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Preface to “Chemical Properties, Nutritional Quality,

and Bioactive Components of Horticulture Food”

In this Special Issue, chemical properties, nutritional quality, and bioactive components of

horticultural food are explored. A strong linkage is present between food quality, territory, and

environment, and several factors can affect food quality. The research of Wang, X. and collaborators

[1] addresses the construction of volatile profiles of eight popular peach cultivars produced in

Shanghai using GC-MS and GC-IMS, providing a reference for the future design of breeding to

improve fruit flavor. A detailed comparative study on some of the physicochemical properties,

volatile compositions, fatty acids, and mineral profiles of different almond (Prunus dulcis L.) varieties

was conducted by Levent et al. [2], who highlighted how different almond varieties showed

significant differences depending on the genotypes as well as on the origins. Seasonal variations

in the starch properties of sweet potato cultivars were investigated by dos Santos et al. [3]. Rakocevic

et al. [4] studied the variations in yield, berry distribution, and chemical attributes of Coffea arabica

beans among the canopy strata of four genotypes cultivated under differing water regimes . In a

study by Lee et al. [5], they investigated the growth, physicochemical, nutritional, and postharvest

qualities of leaf lettuce (Lactuca sativa L.) affected by the cultivar and amount of applied nutrient

solution, whereas the study by Mauro et al. [6] is focused on the yields and compositional profiles of

eggplant fruits affected by phosphorus supply, genotype, and grafting.

Moving towards the characterization of derived products and how several factors can affect

their quality, a study by Wang, Z. et al. [7] was focused on the quality characteristics of Oolong

tea products in different regions and the contribution of thirteen phytochemical components to its

taste; the construction of the Oolong tea flavor wheel could aid in the qualitative and quantitative

sensory evaluation of Oolong tea from different origins and contribute to the quality identification

and directional improvement of Oolong tea products. Another example is given by Berwal et al. [8],

who studied the bioactive compounds and fatty acid profiles of bitter apple seed oil obtained from

hot, arid environments. Phan et al. [9] studied the effects of yeast product additions and fermentation

temperatures on the lipid composition, taste, and mouthfeel characteristics of Pinot Noir Wine.

It is worth mentioning the review by Jacobo-Velázquez et al. [10] of UVA and UVB radiation

as innovative and effective tools with which to biofortify horticultural crops with nutraceuticals. We

would like to acknowledge the efforts of the authors of the publications in this Special Issue.
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Introduction

The Special Issue “Chemical Properties, Nutritional Quality, and Bioactive Compo-
nents of Horticulture Food” is here presented. Horticultural crops mainly include fruits,
vegetables, and ornamental trees [1]. Horticultural crops and products are an important
source of compounds of nutritional and nutraceutical interest for human nutrition. Physio-
logical, nutritional, nutraceutical quality and potential of horticultural products should be
explored.

To give a current overview of the interest of this topic, a search throughout the Scopus
online database has been carried out using the string TITLE-ABS-KEY (“horticulture”
OR “horticulturae” AND “food quality *”). The functions of the Scopus web online
platform named “Analyze” and “Create Citation Report” were utilized for carrying out
basic analyses, whereas the “full records and cited references” have been exported for
further processing to the VOSviewer software (version 1.6.16, 2020; www.vosviewer.com,
accessed on 15 November 2021) [2–4].

The search returned 144 documents covering the period 1997 to 2021, and a total of
83 terms were identified and visualized as a term map in Figure 1. The main terms are:
horticulture, food quality, fruit, crop yield, harvesting, cultivar, nonhuman, food storage,
fruit quality, yield, quality, vegetable, agriculture, fruits, orchard (Figure 1). The most
recent document is published by Biel et al. [5] addressed on-farm reduced irrigation and
fertilizer doses, and arbuscular mycorrhizal fungal inoculation improve water productivity
in tomato production [5]. Among the “Review” category, some examples are as follows:
(i) current understanding and use of quality characteristics of horticulture products [6];
(ii) salinity as eustressor for enhancing quality of vegetables [7]; (iii) the cuticle as a key
factor in the quality of horticultural crops [8]; (iv) preharvest factors influencing bruise
damage of fresh fruits—a review [9]; (v) use of light quality manipulation in improvement
vegetable quality at harvest and postharvest [10].

Narrowing the search exploring chemical properties, nutritional quality, and bioactive
components features using the string TITLE-ABS-KEY (“horticulture” OR “horticulturae” AND
“food quality*” AND “bioactive compound*” OR “bioactive component*” OR “bioactive
molecule*” OR “nutrient*” OR “nutritional” or “chemical*”), the search resulted in 50 doc-
uments covering the time period 1997–2021 mainly Agricultural and Biological Sciences area.

The oldest work is by Haglund et al. [11] in 1997 on sensory quality of tomatoes culti-
vated with ecological fertilizing systems, whereas the most recent is by Mwinuka et al. [12]
and it addresses optimizing water and nitrogen application for neglected horticultural
species in tropical sub-humid climate areas, with particular regards of a case of African
eggplant.

Among the most cited documents: —a review of antimicrobial and antioxidative activ-
ities of chitosans in food [13]; —a study on how vine growth, yield, berry quality attributes
and leaf nutrient content of grapevines can be influenced by seaweed extract (Ascophyllum
nodosum) and nanosize fertilizer pulverizations [14]; —a study on how rootstocks can
enhance tomato growth and quality characteristics at low potassium supply [15].

Horticulturae 2022, 8, 3. https://doi.org/10.3390/horticulturae8010003 https://www.mdpi.com/journal/horticulturae
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Figure 1. Term map for the relationship of horticulture/horticulturae and food quality research. Bub-
ble 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).

In this context, the investigation on pre- and postharvest factors, storage and process-
ing conditions under the food product quality perspective is a key issue to investigate
and it represents one of the main focuses of the Special Issue. Studies on different factors
influencing the food quality of horticultural crops under different agricultural production
systems are welcome; particularly emerging strategies to maximize the content of bioactive
components are considered.

Noteworthy research should be addressed towards the conventional and innovative,
modern methodologies and technologies in light of scientific progress and green and eco-
friendly approaches. In this regard, the book published by Bauddh et al. [16] focused on
ecological and practical applications for sustainable agriculture is here mentioned.

New models of horticultural commodities should be analyzed, and new monitoring
parameters should be proposed. Studies on classification of horticultural products should
be promoted.

The use of deep learning and chemometrics for management of large datasets repre-
sents a new goal of horticultural research [17,18].

Moreover, studies on the use of nanotechnologies for improving productivity and
quality of food represent new frontiers [19]

The quality of horticultural products should be explored from local and rural com-
munities to urban ones, and also territories reconversion should be taken into account.
The work of Ansari et al. [20] is addressed on converting primary forests to cultivated
lands, with a focus on long-term effects on the vertical distribution of soil carbon and
biological activity in the foothills of Eastern Himalaya. Studies on the use and applications
of horticultural products and waste/byproducts are welcome. Utilization of high-value
horticultural waste should be promoted [21]. Attention should be given to sustainable crop
production systems, in the perspective of the tight bridge between food quality, territory
and biodiversity [22].

2
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Horticulture meets consumer demand through new solutions and challenges. Studies
of promotion of underutilized horticultural crops and diversification for food security
should be taken into account.

The effect of climate change on horticultural production and product quality should
be considered.

An emerging and modern image of horticultural systems and product status should
be based on a multidisciplinary approach that involves agronomy, chemical science, food
science, and nutrition. Trends and challenges on horticultural status will be delineated and
promoted.

Author Contributions: A.D. and M.L. have made a substantial, direct, and intellectual contribution
to the work and approved it for publication. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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The Construction of Volatile Profiles of Eight Popular Peach
Cultivars Produced in Shanghai Using GC-MS and GC-IMS

Xia Wang 1,2,†, Xiongwei Li 2,3,†, Mingshen Su 2, Minghao Zhang 2, Yang Hu 2, Jihong Du 2,4, Huijuan Zhou 2,

Xianan Zhang 2, Zhengwen Ye 2,* and Xuelian Yang 1,*

1 College of Agriculture, Guizhou University, Guiyang 550025, China
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Abstract: Peach (Prunus persica L.) is an economically important fruit crop worldwide due to its
pleasant flavor. Volatile organic compounds (VOCs) are vital factors for assessing fruit quality. Here,
we constructed the VOC profiles for the top eight popular commercial peach cultivars produced in
Shanghai by combining gas chromatography-mass spectrometry (GC-MS), odor activity value and
gas chromatograph-ion mobility spectrometry (GC-IMS). Seventy VOCs were detected using GC-MS,
of which twenty-three were commonly found in eight peach cultivars, including hexanal, nonanal,
benzaldehyde, 2-hexenal, butyl acetate, hexyl acetate, (Z)-3-hexen-1-yl acetate, linalool, β-myrcene,
D-limonene, 1-hexanol, 3-hexenol, 2-hexenol, 2-ethyl-1-hexanol, γ-octalactone, δ-decalactone, γ-
hexalactone, γ-decalactone, γ-dodecalactone, β-ionone, 2-octanone, 2-ethyl furan and 2,4-ditert-butyl
phenol. A total of 17 VOCs were screened on the basis of OAV ≥ 1 and the top 5 of this contribution
were γ-decalactone, β-ionone, hexanal, 2-hexenal and linalool. Lactones had the highest OAV in
HJML and terpenoids had the highest OAV in JC. JXIU had the lowest OAV of lactones and terpenoids.
Based on the range of their OAV values, the flavor evaluation standard of Shanghai high-quality peach
cultivars can be established, which is also a reference for breeding excellent offspring. Twenty-six
VOCs were detected using GC-IMS, and the largest proportion were aldehydes. Principal component
analysis (PCA) showed that Hikawa Hakuho (HH) and Jinchun (JC) were distant from the other
samples, indicating that their volatiles were more distinct. These results provide a foundation for
improving our understanding of aroma compositions in these high-quality peach cultivars, which
might also provide a reference for future design breeding to improve fruit flavor.

Keywords: peach; commercial cultivars; VOCs; GC-MS; GC-IMS; OAV

1. Introduction

The peach (Prunus persica (L.) Batsch) has become an important economic crop due
to its soft and juicy flesh, attractive aroma and enriched nutrition, and it has been grown
extensively at home and abroad [1]. As the originating country of the peach, China holds
a large number of wild relatives and landraces [2]. ‘Chinese Cling’, the most influential
founder in peach-breeding history, has derived many excellent cultivars such as ‘Elberta’,
‘J.H. Hale’, ‘Okubo’ and ‘Hakuho’ [3]. The elite commercial peach cultivars planted in
Shanghai, such as ‘Hujingmilu’ (HJML), ‘Xinfengmilu’ (XFML) and ‘Jinxiu’ (JX), are also
excellent offspring of ‘Chinese Cling’. These cultivars are popular in Shanghai for their
high quality and were cultivated in 3100 hectares in 2021, accounting for approximately
82% of the total peach-cultivated area in Shanghai (data source: Shanghai Agricultural
Technology Extension Service Center).

Aroma is an essential factor to determine consumers’ preference, which has received
great attention from geneticists and breeders in recent years [4,5]. The aroma profiles in
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fruit result from the interactions of many volatiles. Currently, more than 100 volatiles have
been identified in peaches, mainly including aldehydes, alcohols, esters, lactones, terpenes
and ketones [6,7]. However, the compositions and content of volatiles are influenced by
genetic backgrounds, fruit maturity and cultivation conditions. For instance, aldehydes and
alcohols are the major contributors of VOCs in immature fruits and their contents decrease
gradually during maturation, while the contents of lactones increase with peach fruit matu-
ration [8]. Studies on several varieties have shown many differences in the composition and
content of volatiles. Wang et al. have reported that the Chinese wild peach ‘Wutao’ has the
highest content of total volatiles, while ‘Ruipan 14’ and ‘Babygold 7’ show high contents
of lactones, and cultivars of American and European origin mainly contain high levels of
linalool [7]. Several studies have also shown that cultivation conditions can also influence
the composition and content of volatiles, such as fertilization and bagging [9–11]. Although
more than 100 VOCs can be detected in peaches, only around 25 of them significantly
contribute to flavor quality, and these are recognized as characteristic compounds [12]. The
odor activity value (OAV) is commonly used to evaluate the contribution of a compound
to the overall aroma, and it represents the ratio of the actual concentration in the sample
to the threshold value in water, and was first proposed by Rothe [13]. Compounds with
OAV ≥ 1 are not only considered major contributors to flavor, but also good indicators for
the breeding of good-quality peaches.

Gas chromatography-mass spectrometry (GC-MS) is a commonly used technique
that takes advantage of the high separation ability of GC and the superiority of mass
spectrometry in the identification of substances, which allows it to be applied with high
sensitivity and precision in the qualitative and quantitative analysis of VOCs in samples [14].
However, due to the complexity of most sample matrices, this method requires tedious
and time-consuming sample pretreatment before analysis while working under vacuum
conditions, making it unsuitable for rapid characterization studies of VOCs in complex
samples [15,16]. Ion mobility spectrometry (IMS) is an atmospheric analytical chemistry
method for the detection and identification of different types of substances based on
the mobility of gas-phase ions in a weak electric field [15]. GC-IMS integrates the high
separation ability of GC with the high sensitivity and fast response of IMS. Compared to GC-
MS, it has the advantages of having a lower detection limit, no pre-treatment, convenience
and can be operated at atmospheric pressure, which can maximize the authenticity of flavor
in samples and reflect the original flavor information [16,17]. The method of combining
various techniques to study VOCs in foods has become a hot topic, which can establish
a more comprehensive and scientific aroma fingerprint. As far as we know, comparison
analysis of volatiles in different commercial peach cultivars based on GC-MS and GC-IMS
is rarely reported.

In the present study, the volatiles of eight commercial peach cultivars from Shanghai
were analyzed by GC-MS, OAV and GC-IMS to comprehensively investigate their volatile
compounds and aroma profiles. The results could improve our understanding of aroma
compositions in these high-quality peach cultivars, which might also provide a reference
for future design breeding to improve fruit flavor.

2. Materials and Methods

2.1. Plant Materials

Eight elite peach cultivars derived from ‘Chinese Cling’ were selected in this study,
and all of them had a melting texture and displayed strong aromas. The characteristic
information of each cultivar is listed in Figure 1 and Table 1. All trees were planted in the
Peach Germplasm Repository of the Shanghai Academy of Agricultural Sciences, China
(30◦89′ N, 121◦39′ E), and the orchard management procedures such as irrigation, pruning,
disease control and fertilization were the same for all cultivars. Thirty fruits of each cultivar
were picked at the commercial harvest stage in the summer of 2022 according to grounded
skin color, fruit firmness and recorded maturity time. The fruits were picked from three
trees and immediately transported to the laboratory. Fifteen fruits of each cultivar with
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uniform size were selected in each biological replicate. The mesocarp was cut into pieces,
frozen immediately in liquid nitrogen, grounded into powder and stored at −80 ◦C for use.

Figure 1. Representative images of eight peach cultivars used in this study. The codes under each
image are the abbreviation names for each cultivar.

Table 1. The characteristic information of peach materials.

No.
Cultivar

Name
Abbreviation

Code
Origin Flesh Color Fruit Texture Brix (%) Acid

Harvest
Date

1 Xinfengmilu XFML Shanghai,
China White Soft-melting 14.9 Sub-acid Mid-July

2 Hujingmilu HJML Jiangsu,
China White Soft-melting 13.2 Sub-acid Mid-July

3 Datuanmilu DTML Shanghai,
China White Soft -melting 14.3 Sub-acid Early-July

4 Hikawa
Hakuho HH Japan White Soft-melting 10.2 Sub-acid Mid-June

5 Jinxiu JXIU Shanghai,
China Yellow Hard-melting 18.5 Sub-acid Mid-August

6 Jinxiang JXIANG Shanghai,
China Yellow Hard-melting 10.1 Sub-acid Early-July

7 Jinchun JC Shanghai,
China Yellow Hard-melting 11.0 Sub-acid Early-June

8 Jinguan JG Shanghai,
China Yellow Hard-melting 14.6 Sub-acid Mid-July

2.2. Chemicals

All qualification and quantitative standards were purchased from Sigma Aldrich
(Shanghai, China), and their purity was above 95%.

2.3. GC-MS Analysis of Volatile Compounds

The method of sample pretreatment referred to a previous study [4], with the difference
that each headspace vial in this study contained three grams of sample. A fiber (65 μm,
PDMS/DVB, Supelco, Bellefonte, PA, USA) was inserted into the headspace of a vial to
extract the volatile compounds at 40 ◦C for 30 min. At the end of extraction, the fiber was
desorbed into the injection port of the GC for 5 min. The time of solvent delay was 3 min.
The samples were analyzed using the Agilent gas chromatography mass spectrometry
(GC-MS) instrument (7890–5975) with a DB-WAX (60 m × 250 μm × 0.25 μm, Agilent
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122–7062) under splitless injection mode. Helium (99.999%) was used as a carrier gas at
a constant flow (1 mL/min).

The GC oven temperature was initially held at 40 ◦C for 2 min, increased to 100 ◦C at
3 ◦C/min and then increased to 230 ◦C at 5 ◦C/min and held for 5 min. The mass detector
was used in an electron impact mode at 70 eV, an ion source temperature of 230 ◦C and
a mass spectrometry scan range of m/z 30–350. According to the NIST 08 (National Institute
of Standards and Technology) mass spectrometry database, the volatile compound was
identified by matching degree, retention time, retention index (RI) and standard chemicals.
Compounds with matching degrees greater than 80% were selected as effective aroma
components. In order to quantify the components, semi-quantification was performed using
an internal standard method to calculate the relative concentration of volatile compounds
in the samples. Measurements were repeated three times for each sample.

2.4. GC-IMS Analysis of Volatile Compounds

The VOCs of different peach cultivars were detected using HS-GC-IMS (FlavorSpec ®,
G.A.S, Dortmund, Germany). Two grams of grounded sample from each cultivar were
transferred into 20 mL headspace bottles. The headspace injection condition was set
at the following parameters: incubation time was 15 min, incubation temperature was
40 ◦C, injection needle temperature was 85 ◦C and injection volume was 500 μL. The GC
conditions were as follows: the chromatographic column was MXT-5 (15 m × 0.53 mm,
1 μm, Agilent Technology, Palo Alto, CA, USA)). Nitrogen of 99.99% purity was used as
a carrier gas at a programmed flow as follows: 2 mL/min for 2 min, 10 mL/min for 8 min
and 100 mL/min for 10 min. The IMS conditions were as follows: the drift tube temperature
was 45 ◦C, and the drift gas velocity was 150 mL/min. All tests were repeated three times.
Volatile compounds were preliminarily identified by comparing the RI and ion drift times
(the time in milliseconds it takes for an ion to reach the collector through the drift tube) of
standards in the GC-IMS library and the NIST database.

2.5. Identification of Characteristic Aroma Compounds in Samples by the Odor Activity Value Method

The OAVs of compounds were calculated using the following formula: OAV = Ci/OTi,
where Ci indicates the concentration of a compound and OTi indicates the odor threshold.
The odor thresholds of all compounds were obtained from the published literature [18]. For
a compound with multiple thresholds, the standard we chose was its threshold in water
and the most recent data.

2.6. Statistical Analysis

The experimental data derived from GC-MS were analyzed using Origin 2021 software
(Microcal Software, Inc., Northampton, MA, USA). Analysis of variance (ANOVA) and
Duncan’s multiple range test (p < 0.05) were used to analyze the significant differences
among samples. Cluster analysis was performed using TB tools software (versions v1.1043).
For the data obtained using GC-IMS, four software programs from the instrument were
used for analyzing: (1) VOCal was used for viewing analytical spectra and qualitative and
quantitative data; the NIST database and IMS database built into the application software
can be used for qualitative analysis of compounds. (2) The Reporter plug-in for directly
comparing the spectral differences between samples. (3) The Gallery Plot plug-in was used
for fingerprint profile comparison. (4) The Dynamic PCA plug-in was used for dynamic
principal component analysis.

3. Results and Discussion

3.1. Volatile Profile of Different Peach Cultivars Using GC-MS
3.1.1. The Construction of VOCs Profiling for Eight Peach Cultivars

By searching the NIST database and the chemical standard, a total of seventy VOCs
were tentatively identified and quantified for eight peach cultivars using GC-MS. They were
categorized into ten groups, including nine aldehydes, ten esters, eleven terpenoids, nine
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alcohols, six lactones, five ketones, five alkanes, eleven aromatic hydrocarbons, two furans
and two other compounds (Figure 2, Table 2). Twenty-three VOCs were commonly identi-
fied in all cultivars, including hexanal, nonanal, benzaldehyde, 2-hexenal, butyl acetate,
hexyl acetate, linalool, β-myrcene, D-limonene, 1-hexanol, 3-hexenol, 2-hexenol, 2-ethyl-
1-hexanol, γ-octalactone, δ-decalactone, γ-hexalactone, γ-decalactone, γ-dodecalactone,
β-ionone, 2-octanone, 2-ethyl furan and 2,4-ditert-butyl phenol. More than 40 VOCs were
identified in HJML (44), DTML (42), HH (42) and JC (43). Fewer than 35 volatile compounds
were identified in XFML (35), JXIU (29), JXIANG (35) and JG (32). Seventeen unique com-
pounds were identified only in one cultivar. Differences were observed in the total content
of volatile compounds among the eight peach cultivars (Table 2 and Figure 2).

Figure 2. The total contents of each category of VOCs in eight peach cultivars. 3.1.2 Cluster Analysis
of VOCs of eight peach cultivars.

Aldehydes were regarded as one of the most significant contributors to the peaches’
green and grassy flavor, and have been reported to exist widely in immature plums,
apples and pears [19,20]. The aldehydes detected in this experiment include hexanal,
nonanal, benzaldehyde, 2-hexenal, 3-hexenal, (E)-2-nonenal, (E)-2-hexenal, (E)-2-heptenal
and heptanal (Table 1). Among these, hexanal, nonanal, 2-hexenal and benzaldehyde were
identified as major components and were detected in all the samples, which is consistent
with previous studies [20,21]. Notably, the highest content of 2-hexenal among all samples
was 5132.24 μg/kg in HH, while the lowest was 589.96 μg/kg in HJML; therefore, this
compound may be the most important factor responsible for the differences in aldehydes
among the samples. It is also clear from Figure 2 that the total content of aldehydes is
highest in HH and lowest in HJML.

Alcohols are a group of compounds other than aldehydes that give peach fruit a green
aroma. In this study, nine alcohols were found, namely 2-ethyl-1-hexanol, 3-methyl-3-
nonanol, carbitol, 3-hexenol, hexanol, 2-hexenol, 3-methyl-3-buten-1-ol, α-terpineol and
geraniol. Among them, 3-hexenol, hexanol, 2-hexenol and 2-ethyl-1-hexanol were detected
in all samples at high levels (Table 2). JC had the highest level of alcohols and JXIANG had
the lowest (Figure 2).
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Esters are the main flavor components of most ripe fruits and provide the fruity notes,
and particularly (Z)-3-hexen-1-yl acetate and hexyl acetate are considered to contribute
significantly to the aroma characteristics of peaches [6,22,23]. A total of ten esters were
detected in the eight peach cultivars. Among these, butyl acetate, (Z)-3-hexen-1-yl acetate
and hexyl acetate was detected in all samples and the levels were significantly different
between samples. (E)-2-hexen-1-yl acetate was also detected at high levels in most cultivars.
The remaining unmentioned esters were present at less than 10 μg/kg in each sample, so
these components were not the focus of this study.

A total of 11 terpenoids were identified, of which linalool, β-myrcene and D-limonene
were detected in all peach cultivars with significant differences. Horvat et al. [24] identified
linalool as one of the key aroma compounds of peach fruit that increased significantly
with fruit ripening and has floral aroma properties [25,26]. The order of linalool content
in all samples was as follows: JC > HH > JXIANG > HJML > XFML> DTML > JG > JXIU.
Surprisingly, the linalool content in JC was more than twice that of HH. Previous studies
have shown that nectarines contain higher levels of linalool than peaches [7]. Although
the material in this study did not include nectarines, JC was derived from peach Jinxiu
and nectarine Huyou 018, which may be the reason for its highest linalool content among
the eight cultivars. β-myrcene is reported as a precursor of linalool and is one of the
common terpenoids in peaches and nectarines [27,28]. Here, the content of β-myrcene
ranked consistently with linalool in the eight cultivars.

More than 10 lactones have been found in peaches [6,27,29]. Here, we identified six
lactones: γ-hexalactone, γ-decalactone, γ-octalactone, γ-dodecalactone, γ-heptalactone
and δ-decalactone. Consistent with previous studies [7], γ-decalactone, δ-decalactone and
γ-hexalactone were the leading lactones with the highest content in these elite cultivars,
with the difference that δ-decalactone was the most abundant in the present study. As
reported, mid- and later-ripening cultivars have higher lactone content than early-ripening
cultivars [30]. However, in this study, some early- and mid-maturing cultivars such as
HJML and JC had the highest total lactone content, while the late-maturing cultivar JXIU
had the lowest content (Figure 2), which might be related to its genetic background and
cultivation conditions.

Five ketones were detected, and β-ionone and 2-octanone were detected in all sam-
ples. The content of total ketone was highest in ‘XFML’ and lowest in ‘JX’ (Figure 2).
Interestingly, dihydro-β-ionone was detected in all white flesh peaches, but not in all
yellow flesh peaches; this result is similar to that of several researchers [31]. This is due
to the fact that C-13-norisoprenoids such as dihydro-β-ionone in peach fruit are mainly
synthesized via the isoprenoid pathway, and carotenoids are precursors for their synthesis.
Carotenoids in white-flesh peaches are cleaved to disubstituted carotenoids via the action of
carotenoid cleavage dioxygenase (CCD4), which in turn forms the volatile compounds such
as dihydro-β-ionone, while the CCD4 enzyme gene in yellow-flesh peaches is mutated and
cannot degrade carotenoids, so less dihydro-β-ionone is synthesized than in white-fleshed
peaches [32,33].

To further understand the differences of volatiles in different peach cultivars, a cluster
analysis heat map was constructed (Figure 3). The vertical axis of the figure represents
different volatiles and the horizontal axis represents different peach cultivars. The red-to-
blue and large-to-small circles indicate the abundance of volatiles from highest to lowest.
According to the content of each of the VOCs, cluster analysis clustered JXIU, DTML, JG
and XFML into one group. This indicates that the composition and content of their volatiles
are similar. Horizontally, the numerous volatiles were roughly divided into three clusters.
Cluster 1 covers most of the aldehydes and alcohols. In general, this cluster of compounds
is relatively higher in XFML and JG. The substances in cluster 2 mainly include esters
and lactones, and the HH and HJML shows a high abundance in this cluster. The most
abundant compounds in cluster 3 are terpenoids and aromatic hydrocarbons, and JC shows
the highest abundance in this cluster. Cluster analysis plots visually show the abundance
of various substances in the sample.
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Figure 3. A clustered heatmap of VOCs among eight peach cultivars.

3.1.2. Analysis of Odor Activity Values of VOCs in Eight Peach Cultivars

OAV is the main method of aroma characterization and it is also an indicator of
whether human can perceive VOCs in samples by olfactory. Here, by calculating the OAV
for each compound, we grasped the compounds that contribute to the peaches. The sensory
thresholds of each compound and their OAV in the samples are listed in Table 3, and
considering that OAV ≥ 1 is required to have a contribution to flavor, we only analyzed
this part of the data.
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By statistical analysis, only 17 volatiles with OAV ≥ 1 were retained, including 4 alde-
hydes, 3 esters, 3 terpenoids, 1 ketones, 2 alcohols and 4 lactones. The importance of these
compounds was determined by ranking them according to the minimum OAV in each of
the eight cultivars: γ-decalactone > β-ionone > hexanal > 2-hexenal > linalool > nonanal
> 3-hexenol > δ-decalactone > D-limonene > β-myrcene > 1-hexanol > γ-octalactone >
γ-dodecalactone > (Z)-3-hexen-1-yl acetate > butyl acetate > isopentyl acetate > octanal.
Although γ-decalactone was not the most abundant in quantity, it showed the highest
OAV due to the low threshold value. As the main contributor of peach-like aroma, it is
also an essential factor that distinguishes peaches from other fruits [34,35]. The OAV of
γ-decalactone was highest in HJML. β-ionone and linalool are the two most dominant
floral compounds in peach fruits with extremely low-threshold values. They can exhibit
rose and violet flavor despite their low content. In our result, both the amount and OAV
of linalool were high in the eight peaches. The OAV ranged from 17.09 to 3730.59, and
the highest value was present in JC. Due to the 0.007 μg/kg threshold value, the range of
OAV of β-ionone was from 61.43 to 290, and the highest value exhibited in HH. Regarding
the grass/green-notes aldehydes and C6 alcohols, hexanal and 3-hexenol were the most
active flavor compounds in most investigated cultivars. Their OAV ranged from 24.73 to
226.8 and 7.58 to 63.53. The highest value of these two compounds was observed in JC and
JXIU, respectively.

3.2. Volatile Profile of Different Peach Cultivars Using GC-IMS
3.2.1. Differential Analysis of the Topographic Plots of VOCs in Eight Cultivars Using GC-IMS

The VOC profiles of eight peaches were also constructed using GC-IMS. The 3D
topographic plot of the peach volatiles showed that the composition and signal intensities
of VOCs varied considerably between different peach cultivars (Figure 4a). To observe
the data more conveniently and intuitively, we normalized the ion migration time and
the reaction ion peak, and obtained a two-dimensional top-view plot of the ion migration
spectrum (Figure 4b). The red line at the horizontal coordinate 1.0 in the graph is the RIP
peak. Each point to the right of the RIP peak represents a volatile and the color of the point
represents the concentration of the compound, with white to red indicating low-to-high
concentrations [36]. Most of the signal is concentrated between drift times of 1.0–1.9 ms
and retention times of 100–700 s. It is clear from the graph that the signal intensity of VOCs
appearing between retention times of 500–700 s varies considerably between samples. To
compare the differences more obviously between samples, a difference comparison model
can be used, where the spectrum of JC is selected as a reference and the spectra of the other
samples are deducted from the reference. If the VOCs of both are the same, the background
after deduction is white, while red means that the concentration of the substance is higher
than the reference, and blue means that the concentration of the substance is lower than the
reference [37]. JXIU, HJML and XFML showed significantly higher concentrations of VOCs
in the retention time range of 500–600 s than the other samples. It is clearly seen that VOCs
in the retention time range of 350–450 s and ion drift times of 1.6 ms are specific in the HH.
The substances in the green-dotted box are significantly more concentrated in the HJML
than in the other samples. The location and quantities of VOC peaks in the samples are
approximately the same in the spectra, but there are differences in peak strength, indicating
that the content of VOCs is determined by the peach cultivars.
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Figure 4. VOCs of eight peach cultivars determined by GC-IMS. (a) The 3D topographic plot of the
peach VOCs. (b) The 2D topographic plots. (c) The difference comparison topographic plots.
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3.2.2. The Volatile Fingerprints of Eight Cultivars Using GC-IMS

The results of the qualitative analysis of the VOCs of the sample using GC-IMS are
shown in Table 4. According to the NIST gas phase retention index database and the IMS
migration time database built into the flavor analyzer (FlavourSpec®) software, 53 signal
peaks were detected and 26 typical volatiles were identified, including 11 aldehydes,
5 esters, 4 alcohols, 2 ketones, 2 terpenes and 2 furans. There are 12 substances that were not
identified. The most abundant substances detected in peach fruit using GC-IMS in this study
were aldehydes, while other researchers [31,38] have detected esters, which are closely
related to factors such as peach ripeness and variety selection. The compounds of 2-hexenal,
1-hexanal, acetic acid ethyl ester, benzaldehyde, 1-hexanol, methyl acetate, 2-butanone,
pentanal, 2-methylbutanal, 3-methyl butanal, (Z)-3-hexenyl acetate, 2-methylpropyl acetate
and (E)-2-pentenal exhibited more than two peaks. This is due to the fact that during ionic
drift, when the concentration of a substance increases, two or more molecules will share
a proton or electron, forming a dimer or monomers [14,39]. The 53 signals obtained were
used to draw fingerprint profiles based on peak intensities to compare the differences in
volatiles between samples, which can give clearer results (Figure 5). Each row of the figure
indicates the signal peaks of all volatiles in the same sample, and each column indicates the
signal intensity of the same compounds in different samples. The areas where the signal is
more pronounced are boxed out for easier analysis.

 
Figure 5. The VOCs fingerprints of different peach cultivars using GC-IMS. Box (A) 14 compounds
highly accumulated in cv. ‘HH’; Box (B) four compounds highly accumulated in ‘JXIANG’; Box
(C) four compounds highly accumulated in ‘JXIIU’; Box (D) five compounds highly accumulated in
cv. ‘JC’; Box (E) eleven compounds highly accumulated in ‘HJML’.
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As shown in box A, some alcohols, ketones and unknown compounds were the
most abundant in the HH, and these were the main reasons for the differences in the
overall fingerprint profile of the HH compared to the other samples. Aldehydes, namely
(E)-2-pentenal, 3-methyl butanal, 2-methylpropanal and pentanal, dominated in JC and
JXIANG (box B and D), which differed from the GC-MS, where aldehydes were mainly
dominated by 2-hexenal and hexanal. Among the overall peak signals of JXIU, box C had
the strongest signals of substances that were not characterized; it is therefore necessary
to characterize these unknown compounds in future research. Box E demonstrates that
HJML had high concentrations of methyl acetate, acetic acid ethyl ester, 2-methylpropyl
acetate, and the flavor of these compounds is discriminatingly fruity. None of these were
found in GC-MS. As we can see, 12 unknown compounds have strong peak signals in the
fingerprints, indicating that these compounds were present at high levels in the samples,
and characterizing these substances is essential for the establishment of a complete GC-
IMS-based peach fingerprint.

Combining Tables 2 and 4, the types of VOCs detected by the two techniques differed
significantly, with GC-MS detecting more than GC-IMS. Lactones, typical VOCs in peaches,
were not found in GC-IMS due to their high molecular weight, which makes them difficult
to be detected. Although both techniques are used in conjunction with GC, their focus
is dissimilar. GC-MS works under a vacuum and at a high temperature and focuses
on the accuracy of qualitative and quantitative information, while GC-IMS performs
detection at atmospheric pressure and normal temperature and focuses more on reflecting
the authenticity of the sample flavor [40,41].

3.2.3. Similarity Analysis of Samples between Different Peach Cultivars Based on PCA

PCA was performed on the volatile compound content (signal peak volume) of differ-
ent cultivars of peaches using the Dynamic PCA plug-in, and the data were visualized to
obtain a spatial–dimensional plot containing three principal components, where the X, Y
and Z axes indicate the first, second and third principal components, respectively (Figure 6).
The cumulative contribution rate of PC1, PC2 and PC3 was 65.7%. The results show that the
eight peach cultivars were clearly distinguished based on the identified VOCs using GC-
IMS. JC and JXIU are located on the right side of the PC1-axis (Figure 6a), indicating that the
content of characteristic aroma compounds in these two cultivars were more similar, which
might be caused by the fact that JC was an F1 offspring of JXIU. DTML, XFML, JG and
JXIANG are close together and can be grouped together, while HH and HJML are located
at the ends of the PC3 and PC2 axes, which means that they are relatively different from the
other samples based on the VOC performance (Figure 6a). The difference between samples
in a group is small, while the differences between groups are more obvious. Overall, the
aroma profiles of JC, HJML and HH are more specific compared to the other samples. This
result is highly consistent with that of the cluster analysis in Figure 3. The PCA loading plot
showed that (E)-2-pentenal, 2-hexenal and pentanal highly contributed to the JC’s aroma,
and 1-hexanol, 3-methylbutanol highly contributed to the HH aroma. These results are
consistent with the GC-IMS fingerprints. These findings suggest that the aroma profiles of
these eight popular peaches are quite different for selecting strong/specific aroma cultivars.
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Figure 6. Principal component analysis (PCA) score plot (a) and PCA loading plot of different peach
cultivars (b).

4. Conclusions

The aroma profiles of eight popular peach cultivars produced in Shanghai were
comprehensively analyzed using GC–MS, OAV determination and GCIMS. Seventy VOCs
were detected using GC-MS, including nine aldehydes, ten esters, eleven terpenoids, nine
alcohols, six lactones, five ketones, five alkanes, eleven aromatic hydrocarbons, two furans
and two other compounds, of which twenty-three VOCs were commonly identified in
eight peach cultivars. The most VOCs were detected in HJML and the least in JG. Cluster
analysis classified XFML, JG, DTML and JXIU into one cluster, which means that their
aroma profiles are more similar.

In addition, based on an OAV ≥ 1, a total of 17 key aroma compounds were screened,
and their contributions were ranked as follows: γ- decalactone> β- ionone > hexanal >
2-hexenal > linalool > nonanal > 3-hexenol > δ-decalactone > D-limonene > β-myrcene
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> 1-hexanol > γ-octalactone > γ-dodecalactone > (Z)-3-hexen-1-yl acetate > butyl acetate
> isopentyl acetate > octanal. The OAV of VOCs differed greatly among the cultivars.
Lactones had the highest OAV in HJML, which indicates that HJML is the cultivar that
contains the most fruity notes. Terpenoids had the highest OAV in JC, meaning that JC had
the strongest floral notes. It is obvious that JXIU was the cultivar with the lightest aroma.

Furthermore, a total of twenty-six VOCs were detected using GC-IMS, among which
aldehydes accounted for the largest proportion. GC-IMS has the advantage of data visual-
ization, which can visualize the differences of volatiles among samples. It can be directly
observed in the fingerprints that aldehydes have the strongest signals in samples. The
PCA results showed that XFML, JG, DTML and JXIU were close to each other, whereas
HJML, HH and JC were distant from other samples, which is similar to the results of the
cluster analysis. The differences in focus and working conditions between GC-MS and
GC-IMS led to significant differences in the composition of the VOCs detected by them.
The combination of GC-MS and GC-IMS can capture relatively complete flavor information
of samples, which is a hot research topic in the field of flavor at present and will be for
a long time in the future.

Author Contributions: Conceptualization, X.L., X.Y. and Z.Y; methodology, X.W. and X.L.; software,
X.W.; validation, X.L.; formal analysis, X.W. and X.L.; investigation, X.L.; resources, M.S., M.Z., J.D.,
H.Z. and X.Z.; data curation, X.W. and Y.H.; writing—original draft preparation, X.W. and X.L.;
writing—review and editing, X.L., Z.Y. and X.Y.; visualization, X.W.; supervision, Z.Y. and X.Y.;
project administration, X.L. and Z.Y.; funding acquisition, X.L. and Z.Y. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by funds from the National Key Research and Development
Program of China (2019YFD1000801), the Shanghai Science and Technology committee Rising-Star
Program (19QB1404600), Hu Nong Ke Chuang Zi-2021-1-1, the Shanghai Municipal Science and
Technology Commission 2019 Science and Technology innovation Action Plan Agricultural Project
(19391903400), the Outstanding Team Program of Shanghai Academy of Agricultural Science (Grant
No. ZY2022–004), the Pangao Plan of Shanghai Academy of Agricultural Science, the Qiankehe Basics
[2019]1408 and the Qiankehe Platform Talent [2018]5781.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, X.; Meng, X.; Jia, H.; Yu, M.; Ma, R.; Wang, L.; Cao, K.; Shen, Z.; Niu, L.; Tian, J.; et al. Peach genetic resources: Diversity,
population structure and linkage disequilibrium. BMC Genet. 2013, 14, 84. [CrossRef] [PubMed]

2. Li, Y.; Wang, L. Genetic resources, breeding programs in China, and gene mining of peach: A review. Hortic. Plant J. 2020, 6,
205–215. [CrossRef]

3. Aranzana, M.; Abbassi, E.; Howad, W.; Arús, P. Genetic Variation, population structure and linkage disequilibrium in peach
commercial varieties. BMC Genet. 2010, 11, 69. [CrossRef] [PubMed]

4. Li, X.; Jiang, J.; Zhang, L.; Yu, Y.; Ye, Z.; Wang, X.; Zhou, J.; Chai, M.; Zhang, H.; Arús, P.; et al. Identification of volatile and
softening-related genes using digital gene expression profiles in melting peach. Tree Genet. Genomes. 2015, 11, 71. [CrossRef]

5. Zhang, X.; Su, M.; Du, J.; Zhou, H.; Li, X.; Zhang, M.; Hu, Y.; Ye, Z. Analysis of the free amino acid content and profile of 129
peach (Prunus Persica (L.) Batsch) germplasms using LC-MS/MS without derivatization. J. Food Compos. Anal. 2022, 114, 104811.
[CrossRef]

6. Aubert, C.; Milhet, C. Distribution of the volatile compounds in the different parts of a white-fleshed peach (Prunus Persica L.
Batsch). Food Chem. 2007, 102, 375–384. [CrossRef]

7. Wang, Y.; Yang, C.; Li, S.; Yang, L.; Wang, Y.; Zhao, J.; Jiang, Q. Volatile characteristics of 50 peaches and nectarines evaluated by
HP–SPME with GC–MS. Food Chem. 2009, 116, 356–364. [CrossRef]

8. Zhang, B.; Shen, J.; Wei, W.; Xi, W.; Xu, C.; Ferguson, I.; Chen, K. Expression of genes associated with aroma formation derived
from the fatty acid pathway during peach fruit ripening. J. Agric. Food Chem. 2010, 58, 6157–6165. [CrossRef]

9. Jia, H.; Araki, A.; Okamoto, G. Influence of fruit bagging on aroma volatiles and skin coloration of ‘Hakuho’ peach (Prunus Persica
Batsch). Postharvest Biol. Technol. 2005, 35, 61–68. [CrossRef]

10. Toselli, M.; Baldi, E.; Marangoni, B.; Noferini, M.; Fiori, G.; Bregoli, A.; Ndagijimana, M. Effects of mineral and organic fertilization
and ripening stage on the emission of volatile organic compounds and antioxidant activity of “Stark redgold” nectarine.
Acta Hortic. 2010, 868, 381–388. [CrossRef]

21



Horticulturae 2023, 9, 382

11. Wang, Y.; Yang, C.; Liu, C.; Xu, M.; Li, S.; Yang, L.; Wang, Y. Effects of bagging on volatiles and polyphenols in “Wanmi” peaches
during endocarp hardening and final fruit rapid growth stages. J. Food Sci. 2010, 75, S455–S460. [CrossRef]

12. Grosch, W. Evaluation of the key odorants of foods by dilution experiments, aroma models and omission. Chem. Senses. 2001, 26,
533–545. [CrossRef]

13. Rothe, M.; Thomas, B. Aromastoffe des Brotes. Eur. Food Res. Technol. 1963, 119, 302–310. [CrossRef]
14. Ruiz, M.; Rodríguez, M.; Flores, G.; Blanch, G. New method based on solid phase microextraction and multidimensional gas

chromatography-mass spectrometry to determine pesticides in strawberry jam. LWT 2019, 99, 283–290. [CrossRef]
15. Cavanna, D.; Zanardi, S.; Dall, C.; Suman, M. Ion mobility spectrometry coupled to gas chromatography: A rapid tool to assess

eggs freshness. Food Chem. 2019, 271, 691–696. [CrossRef]
16. Qi, H.; Ding, S.; Pan, Z.; Li, X.; Fu, F. Characteristic volatile fingerprints and odor activity values in different citrus-tea by

HS-GC-IMS and HS-SPME-GC-MS. Molecules 2020, 25, 6027. [CrossRef]
17. Wang, S.; Chen, H.; Sun, B. Recent progress in food flavor analysis using gas chromatography–ion mobility spectrometry

(GC–IMS). Food Chem. 2020, 315, 126158. [CrossRef]
18. Van Gemert, L.J. Odour Thresholds-Compilations of Odour Threshold Values in Air, Water and Other Media; Oliemans Punter & Partners:

Utrecht, The Netherlands, 2003.
19. Hadi, M.; Zhang, F.; Wu, F.; Zhou, C.; Tao, J. Advances in fruit aroma volatile research. Molecules 2013, 18, 8200–8229. [CrossRef]
20. Mihaylova, D.; Popova, A.; Vrancheva, R.; Dincheva, I. HS-SPME-GC–MS volatile profile characterization of peach (Prunus Persica L.

Batsch) Varieties grown in the eastern Balkan Peninsula. Plants 2022, 11, 166. [CrossRef]
21. Xi, W.; Zheng, Q.; Lu, J.; Quan, J. Comparative Analysis of three types of peaches: Identification of the key individual characteristic

flavor compounds by integrating consumers’ acceptability with flavor quality. Hortic. Plant J. 2017, 3, 1–12. [CrossRef]
22. Zhu, J.; Xiao, Z. Characterization of the key aroma compounds in peach by gas chromatography–olfactometry, quantitative

measurements and sensory analysis. Eur. Food Res. Technol. 2019, 245, 129–141. [CrossRef]
23. Tan, F.; Wang, P.; Zhan, P.; Tian, H. Characterization of key aroma compounds in flat peach juice based on gas chromatography-

mass spectrometry-olfactometry (GC-MS-O), odor activity value (OAV), aroma recombination, and omission experiments.
Food Chem. 2022, 366, 130604. [CrossRef] [PubMed]

24. Horvat, R.; Chapman, G.; Robertson, J.; Meredith, F.; Scorza, R.; Callahan, A.; Morgens, P. Comparison of the volatile compounds
from several commercial peach cultivars. J. Agric. Food Chem. 1990, 38, 234–237. [CrossRef]

25. Robertson, J.; Meredith, F.; Horvat, R.; Senter, S. Effect of cold storage and maturity on the physical and chemical characteristics
and volatile constituents of peaches (Cv. Cresthaven). J. Agric. Food Chem. 1990, 38, 620–624. [CrossRef]

26. Chapman, G.; Horvat, R.; Forbus, W. Physical and chemical changes during the maturation of peaches (Cv. Majestic). J. Agric.
Food Chem. 1991, 39, 867–870. [CrossRef]

27. Eduardo, I.; Chietera, G.; Bassi, D.; Rossini, L.; Vecchietti, A. Identification of key odor volatile compounds in the essential oil of
nine peach accessions. J. Sci. Food Agric. 2010, 90, 1146–1154. [CrossRef]

28. Brodkorb, D.; Gottschall, M.; Marmulla, R.; Lüddeke, F.; Harder, J. Linalool dehydratase-isomerase, a bifunctional enzyme in the
anaerobic degradation of monoterpenes. J. Biol. Chem. 2010, 285, 30436–30442. [CrossRef]

29. Engel, K.; Flath, R.; Buttery, R.; Mon, T.; Ramming, D.; Teranishi, R. Investigation of volatile constituents in nectarines.
1. analytical and sensory characterization of aroma components in some nectarine cultivars. J. Agric. Food Chem. 1988,
36, 549–553. [CrossRef]

30. Mohammed, J.; Belisle, C.; Wang, S.; Itle, R.; Adhikari, K.; Chavez, D. Volatile Profile Characterization of Commercial Peach
(Prunus Persica) Cultivars Grown in Georgia, USA. Horticulturae 2021, 7, 516. [CrossRef]

31. Sun, P.; Xu, B.; Wang, Y.; Lin, X.; Chen, C.; Zhu, J.; Jia, H.; Wang, X.; Shen, J.; Feng, T. Characterization of volatile constituents and
odorous compounds in peach (Prunus Persica L.) fruits of different varieties by gas chromatography–ion mobility spectrometry,
gas chromatography–mass spectrometry, and relative odor activity value. Front. Nutr. 2022, 9, 965796. [CrossRef]

32. Brandi, F.; Bar, E.; Mourgues, F.; Horváth, G.; Turcsi, E.; Giuliano, G.; Liverani, A.; Tartarini, S.; Lewinsohn, E.; Rosati, C. Study
of “Redhaven” peach and its white-fleshed mutant suggests a key role of CCD4 carotenoid dioxygenase in carotenoid and
norisoprenoid volatile metabolism. BMC Plant Biol. 2011, 11, 24. [CrossRef] [PubMed]

33. Adami, M.; Defranceschi, P.; Brandi, F.; Liverani, A.; Giovannini, D.; Rosati, C.; Dondini, L.; Tartarini, S. Identifying a carotenoid
cleavage dioxygenase (ccd4) gene controlling yellow/white fruit flesh color of peach. Plant Mol. Biol. Report. 2013, 31, 1166–1175.
[CrossRef]

34. Spencer, M.; Pangborn, R.; Jennings, W. Gas chromatographic and sensory analysis of volatiles from cling peaches. J. Agric. Food
Chem. 1978, 26, 725–732. [CrossRef]

35. Aubert, C.; Günata, Z.; Ambid, C.; Baumes, R. Changes in physicochemical characteristics and volatile constituents of yellow- and
white-fleshed nectarines during maturation and artificial ripening. J. Agric. Food Chem. 2003, 51, 3083–3091. [CrossRef] [PubMed]

36. Li, M.; Yang, R.; Zhang, H.; Wang, S.; Chen, D.; Lin, S. Development of a flavor fingerprint by HS-GC–IMS with PCA for volatile
compounds of Tricholoma Matsutake Singer. Food Chem. 2019, 290, 32–39. [CrossRef]

37. Feng, T.; Sun, J.; Song, S.; Wang, H.; Yao, L.; Sun, M.; Wang, K.; Chen, D. Geographical differentiation of Molixiang table grapes
grown in China based on volatile compounds analysis by HS-GC-IMS coupled with PCA and sensory evaluation of the grapes.
Food Chem. X 2022, 15, 100423. [CrossRef]

22



Horticulturae 2023, 9, 382

38. Leng, P.; Hu, H.; Cui, A.; Tang, H.; Liu, Y. HS-GC-IMS with PCA to analyze volatile flavor compounds of honey peach packaged
with different preservation methods during storage. LWT 2021, 149, 111963. [CrossRef]

39. Rodríguez, R.; Vyhmeister, E.; Meisen, S.; Rosales, A.; Kuklya, A.; Telgheder, U. Identification of terpenes and essential oils by
means of static headspace gas chromatography-ion mobility spectrometry. Anal. Bioanal. Chem. 2017, 409, 6595–6603. [CrossRef]

40. Louw, S. Recent trends in the chromatographic analysis of volatile flavor and fragrance compounds: Annual review 2020. Anal.
Sci. Adv. 2021, 2, 157–170. [CrossRef]

41. Li, S.; Yang, H.; Tian, H.; Zou, J.; Li, J. Correlation analysis of the age of brandy and volatiles in brandy by gas chromatography-
mass spectrometry and gas chromatography-ion mobility spectrometry. Microchem. J. 2020, 157, 104948. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

23





Citation: Levent, O. A Detailed

Comparative Study on Some

Physicochemical Properties, Volatile

Composition, Fatty Acid, and Mineral

Profile of Different Almond (Prunus

dulcis L.) Varieties. Horticulturae 2022,

8, 488. https://doi.org/10.3390/

horticulturae8060488

Academic Editors: Alessandra

Durazzo and Massimo Lucarini

Received: 25 April 2022

Accepted: 29 May 2022

Published: 31 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

horticulturae

Article

A Detailed Comparative Study on Some Physicochemical
Properties, Volatile Composition, Fatty Acid, and Mineral
Profile of Different Almond (Prunus dulcis L.) Varieties
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Abstract: In the present investigation, the main purpose of the research was to reveal the differences
among the almond genotypes in terms of their physicochemical properties, volatile composition,
fatty acid, and mineral profile. For that reason, ten different almond genotypes originated from
different countries were subjected to relevant analysis. The results showed that the total oil, protein,
and ash levels of the almond samples ranged between 30.84–41.43%, 17.43–22.72%, and 2.90–3.40%,
respectively. Additionally, total phenolic content of the samples was in the range of 38.7–101.03 mg
GAE/100 g sample. It was revealed that the almond samples were rich in monounsaturated fatty acids,
and oleic acid was the major one with levels of 61.22–77.63%. For all samples, potassium, magnesium,
and phosphorus were the major minerals, and the highest concentration was for potassium with
levels of 6192.08–11,046.05 mg/kg. Volatile profile analysis showed that the toluene, 4-octanone,
pinacol, and 2-methylpentanal were the dominant volatile compounds for all almond genotypes.
The results revealed that the different almond varieties showed significant differences depending on
the origin.

Keywords: almond; aroma compounds; fatty acids; minerals; phenolic

1. Introduction

Almond (Prunus dulcis) knows as also Amygdalus communis, which is the most widely
cultivated nut crop of Mediterranean area and shows many benefits for human health, is
a tree species that together with peach is included in the subgenus Amygdalus. In the
world, almond is one of the most consumed nuts, especially in high-income economies,
and it was reported that the total production of almonds in the whole world was more
than two million tons. In the production of almonds, USA was the first country with more
than one-million-ton production for 2020, according to the records of FAOSTAT. It is one
of the most important nut species that has increased production and consumption ratios
day by day. Karaat [1] stated that the almond-growing areas started to increase in the last
decades because of an increased demand for almond due to its natural and healthy food
ingredients. Şimsek [2] informed that the almond is a good material in the diet due to pro-
viding micronutrients, macronutrients, and various bioactive constituents. Jenkins et al. [3]
also stated that the almond kernel is used to treat the heart and autoimmune system,
rheumatoid arthritis, and cancer in recent years. Barreca et al. [4] reported that the nut
has many nutritious ingredients such as fatty acids, lipids, amino acids, proteins, carbohy-
drates, vitamins, and minerals, as well as secondary metabolites. Almonds contain lipids
(around 50%), proteins (around 25%), and carbohydrates (around 20%), and have a low
moisture content and diverse minor bioactive compounds. The beneficial effects of almond
consumption are associated with its composition of macro- and micronutrients [5].

Almond has an acceptable and desired aroma and flavor, and it is accepted as a
nutritious and delicious fruit due to its protein, fat, mineral matter, fibre, and vitamin E
content [6]. Almond proximate composition is generally influenced by the by ecological
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conditions, location, and technical and cultural practices [7,8]. There are different investiga-
tions performed for the characterization of the different almond genotypes. Beyhan et al. [6]
investigated the fatty acid compositions of some important almond (Prunus amygdalus L.)
varieties selected from Turkey, and they reported that there was no huge significance
among the samples. Kodad et al. [9] studied the variability of oil content and major fatty
acid of the different almond genotypes and reported that the differences were significant.
Kalita [2018] reviewed the cardiovascular effects of almond, and they reported that the
almonds have a functional role for the regulation cardiovascular problems. In addition,
Mathpal and Rathore [2021] reported the health benefits of almonds, and they informed that
almonds are highly rich in vitamin E, copper manganese, fiber magnesium, phosphorus,
monounsaturated fatty acids, and riboflavin protein, among other nutrients.

In the current study, the aim was to characterize the different almond varieties origi-
nated from different countries (Ferragnes, Ferraduel, Marta, and Lauranne from France;
Texas and Nonpareil from USA; Guara from Spain; Yaltinskii from Russia; and Nurlu
and Acıbadem from Turkey) in terms of their main proximate composition, fatty acid and
mineral profile, and volatile compound composition. Additionally, a cluster analysis was
performed to compare the almond genotypes and to determine the similar varieties by their
characterized properties.

2. Materials and Methods

2.1. Materials

The different almond genotypes were provided from Agricultural Credit Cooperative
Adıyaman Kahta Almond-Pistachio Enterprise (harvest year 2021). During the harvest year,
the average temperature for the growing area was 29.99 ◦C, the lowest temperature was
in the range of −2.2 and 16 ◦C in December–January, and the highest temperature ranged
between 22–41.7 ◦C for July and August. In addition to that, monthly total precipitation
ratios were 34.25 mm, while the highest precipitation level was 199.8 mm in January and
the minimum precipitation was zero in July. Average monthly total sunbathing time was
283 h. The provided almond varieties were Ferragnes (FS), Ferraduel (FL), and Marta (MA)
(Spanish); Lauranne (LU) (France); Texas (TX) and Nonpareil (NL) (USA); Guara (GU)
(Spain); Yaltinskii (YS) (Russia); and Nurlu (NU) and Acıbadem (BA) (Turkey). The kernel
mass values of the almond genotypes were in the range of 1.88–4.89 g. The highest kernel
was for the genotypes of Ferraduel, and the average kernel size was 3.02. After harvesting,
they were kept at room temperature for about 1 month, and the provided samples were
stored at 4 ◦C until the related analysis.

2.2. Methods
2.2.1. Analysis of Proximate Composition

For the proximate composition, total oil, total protein, and total ash contents of the
almond samples were determined according to Nizamlıoğlu and Nas [10]. For the deter-
mination of total oil content of the samples, the powdered almond samples were exposed
to extraction by n-hexane for approximately 6 h using the Soxhlet extraction system. At
the end of the duration, the oil content was calculated depending on the mass balance.
For the determination of the total protein content of the samples, Kjeldahl protein analysis
methodology was followed, and the determined nitrogen content was multiplied by 6.25
to calculate the final total protein content of the samples. Total ash level of the almond
samples was determined as following: for this aim, the powdered almond kernels were
exposed to carbonization at firstly 200 ◦C for 24 h and then 6 h at 600 ◦C. At the end of
the carbonization, the ash levels of the samples were calculated according to the mass
balance [1]. All measurements were performed as replicates with three repetitions.

2.2.2. Total Phenolic Content Analysis

For the extraction of the almond samples, 0.5 g of powdered almond was mixed with
30 mL of ethanol (96%) and stirred for 30 min using a magnetic stirrer (Clifton, Nickel
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Elctro MSH1, Thermo Fisher Scientific, UK). At the end of the mixing, the suspension was
filtered using a Whatman no. 1 filter paper, and the filtrate was exposed to concentration
until 10 mL left as a volume using rotary evaporator (Bibby RE 100, By Bibby Sterilin Ltd.,
Stone, UK) at 40 ◦C. The prepared final solution was used as the almond extract for the
total phenolic content analysis. To determine the total phenolic content of the samples,
the Folin–Ciocalteu reagent method was followed as suggested by Yıldırım et al. [11] and
Durmaz and Alpaslan [12]. For this purpose, 100–500 μL of the samples was diluted to
1 mL using ethanol, and this volume was adjusted to 46 mL with incorporation of distilled
water. Then, 1 mL of the Folin–Ciocalteu reagent was added, and this mixture was left
to stand for 3 min. After that, 3.0 mL of sodium carbonate (2% w/v) was added to the
mixture, the mixture was mixed well by vortex and the tubes were incubated at room
conditions for 120 min. At the end of the duration, the absorbance of the samples was
recorded at 700 nm using a spectrophotometer (UV-1700, Shimadzu, Kyoto, Japan). To
calculate the total phenolic content of the samples, a calibration curve was prepared by
using gallic acid standard at different concentration, and the results were given as mg gallic
acid equivalent (GAE)/100 g sample. All measurements were performed as replicates with
three repetitions.

2.2.3. Analysis of Mineral Composition of the Samples

Macro and micro element compositions of the almond samples were determined
according to the suggested methods by Mertens [13,14]. Totally, 250 mg of powdered
almond sample was exposed to digestion process by using 4 mL of HNO3 (65%) in a
speed wave microwave digestion equipment (Berghof, MSW-4, Eningen, Germany), and
the digested samples were subjected to elemental analyses. Contents of P, Mg, Ca, K, Zn,
Mn, Cu, Fe, and Na were determined according to standard stock solution (1000 mg/L) of
each element using an inductively coupled plasma mass spectrometry (ICP-MS) (NexION
350X, Perkin Elmer, Waltham, MA, USA). All measurements were performed as replicates
with three repetitions.

2.2.4. Fatty Acid Profile of Almond Oil Samples

The fatty acid composition of the almond sample oil was determined according to
the method described by Karaat [1]. At first, the almond oil samples were subjected to
methylation process. For this process, 100 mg of oil sample was weighed and 100 μL of 2 M
KOH (prepared with methanol) was incorporated into oil for saponification and mixed well
by a vortex for a while. Then, 3 mL of n-hexane was added to the mixture and the mixture
was vigorously shaken with a vortex for 1 min, and then the tubes were centrifuged at
2516× g for 5 min at 25 ◦C. The supernatant was placed into vials and the samples were
exposed to GC-FID analysis (Shimadzu, QP2010 ULTRA) equipped with a flame ionization
detector and Rtx-5 MS capillary column. The oven temperature of the GC was programmed
as follows: 180 ◦C for 2 min, increased to 200 ◦C at 2 ◦C/min, held at 200 ◦C for a further
10 min, and then increased to 250 ◦C at 2 ◦C/min and kept there for 10 min. The injector
and detector temperatures were set as 200 and 250 ◦C, respectively. The carrier gas was
helium at a flow rate of 1.5 mL/min. The results were given as percentages of each fatty
acid with regard to total oil content. All measurements were performed as replicates with
three repetitions.

2.2.5. Volatile Profile of Almond Samples

Volatile profile of almond samples was characterized according to the methodology
reported by Doguer et al. [15]. For the identification of the volatile compounds of each
almond sample, solid phase microextraction (SPME) process was performed by using Di-
vinylbenzene/Carboxen/Polydimethylsiloxane (50/30 μm coating thickness; 2 cm length;
Supelco, Bellefonte, PA, USA) fiber. For this purpose, 3 g of samples was transferred into
15 mL of SPME vials (Supelco, Bellefonte, PA, USA). Then, 10 μL of two internal standards
(2-methyl-3-heptanone and 2-methyl-pentanoic acid) were added into the vials. Vials
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were placed on a heater at the temperature of 40 ◦C for 30 min to provide the accumu-
lation of the volatiles up to headspace. After that, fiber was injected in a vial to absorb
volatile compounds for 30 min. Desorption process was conducted at a temperature of
250 ◦C in MS sampler. A total of 3 g of the powdered almond sample was immediately
placed into SPME vials (Supelco, Bellefonte, PA, USA). Then, the fiber was placed on a
Shimadzu GC-2010 gas chromatography-QP-2010 mass spectrometry system (Shimadzu
Corporation, Kyoto, Japan) to desorb the extracted volatiles. The separation process of
extracted volatiles from the almond samples was achieved by application of DBWax column
(60 m × 0.25 mm × 0.25 mm; J&W Scientific, Folsom, CA, USA). The volatile compounds
were then identified according to retention index (RI) by using an n-alkane series (C10-C26)
under the same conditions as mentioned above. WILEY 8 and NIST 05 mass spectral
libraries were used to identify peaks.

2.2.6. Statistical Analysis

Statistical analysis was conducted using SPSS 22.0 software (SPSS Inc., Chicago, IL,
USA). All values were recorded and expressed as mean ± standard deviation (SD). The
significant differences between mean values of the almond samples were determined by
analysis of variance (one way-ANOVA) using Tukey’s HSD (Honestly Significant Differ-
ence) test at a significance level of p < 0.05. Pearson correlation coefficients were calculated
with the OriginPro version 2020b (OriginLab, Northampton, MA, USA). Principal compo-
nent analysis (PCA) and cluster analysis (Ward method and hierarchical) were performed
using the JMP (12.2.0 SAS Institute, Inc., Cary, NC, USA).

3. Results

3.1. Some Physicochemical Properties of Almond Samples

Table 1 shows some basic physicochemical properties and total phenolic content
of the almond samples. As is seen, protein content of the samples was in the range of
17.43–22.72% while the lowest protein level was for the sample of YS and the highest
level was determined for the sample of NL. It was seen that the averaged protein level
was 19.27%. The variation of the protein content among the samples was determined
as significant (p < 0.05). For the oil content of the different almond samples, it was also
observed that the oil levels of the samples changed significantly depending on the almond
type (p < 0.05). It was determined that the oil levels of the almond samples ranged between
30.84–41.43%. Among all the samples, the highest oil level was determined for the sample
of FS (41.43%) while the lowest oil content was monitored for the sample of LU (30.84%).
Additionally, it was calculated that the average oil level of the samples was 35.37%. Ash
content of the samples was also tabulated in Table 1. As is seen, the highest ash level was
determined for the sample of LU (3.4%) and the lowest value was for the sample of GU
(2.9%). It was observed that the difference in the ash content of the samples was found as
significant (p < 0.05) but most of the ash values for the samples were determined as very
similar to each other. It was reported that the proximate composition of almond was affected
by the addition to soil, climate, and growing conditions (irrigation, fertilization, etc.) as
well as differences in geographical origin, all of which have been cited as the reason for
the reason of compositional change [8,10,16]. Summo et al. [2018] studied the effects
of harvest time and cultivar on the chemical and nutritional characteristics of almonds,
and they reported that the lipid content increased during ripening, while both protein
and carbohydrate content decreased. The fatty acid composition showed a not univocal
behavior during ripening and was highly influenced by the cultivar when total phenolic
compounds and antioxidant activity varied among cultivars. It was also reported that
the highest components found are fat and protein according to the chemical composition
values of different almond varieties grown in California. It was shown that the change in
composition of vitamin E and fat content and fatty acids was dependent on the harvest
year, horticulture, and mainly on almond genotype [8]. Nizamlıoğlu and Nas [10] also
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reported that the total oil, total ash, and protein content of the almond (Akbadem) were
52.32, 3.15 and 20.57%, respectively.

Table 1. Some physicochemical and bioactive properties of almond samples.

Samples δ Protein (%) Oil (%) Ash (%) TPC (mg GAE/100 g)

FS 18.85 ± 0.04 bcd 41.43 ± 1.19 a 3.15 ± 0.07 ab 79.21 ± 1.23 b

FL 18.55 ± 0.47 cd 33.78 ± 1.09 cde 3.3 ± 0.14 a 101.03 ± 1.96 a

MA 17.64 ± 0.66 d 32.99 ± 0.33 cde 3.25 ± 0.07 ab 71.41 ± 1.17 c

LU 19.61 ± 0.07 ab 30.84 ± 1.34 e 3.4 ± 0.14 a 65.07 ± 1.5 cd

YS 17.43 ± 0.34 d 39.49 ± 2.57 ab 3.15 ± 0.07 ab 38.7 ± 1.63 g

NL 22.72 ± 0.32 a 33.67 ± 0.5 cde 3.05 ± 0.07 ab 56.41 ± 0.88 ef

TX 20.11 ± 0.16 b 36.92 ± 1.01 abcd 3.1 ± 0.00 ab 41.51 ± 1.27 g

GU 17.7 ± 0.42 d 37.76 ± 1.22 abc 2.9 ± 0.14 b 81.1 ± 1.65 b

NU 20.23 ± 0.36 b 32.1 ± 1.58 de 3.05 ± 0.07 ab 50.18 ± 0.76 f

BA 19.85 ± 0.48 ab 34.29 ± 1.09 bcde 3.05 ± 0.07 ab 62.35 ± 2.92 de

δ Ferragnes (FS), Ferraduel (FL), Marta (MA), Lauranne (LU), Texas (TX), Nonpareil (NL), Guara (GU), Yaltinskii
(YA), Nurlu (NU), and Acıbadem (BA). Different small letters in each column show the statistical significance
(p < 0.05).

Garcia-Lopez et al. [17] reported that the lipid contents of the different almond geno-
types were in the range of 53.10–61.70% for the almond samples (4 from USA, 3 from
Italy, 7 from Spain, and 1 from Australia). In another study, the total lipid level of the
almond samples ranged between 52.50–57.00% for four different almond genotypes from
Italy [18] while the lipid concentrations of five almond genotypes (Mission, Nonpareil,
Carmel, Neplus, and Peerless) from USA were in the range of 53.6–56.1%. For the Turkish
almond genotypes grown in Isparta, total lipid, protein, and ash content were reported to
be in the range of 44.25–55.68%, 21.23–35.27%, and 2.75–3.81%, respectively [11]. In another
study, two different almond genotypes named as Akbadem and Nonpareil were compared
in terms of their proximate composition and fatty acid profile. It was resulted that the total
oil, ash, and protein content of both almond genotypes were 52.32 and 52.43%, 20.57 and
21.54%, and 3.15–3.26%, respectively [19]. Karaat [1] investigated the proximate composi-
tion and fatty acid profile of organic vs. conventional almonds (Ferragnes and Ferraduel)
and it was revealed that the total oil, total protein, and total ash levels of organic and
conventional almond were 44.5 and 46.7%, 20.9 and 20.8%, and 3.2 and 3.2%, respectively,
for the Ferraduel variety. As is obviously seen from the results, the ash and protein contents
were close to the reported results, but the oil content of the almond samples revealed in the
current study was quite lower than that of the reported values in the literature.

Total phenolic content, which is one of the main key factors of the bioactive perfor-
mance of the almond samples, was characterized and the values of total phenolic levels
were also given in Table 1. As is seen from the table, it can be said that the almonds had a
bioactivity and the total phenolic level ranged between 38.7–101.03 mg GAE/100 g sample.
The lowest total phenolic level was observed for the sample of FL (38.7 mg GAE/100 g)
and the highest total phenolic content was determined for the sample of YS (101.03 mg
GAE/100 g sample). It was monitored that the differences among the sample in terms of
the total phenolic levels were determined as significant (p < 0.05). Milbury [20] reported the
total phenolic content of the different almond varieties from California were in the range of
127–241 mg GAE/100 g sample. In another study performed by Esfahlan et al. [21], total
phenolic content of the almond samples from Iran ranged between 75.9–122.2 mg GAE/g
for the shell and 18.1–46.6 mg GAE/g for the almond flour while the total phenolic level of
the almond was 3.74 mg GAE/g in the study reported by Pinelo [22].

3.2. Fatty Acid Profile of Almond Oil Samples

After extraction of the oils from the almond samples, fatty acid profiles of each oil
sample were determined, and the results were tabulated in Table 2. As is clearly seen from
Table 2, major fatty acids detected in the almond oil samples were palmitic acid (C16:0),
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palmitoleic acid (C16:1), stearic acid (C18:0), oleic acid (C18:1), and linoleic acid (C18:2).
Among the fatty acids, oleic acid was determined as the main and dominant unsaturated
fatty acid for the almond oils, while the palmitoleic acid was the minor unsaturated fatty
acid having lower than 1% concentration in the fatty acid profile. For the palmitic acid levels
of the samples, the highest level was determined for the sample of NL (8.15%), while the
lowest was monitored for the sample of NU (5.59%). It was seen that there was a significant
difference among the samples (p < 0.05). Palmitoleic acid was the minor fatty acid for all
samples, with levels ranging between 0.41–0.76%. The results were similar to the palmitic
acid level for the samples, and the differences were determined as significant (p < 0.05).
Stearic acid levels also were in the range of 1.36–3.73% for the samples, and the highest
stearic acid level was determined for the sample of GU and the lowest one was in the sample
of TX. The level of oleic acid, which is the major and dominant fatty acid, ranged between
61.22–77.63%. The sample of NU oil, having the lowest palmitic acid and palmitoleic
acid concentration, showed the highest level of oleic acid concentration (77.63%), and NL
oil having the highest palmitic acid and palmitoleic acid showed the lowest oleic acid
concentration (61.22%). Linoleic acid content of the almond oil samples was also given in
Table 2, and the level of the linoleic acid, which is the only one polyunsaturated fatty acid in
the structure of the almond oil, ranged between 13.38–27.69%. The highest linoleic acid level
was for the sample of NL oil having the lowest oleic acid content and the lowest linoleic
acid level was determined in the sample of FS oil. For the almond oil samples, saturated
fatty acid levels (SFA), monounsaturated fatty acid levels (MUSFA), and polyunsaturated
fatty acid levels (PUSFA) were calculated, and the results were also tabulated in Table 2. As
is seen from the table, the lowest SFA concentration was determined for the samples of TX
(7.85%) almond type, and the highest saturation level in the oil was seen in the sample of
GU (10.60%). The saturation level of NL oil (10.33%) was also determined to be quite similar
to the saturation level of the oil of GU almond type. Monounsaturated fatty acid (MUSFA)
levels of the samples were in the range of 61.98–78.04%, while the polyunsaturated fatty
acid (PUSFA) ranged between 13.38–27.69%. The highest and lowest MUSFA levels were
determined for the almond oil of NU and NL samples, respectively. Thus, it can be easily
said that the samples having the lowest oleic acid showed the lowest MUSFA level and
vice versa. For the oil samples, PUSFA levels were equal to the levels of linoleic acid
concentrations because it was the only fatty acid having double bounds in the oil samples.
Thus, the PUSFA levels of the oil samples ranged between 13.38–27.69% as similar to the
linoleic acid variation. Yildirim et al. [23] reported that the predominant unsaturated fatty
acids of Amygdalus communis were oleic and linoleic acids, and predominant saturated
fatty acid was recorded as palmitic acid. The highest oleic acid level was measured for
Glorieta in both 2008 (83.35%) and 2009 (72.74%) while the highest linoleic acid content
was recorded in Picantili (26.08%) in 2008 and Yaltinskii (30.01%) in 2009.

Table 2. Some physicochemical and bioactive properties of almond samples (%).

Samples δ PA (C16:0) PLA (C16:1) SA (C18:0) OA (C18:1) LA (C18:2) SFA MUSFA PUSFA

FS 6.57 ± 0.04 ab 0.75 ± 0.05 a 2.13 ± 0.03 bcd 77.18 ± 0.75 ab 13.38 ± 0.73 b 8.70 77.93 13.38
FL 6.64 ± 0.06 ab 0.74 ± 0.06 a 1.97 ± 0.02 cd 76.16 ± 1.00 abc 14.51 ± 0.98 b 8.60 76.89 14.50

MA 6.62 ± 0.03 ab 0.61 ± 0.01 ab 2.28 ± 0.04 bc 71.23 ± 0.37 bcd 19.28 ± 0.31 bc 8.89 71.83 19.28
LU 6.93 ± 0.05 ab 0.65 ± 0.01 ab 2.36 ± 0.04 b 69.96 ± 0.99 d 20.12 ± 1.00 abc 9.28 70.61 20.11
YS 7.48 ± 1.36 b 0.53 ± 0.04 bc 1.87 ± 0.19 de 70.8 ± 2.11 cd 19.33 ± 3.71 bc 9.34 71.33 19.33
NL 8.15 ± 0.85 a 0.76 ± 0.07 a 2.18 ± 0.11 bcd 61.22 ± 2.6 e 27.69 ± 3.63 a 10.33 61.98 27.69
TX 6.50 ± 0.11 ab 0.43 ± 0.00 c 1.36 ± 0.03 f 69.35 ± 1.48 d 22.37 ± 1.4 ab 7.85 69.78 22.37
GU 6.87 ± 0.10 ab 0.66 ± 0.03 ab 3.73 ± 0.10 a 69.6 ± 0.74 d 19.15 ± 0.52 bc 10.60 70.26 19.14
NU 5.59 ± 0.20 b 0.41 ± 0.01 c 2.42 ± 0.08 b 77.63 ± 1.67 a 13.96 ± 1.39 b 8.00 78.04 13.96
BA 7.04 ± 0.06 ab 0.51 ± 0.04 bc 1.58 ± 0.08 ef 72.12 ± 2.08 abcd 18.76 ± 2.14 bc 8.62 72.63 18.76

δ Ferragnes (FS), Ferraduel (FL), Marta (MA), Lauranne (LU), Texas (TX), Nonpareil (NL), Guara (GU), Yaltinskii
(YA), Nurlu (NU), and Acıbadem (BA). PA: Palmitic acid, PLA: Palmitoleic acid, SA: Stearic acid, OA: Oleic acid,
LA: Linoleic acid, SFA: Saturated fatty acid, MUSFA: Monounsaturated fatty acid, PUSFA: Polyunsaturated fatty
acid. Different small letters in each column show the statistically significance (p < 0.05).
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In a study performed by Karaat [1], the major fatty acids of two different almond
genotypes (Ferragnes and Ferraduel) were reported to be oleic acid and linoleic acid. Oleic
acid ranged between 78.9–82.4% and 75.8–82.4% for Ferragnes and Ferraduel almond
variety, respectively, while the linoleic acid levels were in the range of 8.4–12.7% and
6.2–15.3% for the same samples, respectively. Palmitoleic acid was found to have the lowest
level for all samples, as similar to the current study results. It was also informed that
the oleic and linoleic acids were the most abundant unsaturated fatty acids in almonds,
accounting for about 80–90%, while saturated fatty acids, such as palmitic and stearic fatty
acids, are present in lower quantities (<10%) [9]. It was reported that the oleic acid and
linoleic acid were reported to be the dominant fatty acids from different parts of the world
such as Turkey, Spain, İtaly, Serbia, China, and California [23]. The main factor affecting
the differences among the almond varieties were reported to be some growing conditions
and year of cultivation. Some studies suggested that the poor water supply to the crop
resulted a lower oleic/linoleic ratio indicating a significant effect of irrigation on almond
fatty acid composition [24,25]. Kodad et al. [9] stated that the irrigation management and
the environmental temperature levels of the growing area are the main factors affecting the
total oil level and fatty acid profile of the almond varieties. They reported that the Spain
almond varieties, which grow at lower temperature and abundant water supply, showed
higher total oil content (58.65% vs. 55.58% (w/w)) and the percentage of oleic acid (71.1%
vs. 68.6% (w/w)) compared to the ones obtained in samples grown in central Morocco. In
a study conducted by Celik and Balta [25], it was reported that the USFA and SFA levels
were in the range of 90.99 to 91.17% and 8.82 to 9.00%, respectively.

3.3. Mineral Contents of the Almond Samples

Major mineral compositions of all samples were characterized, and the results were
given in Table 3. Nine different minerals (P, Mg, Ca, K, Zn, Mn, Cu, Fe, and Na) were
determined as mineral elements, and it was monitored that the most abundant type of
mineral was potassium (K); phosphorous (P) and magnesium (Mg) were the second and
third major mineral for all almond samples. Cu and Mn were the elements showing the
lowest concentration for all almond samples. Potassium levels of the almond samples
were in the range of 6192.08–11,046.05 mg/kg sample. The highest K level was in the
almond sample of NL and the lowest was for the sample of TX. Phosphorous (P) levels of
the almond samples ranged between 4784.42–5527.03 mg/kg; the highest P levels were
determined in the almond sample of FL, and the lowest P level was in the sample of YS.
Mg level of the samples ranged between 2199–2657.19 mg/kg while the Ca levels of the
samples were in the range of 459.34–1069.6 mg/kg. The highest Mg level was in the sample
of NU (2657.19 mg/kg), while the lowest Mg was in the sample of FS. For the Ca levels,
the sample of NU also showed the lowest Ca level, and for the sample of TX, Zn, Mn, Cu,
Fe, and Na were the elements showing the lowest concentrations in the almond samples
compared to K, P, Mg, and Ca, which, due to their levels, were trace for all almond samples.
The lowest Zn level was observed in the sample of TX (33.78 mg/kg), and the highest Zn
level was for the sample of FL (52.34 mg/kg). Mn levels of the samples were in the range of
12.95–24.18 mg/kg, and the sample of TX showed the highest Mn level while the sample
of NU had the lowest Mn concentration (12.95 mg/kg). For the Cu levels of the samples,
it was recorded that the sample of the NU showed the lowest Cu content (8.33 mg/kg)
while the sample of the NL had the highest Cu concentration (15.28 mg/kg). Fe levels of
the samples also ranged between 25.65–47.35 mg/kg while the levels of Na were in the
range of 27.42–61.29% for all almond samples. The statistical analysis results revealed that
there were significant differences among the samples in terms of the detected minerals
(p < 0.05). Simsek and Kizmaz (2017) investigated the mineral profile of almond genotypes
grown in Beyazsu district, and they reported that the potassium, phosphorous, magne-
sium, and calcium were in the range of 646.27–925.13 mg/100 g, 562.53–701.93 mg/100 g,
217.13–367.27 mg/100 g and 190.97–317.13 mg/100 g, respectively. It was reported that the
almond kernel is accepted as a good source for the minerals [26–28]. For the almond kernels,
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the major minerals were reported as K, P, Ca, and Mg and minor elements were Na, Fe, Cu,
Zn, and Mn [8]. As is known, the minerals present in the plant tissues are sourced from the
soil, water, and fertilizers, the differences among the genotypes in terms of mineral profiles
are also attributed to the geographical origin, which combines soil and weather conditions,
and agricultural practices [28]. Additionally, it was informed that the ripening stage of
the kernel was also the other factor affecting the mineral profile of the almonds. Beltrán
Sanahuja et al. [23] stated that different almond genotypes could maturate in periods
along the year and with different ripening period length, and thus it should be considered
when comparing different cultivars. Drogoudi et al. [29] investigated the mineral profile of
72 different almond genotypes provided from different countries (France, Greece, and Italy),
and they found that the major elements were K, Mg, and P as similar to the current research
results. Şimsek et al. [30] characterized different almond varieties including Ferraduel
and Ferragnes almond types, and they reported that the major elements were also K, P,
and Mg for all samples. K and P levels of the Ferraduel and Ferragnes were 903.3 and
584.7 mg/100 g and 879.4 and 621.5 mg/100 g, respectively, and it was informed as very
similar to the levels found in the present work for both almond varieties. Cu was the
element found in the minor levels for all almond genotypes both in the present work and
the work of Simsek et al. [30].

3.4. Volatile Composition of the Almond Samples

Table 4 shows the volatile composition of all almond samples. For the almond samples,
41 different volatile compounds were identified, and their levels showed a significant
difference among the samples. As is seen, for all almond samples, toluene, 4-octanone,
pinacol, and 2-methylpentanal were the dominant volatile compounds for all almond
samples. The levels of toluene ranged between 64.3–201.05 μg/kg while the highest toluene
level was in the almond sample of FL and the lowest level was for the sample of YS. It was
determined that the differences among the samples in terms of toluene were significant
statistically (p < 0.05). 4-octanone levels were in the range of 29.35–334.55 μg/kg for the
samples. It was observed that the highest 4-octanone concentration was monitored for the
sample of FS (334.55 μg/kg) and the lowest level of 4-octanone concentration was for the
sample of TX (29.35 μg/kg).

The statistical analysis revealed that the differences were significant among the almond
samples in terms of 4-octanone level. Pinacol was also the most common present com-
pound in the almond samples, and its concentration ranged between 30.45–130.1 μg/kg.
The highest level of the pinacol was detected in the sample of FL, and the lowest level
was recorded for the sample of TX (30.45 μg/kg). For the other abundant volatile com-
pound named as 2-methylpentanal levels, the sample of LU showed the highest concen-
tration (368.25 μg/kg), and the sample of YS had the lowest level of 2-methylpentanal
(94.05 μg/kg). Apart from these major volatile compounds, many different constituents
were detected in almond samples, and their levels were also given in Table 4. When consid-
ering all compound types, a classification was carried out and the volatile compounds were
grouped as esters, alcohols, aldehydes, ketones, acids, and terpenes, and their levels were
tabulated in Table 4. As is seen from Table 4, it can be said clearly that the major volatile
groups were aldehydes and ketones for all almond samples.
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The minor chemical volatile group was also monitored as acids and terpenes (Table 4).
The highest ester levels were determined in the sample of FL (98.8 μg/kg) while the lowest
ester levels were recorded for the almond sample of TX (11.6 μg/kg). Alcohols ranged
between 53.1–160.3 μg/kg while the sample of FL also showed the highest alcohol group
and the sample of MA showed the lowest alcohol group levels. The almond samples of LU
and FS showed the highest levels of aldehydes and ketones, respectively, while the samples
of YS and TX had the lowest levels of aldehydes and ketones, respectively. For all almond
samples, other compounds that do not place in the mentioned chemical class above were
also characterized, and their levels were also tabulated in Table 4. For all identified volatile
compounds, almond types showed a significant effect on the variation among the sample
in terms of volatile compound concentration.

Xiao et al. [31] characterized volatiles in raw and dry-roasted almonds (Prunus dulcis);
using NIST libraries and Kovats Index values, they identified 41 volatiles including
13 carbonyls, 1 pyrazine, 20 alcohols, and 7 additional volatiles. It was revealed that
predominant volatile (2934.6 ± 272.5 ng/g) present in raw almonds was benzaldehyde,
known as the breakdown product of amygdalin. In the present study, benzaldehyde
was not the dominant compound, and it was detected in the almond samples except FS,
FL, and NU while the sample of NL showed the highest benzaldehyde concentration.
Mexis et al. [32] also reported the similar results to the results of Xiao et al. [31].

Karaat [1] investigated the volatile profile of two almond genotypes, and he re-
ported that the detected volatile compounds were butanal, butyl acetate, ethylbenzene,
p-chlorotoluene, and 4-octanone. In another study, Erten and Cadwallader [33] reported
the identification of predominant aroma components of raw, dry roasted, and oil roasted
almonds, and they revealed that the 1-octen-3-one and acetic acid were important aroma
compounds in raw almonds. In most of the study, the authors reported the volatile profile
of raw almonds revealed that the octanal, nonanal, acetic acid, and methional were the
volatile constituents of raw almonds [31,34–36].

3.5. Principal Component and Correlation Analysis

To determine the relationship among the studied parameters, Pearson correlation was
performed, and the results were illustrated in Figure 1. As is seen, there were generally no
significant correlations among the proximate composition except fatty acid and mineral
profile. It was determined that a significant and negative and positive correlation was
observed between oleic acid and palmitoleic acid (r = −0.81) and linoleic acid and palmitic
acid (r = 0.74), respectively. Additionally, for all almond varieties, the sample having the
highest oleic acid content had the lowest linoleic acid level, and thus a negative correlation
between oleic and linoleic acid level was monitored (r = −0.98). In addition to that,
between the palmitoleic acid, zinc, and phosphorus contents and total phenolic levels of the
almond samples, it was determined that there was a positive correlation. For the minerals,
between Fe and P (r = 0.82), Na and Mg (0.78), Mn and Ca (0.87), and Mn and K (0.87),
significant positive correlations were observed while Ca and Mg and K and Mg showed
negative correlation.

For the volatile compounds, principal component (PC) analysis was performed and
two main PCs explaining the total variation of the parameters as 55.2% was determined.
Figure 2 top shows the factor loadings of the samples and volatile compounds, and it was
determined that the almond samples showed differences in terms of the aroma. As is
seen from the figure, TX, NL, BA, and YS were in the same class and showed significantly
different volatile compounds compared to FL and LU. Additionally, FS differed in terms
of aroma profile compared to MA, NU, and GU. BA from Turkey showed similar aroma
with the sample of TX and NL from USA. Figure 2 bottom also showed the classification
of the identified volatile compounds. As is seen, five main clusters were determined for
the volatile profile of the samples, and it was also observed that the major compounds
identified for all of the studied almond genotypes were aldehydes, ketones, and alcohols.
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Figure 1. Pearson correlation matrix of almond characteristics.

Figure 2. Factor loadings (top) and cluster (bottom) of the volatile compounds for almond samples.
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3.6. Conclusions

It was observed that different almond genotypes from different countries showed a
significant variation in terms of main proximate composition, fatty acid and mineral profile,
and volatile composition. All almond samples were determined as rich in fat and protein.
Additionally, they had phenolic compounds. It was revealed that the almond oils were
composed of mainly unsaturated fatty acids such as oleic acid. For the mineral profile of the
samples, all of them showed richness in terms of phosphorus, potassium, and magnesium.
After volatile characterization, especially, aldehydes, ketones, and alcohols were the major
dominant aroma compounds, and the almond varieties differed significantly in terms of
the identified volatile component. It was concluded that the almonds showed significant
difference according to the genotypes as well as the origin. This comparative research
presented the main proximate composition and values compounds (fatty acid, mineral,
and aroma) concentrations of the different almond genotypes to see the differences in the
nutritive values of the studied varieties.
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Abstract: Starch is widely used in the food and non-food industries, and this is related to its physico-
chemical characteristics. In the coming years, climate changes will become unpredictable, and these
conditions may affect the process of starch biosynthesis and polymer properties. The sweet potato
starch market has grown substantially in recent years and understanding the environmental impacts
on starch characteristics will contribute to advances for the sector. Herein, the effects of the growing
season on the structural, morphological, and physicochemical properties of sweet potato starches
were evaluated. Sweet potato trials with two Brazilian cultivars (Canadense and Uruguaiana) were
installed in the dry season (planting in March and harvesting in July) and rainy season (planting in
October and harvesting in March). Regardless of the cultivar, starches isolated from plants grown in
the rainy season have a more ordered structure, with higher gelatinization temperatures, thermal
stability, and resistant starch content. Starches from plants grown in the dry season have a higher
percentage of small granules with lower crystallinity and lower gelatinization temperatures. These
findings can be useful as early knowledge of these changes can help the supply chain to better plan
and target suitable markets for naturally modified sweet potato starches.

Keywords: Ipomoea batatas (L.) Lam; growing season; native starch; physicochemical properties

1. Introduction

Sweet potato is an important crop for global food security and has been considered an
emerging source of starch. In 2021, the world produced about 88.87 million tons (Mt) of
sweet potato roots, with Asia standing out as the largest producer (61.45%), followed by
Africa (33.72%) and the Americas (3.78%), with Brazil producing 824,680 tons [1–4].

Starch accounts for 17.5% of the fresh mass and 40–50% of the dry mass in sweet potato
roots [5,6]. This polymer is used in a wide range of foods for various purposes, includ-
ing thickening, gelling, adding stability, and replacing or extending the more expensive
ingredients [7].

In the last decade, studies have reported an increase in the use of sweet potato starch
in the food industry. The global sweet potato starch market is expected to grow by 3.9%
over the next years, from USD 560 million in 2019 to USD 710 million in 2024 [8,9].

The sweet potato growth cycle (4 to 6 months) is characterized by an initial phase
(adventitious root growth), an intermediate phase (root tuberization) and a final phase
(accumulation of photo assimilates in the tuberous roots). Although sweet potato is a
moderately drought tolerant crop, water stress affects plant development by limiting
photosynthetic activity, and affecting storage root development, volume, and yield [10,11].
Favorable environmental conditions can lead to an early onset of tuberization, prolonging
the period of reserve accumulation in the roots, with increased starch accumulation rate and
improved productivity [5]. The process of starch biosynthesis in plants involves isoforms
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of several enzymes. In addition to genotypic interference and climate variations from year
to year, changes in planting or growing seasons at various locations can have a strong
influence on the action of synthesis enzymes and thus on starch functionality [12–14].

Due to the different applicability requirements of starch, chemical modification has
been applied. However, currently a greater number of consumers are concerned about their
health and have avoided the consumption of products that contain modified starch as an
additive on their labels, which has increased the demand for natural starches, which are
considered as ingredients [15–18].

The effects of climate change on starch synthesis in plants, structure and functional
properties of starches are still poorly explored. In this study, starches isolated from sweet
potato plants grown in the dry and rainy season were analyzed for morphological, struc-
tural, and physicochemical properties. The results will help broaden the understanding of
the impacts of climatic conditions on starch properties, encouraging farmer and industry
integration to add value to naturally modified sweet potato starches.

2. Materials and Methods

2.1. Cultivars, Experimental Area, and Treatments

In this study, the cultivars Canandese and Uruguaina were evaluated. These are the
main cultivars planted in the state of São Paulo, Brazil.

Experimental trials were installed at São Manuel Experimental Farm of the São Paulo
State University, São Manuel city, SP, Brazil. (22◦44′28′′ S, 48◦34′37′′ W, at an altitude of
740 m a.s.l). The region has a Cwa climate (tropical with a dry winter and a hot, rainy
summer) according to the Köppen classification system. The soil in the experimental area
was classified as a sandy textured dystroferric Red Latosol, corresponding to a dystrophic
Typic Hapludox. Prior to the installation of the experiments, soil samples were collected at
a depth of 0–20 cm and the chemical characteristics of the soils were determined: pH in
CaCl2, 4.8; Soil organic matter, 13 g dm−3; Presin, 12 mg dm−3; H + Al, 26 mmol dm−3; K,
2.9 mmol dm−3; Ca, 11 mmol dm−3; Mg, 4 mmol dm−3; ECEC, 43 mmol dm−3.

The first planting period was in March and the harvest was in July 2018 (dry season—
DS), and the second planting period was in October 2018 and the harvest was in March
2019 (rainy season—RS). Climatic variables were monitored and presented in Figure 1.

At planting, branches of healthy plants with a length of 40 cm containing about eight
internodes were selected. The branches were planted at a depth of 10 to 12 cm. The
experimental plots consisted of six lines of 5 m in length (0.80 m spacing between lines
and 0.3 m between plants). The four central lines were considered as the useful area of the
plot, disregarding 0.5 m at the ends of each line. Soil preparation, fertilization for planting
and coverage, and phytosanitary management were carried out in accordance with the
recommendations for the crop [19] (Figure 2). The plants were harvested at 165 days
after planting.

2.2. Starch Isolation

The sweet potato roots were washed, peeled, and disintegrated in an industrial
stainless-steel blender. The suspension passed through 80-mesh (0.177 mm) and 150-
mesh (0.105 mm) aperture sieves to rinse the fibrous residue. The residue retained on the
80-mesh sieve passed again through the same procedure to rinse the residual starch. The
recovered starch suspension was mixed into the first suspension and kept in a cold chamber
for decantation at 5 ◦C for 12 h. Afterwards, the recovered starch was siphoned, rinsed in
distilled water, recovered by centrifugation, and dried in an oven with air circulation for
12 h at 40 ◦C [20].
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Figure 1. Rainfall, maximum and minimum air temperatures recorded in experimental area.

Figure 2. Images of the experimental area and roots of sweet potato cultivars.

41



Horticulturae 2023, 9, 303

2.3. Starch Analysis
2.3.1. Morphology and Granule Size

The starch granule morphologies were evaluated using scanning electron microscopy
(model EVO LS15, Carl Zeiss, Oberkochen, Germany). Starch samples were applied to an
aluminum stub with double-sided tape and covered with a thin gold layer (20 nm) in a
metallizer for 220 s (Sputter Coater SCD 050- Balzers). The images were obtained using
2000× magnification in high vacuum (10−3 Pa) and recorded through the Finepix digital
camera and smart SEM software (Carl Zeiss, Oberkochen, Germany).

Starch granule size and size distribution were determined through laser diffraction
analysis by using a Helium–Neon laser (Mastersizer 2000, Laser Scattering Spectrometer,
Model MAM 5005-Instruments Ltd., Worcestershire, UK). Starch samples were dispersed
in distilled water until an obscuration of 5.5% was reached. The refractive indexes of starch
samples and solvent were 1.500 and 1.360, respectively. Surface-weighted diameter (D[3,2]),
volume-weighted diameter (D[4,3]), median particle size (D[0.5]), and size distribution of
the particles were obtained and chosen as granule size through the manufacturer’s software
(Malvern Application version 5.6, Malvern Instruments Ltd., Worcestershire, UK) [20].

2.3.2. X-ray Diffraction Pattern (XRD) and Relative Crystallinity (RC)

Starch samples were incubated in a desiccator containing saturated BaCl2 solution
(25 ◦C, aw = 0.9) for 10 days to reach humidity equilibrium (90%) and improve the quality
of the diffraction diagram. X-ray patterns were examined using the goniometer system
Rigaku MiniFlex 600 powder X-ray diffractometer (Cu Kα radiation, λ = 0.1542 nm) (Rigaku,
Tokyo, Japan). The scanning speed was 5 ◦θ min−1 and the irradiation was performed at
40 kV and 15 mA. The relative crystallinity was calculated based on the relation between
the peak and the total area of the diffractogram [21].

2.3.3. Amylose and Resistant Starch

The amylose content of the starch was determined using the method described by
Williams et al. [22]. A starch sample (20 mg) was taken, and 10 mL of 0.5 N KOH was
added to it. The suspension was thoroughly mixed. The dispersed sample was transferred
to a 100 mL volumetric flask and diluted to the mark with distilled water. An aliquot of
this solution (10 mL) was pipetted into a 50 mL volumetric flask and 5 mL of 0.1 N HCl
was added followed by 0.5 mL of iodine reagent. The volume was diluted to 50 mL and the
absorbance was measured at 625 nm.

Resistant starch content was determined according to Goñi et al. [23]. The samples
were subjected to: incubation (40 ◦C, 60 min, pH 1.5) with pepsin (0.1 mL (10 mg/mL),
Sigma P-7012) for protein removal; incubation (37 ◦C, 16 h, pH 6.9) with α-amylase (1 mL
(40 mg/mL), Sigma A-3176) to hydrolyze digestible starch; residue treatment with 2 M KOH
for solubilization of resistant starch; incubation (60 ◦C, 45 min, pH 4.75) with amyloglucosi-
dase (80 mL (140 U/mL), Sigma A-7255) to hydrolyze the resistant starch solubilized; and
the glucose contents in the mixture were measured using glucose oxidase and peroxidase
assay kits (GAGO-20, Sigma–Aldrich Company, Saint Louis, MO, USA).

2.3.4. Swelling Power (SP) and Solubility (SS)

The starch samples (0.2 g, wet basis) were placed in tubes and 20 g of distilled water
was added based on the initial moisture content. The suspension tubes were immersed
in a water bath under constant agitation for 30 min at 95 ◦C. All tubes were covered with
plastic to prevent water loss. Each sample was then centrifuged at 2000× g for 15 min; an
aliquot (mL) of the supernatant was then collected and left to dry in an oven at 105 ◦C until
constant weight was reached (Ws). The precipitated paste was separated from supernatant
and weighed (Wp) [24].
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SS (%) = [Ws/ sample weight (dry basis)] × 100
SP (g g−1) = [Wp × 100] / [sample weight (dry basis) × (100 − % S)]

2.3.5. Pasting and Thermal Properties

The pasting properties of sweet potato starches were analyzed using a Rapid Visco
Analyzer (RVA), RVA-4500, Newport Scientific Pty. Ltd., Warriewood, Australia), using
Thermocline for Windows, version 3.0. For the analysis, 3 g of each sample were weighed
according to their respective moistures, adding approximately 25 g of water to reach a
concentration of 10% starch, and were placed in the sample holder of the equipment. For
approximately 10 s, the mixture was stirred at 960 rpm (160 rpm during the test). The
temperature program used was STD 1. The samples were held at 50 ◦C for 1 min, followed
by heating from 50 ◦C to 95 ◦C at a rate of 6 ◦C minutes−1; holding at 95 ◦C for 5 min,
and cooling at 50, at 6 ◦C min−1. The equipment generated viscosity in Rapid Visco Units
(RVU), where one unit is equivalent to 12 cP [25].

Thermal properties were evaluated using a differential scanning calorimeter (Perkin
Elmer DSC-8500, Norwalk, CT, USA). Starch samples (2.0 mg, dry starch) were mixed
with distilled water (6.0 μL) in aluminum pans. The pans were sealed and kept for 2 h
at room temperature until balanced; an empty sealed pan was used as reference. The
scanning temperature range was 25 ◦C to 100 ◦C and the heating rate was 10 ◦C min−1. The
equipment was calibrated with indium. The thermal parameters including the temperature
of the onset (To), peak (Tp), conclusion (Tc), and the enthalpy change (ΔH) were obtained
using the software Pyris 1 (Perkin Elmer, EUA) [20].

2.4. Data Analysis

Analysis of variance (ANOVA) was performed with a significance level of 5% and
differences between means were determined by Tukey’s test, using the Sisvar program
(Lavras, MG, Brazil). All measurements were performed in quadruplicate and data are
presented as mean and standard deviation.

3. Results and Discussion

3.1. Morphology and Granule Size

Starch granule morphology is related to amyloplast biochemistry and plant source.
For both cultivars grown in dry season (DS), the microscopic analysis showed granules
with smooth surfaces, concave and convex polygonal shapes with curved sides with some
depression points and a number of small granules (Figures 3 and 4). In the rainy season
(RS), the shape of the starch granules was similar to that of the DS, but with a predominance
of the rounded shape and a reduced number of small granules (Figure 3). Some authors
have already observed similar shapes of sweet potato starch granules [8,26–28].

Starches isolated from plants grown in the rainy season were larger, indicating the
interference of water availability on root tuberization and distribution of granule sizes
(Table 1). Teerawanichpan et al. [29] compared cassava plants grown in different climates
and observed that starch granules were larger in plants grown under higher rainfall than
in plants under dry season. In the dry season, there are fewer hours of light; nighttime
temperatures are low, in addition to low precipitation, interfering with the rate of photo-
synthesis and root tuberization. Consequently, there is a higher percentage of granules that
are not fully formed.
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Figure 3. Microphotograph of starch granules from sweet potato cultivars. (A) Starch from cultivar
Canadense (Dry season); (B) Starch from cultivar Canadense (Rainy season); (C) Starch from cultivar
Uruguaiana (Dry season); (D) Starch from cultivar Uruguaiana (Rainy season).

Figure 4. Granule size distribution of sweet potato starches. DS = dry season; RS = rainy season.
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Table 1. Effect of growing season on sweet potato starches in terms of particle size parameters,
amylose content, relative crystallinity, resistant starch, swelling power and solubility, and analysis
of variance.

Canadense Uruguaiana
ANOVA

Source of Variation

Dry Season Rainy Season Dry Season Rainy Season C GS CxGS

D[4,3] (μm) 19.29 ± 0.12 bA 22.61 ± 0.02 aA 14.68 ± 0.24 bB 17.14 ± 0.22 aB *** *** **
D[3,2] (μm) 16.72 ± 0.14 bA 19.28 ± 0.02 aA 12.23 ± 0.11 bB 14.93 ± 0.19 aB *** *** ns
D(0.5) (μm) 18.11 ± 0.12 bA 21.13 ± 0.02 aA 13.49 ± 0.16 bB 16.12 ± 0.20 aB *** *** *

Relative crystalinity (%) 25.67 ± 0.30 bB 29.92 ± 0.77 aB 26.96 ± 0.32 bA 31.13 ± 0.40 aA ** *** ns
Amylose (%) 25.49 ± 5.6 aB 25.35 ± 1.1 aB 26.29 ± 2.0 aA 25.61 ± 1.3 bA * ns *

Resistant Starch (%) 59.16 ± 9.7 bA 64.34 ± 6.2 aA 54.88 ± 9.8 bB 69.22 ± 2.2 aB *** *** ns
Swelling Power (g g−1) 40.09 ± 1.26 aA 27.18 ± 0.15 bB 39.07 ± 1.31 aA 30.56 ± 0.13 bA * *** **

Solubility (%) 33.38 ± 0.30 aA 18.48 ± 0.05 bB 32.15 ± 1.37 aA 20.39 ± 0.33 bA ** *** ns

The same lower-case letter in line, in each cultivar, indicates that the results do not differ statistically between
growing season; and the same upper-case letter in line, in each season, indicates that the results do not differ
statistically between cultivars using the Tukey’s HSD test (p < 0.05). D[3,2], surface-weight diameter; D[4,3],
volume-weighted diameter; D(0.5), median particle size. The means are based on four repetitions. C = cultivar;
GS = growing season. ns = Non-significant at the 0.05 probability level; * = Significant at the 0.05 probability level;
** = Significant at the 0.01 probability level; *** = Significant at the 0.001 probability level.

Regardless of the growing season, starches isolated from ‘Canadense’ had a higher
average size, with a wider size distribution. Starches from ‘Uruguaiana’ had a uniform
distribution of granule sizes. These differences may be related to the root system of the
cultivar, which interferes with nutrient uptake, storage root formation and tuberization,
and adaptation to different climatic conditions, interfering with starch biosynthesis and
granule size.

The size of sweet potato starch granules is quite variable. Guo et al. [30] analyzing the
granule size distribution of starches extracted from sweet potatoes with white, yellow, and
purple pulp observed that the granule sizes ranged from 12.33 to 18.09 μm. Wang et al. [31]
after analyzing starches obtained from colored sweet potato varieties observed that of the
eight varieties analyzed, three starches showed a bimodal size distribution, with small
granules (1–4 μm) and large granules (5–84 μm). The other starches showed unimodal
distribution with a granule size ranging from 4.5 to 84 μm. The average size of the starch
granules ranged from 16.10 μm to 23.94 μm.

The relationship between the size of granules and the applicability of starches is
important. Smaller granules have been valued in edible products such as sauces and dairy
desserts, which require a soft mouth feel. They can also be used as fat substitutes due to
their similar size to lipid mycelia. Other applications where granule size is important are
the production of biodegradable plastic films, paper coatings, and cosmetic products.

3.2. X-ray Diffraction Pattern and Granule Size

Starch granules have crystal structures with specific X-ray diffraction patterns, called
A, B and C, due to the packing of the double helices of amylopectin. The crystal structure of
sweet potato starch is variable and may present patterns of types A, C or CA [31–33]. Starch
isolated from ‘Canadense’ grown in rainy season showed an A-type diffraction pattern
with the most intense peaks at 15, 17, 18, and 23◦ 2θ. The same cultivar presented a CA-type
in dry season with the most intense peaks at 15, 17, and 23◦ 2θ and a shoulder peak at
approximately 18◦ 2θ, that is, an indicative of great similarity to A-type polymorph. Starch
from ‘Uruguaiana’ had a CA-type diffraction pattern in both seasons (Figure 5).
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Figure 5. X-ray diffraction patterns of sweet potato starches. DS = dry season; RS = rainy season.

Genkina et al. [34] reported the impact of sweet potato crop soil temperature on starch
properties. The starches isolated from plants grown at 33 ◦C had an A-type polymorph,
while the isolate from plants grown at 15 ◦C had a C-type polymorph. These results
contribute to the understanding of the pattern variation observed in the starches of the
‘Canadense’, since in the rainy season daytime and nighttime temperatures are higher than
in the dry season, which influences the soil temperature.

Starch is a semi-crystalline material, and the degree and type of crystallinity depends
mainly on the structural characteristics of amylopectin. Starches with A-type have a high
proportion of short chains in amylopectin. Starches with B and C-type polymorph amy-
lopectin are highly branched, forming long chains linked to amylose molecules. Starches
from ‘Uruguaiana’ showed higher relative crystallinity than those from ‘Canadense’. The
crystallinities of starches isolated from plants grown in the rainy season were about 4%
higher than those of starches from plants grown in the dry season (Table 1). Starches
from plants grown in the dry season showed percentages of crystallinity within the ranges
reported in other studies [27,28]. The changes resulting from the growing seasons may
be related to the actions of starch synthesizing enzymes [28]. Starch crystallinity affects
the physical, mechanical, and technological properties of various starchy products, and is
therefore important for product development, quality, and process control [25].

3.3. Amylose and Resistant Starch

The amylose content and the characteristics of the particles and microstructure of the
granules determine whether the starch can be used as a stabilizer, gelling agent or thickener
in industries. The amylose content of sweet potato starch, according to several studies
ranges from 15.3 to 28.8% [20,26,28,33,35–37].

The amylose content of sweet potato starches varied between cultivars in the dry
season, with the highest content observed for starch from ‘Uruguaiana’ (Table 1). Teer-
awanichpan et al. [29] observed that the change in amylose content with the growing season
was specifically related to the cultivar.

Starches with a high content of amylose are capable of forming inclusion complexes
with food ingredients such as essential oils, fatty acids and flavoring molecules, acting
as an encapsulant that contributes to an increase in the shelf life of products. In addition,
high-amylose starches have interesting nutritional properties, since high amylose is linked
to high levels of resistant starch in processed starchy foods [38]. Starches isolated from
plants of the same cultivar grown in the rainy season showed higher levels of resistant
starch. The same response was observed for starch granule sizes showing that larger
granules were more resistant to hydrolysis (r = 0.95, p < 0.001). Furthermore, it was possible
to verify that starches with higher crystallinity obtained in the rainy season also had a
higher resistant starch content, with a positive correlation between the two characteristics
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(r = 0.73, p < 0.01). Starches isolated from ‘Canadense’ showed higher levels of resistant
starch than those isolated from ‘Uruguaiana’, which improved its functional properties.

Higher levels of resistant starch can increase the commercial value of natural sweet
potato starch. Research indicates that the resistant starch market was valued at USD
10.5 billion in 2022 and is expected to reach USD 19.9 billion by 2032 (CAGR of 6.6%). This
market has been driven by growing awareness of the health benefits of resistant starch
and increasing use of resistant starch in bakery products, confectionery products, dairy
products, breakfast cereals, beverages, among others [39].

3.4. Swelling Power (SP) and Solubility (SS)

In gelatinization, the starch structure breaks down, leading to the weakening of
hydrogen bonds and the interaction of water molecules with the hydroxyl groups of
amylose and amylopectin, causing swelling and partial solubilization of the starch.

Starches isolated from plants grown in the dry season had higher SP and SS than those
isolated from plants grown in the rainy season. Starch from the ‘Uruguaiana’ had higher SP
and SS in the rainy season (Table 1). The values observed in this study for starches isolated
in the dry season were close to those observed in other studies conducted in Brazil with
sweet potato starches [27,40], and those obtained in the rainy season were similar to those
observed in studies conducted in China [30,37].

The effects of the dry season on SP and SS are consistent with the smallest granule size
(r = −0.99, p = 0.01), higher amylose (r = 0.79, p < 0.05), and lower resistant starch (r = −0.81,
p < 0.05) observed in starches isolated from plants grown in these climatic conditions. The
relationship between these physicochemical parameters, and the water absorption capacity
and solubilization of starches has already been reported by Guo et al. [30].

3.5. Pasting and Thermal Properties

Data analysis of pasting properties of sweet potato starches showed a greater effect
of the growing seasons on the viscosity parameters (Table 2, Figure 6). Starches from
‘Canadense’ have higher viscosity peaks and breakdown and starches from ‘Uruguaina’
have higher retrogradation tendencies.

Figure 6. Rapid Visco Analyzer (RVA) profiles of sweet potato starches. DS = dry season;
RS = rainy season.
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Table 2. Effect of growing season on sweet potato starches in terms of paste properties, and analysis
of variance.

Canadense Uruguaiana
ANOVA
Source of
Variation

Dry Season Rainy Season Dry Season Rainy Season C GS CxGS

Peak Viscosity (RVU) 382.08 ± 13.92 aA 315.42 ± 0.34 bB 338.47 ± 5.10 aB 324.25 ± 2.22 bA ** ** ***
Breakdown (RVU) 234.22 ± 10.24 aA 193.63 ± 1.54 bA 177.55 ± 3.30 aB 156.97 ± 5.17 bB *** ** ***

Final Viscosity (RVU) 222.39 ± 9.94 aB 198.71 ± 2.13 bB 251.08 ± 4.63 bA 271.92 ± 8.81 aA *** ** ns
Setback (RVU) 74.53 ± 1.08 bB 76.92 ± 0.25 aB 90.17 ± 1.28 bA 107.75 ± 0.82 aA *** * **

Pasting Temperature
(◦C) 66.23 ± 1.18 bB 75.63 ± 0.03 aA 69.57 ± 0.45 bA 75.38 ± 0.42 aA * *** **

The same lower-case letter in line, in each cultivar, indicates that the results do not differ statistically between
growing seasons; and the same upper-case letter in line, in each season, indicates that the results do not differ
statistically between cultivars using the Tukey’s HSD test (p < 0.05). Rapid Visco Unit (1 RVU = 12 cP). The means
are based on four repetitions. C = cultivar; GS = growing season. ns = Non-significant at the 0.05 probability level;
* = Significant at the 0.05 probability level; ** = Significant at the 0.01 probability level; *** = Significant at the 0.001
probability level.

The resistance to mechanical action during the period of constant temperature main-
tenance in the RVA analysis indicates that the starch has strong intermolecular bonds.
Granules with low swelling power are more resistant to prolonged heating and/or mechan-
ical agitation, therefore, less susceptible to granule rupture, which is related to viscosity
stability. Starches isolated from plants grown in the rainy season had higher crystallinity,
lower swelling power and lower viscosity breakdown. This type of starch is preferred as a
thickener in foods that require a long heat treatment time under agitation, for example, in
processes that involve treatment with high temperatures and pressure, such as autoclaving,
and manufacture of soups and canned products [41].

All starches showed an increase in viscosity on cooling, with the highest setback
values observed for starches isolated from the ‘Uruguaiana’ in the two growing seasons
of the plants. Regardless of the cultivar, the setback was positively correlated with the
amylose content in the two growing seasons (Dry season, r = 0.73, p < 0.05; Rainy season,
r = 0.88, p < 0.05). Setback viscosity is an indirect measure of starch retrogradation tendency.
Retrogradation is the process of crystallization of starch chains, particularly amylose
molecules, which occurs after the gelatinized starch paste has cooled, forming a cohesive
three-dimensional network. The higher setback indicates lower stability of the starch
paste in cold and this parameter allows the estimation of the stability of the starch gel
during storage at low temperatures, considering that starches with lower tendencies to
retrogradation are more desirable by the food industry.

The gelatinization process depends mainly on the dissociation of the helical structure
within the starch chains, and the energy required to dissociate this structure varies with
different starch sources. The results observed in the analysis of the thermal properties
showed that both cultivars had higher gelatinization temperatures and enthalpy range
in the rainy season (Table 3, Figure 7). Starches isolated from ‘Uruguaiana’ had higher
gelatinization temperatures and enthalpy range in the dry season, differing in all parameters
from those isolated from ‘Canadense’. In the rainy season, the cultivars differed in the
initial and peak temperatures.
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Table 3. Effect of growing seasons on sweet potato starches in terms of thermal properties, and
analysis of variance.

Canadense Uruguaiana
ANOVA
Source of
Variation

Dry Season Rainy Season Dry Season Rainy Season C GS CxGS

Tonset (◦C) 57.47 ± 0.19 bB 70.32 ± 0.20 aB 58.10 ± 0.17 bA 71.72 ± 0.05 aA *** *** **
Tpeak (◦C) 62.07 ± 0.07 bB 74.69 ± 0.20 aB 63.30 ± 0.19 bA 75.31 ± 0.14 aA *** *** **

Tconclusion (◦C) 68.23 ± 0.09 bB 79.28 ± 0.10 aA 70.50 ± 0.41 bA 79.34 ± 0.23 aA *** *** ***
Tconclusion-Tonset (◦C) 10.77 ± 0.27 aB 8.96 ± 0.15 bA 12.40 ± 0.41 aA 7.62 ± 0.19 bB *** *** ***

ΔH (J g−1) 12.51 ± 0.29 bB 14.84 ± 0.19 aA 13.94 ± 0.26 bA 14.85 ± 0.30 aA * *** **

T, temperature; Tconclusion-Tonset, temperature range (ΔT); ΔH, enthalpy change. C = cultivar; GS = growing season.
The means are based on four repetitions. ns = Non-significant at the 0.05 probability level; * = Significant at the
0.05 probability level; ** = Significant at the 0.01 probability level; *** = Significant at the 0.001 probability level.

Figure 7. Differential scanning calorimetry (DSC) curves of sweet potato starches. DS = dry season;
RS = rainy season.

Tsakama et al. [42] analyzed the pasting properties of eleven sweet potato genotypes
and observed that the pasting temperature ranged from 73.4 to 75.88 ◦C, the peak viscosity
ranged from 1947 to 2596 cP, the hot viscosity ranged from 1496 to 2049 cP, the breakdown
ranged from 221 to 889 cP, the cold viscosity ranged from 2304 to 2762 and the setback
ranged from 1.51 to 1.71 cP.

Gelatinization temperature provides a measure of granule crystallinity [43], and in
this study, differences of approximately 12 ◦C in gelatinization temperatures were observed
between the growing seasons for the two cultivars, indicating a possible presence of a
larger area of crystallinity in starches isolated from rainy season plants in relation to the dry
season. The higher gelatinization temperatures and enthalpy range can be explained by
the higher relative crystallinity of the starch granules, which provides a higher structural
stability [44].

Campanha and Franco [45] reported gelatinization temperatures of sweet potato starch
ranging from 62.9 to 77.9 ◦C, with the peak at 70.6 ◦C, and an enthalpy range of 12.9 J/g.
The gelatinization temperatures of sweet potato starch were higher than those observed for
cassava (59.0 to 71.2 ◦C) and potato (61.9 to 69.9 ◦C) starches, suggesting stronger crystalline
structures and a higher molecular order of sweet potato starch.

The onset, peak, and conclusion temperatures of gelatinization observed in this study
were similar to those reported in other studies [8,30,41]. The enthalpy of gelatinization
(ΔH) provides a general measure of crystallinity and is an indicator of the loss of molecular
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order within the granule during gelatinization. In both growing seasons, the enthalpy of
gelatinization of sweet potato starches was positively correlated with the crystallinity of the
starches (DS, r = 0.92, p < 0.001; RS, r = 0.88, p < 0.01). Higher ΔH as observed for starches
isolated from the ‘Uruguaiana’ and those from plants grown in the rainy season suggests a
greater degree of organization or greater stability of the crystals.

4. Conclusions

Different plant-growing seasons led to the production of naturally modified sweet
potato starches, regardless of cultivar. Starches isolated from plants grown in the rainy
season have a more ordered structure with higher resistance to thermal processes. Starches
isolated from plants grown in the dry season showed lower resistance to heat and agitation,
tendency to retrogradation, paste temperature and enthalpy of gelatinization. In addition,
dry season starches had a lower content of resistant starch. These differences point to
different potential uses of naturally modified starch as an ingredient for food products.
With the global sweet potato starch market growing, our findings are also important for
defining industrial planning strategies.
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Abstract: Water availability, light, management practices, and harvest time impacts on Coffea arabica L.
yield and bean quality remain uncertain. It was hypothesized that the soil water and light availability
could impact berry distribution, yield, and bean chemical attributes within the plant canopy. Therefore,
it was aimed to study berry yield, berry distribution, and bean chemical traits along the canopy strata
of four coffee genotypes (Iapar 59, Catuaí 99 and two Ethiopian wild accessions, ‘E083’ and ‘E027’),
cultivated with (IRR) and without irrigation (NI) in the two initial harvest years. The maximum height
of berry occurrence was lower in NI than in IRR plants in both harvest years. In the 2nd harvest year,
higher leaf-to-fruit ratio was found under NI than under IRR for all genotypes, except for Catuaí 99,
while the most regular berry distribution among canopy strata was obtained in IRR ‘E083’, the highest
bean yield in IRR ‘E083’ and Iapar 59, and the highest percent of useful bean biomass in NI Catuaí
99. The reduced lipid content under IRR was more important in the 1st (all genotypes) than in the
2nd harvest year (Iapar 59 and ‘E027’). As a novelty, chemical bean composition was additionally
impacted by light availability along the canopy strata. Proteins declined from bottom (shaded) to
upper (highly light exposed) strata, regardless of genotype and harvest year. Similar stratification was
observed in caffeine in the 2nd year. Although some traits were somewhat changed among strata, no
substantial quality changes occurred, thus allowing that harvest might include the entire plant and not
only some specific strata. Iapar 59 and ‘E083’ showed chemical composition usually associated with
high bean quality, with the highest lipid, sucrose, and soluble sugar contents, and the lowest caffeine,
chlorogenic acids, and phenolic components among four genotypes, but Iapar 59 plants were less
affected in their yield under NI. Based on additional responses from space occupation and yield only
under IRR, the wild accession ‘E083’ must be considered in future breeding programs as promising
material for intensive input conditions. High bean quality and the less variated yield under lower soil
water availability qualified the Iapar 59 as the most prominent among the four genotypes.

Keywords: biomass; caffeine; chlorogenic acids; Ethiopian accessions; irrigation; leaf-to-fruit ratio;
lipids; proteins; sucrose

1. Introduction

Among the 130 species from the Coffea genus [1], C. arabica L. and C. canephora Pierre
ex Froehner commercially dominate the coffee trade [2]. Coffee plays a relevant role for the
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subsistence of nearly 25 million coffee-farming families from about 80 developing countries
of Asia, Africa, and Latin America [3]. C. arabica contributes today to about 60% of the
world’s coffee consumption [4], and C. canephora to the rest.

Coffee trees build their architecture following the Roux model, considering a continu-
ous growth and dimorphism of branches—orthotropic (1st order) and plagiotropic [5]. In
C. arabica, the plagiotropic axes develop from the 2nd to the 5th orders [6]. Coffee metamer
(basic architectural segment in tree construction) is characterized by internode, two leaves,
and two serial buds (up to 5–6 buds formed in each leaf axil). Buds may differ in either
inflorescence (up to 4 flowers from each bud in C. arabica), or more plagiotropic branches [7].
Therefore, the maximum possible flower/fruit number produced by one metamer is 40. All
plagiotropic orders bear fruits, especially in late production years, but the 5th order axes
are very rare [6,8].

The alternate vegetative and reproductive phases, six in total [9], occur in the coffee
plant over a two-year cycle, with the coexistence of two distinct phenophases within the
meta-population of axes and metamers in a same moment of the biennial cycle [6]. When
the number of daylight hours begins to decrease, such photoperiod changes can induce
the differentiation of the reproductive buds [10]. These buds grow and enter in dormancy,
matching with the dry season in most growing regions [7]. After the first rainfalls, the
break of bud dormancy initiates anthesis, or floral opening. In non-equatorial regions,
encompassing most Brazilian coffee production areas, blossom occurs at different periods
(from August to November) in two or more unsynchronized flushes [11], with the latter
promoting the simultaneous presence of mature and immature berries at harvest [6,12].
Expression of coffee florigen suggests a continuum of floral induction that allows different
starting points for floral activation, explaining developmental asynchrony and prolonged
anthesis events in coffee [13]. After fertilization, fruits develop along ca. 6–9 months, with
successive divisions and elongation of the perisperm and endosperm tissues [14].

In the mature coffee fruit (drupe, also called coffee cherry or berry), the exocarp is red
or yellow. The berry consists of pericarp and seeds or beans (usually two in C. arabica). To
obtain the commercial coffee beans, the pericarp outer skin, pulp, pectic adhesive layer, and
parchment (usually together with bean silverskin) are removed, through either dry or wet
processing [15]. The remaining part of the coffee beans (processed beans) are then roasted
using dry heat at temperatures usually between 200 and 240 ◦C, with constant stirring to
ensure even heat distribution [16].

To obtain a good fruit development, a certain leaf area expressed in leaf-to-fruit ratio
is required [17]. Consequently, plant investment in leaf area development must increase
with increased leaf area index, to sustain the growth and maintenance of berries. This
requirement increases with plant density [6], considering that leaf photosynthesis decreases
in the lower canopy layers with greater self-shading [18].

Arabica coffee beans contain up to 15% nitrogenous compounds (10–11% proteins,
0.9–1.3% caffeine, 0.6–2.0% trigonelline, 0.5% of free amino acids), 15–18.5% lipids, 50–60%
carbohydrates (6–9% sucrose, 0.1% reducing sugars, 33–44% polysaccharides, 3% lignin,
2% pectin), 3–4.2% minerals, and 4.1–7.9% chlorogenic acids [19]. Under different environ-
mental conditions, the same coffee species, or even genotype, can produce coffee beans
with a wide chemical composition [16,20], flavors, and aromas or sensory attributes [21,22].
The estimation is that chemical bean attributes and coffee cup quality are affected by 40%
pre-harvest, 40% post-harvest, and 20% export handling [23]. In fact, plant performance,
bean yield, and quality can be altered by: (1) genotype and its geographical origin [16,24],
(2) environmental conditions, such as soil, topography, altitude and climate [2,25], shade
density under agroforestry [24,26,27], and (3) cultural management practices, such as plant-
ing density [28], mineral fertilization [29], irrigation [30,31], pruning [32], or even “CO2
fertilization” [18,31,33]. The chemical composition is less impacted by biennial cycle [34],
or year of production [22], but the year impact can be significant in some experiments [28].

To ensure large, high-quality seed yields, abundant water availability is crucial during
the period of rapid berry expansion [35]. In drought-impacted regions, coffee yield increases
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with irrigation [36,37], but contradictory results were obtained about the impacts of this
management practice on coffee bean and/or cup coffee quality. Partial root zone drying
and normal deficit irrigation seemed to preserve cup coffee quality [36], although only
minor changes of bean quality were found under irrigation [38]. The 5-caffeilquinic acid
(5-CQA), the main chlorogenic acid (CGA) isomer found in coffee seeds, and the lipid
content do not vary with irrigation, while coffee bean sucrose and caffeine contents are
found to increase in non-irrigated coffee plants grown in warmer regions [38]. Other reports
pointed to greater caffeine and CGA contents in beans of irrigated than in non-irrigated
plants [30]. Additionally, low shading (ca. 30% irradiance reduction) can enhance dry bean
yield, and total sugar and CGA contents in coffee beans [37]. Some evidence suggests that
increased altitude (with a more prolonged maturation due to lower temperatures), as well
as shade, might improve the sensory attributes of coffee [39]. Contradictory reports about
environment and management practice impacts on coffee quality that might result from
distinct C. arabica cultivars used in the studies. They intrinsically respond differently to
shade/altitude, from yield to quality aspects [26,27], further interacting with management
conditions that strongly influence the outcome, or with adverse thermal/light and water
availabilities that can greatly reduce the potential bean yield and quality [30,40]. This can
interact with harvest year, for example, protein and caffeine contents increase and lipids
decrease in inferior plant layers (self-shading) only in latter harvest years [28].

One of the research gaps is related to shifts of coffee yield and quality (increase, de-
crease, or non-linear of principal primary and secondary metabolites) and their dependency
on water deficit and/or light conditions in different genotypes. It was hypothesized that,
depending on genotypes, the additional soil water availability and light availability along
the canopy strata, could impact on berry yield and bean chemical attributes, from the initial
harvest years. To examine this hypothesis, the variations in chemical traits of coffee beans
and productivity were evaluated along the canopy strata of plants cultivated under natural
rainfall or with supplementary irrigation, in four cropped genotypes (Iapar 59, Catuaí 99,
‘E027’ and ‘E083’) of different genetic origins, in two subsequent harvest years.

2. Materials and Methods

2.1. Plant Material and Experimental Conditions

Seedlings of Coffea arabica L. from the approximately 100 Ethiopian wild accessions
and the two test cultivars (Iapar 59 and Catuaí 99) were established in 2009 in nursery.
They were planted in 2010 in the experimental fields of IAPAR, Londrina (23◦18′ S and
51◦17′ W, altitude 620 m.a.s.l.), Paraná state, Brazil. Coffee rows were oriented east–west,
with 2.5 m distance among them, and 0.5 m between plants in the row (planting density
of 8000 plants ha−1), with four repetitions (plants) of each genotype in each of two water
regimes. Plants were randomly distributed in the experimental field. Two Ethiopian
wild accessions (‘E027’ and ‘E083’) were chosen because of their outstanding architectural
characters shown in spring 2011. The ‘E027’ presented visually large and long leaf blades,
branched structure, and very few flowers, whilst the ‘E083’ had smaller elongated leaves, a
high number of flowers, and quick vegetative space occupation by higher order branching.
Iapar 59 is originated from the cross between the cultivar Villa Sarchi CIFC 971/10 and
hybrid of Timor CIFC 832/2, representing C. canephora introgression by spontaneous
specific cross with C. arabica [41], while Catuaí 99 is a highly productive C. arabica cultivar
characterized by high cup quality [42].

The soil was dusky-red dystrophic latosol, characterized by 790.02 g clay, 160.31 g
silt, and 49.67 g sand per kg of soil particle-size in 0 to 0.20 m depth layer [43]. Climate is
subtropical, Köpen–Geiger climate type Cfa, with average annual precipitation of about
1585 mm, ranging from 55 mm in the driest month (August) to 245 mm in wettest one
(January). The limiting factors for C. arabica growth in Cfa climate are defined by low
autumn and winter temperatures [44], such that almost all plants from this experiment
died after the strong frost occurred after harvest in 2013, precluding the experimental
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continuation. The data of 2012–2013 daily rains were obtained from the IAPAR local
meteorological station.

Coffee plants were cultivated under rainfed (not irrigated—NI) and with additional
irrigation (irrigated—IRR) water regimes. For the latter, drip irrigation was implemented,
being triggered based on a soil water balance method, aiming at supplying the difference of
rain and soil storage [45]. The irrigation intensity was 3.5 L h−1 by dripper, placed near to
the trunk of each coffee plant. Fertilization NPK (20:5:15) was added at 1000 kg ha−1 year−1,
split in four times during the most demanding phenophases of the culture.

Light irradiance, measured as photosynthetic photon flux density (PPFD), was ob-
tained from stational sensors distributed along the plant canopy strata, starting from 20 cm
from the soil (average height of coffee trunks), and positioned at every subsequent 40 cm
of the plant height (60 cm, 100 cm). They were installed in one representative plant of
each genotype and each water regime. PPFD was measured before the harvests, during
one representative cloudy day, in June of 2012 and 2013. Stational photodiode sensors
(Hamamatsu G1118, Japan) used in the experiment were calibrated with sensors (LI-COR
190R, Lincoln, NE, USA). For data acquisition and storage, a datalogger (CR21X, Campbell
Scientific, Logan, UT, USA) and a multiplexer (AM416, Campbell Scientific, Logan, UT,
USA) were used, allowing the simultaneous data collection of up to 32 irradiance sensors.
This included Hamamatsu sensors positioned at the base of each existing stratum along
the plant canopy strata of representative plants, while one LI-COR 190R was installed in
the middle of the field, as a PPFD reference, at 2 m height (thus, above the plant top). Data
were collected every 60 s and were presented as mean values for each 15 min interval.

2.2. Plant Coding, Computational Processing, Berry Harvests, and Yield

Coffee plant coding was performed in the two harvesting periods, in June of 2012
and 2013. Harvest was effectuated in two or three passages, two weeks apart, always
collecting only red (cherry) berries under adequate state of maturation. For berry collection,
plant canopy was divided in four strata (S): S1: 20–60 cm (or <60 cm); S2: 61–100 cm;
S3: 101–140 cm; S4 > 140 cm (Figure 1).

Figure 1. Snapshots of 3D reconstruction of one ‘E083’ irrigated plant in the (A) 1st (2012) and (B) 2nd
(2013) harvest year, illustrating the strata along plant canopy: S1: 20–60 cm (or <60 cm); S2: 61–100 cm;
S3: 101–140 cm; S4 > 140 cm.

Topological and geometric codification of coffee trees was performed in three botanical
scales—metamers, branches, and plants [8] in multiscale tree graphs [46]. The orthotropic
axes were always described at metamer scale, collecting a maximum number of variables,
including length of each metamer, leaf position, size and elevation, orientation, and total
length of all plagiotropic branches inserted in the orthotropic axis. Four representative
2nd order plagiotropic axes were sampled (one for each cardinal point) in each stratum
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above the trunk [42]. The sampled plagiotropic axes were described in detail following
the same logic as orthotropic axes. In addition, the 3rd to 5th order plagiotropic lateral
branches that belonged to the sampled and decomposed 2nd order branches were also
described in detail. All other 2nd order plagiotropic axes were described according to their
positions along the orthotropic axis, considering elevation and orientation cardinal points,
total live length of the axes, mortality/vivacity of 2nd order plagiotropic axes terminal apex,
supported by total number of berries [47]. The plants were reconstructed using the VPlants
modeling platform [48]. The reconstructions followed the specific proposed modules use,
such as AmostraCafe3D, VirtualCafe3D, and Cafe3D and procedures [6,47]. Reconstructed
plants (Figure 1) permitted the calculation of leaf and branch area. In this paper, only the
information about the total berry number, leaf/branch area per plant, together with berry
position relative to the trunk distance, or over the strata were estimated from the virtual 3D
plants (Figure 1). This information was used to calculate the ratio of average leaf-to-fruit
and branch-to-fruit ratios (cm2 berry−1) of plants in the two harvest years.

The berry yield of coffee cherries (fresh berry mass, FM) was measured separately for
each plant and each plant stratum. The collected berries were dried in the sun at a concrete
yard until 12.5% of moisture (dry berry mass, DM). Afterwards, the pulp and parchment
were removed, and only beans without visual defects (processed bean mass, BM) were
selected for further analysis. The initial berry moisture was calculated from the ratio of DM
to FM. The dry and processed bean mass performances were calculated as percent of BM or
DM to FM, respectively.

2.3. Chemical Attributes of the Coffee Beans

The processed beans were stored in a dry local on paper bags. The coffee beans
from each genotype, stratum, water availability, and harvest year were frozen with liquid
nitrogen at −196 ◦C for chemical analyses, ground in a laboratory disk mill (Perten 3600,
Kungens Kurva, Sweden) to a particle size of 0.5 mm, packed in plastic bottles, and kept
at −18 ◦C until analysis. The determination of protein (PRO), caffeine (CAF), lipids (LIP),
sucrose (SUC), total soluble sugars (TS), total chlorogenic acids (CGA), and total phenolic
components (PC) in coffee beans was performed using a near infrared spectroscopy (NIR,
SYSTEM 6500 spectrophotometer, Foss-Perstorp employing ISIscan software, Foss, Silver
Spring, MD, USA). The NIR reflectance spectra were collected at 2 nm intervals from 1100
to 2500 nm using a rectangular cell containing 6 g of ground coffee beans, and data were
saved as the average of 32 scans. The two replicates of the NIR spectra were collected for
each coffee sample. The blank spectrum was used from the ceramic plate supplied with
the instrument. The ISIscan software package was used to control the recorder, collect the
spectra, import, and analyze the data. The concentration of each compound was calculated
using the prediction models for coffee beans, developed by Scholz et al. [49].

2.4. Statistical Analyses

The ‘R’ software [50] was used for all statistical analyses. The experimental design was
completely randomized, with plant or stratum as statistical units, and four repetitions. Data
were subjected to the two-way analysis of variance (ANOVA), after testing the hypothesis
of variance homogeneity. ANOVA considered a mixed linear model (‘nlme’ package) and
maximum likelihood to test the significance of differences between two water regimes (IRR
and NI), and four genotypes (‘E083’, ‘E027’, Iapar 59, and Catuaí 99). If no significant
interaction was found, the model reduction was applied and fitted. The significance of
local strata conditions (three in 2012 and four in 2013) was estimated for each genotype,
not including the water regime as a 3rd factor, to simplify the model and explanations. In
comparison among the averages estimated by the ANOVA models, the Tukey HSD test with
the significance of 0.05 was used, supported by ‘lsmeans’, and ‘multcompView’ packages.
In the 1st harvest year (2012), the ‘E027’ showed extremely low frequency or even lack of
berries in plants/strata, which was insufficient for any kind of further chemical analyses.
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To analyze the radial and vertical distribution of berries in coffee trees, the resulting
3D reconstructions were explored, using exact berry positions in the Cartesian coordinate
system (x, y, z). The cumulative empirical distribution weighted by the inverse of the
total number of berries per plant (function ‘Ecdf’, ‘Hmisc’ package) were estimated. The
weighted Kolmogorov–Smirnov two-sample test was used to compare water regime levels
for each genotype (function ‘ks_test’, ‘Ecume’ package) separately for each harvest year. Fi-
nally, the measured and calculated fruit architectural, yield, and chemical parameters along
the plant canopy strata were correlated separately for each harvest year, and graphically
presented using the ‘Hmisc’ and ‘corrplot’.

3. Results

3.1. Environmental Conditions—Rainfall and Light Distribution along the Plant Canopy Strata

The experimental fields were localized in Northwest of Paraná state, Brazil (Figure 2A).
During the experimental period, one not usual summer drought occurred in the beginning
of 2012, in the phenophase of leaf area and berry expansion (Figure 2B), the critical phase
for coffee yield and quality. The winter of 2012 was very dry, preceding the blossom. The
early autumn dry period in 2013 matched with the phenophases of berry maturation [9],
and the last dry period (winter of 2013) was used for berry harvest. The experiment finished
due to strong frost that killed almost all plants in the experimental area, with exception of
four IRR ‘E083’ plants.

Figure 2. Experimental site localization and the environmental factors during experiment. (A) Lond-
rina localization is tagged in red at Northwest of Paraná state, Brazil; (B) Daily rainfalls during the
experimental period, periods of 2012 and 2013 harvests, dry periods, and the strong frost that ended
the experiment are tagged. Photosynthetic photon flux density (PPFD, μmol photons m−2 s−1),
values (means ± standard errors, n = 4), registered along the plant canopy strata and in the reference
(2 m above soil) in (C) June 2012, and (D) June 2013.

Irradiance strongly and progressively decreased from the top to the bottom layers of
plant canopy (Figure 2C,D), even in the 1st harvest—2012 (Figure 2C), with quite small
plants. In fact, PPFD values registered at plant base (<60 cm) showed that a large part was
intercepted by leaves, since from the ~700 μmol photons m−2 s−1 measured at 2 m height
at noon (cloudy sky), only ~10 μmol photons m−2 s−1 and 55 μmol photons m−2 s−1
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reached S1 in IRR or NI plants, respectively. Most irradiance was intercepted by S2 and S3,
as inferred from the difference among PPFD of reference and at the bottom of S2(+S3), in
IRR and NI plants in 2012. In this year, the IRR plants intercepted more than NI plants, as
shown by the PPFD at S2(+S3), thus pointing to a greater leaf area of IRR than NI plants.

A more complex light distribution along canopy strata occurred in the 2nd harvest
year (2013, Figure 2D), due to an additional leaf stratum (S4, Figure 1B) as compared with
2012 (Figure 1A), which increased light interception (Figure 2D). The S3 + S4 strata would
have lower leaf area to intercept the incident light in NI than in IRR plants, as inferred from
the higher light measured at the bottom of S3 in NI plants, when compared to their IRR
counterparts (Figure 2D), in line with the 3D reconstruction (Figure 1B).

3.2. Plant Scale—Berry Production and Distribution, Leaf-to Fruit, and Branch-to Fruit
Dependency on Water Regime and Genotype

Total berry number per plant in 2012 greatly differed among the four genotypes,
between ca. 530 (‘E083’ = Iapar 59) and ca. 50 berries (‘E027’), but with no significant impact
of water regime, despite a common tendency to somewhat lower values in NI plants of
all genotypes except ‘E027’ (Figure 3A). In the 2nd harvest year, the ‘E027’ also showed
the lowest berry number per plant under IRR, whilst the other three genotypes showed
similar values, close to 3000 (Figure 3B). Contrasting with the 1st harvest year, significant
reductions of berry number per plant were observed under NI in all genotypes except in
Catuaí 99, as compared with their respective IRR plants.

Figure 3. Reproductive and vegetative investments at plant scale: (A) Berry number in 2012 and
(B) 2013; Leaf-to-fruit ratio (cm2 berry−1) in (C) 2012 and (D) 2013; Branch-to-fruit ratio (cm2 berry−1)
in (E) 2012 and (F) 2013) of four genotypes of Coffea arabica cultivated under two water regimes
(irrigated-IRR; not irrigated-NI). Mean values ± standard errors (n = 4) are shown. Lower-case letters
compare genotype effects within each water regime; upper-case letters compare water regime effects
within each genotype, always separately for each harvest year.
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In 2012, the greatest leaf-to-fruit ratio was found in ‘E027’ (Figure 3C), and with quite
low values in the other three genotypes, but without impact of soil water conditions in
all genotypes. In 2013, this parameter still presented maximal values in ‘E027’, but in
all genotypes presented much lower values than in 2012. Additionally, the response to
soil water availability was different in 2013, when greater leaf-to-fruit ratio values were
found under NI than under IRR for all genotypes, except Catuaí 99 (Figure 3D, p-value of
Genotype × Water regime = 0.0330).

In the 1st harvest year, the branch-to-fruit ratio (Figure 3E) showed a similar pattern
to the leaf-to-fruit ratio, with the highest values found in ‘E027’, quite low values in
the other three genotypes, and without impact of soil water conditions in all genotypes
(Figure 3E). In the 2nd harvest year, ’E027′ showed higher values of branch-to-fruit ratio
than the other three genotypes under IRR (Figure 3F). At the same time under NI, two wild
Ethiopian accessions showed higher values of this parameter than two cultivars (significant
interaction of Genotype × Water regime, p-value = 0.0012). In 2013, the branch-to-fruit
ratio had higher values under NI than under IRR in two Ethiopian accessions, but without
soil water regime impact in two cultivars.

In both harvest years, the distribution of berries along the height of the plant canopy
differed between the two water regimes, in all four studied genotypes (Figure 4A). Higher
density of berries in NI than in IRR was observed in lower plant strata. The berry distribu-
tion reached lower height in NI than in IRR plants of all genotypes, in both harvest years.
In 2013, the IRR ‘E083’ showed a regular berry distribution along the canopy height that
tended to linearity, attaining 200 cm of height, the highest among four genotypes.

(A) (B)

Figure 4. Empirical cumulative distribution function (ECDF) for berries along the (A) height of the
canopy and (B) radial plant profile analyzed for four genotypes of Coffea arabica cultivated under
two water regimes (irrigated and not irrigated). The p-values are shown (n = 4), comparing water
regimes, separately for each genotype and harvest year (2012 and 2013).

Additionally, the radial berry distribution (horizontal distribution over x- and y-axes) was
also assessed, showing slightly delayed berry accumulation over the plagiotropic branches in
NI compared to IRR in Catuaí 99 plants, in both harvest years (Figure 4B). The opposite, i.e.,

60



Horticulturae 2023, 9, 215

the delayed berry accumulation over the plagiotropic branches in IRR than in NI plants was
calculated for ‘E083 in the 1st harvest year and for ‘E027’ the 2nd harvest year. The radial berry
occupation zone referent to trunk attained the maximum from ca. 40 cm (‘E027’) to 60 cm
(‘E083’) in the 1st harvest year. In the 2nd harvest year, the radial zone of berry occupation
attained the maximum from ca. 60 cm (Iapar 59) to 80 cm (‘E083’ and Catuaí 99).

3.3. Components of the Berry and Bean Yields at Plant Scale Dependent on Water Regime,
Genotype, and Local Light Availability

In the 1st harvest year (2012) the yield components (fresh dry mass (FM), dry mass
(DM), processed bean mass (BM)), and mass performances were positively impacted by
irrigation in the three analyzed genotypes (Table 1). In this year, greater initial berry mois-
ture (indicator of delayed fruit maturation), and lower processed bean mass performance
were found in Catuaí 99 than in ‘E083’, while Iapar 59 showed intermediary values.

Table 1. Components of the berry and bean yields: fresh berry mass (FM), dry berry mass (DM), and
processed bean mass (BM) (g plant−1), initial berry moisture (%), DM and BM performances (%) of
two harvests (2012 and 2013) analyzed in four genotypes of Coffea arabica cultivated under two water
regimes (irrigated—IRR; not irrigated—NI). Estimated means and p-values are shown (n = 4), where
“-“ indicates that the model reduction and fitting were applied. When significant, p-value is marked
in bold. Lower-case letters compare genotype effects within each water regime; upper-case letters
compare water regime effects within each genotype, always separately for each harvest year.

Harvest
Year

Water
Regime

Genotype FM DM BM
Initial Berry

Moisture
DM

Performance
BM

Performance

2012 IRR ‘E083’ 573.1 aA 240.8 aA 117.4 aA 54.8 bA 47.4 aA 20.6 aA
Iapar 59 701.0 aA 254.8 aA 118.5aA 64.3 abA 48.1 aA 17.6 abA

Catuaí 99 469.1 aA 168.3 aA 75.3 aA 66.8 aA 43.6 aA 15.0 bA

NI ‘E083’ 271.4 aB 117.0 aB 52.8 aB 55.3 bA 40.6 aB 17.7 aB
Iapar 59 398.9 aB 131.0 aB 53.9 aB 63.8 abA 41.4 aB 14.6 abB

Catuaí 99 166.9 aB 44.6 aB 44.6 aB 66.3 aA 36.8 aB 12.1 bB

p-value Genotype 0.2535 0.1609 0.0876 0.0465 0.1085 0.0024
Water regime 0.0242 0.0088 0.0031 0.8881 0.0033 0.0161
Gen × Water - - - - - -

2013 IRR ‘E083’ 3943 aA 1287 aA 599 aA 65.3 aA 38.6 bB 17.4 cB
‘E027’ 1464 bA 503 bA 255 bA 66.9 aA 33.3 dA 15.9 dA

Iapar 59 3596 aA 1300 aA 637 aA 65.9 aA 37.6 cA 18.9 bA
Catuaí 99 1816 bA 724 bA 354 bA 57.9 bA 40.8 aB 20.4 aB

NI ‘E083’ 645 cB 248 bB 109 bB 61.3 aA 40.1 bA 20.7 bA
‘E027’ 640 cB 230 bB 107 bB 62.8 aA 31.3 dB 14.9 dB

Iapar 59 1830 aB 654 aB 311 aB 61.9 aA 32.9 cB 16.3 cB
Catuaí 99 1212 bB 622 aB 318 bB 53.8 bA 49.1 aA 24.3 aA

p-value Genotype 0.0422 0.0036 0.0049 0.0454 <0.0001 <0.0001
Water regime <0.0001 0.0001 0.0001 0.0990 <0.0001 <0.0001
Gen × Water 0.0248 0.0186 0.0216 - <0.0001 <0.0001

In the 2nd harvest year (2013), important increments in berry FM, DM, and bean BM
were obtained due to supplementary irrigation, as compared to NI values (Table 1). Those
increments were higher for two Ethiopia accessions than for two cultivars, although ‘E083’
and Iapar 59 did not differ as regards their absolute values under IRR conditions. The
mass performances were positively impacted by irrigation for ‘E027’ and Iapar 59, while the
opposite pattern was found for ‘E083’ and Catuaí 99 in the 2nd harvest year. Among the four
genotypes in 2013, the DM and BM performances showed maximum values in Catuaí 99,
followed by ‘E083’, both of which with greater values than Iapar 59 and ‘E027’, with the latter
showing the smallest values. In 2013, berries of Catuaí 99 had the lowest initial berry moisture
among the four studied genotypes, meaning the most advanced maturity of Catuaí 99.
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The variation in yield parameters was additionally studied among the canopy strata
of studied genotypes, irrespective of water regime. In 2012, no significant differences in
FM, DM, BM, or initial berry moisture were observed among three canopy strata in three
studied genotypes, despite the variation in estimated average values (Table 2). The DM
and BM performances showed lower values in Catuaí 99 than in other genotypes, in all
canopy strata, in 2012.

Table 2. Components of the berry and bean yields: fresh berry mass (FM), dry berry mass (DM), and
processed bean mass (BM) (g stratum−1 initial berry moisture (%), DM and BM performances (%)
of two harvests (2012 and 2013) analyzed in four genotypes of Coffea arabica along the canopy strata
(S1: 20–60 cm; S2: 61–100 cm; S3: 101–140 cm; S4: > 40 cm). Estimated means and p-values are shown
(n = 2–4), where “-“ indicates that the model reduction and fitting were applied. When significant,
p-value is marked in bold. Lower-case letters compare genotype effects in each stratum, whilst the
upper-case letters compare stratum effects in each genotype, always separately for each harvest year.

Harvest
Year

Stratum Genotype FM DM BM
Initial Berry

Moisture
DM

Performance
BM

Performance

2012 S3 ‘E083’ 178.2 aA 85.2 aA 44.2 aA 57.1 aA 47.4 aA 20.5 aA
Iapar 59 303.0 aA 108.4 aA 52.3 aA 62.2 aA 45.8 aA 18.8 aA

Catuaí 99 187.1 aA 65.2 aA 30.5 aA 65.0 aA 42.3 bA 15.4 bA

S2 ‘E083’ 220.4 aA 98.1 aA 46.3 aA 53.1 aA 45.2 aA 20.9 aA
Iapar 59 336.1 aA 121.3 aA 54.4 aA 58.3 aA 48.1 aA 19.2 aA

Catuaí 99 211.4 aA 78.1 aA 32.6 aA 61.0 aA 40.1 bA 15.8 bA

S1 ‘E083’ 151.2 aA 70.0 aA 35.1 aA 55.3 aA 46.0 aA 20.5 aA
Iapar 59 268.1 aA 93.2 aA 43.2 aA 60.4 aA 46.6 aA 18.7 aA

Catuaí 99 142.3 aA 49.9 aA 21.4 aA 63.2 aA 40.8 bA 15.3 bA

p-value Genotype 0.3217 0.4274 0.3739 0.2044 0.0298 0.0245
Stratum 0.7031 0.5813 0.6561 0.6534 0.7322 0.9427

Gen × Stratum - - - - - -

2013 S4 ‘E083’ 488.7 abA 152.1 abAB 65.3 abAB 61.4 abA 43.2 bA 18.6 bA
‘E027’ 131.6 bA 37.1 bAB 14.4 bAB 64.8 aA 50.5 bAB 19.4 bA

Iapar 59 752.1 aA 263.7 aAB 124.4 aAB 63.7 aA 44.5 bA 18.3 bA
Catuaí 99 283.0 abA 143.3 abAB 68.0 abAB 55.7 bA 51.4 aA 24.8 aA

S3 ‘E083’ 799.0 abA 290.7 abA 135.9 abA 60.8 abA 42.5 bA 17.3 bA
‘E027’ 441.9 bA 175.6 bA 85.1 bA 64.2 aA 49.6 aAB 18.1 bA

Iapar 59 1062.4 aA 402.2 aA 195.0 aA 63.1 aA 46.7 abA 17.0 bA
Catuaí 99 593.3 abA 281.9 abA 138.6 abA 55.1 bA 48.7 aB 23.5 aA

S2 ‘E083’ 777.9 abA 252.2 abAB 116.2 abAB 60.8 abA 43.3 bA 17.2 bA
‘E027’ 420.8 bA 137.1 bAB 65.3 bAB 64.2 aA 51.3 aA 18.0 bA

Iapar 59 1041.3 aA 363.8 aAB 175.3 aAB 63.1 aA 48.9 aA 16.9 bA
Catuaí 99 572.2 abA 243.4 abAB 118.9 abAB 55.1 bA 46.5 abB 23.4 aA

S1 ‘E083’ 408.9 abA 122.7 abB 52.2 abB 62.2 abA 44.8 abA 16.1 bA
‘E027’ 51.8 bA 7.7 bB 1.33 bB 65.6 aA 44.6 abB 16.9 bA

Iapar 59 672.2 aA 234.3 aB 111.3 aB 64.4 aA 49.3 aA 15.8 bA
Catuaí 99 203.1 abA 114.0 abB 54.9 abB 56.5 bA 41.0 bB 22.3 aA

p-value Genotype 0.0358 <0.0001 0.0353 0.0213 <0.0001 <0.0001
Stratum 0.1581 0.0429 0.0473 0.9569 0.0428 0.2244

Gen × Stratum - - - - 0.0005 -

Notably, in 2013, the highest FM, DM, and BM values were obtained in Iapar 59, and
the lowest in ‘E027’ consistently in all canopy strata (Table 2). The highest and lowest values
of DM and BM were found in S3 and S1, respectively, for all genotypes, showing greater
berry production in the stratum that received high PPFD. In 2013, the initial berry moisture
did not differ among strata, but was the lowest in Catuaí 99, opposite to BM performance
that was the highest in this genotype. The DM performance showed the interaction of
stratification with genotype: it was stable among the strata in ‘E083’ and Iapar 59; had
the highest values in S2 and the lowest in S1 (two self-shaded strata) in ‘E027’; and had
the highest values in the well-lighted S4 in Catuaí 99. Among the four genotypes, Catuaí
99 showed the lowest DM performance in the S1, intermediate in S2, but the highest in
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S3 and S4, which was related to low initial berry moisture in this genotype. This genotype
also showed the highest BM performance in all strata among the four genotypes, suggesting
its lowest losses in bean processing.

3.4. Chemical Attributes of the Coffee Dependency on Water Regime, Genotype, and
Irradiance Availability

High water availability (IRR) significantly altered only PRO and LIP contents, which
were reduced although not in great extent (between 5 and 6%) in the 1st harvest year in all
genotypes (Table 3). Furthermore, these compounds were mostly unresponsive to water
conditions in the 2nd year, with a marginal (but significant) decline of LIP content only
in ‘E027’ and Iapar 59 under IRR. On the other hand, the PRO, LIP, CAF, and CGA varied
among studied genotypes in the 1st harvest year, and in all studied components in the 2nd
harvest year in both water conditions. The highest PRO and CAF contents were found
in Catuaí 99 and Iapar 59 in the 1st harvest year, and in Catuaí 99 in the 2nd year, when
this genotype also showed the greatest contents of CGA and PC in both water regime. By
contrast, Catuaí 99 showed the lowest values of LIP, SUC, and TS in the 2nd harvest year,
with the highest contents of those compounds being found in ‘E083’ and Iapar 59 under
both water regimes.

Additionally, the variation in chemical composition of coffee beans was analyzed
along the canopy strata in studied genotypes (Figure 5). In the 1st harvest year, only PRO
content showed a stratification, being the lowest in the upper S3 in all three analyzed
genotypes, as compared to their respective S1 and S2 (Figure 5A). In the 2nd harvest year,
additionally to PRO, bean CAF content of all four genotypes also varied among the canopy
strata, with greater values found in S1 in all genotypes, and usually gradually decreasing
at higher (S3 or S4) strata, that is, with greater irradiance (Figure 5B).

Table 3. Chemical contents (% of dry matter): PRO (proteins), LIP (lipids), CAF (caffeine), SUC
(sucrose), TS (total soluble sugars), CGA (total chlorogenic acids), PC (phenolic compounds) of two
harvests (2012 and 2013) analyzed in four genotypes of Coffea arabica cultivated under two water
regimes (irrigated—IRR; not irrigated—NI). Estimated means and p-values are shown (n = 4), where
“-“ indicates that the model reduction and fitting were applied. When significant, p-value is marked
in bold. Lower-case letters compare genotype effects within each water regime, whilst the upper-case
letters compare water regime effects within each genotype, always separately for each harvest year.

Harvest
Year

Water
Regime

Genotype PRO LIP CAF SUC TS CGA PC

2012 IRR ‘E083’ 15.0 bB 15.4 aB 1.32 bA 7.41 aA 7.82 aA 5.31 bA 6.80 aA
Iapar 59 16.3 aB 14.0 bB 1.58 aA 7.01 aA 7.43 aA 5.75 aA 7.28 aA

Catuaí 99 16.4 aB 13.5 bB 1.56 aA 6.43 aA 6.75 aA 5.10 bA 7.60 aA

NI ‘E083’ 15.8 bA 16.2 aA 1.25 bA 6.47 aA 6.94 aA 5.22 bA 7.27 aA
Iapar 59 17.1 aA 14.8 bA 1.51 aA 6.07 aA 6.55 aA 5.66 aA 7.76 aA

Catuaí 99 17.2 aA 14.3 bA 1.49 aA 5.49 aA 5.87 aA 5.01 bA 8.08 aA

p-value Genotype <0.0001 0.0004 0.0004 0.1401 0.1053 0.0036 0.0855
Water regime 0.0003 0.0258 0.1776 0.0703 0.0848 0.5799 0.1759
Gen × Water - - - - - - -

2013 IRR ‘E083’ 14.6 cA 14.2 aA 1.34 dA 6.74 aA 6.99 aA 4.96 cA 5.88 bA
‘E027’ 16.3 bA 12.3 cB 1.80 bA 4.47 bA 4.59 bA 5.65 bA 6.57 bA

Iapar 59 15.4 cA 13.2 bB 1.61 cA 6.13 aA 6.37 aA 5.52 bA 6.08 bA
Catuaí 99 18.3 aA 10.9 dA 2.03 aA 3.28 bA 3.48 cA 6.84 aA 7.93 aA

NI ‘E083’ 14.2 cA 14.0 aA 1.30 dA 6.87 aA 7.19 aA 5.12 cA 6.23 bA
‘E027’ 15.9 bA 13.1 bA 1.76 bA 4.60 bA 4.79 bA 5.81 bA 6.93 bA

Iapar 59 15.0 cA 14.4 aA 1.57 cA 6.26 aA 6.57 aA 5.67 bA 6.43 bA
Catuaí 99 18.0 aA 10.9 cA 1.98 aA 3.42 bA 3.59 cA 7.00 aA 8.28 aA

p-value Genotype <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Water regime 0.1634 0.0019 0.2509 0.6737 0.5294 0.2812 0.1308
Gen × Water - 0.0001 - - - - -
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Figure 5. Chemical contents (% of dry matter) of coffee grains: PRO (proteins), LIP (lipids), CAF
(caffeine), SUC (sucrose), TS (total soluble sugars), CGA (total chlorogenic acids), PC (phenolic
compounds) of two harvests, (A) 2012 and (B) 2013, analyzed in four genotypes of Coffea arabica
among the plant canopy strata (S1: 20–60 cm; S2: 61–100 cm; S3: 101–140 cm; S4: >140 cm). Estimated
means ± standard error (n = 2–4) are shown. Lower-case letters compare genotype effects in each
stratum, whilst the upper-case letters compare stratum effects in each genotype.
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3.5. Correlations among the Berry Distribution per Strata, Yield, and Chemical Attributes

To synthesize the previous results, a correlation analysis was performed (Figure 6)
considering berry distribution along the strata (sequential growing numbers for ‘Stratum’
in correlations), yield, and chemical coffee bean characteristics. In 2012, a decline of berry
number was observed from S1 to S3 (Figure 6A), as a general response not observed when
genotype and soil water availability impacts were analyzed (Table 2). Positive correlation of
FM, DM, and BM was observed with increased canopy strata in 2013 (Figure 6B). Increased
stratum height was associated with a decline of protein content in both harvest years
(Figure 6A,B), decreased content in CAF in 2013 (Figure 6B), and increased in LIP in 2012
(Figure 6A). The FM over the plant canopy strata was positively associated to DM, BM in
both years (Figure 6), and to increased initial berry moisture in 2012 (Figure 6A). The last
suggested that in the first harvest year, the higher strata produced berries that that were
induced lately (from latter flowering), gaining the red color rapidly, but still retaining more
moisture than lower strata.

Figure 6. Graphical presentation of coefficients (values corresponding to circle size and color intensi-
ties) and p-values < 0.05 (not crossed circles) for general correlations among berry distribution along
plant canopy strata (Stratum (S1–S4), StratumBerries (number of berries stratum−1)), yield [FM and
DM (fresh and dry berry mass stratum−1 respectively), BM (processed bean mass stratum−1), initial
berry moisture, DM and BM performances, and chemical parameters (PRO (proteins), LIP (lipids),
CAF (caffeine), SUC (sucrose), TS (total soluble sugars), CGA (total chlorogenic acids), PC (phenolic
compounds)) of four Coffea arabica genotypes in (A) 2012, and (B) 2013.

Interestingly, greater FM and DM of berries per stratum was associated with greater
LIP, SUC, and TS bean contents, and lower PRO, CAF, CGA, and PC values in 2013
(Figure 6B). The initial berry moisture was negatively correlated to BM performance in both
harvest years (Figure 6), and positively to PRO grain content in 2012 (Figure 6A). The DM
and BM performances were negatively associated with LIP, CAF, CGA and PC contents
and positively to sugar contents in 2012 (Figure 6B).

The general patterns in bean chemical composition in both harvest years were negative
correlations of PRO to LIP, SUC, and TS contents, and positive to CAF, TC, and PC, coherent
with the opposite situation observed in LIP (negative correlations to CAF, TC, and PC,
and positive to SUC and TS contents), especially in 2013 (Figure 6B). TS and SUC were
negatively correlated to CGA and PC compounds.
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4. Discussion

Coffee bean quality results from complex interactions between the relation of genetics
and environment, which influences the presence/content of more than 1000 bean com-
ponents [21]. The ongoing climate changes and the predicted future conditions demand
evidence-based insights as regards coffee yield and quality, to guarantee the sustainability
and promote resilience of the coffee sector, from field to cup [39], namely through plant
breeding and adequate crop management. Here, we provided some novel data regarding
yield and bean quality traits in the two initial harvest years, associated with water man-
agement, genotype, and microenvironment irradiance from the bottom (shaded) to the top
(highly lighted) strata of plant canopy.

Additional irrigation significantly increased the berry number plant−1 in the 2nd
harvest year (except Catuaí 99) (Figure 3) and on FM, DM, and BM in both harvest years
(Table 1). This denoted a positive impact of irrigation on plant yield potential, in line
with the previously reported gains in accumulation of biomass per fruit in C. canephora
cv. Conilon [51]. In 2013, IRR plants showed strong increases of FM, DM, and BM in all
genotypes, with ‘E083’ having the strongest (up to ca. 500%) and Catuaí 99 moderate
yield improvements (ca. 50%). Conversely, the extent of the yield reduction (especially
of BM) under NI conditions in the 2nd harvest year, was lower in Iapar 59 and Catuaí 99
than in the two Ethiopian wild accessions (Table 1). The studied coffee plants under NI
experienced some dry periods (Figure 2B). The molecular mechanisms of drought-resistance
in C. arabica genotypes involve ABA signaling, together with predominance of protective
genes expression, associated with antioxidant activities, including genes involved in water
deprivation and desiccation [52]. That could have been the case in Catuaí 99 and Iapar 59
plants under NI, as judged by their elevated berry/bean yielding (Figure 3, Table 1). Such
lower sensitivity to lower water availability in Iapar 59 than in other genotypes could be
related to its C. canephora introgression genetics [41].

The initial berry moisture is about 55–65%, which after drying falls to ca. 12% [53].
Our results of initial berry moisture (54–67%) were close to the usual values [53], although
they additionally differed among the genotypes in the 2nd harvest year, the lowest being
in Catuaí 99, indicating its advanced fruit maturation [54], as compared to the other three
genotypes (Tables 1 and 2). As the exocarp is more attached in immature berries, which
will induce more breaks and losses during the dry processing than in mature berries [15],
consequently diminishing the bean mass. The bean mass performance was 12.1–20.6%
in 2012 and 14.9–24.3% in 2013. In 2012, this trait was higher under IRR than under NI
in all genotypes, but values differed among the genotypes, the highest in irrigated being
‘E083’ and the lowest in not irrigated Catuaí 99 (Table 1). Those trends were strongly
modified in 2013, showing the greatest values in NI Catuaí 99, followed by ‘E083’, and
with the lowest values in ‘E027’. This suggested that Catuaí 99 (and ‘E083’) plants, with
increased yield in the 2nd compared to the 1st harvest year, especially under IRR, could have
higher flowering and maturation uniformity and earlier maturation, which impacted on
higher yield performances than other studied genotypes. The higher flowering uniformity
is normally expected from IRR than from NI coffees [55], but the Catuaí 99 and ‘E083’
responses in the 2nd year suggested their advanced maturation, and lower bean defect
contents under lower water availability, even if a much greater yield was obtained under
IRR conditions.

The leaf-to-fruit and branch-to-fruit ratios differed among the genotypes in both har-
vest years, always being the highest in ‘E027’ (Figure 3C–F), which resulted mainly from
the lowest berry yield among these genotypes, and a concomitant elevated investment in
vegetative structures (Tables 1 and 2). Leaf-to-fruit ratio is an expression of source–sink
ratios considering growing sinks and maintenance of sources [56]. Previous reports esti-
mated that ca. 20 cm2 of leaf area is needed to support each coffee berry development [17].
Still, this value can be somewhat smaller in heavily bearing coffee trees [57], in line with
our smallest values (ca. 17 cm2 berry−1). Leaf-to-fruit ratios below the 20 cm2 berry−1 were
registered in NI plants of ‘E083’ in the 1st harvest year, while in the 2nd year, those values
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were higher than 20 cm2 berry−1, and greater in NI than IRR plants (except in Catuaí 99).
These high values of leaf-to-fruit ratio, although being positive for bean development,
also suggest that the berry production was relatively more impacted by low soil water
availability (Table 1) than the vegetative growth [40]. The elevated branch-to-fruit ratios
under NI in ‘E027’ and ‘E083’ in 2013 showed relatively higher structural than reproductive
investments of Ethiopian accessions than of test cultivars, indicated a higher sensitivity of
former to lower water availability.

Greater concentration of some secondary metabolites of coffee beans is usually associ-
ated with increased sensory attributes (e.g., trigonelline), whereas an increase of others (e.g.,
feruloylquinic acids) is often associated with a decline in sensory attributes, although with
a high degree of uncertainty resulting from their specific thresholds, impacts, and cross
interaction [21,22,39]. In fact, some compounds, such as chlorogenic acids, are associated
to both positive and negative impacts in cup quality, depending on their absolute values
and their interactions with other chemical compounds in each specific coffee [2,58]. More
than 30 chlorogenic acid isomers are detected in coffee beans, as bioactive compounds with
antioxidant activity against free radicals and metal ions [59]. They accumulate in the beans
as the berries mature, and greatly contribute to the final acidity, aroma, flavor, bitterness,
and astringency of the coffee beverage [2]. The presence/content of primary metabolites
(proteins, lipids, and carbohydrates) are also related to cup quality [22,60]. In both harvest
years, the highest PRO and CAF and the lowest LIP contents, together with the highest
CGA and PC contents in the 2nd harvest year were registered in Catuaí 99. In addition, the
highest LIP, SUC, and TS content was found ‘E083’, irrespective of harvest year or water
regime (Table 3). On the other hand, the most elevated CGA and PC content were found in
Iapar 59 in the 1st harvest year, showing strong genetic impact on bean chemical quality.
Phenolic compounds are secondary metabolites that can be involved in leaves during the
plant adaptation to environmental stress conditions, among them the chlorogenic acids that
are the main components of the phenolic fraction of coffee beans [61]. Chlorogenic acid
impacts on the beverage are more dependent on roasting level than on coffee species [58],
but we found here that CGA can be genotype dependent.

Iapar 59 has more genetic variation, more uniform maturation, and earlier yielding
than Catuaí 99 [62]. In our experiment, the berries were collected when they were visually
mature in all plants, excluding maturity as chemical composition factor. Later berry
harvest performed in the same year can increase LIP and reducing sugar and decrease CAF
contents [63], but maturity states of red berries do not show differences in organic acids,
free fatty acids, lipids, total chlorogenic acids, proteins, alkaloids, or sucrose [54]. Catuaí 99
is seen as a highly productive cultivar, of high bean quality for the final coffee cup [42], but
here it showed elevated PRO, CAF, TCA, and PC contents, generally associated with lower
cup quality [22]. ‘E083’, usually together with Iapar 59, seemed to present the best chemical
components composition, with the highest LIP, SUC, and TS and the lowest CAF, CGA,
and PC contents among genotypes, irrespective of harvest year or water regime (Table 3).

An interesting finding was that irrigation promoted a decline on LIP and PRO bean
contents of all genotypes harvested in 1st harvest year, and on LIP of Iapar 59 and ‘E027’
in the 2nd harvest year (Table 3). This can be an interesting issue since, lipids of C. arabica
beans are responsible for flavor carriers, texture, and mouthfeel in the beverage [19,64–66].
Additionally, sugars are also greatly present and intended components of coffee beans,
with SUC being the most represented TS irrespective of the environmental conditions [2], in
line with the absence of changes in SUC and TS between water conditions (Table 3). Shade
is reported to either reduce sucrose content [67,68], or increase reducing sugars in coffee
beans [69], contrary to our findings that, in turn, agreed with absence of effect of light level
on the content of sucrose, glucose, fructose, arabinose, and total soluble sugars [2]. In this
regard, the greater values LIP, SUC, and TS could have a potential positive impact in cup
quality [70], thus pointing to a greater potential bean quality in Iapar 59 and ‘E083’, despite
the relevant sensitivity to low water availability in the latter, as reflected in the greatest
yield decline from IRR to NI conditions.
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The lower levels of CAF, CGA, PC in ‘E083’ in both harvest years, irrespective of
water availability and in Iapar 59 in the 2nd harvest year (Table 3) could have positive
implications on coffee quality [22], although with a certain degree of uncertainty. It is
usually accepted that CAF and CGA contribute to coffee bitterness, and their significant
rise under higher temperature conditions can result in poor bean quality [67,69]. Chloro-
genic acids are greatly represented by monocaffeoylquinic acids (CQAs), among them by
5-CQA. The increase of CQAs level has an inverse association with cup quality, particularly
concerning 5-CQA [21,71]. 5-CQA constitutes the major substrate for polyphenol oxidase,
producing ortho-quinones that in turn will cause darkening of the beans and a worse
coffee quality [72]. The 5-CQA rise is inconsistent with first grade coffee beans [73], as it
is also characterized as low acidic, with a small amount of bitterness [58]. Furthermore,
the presence of feruloylquinic acids and diCQAs isomers (also CGA) can have detrimental
impact on the sensory properties of espresso coffee beverage, associated to greater bitter-
ness, together with a metallic taste and astringency [74]. However, the impacts on cup
quality of increased presence of chlorogenic acids and phenolic compounds would strongly
depend on the specific compounds in each category and, mostly, with the interaction with
other compounds [58]. Low soil water availability can promote the increase of CGA in the
bean [75], which was not observed in our experiment regardless of genotype.

Altogether, lower water availability resulted in important yield decline but the direct
impact on bean quality reported by others [30] was not likely to occur in our experimental
conditions and genotypes. In fact, in 2013, with exception of LIP content in Iapar 59 and
‘E027’, no significant changes were depicted among the studied compounds, irrespective of
genotype (Table 3).

The ‘E083’ presented the most expansive vertical and horizontal berry spatial occupa-
tions under irrigation (Figure 4). Despite Iapar 59 had less expansive space occupation than
‘E083’, the berry distribution tended to occupy the whole canopy strata, continuing with
berry production in self-shaded strata, and producing the most in both ‘E083’ and Iapar
59 (Table 2, Figure 3). Judging by the produced fresh berry mass related to berry number,
‘E083’ produced the berries of smaller size than Iapar 59. In the 2nd harvest year, the
highest biomass was produced in the 3rd stratum, and the lowest in the 1st and 4th strata,
irrespective of genotype (Table 2). Among the studied chemical components considering
both harvest years, only the PRO varied between the canopy strata, showing a pattern of
increase from the top to the bottom in all genotypes, particularly in 2013 (Figures 5 and 6).
Under high irradiance, the common stress responses in green leaves are usually associated
with efficient dissipation of excess of excitation energy, and antioxidant mechanisms, an
increased abundance of proteins associated with the photosynthetic apparatus, together
with relevant dynamics of the lipid profile of cell membranes [76]. As regards the bean, LIP
fraction did not vary among the coffee canopy strata, which were submitted to contrasting
irradiances (Figures 5 and 6), thus showing a different response than that found in leaves.
In the 2nd harvest year, CAF showed differences between S1 and S3, with lower values in
the latter. In fact, under greater self-shading (S1), the beans tended to have greater CAF
content and lower production, whereas moderately lighted S3 (Figure 2D) showed the
opposite yield (Table 2) and CAF content (Figures 5 and 6), confirming earlier findings [18].

Recently, various review studies tried to synthetize results about coffee responses to
stresses associated with coffee quality and chemical bean composition, but many data are
still contradictory [2,23,39,59]. Yield and chemical traits differed more regarding the strata
in the 2nd than in the 1st harvest year, indicating that those interannual variations were
apparently more related to overall increased variation in microenvironment light conditions
among canopy strata due to tree growth, than to soil water availability. This rationale is
associated to one dry period in the 1st harvest year that occurred in extremely dry summer,
during leaf and berry expansion, the crucial phenophase for fruit development and quality,
while in the 2nd harvest year one dry period occurred during berry maturation, when its
impact was less detrimental. The greater was the grain biomass per strata, greater were
the LIP, SUC, and TS, and lower the PRO, CAF, CGA, and PC bean contents in the 2nd
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harvest year (Figure 6), suggesting strong light/temperature impacts on berry content,
and/or costs of investments of the primary and secondary metabolism products. The
expensive investments in the bean in biosynthesis of secondary metabolites that play role
in protection and acclimation to stress conditions in the leaves (PC, CGA, CAF) including
the synchronization with primary metabolism (PRO, TS, and LIP fractions) [77], might
indicate that will be prevalent under climate challenging conditions, which will continue to
be a focus of world agriculture interest.

5. Conclusions

Our hypothesis was that, depending on genotype, additional soil water availability on
one side, and light availability along the canopy strata on the other, could impact coffee
berry yield and bean chemical traits, studied in the two initial harvest years. Additional
irrigation strongly increased the berry number and yield, modifying the berry distribution,
but revealed to influence only some chemical bean attributes (reducing LIP and PRO con-
tents). On the other hand, the genotype factor impacted practically all observed variables.
The microenvironment light variation impacted on berry distribution and only on PRO and
CAF bean contents among canopy strata. All metrics were variable between the two the
harvest years, namely, berry yield and distribution, leaf-to-fruit ratio, and chemical compo-
sition of the bean. Yield and chemical traits differed more regarding the strata in the 2nd
than in the 1st harvest year, indicating that those interannual variations were apparently
more related to overall increased variation in microenvironment light conditions among
canopy strata due to tree growth, than to soil water availability.

Iapar 59 plants were the less influenced by lower water availability among the four
genotypes, showing the lowest yield reduction from irrigated to not irrigated plants at the
2nd harvest year. CGA was shown as genotype dependent, being the highest in Iapar 59 and
Catuaí 99, irrespective of water regime of strata. Among the studied chemical components,
PRO presented the greatest variation among the canopy strata, with a clear trend to decline
from the shaded (bottom) to the well-lighted (upper) strata, in all genotypes and both
harvest years. Similar stratification (now between S1 and S3) was observed for CAF, but
only in the 2nd harvest year. In this harvest year, the most regular berry distribution along
the plant canopy strata was obtained in irrigated ‘E083’, the highest bean yield in irrigated
‘E083’ and Iapar 59, and the highest DM and BM performances in not irrigated Catuaí 99.
Iapar 59 and the Ethiopian wild accession ‘E083’ showed chemical composition associated
with high cup quality, with the highest LIP, SUC, and TS and the lowest CAF, CGA, and PC
contents among studied genotypes. Overall, these genotypes showed intrinsic differences
on yield potential, which was impacted by water availability and self-shading.

Although some chemical bean traits had varied among strata (PRO), no substantial
quality changes occurred. These suggest that the entire plant could be harvested, not
only some specific strata, without an important deleterious impact on quality. High bean
quality and the less reduced yield under reduced soil water availability qualified Iapar
59 as the most prominent among the four genotypes. Based on berry vertical and radial
space occupation, yield, bean quality, the Ethiopian wild accession ‘E083’ could also be an
interesting genetic material for the future breeding programs, although to be used with
irrigation input, together with high fertilization condition, as applied in this experiment.
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Abstract: The effects of different nutrient solution quantities on growth, physicochemical, nutritional,
and postharvest qualities of lettuce were investigated. Two differently pigmented Korean leaf lettuce
cultivars “Geockchima” and “Cheongchima” were grown in soilless perlite culture supplied with
250, 500, 1000, and 2000 mL·d−1·plant−1 nutrient solutions. Several growth parameters (plant height,
leaf number, fresh weight, dry matter) were evaluated. The highest lettuce growth was observed
when plants were supplied with 1000 mL·d−1·plant−1. Cultivating lettuces in the lowest nutrient
solution quantity showed higher dry matter, crude fiber, osmolality, chlorophyll, and anthocyanin
contents. Upon increasing the nutrient solution, the crispiness, greenness, and levels of ascorbic
acid, nitrogen, and potassium, increased, while phosphorus and magnesium were unaffected, and
calcium content declined. Postharvest qualities were better maintained in lettuces irrigated with the
least amount of nutrient solution, extending their shelf life. We conclude that lettuce can be grown
with 1000 mL·d−1·plant−1 for higher yield, and short-term storage and/or transportation. However,
when lettuces need to be stored for a certain period, such as long-distance shipment, they should be
cultivated with a limited nutrient solution, which requires further detailed investigation. The results
of this study can be applied for distributing, storing, transporting, and marketing lettuce.

Keywords: hydroponics; overall visual quality; relative fresh weight; shelf life; storage

1. Introduction

The vegetable production system has largely shifted from traditional soil culture to
soilless culture in several parts of the world, especially developed countries, as it offers
some clear and unique advantages, such as improved quality and safety [1–3]. The overall
management and control of plant nutrition required during various growing cycle stages
are also easily upheld in soilless culture. While soilless culture requires significantly higher
initial capital and operational costs, it can be balanced by higher productivity and improved
product quality [4]. For these reasons, greenhouse crop production is now a steadily grow-
ing agricultural sector worldwide [5]. In Korea, the total area under greenhouse cultivation
has increased recently, covering about 52,444 hectares, with vegetables occupying 68.5%
of the total area [6]. Lettuce production, in particular, has increased from 3387 hectares in
2016 to 3484 hectares in 2014, indicating a 4.2% increment in production areas compared to
the previous year [7]. As vegetable research in Korea has traditionally prioritized the im-
provement of productivity and quality, commercial production of lettuce in the greenhouse
system is one of the greatest challenges for maintaining those aspects, as well as the safety
and postharvest behavior of the produce. Solid-medium soilless culture, one of the most
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popular and easy methods in greenhouse cultivation, uses artificial upper soils, such as
perlite and rock wool, as plant support. Since the physical properties, such as particle size,
capillary space, water retention capacity, and the presence of pathogens, of these media
are better than those of soil, the rhizosphere environment can be controlled, enhancing
productivity [8]. Plant nutrients or specific ingredients, which cannot be easily adjusted in
soil culture, can be easily controlled in soilless media. As a result, solid-medium soilless
cultures are commonly used in the cultivation of vegetables, such as tomatoes, Chinese
cabbage, sweet peppers, and cucumbers [9–11], and it is currently being used in Korea for
the commercial cultivation of lettuce.

In horticultural crops, water supply and/or availability plays a pivotal role in processes
associated with growth, productivity, and biomass, as well as having key implications
on quality aspects, especially in the case of lettuce, which comprises 95% water [12]. As
the edible parts of lettuce are the photosynthetic leaves, it is crucial to maintain optimal
crop growth, which can be achieved through a well-scheduled irrigation program [13].
However, a previous study reported that deficiency in irrigation water could preserve
the postharvest quality and shelf life of fresh-cut lettuces [14,15]. Water stress also influ-
ences the composition and concentration of nutrient-providing and biofunctional plant
compounds [16]. Components, such as chlorophyll and anthocyanin, can be accumulated
when plants experience different levels of water stress or drought condition [16,17]. The
application of plant nutrients, on the other hand, could play a critical role in determining
the nutrient and mineral composition of the plants [18–20]. Since water is a limited natural
resource, and there is an increasing pressure to optimize the water use efficiency of crop
production, reduced or limited water supply to lettuce during growth could be an effective
way of not only saving irrigation water, but also maintaining the postharvest qualities of
the produce. One of the most significant challenges for lettuce growers, wholesalers, and
retailers is preserving postharvest qualities, which depend on the type and cultivar [21,22],
storage conditions [23], and postharvest treatments [24]. Therefore, improving the growth,
productivity, nutritional quality, and storage potential of lettuce is a desired goal for the
growers and consumers. Numerous studies have highlighted the effects of cultivation
methods [2], irrigation amount and water stress condition [16,25], salinity and elevated
CO2 [26], and light quality and fertilization [27,28] on the growth and yield of lettuce;
however, no study has been conducted on the effects of nutrient solution management
through irrigation volume control in solid-medium soilless culture on the growth and
quality aspects of lettuce at harvest, as well as their storage behavior at postharvest. Thus,
the effects of various levels of applied nutrient solution on the growth, physicochemical,
nutritional, and postharvest qualities of two different pigmented leaf lettuce cultivars
grown in soilless perlite cultures in greenhouse conditions were investigated.

2. Materials and Methods

2.1. Plant Material, Growing Condition, and Measurement of Growth Parameters

Seeds of two Korean leaf lettuce (Lactuca sativa L.) cultivars, “Geockchima” (red leaf,
Nongwoo Bio Co. Ltd., Gyeonggi-do, Korea) and “Cheongchima” (green leaf, Nongwoo
Bio Co. Ltd., Gyeonggi-do, Korea), were sown in a plastic seedling tray containing 162 cells
and filled with watered wicking material, commercially known as “Biosangto No. 1”
(Seminis Korea, Pyeongtaek, Korea). With two months as the total duration of the trial,
the seeds were sown on April 21, 2016 and on April 26. Five-day-old, seedlings were
transplanted onto soilless perlite medium (particle size 5 mm, Parat No.1, Samson Co.,
Gyeonggi-do, Korea) in the plastic greenhouses of the National Institute of Horticultural
and Herbal Science (NIHHS), Suwon-si, Republic of Korea. The average day and night air
temperatures of the plastic greenhouses were maintained at 26.6 ± 2.5 ◦C and 17.3 ± 2.1 ◦C,
while the relative humidity was 46.5 ± 10.3% and 74.2 ± 9.8%, respectively. The beds
containing perlite medium were previously prepared for growing lettuce following the
Rural Development Administration guidelines [29]. The beds were covered with black
polyethylene film as mulching material, with planting holes on the film ensuring plant-to-
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plant distances of 20 cm. The beds contained only a single row of lettuce, and bed-to-bed
distance was approximately one meter. Plants were watered, via an automated control
system, with nutrient solution containing N–P–K–Ca–Mg at 14.5–3.5–9–4–2 mequiv·L−1,
while electrical conductivity and pH were adjusted at 1.8 and 5.5–6.0 dS·m−1, respectively.
The nutrient solution was prepared according to NIHHS guidelines, and adapted to the
local environmental conditions [29]. The nutrient solution was supplied to the base of
each plant by a drip irrigation system using a pipe during the growing period, and four
different irrigation volumes, 250, 500, 1000, and 2000 mL·d−1·plant−1, were used as the
irrigation treatment. The frequency of irrigation was 10 times during the day and twice at
night. The experiment was arranged in a completely randomized block design with three
replications consisting of 15 plants per replicate. A preliminary experiment was conducted
with limited replication and plants to observe the plant growth parameters and postharvest
performances. Growth parameters, including plant height, number of leaves, and fresh
weight, were measured at the time of harvest. Plant height was determined by measuring
the length of the plant from the shoot tip to the surface, and leaf number was determined by
counting leaves with a minimum width of 1 cm. Fresh weight was measured by weighing
the living biomass of each plant that was present aboveground following the harvest.

2.2. Harvest Practice, Storage Condition, and Postharvest Quality Evaluation

Lettuce was harvested by cutting the entire plant when it reached commercial maturity,
i.e., 29 days after transplanting, after which plant height, number of leaves, and shoot fresh
weight were measured. With regards to conducting the storage experiment, 5–12 leaves
per plant from the 3rd to 14th leaf position were randomly selected and immediately
transported to the laboratory (within 10 min) using a cooled chamber and maintained
at 4 ◦C. For the postharvest quality evaluation, a single replicate under each treatment
containing about 20 leaves (approx. 150–200 g) of uniform size and color, and with no
physical damage, was sampled. The leaves were packaged in transparent polypropylene
bags (size 32 cm × 22 cm, thickness 0.05 mm) with four holes (two holes each side) of
5 mm diameter and manually sealed with thread-like wire. Then, the packages were placed
in plastic trays on a shelf in a 7 ◦C dark room, and stored for up to 12 d. Storage was
terminated when samples became unusable due to visible deterioration symptoms, such
as yellowing, wilting, decay, or spoiling. Fresh weight, color, and overall visual quality
(OVQ) were measured at two-day intervals during storage. Three replicates were used for
each evaluation day under each irrigation treatment. An OVQ analysis was performed by
an eight-member panel, with ages between 28 and 52 years (five men and three women).
Considering appearance, visual color, off-odor, and freshness, the OVQ was evaluated
using a 9-point scale (9 = excellent, 7 = good, 5 = fair, 3 = poor, and 1 = unusable). A score of
5 was considered the marketability limit. The OVQ scoring and acceptance of marketability
were adopted from Aguero et al. [30].

2.3. Color Measurement

Five leaves were randomly selected from the 3rd to 14th leaf position of one plant
in each replicate immediately after harvest for color measurement using a chromameter
under different irrigation treatments (Minolta CR-400, Minolta, Osaka, Japan). Similarly,
five leaves were randomly selected from each pouch on each evaluation day for measuring
color parameters. Three readings were taken from the left, middle, and right part of the
upper region, and closer to the tip of the adaxial surface of the leaf; therefore, an average of
15 readings were taken for a single replication. Before measuring the color readings from
leaf samples, the chromameter was calibrated using a standard white plate (Y 93.5, x 0.3155,
y 0.3320) provided by the manufacturer. Color changes were quantified in the L*, a*, b*
color space. L* refers to the lightness, and ranged from L* = 0 (black) to L* = 100 (white).
Green and red indicate negative and positive values of a*, respectively, while yellow and
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blue indicate positive and negative values of b*, respectively. Total color difference (ΔE*)
was calculated using the formula of [21]:

ΔE* = {(L0* − L*)2 + (a0* − a*)2 + (b0* − b*)2}1/2 L0* (1)

where a0* and b0* represent the values at harvest, and L*, a*, and b* indicate reading on any
evaluation day.

2.4. Measurement of Dry Matter, Texture, Crude Fiber, Osmolality, and Ascorbic Acid Content

For dry matter measurement, five intact lettuce leaves were inserted into a thin paper
envelope, weighed, and dried at 70 ◦C for 48 h to achieve a constant weight. Three
envelopes were prepared from each replicate, and the average values were expressed as a
percentage of dry matter. Texture analysis of the lettuce leaves was performed in terms of
force required to puncture the leaves using a texture analyzer (TA Plus, Lloyd Instruments,
Model LF2303, Ametek Inc., Fareham, Hants, UK). The sample was placed on the central
opening of the metal holding plate, where leaf tissues (approx. 5 cm × 5 cm) were set tightly
on the stage with clips, and a 5 mm diameter flat-head stainless steel cylindrical probe was
connected to the tissues for the test. The movement of the probe was adjusted to 5, 2, and
10 mm/s as the pre-test, test, and post-test speeds, respectively. The probe was run with a
20 N load cell and attached to a creep meter equipped with software (NEXYGEN™MT v
4.5, Lloyd Instruments, Ametek Inc., UK) for automatic analysis using a computer.

The crude fiber was determined following the AOAC [31] method using a crude fiber
analyzer (Fibertec Systems M1020, Foss Tecator, Eden Prairie, MN, USA). The method
involved the digestion of the fresh samples with boiling and via dilution in acid and alkali
for the calculation for residual ash content. The osmolality of lettuce leaf sap samples
was measured using a Wescor5520 vapor pressure osmometer (Wescor Inc., Logan, UT,
USA) following the method of Clarkson et al. [32]. Lettuce leaves were sliced into small
pieces, mixed, and 10 g was used to collect sap using a juice maker. Ascorbic acid content
was determined following the method of Jagota and Dani [33]. Briefly, a 0.5 g fresh leaf
sample was extracted and filtered with double-distilled water. Then, 0.2 mL homogenate
was added with 0.8 mL 10% trichloroacetic acid followed by vigorous shaking, incubating
in an ice bath, centrifugation, and collection of supernatant. Following this, the 2.0 mL
diluted supernatant was mixed vigorously with 0.2 mL 0.2 M Folin phenol reagent. After
10 min, the absorbance of this solution was measured at 760 nm using a UV-VIS recording
spectrophotometer (DU 650, Beckman Coulter™, Chaska, MN, USA). The concentration of
ascorbic acid was calculated from the standard curve prepared from different concentrations
of ascorbic acid following the same procedure.

2.5. Microscopic Observation of Lettuce Tissue

Samples for histological study were taken from the leaf apex at the equatorial region,
at a position of 90% distance of leaf length from the base. The samples were prepared
following the method of Luna et al. [34], with some modifications. Briefly, samples (about
1 mm3) were fixed with 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.2),
post-fixed with 1% osmium tetroxide, each for 2 h at 4 ◦C, and then held overnight in
phosphate buffer. After fixation, specimens were dehydrated in a graded series of ethyl
alcohol, processed through three changes of propylene oxide (for 15, 15, 30 min per change),
and gradually infiltrated with embedding medium, Epon. Specimens were sectioned
(1500 nm), stained with periodic acid–Schiff, and viewed under a Carl Zeiss Axioskop 2
light microscope (Carl Zeiss, Jena, Germany).

2.6. Determination of Total Chlorophyll and Anthocyanin

Total chlorophyll content was determined following the method of Lin et al. [28], with
some modifications. First, 5 g fresh leaf tissues were homogenized in 20 mL of 80% acetone
using an Ultra-Turrax tissue homogenizer (T 25 B, Ika Works Sdn. Bhd, Rawang, Selangor,
Malaysia) at a moderate speed for about one minute. The homogenate was filtered through
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four layers of cotton cloth and centrifuged at 4 ◦C, 15,000× g for 20 min, after which the
supernatant was transferred to a volumetric flask, and the volume was determined using
80% acetone. The absorbance of the supernatant was measured at 663 and 645 nm, and
total chlorophyll (4) content was calculated using the following formulae:

Chlorophyll a (chl a) = 12.72 × OD663 − 2.59 × OD645 (2)

Chlorophyll b (chl b) = 22.88 × OD645 − 4.67 × OD663 (3)

Total chlorophyll = (chl a + chl b) (4)

Similarly, total anthocyanin was estimated using a spectrophotometric pH differential
method following the procedure of Ferrante and Maggiore [35], with minor modifications.
Five grams of fresh leaf tissue was homogenized in 20 mL methanol containing 1% HCl,
incubated overnight at 4 ◦C in darkness, centrifuged at 4 ◦C 12,000× g for 20 min, the
supernatant collected in a volumetric flask, and made up to a known volume with the same
acidified methanol. An aliquot of 2 mL was diluted with 18 mL potassium chloride buffer
(pH 1.0), and another 2 mL aliquot was diluted separately with 18 mL sodium acetate
buffer (pH 4.5). Absorbances of these solutions were measured at 510 and 700 nm, and
anthocyanin contents were calculated using the formula of [36]:

Monomeric anthocyanin pigment (mg·L−1) = (A × MW × DF × 1000)⁄(ε × 1) (5)

where A = (A510–A700) pH1.0–(A510–A700) pH4.5 with molar absorptivity (ε) of
26,900 (L·cm−1·mol−1); MW = molecular weight of cyanidin-3-glucoside (449.2);
DF = dilution factor of this experiment.

Anthocyanin content (mg·L−1) was then converted to mg·100 g−1 fresh sample. Unless
otherwise stated, all chemicals used for biochemical assay were purchased from Sigma
Aldrich Co. Ltd. St. Louis, MO, USA.

2.7. Mineral Analysis

For the analysis of mineral contents and C/N ratio, the harvested leaves were dried
in a circulated drying oven for 48 h at 80 ◦C, and subsequently ground to make a powder.
The mineral contents were determined using RDA’s elemental analysis methods [29]. To
measure nitrogen (N) content, a finely ground leaf sample (0.5 g) was decomposed with
1 g catalyst (K2SO4:CuSO4 = 9:1) and 10 mL concentrated sulfuric acid in Kjeldahl flasks at
380 ◦C for 3–4 h, and then analyzed using a Kjeldahl analyzer (Kjeltec2300 analyzer unit,
Foss Tecator AB, Hoganas, Sweden). For phosphorus (P) determination, a 0.5 g sample was
digested in acid in a fume hood until the digested sample color became transparent. P was
measured at 470 nm using a UV-visible spectrophotometer after coloring with ammonium
vanadate. Potassium (K), calcium (Ca), and magnesium (Mg) were measured using atomic
absorption spectrophotometer (AA-6800, Shimadzu, Kyoto, Japan). Dried leaf samples
(0.5 g) were decomposed with 10 mL digest solution containing HNO3 and HClO4 (3:1) at
180 ◦C for 12–16 h, filtered, and made up to a known volume. The C/N ratio was measured
by the combustion method using CN corder (CNS2000, Leco, St. Joseph, MI, USA).

2.8. Statistical Analyses

Analysis of variance (ANOVA) of the data was performed by SAS software ver. 9.1
(SAS Institute, Cary, NC, USA). A combined ANOVA was performed using cultivar as a
fixed variable [37]. Based on the level of significance calculated from the F-value of the
ANOVA, Duncan’s multiple range tests were applied at p ≤ 0.05 for mean comparisons
among the various treatments.
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3. Results and Discussion

3.1. Growth of Lettuce as Affected by Cultivar and Amount of Applied Nutrient Solution

Lettuce growth was significantly influenced by the applied nutrient solution amount
and cultivars in perlite culture (Table 1). Regarding the effect of cultivar, Cheongchima
produced more leaves (p ≤ 0.05) than Geockchima, while an opposite trend was observed
for plant height. Alternatively, the amount of irrigation had a significant (p ≤ 0.01) effect on
plant height, number of leaves, and fresh shoot weight. However, the irrigation volume and
cultivar interaction effect on these growth parameters was not significant (Tables 1 and 2).

Table 1. Effects of the amount of applied nutrient solution on growth performance, dry matter, and
crude fiber content of two leaf lettuce cultivars grown in perlite culture.

Cultivar
Amount of Applied
Nutrient Solution
(mL·d−1·plant−1)

Plant Height
(cm)

No. of Leaves x
Fresh Weight of

Shoot
(g·plant−1)

Dry Matter (%)
Crude Fiber

(%)

Geockchima 250 31.50 ± 1.58 b z 24.73 ± 1.84 b 76.75 ± 9.50 c 5.60 ± 0.62 a 1.29 ± 0.06 a
500 32.18 ± 1.87 b 27.43 ± 5.54 b 119.35 ± 47.90 b 4.50 ± 0.55 b 1.43 ± 0.07 a
1000 36.80 ± 1.76 a 34.33 ± 3.16 a 253.43 ± 65.51 a 3.25 ± 0.19 c 0.91 ± 0.03 b
2000 35.65 ± 1.91 a 33.75 ± 3.50 a 249.05 ± 53.51 a 3.35 ± 0.51 c 0.84 ± 0.01 b

Cheongchima 250 25.70 ± 2.18 c 31.93 ± 1.58 c 78.05 ± 11.59 d 6.20 ± 0.51 a 1.31 ± 0.06 a
500 29.93 ± 2.57 b 35.28 ± 2.60 bc 127.25 ± 26.01 c 4.75 ± 0.62 b 1.23 ± 0.06 a
1000 33.65 ± 0.97 a 40.58 ± 2.68 a 284.28 ± 12.62 a 3.72 ± 0.36 c 0.60 ± 0.06 b
2000 33.90 ± 1.50 a 38.68 ± 3.91 ab 228.05 ± 43.76 b 3.65 ± 0.48 c 0.61 ± 0.03 b

Significance Cultivar (A) * * NS NS *
Irrigation amount (B) ** ** ** ** **
Interaction (A × B) NS NS NS NS **

x is the average of four plants. z Means with the same letter(s) within a column in each cultivar are not significantly
different at p ≤ 0.05 according to Duncan’s multiple range test. NS, *, ** indicate non-significant, and significant at
p ≤ 0.05, 0.01, respectively.

Table 2. Photographs of the crops cultivated in the Geockchima and Cheongchima treatment zones.

Cultivar
Amount of Nutrient Solution Applied (mL·d−1·plant−1)

250 500 1000 2000

Geockchima

    

Cheongchima

    

The highest plant height, number of leaves, and fresh weight were obtained by irrigat-
ing lettuces with 1000 mL·d−1·plant−1 nutrient solution, regardless of the cultivar.

These growth performances declined slightly when plants were irrigated with
2000 mL·d−1·plant−1, but remained higher than for plants irrigated with 250 or
500 mL·d−1·plant−1. Compared with plants irrigated with the lowest amount, fresh
weight increased by 55%, 230%, and 224% when irrigation amounts were 500, 1000, and
2000 mL·d−1·plant−1 in Geockchima, and 63%, 264%, and 192% in Cheongchima, respec-
tively. These results corroborated those of Kirnak et al. [25], who discovered proportionally
higher plant height and yield of lettuce with increased irrigation levels. Limited irrigation
was associated with reduced growth and yield in lettuce [34,38], which supports the current
study. Higher leaf lettuce growth was possibly achieved via increased tissue water content
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coupled with cell size enlargement [39]. On comparing leaf tissue anatomy, distinct cell
size differences were observed among samples grown under different irrigation regimes
(Figure 1). Cellular tissues in Figure 1C,D show wide gaps owing to high fertilizer input,
whereas those in Figure 1A,B are dense. Similarly, vacuoles in Figure 1C,D are larger than
those in Figure 1A,B, signifying that high fertilizer input induces plant growth.

Figure 1. Leaf cross section micrographs of Geockchima (left) and Cheongchima (right) lettuce
cultivars grown in the perlite culture as affected by different amount of nutrient solution.
(A) 250 mL·d−1·plant−1, (B) 500 mL·d−1·plant−1, (C) 1000 mL·d−1·plant−1, and
(D) 2000 mL·d−1·plant−1.

Lettuce requires sufficient water for maximum growth and yield. However, overwater-
ing stress interrupts photosynthesis, affecting plant size and quantity [40]. In comparison,
plants cultivated with the highest nutrient solution had reduced growth. Since only higher
irrigation amounts did not increase growth, it is crucial to irrigate plants with the proper vol-
ume. Several studies have demonstrated how water conditions influence crop cultivation
and quality [3,16,17,41,42].

3.2. Dry Matter, Crude Fiber, Texture, Osmolality, and Ascorbic Acid Content as Affected by
Cultivar and Amount of Applied Nutrient Solution

The amount of irrigation significantly affected dry matter and crude fiber content
in both cultivars (Table 1). With an increase in irrigation, dry matter content declined;
therefore, applying 1000/2000 mL·d−,·plant−p nutrient solution produced lower dry matter
content. Eichholz et al. [16] observed significantly higher dry matter content in lettuces
grown in deficient water than those produced in well-watered or water-logged conditions,
supporting the results of this study. Crude fiber content was affected by cultivar (p ≤ 0.05),
irrigation amount (p ≤ 0.01), and their interaction (p ≤ 0.01). The crude fiber amount in
both cultivars was inversely proportional to the applied nutrient solution amount. The
highest crude fiber (1.31%) was observed when the least amount of nutrient solution was
applied in Cheongchima. Fiber is involved in supporting growth, textural stability, and
aerial plant structures [16].

Leaf texture and osmolality values showed no significant difference between cultivars,
but were significantly reduced due to increased irrigation volumes (p ≤ 0.05) (Table 3). The
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texture was measured by determining the puncture force, with its declining values (lower
force) indicating higher crispiness of leaves, while stronger forces were required to puncture
the flexible or leathery leaves. It is evident that the water content of leaf tissues plays a
critical role in maintaining cellular turgor, which is a crucial component of the rigidity
and firmness in plant tissue. When lettuce plants were irrigated with a higher amount
of nutrient solution, the water content of tissues increased proportionally, decreasing dry
matter and osmolality values (Tables 1–3).

Hence, the tissue structures, including cell size and intercellular space or vacuole
volume, became larger (Figure 1). Luna et al. [34] also reported a similar observation in
romaine lettuce. Ilker and Szczesniak [43] reported that textural characteristics exhibited by
plant parenchymal tissues depend on cell shape and size, cytoplasm-to-vacuole ratio, inter-
cellular space volume, cell wall thickness, osmotic pressure, and the solute types present in
the cell. For lettuce, crispiness is a desirable characteristic associated with the consumer’s
perception and freshness of the leaves, which could be triggered by applying a higher
amount of nutrient solution or irrigation water. However, maintaining the postharvest
qualities of those samples would be a great challenge, as faster and more rapid water losses
occurred in our study, along with other forms of quality deterioration (Figure 2).

Figure 2. Effect of the amount of nutrient solution on relative fresh weight of leaf lettuce cultivars
Geockchima and Cheongchima during storage at 7 ◦C. Mean values at each evaluation day with
different lowercase letters are significantly different according to Duncan’s multiple range test
(p ≤ 0.05), ns = non-significant.

The cell sap of the least-watered plants contained nearly 42% and 39% more solute
than that of the highest-watered plants in Geockchima and Cheongchima, respectively.
Similar results were reported in salt-stressed lettuce, which showed better organoleptic
properties, postharvest processability, and shelf life [32].
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The ascorbic acid content of lettuce ranged from 10.3 to 26.0 and 12.5 to 21.5 mg 100 g−1

in Geockchima and Cheongchima, respectively (Table 3). A higher ascorbic acid content was
measured during the highest growth stage of lettuce under optimum irrigation conditions.
This may indicate appropriate ascorbic acid generation during normal crop growth. In
Geockchima, about two times more ascorbic acid was determined when lettuces were
grown with double the amount of nutrient solution than the initial amount (Table 3).
This result corroborates the findings of Zeipina et al. [42], who discovered nearly half the
amount of ascorbic acid in leaf lettuce grown in reduced moisture than for those cultivated
in optimal moisture conditions. However, ascorbic acid content did not increase in such a
trend for other irrigation amounts, especially in Cheongchima. The increase in ascorbic
acid relative to the higher strength of nutrient solution was also observed in hydroponically
grown leaf lettuce [44]. Additional to nutrient amount or fertilization, several factors,
including plant genotype, growing season, and light intensity, can influence the ascorbic
acid content in lettuce and other horticultural crops [45,46]. This could be a potential reason
for the variability observed in ascorbic acid content in the cultivar Cheongchima.

3.3. Color Values, Chlorophyll, and Anthocyanin Contents as Affected by Cultivar and Amount of
Applied Nutrient Solution

Color attributes (except L* value) and total chlorophyll content of lettuce leaf were
significantly affected by cultivar and irrigation amount (Table 3). When Geockchima was ir-
rigated with the least amount, the a* value (−0.8) was the highest value for red. However, a*
value (−14.8) of Cheongchima was the highest value for green when the irrigation amount
was 1000 mL·d−1·plant−1. The a* value was significantly different (p ≤ 0.05) among the
treatments in Geockchima, but not in Cheongchima. However, the b* value increased until
1000 and 500 mL·d−1·plant−1 applied nutrient solution in Geockchima and Cheongchima,
respectively. According to the amount of irrigation, the cultivar Geockchima responded
more for color development than Cheongchima. Comparing the pigment contents and
color values in Geockchima, the correlation coefficient (r) between chlorophyll and a* value
was 0.91, and between anthocyanin and a* value was 0.99 (data not shown). The changing
pattern of a* and b* observed in Geockchima were inconsistent with a previous result
for leaf lettuce grown in well-watered, moderate water deficit, and severe water deficit
conditions [3]. In contrast, Fallovo et al. [19] discovered no significant differences in L*, a*,
and b* values when leafy lettuces were grown in a floating system with different nutrient
solutions, which supports our L* values and partially supports the color data of the cultivar
Cheongchima. The variation in color parameters between the cultivars could be due to
the genetic constituents of the plant, as Geockchima is red-leafed and Cheongchima is
green-leafed. Consequently, a comparatively lower amount of total chlorophyll contents
was discovered in the former than in the latter, possibly because of the presence of an-
thocyanin. Varietal differences in chlorophyll contents of lettuce leaves were observed in
several previous studies [16,17,26]. The lowest amount of total chlorophyll was measured
in Geockchima lettuces, which indicated the highest growth Tables 1–3. Considering the
total chlorophyll contents of these lettuces (irrigated with 1000 mL·d−1·plant−1), about
81% and 96% higher total chlorophyll contents were measured in plants irrigated with 500
and 250 mL d−1 plant−1 nutrient solutions, respectively, in Geockchima, and 43% and 53%,
respectively in Cheongchima. Our results are consistent with those of Eichholz et al. [16],
who observed an increase in chlorophyll content in some varieties of lettuce grown in water
deficit conditions compared to those grown in well-watered or water-logged conditions.

Similar to chlorophyll content, anthocyanin content declined (p ≤ 0.05) gradually,
corresponding to the increased levels of applied nutrient solution (Table 3). However,
anthocyanin was not detected in Cheongchima, as this cultivar is characterized by its
dark green color. The highest amount of anthocyanin (4.07 mg·100 g−1) was produced
when lettuces were irrigated with the least amount of nutrient solution, and the declines
in anthocyanin contents were about 23%, 48%, and 63%, with each respective increase in
level of supplied nutrient solution. Similarly, Baslam and Goicoechea [17] observed more
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anthocyanin in two lettuce cultivars when the plants were grown in water deficit or cyclic
drought conditions than the control plants. The accumulated anthocyanin in water-stressed
plants may prevent desiccation through osmotic effects, though the mechanism remains
unclear [47]. Anthocyanins are the most important group of water-soluble pigments in
plants, and may be induced by several environmental factors, including water stress [48],
as a mechanism for adapting to the surrounding environment.

3.4. Mineral Contents as Affected by Cultivars and Amount of Applied Nutrient Solution

The mineral contents (except P and Mg) and C/N ratio of the lettuces were significantly
affected by irrigation amount, whereas only N and Ca contents were influenced by cultivar
(Table 4). The N content in leaves likely increases with irrigation amount because of the
higher uptake of N from the supplied nutrient solution. Cheongchima had a comparatively
higher N content than Geockchima. Consequently, the C/N ratio declined gradually in
Cheongchima, but no obvious trend was found in Geockchima (Table 4).

Table 4. The mineral content of leaves of two lettuce cultivars grown in perlite culture as influenced
by the amount of applied nutrient solution.

Cultivar
Amount of Applied Nutrient Solution

(mL·d−1·plant−1)

Mineral Content (%, DW)
C/N Ratio

N P K Ca Mg

Geockchima 250 4.68 ab z 0.22 3.31 a 1.16 a 0.24 7.94 a
500 4.40 b 0.20 3.24 a 1.04 ab 0.20 8.13 a
1000 4.91 a 0.25 3.51 a 1.01 ab 0.22 6.93 b
2000 4.87 a 0.19 2.60 b 0.91 b 0.14 7.22 b

Cheongchima 250 4.55 b 0.27 1.90 c 0.83 a 0.18 9.09 a
500 4.88 b 0.24 2.22 c 0.74 ab 0.17 8.53 a
1000 5.40 a 0.31 3.98 b 0.62 b 0.17 6.63 b
2000 5.48 a 0.27 5.80 a 0.61 b 0.16 6.49 b

Significance Cultivar (A) ** NS NS ** NS NS
Irrigation amount (B) ** NS ** * NS **
Interaction (A × B) ** NS * NS NS **

z Means with the same letter(s) within a column in each cultivar are not significantly different at p ≤ 0.05 according
to Duncan’s multiple range test. NS, *, ** indicate non-significant, and significant at p ≤ 0.05, 0.01, respectively.

However, both cultivars showed two statistically distinct groups of C/N ratios, irri-
gated with a lower and higher amount of nutrient solution. These results corroborate the
results of Stefanelli et al. [18], who found higher yield and N content of red oak lettuce,
along with lower C:N, when nitrogen application was increased, although the trend was
limited, only occurring up to certain levels of N application. Significant increases in N, P, K,
and Mg contents were also reported when the concentration of nutrient solution increased
in a floating culture of lettuce [20], which partly supports the current investigation. This
study was based on the Carbon/Nutrient Balance (CNB) Theory’s [49] N content and C:N
data, and the CNB theory was validated for leaf lettuce.

P content was unaffected by all factors, while K content increased progressively as
irrigation amounts increased; therefore, the highest K content (5.80%) was discovered
in plants grown with the highest level of nutrient solution, and in the Cheongchima
cultivar (Table 3). A similar observation was also reported in lettuce grown in floating raft
culture [20]. However, the data were erratic in Geockchima, although the highest K content
(3.51%) was determined in the highest growth-yielding plants, demonstrating similarity
with the results of Fallovo et al. [20]. Unlike K content, the highest level of Ca was found
in plants grown with the least amount of nutrient solution. Geockchima yielded more Ca
(p ≤ 0.01) than Cheongchima in all treatment conditions. Mg content did not significantly
differ in any measured factor, but an insignificant decline was noticed with the increased
volume of nutrient solution. The decline in Ca or Mg with increasing N, Ca, and Mg
application might possibly occur because of 2+ cation absorption–competition interactions
between Ca and Mg [18].
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3.5. Postharvest Qualities as Affected by Cultivars and Amount of Applied Nutrient Solution

During the storage of harvested lettuce, relative fresh weight loss declined gradually
in all irrigation regimes, showing significant differences (p ≤ 0.05) among the irrigation
treatments (Figure 2). The greater fresh weight losses were found in Cheongchima than in
Geockchima, and samples irrigated with higher amounts than those with lower amounts.
As a result, some samples, especially those irrigated with higher nutrient solution, became
unusable after a few days of storage. On day 6, for instance, about 4% and 5% water
losses occurred in samples grown in the least irrigation amount, while these losses were
12% and 16% in samples irrigated with the highest nutrient solution in Geockchima and
Cheongchima, respectively (Figure 2). In a similar study, Lee and Chang [22] discovered
greater fresh weight loss in leaf lettuce grown in higher nutrient concentrations compared to
controls during storage at 5 ◦C. Water loss not only induces important quality, marketability,
and economic losses of fresh produce, it also negatively influences the visual, compositional,
and eating quality of the plant, even when weight losses are subtle [50]. The authors of
the present study also conclude that the weight loss of lettuce differs between cultivars
and postharvest conditions, such as temperature, humidity, gas composition, and/or type
of polymeric film used for packaging the sample during storage. The total color differ-
ence (ΔE) of Cheongchima was significantly (p ≤ 0.05) influenced by irrigation amounts
throughout storage, whereas minimal differences were observed in Geockchima (Figure 3).
The experimental crops cultivated in the Geockchima and Cheongchima treatment zones
are shown in Table 2. Relative fresh weight, total color difference, and overall visual quality
score measurements were discontinued when they became worthless as products.

 

Figure 3. Changes in total color difference in two leaf lettuce cultivars (Geockchima and
Cheongchima) grown in perlite culture with different amounts of the nutrient solution during
storage at 7 ◦C. Mean values at each evaluation day with different lowercase letters are significantly
different according to Duncan’s multiple range test (p ≤ 0.05), ns = non-significant.

The variable pattern of color changes found between the two varieties could be
attributed to the differences in leaf color, whereby the green-leafed Cheongchima might
have faster color changes compared to the red-leafed Geockchima. It seems that the
green-leafed cultivar is more vulnerable to color changes possibly because the pigment
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(chlorophyll) responsible for the leaf color usually declines with the progress of storage
(Aguero et al., 2008). Leaf color change in Geockchima was minor, probably due to the
presence of anthocyanin, which is comparatively more stable than chlorophyll during
storage [35]. Leaves harvested from 1000 and 2000 mL·d−1·plant−1 treatment showed
faster color changes compared to those of the other two treatments, especially in the
cultivar Cheongchima. Overall, the effect of different nutrient solutions on color changes of
Geockchima is small compared with Cheongchima. Since the color of the leaf is a crucial
quality character of leafy vegetables such as lettuce at postharvest stages, the changing
pattern of total color difference in accordance with irrigation treatment found in this study
may suggest the necessity of further detailed studies on the color quality of lettuce at
postharvest stages.

OVQ, measured by an expert panel, showed no variation among the irrigation treat-
ments until the second day of storage, but significant differences (p ≤ 0.05) were noticed
after that (Figure 4). Overall, samples grown in higher nutrient amounts showed a cor-
responding rapid decline in OVQ during storage, to greater degrees in Cheongchima.
Consequently, samples of 2000 mL·d−1·plant−1 treatment received lower OVQ scores,
which were insufficient for maintaining marketable life after four and six days of stor-
age, in Cheongchima and Geockchima, respectively. Our results are in accordance with
the results of Hoque et al. [51], who found an increase in lettuce yield with an increased
rate of nitrogen application, whereas postharvest quality declined. During the storage of
fresh-cut iceberg lettuce, the highest quality was discovered in samples harvested from
deficit irrigation [14]. A possible reason for the lower OVQ scores of samples irrigated
with the higher nutrient solution could be the higher fresh weight loss that occurred in
those samples (Figures 2 and 4). The difference in color change per the storage period of
the two varieties was lower in Geockchima than in Cheongchima. In Geockchima, no
difference was noted based on the amount of fertilizer input; however, a large difference
was confirmed in Cheongchima. This implies that for storage–distribution in Cheongchima,
fertilizer input quantity must be considered.

Nunes and Emond [50] discovered a significant correlation between weight loss and
visual quality in several fresh fruits and vegetables, which supports our observation. As
well as water loss, total color difference data showed that samples with higher ΔE values
received lower OVQ scores, suggesting the implication of color change in OVQ scoring.
Lettuce leaves harvested from 250 mL·d−1·plant−1 treatment, on the other hand, showed
marketable life until 8 and 10 days after harvest in Geockchima and Cheongchima, respec-
tively (Figure 4). The overall visual quality evaluation began with 9 points based on Table 2,
and was performed by three researchers in the storage room. This result may not ensure the
higher storage potentiality of the Cheongchima cultivar because the obtained OVQ value
just reached the brink of minimum marketability value (a score of 5) on 10 days of storage,
when a higher water loss was recorded compared to that of Geockchima (Figures 2 and 4).
Overall, lettuce grown with lower irrigation volumes (250 and 500 mL·d−1·plant−1) in
Cheongchima showed slightly higher OVQ scores compared to those cultivated with
higher volumes. However, the differences in OVQ affected by irrigation volume were
unclear in Geockchima, which might need further detailed investigation.

87



Horticulturae 2022, 8, 436

Figure 4. The overall visual quality scores of leaf lettuce cultivars, Geockchima and Cheongchima,
grown in perlite culture with different amounts of the nutrient solution during storage at 7 ◦C
(the dotted line corresponds to the limit of acceptability). Mean values in each evaluation day
with different lowercase letters are significantly different according to Duncan’s multiple range test
(p ≤ 0.05), ns = non-significant.

4. Conclusions

This study clearly demonstrated the amount of applied nutrient solution that influ-
ences the growth, physicochemical, nutritional, and postharvest qualities of leaf lettuce in
perlite culture. Lettuces grown in nutrient-deficient solution showed significantly lower
yield and contributing characters, as well as lower ascorbic acid concentration, but a
higher amount of dry matter, crude fiber, total chlorophyll, and anthocyanin contents than
those grown in sufficiently or excessively supplied nutrient solution. Lettuce grown with
1000 mL·d−1·plant−1 nutrient solution had the highest growth and nutritional components.
However, postharvest performances, such as relative fresh weight, color changes, and OVQ,
were better maintained in lettuces grown with limited nutrient solutions. Based on these
results, cultivation conditions advantageous for growth and yield do not always enhance
storability after harvest. Therefore, the supply of plant nutrients with irrigation water
during the growth of lettuce should be adjusted based on their uses, so that a higher yield
could be targeted for domestic or immediate uses only, while a limited supply of nutrient
solution could ensure a longer postharvest life when shipment or storage of lettuce for
certain period is required. Considering these views and based on these findings, it can be
concluded that leaf lettuce could be irrigated with 1000 or 250 mL·d−1·plant−1 nutrient so-
lution to increase yield or maintain postharvest qualities. As a result, further studies on the
proper nutrient solution control system during cultivation in relation to postharvest quality
are required. Additionally, these results can be applied to lettuce distribution, storage
duration requirement, transportation conditions, and can be used for lettuce consumption
and marketing.
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Abstract: The present experiment addressed the effects of two phosphorus regimes (30 and 90 kg ha−1,
hereafter P30 and P90) on yield and composition of eggplant fruits in ‘Birgah’ and ‘Dalia’, whether
or not these cultivars were grafted onto Solanum torvum ‘Espina’. The P30 regime did not reduce
yield, and promoted fruits’ dry matter and total phenols content, along with their concentrations
of macronutrients, mesonutrients (S and Na) and micronutrients (mostly Cu, B, Zn); however,
their Fe concentrations were depressed. The rootstock ‘Espina’ increased fruit yield, dry matter
content, epicarp chroma (in ‘Birgah’) and Ca content, together with their concentrations of B and Zn
(especially at P30), but reduced their Fe content, mostly under P30. Thus, the reduced P supply and
grafting proved to be effective tools to enhance fruit yield, carpometric and almost all nutritional
traits in eggplant, in a framework of more sustainable crop management. However, the reduced
fruit concentration of Fe suggests that the affinity of the rootstock with specific micro minerals
should be taken into account, along with the option to adopt complementary practices (e.g., targeted
micronutrient fertilizations) to manage the micro mineral composition of eggplants.

Keywords: Solanum melongena L.; rootstock; total polyphenols; mineral content

1. Introduction

Phosphorus (P) is present in all living cells as a component of biomolecules, such as
nucleic acids, phospholipids, ATP or NADPH [1]. In plants, P participates in multiple
metabolic events and, in the human body, is the second most abundant mineral, being a
constituent of the skeletal system. As a result of its biological importance, P fertilization
is irreplaceable to ensure adequate food provision to mankind, both from a quantitative
and qualitative viewpoint [2]. Despite its biological ubiquity, phosphate rocks, i.e., the only
nonrenewable sources of P fertilizers, are unevenly distributed worldwide, with Morocco,
China and USA accounting for 94% of the estimated 300 billion Mt of phosphate rocks
worldwide [1]. Agriculture represents the main consumer of the estimated 71 billion Mt
of P reserves, which, at the actual consumption rates, are expected to be significantly
depleted in the next 50–100 years, consequently posing future concerns on global food
security [3]. Hence, there is a compelling need to optimize P use in agriculture, especially
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in horticultural systems which largely contribute to the current global annual consumption
of P fertilizers (~21 Mt) and related environmental impacts [4–7].

Vegetables are pivotal sources of nutraceuticals, with antioxidants and minerals being
among the most prominent ones provided to the human diet. However, these plant foods do
not always fit the dietary requirements, since several factors may affect their compositional
profiles, including irrational fertilization practices [8,9]. Among fruit vegetables, eggplant
(Solanum melongena L.) is a popular solanaceous crop, whose edible, immature berries are
important sources of minerals and antioxidants in the Mediterranean diet [10]. Italy is the
main producer among the European countries, with 304,690 out of the 960,227 t of eggplants
(31.7% of total) produced in 2020 from a 9510-hectare surface area, mainly concentrated
in the southern regions [11]. In the Mediterranean Basin, the crop is often grown in open
field, on soils with high limestone content, a feature that is usually correlated to strong
responses of many vegetable crops to P fertilization [12]. This leads to implications for
eggplant cultivation, as high P fertilization rates are often adopted under field conditions,
being a reputed primary tool to maximize fruit yield under P-limiting conditions. Currently,
rational P fertilizations are desirable in horticultural systems, in order to address the con-
cerns of agriculture-derived burden on P reserves and ecosystems, food provision to future
generations, and rising consumer demand for environmentally sound plant foods [13]. In
this view, vegetable grafting has been proven as a useful means to modulate yield and
product composition of vegetable crops in a wide array of growth conditions [14,15]. In
greenhouse-grown eggplants, grafting has been able to modify the fruit yield and quality
in terms of phenolic profile or mineral distribution inside the plant [16,17]. Currently, no
attempts have been focused on defining the relationships among grafting and P supply in
open-field eggplants, in terms of product yield and quality traits, including its nutraceutical
composition. To this end, the central role of P fertilization is well known to impact the
product quality and mineral profile in many crops (e.g., grain crops) [4], given the multiple
and complex interactions among P and other nutrients [18]. Thus, the abovementioned
information may be highly instrumental in the double perspective to obtain adequate
nutrient-dense eggplants in a more sustainable way. For these reasons, the present study
addressed the effects of different P fertilization regimes and grafting on yield, quality traits
and mineral composition of two field-grown eggplant genotypes largely cultivated around
the Mediterranean Basin.

2. Materials and Methods

2.1. Experimental Site

A field experiment was conducted during 2019 at the experimental farm of the Uni-
versity of Catania (37◦24′27′′ N, 15◦03′35′′ E, 5 m a.s.l.), on a xerofluvent soil, having the
characteristics reported in Table 1. The soil is characterized by an alkaline pH, a very high
content of exchangeable K, total Mg and Ca, and a low content of total N and available P.
The local climate is semiarid-Mediterranean (Cs climate according to Köppen classification),
with warm and rainless summers. The meteorological conditions were recorded by an inte-
grated station near the crop (~40 m). During the experiment (from May 2 to September 1),
mean monthly air temperature progressively increased from May (17.7 ◦C) to June (22.0 ◦C)
and July (25.8 ◦C), then slightly decreased in August (25.3 ◦C) (Figure 1). These values
were similar to those of the long-term average (2009–2018), which were equal to 17.9 (May),
21.9 (June), 25.5 (July) and 25.6 ◦C (August). The lowest daily temperatures were recorded
at 22 days after transplanting (DAT) (19.9 and 8.1 ◦C for maximum and minimum mean
temperature, respectively) and the highest ones at 90 DAT (35.6 and 19.7 ◦C, respectively)
(Figure 1). Mean relative humidity showed similar values in May and June, peaking at 6, 8
and 44 DAT (82%, on average), and showing the lowest values in July, at 73, 74 and 80 DAT
(47%, on average) (Figure 1). No rainfall occurred during the experimental period, such
that the overall difference compared to the long-term average was equal to 34.1 mm. Before
transplanting, the soil was ploughed (0.40 m depth) and disk-harrowed (0.20 m depth).
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Table 1. Soil characteristics at the experimental site (0–40 cm depth).

Soil Characteristic Unit Value

Clay % 30
Silt % 13

Sand % 57
Organic matter % 2.8

pH log[H+] 7.5
Cation exchange capacity cmolc kg−1 19.1

Total N mg kg−1 1.4
Available P mg kg−1 1.5

Exchangeable K mg kg−1 278
Mg mg kg−1 433
Ca mg kg−1 5245
Na mg kg−1 125
Fe mg kg−1 107
Cu mg kg−1 12
Zn mg kg−1 6

 
Figure 1. Meteorological conditions recorded during the trial.

2.2. Experimental Design and Crop Management

The experiment was arranged as a randomized split-split-plot design with four
replications based on 3.60 × 3.50 m net experimental units (12 plants). A few days
before transplanting by hand, the soil along the rows was mulched with black polyethy-
lene sheets (40-centimeter width, 40-micrometer thickness), whereas plantlets at the
stage of three true-leaves were transplanted on May 2 in a 0.50 × 1.20 m format, then
trained at two stems up to September 1. Two P regimes were arranged as main plots,
corresponding to 30 and 90 kg P ha−1 (hereafter P30 and P90, respectively), whereas
two eggplant cultivars (‘Birgah’ and ‘Dalia’; Seminis, Milan, Italy) were imposed as
sub-plots, either ungrafted or grafted onto the Solanum torvum Swartz rootstock ‘Es-
pina’ (Esasem, Casaleone, Italy) (sub-sub-plots). Overall, we had 24 experimental units
(2 P regimes × 2 eggplant cultivars × 2 graft configurations × 3 replications). The P90
level was chosen since it represents a high supply commonly encountered in the refer-
ence area, whereas P30 represents the dose calculated for a better balance with the other
administered macronutrients. ‘Birgah’ and ‘Dalia’ are two cultivars largely grown
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in south Italy, differing for their fruit typology (globose/violet and ovoidal/black,
respectively). The rootstock ‘Espina’ was chosen because of its extensive root system
and adaptation to warm/dry conditions; thus, it is among the most widespread in the
reference area. The crop was drip irrigated, restituting 100% of ETM when accumulated
daily evapotranspiration (calculated using a class A-Pan evaporimeter near the crop)
reached 40 mm. Fertigation was performed once a week from transplanting up to
August 22 (17 interventions), overall administering the different P levels together with
120, 140, 16 and 5 kg ha−1 for N, K2O, MgO and CaO, respectively. Micronutrients
were provided in the following amounts (in kg ha−1): B (1), Cu (1), Fe (4), Mn (4),
Mo (0.4) and Zn (2). Pests control was performed as per local custom.

2.3. Fruit Collection, Carpometric Determinations and Sample Preparation

Commercially ripe fruits were harvested by hand from June 18 when they were
near the maximum size, but before the onset of the epicarp color turning [19]. At
each harvest, marketable fruits were counted and weighed, in order to calculate yield
and number of fruits per plant. After harvesting, 12 fruits per plot were washed with
distilled water, dried with paper, after which the epicarp color was measured along
the equatorial region (2 readings per fruit) using a tristimulus Chroma meter CR-400
(Minolta Corporation, Ltd., Osaka, Japan), measuring L* (lightness), a* (green-red axis)
and b* (blue-yellow axis). The epicarp color was expressed in terms of chroma (C*),
calculated as (a*2 + b*2)1/2. Fruits were then weighed to determine their fresh weight
(FW) and dry matter (DM) content (after oven-desiccation at 75 ◦C, until constant
weight). Fruits samples harvested from 20 to 22 July, i.e., when the crop attained
the full yield rate, were ground after freeze-drying (−50 ◦C) and passed through a
1-millimeter sieve, then stored at −80 ◦C until further analyses.

2.4. Determination of Total Phenols Content

Fruit total phenols content (TPC) was determined from lyophilized pulp powder
(0.10 g), which was put into 5 mL 80% ethanol (v/v) in centrifuge tubes. The samples
were extracted for 15 min using an ultrasonic bath LBS1-3 (Falc Instruments, Treviglio,
Italy), maintaining water temperature below 10 ◦C. The tubes were then centrifuged
(5000 g) at 5 ◦C for 20 min and the supernatant was transferred into vials. The pro-
cedure was performed 3 times. The combined extracts were diluted in measuring
flasks to a 25-milliliter volume; 1.5 mL of diluted samples were filtered through a
0.45-micrometer nylon filter. Then, 200 μL of extract solution were added to 1000 μL,
1:10 diluted Folin-Ciocâlteu reagent with ultrapure water, vortexed for 1 min, after
which 800 μL of 0.7 M Na2CO3 were added. The liquid was vortexed and left in the
dark for 60 min at room temperature. TPC was determined by reading the absorbance
at 765 nm with a Jenway 7315 UV-vis spectrophotometer (Cole-Parmer, Stone, UK) and
expressed as mg chlorogenic acid equivalent (CAE) kg−1 FW.

2.5. Determination of Total N and Mineral Profile

Two hundred mg of each sample were digested with 2 mL of 30% (m/m) H2O2,
0.5 mL of 37% HCl and 7.5 mL of HNO3 69% solution. The acid digestion was per-
formed using a high-pressure laboratory microwave oven Mars plus (CEM srl, Cologno
al Serio, Italy) operating at 1200 W. The temperature was linearly increased from 25 to
180 ◦C in 37 min, then held at 180 ◦C for 15 min. The digested samples were diluted
to a final volume of 25 mL with ultrapure water. Blanks were prepared in each lot of
samples. All determinations were performed in triplicate. For the elemental quan-
tification, an ICP-OES (8000 DV, PerkinElmer, Shelton, CT, USA) was used, with an
axially viewed configuration equipped with an ultrasonic nebulizer. All reagents used
for the microwave-assisted digestions, i.e., HCl, HNO3 and H2O2, were of suprapure
grade (Merck, Darmstadt, Germany). High-purity water (18 MΩ cm) from a Milli-Q
purification system (Millipore, Bedford, MA, USA) was used for diluting the standards.
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Multi-elemental, high-purity grade was purchased from CaPurAn (CPAchem Ltd.,
Bogomilovo, Bulgaria). The purity of the plasma torch argon was greater than 99.99%.
The external calibration solutions were prepared from standard certified elemental
solutions (CaPurAn). Total N and S were determined using the combustion analy-
sis by CHNS Elemental Analyzer (EA Flash 2000 Thermo Fisher Scientific CHNS-O
determination, Rodan, Milan, Italy).

2.6. Statistical Procedures

All collected and calculated data were firstly subjected to Shapiro–Wilk and
Levene’s tests, in order to check for normal distribution and homoscedasticity, re-
spectively. Then, a ‘phosphorus level × cultivar × rootstock’ analysis of variance
(ANOVA) was applied according to the experimental layout adopted in the field. Per-
centage data were Bliss’ transformed before the ANOVA (untransformed data are
reported), whereas means comparisons were performed through Tukey’s HSD test
(p ≤ 0.05).

3. Results

3.1. Yield and Carpometric Traits

Marketable yield, number of fruits plant−1 and fruit FW were not affected by the
P supply in the studied cultivars (Table 2). These last showed contrasting yield traits,
as ‘Birgah’ showed the highest marketable yield and fruit FW, whereas ‘Dalia’ had the
highest number of fruits plant−1 (Table 2). The rootstock ‘Espina’ promoted marketable
yield (+38%), fruit FW (+16%) and the number of fruits plant−1 (Table 2), with this last
variable showing the strongest increase under P30 (+30%) (Figure 2A). Concerning fruit
traits, higher firmness, chroma and TPC were noticed in P30 compared to P90 and in
‘Birgah’ compared to ‘Dalia’ (excepting TPC), whereas grafting boosted fruit firmness
(+7%) and DM content (Table 2), with this last variable only in P30 (+1.52%) (Figure 2B).
Among the tested genotypes, ‘Birgah’ showed a strong increase in epicarp chroma
when P fertilization was reduced from P90 to P30 (+45%) (Figure 3).

Table 2. Yield performances, carpometric traits and TPC of eggplants as affected by the main factors
(mean ± standard deviation). Different letters among factors’ means indicate significance at Tukey’s
HSD test (p ≤ 0.05).

Variable
Phosphorus Level Cultivar Rootstock

Mean
P30 P90 ‘Birgah’ ‘Dalia’ Control ‘Espina’

Marketable yield
(kg plant−1) 2.80 ± 0.74 a 2.80 ± 0.50 a 2.97 ± 0.68 a 2.64 ± 0.53 b 2.36 ± 0.49 b 3.25 ± 0.57 a 2.80 ± 0.62

Marketable fruits
(n. plant−1) 7.34 ± 2.10 a 7.49 ± 1.97 a 5.71 ± 1.86 b 9.12 ± 1.70 a 6.73 ± 1.81 b 8.11 ± 2.00 a 7.42 ± 1.99

Fruit FW
(g) 402 ± 125 a 399 ± 128 a 514 ± 105 a 287 ± 127 b 371 ± 109 b 430 ± 142 a 401 ± 124

Fruit DM content
(%) 9.70 ± 1.06 a 9.00 ± 0.90 b 9.43 ± 0.98 a 9.27 ± 1.13 a 9.01 ± 0.90 b 9.69 ± 1.08 a 9.35 ± 1.03

Fruit firmness
(N) 14.6 ± 2.7 a 13.5 ± 2.2 b 16.0 ± 1.6 a 12.0 ± 1.2 b 13.5 ± 2.4 b 14.5 ± 2.6 a 14.0 ± 2.5

Chroma
(adimensional) 5.67 ± 1.06 a 4.28 ± 1.40 b 7.95 ± 2.07 a 2.00 ± 1.09 b 4.90 ± 1.70 a 5.05 ± 1.81 a 4.97 ± 2.05

TPC
(mg CAE kg−1 FW) 2012 ± 380 a 1721 ± 373 b 1538 ± 268 b 2196 ± 377 a 1878 ± 415 a 1795 ± 398 a 1837 ± 456
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(a) 

(b) 

Figure 2. Number of marketable fruits plant−1 (a) and fruit DM content (b) as affected by ‘phosphorus
level × rootstock’ interaction. Grey bars: ungrafted; black bars: grafted onto ‘Espina’.

Figure 3. Fruit chroma as affected by ‘phosphorus level × cultivar’ interaction. Light grey bars: P30;
black bars: P90.
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3.2. Fruit N and Mineral Profile
3.2.1. Macronutrients

The P30 regime promoted N, P, and K accumulation in eggplants (by 18, 11 and 9%,
respectively), whereas the heterograft configuration boosted K content (+7%) and depressed
N (−15%) (Table 3). The genotypes differed for fruit N and K content (both higher in ‘Dalia’)
(Table 3); however, regarding K, ‘Birgah’ showed a significant increase under P30 supply
(+13%) (Table 4) whereas ‘Dalia’ showed the highest K rise passing from control plants to
those grafted onto ‘Espina’ (+9%) (Table 6).

Table 3. Total N and minerals content of eggplants as affected by the main factors (mean ± standard
deviation). Different letters among factors’ means indicate significance at Tukey’s HSD test (p ≤ 0.05).

Variable
Phosphorus Level Cultivar Rootstock

Mean
P30 P90 ‘Birgah’ ‘Dalia’ Control ‘Espina’

Macronutrients
(mg kg−1 FW)

N 140 ± 14 a 119 ± 19 b 122 ± 22 b 137 ± 13 a 139 ± 19 a 118 ± 18 b 130 ± 19
P 165 ± 16 a 148 ± 12 b 150 ±21 a 162 ± 8 a 157 ± 16 a 155 ± 18 a 156 ± 17
K 625 ± 45 a 575 ± 75 b 561 ± 54 b 640 ± 53 a 580 ± 79 b 620 ± 53 a 600 ± 66

Mesonutrients
(mg kg−1 FW)

Mg 102 ± 8 a 98 ± 9 a 97 ± 9 a 103 ± 8 a 100 ± 11 a 100 ± 6 a 100 ± 9
Ca 69 ± 20 a 78 ± 36 a 56 ± 10 b 91 ±31 a 62 ± 10 b 85 ± 37 a 73 ± 29
S 9.5 ± 1.5 a 8.4 ± 1.8 b 9.1 ± 1.9 a 8.8 ± 1.6 a 10.3 ± 0.9 a 7.5 ± 1.0 b 8.9 ± 1.7

Na 15.8 ± 8.8 a 11.5 ± 6.7 b 9.4 ± 3.1 b 17.9 ± 9.1 a 18.0 ± 9.2 a 9.2 ± 2.2 b 13.6 ± 7.9
Micronutrients
(μg kg−1 FW)

Fe 2900 ± 857 b 3339 ± 871 a 3702 ± 757 a 2538 ± 535 b 3139 ± 930 a 3101 ± 856 a 3120 ± 874
Mn 521 ± 63 a 512 ± 76 a 512 ± 62 a 512 ± 78 a 466 ± 64 b 558 ±35 a 512 ± 69
Cu 495 ± 42 a 376 ± 105 b 423 ± 125 a 448 ± 67 a 463 ± 63 a 408 ±121 b 436 ± 99
B 1809 ± 972 a 1374 ± 661 b 1246 ± 416 b 1937 ± 1025 a 1053 ± 294 b 2131 ±874 a 1592 ± 843

Zn 3106 ±1832 a 2172 ± 1224 b 2198 ± 564 b 3080 ±2124 a 1657 ± 604 b 3621 ±1692 a 2639 ± 1597

Table 4. Potassium, magnesium, manganese and copper concentrations in eggplants (mean ± standard
deviation) as affected by ‘phosphorus level × cultivar’ interaction.

Variable
P30 P90 HSDinteraction (p = 0.05)

‘Birgah’ ‘Dalia’ ‘Birgah’ ‘Dalia’

K (mg kg−1 FW) 596 ± 14 636 ± 59 527 ± 38 643 ± 51 54
Mg (mg kg−1 FW) 106 ± 7 106 ± 9 88 ± 7 100 ± 6 14
Mn (μg kg−1 FW) 543 ± 31 499 ± 80 480 ± 69 525 ± 81 57
Cu (μg kg−1 FW) 521 ± 34 469 ± 32 325 ± 101 427 ± 88 67

3.2.2. Mesonutrients

Sulphur and Na concentrations were higher in P30 than in P90 (by 13 and 42%, respec-
tively) (Table 3), without interactive effects. Regarding Mg concentration, an analogous
response was noticeable only in ‘Birgah’ (+20%), whereas no significant differences were
recorded for ‘Dalia’ (Table 4). These genotypes differed in terms of fruit Ca and Na con-
centrations, as both minerals attained higher levels in ‘Dalia’ (Table 3), i.e., the cultivar
that also showed strongest Ca and Na variations in response to grafting (+62 and −60%,
respectively) (Table 6). On the other hand, the heterograft configuration depressed the S
accumulation (−27%), irrespective of the P level and genotype (Table 3).
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3.2.3. Micronutrients

Increased concentrations in Cu, B and Zn were found in response to the reduced P
supply (Table 3), whereas ‘Birgah’ showed a stronger response to P30 for fruit Mn (±13%)
and Cu (±62%) concentrations (Table 4). A different trend was recorded for Fe, whose fruit
content was strongly decreased, passing from P90 to P30 (Table 3), with the rootstock ‘Espina’
depressing fruit Fe under P30 supply (−17%) and increasing it at P90 (±15%) (Table 5).
Such response was opposite to that of B and Zn, whose contents were promoted by ‘Espina’
mostly in P30 (by 125 and 143%, respectively) (Table 5). Excluding Fe and Cu, grafting
promoted the accumulation of micronutrients in eggplants (Table 3), although in some
cases such response was genotype-dependent. Indeed, while for Mn concentration the
graft-induced increase was consistent among P levels and cultivars (±20%) (Table 3), for
B and Zn concentrations ‘Dalia’ showed the highest rise passing from control to grafted
onto ‘Espina’ (±169 and ±320%, respectively). ‘Birgah’ displayed a strong reduction in Cu
concentration in the heterograft configuration (−23%) (Table 6).

Table 5. Iron, boron and zinc concentrations in eggplants (mean ± standard deviation) as affected by
‘phosphorus level × grafting’ interaction.

Variable
P30 P90 HSDinteraction (p = 0.05)

Control ‘Espina’ Control ‘Espina’

Fe (μg kg−1 FW) 3176 ± 1161 2625 ± 290 3102 ± 741 3577 ± 993 550
B (μg kg−1 FW) 1113 ± 304 2505 ± 907 993 ± 298 1756 ± 722 319

Zn (μg kg−1 FW) 1813 ± 600 4399 ± 1736 1501 ± 621 2843 ± 1353 441

Table 6. Potassium, calcium, sodium, copper, boron and zinc concentrations in eggplants (mean ± standard
deviation) as affected by ‘cultivar × grafting’ interaction.

Variable
‘Birgah’ ‘Dalia’ HSDinteraction (p = 0.05)

Control ‘Espina’ Control ‘Espina’

K (mg kg−1 FW) 546 ±59 577 ± 49 612 ± 42 667 ± 53 52
Ca (mg kg−1 FW) 53 ± 8 59 ± 12 69 ± 3 112 ± 32 20
Na (mg kg−1 FW) 10.5 ± 3.3 8.3 ± 2.6 25.5 ± 6.4 10.2 ± 1.4 3.7
Cu (μg kg−1 FW) 477 ± 76 369 ± 147 450 ± 52 447 ± 85 67
B (μg kg−1 FW) 1055 ± 365 1437 ± 400 1051 ± 237 2824 ± 607 319

Zn (μg kg−1 FW) 2130 ± 344 2266 ± 755 1184 ± 384 4976 ± 1150 441

3.2.4. Correlation among Variables

The results of the correlation analysis are reported in Table 7. Overall, 171 correla-
tions were analyzed, of which 67 (39% of total) showed significance, highlighting 44 pos-
itive and 23 negative relationships. In the case of yield and carpometric traits, 18 out of
21 correlations (86%) were significant, whereas they were 53 out of 150 (35%) in the case of N
and mineral concentrations (Table 7). In the case of positive correlations, the highest correla-
tion coefficients were recorded among B and Zn (0.901 ***), fruit FW and chroma (0.879 ***),
fruit FW and firmness (0.868 ***), and among fruit firmness and chroma (0.864 ***). The
strongest relationships in the dataset of positive correlations were recorded among mar-
ketable fruits plant−1 and chroma (−0.799 ***), marketable fruits plant−1 and fruit FW
(−0.722 ***), fruit FW and TPC (−0.691 ***), and among marketable fruits plant−1 and Fe
concentration (−0.598 **).
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4. Discussion

In the present experiment, none of the studied eggplant cultivars showed negative
yield responses under reduced P fertilization, demonstrating the agronomic inefficacy
to exceed the P30 threshold. Consequently, the P90 level depressed the efficiency of P
fertilization; for every kg ha−1 of supplied P, the crop yielded 1.56 t ha−1 of marketable
fruits in P30, against 0.52 t ha−1 in P90 (data not shown). It is possible that the high
fractionation of P supply we adopted contributed to these differences too, by reducing
the P immobilization into the soil and subsequently yielding more efficient absorption by
the plants [4]. Accordingly, the absence of any significant variation of yield components
passing from P90 to P30 (i.e., number of marketable fruits plant−1 and fruit FW) indicates
that the plants had no need for extra P supplied beyond 30 kg ha−1. On the other hand, the
rootstock ‘Espina’ promoted yield, number of marketable fruits plant−1 (mainly at P30) and
fruit FW, confirming previous results obtained by grafting eggplant onto S. torvum [20,21].
The highest yields of grafted vegetable crops have been often attributed to the enhanced
water and nutrient uptakes, flowing in turn from a more expanded root system [22]. Both
P supply and grafting are able to modify the nutritional flows between vegetative and
reproductive organs [22,23]. In this view, the higher fruit yield recorded in P30/grafted
eggplants suggests a synergistic effect among P30 and ‘Espina’ in generating more favorable
source:sink relationships, promoting fruit yield.

Fruit DM content and firmness results were clear examples of fruit quality improve-
ment under a more rational P supply, with the former variable being maximized by combin-
ing P30 and grafting, likely as a consequence of an enhanced carbon flow toward the fruits.
Indeed, it has been reported that the optimal tuning among macronutrient supplies through
fertilization (notably among N and P) acts to improve the photosynthates translocation
toward the reproductive organs [12]. Accordingly, we found that marketable yield was
positively correlated to fruit FW (0.543 **) and DM content (0.539 **). This finding suggests
implications for postharvest behavior of eggplants, as higher DM content and firmness
values are often associated with improved vegetable shelf-life and tolerance to mechanical
injuries along the distribution chain [24].

The P30 supply also improved the skin chroma (in ‘Birgah’) and TPC of eggplants,
thus highlighting positive effects on both commercial (more vivid external colors) and
nutraceutical traits. Indeed, the health-promoting properties of eggplants largely rely
on their phenolic acids composition (mostly chlorogenic acid derivatives), whereas the
typical hue of eggplant skin is primarily defined by the high accumulation of anthocyanins,
such as delphinidin-3-rutinoside, delphinidin-3-rutinoside-5-glucoside or delphinidin-3-
coumaroylrutinoside-5-glucoside (nasunin), which show antioxidant and antiagiogenic
activities [25,26]. These outcomes could be explained by a more sustained growth rate of
the fruits, allowing them an earlier achievement of perceived suitable size for harvest. In
this sense, higher anthocyanin and phenol concentrations have been reported in younger
eggplants, with the former variable being highly correlated to the external fruit color
appearance [27,28]. For TPC, the P30 supply apparently acted as an eustressor, promoting
their accumulation in eggplants. Accordingly, higher phenolic concentrations have been
reported under reduced P supply, e.g., in lavender, strawberry or Chinese kale [29–31].

Potassium was the prevailing macronutrient in eggplants, confirming the important
role of this vegetable as a K provider in the human diet. The reduced P supply promoted
the fruit accumulation of K only in ‘Birgah’, probably as a consequence of its different K
partitioning inside the plant. Differently, P30 boosted N and P concentrations in eggplant
fruits, with differences (+17.6 and +11.5%, respectively) largely overcoming that recorded
for fruit DM (+7.8%). To this end, an adequate N:P ratio into the soil has been reported to
optimize root architecture and the ability of the plant to absorb both macronutrients [32].
This hypothesis seems to be confirmed by the correlation analysis, which revealed a strong
relationship between both macronutrient concentrations (0.658 ***). On the other hand,
fruit P and K concentrations positively responded to grafting, confirming the ability of
this propagation technique to promote the accumulation of these macronutrients in fruit
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vegetables [10,33]. Despite the positive correlation found among these last macronutrients
(0.516 **), the highest increase in K content recorded in ‘Dalia’ suggests a strong influence
of the genotype in remodeling the fruit macromineral profile of grafted eggplants. This
finding is consistent with the known importance of the “scion × rootstock” interactions
reported in this crop [34]. Taken together, our results show the possibility to enhance
the fruit macronutrient profile in ‘Birgah’ and ‘Dalia’ by combining a more rational P
supply and grafting. Beyond its environmental importance, this outcome is nutritionally
relevant mainly for P and K because of their role in the human body, regulating e.g., bone
formation and cardiovascular functions (P), or blood pressure and transmission of signals
in neuromuscular tissues (K) [35,36].

Where mesonutrients were concerned, S and Na showed similar responses to P fer-
tilization and grafting, as their fruit concentrations were promoted by P30 and restricted
by the heterograft configuration. However, no differences were found for S by compar-
ing P90/ungrafted vs. P30/grafted treatments of both eggplant cultivars. Differently, the
rootstock effect was largely prevalent for Na, so that the P30/grafted eggplants showed
the poorest Na concentration, consistent with the reduced Na uptake observed in grafted
eggplant plants [16]. On the other hand, a positive response to grafting was noticed for
Ca concentration (up to ±62% in ‘Dalia’), confirming the positive effects of the rootstock
‘Espina’ on Ca accumulation in eggplants [21].

Regarding the micromineral composition, we observed strong, positive effects of P30
mainly on B and Zn concentrations, consistent with their improved root uptake observed
under more proper P soil content [37–40]. On the other hand, beyond the differences
among eggplant cultivars, grafting always promoted the accumulation of Mn, B and Zn,
probably as a consequence of more expanded roots exploring deeper soil layers, where more
convenient oxidative and thermal conditions foster the absorption of these minerals [41–43].
Accordingly, highly significant correlations were found between Mn and B (0.637 ***), Mn
and Zn (0.579 **), and between B and Zn (0.901 ***). Consequently, in both cultivars, the
P30/grafted combination produced fruits with the best micronutrient compositions in terms
of Zn (±193%), B (±152%), Mn (±24%) and Cu (±15%), despite grafting per se acting to
reduce the Cu concentration in ‘Birgah’. Many rootstock species, including S. torvum, are
well known to restrict the translocation of some potentially toxic metals toward the shoot,
a feature that, together with the peculiar scion traits, would explain the reduced fruit Cu
concentration we recorded in ‘Birgah’ [44,45]. In any case, the overall increase in these four
minerals through rational P supply and grafting is relevant from a nutritional viewpoint
due to the primary role of these elements in human metabolism, including cardiovascular
integrity (Cu), brain (Mn) and bones (B) development, or synthesis of nucleic acids and
proteins (Zn) [8,41,42]. Differently, fruit Fe concentration was reduced under P30, mostly in
the grafted eggplants, thus showing an opposite trend when compared to Zn and B. The
contrasting trends of Fe and Zn (r = −0.460 *) is one of the main outcomes we recorded,
as these are among the most important trace elements for the human body. Indeed, their
dietary deficiencies lead to serious metabolic disorders, including growth retardation,
weakened immunological defense and anemia; their suboptimal levels in human diet are
perceived as a growing concern both in developed and developing nations [8,46,47]. By
comparing the P30/grafted and P90/ungrafted combinations, our results show a dramatic
reduction of the fruit Fe:Zn ratio (from 1.26 to 0.13); this suggests an alteration of their
homeostasis in fruits, despite no visual symptoms of Fe chlorosis being recorded during
the experiment (data not shown). Overall, the correlation analysis supports the hypothesis
that the reduced Fe concentration in fruits flows from an enhanced P30-driven absorption
of Zn, probably exacerbated by the rootstock, given the high capability of S. torvum for the
uptake of Zn from the growth substrate [48]. Accordingly, it has been noted that Fe and Zn
interact because of the chemical similarity of their divalent cations and basic transporter
proteins, leading in many plants to reciprocal interference in their uptake and translocation,
as part of the complex tripartite interaction among P, Fe and Zn homeostasis [49,50].
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5. Conclusions

The present experiment provides information about the positive effects obtainable by
combining a more targeted P supply and grafting in terms of fruit yield and quality in open
field eggplants. Such information appears highly instrumental from the perspective of
improving the sustainability and nutritional quality of this pivotal Mediterranean vegetable
crop. Although the fruit constituents reported in this study (total phenols and inorganic
constituents) provide no energy, their sufficient intake represents a necessary component of
adequate human growth and metabolism; their suboptimal dietary concentrations can lead
to metabolic disorders and increased incidence in chronic diseases. Beyond the differences
among eggplant cultivars, our results show that the reduction in P fertilization did not
affect fruit yield, but instead was promoted by grafting. The P30/grafted eggplants showed
enhanced marketable yields, along with increased concentrations in total phenols, macronu-
trients (mostly P and K), Ca and micronutrients (Zn, B, Mn and Cu), hence revealing an
overall better nutraceutical composition. The depressed Fe concentration represented an
exception having nutritional relevance, probably consequent to both complex P–Fe–Zn
interactions in the soil and intrinsic rootstock characteristics. This outcome would suggest
that under similar conditions, the affinity of the rootstock with specific micro minerals
should be taken in due account, along with the option to adopt complementary practices
(e.g., more targeted micro mineral fertilizations) to optimize the overall accumulation of
these constituents in eggplant fruits.

Author Contributions: Conceptualization, R.P.M. and C.L.; methodology, R.P.M., M.D., S.R.S. and
L.S.; software, F.G., M.D., C.C. and F.B.; validation, C.C., F.B., E.A. and R.M.; formal analysis, R.P.M.,
L.S. and M.D.; investigation, M.D., C.C., F.B., E.A. and R.M.; data curation, S.R.S., R.P.M., F.G. and
E.A.; writing—original draft preparation, R.P.M., S.R.S. and L.S.; writing—review and editing, F.G.,
C.C., F.B. and E.A.; supervision, C.L. and F.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Obersteiner, M.; Peñuelas, J.; Ciais, P.; Van Der Velde, M.; Janssens, I.A. The phosphorus trilemma. Nat. Geosci. 2013, 6, 897–898.
[CrossRef]

2. El Bilali, H.; Callenius, C.; Strassner, C.; Probst, L. Food and nutrition security and sustainability transitions in food systems. Food
Energy Secur. 2019, 8, e00154. [CrossRef]

3. Cordell, D.; Drangert, J.O.; White, S. The story of phosphorus: Global food security and food for thought. Glob. Environ. Chang.
2009, 19, 292–305. [CrossRef]

4. Bindraban, P.S.; Dimkpa, C.O.; Pandey, R. Exploring phosphorus fertilizers and fertilization strategies for improved human and
environmental health. Biol. Fertil. Soils 2020, 56, 299–317. [CrossRef]

5. Wang, R.; Min, J.; Kronzucker, H.J.; Li, Y.; Shi, W. N and P runoff losses in China’s vegetable production systems: Loss
characteristics, impact, and management practices. Sci. Total Environ. 2019, 663, 971–979. [CrossRef]

6. Wang, R.; Shi, W.; Li, Y. Phosphorus supply and management in vegetable production systems in China. Front. Agric. Sci. Eng.
2019, 6, 348–356. [CrossRef]

7. Kalkhajeh, Y.K.; Huang, B.; Sørensen, H.; Holm, P.E.; Hansen, H.C.B. Phosphorus accumulation and leaching risk of greenhouse
vegetable soils in Southeast China. Pedosphere 2021, 31, 683–693. [CrossRef]

8. Buturi, C.V.; Mauro, R.P.; Fogliano, V.; Leonardi, C.; Giuffrida, F. Mineral biofortification of vegetables as a tool to improve human
diet. Foods 2021, 10, 223. [CrossRef]

9. Ierna, A.; Mauro, R.P.; Leonardi, C.; Giuffrida, F. Shelf-life of bunched carrots as affected by nitrogen fertilization and leaf presence.
Agronomy 2020, 10, 1982. [CrossRef]

10. Sabatino, L.; Iapichino, G.; Consentino, B.B.; D’Anna, F.; Rouphael, Y. Rootstock and arbuscular mycorrhiza combinatorial effects
on eggplant crop performance and fruit quality under greenhouse conditions. Agronomy 2020, 10, 693. [CrossRef]

11. Food and Agriculture Organization of the United Nations. Available online: http://www.fao.org/faostat/en/#home (accessed on
26 January 2022).

104



Horticulturae 2022, 8, 304

12. Ierna, A.; Mauro, R.P.; Mauromicale, G. Improved yield and nutrient efficiency in two globe artichoke genotypes by balancing
nitrogen and phosphorus supply. Agron. Sustain. Dev. 2012, 32, 773–780. [CrossRef]

13. Zhang, B.; Fu, Z.; Huang, J.; Wang, J.; Xu, S.; Zhang, L. Consumers’ perceptions, purchase intention, and willingness to pay
a premium price for safe vegetables: A case study of Beijing, China. J. Clean. Prod. 2018, 197, 1498–1507. [CrossRef]

14. Colla, G.; Rouphael, Y.; Leonardi, C.; Bie, Z. Role of grafting in vegetable crops grown under saline conditions. Sci. Hortic.
2010, 127, 147–155. [CrossRef]

15. Mauro, R.P.; Agnello, M.; Distefano, M.; Sabatino, L.; San Bautista Primo, A.; Leonardi, C.; Giuffrida, F. Chlorophyll
fluorescence, photosynthesis and growth of tomato plants as affected by long-term oxygen root zone deprivation and
grafting. Agronomy 2020, 10, 137. [CrossRef]

16. Semiz, G.D.; Suarez, D.L. Impact of grafting, salinity and irrigation water composition on eggplant fruit yield and ion relations.
Sci. Rep. 2019, 9, 19373. [CrossRef]
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Abstract: Regionality is a term used in the tea industry to describe the particular style of tea produced
by a growing region. Determining the characteristics of the tea of specific regions can help growers
predict tea plant quality before harvesting and eventually production. As such, in this study, we
collected representative Oolong tea samples from 15 regions in 8 countries. Quantitative description
analysis (QDA) and a flavor wheel were used to analyze their sensory characteristics. Chemometrics
was used to screen the phytochemical components that significantly contribute to the taste of Oolong
tea. We preliminarily obtained 35 sensory characteristic descriptors and constructed a flavor wheel
for Oolong tea. We found that Oolong tea in each region has unique sensory quality characteris-
tics. The content of thirteen phytochemical components of Oolong tea in different regions widely
varied, and the average coefficient of variation was 45.56%. Among of them, we found the largest
difference in free amino acids. We identified the relationship between taste sub-attributes, and the
thirteen phytochemical components was found through correlation analysis. Finally, we selected
phytochemical components with significant effects on five taste sub-attributes that were selected from
the thirteen detected phytochemical components. The construction of the Oolong tea flavor wheel can
help realize the qualitative and quantitative sensory evaluation of Oolong tea from different origins
and contribute to the quality identification and directional improvement of Oolong tea products.

Keywords: Oolong tea; sensory characterization; flavor wheel; phytochemical components; taste

1. Introduction

Tea (Camellia sinensis) plants are important horticultural plants that are widely grown
in China, Japan, India, Sri Lanka, Kenya, Tanzania, and Argentina [1]. Tea is made from the
leaves of tea plants and is the second most popular beverage in the world after water [2].
Oolong tea, a semi-fermented tea, was first produced in the early Song Dynasty (960–1279)
and originated from the Fujian, Guangdong, and Taiwan provinces of China [2,3]. Different
from green and black teas, traditional Oolong tea tastes mellow and refreshing, with an
elegant fruity and floral fragrance, and enjoys wide popularity all over the world [4,5]. In
the past few decades, the output and consumption of Oolong tea in the world has been
increasing, and it is being increasingly produced in various countries, such as Japan, Sri
Lanka, Myanmar, Thailand, and South Korea [6,7]. The special aroma and taste of tea are
largely determined by its geographical and natural conditions, including growing regions,
tea varieties, cultivation methods, and processing techniques [8]. Therefore, most famous
teas in the world are named after regions, such as Anxi Tieguanyin, Wuyi rock tea, Xihu
Longjing, Dongting Biluochun, Assam black tea, and Dajiling black tea [9]. There are
great differences in the quality characteristics of Oolong tea in different regions [10]. Tea
flavor experts are often asked some questions about the quality characteristics and flavor
formation mechanism of Oolong tea from different regions: What are the quality differences

Horticulturae 2022, 8, 278. https://doi.org/10.3390/horticulturae8040278 https://www.mdpi.com/journal/horticulturae
107



Horticulturae 2022, 8, 278

of Oolong tea between Fujian, Guangdong, and Taiwan? What is the difference between
China, Japan, and Sri Lankan Oolong tea? What words do we use to describe the taste of
Oolong tea? What chemical substance is responsible for the heavy and thick or mellow
flavor of Oolong tea? These answers to these questions are still unclear. As such, we must
conduct an in-depth analysis of the sensory and phytochemical characteristics of Oolong
tea from different regions.

Quantitative description analysis (QDA) is an effective descriptive sensory analysis
method [11]. It can be used to effectively mine the flavor vocabulary of food, determine
its sensory flavor characteristics, and compare the differences in sensory characteristics
between foods [11]. A flavor wheel is a visual and practical tool that can be used to describe
different flavor characteristics of food. Through the collection, classification, induction,
and sorting of specific sensory attribute descriptors, the flavor characteristics of food are
formed [12,13]. Combining QDA and the flavor wheel can not only be used to identify the
flavor characteristics of food, but also to visualize the flavor. These technologies are widely
used in food and tea. The Specialty Coffee Association of America (SCAA) developed the
first coffee flavor wheel in 1995. Recently, the SCAA and World Coffee Research (WCR)
jointly developed attribute words and mapped a new flavor wheel to further guide the
production and improve the flavor of coffee [12]. The Tea Research Institute of Chinese
Academy of Agricultural Sciences also constructed the primitive morpheme and flavor
wheel of terms of sensory evaluation of Chinese tea [13]. The sensory descriptors and flavor
wheel of alcohol [14], vinegar [15], Pu’er tea [16], Fuzhuan brick Tea [17], Huangdacha [18],
and green tea [19] have also been successfully established. However, research on the flavor
wheel of Oolong tea in different regions is still lacking. This is not conducive to us to
distinguish and understand the quality characteristics of Oolong tea from different regions,
which limits us to further explore the flavor formation mechanism of Oolong tea.

The taste of tea is the comprehensive effect of human sensory gustation from water-
soluble substances in a tea infusion [20]. The main flavor components are divided into
polyphenols, alkaloids, amino acids, carbohydrates, etc., which have different flavor char-
acteristics due to their different compositions, contents and threshold values [20]. Tea
polyphenols, catechins, caffeine, and free amino acids are considered to be the important
chemical components affecting the taste intensity of Oolong tea [3]. Free amino acids,
theanine, and total catechins are significantly correlated with the taste score of Oolong
tea [21,22]. Five catechins and catechin gallates, i.e., catechin (C), epicatechin (EC), epi-
gallocatechin (EGC), epigallocatechin gallate (ECG), and epigallocatechin gallate (EGCG),
are the major phenolic compounds in Oolong tea [21]. Theanine is the main component
of free amino acids [11]. These chemical components affect the taste score in the sensory
evaluation of Oolong tea [21,22]. However, whether differences exist in these important
chemical components in Oolong tea from different regions around the world and the
contribution of these components to the taste sub-attributes of Oolong tea have not been
reported. Understanding the contribution of chemical components to taste sub-attributes is
very important for the quality control and improvement of Oolong tea products.

Based on this, in this study we used a combination of QDA and the flavor wheel to
analyze the quality characteristics of Oolong tea from 15 regions of 8 countries for the first
time. Correlation analysis, Dose-over-Threshold (DoT), and partial least square-variable
import project (PLS-VIP) were used to screen compounds with important contributions to
flavor properties. Our two purposes in this study were to (1) construct the flavor wheel
of Oolong tea and clarify the sensory quality characteristics of Oolong tea from different
regions and (2) clarify the contribution of thirteen phytochemical components, such as tea
polyphenols, catechins, caffeine, and free amino acids, to the taste sub-attributes of Oolong
tea. This work will help us to accurately describe and distinguish the quality characteristics
of Oolong tea from different origins, and to understand the phytochemical components that
have an important contribution to the taste sub-attributes of Oolong tea, so as to provide a
reference for the quality improvement and directional regulation of Oolong tea products.
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2. Materials and Methods

2.1. Experimental Materials

We collected 171 samples of Oolong tea from 17 regions in 8 countries. Samples from
8 regions in China including different varieties and grades were produced by different man-
ufacturers. We purchased samples from Japan, Sri Lanka, Myanmar, Australia, Germany,
Korea, and Thailand from different brands and different types sold in local markets. The
sample details are shown in Table S1 in the Supplementary Materials. To prevent changes
in the quality and chemical composition of the samples, they were stored in a refrigerator at
−80 ◦C until use. Because the quality characteristics of some Oolong tea samples collected
in the same region were relatively similar, we initially evaluated the appearance, infusion
color, taste, and aroma of the samples by referring to GB/T 23776–2018 [23]. We excluded
samples with similar quality characteristics in the same region. Representative Oolong
tea samples from various regions were screened out for sensory quantitative description
analysis and the detection of the thirteen phytochemical components. A total of 66 regional
representative samples were finally obtained, including 7 from southern Fujian, 8 from
northern Fujian, 5 from western Fujian, 8 from Guangdong, 6 from Taiwan, 1 from Hubei, 5
from Zhejiang, 3 from Sichuan, 5 from Japan, 2 from Sri Lanka, 5 from Myanmar, 2 from
Australia, 4 from Germany, 2 from Korea, and 3 from Thailand (Table 1, Table S1).

Table 1. Origin and quantity of Oolong tea samples.

Region (Abbreviation)
Sample

Quantity/Number
Region

(Abbreviation)
Sample

Quantity/Number

Southern Fujian, China (MN) 7 Japan (JP) 5
Northern Fujian, China (MB) 8 Sri Lanka (LK) 2
Western Fujian, China (MX) 5 Myanmar (MM) 5

Guangdong, China (GD) 8 Australia (AUS) 2
Taiwan, China (TW) 6 Germany (GER) 4
Hubei, China (HB) 1 Korea (KR) 2

Zhejiang, China (ZJ) 5 Thailand (THA) 3
Sichuan, China (SC) 3 Total 66

Standards of caffeine (CAF > 99%), catechin (C > 99%), epicatechin (EC > 99%),
epigallocatechin (EGC > 99%), epigallocatechin gallate (ECG > 99%), epigallocatechin
gallate (EGCG > 99%), theanine (> 99%), glutamic acid (> 99%), and gallic acid (GA > 99%)
were purchased from Sigma-Aldrich (Saint Louis, MO, USA).

2.2. Experimental Method
2.2.1. Quantitative Description Analysis (QDA)

We first established a sensory evaluation team: according to the requirements of
GB/T 16291.1–2012 (GB/T: national standards of people’s republic of China) [24], five
evaluators were selected from the tea science teacher team of Fujian Agriculture and
Forestry University based on time, interest, and description ability. The members of the
sensory evaluation team had participated in many sensory evaluation experiments for teas
such as black, white, and Oolong teas, and all had more than 10 years of experience in tea
sensory evaluation.

For descriptor generation and sensory evaluation, the sensory characteristics of Oo-
long tea were evaluated by referring to the evaluation procedures and requirements of
GB/T 23776–2018 (covered-bowl method) [23]. Sensory analysis was performed in the Tea
Sensory Evaluation Laboratory of the Horticulture Science and Technology Building, Fujian
Agriculture and Forestry University. Samples of 100–200 g were placed in the tea evaluation
tray, and the evaluators evaluated the appearance by turning the tea and changing its posi-
tion. Samples of 5.0 g were weighed and placed in a covered 110 mL bowl; then we filled
the bowl with boiling water and capped the bowl. After soaking the samples for 1 min, we
opened the lid, and the aroma of tea was evaluated. After soaking for 2 min, we drained
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the tea infusion into the evaluation bowl for the color to be appraised and the infusion to
be tasted. Then, we made the tea for the second brewing, covered it, soaked it for 1–2 min,
opened the lid, and the aroma of tea was evaluated. After soaking for 3 min, we drained
the tea soup infusion into the evaluation bowl, and the color and taste of the infusion were
evaluated. We then made the tea for the third brewing, covered it, and the aroma was
evaluated after 2–3 min. Then we drained the tea infusion into the evaluation bowl after
5 min for the evaluation of the color and taste of the infusion. Finally, the evaluators smelled
the aroma of the leaves. The evaluators independently described the appearance of dry tea;
the color, aroma, and taste characteristics of tea infusion; and we recorded all evaluator’s
descriptors. After that, we preliminarily screened the descriptive words and retained the
descriptive words used more than 80% of the time. All evaluators discussed and screened
descriptors in combination with GB/T 14487–2017 [25] and references [9,10,13,21]. Finally,
the descriptors and sensory quality characteristics of Oolong tea samples from different
regions were obtained. Every sample was randomly evaluated three times.

For taste sub-attributes evaluation, the method of preparing the method of tea infusion
was the same as that mentioned above. The evaluators evaluated the bitterness, astringency,
umami, sweet aftertaste, and “heavy and thick” of the tea infusion of all samples. A 0–5
strength scale standard was adopted, where 0 = none and 5 = very. Every sample was
randomly evaluated three times.

2.2.2. Quantification of Phytochemical Components

The water content of dry tea was determined by the weight loss method according to
ISO 1573: 1980 [26]. Briefly, 5.0 ± 0.001 g of the ground tea sample was put in a prepared
weighing bottle and then dried at the bottle at 103 ◦C for 6 h, which was then cooled in a
desiccator and weighed to the nearest 0.005 g. The water extract content was determined
by the differential method according to ISO 9768: 1998 [27] with modifications. Briefly,
2.0 ± 0.001 g of the ground tea sample was put in a conical flask, and 300 mL of boiling
water was added. After 45 min of brewing, the tea infusion was filtered under a vacuum,
and tea residue was dried at 103◦C for 16 h. Afterward, the tea residue was cooled in a
desiccator and weighed to the nearest 0.001 g. Three biological replicates were performed
of the water content and water extract content of every sample.

The tea polyphenols content was determined by Folin-Ciocalteu phenol colorimetry
according to ISO 14502.1: 2005 [28]. Briefly, gallic acid was used as a standard. 0.2 ± 0.001 g
of the ground tea sample was put into 10 mL centrifuge tube, and then 5 mL of 70%
methanol preheated at 70 ◦C was added. After extraction for 30 min in a 70 ◦C water
bath, the extracting solution was put in a centrifuge. We repeated this procedure once. We
combined and fixed the extract to 10 mL. Then, 1 mL of the extract was transferred and
fixed to 100 mL. Subsequently, 1 mL of the extract was drawn into a 10 mL calibration
tube, 5 mL of 10% Folin-Ciocalteu was added, and after reacting for 3–8 min, 4 mL of 7.5%
Na2CO3 was added. After waiting 60 min, the absorbance was determined at 765 nm using
a TU-1810PC UV-Vis spectrophotometer (Puxi General Instrument Co., Ltd., Beijing, BJ,
China) Three biological replicates were performed for every sample.

The catechins (ECG, C, EGC, EGCG, and EC) and caffeine contents were determined
using a Waters 2695 high performance liquid chromatograph (HPLC) (Waters, Milford,
MA, USA) according to ISO 14502.1: 2005 [29] with modifications. The method we used
for extraction of the tea samples was the same as that used for tea polyphenols. The
chromatographic conditions were as follows: 2998 PDA detector (Waters, Milford, MA,
USA); X-select-T3 chromatographic column 4.6 mm × 250 mm × 5 μm (Waters, Milford,
MA, USA); mobile phase A: 2% formic acid solution; mobile phase B: pure methanol. The
gradient change of the mobile phase A was as follows: 0–9 min, 83–73%; 9–15 min, 73–58%;
15–18 min, 58–83%. The flow rate was 1 mL/min; column temperature was 35 ◦C; injection
volume was 10 μL; and UV detection was performed at 278 nm. The ester catechin content
was calculated as ECG content + EGCG content, the simple catechin content was calculated
as EGC content + C content + EC content, and the total catechin content was calculated as
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ester catechin content + simple catechin content. Three biological replicates were performed
for each sample.

The theanine content was determined by Waters 2695 HPLC (Waters, Milford, MA,
USA) according to GB/T 23193-2017 [30]. Briefly, 1.0 ± 0.001 g of the ground tea sample
was put in a 200 mL beaker, and then 100 mL of boiling water was added. After extracting
for 30 min in 100 ◦C water bath, we filtered and fixed the sample to a volume in a 100
mL volumetric flask and filtered the sample through a 0.45 μm aperture polyethersulfone
filter membrane (Jinteng Co., Ltd., Tianjin, TJ, China) and removed 1 mL for HPLC analy-
sis. The chromatographic conditions were as follows: the chromatographic column was
an AccQ·Tag amino acid special analytical chromatographic column 3.9 mm × 150 mm
(Waters, Milford, MA, USA); mobile phase A: 100% pure water; mobile phase B: 100% ace-
tonitrile. The gradient change of mobile phase A was 0–10 min, 100%; 10–12 min, 100–20%;
12–20 min, 20%; 20–22 min, 20–100%; 22–40 min, 100%. The injection volume was 10 μL;
the column temperature was 35 ◦C, and the flow rate was 1 mL/min; and the detection
wavelength was 210 nm. Three biological replicates were performed for every sample.

The free amino acids content was determined by the ninhydrin colorimetric method ac-
cording to GB/T 8314-2013 [31]. Glutamic acid was used as a standard. Then, 1.0 ± 0.001 g
of the ground tea sample was put into a 500 mL beaker, and then 300 mL of boiling water
was added. After extracting for 20 min in a 100 ◦C water bath, the sample was filtered with
15 cm diameter quantitative filter paper (Tezhong Co., Ltd., Hangzhou, HZ, China) and
fixed to volume in a 500 mL volumetric flask. After, 1.0 mL of the extracting solution was
placed in a 25 mL colorimetric tube, then 0.5 mL pH 8.0 phosphate buffer and 0.5 mL 2%
ninhydrin solution were added. After 15 min of being placed in a water bath in boiling
water, we fixed the volume to 25 mL after cooling, and the absorbance was detected at
570 nm by a TU-1810pc UV-Vis spectrophotometer (Puxi General Instrument Co., Ltd.,
Beijing, BJ, China). Three biological replicates were performed for every sample.

2.2.3. Data Statistics and Analysis

The mean, standard deviation, and coefficient of variation of sensory evaluation data
and phytochemical components data were calculated using Microsoft Excel 2019. Corre-
lation analysis and heat map analysis were performed by the hiplot tool (https://hiplot.
com.cn, accessed 19 December 2021). PLS-VIP analysis was performed using SIMCA 14.0.
The DoT value was calculated by the phytochemical component content/phytochemical
component threshold.

3. Results and Discussion

3.1. Descriptors and Flavor Wheel of Sensory Quality of Oolong Tea

We used a total of 35 descriptors to identify the sensory quality characteristics of
Oolong tea from different regions, and the constructed flavor wheel was shown in Figure 1:
9 for appearance, 7 for infusion color, 7 for aroma, and 12 for taste. The frequency of
descriptors of Oolong tea from different regions is shown in Table S2. The most frequently
used appearance descriptors were “tight and heavy” (39.4%) and “round and tight” (28.8%).
It indicated that the appearance of Oolong tea samples from different regions were mainly
“tight and heavy” and “round and tight”. “Orange red” (53%) and “honey yellow” (34.8%)
were frequently used as infusion color descriptors, and so were the main color types of
Oolong tea infusions from different regions. The most frequently used aroma descriptors
were “flowery” (68.2%), “fruity” (39.4%), “clean and refreshing” (39.4%), and “roasted”
(31.8%). The aromas of Oolong tea from different regions were relatively diversified, but
with nearly 70% of the samples being described as flowery, this was found to be the
main aroma type of Oolong tea. The proportions of “fruity”, “clean and refreshing”, and
“roasted” were similar, being evenly distributed among the Oolong tea samples. The
most frequently used taste descriptors were “astringent” (92.4%), “bitterness” (80.3%),
“umami” (51.5%), “mellow and thick” (43.9%), “sweet aftertaste” (42.4%), “heavy and thick”
(28.8%), “mellow” (25.8%), and “brisk and smooth” (21.1%). The descriptors obtained in
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this study include those reported in previous studies [9,21,32]. This finding showed that
the descriptors we obtained were representative and extensive and could be used to realize
the qualitative and quantitative sensory evaluation of Oolong tea from different regions.

Figure 1. Flavor wheel of Oolong tea.

3.2. Analysis of Quality Characteristics of Oolong Tea from Different Regions

The quality characteristics of Oolong tea from 15 different regions, as shown in Figure 2
and Table S3, were relatively diversified, and we found that no region had completely
consistent quality characteristics was discovered. Southern Fujian, northern Fujian, Guang-
dong, and Taiwan are the regions with the longest history of Oolong tea production and
are the main Oolong tea producers in the world [33]. The Oolong tea is predominantly
Tieguanyin tea, Wuyi Rock tea, Fenghuang Dancong tea, and Baozhong tea in the southern
Fujian, northern Fujian, Guangdong, and Taiwan, respectively [33]. The quality characteris-
tics of Oolong tea in these four regions were obviously different. Northern Fujian Oolong
tea was “tight and heavy”, and its aroma and taste were “flowery-fruity” and “roasted”,
and “heavy and hick” with a superior “sweet aftertaste”, respectively. The appearance of
Taiwan Oolong tea was mainly “round and tight”, and the taste was “mellow” or “mellow
and sweet aftertaste”. Guangdong Oolong tea was mainly strong with a lasting flowery
aroma, a taste described as “heavy and thick”, superior “sweet aftertaste”, and “bitter-
astringency”. The appearance of Oolong tea in southern Fujian was mainly “round and
tight”, the aroma was mainly “clean and refreshing” and “flowery”, and the taste was
“mellow” or “mellow and thick” and “umami and brisk”. Cai et al. [9] evaluated the taste
and aroma characteristics of Oolong tea from southern Fujian, northern Fujian, Guangdong,
and Taiwan and found that the Oolong teas from the four regions have their own taste and
aroma characteristics. These conclusions are the same as what we drew. One difference
was that we further defined the appearance and infusion color characteristics of Oolong tea
from these four regions (Figure 2).
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Figure 2. The quality characteristics of Oolong tea from different regions. From the inside to the
outside, the flavor wheel describes the regions, appearance, infusion color, aroma, and taste of
Oolong tea. MN, southern Fujian, China; MB, northern Fujian, China; MX, western Fujian, China; GD,
Guangdong, China; TW, Taiwan, China; HB, Hubei, China; ZJ, Zhejiang, China; SC, Sichuan, China;
JP, Japan; LK, Sri Lanka; MM, Myanmar; AUS, Australia; GER, Germany; KR, Korea; THA, Thailand.

Western Fujian, Zhejiang, Hubei, and Sichuan Oolong tea are increasing in popularity.
Due to the different geographical environments and tea varieties, the teas show quality
differences. For example, the appearance of some Oolong tea in western Fujian was pie, the
infusion color was golden yellow, and the taste was mainly “mellow and sweet aftertaste”
and “umami and brisk”. The taste of Zhejiang Oolong tea was described as “mellow
and thick”, “smooth and brisk”, or “heavy and thick”; the aroma of Hubei Oolong tea
was “clean and refreshing”. Sichuan Oolong tea was more diversified, having varied
appearances and aromas: a “round and tight” and “tight and heavy” in appearance and a
“clean and refreshing”, “flowery and fruity”, and “roasted” aroma.

Japan, Myanmar, Sri Lanka, Germany, Australia, Korea, and Thailand Oolong teas
have appeared in recent years [34]. Oolong tea is locally produced in Japan, Myanmar, Sri
Lanka, South Korea, and Thailand [34]. The Oolong tea in Germany and Australia is mainly
imported from abroad, and then different types of deep processing applied are carried out
to adapt to the flavor for local people [35]. Japan and Myanmar Oolong teas were similar
in aroma and taste. The difference was that Japan Oolong tea had a stronger heavy and
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thick taste. In appearance, Myanmar Oolong tea was “round and tight”, whereas Japan’s
was “tight and heavy” or “coarse and loose”. The appearance of Oolong tea sold in the
German market was “round and tight”, “short and broken”, or “mixed”, some with tea
trichome. Oolong tea sold in Australia market was “flowery and fruity” or “roasted”. Sri
Lanka Oolong tea was characterized by a “sweet” aroma and “clean and cool” taste. The
aroma of Korean Oolong tea was “flowery and fruity”, and the taste was “mellow and
thick”. The sensory characteristics of Thailand Oolong tea included a dull red infusion
color and roasted aroma.

3.3. Profile Analysis of Phytochemical Components of Oolong Tea from Different Regions

The average coefficient of variation of the phytochemical components of Oolong
tea from the different regions was 45.56% (Figure 3a), which indicated wide differences
between Oolong tea samples. Their coefficients of variation from high to low were theanine
> free amino acids > ECG > C > EGC > EGCG > ester catechins > simple catechins > EC >
total catechins > caffeine > tea polyphenols > water extract. Free amino acids (including
theanine) were the most different in the Oolong tea from different regions: their content
ranged from 0.41% to 5.39%, and that of theanine was 0.04% to 3.60%. Catechins varied
widely between different regions: the content of ester catechins was higher than that of
simple catechins, and the content of total catechins was 0.90–12.84%. The differences in the
caffeine and tea polyphenols contents in samples from different regions were medium in
range. The caffeine content was 1.45–4.36%, and that of tea polyphenols was 6.78–23.18%.
The difference in water extract content was the smallest, ranging from 36.59% to 52.67%
(Table S4). Previously, researchers compared the differences in the chemical constituent
contents of Oolong teas from Fujian, Guangdong, and Taiwan in China and found that the
coefficient of variation of the contents of theanine and free amino acids were greater than
50%, and those of water extract, tea polyphenols, total catechins, and caffeine were less than
50% [21,36]. In this study, we found the same law in Oolong tea samples from eight different
countries. The free amino acids content in Oolong tea from different regions varied the
most. In this study, the coefficient of variation of catechins (ECG, C, EGC, and EGCG) was
close to or greater than 50%, indicating large differences. The baking process of Oolong tea
promotes the degradation of theanine and produces pyrazine substances, which produce
a roasted aroma [37]. The difference in catechins is related to the tea plant variety and
the degree of fermentation during processing. With the increase in fermentation time, the
catechins content gradually decreases, especially that of ester catechins [38,39]. Therefore,
the variety and processing technology may be the reasons for the wide differences in
the contents of free amino acids and catechins in Oolong tea. The differences in these
phytochemical components led to diversified taste characteristics of Oolong tea.

From a heat map analysis of the phytochemical components of Oolong tea from
different regions, we found that samples could be divided into six categories (Figure 3b).
The first category included Oolong tea from Thailand, Sri Lanka, and Germany, which had
a higher content of C and the lowest contents of total catechins, ester catechins, and free
amino acids. The second category included Oolong tea from Australia, Korea, Sichuan,
northern Fujian, and Zhejiang, which had medium contents of free amino acids, catechins,
and tea polyphenols. The third category was Oolong tea from Guangdong, which had
the highest contents of total catechins, ester catechins, tea polyphenols, and caffeine. The
fourth category included Oolong tea from Hubei and Myanmar, which had the highest
content of free amino acids and a high content of simple catechins. The fifth category was
Japanese Oolong tea, which had the highest contents of EC and C and higher contents of
other substances. The sixth category was Oolong tea from Taiwan, southern Fujian, and
western Fujian, which had a higher content of catechins.

114



Horticulturae 2022, 8, 278

(a) (b) 

Figure 3. Coefficient of variation (a) and heat map analysis (b) of phytochemical components of
Oolong tea from different regions. (b) Red indicates high content and green indicates low content.
MN, southern Fujian, China; MB, northern Fujian, China; MX, western Fujian, China; GD, Guangdong,
China; TW, Taiwan, China; HB, Hubei, China; ZJ, Zhejiang, China; SC, Sichuan, China; JP, Japan; LK,
Sri Lanka; MM, Myanmar; AUS, Australia; GER, Germany; KR, Korea; THA, Thailand.

3.4. Correlation Analysis between Taste Sub-Attributes and Thirteen Phytochemical Components of
Oolong Tea

The correlation analysis between sensory taste sub-attributes intensity and phyto-
chemical components of Oolong tea from different regions (Figure 4) showed that “heavy
and thick” was significantly positively correlated with “bitterness” and “sweet aftertaste”
(p < 0.05). “Astringency” was positively correlated with “bitterness” and negatively corre-
lated with “umami”. We found a significant positive correlation between “sweet aftertaste”
and “umami”.

Caffeine, ECG, ester catechins, tea polyphenols, and EGCG were significantly pos-
itively correlated with “heavy and thick”, while free amino acids and theanine were
significantly negatively correlated with it. Free amino acids, theanine, EGC, EC, and simple
catechins were significantly positively correlated with “umami”. EGCG was significantly
positively correlated with “sweet aftertaste”. Caffeine, tea polyphenols, EGCG, ECG, ester
catechins, and water extract were significantly positively correlated with “bitterness”. All
chemical components were correlated with “astringency”, but a significant level was not
reached (p < 0.05). However, “astringency” was significantly correlated with “bitterness”
and negatively correlated with “umami”. Therefore, chemical components that have an
important impact on bitterness and umami affect the astringency of Oolong tea.

Correlation analysis only provided a preliminary judgment of the relationship between
phytochemical components and taste sub-attributes. To understand the contribution of
phytochemical components to taste sub-attributes, we performed a further comprehensive
analysis by combining PLS-VIP and DoT.

115



Horticulturae 2022, 8, 278

Figure 4. Correlation between taste sub-attributes and phytochemical compositions of Oolong tea. ×
indicates that the correlation is not significant at the level of p < 0.05. The numbers indicate the corre-
lation coefficient, where positive numbers indicate positive correlation and negative numbers indicate
negative correlation. Red indicates positive correlation, and blue indicates negative correlation.

3.5. Contribution of Thirteen Phytochemical Components to Taste Sub-Attributes of Oolong Tea

PLS-VIP can be used to decompose and reduce the dimensions of a huge data system
and identify independent variables that have a strong impact on dependent variables
among complex data variables. It can effectively avoid the interference of multicollinearity
between independent variables [11]. We conducted PLS-VIP analysis with thirteen phyto-
chemical components as the independent variable X and taste sensory sub-attributes as
dependent variable Y. In this analysis, the phytochemical components with VIP > 1 were
considered to provide an important contribution to each taste sub-attribute. The PLS-VIP
results are shown in Figure 5. DoT comprehensively considers the contents and threshold
value of taste components in tea: it is a method used to evaluate the importance of the
contribution of flavor compounds to tea taste. The flavor compounds with DoT > 1 strongly
contribute to the taste of tea infusions [40]. The DoT results are shown in Table S5.

3.5.1. Bitterness

Bitterness is one of the basic tastes [41]. We found that six phytochemical compo-
nents contributed importantly to the bitterness of Oolong tea (Figure 5a,f): caffeine, tea
polyphenols, ester catechins, ECG, EGCG, and water extract. This conclusion was exactly
the same as the result of correlation analysis (Figure 4). The taste characteristic of caffeine
is bitterness, which has a significant positive correlation with the bitterness intensity of tea
infusion [40]. The VIP and mean DoT of caffeine in this study were 1.44 and 2.51, respec-
tively, indicating that caffeine had an important contribution to the bitterness of Oolong
tea. The taste characteristics of tea polyphenols, ester catechins, ECG, and EGCG can also
be described as bitter [42]. In this study, these components substantially contributed to
the bitterness of Oolong tea. The mean DoT of EGCG was greater than one in all samples,
and the mean DoT of ECG was greater than one in some samples (Table S5). Both EGCG
and ECG are ester catechins, which are also the main components of tea polyphenols [41].
Caffeine and tea polyphenols contribute to the bitterness of green tea [43], yellow tea [20],
and black tea [11]: however, caffeine contributes the most to the bitterness of black tea, and
EGCG contributes the most to the bitterness of green tea [11,43]. Our findings showed that
caffeine contributed the most to the bitterness of Oolong tea. The reason for this difference
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might be that black tea and Oolong tea are fermented teas, whereas green tea is not fer-
mented. In the fermentation process, ester catechins such as EGCG are degraded more, and
caffeine is more stable. Therefore, some differences exist in the contribution to bitterness
among different teas. In addition, flavonoids and their glycosides and anthocyanins and
their glycosides can also be described as bitter [40], which may have an important impact
on the bitterness of Oolong tea.

(a) (b) 

(c) (d) 

(e) (f) 

Figure 5. The contribution of phytochemical components to taste sub-attributes of Oolong tea. PLS-
VIP load diagram of (a) bitterness; (b) astringency; (c) umami; (d) sweet aftertaste; and (e) heavy
and thick. (f) VIP value of each phytochemical component for five taste sub-attributes. (a) to (e), X
(green) indicates the phytochemical composition, Y (blue) indicates the taste powder attribute, and
t(corr) [2] (yellow) indicates each Oolong tea sample. (f) Red and blue indicate that the VIP value of
phytochemical components is large and small, respectively.
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3.5.2. Astringency

Astringency is the sensation on the surface of the mouth and tongue that includes
dryness, roughness, tension, and tearing [41]. Six phytochemical components significantly
contributed to the astringency of Oolong tea in this study (Figure 5b,f): ECG, tea polyphe-
nols, EC, water extract, caffeine, and EGCG. Correlation analysis showed that astringency
was significantly correlated with bitterness (Figure 4), suggesting that they were promoted
by similar promotion factors. Tea polyphenols, ECG, EC, and EGCG are heterogeneous
compounds, producing both astringency and bitterness. The relationship between cate-
chins, tea polyphenols, and bitterness is a quadratic curve. Bitterness and astringency also
synergistically enhance each other [44]. Caffeine has no astringency, but it can significantly
improve the astringency intensity of catechin, and this enhancement effect increases with
caffeine concentration [45]. Theaflavins, flavonols and their glycosides, and phenolic acids
can be described as astringent [42], and they may have some influence on the astringency
of Oolong tea.

3.5.3. Umami

Umami is one of the basic tastes. We found five phytochemical components that
significantly contributed to the umami of Oolong tea (Figure 5c,f): free amino acids, thea-
nine, simple catechins, EC, and EGC. This conclusion is exactly the same as the result of
correlation analysis (Figure 4). The overall taste of free amino acids in tea is umami and
sweet, which is including theanine, glutamate, and aspartic acid. Glutamate is an important
contributor to the taste of tea infusions [42]. Theanine is a monomer amino acid with a
high content in tea plants, but its threshold to express umami is very high. Therefore, its
DoT value is very low (DoT = 0.1 in Oolong tea, in this study) [11]. Therefore, people
cannot sense umami-sweetness given the concentration of theanine in tea infusions. The
contribution of theanine to umami is mainly reflected in the synergistic effect with other
umami substances [46]. EC and EGC are simple catechins with a bitter taste. In this study,
EC and EGC were positively correlated with the umami of Oolong tea. EC is positively
correlated with the umami of green tea, whereas EGC is significantly negatively correlated
with green tea umami [47]. Phenols can be complexed with caffeine and free amino acids
to produce an umami and briskness [48]. Therefore, we inferred that simple catechins
and umami in Oolong tea were positively correlated, which might have been caused by
their complexation or interaction with other substances, but the specific reasons need to be
further studied. Glutamate, aspartic acid, proline, alanine, and serine in free amino acids
also impact the umami of tea [42], and they may provide an important contribution to the
umami of Oolong tea.

3.5.4. Sweet Aftertaste

Sweet aftertaste is the comprehensive effect of various taste sub-attributes [42]. We
identified six phytochemical components that provided important contributions to the
sweet aftertaste of Oolong tea (Figure 5d,f): tea polyphenols, water extract, caffeine, EGCG,
ester catechins, and total catechins. Water extract is the sum of water-soluble compounds
in tea, which impacts the overall taste of tea infusions. The taste of tea polyphenols,
caffeine, EGCG, ester catechins, and total catechins is bitter and astringent [20]. The sweet
aftertaste of tea is caused by the activation of the sweet receptor in the taste bud cells by the
promoter molecules and the transmission of information to the brain. The usual tastes of
these promoter molecules are umami, sweet, bitter, and astringent [49], among which the
bitterness and astringent are the key contributors to the sweet aftertaste [50]. In addition to
the thirteen phytochemical components tested, other phytochemical components with a
bitter and astringent taste may affect the sweet aftertaste of Oolong tea.

3.5.5. Heavy and Thick

Heavy and thick is the sensation of stickiness produced by a tea infusion in the mouth,
which is related to the richness of the contents [51]. We identified five phytochemical
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components that importantly contributed to the heavy and thick sensation of Oolong tea
(Figure 5e,f): caffeine, ECG, tea polyphenols, free amino acids, and ester catechins. The
correlation analysis revealed a significant positive correlation between heavy and thick,
bitterness, and umami (Figure 4), indicating that substances that contributed to bitterness
and umami might also contribute to the heavy and thick sensation. Caffeine, ECG, tea
polyphenols, and ester catechins are bitter and astringent; free amino acids are umami
and sweet. In addition, among the tea flavor compounds, tea polyphenols, ester catechins,
and caffeine are the chemical components with the highest content in Oolong tea [20].
These high-content substances play an important role in the heavy and thick strength of
Oolong tea infusions. In addition to the thirteen phytochemical components tested, other
phytochemical components with a bitter and astringent taste may contribute to the heavy
and thick taste of Oolong tea.

In this section, we focused on the contribution of thirteen main phytochemical com-
ponents of Oolong tea to its five taste sub-attributes. However, Oolong tea contains many
non-volatile compounds, and other components affect the taste of Oolong tea, such as gallic
acid affecting its sweetness [52], flavonoid glycosides and proanthocyanidins affecting
its bitterness and astringency [52], theaflavins affecting its astringency, and soluble sugar
affecting its mellowness [3]. Volatile compounds have interactive effects on the taste of
tea infusions, e.g., geraniol and β-ionone can improve the sweetness of tea infusion [53].
Therefore, in future research, we will use widely targeted metabolomics to comprehensively
analyze the marker compounds of Oolong tea from different origins and combine molecular
sensory science to analyze the formation mechanism of the regional characteristic qualities
of Oolong tea.

4. Conclusions

In this study, we established the flavor wheel of Oolong tea from different regions for
the first time, systematically reported the sensory quality characteristics of Oolong tea from
15 regions of eight countries, and explored the contribution of phytochemical components
to its taste sub-attributes. We preliminarily found that the sensory quality of Oolong tea
can be characterized using 35 descriptors. The quality characteristics of Oolong tea in 15
regions were found to be diverse. Among the taste sub-attributes, heavy and thick was
significantly positively correlated with bitterness and sweet aftertaste. Astringency was
positively correlated with bitterness and negatively correlated with umami. We found a
significant positive correlation between sweet aftertaste and umami. The phytochemical
composition contents of Oolong tea from different regions widely varied. Among them, free
amino acids contents showed the largest differences, followed by catechins, then caffeine
and tea polyphenols had medium differences, and water extract showed the smallest
differences. Based on the cluster analysis of phytochemical components, we clustered the
Oolong tea from 15 regions into six categories. Finally, PLS-VIP was used to screen out
the components that provided important contributions to the five taste sub-attributes of
Oolong tea from the detected 13 phytochemical components. In the production process of
Oolong tea, appropriate processes can be adopted to improve the content of phytochemical
components that make an important contribution to its umami, sweet aftertaste, and
heavy and thick and reduce the content of chemical components that make an important
contribution to bitterness and astringency so as to produce Oolong tea products that
consumers prefer more.

The flavor wheel in this study was the first flavor wheel of Oolong tea from different
regions, which was preliminarily established on the basis of existing Oolong tea products.
With the continuous improvement in the quality of Oolong tea products from different
regions and the enrichment of categories, our findings need to be explored and supple-
mented in the future to ensure the richness and comprehensiveness of the flavor wheel of
Oolong tea from different regions. In addition, the focus of this study was to analyze the
contribution of the 13 phytochemical components to the taste sub-attributes of Oolong tea,
but we did not comprehensively detect all their non-volatile compounds. Therefore, it is
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necessary to further include the metabolomics method to screen more chemical components
that provide important contributions to the taste of Oolong tea.
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Abstract: Bitter apple or tumba (Citrullus colocynthis L.) is a prostrate annual herb belonging to the
Cucurbitaceae family. It is highly tolerant against multiple abiotic stresses like drought, heat, and soil
salinity and can easily grow on very marginal soil, even on sand dunes in hot, arid regions. Tumba
fruit is a fleshy berry 5–10 cm in diameter and of a pale yellow color at ripening. The tumba fruit used
in this research was harvested from the ICAR-CIAH, Bikaner research farm. The seeds were separated,
and their oil was extracted to analyze its physical characteristics and composition (phytochemical
compounds, fatty acid profile, etc.). The seeds of the tumba fruit contained 23–25% golden-yellow-
colored oil with a specific gravity of 0.92 g/mL. The extracted oil contained appreciable amounts
of phytochemical (bioactive) compounds like phenolics (5.39 mg GAE/100 g), flavonoids (938 mg
catechin eq./100 g), carotenoids (79.5 mg/kg), oryzanol (0.066%), and lignans (0.012%), along with
70–122 mg AAE/100 g total antioxidant activity (depending on the determination method). The
results of fatty acid profiling carried out by GC-MS/MS demonstrated that tumba seed oil contained
about 70% unsaturated fatty acids with more than 51% polyunsaturated fatty acids. It mainly
contained linoleic acid (C18:2n6; 50.3%), followed by oleic acid (C18:1n9; 18.0%), stearic acid (C18:0;
15.2%), and palmitic acid (C16:0; 12.4%). Therefore, this oil can be considered as a very good source of
essential fatty acids like omega-6 fatty acid (linoleic acid), whereas it contains a lower concentration
of omega-3 fatty acids (α-linolenic acid) and hydroxy polyunsaturated fatty acids. In addition, it also
contains some odd chain fatty acids like pentadecanoic and heptadecanoic acid (C15:0 and C17:0,
respectively), which have recently been demonstrated to be bioactive compounds in reducing the risk
of cardiometabolic diseases. The results of this study suggest that tumba seed oil contains several
health-promoting bioactive compounds with nutraceutical properties; hence, it can be an excellent
dietary source.

Keywords: tumba; physico-chemicals; fatty acid profile; medicinal uses

1. Introduction

In recent years, there has been an increasing interest in vegetable oils with functional
properties. Vegetable oils are in great demand because they have diverse applications for
ensuring safe food, for nutraceuticals and medicines, and in industry. India has a long
history of cultivation and use of medicinal plants. However, speedy industrialization, ur-
banization, and overgrazing have caused the loss of medicinally and industrially important
floras [1]. These floras may be an important source of functional food and nutraceutical
compounds for the pharmaceutical industry.

The introduction and domestication of some economically important plants will not
only help increase the vegetation cover in India’s Thar Desert, but these actions may also
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improve the socio-economic status of the people living in these areas. Plants from the
Cucurbitaceae family, endemic to this region, are well adapted to the xeric conditions of
the desert. Some of the naturally and commonly occurring plants of Cucurbitaceae family
are tumba (C. colocynthis), mateera or local watermelon (Citrullus lanatus), kachra or snap
melon (Cucumis melo var. utilissimus), kachri (Cucumis melo var. agrestis), etc. [2]. Tumba
is a trailing annual scabrid herb belonging to the Cucurbitaceae family and is known by
different names in different regions, such as Hadla in Jordan, bitter cucumber or bitter
apple in English-speaking countries, Abujahl watermelon or Kadu Hanzal in Persia [3]. In
India, it is also known with different names such as Ghudmba in Punjab, Indark in Gujarat,
Makal in Bengal and Kartama in southern India.

C. colocynthis (tumba or bitter apple) is a closely related species of cultivated water-
melon (Citrullus lanatus) [4] grown and geographically distributed in various parts of the
world, such as the deserts of the Middle East and in southern Europe and Africa [5–7]. This
plant is highly tolerant to multiple abiotic stresses such as drought, heat, and soil salinity
and can easily grow on very marginal soils, even on sand dunes in hot, arid regions. It
grows profusely by producing multiple branches and, thanks to tendrils located at each
node, spreads over sandy undulated plains and sand dunes and plays an important role in
controlling soil erosion in desert areas. It is one of the most important biomass producers
along with a naturally grown Calligonum polygonoides (phog, a shrub) under resource-
limited environmental conditions in its habitat in India’s Thar Desert [8]. The tumba plant
has fast growing habits and starts flowering and fruiting at just 30 and 60 days, respectively,
after sowing. Its creeping nature and the soil-binding properties of its roots are very helpful
for preventing desertification through controlling and stabilizing sand dunes. All the
organs of this plant, including the stem, leaves, fruits, seeds, and root are used as dried or
fresh, either aqueous or oil extracts, and are reported to have anti-diabetic, anti-leprosy,
anti-inflammatory, analgesic, vermifuge, hyperlipidemic laxative, hair-growth-promoting,
antimicrobial, and antioxidant properties [4,9–14]. In spite of the several medicinal uses of
tumba, some complications have also been reported from its direct use including diarrhea,
colic, vomiting, nephrosis, hematochezia, and liver dysfunctions [15–17].

The fruit of C. colocynthis is a large fleshy berry, globular in shape and smooth, like
a gourd. It is 5–10 cm in diameter, pale yellow in color at ripening, and available dur-
ing October and November. Tumba fruit has very high medicinal value and is used in
indigenous medicine as a purgative agent. Tumba seed oil is used in the soap and candle
industry in Rajasthan, India. It can also be used for oilseed feedstock and thus can replace
lubricant or biodiesel to some extent [18]. The nutritional composition of tumba seeds of
different regions of the world was reported to consist of 20–30% carbohydrate, 14–24% fat,
13–26% protein, and 2–4% ash [19,20]. The fatty acid composition of tumba seed oil differs
widely according to its spatial distribution in various regions of the world; it varies between
55–74% for linoleic acid, 9–17% for oleic acid, 5.36–9.84% for stearic acid, and 8.35–11.70%
for palmitic acid [19,21–27]. The present study aims to harness the tumba seed oil cultivated
in the hot and arid region of Rajasthan, India, as a potential vegetable oil for culinary as
well as nutraceutical applications through characterizing its bioactive compounds and fatty
acid composition.

2. Materials and Methods

2.1. Experimental Site and Plant Material

Tumba fruit was collected during the Fall cropping season in 2019 from the research
station of the ICAR-Central Institute for Arid Horticulture, Bikaner, India, located in the
Thar Desert (28◦06′0.21” N; 73◦21′22.17” E; 224 m a.s.l.). The fruits were weighed and cut
for seed extraction. The seeds were dried at room temperature and weighed.

2.2. Lipid Extraction

The recovered seeds were finely ground with an electric blender, and weighted samples
were subjected to oil extraction through a Soxhlet apparatus (Lab C, The Laboratory
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Glassware Co., Ambala Cantt, India) using petroleum ether as solvent at 50 ◦C [28]. After
3 h, the recovered hexane was evaporated and the extracted seed oil (pale yellow in color)
was weighed to calculate the oil content.

2.3. Fatty Acid Profiling of Tumba Seed Oil Using GC-MS/MS

The extracted tumba seed oil was subjected to preparation of fatty acid methyl esters
(FAMEs) using Boron-Trifluoride (BF3) as per the AOAC Official Method [28]. The FAMEs
were subjected to GC-MS/MS analysis using a Gas Chromatograph, consisting of an
AOC-20i and interfaced to a QP 2010 Plus Mass Spectrometer (GC-2010 system, Shimadzu
Corporation, Japan), equipped with a polar fused silica column, COL-ELITE-2560 (highly
polar phase; biscyanopropylphenylpolysiloxane, 100 mt Length × 0.25 mm ID × 0.2 μmdf).
The initial temperature of the oven was 100 ◦C (hold for 4 min); it was then increased to
240 ◦C (held for 15 min) with an injection temperature of 225 ◦C. The helium gas flow was
1.0 mL/min to a total of 65 min program.

The identification of FAMEs was accomplished by GC-MS mass spectrum explication
and a comparison of retention times with mass spectra to those of commercial-standard
fatty acid methyl esters mix, C8-C-24 (Supelco 37 Component FAME Mix, Sigma Aldrich).
The amount of individual fatty acid in the tumba seed oil was determined with the help of
standard curves adopted in the two methods, and the value was expressed as percentage
of weight.

2.4. Nutraceutical Composition and Antioxidant Activity Determination of Tumba Seed Oil
2.4.1. Methanolic Extractives of Tumba Seed Oil

One gram of oil sample was extracted in triplicate with 10 mL of 80% aqueous
methanol containing 0.1% HCl by shaking continuously for 1 h at room temperature.
The extractives were stored under deep freezing conditions at −20 ◦C until further use.

2.4.2. Determination of Total Phenolic Content (TPC) and Total Flavonoid Content (TFC)

The TPC of the methanolic extractives from the tumba seed oil was assessed according
to the Folin–Ciocalteu reagent method described by Berwal et al. [29], and the values were
expressed in gallic acid equivalents (GAE)/100 g of oil.

The TFC of the tumba seed oil was determined by the aluminum chloride–based
colorimetric assay previously described [30]. One mL extractive was mixed with 0.3 mL
each of sodium nitrite, aluminum chloride, and NaOH solution. After 15 min incubation at
room temperature, absorbance was read with an UV-VIS Spectrophotometer (Shimadzu
UV-2550, Shimadzu Corporation, Japan) at 510 nm against the blank. TFC was expressed
as catechol equivalents/100 g of oil.

2.4.3. Estimation of Lignan, Oryzanol, and Carotenoid Content

The content of lignans was estimated using the method described by Bhatnagar
et al. [31]. Briefly, 0.01 g oil samples were dissolved in a hexane + chloroform mixture
(7:3, v/v) to reach a final volume of 10 mL. Then absorbance was read with a UV-VIS
Spectrophotometer (Shimadzu UV-2550, Shimadzu Corporation, Tokyo, Japan) at 288 nm.
The lignans content was intended by using a specific extinction coefficient (E1%/1 cm) for
sesamoline, 231.1.

Total oryzanol content was estimated using the protocol described by Gopla Krishna
et al. [32]. Briefly, 1 g of tumba seed oil was mixed with hexane up to a 10 mL final volume.
The mixture absorbance was read at 314 nm against hexane (blank) with a UV-VIS Spec-
trophotometer (Shimadzu UV-2550, Shimadzu Corporation, Japan), and oryzanol content was
calculated using a specific extinction coefficient (E1%/1 cm) for oryzanol, i.e., 358.9.

The carotenoid content of tumba seed oil was estimated using the method described by
Kumar et al. [33]. One gram of oil sample was made up to 10 mL using hexane. This mixture
was 10-times diluted before its absorbance was read with an UV-VIS Spectrophotometer
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(Shimadzu UV-2550, Shimadzu Corporation, Tokyo, Japan) at 446 nm. The carotenoid
content was calculated with the molar extinction coefficient of carotenoids, i.e., 383.

2.4.4. Total Antioxidant Activity

The total antioxidant assay by the phosphomolybdenum method was carried out
as described by Prieto et al. [34]. A 0.3 mL aliquot of methanolic extractive was mixed
with 28-mM sodium phosphate and 4-mM ammonium molybdate. The resultant mix was
incubated for 90 min in a water bath set at 95 ◦C. Then the absorbance was read at 695 nm
with an UV-VIS Spectrophotometer (Shimadzu UV-2550, Shimadzu Corporation, Tokyo,
Japan). The total antioxidant activity was calculated with standard curves of ascorbic acid
and expressed as mg ascorbic acid equivalents/100 g of oil.

2.5. Statistical Analysis

The physico-chemical parameters measured, including fatty acid analysis in tumba
seed oil, were carried out in three replications. The mean values and standard deviations
(SD) were calculated using MS-Office Excel.

3. Results and Discussion

3.1. The Fatty Acid Composition of Tumba Seed Oil

Seeds accounted for 2.75 ± 0.25% of total tumba fruit dry mass and contained about
24.75 ± 1.25% golden-yellow-colored oil with a 0.92 ± 0.01 g/mL specific gravity. The fatty
acid composition of tumba seed oil from the hot, arid region of Rajasthan is reported in
Table 1 and Figure 1. It is extremely rich in omega-6-polyunsaturated fatty acid (n6-PUFA),
where linoleic acid (C18:2n6) was the most important n6-PUFA that accounted for 50.31%
of the total fatty acids (Figure 1). The saturated fatty acids in the tumba seed oil contributed
30.38% of the total fatty acids and were mainly composed of palmitic acid (C16:0; 12.41%),
stearic acid (C18:0; 15.15%), and arachidic acid (C20:0; 1.08%). The monounsaturated fatty
acids (MUFAs) contributed about 18.83% of total fatty acids, with oleic acid (C18:1n9) being
the major component (18.02%) followed by gadoleic acid (C20:1n9; 0.52%). Omega-3 fatty
acids (n3-PUFA; i.e., α-linolenic acid) were also found at a minute level and accounted for
about 0.50% in tumba seed oil.

Figure 1. The fatty acid composition of tumba (C. colocynthis) seed oil obtained in the present study:
(A) fatty acid profile and (B) fatty acid subclasses distribution in the tumba seed oil (SFA: saturated
fatty acids; MUFA: monounsaturated fatty acids; n6-PUFA: omega-6 polyunsaturated fatty acids;
n3-PUFA: omega-3 polyunsaturated fatty acids). The values are presented as the weight percentage
for individual fatty acids.
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Table 1. The fatty acid composition of tumba (Citrullus colocynthis L.) seed oil obtained in the present
study.

Name of the Fatty Acid Common Name Formula Peak Area (%) Type of Fatty Acid

1 Tetradecanoate Myristic acid C14:0 0.17 ± 0.01 Saturated
2 Pentadecanoic acid Pentadecylic acid C15:0 0.13 ± 0.01 Saturated
3 Hexadecanoic acid Palmitic acid C16:0 12.41 ± 0.02 Saturated
4 9-Hexadecenoic acid, (Z)- Palmitelaidic acid C16:1n9 0.29 ± 0.01 MUFA
5 Heptadecanoic acid Margaric acid C17:0 0.49 ± 0.03 Saturated
6 Octadecanoic acid Stearic acid C18:0 15.15 ± 0.46 Saturated
7 9-Octadecenoic acid (Z)- Oleic acid C18:1n9 18.02 ± 0.36 MUFA
8 9,12-Octadecadienoic acid (Z,Z)- Linoleic acid C18:2n6 50.31 ± 0.33 PUFA
9 9,12,15-Octadecatrienoic acid α-Linolenic acid C18:3n3 0.50 ± 0.05 PUFA

10 Eicosanoic acid Arachidic acid C20:0 1.08 ± 0.03 Saturated
11 11-Eicosenoic acid Gadoleic acid C20:1n9 0.52 ± 0.03 MUFA
12 Docosanoic acid Behenic acid C22:0 0.45 ± 0.02 Saturated
13 Tricosanoic acid Tricosanoic acid C23:0 0.09 ± 0.02 Saturated
14 Tetracosanoic acid Lignoceric acid C24:0 0.44 ± 0.04 Saturated

The results obtained in our study are consistent with previous reports describing the
fatty acid composition of C. colocynthis seed oils obtained in different regions of the world,
viz. India, Malaysia, Israel, Jordan, and Algeria, but the absolute values of the single fatty
acids varied to some extent (Table 2) [19,21–27]. It was observed that palmitic, stearic, oleic,
and linoleic acids are the major fatty acids in tumba seed oil, as they contributed more than
95 % of the total fatty acids. Among these, linoleic acid was the most prevalent fatty acid
as its content ranged between 50.31 and 74.77%. The highest content of linoleic acid was
previously reported in Jordan seed oil (74.77%), and the lowest content was reported in
the current study (50.31%). Likewise, other major fatty acids also varied: palmitic acid
ranged between 8.35 (Jordan) [26] and 12.41% (current study), stearic acid between 5.35
(Jordan) [26] and 15.15% (current study), and oleic acid between 9.04 (Jordan) [19,21–27]
and 18.02% (current study) (Table 2). The fatty acid composition and unsaturated fatty acid
content found in the present study were similar to those of major vegetable oils previously
studied [35–37]. Orsavova et al. [37] studied the fatty acid profile of 14 major vegetable oils—
safflower, grape, milk thistle, hemp, sunflower, wheat germ, pumpkin seed, sesame, rice
bran, almond, rapeseed, peanut, olive, and coconut oil—and reported that palmitic, oleic
and linoleic acids are major contributing fatty acids in these oils with 4.6–20%, 6.2–71.1%
and 1.6–79%, respectively. Interestingly, in the present study palmitic, stearic, oleic, and
linoleic acids are the major contributors, with approximately 70% unsaturated fatty acids.

In addition to the aforementioned fatty acids, some odd chain saturated fatty acids
(OCFAs) were also detected in tumba seed oil at a minute level (about 0.71% of the total
fatty acids). The main contributors were pentadecylic acid (C15:0; 0.13%), margaric acid
(C17:0, 0.49%), and tricosanoic acid (C23:0; 0.09%) (Table 1). These results diverged from
previous studies that reported only heptadecanoic acid (C17:0; 0.075–0.08%) [20] for this
group of compounds. This group of fatty acids, specifically pentadecanoic acid (C15:0)
and heptadecanoic acid (C17:0), is essential for human health. The higher dietary intake
of these OCFAs is linked with reduced risks of cardiovascular disease, adiposity, chronic
inflammation, type-2 diabetes, metabolic syndrome, nonalcoholic steatohepatitis (NASH),
chronic obstructive pulmonary disease, pancreatic cancer, and other conditions [38–42].
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Table 2. Comparison of the major fatty acid composition (by weight %) of tumba (Citrullus colocynthis L.)
seed obtained in the present study with that obtained in other countries and regions of the world.

Fatty Acids India a India b India c India d Malaysia e Israel f Jordan g Algeria h Current Study

wt %

Palmitic acid (C16:0) 9.38 10.43 11.70 10.30 10.48 10.10 8.35 10.22 12.41
Stearic acid (C18:0) 7.34 9.84 9.70 8.00 9.72 6.70 5.36 8.98 15.15
Oleic acid (C18:1) 17.04 15.90 11.40 24.50 17.95 13.10 9.04 9.36 18.02

Linoleic acid (C18:2) 61.05 62.81 66.10 55.90 61.41 70.10 74.77 68.49 50.31

a Ashish et al. [21]; b Gurudeeban et al. [22]; c Kulkarni et al. [23]; d Kamalakar et al. [19]; e Solomon et al. [24]; f

Zohara et al. [25]; g Al-Hwaiti et al. [26]; h Bireche et al. [27].

3.2. Nutraceutical Composition and Antioxidant Activity of Tumba Seed Oil

The nutraceutical composition and antioxidant activity (total phenolic, total flavonoids,
oryzanol, lignans, carotenoids, and total antioxidant activity) of the extracted tumba seed oil
are reported in Table 3. Nutraceuticals are natural bioactive compounds produced by plants
as their secondary metabolites, which include phenols, flavonoids, terpenes, pigments,
lignans, oryzanol, etc. [43]. All these compounds exert strong antioxidant activity.

Table 3. The bioactive compound content and antioxidant activity of the Tumba (Citrullus colocynthis L.)
seed oil obtained in the present study.

Parameters Content

Total phenolic content (mg/100 g of oil gallic acid Eq.) 5.39 ± 0.73
Total flavonoids content (mg/100 g of oil catechin Eq.) 938.0 ± 18.0

Oryzanol (%) 0.066 ± 0.003
Lignans (%) 0.012 ±0.002

Carotenoids (mg/kg) 79.5 ± 16.1
Total antioxidant activity by phosphomolybdate method (mg/100 g oil ascorbic acid Eq.) 70.83 ± 2.37

All the values are mean ± SD of three replicates.

Phenolics constitute one of the most widely and ubiquitously distributed plant sec-
ondary metabolite groups, with more than 8000 known phenolic compounds, which have
been reported to exhibit various biological functions including antimicrobial, antioxidant,
and antidiabetic ones [44]. A number of studies demonstrated that phenolic content in
plants is directly linked with their antioxidant potential due to their redox properties, which
make them strong reducing agents, hydrogen donors, and quenchers of singlet oxygen
species [44,45]. Phenolic compounds in seed oil are a relevant oil quality index because
these compounds protect lipids from peroxidation through scavenging free radicals. TPC
in tumba seed oil was found to be 5.39 mg gallic acid eq./100 g of oil (Table 3), which is
comparable to the TPC content of other vegetable oils like coconut, ground nut, rice bran,
and sunflower oil, which were reported to contain 3.09, 1.8, 0.89, and 0.49 mg per 100 g
gallic acid eq., respectively [46]. Other vegetable oils that have even higher content of
TPC are Basella rubra (32.99 mg), white mustard (150 mg), coriander seeds (20 mg), and
caraway seeds (78 mg) [34,38–41,47]. The differences in TPC composition of these oils may
be linked to the crop species as well as to the extraction, processing, and refining conditions.
Flavonoids are an abundant sub-group of plant phenolics that include more than 4000 nat-
ural compounds [48]. The TFC of tumba seed oil (Table 3) was higher (938 mg of catechin
equivalent/100 g) than that of other vegetable oils. Kumar et al. [33] also reported very high
TFC content (557.88 mg/100 g) in B. rubra seed oils. Xuan et al. [49] studied the TFC content
of 14 different vegetable oils and reported contents ranging between 3 mg/100 g (safflower
oil) and 34 mg/100 g (Inca Inchi oil). TFC is reported to exhibit a high antioxidant potential
and to improve the oil’s shelf life. The higher level of TFC in tumba seed oil makes it a
good source of dietary antioxidants and improves its shelf life.

Oryzanol is one of the most important phytochemicals in rice bran oil and exhibits
important biological activities. Tumba seed oil also contains oryzanol (0.066%), nearly
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similar to that of B. rubra seed oil (0.01% oryzanol content) [33]. The highest oryzanol
content is in rice bran oil, which varied from 26.7 to 61.6 mg/100 g (i.e., 0.027 to 0.06%)
in different rice varieties [32,50]. It has also been demonstrated that rice bran extract–
enriched (1000 ppm) soybean oil is less prone to oxidative degradation during frying than
oil enriched with millet and barley bran extracts [51]. This study gives a clue about the
effectiveness of oryzanol against the oxidative degradation of oil during frying. Rice bran
oil is the richest source of oryzanol, and the value of oryzanol content obtained in tumba
seed oil in this study is similar to that of rice bran oil. Therefore, tumba seed oil, due to its
high oryzanol content, can be considered as less prone to oxidative degradation during
frying and can be used for deep frying.

Lignans are a group of natural compounds derived from the oxidative coupling of
β-hydroxyphenylpropane, which includes sesamin, sesamolin, sesaminol, and sesamolinol.
These compounds have distinctive bioactivity and physiological and nutritional proper-
ties [31,52]. Sesamin has a typical lignan structure of β-β′ (8–8′) linked to the product of two
coniferyl alcohol radicals, while sesamolin has a unique structure made up of one acetal
oxygen bridge in a sesamin-type structure. Both sesamin and sesamolin are characteristic
lignans of sesame seeds [31]. The lignans content of tumba seed oil is reported in Table 3.
The lignans content of tumba seed oil (0.012 %) was similar to that of B. rubra seed oils
(0.02%) [33], and among vegetable oils sesame is the richest source of lignans, containing
0.26 to 1.16 % lignans (1.08%) [52,53].

Carotenoids are a group of more than 750 types of yellow, orange, and red pigments
synthesized by plants, algae, and photosynthetic bacteria. These fat-soluble phytochemicals
have also gained substantial popularity for food because of their bioactivity as provitamin
A and antioxidant potential [54]. The most important dietary carotenoids are the following:
α-carotene, β-carotene, zeaxanthin, β-cryptoxanthin, lutein, and lycopene [55]. In our
study, we found that the total carotenoid content in tumba seed oil was about 79.5 mg/kg
total carotenoids (Table 3) and that they play an appreciable part in the overall antiox-
idant capacity of the samples. These pigments were also well represented in palm oil
(53.5 mg/100 g) and B. rubra seed oils (30.5 mg/100 g) [33,44,56,57].

The richness of the natural antioxidants in vegetable oils delays lipid peroxidation and
contributes to consumer acceptance of the food products made from them by improving
their shelf life [33]. The antioxidants of oils play a key role in preserving their nutritive
value and quality by scavenging the free radicals and thus protecting them from lipid
peroxidation [57]. The tumba seed oil contained an appreciable amount of antioxidant
compounds (about 70.83 mg ascorbic acid eq./100 g; Table 3). High antioxidant activities
(evaluated with the phosphomolybdenum assay as in the present study) were previously
observed also for B. rubra seed oils [33]. Thanks to its appreciable antioxidant activity, the
use of tumba seed oil helps increase the quality and shelf life of food products.

4. Conclusions

Plant-based products, containing phytochemical-rich oils, can be useful for the prepa-
ration of food and for other uses, suggesting new topics for research and development. In
recent times, plant-based food products are gaining popularity among the urban popula-
tion due to their important functional and nutraceutical properties and the safety of their
consumption. Tumba seed oil obtained from the hot region of Rajasthan (India) is mainly
constituted of unsaturated fatty acids (about 70%) similarly to other major vegetable oils.
Its major part is represented by polyunsaturated fatty acids along with some important odd
chain fatty acids which have recently been suggested as essential for human health. It also
contained an appreciable amount of natural bioactive compounds with strong antioxidant
potential (phenolics, flavonoids, oryzanols, lignana, carotenoids, etc.), which make it more
stable against oxidative degradation during frying as well as a very good source of antioxi-
dants with nutraceutical and pharmaceutical applications. Consequently, tumba seed oil,
with its good fatty acid profile and good antioxidant activity, has the potential to be a choice
for vegetable oil for culinary purposes with a large number of health-promoting properties.
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However, before tumba seed oil can be suggested as a vegetable oil for culinary purposes,
more research is required to better evaluate its anti-nutritional factors and subsequent
effects on human health.

Author Contributions: Conceptualization, M.K.B.; methodology, M.K.B. and P.S.G.; validation,
C.R. and P.K.; formal analysis and investigation, M.K.B.; R.K. and A.K.V.; writing— original draft
preparation, M.K.B. and J.S.G.; writing—review and editing, C.R., P.K., Y.R., B.B.; supervision, M.K.B.
and D.S. All authors have read and agreed to the published version of the manuscript.

Funding: There was no external funding involved in the study.

Data Availability Statement: Data are contained in this article itself.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Berwal, M.K.; Haldhar, S.M.; Ram, C.; Shil, S.; Kumar, R.; Gora, J.S.; Singh, D.; Samadia, D.K.; Kumar, M.; Mekhemar, M. Calligonum
polygonoides L. as Novel Source of Bioactive Compounds in Hot Arid Regions: Evaluation of Phytochemical Composition and
Antioxidant Activity. Plants 2021, 10, 1156. [CrossRef] [PubMed]

2. Kumar, P.; Khapte, P.S.; Meghwal, P.R. Genetic Diversity of Vegetables in Arid Region. In Horticulture Based Integrated Farming
System; Shukla, A.K., Gupta, D.K., Jangid, B.L., Keerthika, A., Noor Mohammad, M.B., Mehta, R.S., Eds.; New India Publishing
Agency: New Delhi, India, 2021; pp. 35–41.

3. Javadzadeh, H.R.; Davoudi, A.; Davoudi, F.; Valizadegan, G.; Goodarzi, H.; Mahmoodi, S.; Ghane, M.R.; Faraji, M. Citrullus
colocynthis as the Cause of Acute Rectorrhagia. Case Rep. Emerg. Med. 2013, 2013, 652192. [CrossRef] [PubMed]

4. Bikdeloo, M.; Colla, G.; Rouphael, Y.; Hassandokht, M.R.; Soltani, F.; Salehi, R.; Kumar, P.; Cardarelli, M. Morphological and
Physio-Biochemical Responses of Watermelon Grafted onto Rootstocks of Wild Watermelon [Citrullus colocynthis (L.) Schrad] and
Commercial Interspecific Cucurbita Hybrid to Drought Stress. Horticulturae 2021, 7, 359. [CrossRef]

5. Dane, F.; Liu, J.; Zhang, C. Phylogeography of the bitter apple, Citrullus colocynthis. Genet. Resour. Crop Evol. 2006, 54, 327–336.
[CrossRef]

6. Hassanane, M.S.; EL-Fiky, S.; Abd EL-Bbaset, S.A. A genotoxic study of the Citrullus colocynthis extract. Bull. Natl. Res. Cent. 2001,
26, 223–235.

7. Rahimi, R.; Amin, G.; Ardekani, M.R. A review on Citrullus colocynthis Schrad.: From traditional Iranian medicine to modern
phytotherapy. J. Altern. Complement. Med. 2012, 18, 551–554. [CrossRef]

8. Berwal, M.K.; Haldhar, S.M.; Ram, C.; Saroj, P.L. Determination of total phenolic & flavonoids and antioxidant activity in
Calligonum polygonoides L. from Thar Desert. J. Environ. Biol. 2021, 42, 1347–1354. [CrossRef]

9. Rani, R.; Dushyant, S.; Monika, C.; Jaya, P.Y. Antibacterial activity of twenty different endophytic fungi isolated from Calotropis
procera and time kill assay. Clin. Microbiol. 2017, 6, 3. [CrossRef]

10. Abdel-Hassan, I.A.; Mohammeda, S.T. The hypoglycaemic and antihyperglycaemic effect of Citrullus colocynthis fruit aqueous
extract in normal and alloxan diabetic rabbits. J. Ethnopharmacol. 2000, 71, 325–330. [CrossRef]

11. Ardekani, M.R.S.; Rahimi, R.; Javadi, B.; Abdi, L.; Khanavi, M. Relationship between temperaments of medicinal plants and their
major chemical compounds. J. Tradit. Chin. Med. 2011, 31, 27–31. [CrossRef]

12. Huseini, H.F.; Darvishzadeh, F.; Heshmat, R.; Jafariazar, Z.; Raza, M.; Larijani, B. The clinical investigation of Citrullus colocynthis
(L.) schrad fruit in treatment of type II diabetic patients: A randomized, double blind, placebo-controlled clinical trial. Phytother.
Res. 2009, 23, 1186–1189. [CrossRef]

13. Rahbar, A.R.; Nabipour, I. The hypolipidemic effect of Citrullus colocynthis on patients with hyperlipidemia. Pak. J. Biol. Sci. 2010,
13, 1202–1207. [CrossRef] [PubMed]

14. Marzouk, B.; Marzouk, Z.; Haloui, E.; Fenina, N.; Bouraoui, A.; Aouni, M. Screening of analgesic and anti-inflammatory activities
of Citrullus colocynthis from southern Tunisia. J. Ethnopharmacol. 2010, 128, 15–19. [CrossRef]

15. Tannin-Spitz, T.; Bergman, M.; Grossman, S. Cucurbitacin glucosides: Antioxidant and free-radical scavenging activities. Biochem.
Biophys. Res. Commun. 2007, 364, 181–186. [CrossRef] [PubMed]

16. Nmila, R.; Gross, R.; Rchid, H.; Roye, M.; Manteghetti, M.; Petit, P.; Tijane, M.; Ribes, G.; Sauvaire, Y. Insulinotropic effect of
Citrullus colocynthis fruit extracts. Planta Med. 2000, 66, 418–423. [CrossRef] [PubMed]

17. Dehghani, F.; Panjehshahin, M.R. The toxic effect of alcoholic extract of Citrullus colocynthis on rat liver. Iran. J. Pharm. Ther. 2006,
5, 117–119.

18. Jouad, H.; Haloui, M.; Rhiouani, H.; El Hilaly, J.; Eddouks, M. Ethnobotanical survey of medicinal plants used for the treatment of
diabetes, cardiac and renal diseases in the North centre region of Morocco (Fez-Boulemane). J. Ethnopharmacol. 2001, 77, 175–182.
[CrossRef]

19. Kamalakar, K.; Sai-Manoj, G.N.V.T.; Prasad, R.B.N.; Karuna, M.S.L. Thumba (Citrullus colocynthis L.) seed oil: A potential
bio-lubricant base-stock. Grasas Aceites 2015, 66, e055. [CrossRef]

130



Horticulturae 2022, 8, 259

20. Mariod, A.A.; Mirghani, M.E.S.; Hussein, I. Citrullus colocynthis Colocynth, Bitter Apple, Bitter Gourd. In Unconventional Oilseeds
and Oil Sources; Mariod, A.A., Mirghani, M.E.S., Hussein, I., Eds.; Academic Press: Cambridge, MA, USA, 2017; pp. 99–105.
[CrossRef]

21. Ashish, K.; Naveen, K.; Hasan, M.M.; Rajeev, C.; Arshad, N.S.; Zahid, A.K. Production of biodiesel from thumba oil: Optimization
of process parameters. Iran. J. Energy Environ. 2010, 1, 352–358.

22. Gurudeeban, S.; Satyavani, K.; Ramanathan, T. Bitter apple (Citrullus colocynthis): An overview of chemical composition and
biomedical potentials. Asian J. Plant Sci. 2010, 9, 394–401. [CrossRef]

23. Kulkarni, A.S.; Khotpal, R.R.; Karadbhajane, V.Y.; More, V.I. Physico-chemical Composition and lipid classes of Aegle marmelos
(Bael) and Citrullus colocynthis (Tumba) Seed Oils. J. Chem. Pharm. Res. 2012, 4, 1486–1488.

24. Solomon, G.; Luqman, C.A.; Nor, M.A. Investigating “Egusi” (Citrullus colocynthis L.) Seed Oil as Potential Biodiesel Feedstock.
Energies 2010, 3, 607–618. [CrossRef]

25. Yaniv, Z.; Shabelsky, E.; Schafferman, D. Perspectives on new crops and new uses. In Colocynth: Potential Arid Land Oilseed from an
Ancient Cucurbit; Janick, J., Ed.; ASHS Press: Alexandria, VA, USA, 1999; pp. 257–261.

26. Al-Hwaiti, M.S.; Alsbou, E.M.; Abu Sheikha, G.; Bakchiche, B.; Pham, T.H.; Thomas, R.H.; Bardaweel, S.K. Evaluation of the
anticancer activity and fatty acids composition of “Handal” (Citrullus colocynthis L.) seed oil, a desert plant from south Jordan.
Food Sci. Nutr. 2021, 9, 282–289. [CrossRef]

27. Bireche, M.; Gherib, A.; Bakchiche, B.; Berrabah, M.; Maatallah, M. Positional distribution of fatty acids in the triglycerides of
Citrullus colocynthis seed oil growing in Algeria. J. Mater. Environ. Sci. 2017, 8, 622–627.

28. AOCS. Official Methods and Recommended Practices of the American Oil Chemist’s Society; AOCS: Champaign, IL, USA, 2003.
29. Berwal, M.K.; Haldhar, S.M.; Ram, C.; Shil, S.; Gora, J.S. Effect of extraction solvent on total phenolics, flavonoids and antioxidant

capacity of flower bud and foliage of Calligonum polygonoides L. Indian J. Agric. Biochem. 2021, 34, 61–67. [CrossRef]
30. Medini, F.; Fellah, H.; Ksouri, R.; Abdelly, C. Total phenolic, flavonoid and tannin contents and antioxidant and antimicrobial

activities of organic extracts of shoots of the plant Limonium delicatulum. J. Taibah Univ. Sci. 2014, 8, 216–224. [CrossRef]
31. Bhatnagar, A.S.; Hemavathy, J.; Gopala Krishna, A.G. Development of a rapid method for determination of lignans content in

sesame oil. Food Sci. Technol. 2015, 52, 521–527. [CrossRef]
32. Gopala Krishna, A.G.; Hemakumar, K.H.; Khatoon, S. Study on the composition of rice bran oil and its higher free fatty acids

value. J. Am. Oil Chem. Soc. 2006, 83, 117–120. [CrossRef]
33. Kumar, S.S.; Manasa, V.; Tumaney, A.W.; Bettadaiah, B.K.; Chaudari, S.R.; Giridhar, P. Chemical composition, nutraceuticals

characterization, NMR confirmation of squalene and antioxidant activities of Basella rubra L. seed oil. RSC Adv. 2020, 10,
31863–31873. [CrossRef]

34. Prieto, P.; Pineda, M.; Aguilar, M. Spectrophotometric Quantitation of Antioxidant Capacity through the Formation of a
Phosphomolybdenum Complex: Specific Application to the Determination of Vitamin, E. Anal. Biochem. 1999, 269, 337–341.
[CrossRef]

35. Kostik, V.; Memeti, S.; Bauer, B. Fatty Acid Composition of Edible Oils and Fats. J. Hyg. Eng. Design 2013, 4, 112–116.
36. Zambiazi, R.C.; Przybylski, R.; Zambiazi, M.W.; Mendonca, C.B. Fatty Acid Composition of Vegetable Oils and Fats. Bol. Cent.

Pesqui. Processamento Aliment. 2007, 25, 111–120.
37. Orsavova, J.; Misurcova, L.; Ambrozova, J.V.; Vicha, R.; Mlcek, J. Fatty Acids Composition of Vegetable Oils and Its Contribution

to Dietary Energy Intake and Dependence of the Cardiovascular Mortality on Dietary Intake of Fatty Acids. Int. J. Mol. Sci. 2015,
16, 12871–12890. [CrossRef] [PubMed]

38. Venn-Watson, S.; Lumpkin, R.; Dennis, E.A. Efficacy of dietary odd-chain saturated fatty acid pentadecanoic acid parallels broad
associated health benefits in humans: Could it be essential? Sci. Rep. 2020, 10, 8161. [CrossRef] [PubMed]

39. Jimenez-Cepeda, A.; Davila-Said, G.; Orea-Tejeda, A.; González-Islas, D.; Elizondo-Montes, M.; Pérez-Cortes, G.; Keirns-Davies,
C.; Castillo-Aguilar, L.F.; Verdeja-Vendrell, L.; Peláez-Hernández, V.; et al. Dietary intake of fatty acids and its relationship with
FEV1/FVC in patients with chronic obstructive pulmonary disease. Clin. Nutr. ESPEN 2019, 29, 92–96. [CrossRef]

40. Huang, L.; Lin, J.S.; Aris, I.M.; Yang, G.; Chen, W.Q.; Li, L.J. Circulating Saturated Fatty Acids and Incident Type 2 Diabetes: A
Systematic Review and Meta-Analysis. Nutrients 2019, 11, 998. [CrossRef] [PubMed]

41. Aglago, E.K.; Biessy, C.; Torres-Mejia, G.; Angeles-Llerenas, A.; Gunter, M.J.; Romieu, I.; Chajes, V. Association between serum
phospholipid fatty acid levels and adiposity in Mexican women. J. Lipid Res. 2017, 58, 1462–1470. [CrossRef]

42. Kurotani, K.; Sato, M.; Yasuda, K.; Kashima, K.; Tanaka, S.; Hayashi, T.; Shirouchi, B.; Akter, S.; Kashino, I.; Hayabuchi, H.; et al.
Even- and odd-chain saturated fatty acids in serum phospholipids are differentially associated with adipokines. PLoS ONE 2017,
12, e0178192. [CrossRef]

43. Bravo, L. Polyphenols: Chemistry, dietary sources, metabolism, and nutritional significance. Nutr. Rev. 1998, 56, 317–333.
[CrossRef]

44. Thusoo, S.; Gupta, S.; Sudan, R.; Kour, J.; Bhagat, S.; Hussain, R.; Bhagat, M. Antioxidant Activity of Essential Oil and Extracts of
Valeriana jatamansi Roots. BioMed Res. Int. 2014, 2014, 614187. [CrossRef]

45. Chang, S.T.; Wu, J.H.; Wang, S.Y.; Kang, P.L.; Yang, N.S.; Shyur, L.F. Antioxidant activity of extracts from Acacia confusa Bark and
Heartwood. J. Agric. Food Chem. 2001, 49, 3420–3424. [CrossRef] [PubMed]

46. Janu, C.; Kumar, D.S.; Reshma, M.V.; Jayamurthy, P.; Sundaresan, A.; Nisha, P. Comparative Study on the Total Phenolic Content
and Radical Scavenging Activity of Common Edible Vegetable Oils. J. Food Biochem. 2014, 38, 38–49. [CrossRef]

131



Horticulturae 2022, 8, 259

47. Kozlowska, M.; Gruczynska, E.; Scibisz, I.; Rudzinska, M. Fatty acids and sterols composition, and antioxidant activity of oils
extracted from plant seeds. Food Chem. 2016, 213, 450–456. [CrossRef] [PubMed]

48. Harborne, J.B.; Baxter, H.; Moss, G.P. Phytochemical Dictionary: Handbook of Bioactive Compounds from Plants, 2nd ed.; Taylor &
Francis: London, UK, 1999.

49. Xuan, T.D.; Gangqiang, G.; Minh, T.N.; Quy, T.N.; Khanh, T.D. An Overview of Chemical Profiles, Antioxidant and Antimicrobial
Activities of Commercial Vegetable Edible Oils Marketed in Japan. Foods 2018, 7, 21. [CrossRef] [PubMed]

50. Kim, H.W.; Kim, J.B.; Cho, S.M.; Cho, I.K.; Li, O.X.; Jang, H.H.; Lee, S.H.; Lee, Y.M.; Hwang, K.A. Characterization and
quantification of γ-oryzanol in grains of 16 Korean rice varieties. Int. J. Food. Sci. Nutr. 2015, 66, 166–174. [CrossRef] [PubMed]

51. Ajala, A.W.; Ghavami, A. Evaluation of the effectiveness of cereal bran extract for sunflower oil stability during frying. Int. J. Food
Stud. 2020, 9, SI52–SI61. [CrossRef]

52. Moazzami, A.A.; Kamal-Eldin, A. Sesame seed is a rich source of dietary lignans. J. Am. Oil Chem. Soc. 2006, 83, 719–723.
[CrossRef]

53. Reshma, M.V.; Balachandran, C.; Arumughan, C.; Sunderasan, A.; Sukumaran, D.; Thomas, S.; Saritha, S.S. Extraction, separation
and characterisation of sesame oil lignan for nutraceutical applications. Food Chem. 2010, 120, 1041–1046. [CrossRef]

54. Ribayamercado, J.D.; Solon, S.F.; Tang, G.; Cabal-Borza, M.; Perfecto, S.C.; Russel, R.M. Bionconversion of plant carotenoids to
vit-A in Filipino school-aged children varies inversely with vit-A status. Am. J. Clin. Nutr. 2000, 72, 455–465. [CrossRef]

55. Wang, X.D. Carotenoids. In Modern Nutrition in Health and Disease, 11th ed.; Ross, C.A., Caballero, B., Cousins, R.J., Tucker, K.L.,
Ziegler, T.R., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2014; pp. 427–439.

56. Chandrasekaram, K.; Ng, M.H.; Choo, Y.M.; Chuah, C.H. Effect of storage temperature on the stability of phytonutrients in palm
concentrates. Am. J. Appl. Sci. 2009, 6, 529–533. [CrossRef]

57. Hemalatha, S.; Ghafoorunissa. Sesame lignans enhance the thermal stability of edible vegetable oils. Food Chem. 2007, 105,
1076–1085. [CrossRef]

132



Citation: Phan, Q.; DuBois, A.;

Osborne, J.; Tomasino, E. Effects of

Yeast Product Addition and

Fermentation Temperature on Lipid

Composition, Taste and Mouthfeel

Characteristics of Pinot Noir Wine.

Horticulturae 2022, 8, 52. https://

doi.org/10.3390/horticulturae8010052

Academic Editors: Alessandra

Durazzo and Massimo Lucarini

Received: 16 November 2021

Accepted: 5 January 2022

Published: 6 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

horticulturae

Article

Effects of Yeast Product Addition and Fermentation
Temperature on Lipid Composition, Taste and Mouthfeel
Characteristics of Pinot Noir Wine

Quynh Phan, Aubrey DuBois, James Osborne and Elizabeth Tomasino *

Department of Food Science and Technology, Oregon State University, Corvallis, OR 95331, USA;
quynh.phan@oregonstate.edu (Q.P.); aubrey.dubois@oregonstate.edu (A.D.);
james.osborne@oregonstate.edu (J.O.)
* Correspondence: elizabeth.tomasino@oregonstate.edu; Tel.: +1-541-737-4866

Abstract: Lipids have important impacts on wine sensory. By targeting the lipid sources in wine,
mainly from grape tissues and yeast cell walls, it was possible to alter the wine lipid profile thus
potentially changing the final product quality. This research examined the changes of wine total lipids,
lipid composition and sensory characteristics of Pinot noir wines in response to the winemaking
factors, fermentation temperature and yeast product addition. Pinot noir grapes were fermented
at 16 ◦C and 27 ◦C. After fermentation, Oenolees® yeast product was added to the wines at three
levels (0 g/L, 0.5 g/L and 1.0 g/L). The six wine treatments were subjected to chemical analyses
measuring total lipids and an untargeted lipidomic approach analyzing lipid composition. High
temperature fermentation wines had significantly higher total lipid content. Random forest analysis
distinguished the wine groups based on the 25 main lipids, including free fatty acids, acylcarnitines,
diglycerides, triglycerides and phospholipids. Taste and mouthfeel characteristics of each treatment
were assessed using descriptive analysis and check-all-that-apply (CATA) techniques. Multivariate
analyses showed that changing fermentation temperature significantly impacted sweetness and
drying perception in Pinot noir wines. Yeast product addition had nuanced effects on wine lipid
profiles and sensory perception.

Keywords: lipidomic; winemaking; descriptive analysis; random forest; linear discriminant analysis

1. Introduction

Mouthfeel is an important aspect of wine quality but is not well understood. Studies
of wine chemical contributions in mouthfeel perception have mainly focused on major
constituents, such as phenolics, polysaccharides, proteins, ethanol, sugar, and acids [1–5].
However, there are other compositional elements that may influence perception of wine
mouthfeel and taste [6,7]. Altering wine mouthfeel and taste qualities during winemaking
processes may result in positive outcomes in consumers’ acceptance and preference of
wines [4,8].

This study was focused on winemaking practices that could potentially impact wine
lipids and wine taste and mouthfeel perception. Lipids are minor constituents with a
concentration reported to be less than 0.1% in commercial Pinot noir wines [9]. There
are two main sources of wine lipids: grape tissues and yeast cell wall [10]. Previous
work has demonstrated lipids contribute to taste and mouthfeel perception in model wine
solutions [7]. Consumer perception of viscosity was shown to increase significantly when
a phospholipid product was added to model wines [7]. Real wine matrices are much
more complex than model wine solutions and the increased complexity may alter the
effects of lipids on taste and mouthfeel. Therefore, it is important to study the roles of
lipids in a real wine system to further understand how wine lipids affect wine taste and
mouthfeel characteristics. This study evaluated lipids in real wine, attempting to alter the
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composition using processing aids. By evaluating lipids in wine, it is possible to see if the
low composition of lipids can influence taste and mouthfeel, which is normally driven by
more major compositional aspects of wine. It is most likely that the smaller compositional
wine aspects will cause the more nuanced changes to mouthfeel that are regularly described,
but are not linked to a specific compound.

Pinot noir wines are known to contain low concentrations of tannins and polyphenolic
compounds compared to other red wines [11]. These compounds are highly correlated
with the astringency mouthfeel attribute in red wine [12]. Pinot noir is an ideal wine for
investigating non-astringent mouthfeel compounds due to its lower tannin concentration,
as the low concentration of lipids may be able to alter or overcome the mouthfeel aspects
attributed to phenolic compounds. In addition, Pinot noir is a flagship varietal of Oregon,
dominating the premium and ultra-premium market [13]. Understanding the factors that
could maintain or improve Pinot noir wine quality is important due to the many challenges
that face winemakers each year.

Changes in winemaking procedures may lead to changes in the quality of the final
product [14–17]. Unterkofler et al. (2020) listed fermentation as one of the most critical
value-adding steps in the entire winemaking process [17]. Fermentation temperature is an
important factor that determines the quality of the final wine. Environmental temperature
is known to influence the lipid composition of yeast cells [18]. Yeasts have the ability to
adapt to environmental stress, such as changes in osmotic pressure, pH, nutrient levels,
exposure to heat or cold shock, high ethanol concentration or toxic compounds [19,20].
Lower fermentation temperatures can increase the total lipid content, total fatty acids,
triacylglycerols and phospholipid content of yeast cells while diacylglycerols, free fatty
acids, sterols and sterol ester concentrations remain unaffected [18]. To date, studies
investigating fermentation temperature impacts on wine mouthfeel have focused only on
phenolic compounds and not lipid contents of the wine [21,22]. In this study, lipid profiles,
chemical components and sensory analysis of wines produced under different fermentation
temperatures was performed to determine if fermentation temperature could influence the
lipid content and sensory characteristics of wine.

The addition of external yeast products was also considered as yeast products contain
several lipids and are commonly used in winemaking [23,24]. Many commercially-available
yeast products claim to impart positive taste and mouthfeel characteristics onto the wine,
as a way of altering quality post-harvest.

Yeast cell walls mainly consist of polysaccharides (mannoproteins, b-glucan, and
chitin) [25]. In addition, lipids are critical components of yeast cell membranes with
the concentration varying from less than 5% dry weight to higher than 15% dry weight
depending on the species [26]. Lipids play important roles in the maintenance of yeast cell
structure and controlling the growth rate [27]. The present study aims were to determine the
impacts of adding different concentrations of a lipid source and the relationship between
lipid additions and fermentation temperatures on the chemical and sensory characteristics
of wine. Understanding these relationships could provide winemakers with additional
options to achieve their desired wine quality.

2. Materials and Methods

2.1. Chemicals

A mixture of lipid standards (Splash® Lipidomix® Mass Spec Standard) was purchased
from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Potassium chloride (KCl) ACS reagent
grade was from EMD Chemicals Inc. (Gibbstown, NJ, USA). Sodium hydroxide (NaOH)
was from Sigma–Aldrich (St. Louis, MO, USA). Dichloromethane (DCM) was from EMD
Millipore Corporation (Burlington, MA, USA). 2-propanol (IPA) HPLC grade, methanol
(MeOH) HPLC grade, and chloroform (CHCl3) HPLC grade were from Fisher Chemical
(Fair Lawn, NJ, USA). Milli-Q water was obtained from a Millipore Continental water
system (EMD-Millipore, Billerica, MA, USA). Potassium metabisulfite was sourced from
Institut Œnologique de Champange (Mardeuil, Grand Est, France).
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2.2. Winemaking

A winemaking plan was designed to study the interactions and effects of temperature
and concentration of yeast product additions on lipid composition of Pinot noir wines.
Pinot noir wines were made from V. vinifera cv. Pinot noir grapes harvested from Oregon
State University’s Woodhall Vineyard (Monroe, OR, USA) in September 2019. Wines
were processed at Oregon State University’s research winery (Corvallis, OR, USA). After
destemming, grapes were split equally into six jacketed tanks (AAA Metal Fabrication,
Dalles, OR, USA) with temperature control systems (Watlow EZ-Zone, St. Louis, MO, USA).
Approximately 60 kg of grapes were placed in each tank. Three tanks were randomly
selected to be kept at 16 ◦C and the other three were maintained at 27 ◦C during alcoholic
fermentation. Fermaid K™ (Lallemand Oenology, Montreal, Canada) was added at a rate
of 0.4 g/L. An addition of 50 mg/L of SO2 (as potassium metabisulfite) was added to all
the tanks and mixed. After 20 min, Saccharomyces cerevisiae ZYMAFLORE® F15 (Laffort
USA, Petaluma, CA, USA) was then added at a rate of 0.25 g/L after hydration according
to the manufacturer’s specifications. Alcoholic fermentation was monitored by changes in
degree Brix over time using a digital densitometer (Anton Paar, Santner Foundation, Graz,
Austria) (Figure S1).

At the completion of fermentation, treatments were pressed at 0.1 MPa for 5 min and
the wine was dispensed into five-gallon (18.9 L) glass carboys and kept at room temperature
(approximately 21 ◦C). Oenococcus oeni Lalvin VP41™ (Lallemand Oenology, Montreal,
Canada) was inoculated at approximately 1 × 106 cfu/mL to induce malolactic fermentation
(MLF) following manufacturer’s instructions. After MLF (malic acid less than 100 mg/L
as measured by enzymatic assay (Vintessential, Victoria, Australia), the yeast product
Oenolees® (Laffort USA, Petaluma, CA, USA) was added to wines at two concentrations
(low concentration at 0.5 g/L and high concentration at 1.0 g/L). The Oenolees® yeast
product consisted of yeast cell walls and inactivated yeasts. The amount of yeast product
addition was determined based on a preliminary study (data not shown). Controls with no
yeast product addition were also obtained. After the addition of Oenolees®, all treatments
were kept at 16 ◦C. Free sulfur dioxide (SO2) was checked weekly using the aspiration
method outlined by Iland et al. and 10% (w/v) potassium metabisulfite solution was added
to the wines to maintain the concentration of free SO2 at 30 mg/L [28]. All treatments were
performed in triplicate. After 90 days, samples from each replicate were taken for total
lipids and lipidomic analyses. Replicates were then combined, sterile filtered (0.45 μm PES
cartridge filter) and bottled in 750 mL green glass bottles sparged with nitrogen and sealed
with aluminum screw cap closures (Stelvin®, Amcor, Australia) for later sensory analyses.
Detailed winemaking treatments are summarized in Figure 1.

Figure 1. Pinot noir wine treatments scheme. (RC = fermentation at 27 ◦C, 0 g/L yeast product addi-
tion; RL = fermentation at 27 ◦C, 0.5 g/L yeast product addition; RH = fermentation at 27 ◦C, 1 g/L
yeast product addition; CC = fermentation at 16 ◦C, 0 g/L yeast product addition; CL = fermentation
at 16 ◦C, 0.5 g/L yeast product addition; CH = fermentation at 16 ◦C, 1 g/L yeast product addition).
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2.3. Basic Chemistry Analyses

pH was determined by ion-selective electrode (ThermoFisher Scientific, MA, USA) and
titratable acidity (TA) was measured by titration with 0.1 M NaOH [29]. Glucose/fructose,
malic acid, and acetic acid were measured by enzymatic test kits (r-Biopharm, Darmstadt,
Germany), while ethanol was determined using an Alcolyzer (Anton Paar, Santner Founda-
tion, Graz, Austria). Total phenolics analysis was carried out following the Folin Ciocalteau
analysis procedure [30]. Measurements were carried out in triplicate.

2.4. Lipid Analyses

Lipid extraction was carried out in triplicate for each treatment. A detailed proce-
dure is described in Phan and Tomasino (2021). In summary, wine samples were con-
centrated and subjected to the liquid/liquid extraction method in a ratio of 1:1:0.9 v/v
CHCl3:MeOH:concentrated wine. The total lipids layer was extracted and pure lipids were
collected after evaporating the organic solvent.

An untargeted lipidomic approach was used to obtain the lipidomic profiles of the
wine samples. A solvent mixture of 25:10:65 v/v DCM:IPA:MeOH with 0.1% (w/v) BHT
was used to dissolve the total lipid extraction. Waters Acquity UPLC system (Milford, MA,
USA) coupled to a quadrupole TOF mass spectrometer AB SCIEX, TripleTOF 5600 (Sciex,
Concord, ON, Canada) operated in information-dependent MS/MS acquisition mode to an-
alyze the samples. A 10% (v/v) Splash standard in MeOH was used as the internal standard.
Lipidomic data was processed using MasterView software (AB SCIEX, Framingham, MA,
USA). PeakView workstation (SCIEX, Framingham, MA, USA) was used to identify lipid
compounds. Compound identification was based on the exact mass, retention time, the
detection of protonated molecular ion of m/z and the fragment ion peaks [9]. MultiQuant
software (SCIEX, Framingham, MA, USA) was used to obtain peak areas. The peak area of
each compound was used for semi-quantitation of relative abundancy of lipid species [31].

2.5. Sensory Setup

The Institutional Review Board at Oregon State University reviewed and approved
this sensory study (IRB-2020-0610) at Oregon State University (Corvallis, OR, USA). The
sensory panel occurred in the Arbuthnot Dairy Lab on 21 February 2021. The testing room
was kept at a constant temperature of 22 ◦C with a stable light source consisting of both
natural and artificial light. Each participant was assigned to separate white plastic booths.
For all tests, 20 mL of sample were served at room temperature (21 ± 2 ◦C) in INAO black
wineglasses (Lehmann glass, Kiyasa group, New York, NY, USA) labeled with three-digit
random codes and covered with PET disposable plastic lids (Dart®, Mason, MI, USA).

The wine treatments CC, CL, CH, RC, RL and RH were evaluated in duplicate. The
wine samples were served in random order. Panelists were instructed to wear nose clips
(Biotronics.biz, Davie, FL, USA) during the assessment. For each wine sample, panelists
swished the wine around in their mouth and expectorated into a spit cup before answering
the questions described in Sections 2.6 and 2.7. After finishing each sample, they were asked
to rinse their palates with a 1 g/L pectin rinsing solution in order to prevent carry-over
effects from previous samples [27]. Food grade pectin was purchased from Modernist
pantry (Eliot, ME, USA). Participants were required to take a one-minute break between
each test.

2.6. Panelists

25 panelists (9 men, 16 women) from 21 to over 60 years old participated in this sensory
study. Inclusion criteria was as follows: 21 years old or above, free of allergies to wine
or wine components and were regular wine consumers (consuming on average 1 glass or
more of wine per week); non-smoker; no taste deficits or other oral disorders; no piercings
of the tongue, lip or cheek; and no oral lesions or canker sores. Panelists signed informed
consent forms before taking the assessment.
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2.7. Descriptive Analysis

Panelists were instructed to evaluate sweetness, bitterness, acidity, astringency, viscos-
ity, warmth and drying attributes on a 100 mm visual analog scale (VAS). The definition
of each term was provided during testing and are shown in Table 1. The 100 mm visual
analog scales were used for rating intensity each taste and mouthfeel descriptor. The inten-
sity ranged from none (not sweet/not bitter/not acidic/not astringent/not viscous/not
warm/not dry) to extreme (very sweet/very bitter/very acidic/very astringent/very vis-
cous/very warm/very dry).

Table 1. Definitions of the taste and mouthfeel attributes used for descriptive analysis.

Attribute Definition

Sweetness
Being one of the five basic taste sensations that is usually pleasing to the taste
and typically induced by sugar. In beverage, containing a sweet ingredient is

equivalent to not dry [32].
Bitterness Intensity of bitter taste perceived in the mouth [33].

Acidity Intensity of the acid taste perceived in the mouth [34].
Astringency Intensity of the drying and mouth puckering sensation in the mouth [33].

Viscosity Perception of body, weight, or thickness of the wine in the mouth [33].
Warmth Warming effect of the mouth surfaces primarily due to alcohol [35].
Drying Feeling of lack of lubrication or moisture in the mouth [35].

2.8. Check-All-That-Apply (CATA)

The descriptors selected for the CATA test were: irritating, grainy, plastic, sticky, greasy,
watery, harsh, gummy, velvety, unripe, thin, oily, chewy and soft [35,36]. These attributes
are associated with non-astringency mouthfeel descriptors in wine. Panelists were asked to
select all terms that described the mouthfeel characteristics of each wine sample.

2.9. Statistical Analyses
2.9.1. Wine Chemistry

Two-way ANOVA and Tukey’s honest significant difference (HSD) post hoc were
used to compare the mean differences of total lipids, peak intensities of lipid compounds
and basic wine chemistry attributes (pH, tartaric acid, glucose/fructose, acetic acid, total
phenolics, and malic acid) measured in wines produced at two different temperatures
and three levels of yeast product addition. The analyses were performed to examine the
main effects and interaction effects of fermentation temperature and concentration of yeast
product on wine lipids and other wine chemical parameters. Significance was reported
at α = 0.05.

The random forest (RF) approach and linear discriminant analysis (LDA) were used
to analyze the peak intensity of all lipid compounds found in each wine sample. They
were used to identify and visualize the lipid compounds important to distinguishing wines
produced in different conditions: CC, CL, CH, RC, RL and RH.

All statistical analyses and figures were carried out using R programming language [37].
The package ggplot2 was used to produce all figures [38]. R packages used for RF analysis
were randomForest and varSelRF.

2.9.2. Wine Sensory

Two-way ANOVA was performed on the mean intensity ratings for all seven taste
and mouthfeel attributes listed in Table 1 to identify the main effects and interaction effect
of temperature and yeast product concentration on wine taste and mouthfeel descriptors.
Correspondence analysis (CA) followed by hierarchical cluster analysis (HCA) were used
to analyze CATA data [39]. FactoMineR was used for CATA analysis and factoextra for
ggplot2-based elegant visualization [40,41].
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3. Results

3.1. Basic Chemistry

Changes in fermentation temperature alone impacted wine chemical components.
The basic chemistry attributes showed significant differences among wine treatments,
including total phenolics, wine pH, TA and alcohol content (Table 2). When looking at the
fermentation temperature main effect, wines fermented at 27 ◦C resulted in significantly
higher total phenolics, lower pH, lower TA and lower alcohol content compared to wines
fermented at 16 ◦C (α = 0.05, Table S1).

Table 2. Mean basic chemistry measurements of the wine treatments—mean (±SE) with factor and
interaction significance from Tukey HSD. Letters refer to Tukey groups.

Fermentation
Temperature (◦C)

16 27 p-Value
(α = 0.05)

Yeast Product
Concentration (g/L)

0 0.5 1 0 0.5 1 Temp.
Yeast

Product
Temp × Yeast

Product

Total phenol (mg/L) 107.76 a 92.44 b 101.14 a,b 138.06 c 135.66 c 136.36 c <0.001 *** 0.001 ** 0.014 **
(1.91) (1.54) (1.71) (1.96) (2.26) (2.86)

pH 3.67 a 3.70 b 3.73 c 3.67 a 3.66 a 3.67 a <0.001 *** 0.008 ** 0.003 **
(0.01) (0.00) (0.00) (0.01) (0.00) (0.01)

Titratable acidity (g/L) 2.46 a 2.48 a,b 2.50 b,c 2.46 a 2.45 a 2.46 a <0.001 *** 0.008 ** 0.003 **
(0.01) (0.00) (0.00) (0.00) (0.00) (0.01)

Alcohol (% v/v) 14.47 a 14.83 b 14.38 a 13.60 c 14.10 d 13.89 e <0.001 *** <0.001 *** <0.001 ***
(0.01) (0.01) (0.01) (0.02) (0.02) (0.02)

Acetic acid (g/L) 0.39 a 0.34 a 0.39 a 0.43 a 0.42 a 0.38 a 0.252 0.686 0.404
(0.03) (0.01) (0.01) (0.07) (0.02) (0.03)

Malic acid (g/L) 0.07 a 0.06 a,b 0.06 a,b 0.07 a 0.07 a,b 0.06 a,b 0.195 0.011 ** 0.932
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

Glucose/Fructose (g/L) 0.56 a 0.63 a 0.58 a 0.70 a 0.65 a 0.62 a 0.055 0.558 0.24
(0.08) (0.02) (0.03) (0.03) (0.02) (0.03)

** Significant at α = 0.01, *** Significant at α = 0.001.

Yeast product addition as a main effect showed significant impacts on wine measure-
ments. Wines with low (0.5 g/L) yeast product had significantly lower total phenolics
compared to the control group. Significantly higher pH, higher titratable acidity, and lower
malic acid were found in wines with high (1 g/L) yeast product addition compared to the
control group (no yeast product). The three groups were distinctively different only in
alcohol content, in which the low (0.5 g/L) yeast product addition group had the highest
(14.83% v/v), followed by the control group, and the high group (1 g/L) had the lowest
ethanol (14.38% v/v).

An interaction effect between fermentation temperature and yeast product addition
was observed in total phenols, pH, alcohol content and titratable acidity. Changes in both
fermentation temperature and yeast product addition resulted in variation in the wine
chemical composition.

3.2. Total Lipids

A significant difference (α = 0.05) was found for the average total lipids (% w/w) in
Pinot noir wines produced under two fermentation temperature conditions 16 ◦C and
27 ◦C (Table 3). Tukey’s HSD showed no significant difference for the interaction of fer-
mentation temperature × yeast product addition or no significant difference in total lipids
for yeast product addition (Table 2). Wine fermented at 27 ◦C resulted in higher average
total lipids extraction (0.083% ± 0.006%). At 16 ◦C, the average total lipids extracted were
0.075% ± 0.004%. There were no significant differences found among the three levels of the
yeast product concentration or the fermentation temperature and yeast product concentra-
tion interaction. The total lipids extracted were at the average of 0.079% ± 0.005%, for all
yeast product addition treatments including the controls. Figure 2 shows the distribution
of total lipids (% w/w) in different wine treatments.
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Table 3. Two-way ANOVA table for fermentation temperature and yeast product addition facto-
rial experiment.

Source Df
Sum of
Square

Mean Square F Value Pr(>F)

Fermentation
Temperature 1 2.827 × 10−8 2.827 × 10−8 10.014 0.00815 *

Yeast Product Addition 2 1.600 × 10−10 8.000 × 10−10 0.028 0.97225
Fermentation

Temperature × Yeast
Product Addition

2 5.650 × 10−9 2.827 × 10−9 1.001 0.39612

Residuals 12 3.387 × 10−8 2.823 × 10−9

* Significant at α = 0.05.

Figure 2. Boxplot of the mean of total lipids extracted from Pinot noir wines produced at two different
fermentation temperatures (16 ◦C and 27 ◦C) and three yeast product concentrations (0 g/L, 0.5 g/L,
and 1 g/L).

3.3. Lipid Profiles

There were 13 lipid classes detected in the wine samples. A total of 233 individ-
ual lipids were identified from the extracts of the 54 Pinot noir wine samples (6 treat-
ments × 3 wine treatment replicates × 3 lipid extraction replicates). Of the 233 identified
lipids, 142 lipid species were found to have significant differences in peak intensities among
the wines that fermented at different temperatures; 127 lipids species were found to have
significant differences in peak intensities among the wines that had different levels of yeast
product addition. The interaction between fermentation temperature and yeast product
concentration had a significant impact on 101 lipids (α = 0.05, Table S2).

Lipid species that had the highest peak areas belong to the following three lipid classes:
TG, PC and FFA (Table S3. Overall, TG with unsaturated 12, 14, 16 and/or 18 carbon chains
had the greatest peak areas. The identified peaks belong to TG(14:0_18:1_18:2) combined
with TG(16:0_16:1_18:2), TG(16:0_18:2_18:3), TG(16:0_16:0_18:31) and TG(12:0_14:0_18:1)
combined with TG(12:0_16:0_16:1). The high peak areas for TG with carbon lengths from
12 to 18 were found among all six wine groups. In the PC class, major identified compounds
were PC 38:1, PC 42:4, and PC(18:0_22:4). The mean peak areas of FFA 22:0, FFA 16:0 and
FFA 18:1 were the highest. See Table 4 for lipid abbreviations and classification names.
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Table 4. Abbreviations for each lipid class found in the Pinot noir wines.

Lipid Class Name Abbreviation

Phosphatidylcholine PC
Diglyceride DG

Phosphatidylethanolamine PE
Free fatty acids FFA
Triglycerides TG
Acylcarnitine AC

Monoglycerides MG
Lysophosphatidylcholine LPC

Phosphatidic acids PA
Lysophosphatidylethanolamine LPE

Cholesteryl esters CE
Phosphatidylserines PS

Phosphatidylglycerols PG

Figure 3 shows the total number of detected lipid compounds in each lipid class in
Pinot noir wine based on a nontargeted lipidomic strategy and the number of important
lipid compounds within each class selected by the random forest method. The selected
lipid compounds were identified as important variables in differentiating wine treatments.
DG had the highest number of important lipids, follow by FFA and TG. PC, MG, LPC, LPE,
CE, PS and PG classes did not have lipid compounds important to distinguishing wines
produced under the study conditions. The selected model with 25 lipid compounds showed
high % variation in linear discriminant analysis (84.29%). Details of model selection and
names of all 25 lipid compounds selected can be found in supplementary data Table S4.

Figure 3. Total number of detected lipid compounds in each lipid class in Pinot noir wine based on
a nontargeted lipidomic strategy ( ) and number of important lipid compounds within each class
selected by random forest method ( ). See Table 3 for lipid classification names.

Linear discriminant analysis using peak areas of 25 lipid compounds and 95% confi-
dence intervals separated wine samples into six distinct groups based on winemaking treat-
ments (Figure 4). The first two linear combinations explain 84% of the variance, showing a
strong discrimination of wine treatments based on lipidomic data. LD1 clearly separated
the wines from 16◦C fermentation and 27 ◦C fermentation. LD2 separated the high concen-
tration of yeast addition from the control and low yeast product concentration groups.
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Figure 4. Linear discriminant analysis of Pinot noir wines by winemaking conditions with 25 selected
important variables out of 243 lipid species as dependent variables and six winemaking conditions
as independent variables. (RC: 27 ◦C fermentation temperature, 0 g/L yeast product addition; RL:
27 ◦C fermentation temperature, 0.5 g/L yeast product addition; RH: 27 ◦C fermentation temperature,
1 g/L yeast product addition; CC: 16 ◦C fermentation temperature, 0 g/L yeast product addition;
CL: 16 ◦C fermentation temperature, 0.5 g/L yeast product addition; and CH: 16 ◦C fermentation
temperature, 1 g/L yeast product addition).

Using random forest analysis, the most important lipidomic features were extracted,
with 25 lipid compounds being the most important for explaining the differences based
on fermentation temperature and yeast product addition (Figure 5). Lipids were ranked
based on their importance in wine treatment separation. They showed relatively 0% OOB
compared to other models (Table S4). The CH wines had relatively higher amounts of
lipids compared to the wines from other treatments, mostly FFA, DG and TG. The majority
of lipids in CH have relative concentrations higher than 1 (represented as the yellow boxes
in Figure 5). Wines made under other treatments did not have many lipids at high relative
concentrations. CC and CL wines had the lowest relative amount of lipids, while RC, RH
and RL wines had higher relative amounts.

An untargeted lipidomic approach was successfully used to identify the most impor-
tant lipids in differentiating the wine treatments. FFA, AC, DG and TG are the main lipid
classes contributing to the differences. The effects of yeast product addition on the relative
concentration of the 25 important lipids are noted in Figure 5. Adding more yeast product
altered the lipidomic profile of the wines, even though it did not increase the amount
of total lipids. The CH and RH wines were distinctively separated from other groups
(Figure 5). In the cold fermentation groups (CC, CL and CH), the relative concentration of
lipids in CH were seen to be much higher. Similar trends were also observed in the high
fermentation temperature groups.

3.4. Sensory-Descriptive Analysis

Two-way ANOVA showed significant differences in sweetness and drying among
wine treatments having different fermentation temperatures (p-value = 0.004 for drying and
0.005 for sweetness, Table S5). The sweetness taste attribute was higher in wines fermented
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at 16 ◦C compared to those fermented at 27 ◦C (Figure 6). The drying mouthfeel attribute
was rated with significantly lower intensity in wines fermented at 16 ◦C compared to wines
fermented at 27 ◦C (Figure 6). Descriptive analysis of wine samples showed no significant
differences for acidity, astringency, bitterness, viscosity and warmth. It is worth considering
that the mean intensity rating of astringency was higher in RL wines compared to other
treatments, and viscosity and warmth had the highest mean intensity rating in CC.

Figure 5. Variance of importance plot (VIP) for lipids that contribute the greatest variance to the
classification of six wine treatments. Relative concentrations (Rel Conc) for each group are also shown
(yellow for higher concentrations, dark green for lower).

Figure 6. Mean perceived intensity rating (mean ± standard error) for taste and mouthfeel attributes
in descriptive analysis test of wine treatments. * indicates significant difference (two-way ANOVA,
α = 0.05).
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3.5. Sensory—CATA

CATA data for taste and mouthfeel descriptors show variations in taste and mouthfeel
terms associated with wine treatments. Across the first two dimensions, 77.3% variance
was found. Wines fermented at 16 ◦C (CC, CL, and CH) were described as oily, velvety,
and soft. Wines fermented at 27 ◦C (RC, RL and RH) were described as grainy, gummy,
harsh, unripe and sticky (Figure 7).

Figure 7. Corresponding analysis using CATA data. CATA terms are in black and wine treatments
are in orange.

4. Discussion

4.1. Impacts of Yeast Fermentation Temperature on Wine Lipids, Taste and Mouthfeel Perception

Fermentation temperature has a significant effect on grape extraction [16]. A higher
lipid concentration in a high temperature fermentation wine could be due to a greater
breakdown of the grape firm tissues and the yeast cell wall during fermentation [16].
It would be of interest to determine the source of lipid differences in the present study
treatments to establish if lipid extraction was from both or one specific source.

Increasing fermentation temperature produces wine with higher phenolics and color [42,43].
Our total phenolic data confirmed this finding, as the higher fermentation temperature
resulted in wines with greater phenolics (Table 2). Phenolics, especially polymeric flavanols,
are known to have major impacts on wine taste and mouthfeel [10,16,44]. Wines with
higher phenolic content are known to have more intense bitterness, astringency, drying and
sourness [44]. Among the seven attributes assessed in the descriptive analysis test, some
were expected to show significant differences between wines fermented at 16 ◦C and 27 ◦C.
However, drying was the only mouthfeel attribute that was significantly more intense in
high fermentation temperature wines and sweetness was the only taste attribute that was
significantly less intense in high fermentation temperature wines (Figure 6).

Wine fermented at 27 ◦C had significantly lower alcohol content and lower sweetness
perception. Sweetness is the sensory attribute found to be significantly different and is
not known to be impacted by lipids (Figure 5). It is known that high alcohol content can
affect sweetness perception in wine [45]. The higher temperature used in the present study
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may have evaporated a portion of the ethanol content, resulting in a significant change of
sweetness or may also be due to fermentation yield.

Fermentation temperature did not have strong impacts on bitterness, astringency,
acidity, viscosity and warmth attributes in this study. Even though there was a significantly
higher amount of phenolics in wines fermented at 27 ◦C, the impacts of phenolics on wine
taste and mouthfeel may be masked by the presence of wine lipids, as lipids have been
found to reduce the astringency in wine [46], although the concentration of lipids studied
were much higher than those tested in our study. Research has examined the effects of
phenolic compounds on lipid models in oral cell membranes and lipid droplets found
in food [6]. Interactions between catechin, epicatechin and epigallocatechin gallate and
lipids were examined and strong interactions were found between phenolics, especially
tannins, and lipids in a model system [6]. The authors stated that astringency could be
affected by potential competition between the tannin-lipid and other tannin-macromolecule
interactions [47]. Similar interactions could be found in the present study treatments but
further research is needed to confirm this. One of the difficulties of working in a wine
system is that it is difficult to isolate the exact impact of lipids to wine mouthfeel. Working
with a simpler model and adding different wine components may be a way to isolate
any sensory changes specifically imparted by lipids, such as those conducted in Phan et
Siebert [7].

4.2. Impacts of Yeast Product Addition on Wine Lipids, Taste and Mouthfeel Perception

Theoretically, the addition of yeast products after fermentation would be similar
to having more yeast cells during fermentation and was predicted to increase the total
lipids. However, yeast product addition did not have significant effects on the total lipid
concentration (Figure 2). Yeast product did alter the wine lipidomic profiles but may not be
a good source for enhancing total lipid content in wine. The impact of different lipids to
wine sensory are discussed further in Section 4.3.

Adding yeast product had significant impacts on total phenolics. The total phenolics
decreased in wines with higher yeast additions (Table 2). A similar argument can be
made in high fermentation wine; since there were more organic substances present in high
yeast product addition wine, there could be more chance for phenolics to interact with the
components, such as lipids, polysaccharides, and proteins, to form entanglement and then
precipitate out of the solution [48]. As a result, the contribution of phenolics to taste and
mouthfeel perception was insignificant in wines with yeast product addition.

Astringency is a very important quality factor that influences consumer preference [49].
A recent study reported that increasing astringency decreased liking and elicited more
intense negative emotions in wine consumers [4]. A combination of 27 ◦C fermentation
and low (0.5 g/L) addition of yeast product as in RL treatment would potentially provide
higher astringency mouthfeel thus an undesirable sensory outcome. It is therefore possible
to craft a wine with more desirable mouthfeel by altering fermentation temperature and
use of yeast product addition.

4.3. Impacts of Wine Lipids on Taste and Mouthfeel Perception

Research has shown that dietary lipids interact with wine phenolics to form wine
phenolic–lipid complexes at molecular levels. Wine phenolics interact with the lipid
systems, multilamellar vesicles, isotropic bicelles or lipid droplets from a phospholipid-
stabilized oil-in-water emulsion [6,46]. Further investigation focusing on lipid systems
present in wine would provide more information about how wine lipids interact with
phenolic compounds. The interactions could potentially lead to a decrease in astringency
perception in phenolic solutions [46]. The result was not observed in this study. Lipids
found in Pinot noir wine did not have an effect on astringency. Astringency perception
was not significantly different among wines with higher total lipids. The previous studies
investigating dietary lipids found in fatty food or oil so the lipids were at higher concentra-
tions compared to the normal lipid concentration found in wine. This could be possible

144



Horticulturae 2022, 8, 52

because the wine lipid content was low in general and those wine treatments with high
lipid content also had higher concentrations of phenolics.

The freer fatty acids in the cooler fermentation wines might be the cause of the
significant increase in TA and lower pH in these wines (Table 2). Differences in wine
lipidomic profiles may be driving the differences in sensory perception seen in CATA
results (Figure 6). CH wine with a higher relative concentration of FFA, PA and DG was
associated with mouthfeel terms, such as oily, soft and velvety. FFA lipids were one of
the most important lipid classes based on treatments as determined by random forest
(specifically, unsaturated FFA 18:3 and FFA 18:2 and the saturated FFA 22:0, FFA 20:0,
FFA 8:0, FFA 16:0 and FFA 24:0). FFA lipids found to be different between the wine
treatments have been reported as major FFAs in grapes and wine [10]. In addition, FFAs
have been considered the main component related to fat taste [50]. Specifically, the longer
and more saturated the fatty acids, the greater the contribution to smoother and creamier
mouthfeel texture [51]. Fatty acids have also been found to modulate bitter taste in aqueous
solutions [52]. Besnard et al. (2016) and Mattes (2009) both agreed that long-chain fatty
acids are indeed an orosensory effective taste stimuli [53,54].

Viscosity was not affected by either fermentation temperature or yeast product addi-
tion. Sugar has been reported to have influence on viscosity perception [45]. The glucose
and fructose content were not changed among wine treatments. The insignificant changes
in viscosity perception is aligned with previous sensory work [7]. When low levels of lipids
are present, phospholipids appear to be a factor driving viscosity perception. The wine
treatments produced in this study did not utilize phospholipids, as these lipids were not
found to be important in treatment differentiation (Figure 5). The lack of phospholipids
additions to the wines is the most likely explanation for the lack of viscosity changes seen.

5. Conclusions

This work is one of the first to evaluate lipid composition in Pinot noir wine and its im-
pact to taste and mouthfeel perception. Our study showed that fermentation temperature is
an important factor that influences the concentrations of several wine chemical components
and wine taste and mouthfeel characteristics. By increasing the fermentation temperature,
the total lipids increased significantly and wine taste and mouthfeel had lower sweetness
and higher drying intensities. Adding yeast product additions to a winemaking procedure
can change the Pinot noir wine lipidomic profile but did not affect the total lipids or wine
sensory. Interactions between the two winemaking factors only influenced the variations
in wine basic components but had no impact on the total lipids nor wine sensory. Lipid
compositions of wines made under different conditions show clear distinctions among
wine treatments. The differences in lipid profiles of Pinot noir wine treatments suggest
potential impacts of winemaking techniques on the composition of lipids and wine taste
and mouthfeel perception profiles. There were distinctive groups of taste and mouthfeel
terms associated with each wine treatment. Specifically, the fermentation temperature is
more important than yeast product addition to alter the sweetness and drying properties of
the wine. This information may be used to develop winemaking practices that produce
wine with desirable taste and mouthfeel attributes, attributed to altering lipid composition.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/horticulturae8010052/s1, Table S1: Mean basic chemistry ± SE with p-values of two-way
ANOVA and Tukey’s HSD for the main effects, Table S2: p-values of two-way ANOVA for mean peak
intensity of 233 lipid compounds. Table S3: Peak intensities of lipid compounds detected in Pinot
noir wine samples from different wine treatments. Table S4: Percent out-of-bag (% OOB) ± standard
deviation of lipid combination models, Table S5: p-values of the two-way ANOVA of the descriptive
analysis of the wine treatments. Figure S1: Temperature and ◦ Brix of wine treatment tanks during
alcoholic fermentation.
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Abstract: The consumption of fruits and vegetables is related to the prevention and treatment of
chronic–degenerative diseases due to the presence of secondary metabolites with pharmaceutical
activity. Most of these secondary metabolites, also known as nutraceuticals, are present in low
concentrations in the plant tissue. Therefore, to improve the health benefits of horticultural crops, it
is necessary to increase their nutraceutical content before reaching consumers. Applying ultraviolet
radiation (UVR) to fruits and vegetables has been a simple and effective technology to biofortify plant
tissue with secondary metabolites. This review article describes the physiological and molecular
basis of stress response in plants. Likewise, current literature on the mechanisms and effects of
UVA and UVB radiation on the accumulation of different bioactive phytochemicals are reviewed.
The literature shows that UVR is an effective tool to biofortify horticultural crops to enhance their
nutraceutical content.

Keywords: ultraviolet radiation (UVR); UVA; UVB; nutraceuticals; functional foods; biofortification

1. Introduction

Being sessile, plants are constantly exposed to biotic and abiotic stresses. Their re-
sponse to such stresses is complex, involving changes at the transcriptome, cellular, and
physiological levels [1]. Secondary metabolites are well known to be related to the plant’s
defense response mechanisms, being induced in response to abiotic stresses and acting
as natural phytoalexins to protect plants against these stresses [2]. Moreover, many of
these secondary metabolites possess pharmacological activity that results in the prevention
and/or treatment of chronic and degenerative diseases [3].

In this context, the application of abiotic stresses (i.e., wounding, modified atmo-
spheres, exogenous phytohormones and ultraviolet radiation (UVR)) may be used as an
approach to biofortify crops with specific health-promoting compounds with applications
in the pharmaceutical, cosmeceutical, and nutraceutical industries [4,5]. For instance, ma-
ture crops such as broccoli [6–8], carrot [9], potato [10,11], and lettuce [12] have been used
to study the effect of abiotic stresses on antioxidant biosynthesis and accumulation.

UVR comprises 7–9% of the total energy of solar radiation reaching the Earth surface
and is sub-divided in three wavelength ranges: UVA (320–400 nm), which represents about
6.3% of the incoming solar radiation and is the least harmful range; UVB (280–320 nm),
representing about 1.5% of the total spectrum, but causing several detrimental effects in
plants; and UVC (100–280 nm), which is extremely harmful to organisms, but is completely
absorbed by stratospheric ozone [13–15].

Plants are unavoidably exposed to UVR as they are sessile organisms and as they
need to capture sunlight for photosynthesis. It is well known that UVR causes different
responses in plants; some of them are detrimental, including damage to DNA and proteins,
generation of ROS and initiation of cellular stress responses, changes on cell physiology,

Horticulturae 2022, 8, 387. https://doi.org/10.3390/horticulturae8050387 https://www.mdpi.com/journal/horticulturae
149



Horticulturae 2022, 8, 387

as well as changes in plant growth, morphology and development [16–18]. Thus, plants
need to evolve different mechanisms for UV-protection and repair [13]. These mechanisms
include the biosynthesis of nutraceuticals such as phenolic compounds, glucosinolates,
carotenoids, chlorophylls, ascorbic acid, and betalains.

In this review paper, the physiological and molecular basis of stress response in plants
is described. Likewise, current literature on the mechanisms and effects of UVA and UVB
radiation on the accumulation of bioactive phytochemicals is reviewed.

2. Physiology of Stress Response in Plants

It has been reported that, upon being subjected to an abiotic stress, the general cellular
process and regulation for activating plant secondary metabolite starts with an extracellular
or intracellular signal, which is then recognized by a receptor on the surface of the plasma
membrane. In turn, this initiates a signal transduction cascade that leads to activation or de
novo synthesis of transcription factors to regulate gene expression involved in the plant
secondary metabolism [1].

Different signaling molecules, such as ethylene (ET), jasmonic acid (JA), reactive oxy-
gen species (ROS), salicylic acid, and abscisic acid have been reported to be produced
by abiotic stresses as well as to activate plant defense genes, including those from the
phenylpropanoid metabolism, triggering the accumulation of phenolic compounds [19,20].
Models recently proposed to explain the physiological and molecular basis of these com-
pounds state that phenolic biosynthesis under several stress conditions including wounding
alone, and in combination with UV light (types A, B, and C) stresses or in combination
with ET and JA treatments, is an event mainly mediated by ROS as a signal molecule to
activate the plant primary and secondary metabolism, while ET and JA modulate ROS
levels, although they may also play a mild role in triggering the expression of certain genes
related to the synthesis of secondary metabolites [7,20]. Moreover, it has been reported that
extracellular adenosine triphosphate is the primary signal that triggers the wound-response
in plants [21].

Additionally, ET and methyl jasmonate (MeJA) treatments have shown to upregulate
the expression of CYP79 genes related to glucosinolate biosynthesis in Arabidopsis. It was
concluded that MeJA was a potent inducer of both CYP79F and CYP79B genes, placing it
as the most potent elicitor of glucosinolate biosynthesis [22].

On the other hand, when stress occurs, Ca2+ influx, alkalinization of the apoplast, and
protein phosphorylation, among other intracellular events, lead to the synthesis of NADPH
oxidase and trigger an oxidative burst in the plant. NADPH oxidase is the key source of
the early and sustained accumulation of ROS; it is responsible for the reduction of O2 to
O2

− and with the presence of SOD enzyme, O2
− is converted to H2O2. It has been shown

that ROS molecules, both O2
− and H2O2, are involved in plant stress-induced defense

responses [1]. Expression of genes related to plant defense pathway has been demonstrated
as consequences of pathogen attack, chilling injury, wounding, and excess light [23,24].

Nitric oxide (NO) is another signaling molecule involved in adaptive plant responses
to some specific abiotic stress conditions, particularly low mineral nutrient supply, drought,
salinity, and high UVB radiation. NO is also an important component of the mechanisms
responsible of coordinating and regulating Ca2+ and ROS signaling in plant defense [25].
Reaction with metal centers, thiols, oxygen molecule, and free radicals constitutes the
way through which NO modulates plant responses that trigger the biosynthesis and
accumulation of phytochemicals such as glucosinolates and phenolic compounds [25].

3. UV Radiation as an Abiotic Stressor

Plants need to evolve different mechanisms for UV-protection and repair. These mech-
anisms include deposition of UV-absorbing phenolic compounds in the outer epidermal
layers and the production of antioxidant systems, action of reparative enzymes such as
DNA photolyases, and expression of genes involved in both UV-protection and repair [17].
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UVR regulates different aspects of metabolism, modulates biochemical composition
and thus, promotes the synthesis and accumulation of secondary metabolites, such as
phenolic compounds and glucosinolates [26–28]. Phenolics and carotenoids provide UV-
absorbing sunscreen that limits penetration of UVB into leaf tissues. Although glucosino-
lates are not directly involved in UV protection, UV-mediated effects on glucosinolates
are conceivable as they are involved in the common plant defense response, regulated
by the signaling pathways involved in the perception of UVB [29,30]. In the following
sections, the reported effects of UVB and UVA radiation on phytochemical accumulation
are reviewed separately.

3.1. Mechanisms and Effects of UVB Radiation on Phytochemical Biosynthesis

Plant responses to UVR are likely to involve specific UV photoreceptors and signal
transduction processes, which lead to the regulation of gene transcription [31,32]. Between
the two solar UVR ranges (UVA and UVB) that reach the Earth, UVB radiation is the
most harmful. Hence, numerous efforts have been focused on assessing the effects of
UVB on plants. In this context, there is currently an extensive body of data concerning
UVB-mediated cellular damage, as well as regulatory responses mediated by the UVB
photoreceptor UV resistant locus8 (UVR8) [33].

Two main types of signaling pathways have been proposed regarding how plants
perceive UVB radiation and how they regulate secondary plant metabolism. One pathway
is not specific to UVB and implies that UVB-induced oxidative stress responses (rather than
photomorphogenic responses to UVR) may result from damage to molecules and/or the
accumulation of signaling molecules such as ROS and wound or defense-related molecules
including jasmonic acid, salicylic acid, nitric oxide, and ethylene. In turn, this leads to
over-expression of stress-related genes, normally induced by wound and defense signaling
pathways (e.g., PR-1, PR-2, PR-5 and the defense gene PDF1.2) [31,34,35]. In contrast, the
signaling pathways that mediate responses to UVB as a signal appear to be UVB-specific
and to result in UV-protection or morphological changes [24]. In this type of signaling,
the cytosolic UVR8 photoreceptor seems to play a major role. In the presence of UVB,
UVR8 monomerizes and interacts with the multifunctional E3 ubiquitin ligase constitu-
tively photomorphogenic 1 (COP1) and translocate into the nucleus where they prevent the
degradation of the photomorphogenic transcription factor elongated hypocotyl 5 (HY5).
Successively, HY5 and its homolog (HYH) control expression of a range of key elements
involved in UV acclimation response and UV protection, such as genes encoding enzymes
of the phenylpropanoid pathway, including phenylalanine ammonia lyase (PAL), chalcone
synthase (CHS) and flavonol synthase (FLS) [23,32,34,36–41]. Thus, the UVR8 photorecep-
tor is required for the induction of genes with important functions in UV protection. In
addition, there is also the possibility that the aforementioned mechanisms are not solitary
and that UVR regulates gene expression by combination of these mechanisms [9].

Moreover, it has been reported that UVB-induced signaling molecules, such as NO,
exert a protective role against oxidative stress, alleviating UVB-induced photodamage [19].
For instance, UVB radiation increases both ROS and NO in plants. Then, NO reduces ROS
levels and upregulates the expression of several genes involved in phenolic biosynthesis
(i.e., the maize transcription factor ZmP and MYB12, its Arabidopsis functional homolog and
their target genes CHS and CHI–chalcone isomerase). Thus, biosynthesis and accumulation
of some flavonoids and anthocyanins are induced to absorb UVB and scavenge ROS [42].
UVB radiation has also been reported to stimulate ET production in plants. NO and ROS
have also been implicated in UVB-induced ethylene production in maize seedlings [43].

The effect of UVB radiation on phenolic accumulation has been studied in several
fruits and vegetables and, although not all phenolic compounds are similarly induced,
flavonoids and flavonoid glycosides are generally more responsive to UVB than phenolic
acids [41]. The accumulation of specific flavonoid glycosides appears to be an intrinsic part
of the UVB response, with expression of several UDP- glucosyltransferases being directly
controlled by UVB [37].
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Table 1 summarizes the main finding of studies performed in several plant models
suggesting the use of UVB as an abiotic stress to elicit the biosynthesis and accumula-
tion of phytochemicals such as phenolic compounds, glucosinolates, ascorbic acid and
betalains [9,27,29,44–63]. For instance, it has been shown that supplementation with UVB
radiation in carrots, apples, grapes and flowering plants induces the accumulation of phe-
nolic compounds due to an UVB-induced upregulation of key genes encoding enzymes of
the phenylpropanoid pathway [9,44,46,47].

Table 1. Effect of UVB radiation on the biosynthesis of bioactive phytochemicals and on stress
responses in different horticultural crops.

Plant Species
UVB Treatment

Parameters and Storage
Conditions

Phytochemical
Evaluated

Main Findings Reference

Red grapes (Vitis vinifera)
30–510 W, ID: 20–60 cm,
5 s–30 min post-harvest

exposure. Storage at 20 ◦C.

Resveratrol and
other PCs

Maximum resveratrol content per standard serving (200 g) was
3 mg (11-fold higher than untreated grapes) and was achieved 3 d
after irradiation of grapes placed 40 cm below UVB lamps (510 W),

for 30 s. Content of other PCs remained unaltered.

[44]

Apples (skin)
(Malus domestica)

0.16–0.2 W m−2 +
15–20 μmol m−2 s−1(visible

light), ID: 50 cm, 10 or
20 ◦C, for 72 h.

PCs

Apples inner facing (when on the tree) accumulated more
anthocyanins and Q gly than outer facing ones. Fruit maturity and

lower temperature (10 ◦C vs. 20 ◦C) prevented UVB-induced
phenolic accumulation. Chlorogenic acid increased (~75–500%)

using UVB at both temperatures in four of five cultivars evaluated.

[45,46]

Shredded
Carrot (Daucus carota)

1.5 kJ m−2, 162 s, ID:
17.5 cm. Storage at 15 ◦C

for 72 h.
PCs

PAL activity of UV-B and non-irradiated samples was increased by
approximately 760% after 72 h. An accumulation of up to 30% in

PC content after 72 h was observed versus control samples,
[47]

Wounded Carrot
(Daucus carota)

10.44 W m−2, for 0, 1, and
6 h, ID: 50 cm. Post-storage

at 15 ◦C for 4 d.
PCs

After 6 h of UVB radiation, total phenolic content of carrot pies
increased 3-fold, AOX capacity increased 7-folds, and PAL activity

increased by 90-fold. Chlorogenic acid and a derivative, ferulic acid
and isocoumarin were significantly accumulated after 6 h.

[9]

Rapeseed leaves (Brassica
napus subsp. napus)

13 kJ m−2 d−1, 3 h/d (at
noon) for 16 d, pre-harvest. Flavonoids

Total K and Q gly increased by ~150% and 70% in cvs. Paroll and
Stallion, respectively. UV-B induced a specific increase in Q gly

relative to K gly with a 36- and 23-fold increase in cvs Paroll and
Stallion. Q and K 3-sophoroside-7-gly and

3-(2-E-sinapoylsophoroside)-7-gly appeared after UVB exposure.

[48]

Kale
(Brassica oleracea var.

sabellica L.)

0.22–0.88 kJ m−2 d−1 +
72 μmol m−2 s−1 for 1 d,

ID: 30 cm, 15 ◦C, 24 h
period of acclimatization

before harvest.

Flavonol gly and
HA derivatives

Q gly decreased under UVB. For K gly in the investigated UV-B
range, monoacylated K tetragly decreased (46–63%), monoacylated
K trigly increased depending on the acylation pattern (up to 96%),

and monoacylated K digly increased strongly (197–441%) at the
highest dose. The HA gly, diSg and S-Fg were enhanced by 49%

and 88% in a dose-dependent manner.

[27]

Kale (Brassica oleracea var.
sabellica L.)

1–5 daily doses of
0.25 kJ m−2 d−1, for 1 h

with 23 h acclimatization
intervals, during 5 d (total
dose: 1.25 kJ m−2 d−1), ID:

60 cm, 5 or 15 ◦C.

PCs

All Q gly increased with increased UVB radiation, while K gly
responded dependent on the HA residue. PCs containing a

catechol structure favored in the response to UVB. 11 (of 20) PCs
(e.g., monoacylated Q gly) were influenced by the interaction
UV-B-temperature. Enhanced mRNA expression of flavonol

3′-hydroxylase showed an interaction of UV-B and temperature
(highest at 0.75 kJ m−2, 15 ◦C).

[49]

Silver birch seedlings
(Betula pendula)

7.3–8.5 kJ m−2 d−1, ID:
40 cm, 9 h/d for 10 d. PCs

UVB induced production of K gly, chlorogenic acids, HA
derivatives and Q gly, such as Q-3-galactoside and Q-3-rhamnoside.

Leaf area was reduced by UV-B radiation.
[50]

Pak choi
(Brassica napus

subsp. chinensis)

0.35 W m−2, 16 h/d for 7 d,
pre-harvest, 9 or 22 ◦C. PCs

UVB induced a 4-fold higher content in total flavonoids at 22 ◦C,
but not at 9 ◦C. K-gly acylated with caffeic or coumaric acid (and

not ferulic, hydroxyferulic, or sinapic acid) responded to UVB
exposure. HA derivatives increased by 2-fold at lower

temperatures (9 ◦C) and did not change at 22 ◦C.

[51]

Nasturtium
(Nasturtium officinale)

0.075 and 0.15 W h m−2, for
1 or 2 h, post-harvest,

acclimatization period of 2
and 22 h, 20 ◦C.

Total PCs and GLSs

Plant response to UVB exposure is organ-, plant tissue age-, and
phytochemical-specific. At lowest dose and adaptation time, GP
increased by 6-, 3- and 2-fold in seeds, leaves and inflorescences,

respectively. At highest dose and adaptation time, GP increased by
3- and 6-fold in inflorescences and leaves, but decreased in seeds.

At both doses, total PC concentration in leaves and seeds decreased
after 2 h, but increased to reach control levels after 22 h.

[52]

Brocoli sprouts
(Brassica oleracea

var. italica)

1 kJ m−2 d−1, 5 h/d for 5 d,
pre-harvest, ID: 40 cm. GLSs

UV-B induced higher (<2-fold) aliphatic (but not indole) GLS levels
when compared with untreated sprouts. This had a negative effect

on the growth of aphid Myzus persicae and attack by caterpillar
Pieris brassicae. L.

[29]

Broccoli sprouts
(Brassica oleracea

var. italica)

0.6 kJ m−2 d−1, 4 h, 24 h
period of acclimatization
before harvest, ID: 40 cm.

Flavonoids, GLSs,
carotenoids, Chls

Increases in K, Q, GRA and 4-MGBS were observed, each of them
by up to roughly 2-fold. B-carotene and Chls levels remained

unaffected. Increased expression of genes associated with salicylate
(4- to 5-fold) and jasmonic acid (3- to 4- fold) signaling defense

pathways were observed.

[29]
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Table 1. Cont.

Plant Species
UVB Treatment

Parameters and Storage
Conditions

Phytochemical
Evaluated

Main Findings Reference

Broccoli
(Brassica oleracea

var. italica)

20 kJ m−2 d−1 + 19 μmol
m−2 s−1, 12 h/d for 3 d,

post-harvest, during
storage at 10 or 18 ◦C.

GLSs

UVB treatments applied during storage did not influence total and
individual GLS levels in broccoli flower buds. Only exposure for

3 d to visible light (25 μmol m−2 s−1) increased aliphatic GLSs
stored at 10 ◦C, or indolic GLSs (4-HGBS and 4-MGBS) at 18 ◦C.

[53]

Broccoli
(Brassica oleracea

var. italica)

2.2, 8.8 or 16.4 kJ m−2 d−1

for 76 d (from planting
until maturity stage), ID:

15 cm, post-harvest storage
for 60 d at 0 ◦C.

PCs, GLSs,
carotenoids, Chls

Total carotenoid and Chl contents decreased (up to 40 and 70%,
respectively) with the increased dose of UV and storage time. The

highest UVB dose increased ascorbic acid (~115%) and total PC
content (~74%) prior storage. Sinigrin (~2-fold) and GP (~3-fold)

contents increased by increased UVB dose and storage time.

[54]

Lettuce
(Lactuca sativa)

4.2 W, 4 h/d for 6 d; or
gradually increased

irradiation from 1–7 h/d
over 6 d, ID: 20 cm, 20 ◦C.

Total PCs

Repeated or gradual UVB exposure yielded ~3.6–3.2 times more
total PCs, respectively, than the controls did 2 d after UVB

exposure. These treatments boosted the antioxidant capacity by 80
and 45%, respectively, 2 d after UVB treatments. Both treatments

inhibited lettuce growth.

[55]

Prickly pear
(Opuntia ficus-indica)

6.4 W m−2 for 0, 15, 90, and
180 min and stored for 24 h
at 16 ◦C. ID: 45 cm. Whole

and wounded fruit samples
were subjected to

UVB radiation.

Betalains, total PCs,
ascorbic acid

UVB radiation for 15 min was the best treatment to induce the
accumulation of bioactive compounds. UVB radiation (15 min) of

the wounded tissue induced an immediate accumulation of
ascorbic acid (54–58%) and betalains (33–40%) in the peel and pulp
of the fruit. After 24 h, the pulp of irradiated whole fruits showed

the highest accumulation of betalains (49.8%) and phenolics
(125.8%) as compared with the control, whereas the stored

wounded tissue treated with UVB presented accumulation of
ascorbic acid in the peel (84.6%) and pulp (67.2%).

[56]

Prickly pear
(Opuntia ficus-indica)

6.4 W m−2 for 15 min and
stored for 24 h at 16 ◦C. ID:

45 cm. Whole and
wounded fruit samples

were subjected to
UVB radiation.

Betalains
(indicaxantin and

betanin)

UVB radiation applied in the whole tissue induced an immediate
accumulation of indicaxanthin after treatment, obtaining increases

of 106.5% and 325.8% in the peel and pulp, respectively. After
storage, the tissue treated with UVB radiation and wounding

before storage showed a synergistic effect on the accumulation of
betanin in the peel (315.0%) and indicaxanthin in the pulp (447.0%).

[57]

Broccoli sprouts
(Brassica oleracea

var. italica)

Seven-day-old broccoli
sprouts were exposed to
UVB (9.47 W m−2) alone

and combined with
methyl jasmonate

GSLs UVB increased the content of aliphatic and indole glucosinolates,
such as glucoraphanin (78%) and 4-methoxy-glucobrassicin (177%). [58]

Broccoli sprouts (Brassica
oleracea var. italica)

Seven-day-old broccoli
sprouts were exposed to

UVB (3.34 W m−2)
GSLs and PCs

After 24 h of UVB treatment, sprouts showed increases in
4-methoxy-glucobrassicin, glucobrassicin, and glucoraphanin by

170%, 78%, and 73%, respectively. Moreover, increases in
gallotannic acid (~48%), 5-sinapoyl-quinic acid (~121%), and

sinapoyl malate (~12%) were UVB-induced.

[59]

Peaches (Prunus persica
L., cv. Fairtime)

Fruits were exposed to 10-
or 60-min UVB treatment

(1.39 and 8.33 kJ m−2,
respectively), and sampled

at different time points
from the exposure

PCs

After 24 h of 60-min UVB exposures, flavanols, flavones, flavonols,
and dihydroflavonols increased by 123%, 70%, 55%, and 50%
compared to the control group. Specifically, after 24 h of UVB

treatment, the 60-min UVB exposure increased spinacetins,
isorhamnetins, and kaempferols by 61%, 448%, and

95%, respectively.

[60]

Peaches (Prunus persica
L., cv. Batsch)

The fruit were placed in a
chamber at 20 ◦C followed

by UVB (58 μw/cm2)
irradiation for 2 days

PCs
Cyanidin 3-glucoside reached (0.31 mg/100 g FW) after UVB

treatment, value that was 3-fold higher than the fruits stored under
dark conditions.

[61]

Apples (skin)
(Malus domestica)

UVB lamp provided
1.69 W m−2 at fruit height.
The treatment lasted 36 h

(219 kJ m−2).

Hydroxycinnamic acids (feruloyl glucoside, cryptochlorogenic and
chlorogenic acids) showed an increase of 38% following 36 h of
treatment and maintained higher values in the treated samples

during storage as well as anthocyanins. At the end of the storage
time (21 d) flavonols were 64% higher in the UVB-treated apples

than the control, indicating that UVB treatment decreased
flavonoid loss during storage.

[62]

Table grapes (Vitis
vinifera × Vitis labrusca cv.

Summer Black)

Grapes were exposed to
3.6 kJ m−2 UVB irradiation PCs

Samples showed increses in the content of gallic acid (19.05%),
protocatechuic acid (64.6%), naringenin (67.7%), quercetin

3-glucoside (13.86%), catechin (54.15%), epicatechin (23.89%),
trans-resveratrol (23.53%), and trans-piceid (31.56%) after UVB

treatment as compared with the control.

[63]

Abbreviations: ID: irradiation distance; PC, phenolic compound; GLS, glucosinolate, Chl, chlorophyll,
K, kaempferol; Q, quercetin; gly, glycosides; HA, hydroxycinnamic acid; GP, glucotropaeolin; GRA, gluco-
raphanin; 4-HGBS, 4-hydroxy-glucobrassicin; 4-MGBS, 4-methoxy-glucobrassicin; diSg, disinapoylgentiobiose;
S-Fg, sinapoyl-feruloylgentiobiose.

Quercetin and its glycosides, as well as kaempferol and most kaempferol glyco-
sides, were shown to be enhanced after additional UVB radiation in broccoli, canola
(Brassica napus), and table grapes [48,60,63]. In kale (Brassica oleracea var. sabellica), monoa-
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cylated kaempferol tetraglucosides decreased following exposure to a single, low dose of
UVB, whereas the monoacylated kaempferol diglucosides increased strongly under the
same dose. Additionally, the hydroxycinnamic acid glycosides disinapoyl-gentiobiose and
sinapoyl-feruloyl-gentiobiose were enhanced in a dose-dependent manner under UVB [27].

Tegelberg et al. [50] observed an increase in caffeoylquinic acid in silver birch exposed
to slightly above-ambient UVB radiation, while Lancaster et al. [45] showed similar results
in apples (Malus domestica).

The response of flavonoid glycosides is dependent on the type of phenolic acid that is
acylated to the flavonol glycoside (mainly hydroxycinnamic acids). In pak choi (Brassica
campestris ssp. chinensis), total flavonoid levels increased with exposure to additional UVB
but kaempferol glycosides acylated with ferulic, hydroxyferulic, or sinapic acid did not re-
spond to UVB light [51]. Likewise, in peaches, cyanidin 3-glucoside reached (0.31 mg/100 g
FW) after UVB treatment, a value that was 3-fold higher than in the fruits stored under
dark conditions [61]. In kale, the structural characteristics of the hydroxycinnamic acids
themselves have an impact on the response to UVB [49]. While the levels of caffeic acid
and hydroxyferulic acid monoacylated kaempferol triglycosides (containing a catechol
structure) were increased with exposure to higher UVB radiation, the ferulic and sinapic
acid monoacylated kaempferol triglycosides (no catechol structure) were not affected. In
canola, the nonacylated kaempferol-3-O-sophoroside-7-O-D-glucoside increased with the
additional UVB, while the sinapic acid monoacylated kaempferol glycoside did not re-
spond [48]. Moreover, in peaches after 24 h of 60-min UVB exposures, flavanols, flavones,
flavonols, and dihydroflavonols increased by 123%, 70%, 55% and 50% compared to the
control group. Specifically, after 24 h of UVB treatment, the 60-min UVB exposure increased
spinacetins, isorhamnetins, and kaempferols by 61%, 448% and 95%, respectively [60].

Hydroxycinnamic acids are known scavengers to ROS induced by UVB radiation. In
kale, the hydroxycinnamic acid derivatives (caffeoylquinic acid disinapoyl-gentiobiose and
sinapoyl-feruloyl-gentiobiose) were hardly affected by subsequent doses of UVB radia-
tion [49]. However, a single moderate UVB dose led to a slight decrease in caffeoylquinic
acid but an increase in disinapoyl-gentiobiose and sinapoyl-feruloyl-gentiobiose [27]. Like-
wise, in apples, hydroxycinnamic acids (feruloyl glucoside, cryptochlorogenic and chloro-
genic acids) showed an increase of 38% following 36 h of treatment and maintained higher
values in the treated samples during storage as well as anthocyanins. At the end of the
storage time (21 d) flavonols were 64% higher in the UVB-treated apples than in the control,
indicating that UVB treatment decreased flavonoid loss during storage. [62].

Regarding glucosinolates, reports on supplemental UVB effects on accumulation on
individual glucosinolate in Brassicaceae plants are rare. However, it has been proposed that
at higher doses, UVB induces JA defense and wound signaling, while lower UVB levels
induces SA pathway signaling response and expression of genes encoding for pathogenesis-
related proteins (e.g., PR-1, PR-2, PR-4, PR-5, PDF1.2), triggering alterations in the plant
defense metabolism [28]. Application of low doses of UVB for 5 days increased aliphatic
glucosinolate levels in broccoli sprouts, leading to a decreased plant susceptibility to insect
attacks [29]. Likewise, low doses of UVB have been shown to increase levels of aliphatic
glucosinolates (GRA and 4-MGBS) in Arabidopsis thaliana and broccoli sprouts and an
aromatic glucosinolate (glucotropaeolin) in nasturtium (Tropaeolum majus) [29,52].

Less is known about the effect of UVB on carotenoids and chlorophylls, however, stud-
ies in soybean (Glycine max) plants and bean (Phaseolus vulgaris) leaves suggest that UVB
radiation damages the chloroplast’s photosystem II (PSII), enhances lipid peroxidation,
ion leakage and H2O2 content. Nevertheless, the plant may be able to counteract these
effects by producing NO, which has been shown to prevent ion leakage, lipid oxidation
and chlorophyll loss; and to induce transcript levels of antioxidant enzymes such as super-
oxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX) and hemeoxygenase
(HO) [19].

Although the application of UVB stress as an approach to enhance the phytochemical
content has been reported in Brassica plants, including a report in broccoli sprouts [29,53,54,59],
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research mainly focuses on the mature vegetables, on either glucosinolate or phenolic
enhancement, on postharvest treatments [48,52], and on the accumulation of defensive
metabolites to provide plant resistance against insects and pathogens, acting as natural
pesticides [29,64], rather than nutraceutical-related applications.

3.2. Mechanisms and Effects of UVA Radiation on Phytochemical Biosynthesis

The UVA component of sunlight has traditionally been considered to be damaging for
photosynthesis, with the PSII complex being its main target. Since solar radiation contains
much more UVA than UVB, it has been recently suggested that UVA radiation could be the
most detrimental component of sunlight for photosynthetic reactions, despite the lower
quantum efficiency of UVA-mediated photoinhibitory damage compared to that caused by
UVB exposure [33].

Despite the evident relevance of UVA radiation on plant morphology, physiology,
biochemistry, and photosynthesis, there is a lack of scientific studies to elucidate the
signaling mechanisms governing such responses. Available reports (Table 2) in species
such as peppermint (Mentha piperita) and lettuce (Lactuca sativa) have revealed that UVA
radiation, similarly to UVB, can trigger the accumulation of leaf total phenolics [9,58–70].
Changes in individual phenolic compounds, rather than total phenolic content, have been
described in Betula pendula [69] and Arbutus unedo [70], where quercetin (and its derivatives)
and gallic acid derivatives were induced, respectively.

Table 2. Effect of UVA (alone or in combination with UVB) radiation on the biosynthesis of bioactive
phytochemicals and on stress responses in different horticultural crops.

Plant Species
UVA Treatment Parameters

and Storage Conditions
Phytochemical

Evaluated
Main Findings Reference

Peppermint
(Mentha × piperita)

3 h of 126 μmol m−2 s−1(WL),
9 h of 46 μmol m−2 s−1(UVA)
+ WL, 3 h WL, 9 h dark. Or
15 h WL, 9 h UVA. For 18 d.

Total PCs, Chls,
essential oils

(e.g., menthol)

Treatment with UVA + WL during the day increased leaf area (by
64%), total PC (2-fold) and total essential oil (by 24%) content,

while UVA during the night decreased these parameters (by 14, 23
and 38%), when compared to controls. UVA did not affect total Chl
content. An interference of UVA with phytochrome is suggested.

[65]

Lettuce
(Lactuca sativa)

3.7 W, continuous radiation
for 7 d, ID: 20 cm, 20 ◦C.

Total PCs,
total ACNs

UVA treatment induced shoot growth (1–2 fold) at days 5–7. UVA
caused accumulation of PCs (30% at day 3) and ACNs (4-fold at
day 3) until 4 d of treatment, consistent with an increase in PAL

gene expression (2.4-fold) and PAL activity.

[66]

Rosa hybrida,
Fuchsia hybrida

15.9 μmol m−2 s−1(of UVA) +
227 μmol m−2 s−1(of WL),

12 h/d, for 6–7 weeks, 20 ◦C.

Flavonoids,
carotenoids, Chls

Supplemental UVA did not affect plant morphology of either
species. In rosa and fuchsia leaves, it induced increases in levels of

Chls a (28 and 7%) and b (25 and 10%), the carotenoids
antheraxanthin (65 and 23%), lutein (25 and 3%) and β-carotene (18
and 5%), K (93 and 313%) and Q (77 and 119%) aglycones, and up

to 2-fold increases in individual Q derivatives in both species and K
derivatives in rose leaves. Some K derivatives in fuchsia increased

>2-fold or were newly induced.

[67]

Tomato seedlings
(Solanum lycopersicum)

7 W m−2, for 24 h total during
cultivation, with harvest at

different time points (0, 1, 3, 6,
12 and 24 h), 24 ◦C.

ACNs

UVA induced ACN production by up to 4-fold in tomato seedlings
(at 24 h) and by ~2-fold in the fruit epidermis (at 6 h). ACN

increased gradually in the hypocotyls, with maximum levels
(3-fold) at 12 h. In the cotyledons, ACN content increased (4-fold)
at 1 h after UVA exposure, was reduced afterward, and increased

again beginning at 3 h. UVA increased PAL expression in a
time-dependent manner.

[68]

Wounded Carrot
(Daucus carota)

12.73 W m−2, for 0, 1, and 6 h
at room temperature, ID:

50 cm. Post- storage at 15 ◦C
for 4 d.

PCs

After 6 h of UVA radiation, total phenolic content of carrot pies
increased 1-fold, AOX capacity increased 2-folds, and PAL activity

increased by 34-fold. Maximum accumulation of the individual
PCs chlorogenic acid (3-fold), ferulic acid (~1-fold),

3,5-dicafeoylquinic acid (<1-fold) were observed after 6 h
of treatment.

[9]

Broccoli
(Brassica oleracea

var. italica)

Field experiment. 14 and
985 kJ m−2 d−1 of ambient

UVB and UVA. From
germination until plant age of

27 or 41 d.

PCs and GLSs
Increased concentrations of total flavonoids + HAs (54.4%

compared to control plants) after UV exposure was observed.
4-HGBS was the only GLS increased by UV exposure.

[64]
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Table 2. Cont.

Plant Species
UVA Treatment Parameters

and Storage Conditions
Phytochemical

Evaluated
Main Findings Reference

Silver birch
seedlings

(Betula pendula)

Field experiment (30 d).
Treatments: Ambient (no

filter); UVA 100%, UVB 100%;
UVA 100%, UVB 50%; UVA
50%, UVB 50%; UVA 100%,

UVB 0%; UVA 50%, UVB 0%;
and UVA 0%, UVB 0%. UV
doses: 4.48, 3.74, 2.20, 1.98,
0.38, 0.26 and 0 kJ m−2 d−1,

respectively, FD: 15 cm.

PCs

Epidermal flavonoids decreased when UVB was excluded, and
transcripts of PAL and HYH were expressed at lower levels. UVA
linearly accumulated Q-3-galactoside and Q-3-arabinopyranoside
and had a quadratic effect on HYH expression. There were strong
positive correlations between PAL expression and accumulation of
4 flavonols under the UV treatments. Chlorogenic acids were not

affected by UV treatments.

[69]

Arbutus unedo

Field experiment (1 year).
Treatments: 97% UVB

reduction (UVA: 0.33–1.29 MJ
m−2 d−1), 95% UVA + UVB

reduction (UV0) or
near-ambient UV levels

(UVB/A, UVB: 4.2–34.4 kJ
m−2 d−1).

PCs

Leaves exposed to near-ambient UV radiation had less total
flavanol content (1.32-fold) than those developed with almost no

UV exposure.UVA radiation increased (1.4-fold) the leaf content of
theogallin, a gallic acid derivative. Quercitrin, the major Q

derivative, increased by 1.32- and 1.26-fold with UVB/A and UVA
exposure, respectively.

[70]

Broccoli sprouts
(Brassica oleracea var.

italica)

Seven-day-old broccoli
sprouts were exposed to UVA

(9.47 W m−2) alone and
combined with methyl
jasmonate. ID: 45 cm.

GSLs, PCs,
carotenoids, and

chlorophyll

UVA + methyl jasmonate increased the total glucosinolate content
by 154%. MJ induced the biosynthesis of indole glucosinolates,

especially neoglucobrassicin (538%), showing a synergistic effect
with UVA stress. UVA increased the content of phenolics such as

kaempferol glucoside (25.4%) and gallic acid (57%). UVA increased
lutein (~23%), chlorophyll b (31%), neoxanthin (34%), and

chlorophyll a (67%).

[58]

Broccoli sprouts
(Brassica oleracea var.

italica)

Seven-day-old broccoli
sprouts were exposed for
120 min UVA (3.15 W m2).
Harvest 2 h post-treatment.

ID: 45 cm.

GSLs and PCs

UVA radiation and harvest 2 h afterwards induced the
accumulation of 4-O-caffeoylquinic acid (42%),

1-sinapoyl-2,2-diferulolyl-gentiobiose (61%), gallic acid hexoside I
(14%), and gallic acid derivative (48%).

[59]

Peaches (Prunus persica
L., cv. Batsch)

The fruit were placed in a
chamber at 20 ◦C followed by

UVA (1000 μw/cm2)
irradiation for 2 days

PCs
Cyanidin 3-glucoside reached (0.61 mg/100 g FW) after UVB

treatment, value that was 4-fold higher than the fruits stored under
dark conditions.

[61]

Abbreviations: WL, white (visible) light; ID: irradiation distance; FD: filter distance; PC, phenolic compound; Chl,
chlorophyll; PAL, phenylalanine ammonia lyase, ACN, anthocyanin; K, kaempferol; Q, quercetin.

On the other hand, scientific data is needed regarding the effects of UVA radiation on
the accumulation of total and individual glucosinolates, carotenoids, and other phytochem-
icals. One study, evaluating the effect of supplemental UVA radiation in leaves of Rosa
hybrida and Fuchsia hybrida on levels of various antioxidants, indicates that UVA induced
small increments in levels of chlorophylls a and b, and the carotenoids antheraxanthin,
lutein and β-carotene, and high increments in the flavonols quercetin, kaempferol and their
derivatives [67]. The authors conclude that the major protection towards UVA radiation in
R. hybrida and F. hybrida leaves originates from absorption of radiation, and not from ROS
scavenging [67], although the mechanisms involved are not fully understood.

It has been stated that the UVA-mediated changes in phenolic composition are likely to
be controlled at multiple levels of gene regulation. At the transcription level, UVA radiation
induces transcript accumulation of genes involved in the phenylpropanoid pathway includ-
ing PAL, CHS, and dihydroflavonol 4-reductase (DFR) [33]. Post-transcriptionally, the activity
of PAL has been increased by UVA in lettuce [66] and tomato (Solanum lycopersicum) [67].
Unlike UVB radiation, there is limited information on the specific genetic components
associated with UVA signaling in plants. Regarding the latter, early studies in leaves of
A. thaliana suggest the likelihood that they involve the action of a photoreception system
that contains three known classes of photoreceptors: (i) phytochromes (PHY) for far-red
and red lights, (ii) crytochromes (CRY) for UVA/blue light, and (iii) phototropins (PHOT)
for UVA light [33,71]. For instance, the UVA-induced transcription and expression of key
flavonoid biosynthesis genes (e.g., CHS) in leaves of A. thaliana could be initiated via UVA
absorption through CRY1, given that functional CRY1 is required for the expression of
CHS [72]. In addition, the authors stated that the UVA photo-transduction pathway may
interact synergistically with UVB-induced pathways to produce transient signals and may
function additively to stimulate CHS promoter function [72]. Thus, once UVA light has
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been perceived, these UVA specific photoreceptors may interact with COP1 and HY5 in a
similar manner to UVR8 to further regulate the plant’s secondary metabolism [71]. Fur-
thermore, studies with an A. thaliana UVB photoreceptor mutant generated the unexpected
finding that UVB-specific photoreceptor UVR8 has an impact on UVA-mediated changes in
plant metabolites, as UVR8 is likely to interact with UVA/blue light signaling pathways to
moderate UVB-driven transcripts [73].

4. Conclusions and Further Research

The reviewed literature shows that UVR is an effective tool to biofortify horticultural
crops with nutraceuticals. Further research in this topic should be focused on increasing our
understanding of the molecular and physiological mechanisms governing the UVA stress
response, since most reports in the literature have assessed the effect of UVB radiation.
UVR could be an easy technology to treat fruits and vegetables before eating them even at
home, thus UV chambers for residential use could be an interesting piece of equipment to
improve the nutraceutical content of crops in the kitchen.
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