability of food and nutritional measurements, including: high-quality
reference standards, validated methods, robust sampling practices, proven calibration
approaches, natural matrix reference materials, speciation chemistry, the assessment of
measurement uncertainty and establishment of traceability links, certified reference materi-
als to facilitate one aspect of traceability, and proficiency testing [33].

The most cited paper of Otake, T. is a research addressing the development of certified
reference material —NMIJ CRM 7504—for the quantification of two pesticides in brown
rice [34]. Another research from the same author was published in Food Chemistry in
2013 on the development of apple certified reference material for the quantification of
organophosphorus and pyrethroid pesticides [35].

Figures 4 and 5 show the most productive countries/territories and institutions,
respectively. The most productive country is represented by the United States with 48
documents. Among the documents reported for the United States, a book chapter was
published on opportunities and limitations for metrology, represented by testing for foods
derived from modern biotechnology [36]. An “Editorial” published by Iyengar in 2007
addressed differing perceptions of metrology in physics, chemistry, and biology [37].
Interesting results are also reported in a “Note” of Iyengar [33], previously described,
and a “Note” by Koch et al. [38] on measurement science for food and drug monographs
in the perspective of a global system. Among the “Article” category, the paper of Koch
and Ma [39] on the approach of interfacing chemical metrology with pharmaceutical and
compendial science adopted by United States Pharmacopeia indicates another relevant
area of interest for the metrological approach.
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Figure 4. Most productive countries/territories. (Bibliometric data were extracted from the Scopus
online database).
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Figure 5. Most productive institutions. (Bibliometric data were extracted from the Scopus online
database).

For China, the most cited “Article” (60 times) was addressed on the application of
near-infrared spectroscopy to agriculture and food analysis; moreover, the authors marked
the information sharing mode between the central database and end-user by using network
technology and concentrating valuable resources [40]. One “Review” is reported and is
focused on how a transfer program on metrology for safe food and feed in developing
economies was started at the International Bureau of Weights and Measures to allow
national metrology institutes or designated institutes to work together to strengthen their
national mycotoxin metrology infrastructure, through a description of an application of an
accurate characterization of a pure aflatoxin Bl material to avoid calibration errors. It is
worth noting that mycotoxins, secondary metabolites produced from microfungi in some
conditions, may represent a health threat for crops, food and feed and hence for humans
through the carry-over process [41].

For Italy, among 32 documents, two reviews were relevant in the approach. One
opens the door to the role of incurred materials in method development and validation in
order to account for food processing effects in food allergen analysis [42]. The second is a
stakeholders” guidance document for consumer analytical devices with a focus on gluten
and food allergens [43]. In particular, the recommendations are based on the current known
technologies, analytical expertise, and standardized AOAC INTERNATIONAL allergen
community guidance and best practices for the analysis of food allergens and gluten [43].

The reported institutions have produced at least six documents. The most productive
Institution is the National Institute of Metrology China with 17 documents. The most cited
“Article” is a study describing an approach for the identification and determination of
arsenic species in kelp extract [44]. Other important studies among the reported articles
are the study of Guo et al. [45] on certified reference materials and metrological traceability
for mycotoxin analysis and the study of Xue et al. [46] on reference material for the
quantitative detection of Escherichia coli. The work of Sun et al. [47] on the comparison of
maximum residue levels and the standard analytical method for pesticides in tea is another
relevant example. It is also worth mentioning the recent work of Joseph et al. [48], a key
comparison study on organic solvent calibration solution-gravimetric preparation and the
value assignment of trans-zearalenone in acetonitrile.

For the National Institute of Advanced Industrial Science and Technology, the most
cited paper is the paper of Zhu and Chiba [49] on the determination of cadmium in food
samples by ID-ICP-MS with solid phase extraction for eliminating spectral interferences.
Two reviews are also reported: one on a proficiency test in Japan for the elements in tea-leaf
powder [50], the other on the assessment of technical problems in the analysis of inorganic
elements in squid through proficiency testing [51].
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One hundred and five terms in total were obtained from the literature quantitative
analysis on publications, and they are visualized as a term map in Figure 6. Terms such as
quality control, units of measurement, calibration, measurement/s, standard/s, reference
standards, certified reference materials, and reference material appear as the top-recurring
keywords: this shows the integrated research in the food and agriculture area, which is
based on the control quality procedure and metrology principle (Table 1).
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Figure 6. Term map for relationships between metrology, agriculture, and food research. The number of publications was
represented by bubble size. The citations per publication (CPP) were given by bubble color. Two bubbles that are closer to
each other reflect that the terms coappeared more frequently. (Bibliometric data were extracted from the Scopus online
database and elaborated by VOSviewer software).

Table 1. The top-recurring terms on the relationships between metrology, agriculture and food
research. (Bibliometric data were extracted from the Scopus online database and elaborated by

VOSviewer software).
Term Occurrence Total Link Strenght
metrology 59 221
quality control 30 182
calibration 30 172
units of measurement 27 91
mass spectromentry 23 262
human 23 161
food safety 23 136
agriculture 22 69
measurement 21 167
standard 20 210
measurements 20 75
food analysis 19 176
reference standards 18 209
humans 18 139
chemical analysis 17 154
uncertainty analysis 17 90
chemistry 16 169
certified reference materials 16 167
reference material 16 67
standards 15 118

Analytical methods, reference materials, reference standards, calibration, and profi-
ciency testing represent the key elements for quality control and ensuring the accuracy of
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results, as indicators of metrology traceability. The traceability of routine analysis is critical
for accurate measurements.

4. Conclusions

The proposed search methodology based on a quantitative literature analysis rep-
resents a useful and potent tool to identify emerging research directions, collaboration
networks, research infrastructures, and authors that are more active in the selected area
of research. This may provide suggestions for more in-depth literature searches. It can be
concluded that the application of metrology could provide an important contribution to the
overall frontier research in agriculture and food areas worldwide, aligning investigation,
research, and innovation with society’s values, needs, and expectations. The proposed
perspective could represent a starting point for indicating the importance of metrology in
the explored areas of research, which also impact health, traceability, sustainable economy,
and safety in the agro-food system, among other things.
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Abstract: Plant species are fundamental source of nectar in beekeeping since bees access nectar and
pollen from flowers. Consequently, bee products are strongly linked to the bee foraging flora source,
and, depending on this, they acquire defined features, including their health and medicinal properties.
Medicinal plants contribute greatly to increase the beneficial properties of bee products, such as honey,
pollen, royal jelly, and propolis. Bee products represent a potential source of natural antioxidants
that can counteract the effects of oxidative stress underlying the pathogenesis of many diseases.
The antioxidant properties of bee products have been widely studied and there is an abundance of
information available in the literature. Notwithstanding, the uniqueness of the presented perspective
is to provide an updated overview of the antioxidant properties of bee products derived from
medicinal plants as beekeeping sources. This topic is divided and discussed in the text in different
sections as follows: (i) beekeeping and the impacts of environmental factors; (ii) an overview of the
role of medicinal plants for bee products; (iii) definition and categorization of the main medicinal
bee plants and related bee products; (iv) the study approach of the antioxidant properties; (v) the
conventional and innovative assays used for the measurement of the antioxidant activity; and (vi)
the antioxidant properties of bee products from medicinal plants.
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1. Introduction

Bee products represent a potential source of natural antioxidants, including phenolic
acids, flavonoids, and terpenoids as well as numerous other phytochemicals, which are
capable of counteracting the oxidative stress effects underlying the pathogenesis of many
diseases [1]. The main action of the antioxidants is based on the capability to inhibit
oxidation processes, thus reducing the production of free radicals, which result in triggering
a chain reaction, which may cause harmful cellular alterations [2]. Reactive oxygen species
(ROS) are produced by living organisms as a result of the normal cellular metabolism and
environmental factors. The ROS are highly reactive molecules involved in many cellular
signaling pathways, and can damage cell structures, such as carbohydrates, lipids, nucleic
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acids, and proteins, and consequently alter their functions [3,4]. Oxidative stress is defined
as a condition resulting when the critical balance between free radical generation and
antioxidant defenses is unfavorable [5-7]. The state of oxidative stress could be related
to various degenerative diseases, such as atherosclerosis, cancer, neurological disorders,
diabetes, and cardiovascular disease [8,9].

The antioxidant compounds contained in bee products have different mechanisms of
action causing the decrease of the adverse consequences of reactive oxygen and nitrogen
species, which lead to oxidative stress. They can inhibit the enzymes responsible for pro-
ducing superoxide anions and metal chelation, break the radical chain reactions, and play
a preventive role inhibiting the formation of the reactive oxidants species [10]. The antioxi-
dant properties of bee products have been widely studied for their relevant interest [11,12].
The current trend of interest in this topic is evident by the substantial amount and typology
of the existing published research papers on bee products and antioxidants. For example, a
search on honey throughout the Scopus online database was carried out by means of the
string TITLE-ABS-KEY (honey* AND “antioxidant property*” OR “antioxidant capacity*”
OR “antioxidant assay*”). The “full records and cited references” were exported and pro-
cessed using the VOSviewer software (version 1.6.16, 2020; www.vosviewer.com, accessed
on 6 June 2021) [13-15]. The search returned 713 publications covering the time range
from 1996 to 2021, and a total of 559 terms were identified and visualized as a term map in
Figure 1. Figure 1 allows for the identification of the main terms to be correlated to research
on the relationship between antioxidant properties and honey, and also identifies the main
existing research lines focused on this topic. It is interesting to observe that among the
top-recurring keywords, compounds such as phenols, flavonoids, phenol derivative, and
polyphenols appear.

Figure 1. Term map for the relationship of honey and its antioxidant properties research. Bubble size
represents the number of publications. Bubble color represents the citations per publication (CPP).
Two bubbles are closer to each other if the terms co-appeared more frequently (bibliometric data
were extracted from the Scopus online database and elaborated by the VOSviewer software).

Medicinal plants contribute greatly to increase the beneficial properties of bee products
e.g., honey, pollen, royal jelly, and propolis, and have the potential to produce bee products
with higher bioactivity. The value of honeybee products is strictly related to the plants that
attract honeybees.

The uniqueness of this perspective is to provide an updated overview of the antiox-
idant properties of bee products derived from medicinal plants as beekeeping sources.
The topic is discussed as follows: (i) beekeeping and the impacts of environmental factors;
(ii) overview of the role of medicinal plants for bee products; (iii) definition and catego-
rization of main medicinal bee plants and related bee products; (iv) study approach of the
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antioxidant properties; (v) conventional and innovative assays used for the measurement
of the antioxidant activity; and (vi) antioxidant properties of bee products from medici-
nal plants. To our knowledge, these features have not been studied together in previous
perspectives in the literature.

2. Bee Products, Medicinal Plant, and Environment: An Overview

An overview of the linkage of beekeeping, bee products, medicinal plants, and envi-
ronment is delineated in the following sub-sections by underlining the key role of medicinal
plants for bee products. The following topics are explored: (i) beekeeping and the impacts
of environmental factors; (ii) overview of the role of medicinal plants for bee products;
and (iii) definition and categorization of the main medicinal bee plants and the related bee
products. The sizable contribution of medicinal plants to health properties of bee products
is notable.

2.1. Beekeeping and the Impacts of Environmental Factors

Bees are considered significant pollinators due to their effectiveness and wide dif-
fusion worldwide. Bee pollination provides excellent value to crop quality and quantity,
improving global economic and dietary outcomes [16].

Honeybees (Apis mellifera) are social species and represent one of the most important
pollinators for agricultural systems [17,18]. Humans have managed honeybees for thou-
sands of years, and developed bee breeding for all continents, mostly the United States
and Europe [19,20].

Bees have been used to produce honey and play a mandatory role in pollination since
the time of Ancient Egypt populations [21,22]. Many centuries later, in the seventeenth
and eighteenth centuries, the improvement of beekeeping techniques made it possible to
maintain large bee colonies giving rise to modern apiculture [23].

In the United States and Europe, Bruckner et al. [24] showed that beekeepers faced
significant seasonal problems, namely high mortality occurred over the winter. In the
United States, beekeepers contain 30% colony losses each winter. Other studies showed
that seasonal floral resources, insecticide use, and the availability of natural environmental
habitat are major drivers of bee health and abundance [25].

Honeybees are constituted by over 20,000 species and each colony contains thousands
of individuals [26,27]. In Central Europe, the number of managed honeybee colonies have
decreased since the 1960s [28,29].

This decrease in number could be attributed to bee activities, their survival and
antropic impact on the eco systems are closely connected; humans depend on bees for
ecosystem services and the bees depend on the antropic activities for their survival [30,31].
On the other hand, antropic impact and environmental pollution are main issues regard-
ing honeybee survival, and in this regard, it should be considered that the life of many
plant species depends on bee pollination. The reduction of bee colonies poses a serious
risk to many plant species survival, and can also be considered a biomarker for human
health [32,33].

In an ecosystem global vision, recognizing several ecosystem services provided by
bees is necessary, and so are the large variety of ecosystem services to humans, such as
pollination, provision, regulation, and equilibrium [34]. If only one ecosystem service is
considered, sharp declines in the provision of other ecosystem services may occur [35].

The honeybee is one of the most studied among all animals. This research has been
almost entirely developed on the European honeybee Apis mellifera. According to the
Food and Agriculture Organization (FAO) [36], only 11 new honeybee species have been
recorded and identified in the past 15 years (Table 1).
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Table 1. Eleven honeybees species as recorded worldwide [36-38].

Genus Species of Honeybees

Apis andreniformis
Apis binghami
Apis breviligula
Apis cerana
Apis dorsata
Apis Apis florea
Apis koschevnikovi
Apis laboriosa
Apis mellifera
Apis nigrocincta
Apis nuluensis

2.2. The Role of Medicinal Plants for Bee Products: An Overview

Plant species are fundamental in beekeeping as a source of nectar. The species visited
by bees provide the honey with particular features: pleasant taste, typical color, and
pharmaceutical beneficial properties. Honey is an exclusive vegetable product. About
80% of the world’s population choose plant-based extracts for basic health care. The local
population in many areas of the world uses medicinal plants holistically, and considers
them an important source for the prevention and treatment of diseases, especially in low
income countries where a conventional pharmacological approach may be difficult [39-42].
Honey is considered a therapeutic food, which possesses pharmacological activity [43].

The flora existing in the bees” environment is important for beekeeping since the bees
collect nectar and pollen from flowers. The importance of flora in beekeeping has been
observed by various authors around the world [44-46]. Plant species differ from place to
place, in their flowering duration, due to climate, topography and agricultural practices.
Knowing the type, density, and quality of bee flora are among the crucial factors for the
success and productivity of beekeeping [47].

Forests, grasslands, agrophytocenoses (e.g., orchards, vineyards, flower crops), medic-
inal plant plantations, and aromatic herbs are frequently visited by bees to search for
melliferous plants [48].

According to Bakour et al. [49], most beekeepers prefer plants characterized by several
and numerous beneficial properties for the well-being of humans as antioxidant, anti-
inflammatory, antifungal, antidiabetic, diuretic, having effects in the cure of different types
of cancer, and also in the neurodegenerative, cardiovascular, and gastrointestinal tract
diseases. The medicinal properties of bee products are also dependent on their botanical
sources, as previously reported [50]; the several botanical origins provide bee products
with numerous medicinal properties and products with therapeutic features for consumers.

Some of the most popular bee products for positive human health characteristics have
been reported [51-53]:

1.  Bee pollen: is a product rich in B vitamins, minerals, and unsaturated fatty acids.
Many metabolic difficulties may be overcome with bee pollen supplementation and
also it counteracts harmful bacteria.

2. Propolis: is effective against bacteria and purifies or disinfects. Its use is recommended
for the treatment of colds, wounds, or ulcers, and diseases affecting the joints.

3. Bee bread: is a bee pollen-derived product, which acts as an activator of beneficial
properties for blood circulation, is capable of healing and strengthening the immune
and nervous system, and enriches polyunsaturated fatty acids intake.

The aforementioned products are strongly linked to the vegetable source from which
the bees acquire their properties, including health and medicinal properties.

The importance of medicinal plants for beekeeping not only refers to the possibility
of obtaining bee products from these species. In beekeeping, for some time, medicinal
plant species have also been used as an alternative to pesticides [54-56]. According to
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Khan et al. [57], many honey bee pathogens are contrasted with medicinal plants by
beekeepers. Several medicinal plants are effective against fungi, mites as Varroa spp., and
bacteria. Nguyen et al. [58] investigated physicochemical and viscoelastic properties of
honey from medicinal plants, i.e., Tulsi, Alfalfa, and two varieties of Manuka honey derived
from medicinal plants.

In the next section, bee products derived from medicinal plant sources are described
and explored in detail.

2.3. Definition and Categorization of Main Medicinal Bee Plants and Related Bee Products

Many plants considered mainly as food or raw material sources have some special
beneficial health effect [59-64]. Sage (Salvia spp.) leaves, for example, are the basis for
an herbal tea, which can be used for medicinal purposes, but these are also used in food
preparation as spices and seasonings (as an aromatic plant), while the essential oil is
used in cosmetics (e.g., soaps, and toothpaste). In this sense, the term ‘medicinal’ is often
understood in a wide sense, and includes several overlapping uses as herbal teas, spices,
food, raw material, dietary supplements, and cosmetics containing extracts of derived
compounds from plants [65].

The World Checklist of Useful Plant Species contains more than 40,000 taxon names
from more than 400 families and 6000 genera with a documented human use [66]. Medicinal
plants, both for human and veterinary use, account for 26,662 species, and this number
constantly increases with research on uses in folk or traditional medicine systems and with
the addition of new plant species. The exact number of species used as medicinal material
in Europe is difficult to ascertain because of the limited amount of used material (which
escape from trade catalogues), the origin from several (often undetermined) plant species
and lack of documentation for local uses. About 2000 taxa commercially available are
sources of medicinal and aromatic plant material, and two-third of them are represented
by species native to Europe [65]. In particular, Germany (1500 taxa, 600 native), France
(900 taxa, 450 native), and Spain (800, 600 native) are the leading countries in the trade of
medicinal and aromatic plants in Europe.

The demand for wild-collected plants species is increasing worldwide, and has become
a risk for the conservation and preservation of the natural resources [67]. Using data
filtering from global checklists of medicinal plants, about 400 medicinal plant species
native to Europe have been included in the European red list of medicinal plants [68]. For
the species in which sufficient data are available, the 2.4% were assessed as threatened and
the 4.5% near threatened, following International Union for Conservation of Nature (IUCN)
Red List Categories. The highest number of species was found in the Mediterranean area
and in mountain areas (e.g., Alps, Pyrenees, Massif Central, Balkan Peninsula), with a
similar pattern for endemic plant species.

In the same study, the major threats have been identified as wild plant collection and
loss of habitat (respectively, 26% and 30% of all species), connected to human impact, the
so called anthropic effect (e.g., livestock farming, recreational activities, tourism, use of
chemicals, pollution, and urban development).

Bee foraging activity on plants is dedicated to the search of nectar and honeydew
as carbohydrate sources, pollen (as a protein source), and resins to produce propolis (for
antimicrobial and defense purposes) [69]. Pollen is collected by the bees during their visits
on the plant flowers and it is stored in pellets as a protein source into the hive. The botanical
origin of both honey and pollen depends on the flora surrounding the area of foraging and
influences physico-chemical, functional, and sensory properties of bee products [70-72].

More than half of the medicinal plant species of the European checklist might be
considered as relevant nutrition sources for bees (Table 2).
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Table 2. Main plant taxon (family, genus) of the European medicinal plant red list in relation to bee foraging sources.

N = number of species belonging to the shown genus or group (W = attractive plants for wild bees). Plant data from
Allen et al. [68], bee preferences for pollen and nectar from MLR, [73], MAA, [74].

Plant Family N. Nectar N. Pollen Honeydew N.  Wild Bees
AMARYLLIDACEAE 2 Allium 2 Allium 2 W
ANACARDIACEAE 1 Cotinus 1 Pistacia

BETULACEAE 2 Betula Betula
Borago, Borago,
BORAGINACEAE 3 Symphytum, Pulmonaria 3 Symphytum, Pulmonaria 3 w
CAPRIFOLIACEAE 4 Valeriana, Viburnum, Sambucus 4 Valeriana, Viburnum, Sambucus 2 w
. . . Arctium, Aster, Cichorium,
Arctium, Aster, Cichorium, .
Taraxacum, Achillea, Inula Taraxacum, Achillea, Inula,
ASTERACEAE 13 A L 15 Matricaria, Silybum, 8 W
Matricaria, Silybum, Solidago, N
Tanacetum, Tussilago Sulz.dago, Taﬂacctum,
. Tussilago, Helichrysum
CRUCIFERAE 1 Brassica 3 Brassica, Capsella, Lepidium 3 \
CUPRESSACEAE 4 Juniperus
Calluna, Erica, Vaccinium, Calluna, Erica, Vaccinium,
ERICACEAE 7 Arbutus, Rhododendron Rhododendron 1 w
Castanea,
FAGACEAE 1 Castanea 4 Castanea, Quercus \W
Quercus
IRIDACEAE 7 Iris 7 W
Hyssopus, Lavandula, Thymus, Hyssopus, Lavandula, Thy s,
X Glechoma, Nepeta, Origanum,
Glechoma, Nepeta, Origanumn, 4 5
Prunella. Rosmarinus, Salvia Prunella, Rosmarinus, Salvia,
LAMIACEAE 34 L L 34 Teucrium, Galeopsis, Lamium, Thymus 34 W
Teucrium, Galeopsis, Lamium, K X
K X Leonurus, Melissa, Satureja,
Leonurus, Melissa, Satureja,
Stachys, Mentha Stachy > Mentha,
’ Clinopodium, Ballota
LEGUMINOSAE 7 Melilotus, Tnfolzumi Mc’fizcago, Melilotus, Trrfollum, Medicago, 7 w
Astragalus, Ononis, Pisum Ononis, Pisum
MALVACEAE 3 Malva, Althaea 3 Malva, Althaea 1 W
OLEACEAE 3 Fraxinus, Olea Fraxinus
ORCHIDACEAE 30 W
PAEONIACEAE 3 Paconia 3 Paconia
PAPAVERACEAE 3 Papaver, Chelidonium 3 \Y
PINACEAE 4 Pinus, Abies, Larix Pinus,
Abies
PLANTAGINACEAE 6 Plantago 5 W
POLYGONACEAE 1 Polygonum 4 Polygonum, Rumex
PRIMULACEAE 3 Primula 3 Primula 2 \W
Lo Agquilegia, Helleborus,
RANUNCULACEAE 7 Adquilegia, Helleborus, 8 Aconitum, Ficaria, Pulsatilla, 2 w
Aconitum, Ficaria, Pulsatilla 5
Hepatica
Malus, Prunus, Rubus, Malus, Prunus, Rubus,
ROSACEAE 15 . ! / ’ 25 Agrimonia, Crataegus, Geum, 7 w
Agrimonia, Crataegus, Geum .
Rosa, Filipendula

RUBIACEAE 3 Galium 3 Galium
SALICACEAE 4 Salix 5 Salix, Populus Salix 4 W
SCROPHULARIACEAE 5 Digitalis, Veronica, Verbascum 7 Digitalis, Veronica, Verbascum 7 w
TILIACEAE 3 Tilia 3 Tilia Tilia 3 W

Foeniculum, Eryngium, Daucus, Foeniculum, Eryngium, Daucus,
APIACEAE 5 ¢ 6 . 5 W
Angelica Angelica, Carum

VIOLACEAE 4 Viola 4 Viola 3 W

Species belonging to the Lamiaceae (37 medicinal plant species), Orchidaceae (30),
Rosaceae (26), and Asteraceae (16) plant families are the main species. Lamiaceae plant
genera (e.g., Lavandula, Thymus, Teucrium, Salvia, Stachys) are visited by bees mainly as
nectar sources, while Rosaceae (e.g., Malus, Prunus, Rubus, Crataegus) and Asteraceae (e.g.,
Aster, Taraxacum, Tussilago, Tanacetum, Helichrysum) are for both nectar and pollen foraging,
although many plant species offer both nutrition resources to bees. On the opposite, genera
of the Orchidaceae family (e.g., Anacamptis, Dactylorhiza, Ophris, Orchis) have a limited value
for foraging, although these species attract wild bees (e.g., bumble bees of the genus Bom-
bus) with their flowers [75]. Overall, many plants of these families have great relevance
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for oligolectic wild bees, which are adapted to collect pollen only from a small number of
plant species [76].

By extending the analysis from the European medicinal plant checklist to some mainly
cultivated or non-native medicinal plant species (Table 3), several plant taxa are of impor-
tance as sugar or pollen resources for bees.

Table 3. Some examples of plant taxon (family, genus) of cultivated /non-native medicinal plants
in Europe, in relation to bee foraging sources (nectar, pollen). Plant data from Wichtl [77], bee
preferences for pollen and nectar from MLR, [73], MAA, [74].

Plant Family Nectar and Pollen Sources
AMARYLLIDACEAE Allium, Galanthus
BORAGINACEAE Echium, Lithospermum, Anchusa
ASTERACEAE Carlina, Centalttrea, Helianthus, Calentliylu, Euyutorium,
Hieracium, Tanacetum, Artemisia, Bellis
CRUCIFERAE Iberis, Isatis, Erysimum
CUCURBITACEAE Cucurbita, Bryonia
FABACEAE Anthyllis, Lotus, Hedysarum, Cytisus
IRIDACEAE Crocus, Iris
LAMIACEAE Lavandula, Teucrium, Mentha, Satureja
MYRTACEAE Eucalyptus
ONAGRACEAE Epilobium
PLANTAGINACEAE Linaria, Plantago
RANUNCULACEAE Helleborus, Nigella, Consolida
RHAMNACEAE Rhamnus
ROSACEAE Prunus, Geum
RUTACEAE Citrus
APIACEAE Coriandrum, Pimpinella, Levisticum

Some examples include tree species of the families Rutaceae (e.g., Citrus), Rosaceae
(e.g., Prunus), Myrtaceae (e.g., Eucalyptus), shrubs of Fagaceae (e.g., Corylus), Eleagnaceae (e.g.,
Hippophae), and herbaceous species Asteraceae (e.g., Helianthus), Apiaceae (e.g., Coriandrum,
Levisticum, Pimpinella), which are planted for different purposes (fruit crop, timber, veg-
etable) or belong to an anthropic habitat. An example of an interesting new medicinal and
melliferous plant, the Perilla frutescens, an annual herb originating from China, Japan, India,
Thailand and Korea, and belonging to the mint family (Lamiaceae) also grows in Italy, and
is described and discussed by Barbieri and Ferrazzi [78].

In Figure 2, some medicinal plants growing in Italy are shown in relation to their
foraging importance for bees (e.g., as sources of nectar, pollen, propolis or honeydew).

Apart from the nectar, bees also collect honeydew as a sugar source, if available in their
foraging area. The main sources of honeydew are forests and conifer trees, which originate
in the secretions from the living part of the plant (e.g., the leaves) or from sap-sucking
insects [71]. In Europe, honeydew honey originates mainly from fir (Abies alba), spruce
(Picea abies), and Pinus (e.g., Pinus halepensis, P. brutia) trees, but also from Salicaceae (Salix,
Populus), Fagaceae (Castanea, Quercus), Oleaceae (Fraxinus, Olea), Tiliaceae (Tilia), Betulaceae
(Betula) and Sapindaceae (Aesculus) [71]. Due to the variety of nectar and honeydew sources
in natural or artificial habitats, a wide range of different types of honey can originate [79].

Various floral honeys are regarded as medicinal honeys with high polyphenol contents.
Manuka dark-colored honey, for example, originates from Leptospermum scoparium and
L. polygalifolium, shrubs native to Australia and New Zealand of the Myrtaceae family [80,81].
Another example are the honeys from Acacia ehrenbergina (Fabaceae) and Ziziphus spina-
christi (Rhamnaceae), trees native to some areas of Africa and Asia, which show high
phenolic contents [82]. Propolis originates from collected vegetable material by bees and is
mixed with wax. Main sources for propolis production by bees are restricted to a small
number of species, which are typical for specific geographic areas [79,83]. In Europe and
North America, tree species of the genera Populus (e.g., Populus tremula, P. nigra in Europe,
P. deltoides and P. trichocarpa in America) and Betula, are known as resin resources for
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bees, while in tropical and subtropical areas, Dalbergia and Acacia (Fabaceae), Macaranga
(Euphorbiaceae), Mangifera and Rhus (Anacardiaceae), and Baccharis (Asteraceae), are the main
sources. In the Mediterranean areas, where Populus species might be less frequent, the
source of resins for propolis are the Cupressus sempervirens and the Juniperus phoenicea [84].

Figure 2. Examples of medicinal plant sources for bees: (A) Robinia pseudoacacia (nectar), (B) Tilia cordata (nectar, pollen,
honeydew), (C) Rubus ulmifolius (nectar), (D) Eucalyptus camaldulensis (nectar, pollen, honeydew), (E) Populus nigra (propolis),
(F) Pinus pinaster shoot heavily infested by Toumeyella parvicornis (pine tortoise scale, honeydew).

3. Bee Products from Medicinal Plants: Antioxidant Properties Measurements

Natural products, including bee products, which often contain medicinal plants
containing compounds, such as honeydew secretions of Abies, Betula, Castanea, Fraxinus,
Pinus, Quercus, Rosemary, Thymus, Tilia, and other species, are particularly appreciated by
consumers for therapeutic uses as an alternative to drugs [85]. Antioxidants are sourced
from the plant species. Medicinal plants generally recognized as having potential beneficial
value can therefore be utilized to obtain honey with greater bioactivity and bioavailability.
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Nowadays, apitherapy has gained much attention from both consumers and researchers.
In principle, apitherapy is a theory of alternative medicine that utilizes bee products, such
as honey, pollen royal jelly, propolis, and bee venom, for medicinal purposes. However, it
remains scarce and not exactly known whether treatments with bee products are safe and
how the possible health risks of using such products can be minimized [85]. Proponents
of apitherapy make claims for its health benefits, which in contrast, are unsupported by
traditional medicine [50,86,87].

In this context, the antioxidant properties of bee products can be considered as an expres-
sion of the melliferous medicinal plants’ therapeutic potential. Updates and considerations on
the approach towards antioxidant properties have been mentioned; nonetheless, the conven-
tional and innovative assays for the assessment of antioxidant properties and the remarkable
antioxidant properties of bee products from medicinal plant cannot be neglected.

3.1. Study Approach of the Antioxidant Properties: Updates and Considerations

The combined action of bioactive compounds, nutrients, and nutraceuticals represents
the first step to study antioxidant properties and can be regarded as an indicator of the
“health properties” of the food matrices [88,89].

The diversity of the chemical structure of compounds, their possible interactions,
and their different mechanisms of action and biological role, make difficult the assess-
ment of a single, adequate, and reliable procedure for the determination of antioxidant
properties. Antioxidant properties are an expression of the interactions between bioactive
molecules and other components in terms of both the potential health benefits of food
and can be viewed as a screening method for interpretation and supporting further re-
search. Extraction, antioxidant capacity measurements, and expression of the results can
be viewed as the three key steps in the evaluation of the antioxidant properties. A study by
Durazzo et al. [90] reported as the main workflow in research approach of the antioxidant
properties three main steps, namely: (i) the development of a system as model study
of the compounds’ interactions; (ii) the investigation of extractable and non-extractable
compounds; (iii) the behavior study of bioactive compounds-rich extracts.

Nowadays, the distinction between extractable and non-extractable antioxidants has
been recognized as a fundamental aspect in the definition of the healthy properties in terms
of the prevention of diseases [91,92]. In particular, the distinction between extractable and
non-extractable antioxidants has achieved a shared consensus in the scientific community.

Indeed, new research directions point to the exploitation of new and unconventional
sources for antioxidants and to the identification of new possible applications.

This research on the antioxidant properties should be based on an integrated and
multidisciplinary approach, resulting from a combination of studies in several areas, such
as nutrition, food chemistry, phytochemistry, and medicine. Innovative design of study
research includes green procedures and sustainable technologies, and the joined up use of
statistical methods, such as chemometrics.

An overall challenge is the development of dedicated databases for the antioxidant
properties and the inclusion into harmonized databases; these are studies currently being
carried out.

The inclusion of extractable and non-extractable compounds in current comprehen-
sive and harmonized databases have been developed in the eBASIS BioActive Substances
in Food Information System [93-95]. The development of search protocols and data col-
lection systems have allowed to obtain new quality evaluated data on extractable and
non-extractable antioxidants, used for the expansion eBASIS, leading thus, to a valuable
unique data resource [96]. A total of 437 datapoints on the composition of extractable
and/or non-extractable compounds were added into the database. This update of eBASIS
can be viewed as the first examples of building a database dedicated to antioxidant proper-
ties. This eBASIS “expansion provides a new and unique tool for dietitians, nutritionists,
and researchers for a great range of uses, e.g., dietary assessment, epidemiological studies,
and exposure studies [96].
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In this context, the study of Pellegrini et al. [97], by summarizing 25 years of investiga-
tions on antioxidants research in foods and biological fluids, remarked how the availability
of well-constructed Total Antioxidant Capacity databases deserves attention and must
be considered. Moreover, the same authors highlighted how the appropriate use of Total
Antioxidant Capacity measurement both in food and in vivo can still support interpretation
of complex phenomena and can be viewed as a useful tool, for instance, for the sample
screening when making a quick decision toward in-depth research investigations [97].

3.2. Antioxidant Properties Assessment: An Overview of Conventional and Innovative Assays

A variety of assays aimed at evaluating the dietary antioxidant properties have been
proposed, although a reliable and commonly accepted assay has not been so far identi-
fied [98]. Overall, the methods available can be grouped into three major classes, namely
in vitro, cellular, and in vivo assays. In vitro chemical assays are the most frequently used,
because these are cheap and have high-throughput, but their prediction ability has been
questioned in recent years [99,100]. Cell-based assays are considered a middle ground
between the in vitro and in vivo tests (the latter posing ethical issues, high cost, and limited
throughput) [101]. However, cellular antioxidant assays still suffer from poor standard-
ization (e.g., differences in cell line, radical generators, fluorescent probes, etc.), making
the reported results difficult to be compared across the available studies [102]. Moreover,
some authors claimed that cell culturing itself may induce oxidative stress as a conse-
quence of culture conditions, hence inducing cell acclimation and, thus, overestimating the
antioxidants efficacy [103].

In this complex framework, in vitro tests still represent the most frequently used
antioxidant assay methods in food science. Among others, they include the DPPH («,x-
diphenyl-B-picrylhydrazyl), the ABTS (2,2’-azinobis(3-ethylbenzothiazolin-6-sulphonate),
FRAP (ferric reducing antioxidant power), the CUPRAC (cupric-ion reducing antioxidant
capacity), and ORAC (oxygen radical absorbance capacity) assays, [98,104-106]. The mea-
surement of the ability of a food or a food component to scavenge specific free radicals or
to reduce a target molecule are the base for all the above mentioned methods. Differences
in their principles, mechanisms, experimental conditions, and in how their end points are
measured occur, and for this reason the use of several methods to estimate and/or deter-
mine the antioxidant properties is suggested. Procedures and applications for these assays
should be considered for standardization [107]. Moreover, one of the main concerns on the
above mentioned assays is that these are not carried out under physiological conditions,
and thus, their ability to predict in vivo effects has been questioned. Notwithstanding,
most of the scientific literature on bee product antioxidant capacity is referred to in vitro
tests, as with other foods, with the exception of a recent paper that investigated the cellular
antioxidant capacity of different Moroccan Zantaz honey samples [108].

In general, in vitro assays account for different antioxidant mechanisms that include
hydrogen atom transfer (HAT), and single electron transfer (SET) rather than chelation of
transition metal ions. ORAC is probably the most representative HAT-based assay, while
DPPH, CUPRAC, ABTS and FRAP are SET-based methods. However, the ability to chelate
Cu?* and Fe?*, a key initiation step in the oxidation processes, has also been considered in
the context of the foods antioxidant properties [109].

Regarding the antioxidant properties of bee products, as with any other food, the
limitations in these assays must be considered. Moreover, it must also be considered that
in many situations, both HAT and SET occur simultaneously in vivo, and that antioxidant
compounds may also act indirectly, via the regulation of antioxidant enzymes.

3.3. Antioxidant Properties of Bee Products Relates to Foraging on Medicinal Plants

The link between bee foraging on medicinal plants and antioxidant properties of bee
products has received increasing attention. Nicewicz et al. [110] compared the antioxidant
capacity of honey from urban areas vs. rural apiary, reporting that all antioxidant parame-
ters were significantly higher in honey from rural than in urban areas. Such differences
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were not ascribed to the effect of the floral composition of honey, being rather due to the
location of the honeybee colonies. In recent years, while wild pollinators are declining in
many landscapes, urban areas provide high plant diversity and foraging sources for bees.
Therefore, a growing interest for beekeeping in cities is observed, but the quality and safety
of honey produced in urban areas impacts on the consumers’ concerns. Therefore, further
research in this direction is needed [75].

The following sub-sections discuss the relationship between floral diversity and
bioactivity of bee products, with a specific focus on each product.

3.3.1. Honey

Honey (or honeybee honey) is a sugary foodstuff prepared by honeybees. Bees
produce honey from the sugary secretions of plants (floral nectar) or from secretions of
other insects of the Aphids family (honeydew) through their enzymatic activities and other
biochemical processes, such as regurgitation and water evaporation. Honeybees store
honey in wax structures called honeycombs, whereas stingless bees store honey in pots
made of wax and resin [111]. Many centuries ago, in different civilizations, honey was used
by ancient Greeks and Egyptians, and in Indian and Chinese traditional medicine both
orally and topically to treat various illnesses. Traditional medicine reports uses towards
stomach disorders, ulcers, skin wounds, and skin burns [112]. Several honey products
have gained medical status and have been approved by the United States Food and Drug
Administration (FDA) for their use in the treatment of wounds and burns [113]. It has been
reported that honey has antioxidant, antibacterial, and antibiotic properties. The existence
of numerous phytochemicals in different types of honey originating from plants known for
their medicinal properties, such as Thymus, Abies, Pinus, Castanea, and Rosemary botanical
species supports its antioxidant activity [114-118].

In more detail, Gheldof et al. [118] reported that buckwheat (Fagopyrum esculentunt)
honey increased human’s serum antioxidant activity. Anand et al. [119] characterized
the physico-chemical and antioxidant properties of Agastache honey produced from Agas-
tache rugosa in comparison with commercial honeys sold in the Australia market. Their
results confirmed that Agastache honey had a superior antioxidant capacity [119]. More
recently, Adgaba et al. [120] studied, among others, the antioxidant and anti-microbial
properties of some Ethiopian monofloral honeys, reporting average total antioxidant values
of 320.3 £ 15.1 uM Fe(1I) /100 g with a range of 225.4-465.7 uM Fe(Il) /100 g. The same
study reported relatively higher values (421.5 £ 23.4 and 465.7 & 21.8 uM Fe(II) /100 g)
for Croton macrostachyus and Vernonia amygalina honeys, respectively. Nonetheless, in a
review article focusing, among others, on the antioxidant properties of monofloral honeys,
several honey types produced in different countries, such as acacia (Acacia sp.), astragalus
(Astragalous microchephalus Willd), linden (Tilia sp.), willow (Salix sp.), and others, were
reported to provide antioxidant capacity using multiple antioxidant assays, such as ABTS,
DPPH, FRAP, ORAC, and TEAC (Trolox equivalent antioxidant capacity) [121].

The antioxidant activity of the studied honeys was affected by the botanical source
and the geographical origin [121].

3.3.2. Bee Pollen and Its Derivatives

Bee pollen is among the honeybee products that contain nourishing nutrients, which
can provide energy to humans. The health-enhancing value of bee pollen is owed to
plant secondary metabolites, such as tocopherols, niacin, thiamine, biotin and folic acid,
polyphenols, carotenoids, phytosterols, enzymes and other co-enzymes [85,122]. However,
the studies highlighting the antioxidant, anti-inflammatory, anticariogenic antibacterial,
antifungicidal, hepatoprotective, anti-atherosclerotic, immune enhancing properties need
to be more extensive, concerning mainly the application of cohort clinical trials. The
basic hurdle in the use of bee pollen as functional component is probably related to the
broad species/specific variation in its composition [122]. Such variations may differently
contribute to the properties of bee-pollen and biological activity, and thus, may affect
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its therapeutic effects (positively or negatively). Notwithstanding, bee pollen has been
recommended as a valuable dietary supplement [85]. Pollen antioxidant activity has been
related to a wide range of botanical species, such as Papaver rhoes, Chamomila recutita, Sinapis
arvensis, Cistus sp., Trifolium sp., Dorycnium sp., Cichorium sp., Convolvulus sp., Circium sp.,
Malva sylvestris, Fumana sp., Eucalyptus camaldulensis, Anemone sp., Ononis sp., Asphodelus
sp., and Quercus ilex [122].

Moving toward bee pollen-derived products, bee bread has a similar composition to
bee pollen, but with marked quantitative differences mainly related to the fermentation
process, which it undergoes. For instance, bee bread delivers higher amino acids, sugar,
lactic acid, and vitamin content compared to bee pollen [123,124]. In a recent study, bee
bread from different regions in Greece, containing Castanea sativa, Cistus sp., Hedera helix,
Borago sp., and other pollen grains belonging to the Brassicaceae family, showed both
antibacterial and antioxidant activity [125].

3.3.3. Propolis

Propolis, commonly known as the “bee glue” is a resinous mixture that honeybees
produce by mixing their saliva, which contains enzymes and beeswax, with exudate gath-
ered from different plant materials such as leaf and flower buds, stems, and bark cracks of
numerous tree species. The word propolis originates from the two Greek words “pro” and
“polis”, which mean “defense” and “city” or “community,” respectively [50]. Propolis is
typically composed of 50-60% of resins and balms (including phenolic compounds), 30-40%
of wax and fatty acids, 5-10% of essential oils, 5% of pollen, and approximately 5% of other
components, including amino acids, micronutrients, and vitamins (thiamin, riboflavin,
pyridoxine, vitamins C, and E). More than 300 compounds belonging to polyphenols,
terpenoids, steroids, sugars, amino acids, and others have been identified in propolis [126].

The antioxidant activity of propolis has been determined by the use of in vitro meth-
ods, such as DPPH, ABTS+, FRAP, and ORAC [50]. Interestingly, the antioxidant activity
of propolis extracts was comparable to the synthetic antioxidant butylated hydroxytoluene
(BHT) or to ascorbic acid. Moreover, studies regarding the antioxidant properties of
propolis, have also been carried out on cell cultures and animals. Clinical trials investi-
gating the antioxidant effect of propolis reported a positive modulation of cardiovascular
disease markers, a mitigation of chemotherapy side effects, as well as neuroprotective
effects [127-129].

Similar to other bee products, plant sources are related to the profile of bioactive
compounds and antioxidant properties of propolis [130,131]. More specifically, in regions
with a large diversity of trees, bees may also gather resin from flowers in the genera
Clusia (Clusia L.) and Dalechampia (Dalechampia L.), which are the major plant genera that
produce floral resins to attract pollinators [132]. Clusia resin contains polyprenylated
benzophenones [133,134]. In some areas of Chile and Brazil, propolis contains viscidone, a
terpene from Baccharis (Baccharis L.) shrubs, and prenylated acids, such as 4-hydroxy-3,5-
diprenyl cinnamic acid [135,136].

3.3.4. Royal Jelly

Royal jelly is a mixture of secretions from the mandibular and hypopharyngeal glands
of bees of the Apis mellifera species, representing the major food source for the queen
honeybee [50]. Concerning its composition, royal jelly is an emulsion of proteins, sugars,
and lipids in water. Moreover, it contains approximately 1.5% (w/w) of minerals (mainly
coppet, zing, iron, calcium, manganese, potassium, and sodium) and considerable amounts
of flavonoids, polyphenols, and vitamins (biotin, folic acid, inositol, niacin, pantothenic
acid, riboflavin, thiamine, and vitamin E). Among the flavonoids, the flavanones (hes-
peretin, isosakuranetin, and naringenin), flavones (acacetin, apigenin, and its glucoside,
chrysin, and luteolin glucoside), flavonols (isorhamnetin and kaempferol glucosides), and
isoflavonoids (coumestrol, formononetin, and genistein) are the most abundant [137].
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The antioxidant activity of royal jelly, in terms of DPPH, hydroxyl and superoxide
radical scavenging, has been reported in the literature [138,139]. In this regard, both in vitro
and in vivo tests have been conducted, whereas less information has been reported from
clinical trials. In a recent study carried out by Pourmoradian et al. [140], the positive
impact of royal jelly consumption on the parameters associated with diabetes and oxidative
stress in people affected by Type 2 diabetes mellitus has been postulated. On the other
hand, studies on rats and rabbits reported that royal jelly intake can be associated with
antioxidant and neuroprotective effects [141,142]. This is consistent with the antioxidant
activity of monophosphate nucleotides and peptides isolated from royal jelly [143].

More generally, the antioxidant activity of royal jelly may be differentiated compared
to honey, bee pollen and propolis. However, the specific contribution of the botanical
species available for foraging on the actual functional properties of royal jelly is still poor.

4. Conclusions and Future Directions

It is clear that medicinal plants can contribute to the antioxidant activity of bee
products along with the honeybee contribution as a living organism; the antioxidant
properties can be regarded as an indicator of the melliferous medicinal plant’s potential. In
this context, more research should be focused on bee products obtained from the broad
range of medicinal plants and on the identification of the possible relationships between
the bioactive components, which are present in plant parts and their nectars as well as the
bee products.

At the same time, research and clinical trials should be conducted on humans to assess
the relationship between the consumption of bee products and the aiding or treatment
in health disorders. In this way, the potential use of bee products in phytomedicine (as
an alternative to drugs) could be better substantiated by the scientific evidence. The
complementary use of the nanotechnologies [144,145] opens new directions and new
frontiers. For instance, Neupane et al. [146], by developing Himalayan honey-loaded
iron oxide nanoparticles, showed that the biological activity of Himalayan honey was
enhanced significantly after loading into iron oxide nanoparticles. Sarhan and Azzazy [147]
developed biocompatible, antimicrobial crosslinked honey/polyvinyl alcohol/chitosan
nanofibers, which hold potential as an effective wound dressing source. These aspects are
relevant and trigger an additional interest for research to obtain a greater bioavailability and
efficacy of bee products in the field of health, including anti-COVID-19 possible beneficial
effects [148-151], also increasing the interest in studies that are carried out to assess the
safety aspects of nanoformulations, which are indeed new frontiers to explore.
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