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Editorial

Orchard Management Under Climate Change
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Health-conscious consumers are looking for healthier foods that promote health and
well-being. Fruit stands out and is recognized for its nutritional value, with considerable
levels of fibre, minerals, phenolic content, other antioxidant substances, vitamins and other
nutrients [1]. Expanding fruit crops can help increase food production and consequently
reduce food insecurity and hunger around the world [2], as well as generating employment
and income along the production supply chain.

Hundreds of fruit species are spread across continents all over the world. Dozens of
the best fruits, produced in regions with specific climates and soils and distinct vocations,
supply the global market and find their place in competitive international trade [3]. Almost
every type of fruit on the planet is harvested in the tropics and temperate zones, which
explains how much of the land of micro, small, medium and large commercial farms is
identified as orchards [4]. Like agribusiness as a whole, this sector is cutting costs wherever
possible and planning for extreme efficiency in operations, but harvests are only viable if
plantations are well looked after. Meanwhile, export sectors benefit from the exchange rate,
turning crises in some sectors into opportunities for growth in others [4].

Climate is one of the most important limiting factors for fruit production and climate
change is currently the biggest threat to the environment [5,6]. A shortage or excess of
rainfall, extreme temperatures, hail and frost are affecting fruit crops all over the world. In
this context, it is necessary to continually assess the long-term evolution of climatic factors
and their influence on the production and quality of fruit worldwide [7].

Climate change is a very topical and relevant issue for orchard management and has
been addressed in different ways in this Special Issue. A series of articles are presented on
various topics of cultural practices in orchards under different climatic conditions and with
different fruit trees and the impact of climate warming on vineyard crops. Eight research
articles and two reviews were briefly described in this Editorial. The main aim was to
motivate readers to further explore the articles.

Raspberries (Rubus idaeus L.) are originally grown in temperate climate regions. In-
creased market demand for fresh raspberries, however, has led to the development of new
strategies to supply the market with this fruit all year round, with production outside
the main harvest season and the expansion of growing areas to warm climate regions [8].
Medina et al. (contribution 1) evaluated the cultivation and pruning systems for primocane
raspberries in a subtropical climate in the state of São Paulo, Brazil, where raspberry produc-
tion is limited to high latitude cool temperate areas due to the need for low temperatures
for flowering and fruiting of most cultivars. Nevertheless, primocane cultivars, which are
less demanding in terms of cold conditions, represent a possible alternative that adapts to
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subtropical climate regions. The results show that the Heritage raspberry cv. Primocana
can be grown in the subtropical Cwa climate with sequential pruning, allowing the pro-
duction of commercial fruit with harvests distributed over the year, without reducing the
post-harvest quality of the fruit produced.

Ongoing studies are needed to ensure that wine production in Brazil is optimized.
The relationship between the variety, rootstock and trellis height is important for vine
management, especially for the production of new varieties of grapes for juice and wine in
new wine-growing regions with high production potential. The choice of training system
depends on the architecture and physiological characteristics of the vines, affecting the
production and quality of the grapes [9]. Domingues Neto et al. (contribution 2) studied the
production and quality of Brazilian hybrid grapes according to the rootstock and training
system in the state of São Paulo, Brazil. The high trellis system provided the overall
most effective results, increasing the photosynthetic rate, improving water use efficiency,
increasing vine production and improving fruit quality. The authors recommended its use
for training vines. With regard to rootstocks, the best compatibility between scion and
rootstock was found between hybrid vines and ‘IAC 766 Campinas’.

Following the same research, the effects on photosynthesis, biochemistry and produc-
tion performance of grapevine hybrids on two rootstocks and trellis heights were evaluated
in the Cfa climate of São Paulo state, Brazil, by Domingues Neto et al. (contribution 3). The
rootstock and trellis height combination had a positive effect on the variables evaluated. In
summary, under subtropical conditions, better photosynthetic, biochemical and productive
performance was observed when the cultivars IAC 138-22 Maximo and BRS Violeta were
grafted onto the rootstock ‘IAC 766’. ‘IAC 138-22 Maximo’ was trained at 2.0 m and grafted
onto ‘IAC 766’ rootstock, increasing grape production and photosynthesis efficiency. In
addition to this, this variety was more productive than ‘BRS Violeta’.

The sustainability of citrus crops is a global matter of interest. Brazil is among the coun-
tries that are vulnerable to cultivating a reduced number of citrus genotypes, which leads to
greater susceptibility to pests and diseases, as well as lower economic competitiveness [10].
New combinations of scion/scion cultivars are a constant need for citrus growers and are
also aimed at satisfying the preferences of consumers, who are increasingly demanding in
terms of the quality attributes of the fruit and the orange juice consumed. There is currently
a growing demand for nutritious food and many attempts have been made to maximize
nutrient retention during storage and during processing. Martins et al. (contribution 4)
explored the profile of bioactive compounds in orange juice as a result of using different
rootstocks, packaging and storage. The research insights can contribute to the diversifica-
tion of scion/rootstock cultivars in hopes of increasing orchard variety by choosing the
best combinations for pasteurized orange juice with the highest nutritional value.

An important topic presented studies on the tropicalization of hops in subtropical
conditions (contribution 5). The interest in hop production in Brazil, motivated by the
third position in the world ranking of beer producers and the growth of the craft brewery
business, justifies the intensification of studies on its adaptation to local cultivation condi-
tions. Considering the high internal demand and expansion of the national beer market
with interest in hops with peculiar phytochemical profiles, studies that promote the expan-
sion of new cultivation zones and that guarantee quality are very desirable. Fortuna et al.
(contribution 5) investigated the chemical compositions of varieties grown in organic and
conventional systems in the state of São Paulo in Brazil. This study contributes the first
report of the chemical profiles of hops grown in subtropical conditions.

Climate change is threatening wine production everywhere, especially in regions
with hot, dry climates. The risks of frost and drought during the growing season are
common problems in viticulture. Therefore, maintaining viticulture also requires adapting
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to climate change, and the evaluation of adaptation strategies needs to be more precise and
multidisciplinary and adapted to specific local conditions [4].

Vršiˇc et al. (contribution 6) examined the structure and trends of climatic parameters
important for grape production over seventy years in Slovenian wine regions. Mean and
extreme temperature and precipitation data from six meteorological stations in three wine
regions were divided into annual and growing seasons. The trends show a decrease in total
annual precipitation.

Vršiˇc et al. (contribution 7) also reported on the impact of climate warming on the
early ripening of wine grapes in north-eastern Slovenia. In this study, the development
trends of bioclimatic parameters recorded over seventy years and the dynamics of grape
ripening in early, medium and late ripening grape varieties were investigated. Based on
the data on soluble solid content, total acidity and the recommended harvest date per year,
the trends in the reduction in the growing period of the vines were calculated. Temperature
changes were more pronounced and the number of so-called hot days (with a maximum T
> 30 ◦C) increased the most, which has the greatest impact on other bioclimatic parameters,
for example, average temperature and growing degree days. Total annual rainfall and
rainfall in the growing season show downward trends.

Filimon et al. (contribution 8) highlighted the changes in the main climatic elements
during the last five decades (1971–2020) in north-eastern Romania and their impact on grape
quality, as part of precision viticulture strategies and efficient management of vine orchards.
The main outcomes indicated a significant increase in the values of the bioclimate indicators,
requiring the reclassification of the viticulture area into higher classes of favorability,
increasing the opportunity to grow cultivars more suited to warmer climates, ensuring the
efficiency of the vineyard and meeting the current consumer demands.

In this Special Issue, selected topics on the perspectives, challenges and sustainabil-
ity of orchard management under climate change are covered. Sustainable agricultural
practices need to be continually sought so that a greater number of producers can adopt
them, taking into account, above all, the food security scenario, land-use efficiency and
climate change.

Leonel et al. (contribution 9) reviewed recent findings on banana-based intercropping
systems. The authors provided an overview of studies on intercropping banana plantations,
focusing on the contextualization of land use, monoculture and intercropping, and evalu-
ating intercropping indicators, as well as the benefits, risks and disadvantages discussed
in the literature and the main results of banana-based intercropping systems. The main
conclusions relate to the use of combined crops with aromatic species and preliminary
reports on the contributions of intercropping to the suppression of Fusarium wilt disease.

Jaffar et al. (contribution 10) presented an important review article that provides an
overview of the invasion history of B. dorsalis in China, its ecological and physiological
mechanisms that facilitate invasion, and the progress made in understanding its main bio-
logical characteristics. Bactrocera dorsalis (Hendel, 1912) (Diptera: Tephritidae), commonly
known as the oriental fruit fly, is a highly destructive pest that infests fruit and vegetables
worldwide, resulting in economic losses every year. The main B. dorsalis management
approaches that have been or are likely to be implemented in China were presented, in-
cluding quarantine measures, monitoring procedures, physical controls, biological controls,
the sterile insect technique, RNA interference and CRISPR-Cas-9.

Given the great importance and relevance of the theme of this Special Issue, ongoing
studies should be encouraged and rapidly publicized, allowing readers to find research
in global and national contexts that provides a more complete overview of the field of
research into climate change affecting the growth, yield and qualitative performance of
fruit orchards.
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Cropping and Pruning Systems of Primocane Raspberries in the
Subtropical Climate

Ricardo Bordignon Medina 1, Yane Caroline dos Anjos Bezerra 2, Ellen Rayssa Oliveira 1,*,
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2 Department of Plant Production, Luiz de Queiroz College of Agriculture, University of São Paulo,
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Abstract: Raspberry production is limited to cold temperate areas of high latitude due to the re-
quirement of low temperatures for flowering and fruiting from most cultivars. However, primocane
cultivars, as they are less demanding in cold conditions, represent a possible alternative that suits
regions with a subtropical climate. The cultivar Heritage primocane raspberry was investigated in
the Cwa climate, in three production systems (PS), during two crop cycles. In PS1, canes were hard
pruned at ground level after primocane fruiting. In PS2, canes were tipped to promote subapical
bud break for a second harvest. In PS3, canes were tipped again after the second harvest to induce
a third harvest. PS1 had the lowest yield, however, after two cycles; in plants of this system it was
observed the highest root weight, and starch content. Raspberries subjected to subapical pruning
show lower carbohydrate storage in the root system. The production systems had little influence on
fruit qualities, in both cycles. The cultivation of cv. Heritage raspberry primocane, in the subtropical
Cwa climate can be carried out with sequential pruning, allowing for the production of commercial
fruits with harvests distributed over the months, without any reduction in the postharvest quality of
the fruits produced.

Keywords: Rubus idaeus; cultivation; warm regions; harvest; fruit quality

1. Introduction

Raspberry (Rubus idaeus L.) is traditionally cultivated in regions of temperate climates.
Raspberries are cultivated worldwide in an area of 116,393 hectares and yield a produc-
tion of 947,852 tons [1]. The majority of global production takes place in the Northern
Hemisphere, led by Russia, Mexico, Serbia, Poland, and the United States of America,
collectively contributing to 72.12% of the total production [1]. In South America, Chile
stands out as the largest producer with a production of 11, 775 tons. In Brazil, raspberries
are cultivated on 40 hectares, producing 240 tons annually, representing just 0.025% of
global production [2]. Nevertheless, the increase in the market demand for fresh raspberries
has driven the development of new strategies to supply the market for this fruit during the
whole year, with productions outside the traditional harvest season and the expansion of
cultivation areas for regions of hot climate [3–5].

Raspberry cultivars are classified into primocanes and floricanes based on their fruiting
habits, with primocanes producing fruit from the apical nodes on current-year canes.
These cultivars do not need low temperatures nor to undergo dormancy period for the
induction of flower buds to occur [6]. Floricane cultivars present a biannual cycle. The
canes develop vegetatively during spring and summer, and they need to undergo periods
of low temperatures to enter dormancy during winter, bloom, and bear fruit in the spring
and summer of the second year [3].
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The use of primocane raspberry cultivars represents an alternative that is economically
feasible for production in regions without chilling weather since the plants have the poten-
tial to produce fruit during the whole year under conditions of protected cultivation [5].
Raspberry cultivars, such as Heritage, Autumn Bliss, Autumn Britten, Caroline, Himbo
Top, Polka, and Sugana, are some of the primocane cultivars planted in several regions of
the world [7].

One of the primary objectives of fruiting pruning in raspberry cultivation is to remove
the harvested inflorescences and optimize cane density for the upcoming production cycle.
However, pruning strategies vary according to the cultivar group. In primocane cultivars,
fruiting first occurs at the apex of newly developed canes. These canes are pruned following
the initial harvest, as they retain the potential for additional fruiting. After their second
production phase, the canes desiccate and must be replaced by new canes, which will
support the subsequent harvest cycle [2,8].

Previous studies indicate that primocane raspberry pruning impacts root carbohydrate
reserves, yield, and the duration of the production cycle [9–11]. Therefore, it is essential
to conduct investigations that deepen the understanding of the influence of pruning on
the physiological aspects of the raspberry plant, aiming to optimize fruit production and
quality. In this context, studies on the pruning systems and the resulting performance of
primocane raspberries are necessary, aiming at the expansion of the cultivation to areas of
warm climate.

Thus, this study aims to assess production systems with various pruning types and
their effects on the development, production, and fruit quality of cv. Heritage primocane
raspberries cultivated in a subtropical climate (Cwa).

2. Materials and Methods

2.1. Plant Material and Description of the Study Area

Primocane raspberry (Rubus idaeus L.) rooted cuttings, cv. Heritage, were grown in
30 L pots filled with a substrate composed of coconut fiber (Golden Mix Misto 98, Amafibra,
São Paulo, Brazil) and Sphagnum peat (Jiffy TPS, Jiffy Group, Zwijndrecht, The Netherlands)
at a 2:1 ratio. Weekly nutrient applications were administered through fertigation (N:
Ammonium Sulfate 1000 mg L−1; Calcium Nitrate 500 mg L−1; P: Mono Ammonium
Phosphate 150 mg L−1; K: Potassium Sulfate 500 mg L−1). The study was conducted in
Piracicaba, Brazil (22◦42′27.7′′ S 47◦37′47.3′′ W, altitude of 554 m), within a Cwa climate
according to the Köppen and Geiger classification [12]. Raspberry pots were placed in a
greenhouse, externally covered with a 150 μm low-density polyethylene (LDPE) diffuser
film, and internally equipped with a gray heat-reflective screen (Freshnet®—providing
65% nominal shading). One week post-transplantation, two canes per pot were selected,
and any additional emerging buds were removed weekly to control cane growth and
evaluate production.

2.2. Treatments and Experimental Design

The treatments under examination comprised distinct production systems (PS) for
each cane: PS1 involved harvesting at the apical nodes, followed by hard pruning, after
which another cane would be used in the next production cycle (Figure 1A); PS2 entailed
harvesting at the apical nodes, followed by tipping to induce subapical bud break, allowing
a subsequent harvest on the same cane, and concluded with hard pruning (Figure 1B); PS3
encompassed harvesting at the apical nodes, followed by tipping to promote subapical
bud break, a subsequent harvest, further tipping to encourage new sprouting, and a third
harvest on the same cane, ultimately concluding with hard pruning (Figure 1C).

The plants underwent evaluation for two complete production cycles, with hard
pruning of the canes performed at the end of each cycle. The duration from cane emission
to the last harvest of each treatment defined a complete production cycle. Following the
first harvest in the apical nodes of the canes during the first cycle, two new canes per plot
were selected, initiating the second production cycle (Figure 1A–C).
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Figure 1. Production systems of cv. Heritage raspberries primocane cultivated in Piracicaba, Brazil,
for two cycles (1 and 2). (A): Production system PS1, single harvest in the apical nodes of the canes,
followed by hard pruning; (B): Production system PS2, harvest in the apical nodes of the canes,
followed by tipping to induce the second harvest, and subsequent hard pruning; (C): Production
system PS3, harvest in the apical nodes of the canes, followed by tipping to induce the second harvest,
second tipping to induce the third harvest, and finally, hard pruning.

The experimental design employed a randomized block approach in a double factorial
scheme (3 treatments × 2 production cycles) with four blocks. Each block included three
pots from each treatment, with two canes in each pot, resulting in a total of 12 pots per
treatment and 72 canes evaluated per cycle.

2.3. Vegetative Development, Aspects of Production, and Postharvest Quality

The vegetative development was evaluated by the growth of the canes in each treat-
ment. Over two vegetative cycles, the length of two canes per pot was measured weekly,
considering the distance from the base to the apical meristem of each cane. This evaluation
continued until the onset of the reproductive period, marked by flowering, at which point
the canes ceased their vegetative development.

To determine production per cane, harvests were conducted three times a week, as-
sessing both the number and weight of harvested fruit per cane. The fruits were harvested
based on the developmental stages of raspberry fruit, using the color scale for cv. Heritage,
specifically at the pink (P) stage, when the drupelets detach easily from the receptacle [13].
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Data were recorded in grams per cane per week. Fresh fruit mass was measured using
an analytical scale, model AG 200 (Gehaka, São Paulo, Brazil), immediately after each
harvest. Soluble solids content was determined using a digital refractometer, model Palette
101 (Atago, Tokyo, Japan), and expressed in ◦Brix. Titratable acidity (TA) and pH were
measured using an automatic titrator (Model 848 Titrino Plus, Metrohm, Herisau, Switzer-
land) with four replicates of ten fruit for each treatment, and results were expressed as a
percentage of citric acid. For anthocyanin content, extracts were obtained from 20 mg of
freeze-dried raspberries and 10 mL of extraction solution (85% ethanol P.A. and 15% 1.5 N
HCl), following the spectrophotometric method [14]. Absorbance readings were taken with
a spectrophotometer (Model Libra S22, Biochrom, Cambridge, UK) at 535 nm. The analyses
were performed in periods in which there was fruit in all treatments, encompassing the
period from Aug to Dec in the first cycle and from Mar to June in the second cycle, in the
Southern Hemisphere.

2.4. Root Biomass and Starch Accumulation

The dry and fresh root masses, along with the starch content, were determined after the
completion of the second production cycle for each system used. Root collection took place
upon the conclusion of each system’s production. Both dry and fresh root masses were
measured using an analytical scale (Model AG 200, Gehaka, São Paulo, Brazil). Fresh mass
data were collected after the conclusion of the second production cycle, coinciding with the
hard pruning of the plants. Subsequently, roots were thoroughly washed in running water
until complete substrate removal. After measuring the fresh mass, the roots were placed in
identified paper bags and dried in an oven at 55 ◦C until weight stabilization.

The determination of starch in root samples was conducted following a previously
established protocol, with modifications [15]. Soluble sugars were extracted using 200 mg
of root samples subjected to three consecutive extractions in 70% ethanol at 60 ◦C and two
extractions with 37% perchloric acid. The extract comprised the recovery of supernatants
post-centrifugation at 500 rpm. Glucose measurement employed the phenol sulfuric acid
method with a reaction mixture of 50 μL of extract, 450 μL of H2O, and 500 μL of phenol
reagent (5% in water). After vortexing, 2 mL of concentrated sulfuric acid were added,
followed by further agitation. Readings were taken with a spectrophotometer at 490 nm.
A glucose standard curve (2 to 80 μg) facilitated the calculation of the glucose amount
released from perchloric acid digestion. The data were expressed in mg of starch per g dry
mass of root.

2.5. Statistical Analysis

The obtained data were subjected to Analysis of Variance (ANOVA) using R Studio
software (R Core Team, 2018—Version 1.2.5033), and mean comparisons were performed
with the Scott-Knott test (p ≤ 0.05).

3. Results

3.1. Vegetative Development, Aspects of Production, and Postharvest Quality

The final cane growth was not influenced by the production system. The mean cane
length at the end of the first cycle was 130.9 ± 3.4 cm and 153.5 ± 5.0 cm in the second
cycle. During the first cycle, the vegetative period of the plants extended for 104 days. In
contrast, the second cycle experienced a reduced vegetative development period of 90 days,
from the beginning of cane development until the first harvest.

Harvest timing was similar for treatment PS1, as well as for PS2 and PS3, initiating in
early Aug and extending until early Dec (Figure 2). In PS1, the first harvest was followed by
hard pruning. Subsequent harvests started only from Mar of the subsequent year, extending
until early June in the new canes that developed from Dec to Apr (Figure 2A). The first
production cycle for PS2 occurred from Aug to Feb, when the plants ceased production in
the subapical buds, and a hard pruning of the canes was conducted. The second production
cycle of PS2 began in late Mar with canes that developed from Dec to Apr, producing fruit
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in the apical nodes until June, which was followed by cane tipping that promoted subapical
bud break and resulted in a second harvest from June to Sept (Figure 2B). In PS3, a third
harvest was subsequently obtained from mid-Feb to late Mar (Figure 2C).

Figure 2. Three production systems in two production cycles for a single cane, showing different
harvest strategies. Each system includes two cycles, with additional harvests in systems PS2 and PS3.
(A): Production system PS1, with a single harvest at the apical nodes of the canes, followed by hard
pruning (HP); (B): Production system PS2, with an initial harvest at the apical nodes, followed by
tipping (T) to induce a second harvest, and subsequent hard pruning; (C): Production system PS3,
featuring an initial harvest at the apical nodes, followed by tipping to induce a second harvest, a
second tipping to promote a third harvest, and ending with hard pruning.

During the first cycle, the total production per cane in PS1 was 168 g, 252 g in PS2,
and 313 g in PS3 (Table 1). Differences were also observed in the second cycle, where PS1
continued to produce less per cane (164 g), PS3 more (204 g) and PS2 was an intermediary
between them (189 g). In the second production cycle in all treatments, the production was
lower (Table 1). There were declines in production between the first and second cycles for
all three treatments, with the smallest decrease of 2.7% for PS1, followed by 24.8% for PS2
and 34.6% for PS3 (Table 1). According to the results for the area under the progress curve,
there was no interaction between the factors’ production system and cultivation cycles
(Table 1). Production systems PS2 and PS3 were equivalent to each other, and superior to
PS1. The distribution of yields from Mar to Oct in the second cycle exhibited a comparable
pattern between PS2 and PS3, but significantly differed from PS1. PS1 concluded its entire
harvest distribution by July, while PS2 and PS3 extended their harvest until Oct in the
second cycle.

The physicochemical parameters of the raspberries were minimally affected by the
variations in production systems. The soluble solids contents, titrable acidity, and antho-
cyanins varied throughout the months of harvest but did not show significant variations as
a function of the treatments (Tables 2–4). For the soluble solids contents, in the first cycle,
a clear trend for higher values occurring in Aug and Sept is observed, with a noticeable
decrease from Oct in the first cycle to Mar in the second cycle (Table 2). In the second cycle,
the differences were less pronounced from Mar to Aug, with a reduction observed in Sept
and Oct of that year (Table 2).
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Table 1. Production per cane of cv. Heritage primocane raspberry, in three production systems (PS1,
PS2, and PS3) across two production cycles, in Piracicaba, Brazil. The first cycle began in August
and ended in March, while the second cycle started in March and concluded in October. PS1: single
harvest at apical nodes followed by hard pruning; PS2: initial harvest at apical nodes, followed by
tipping to induce a second harvest and subsequent hard pruning; PS3: initial harvest at apical nodes,
followed by tipping to induce a second harvest, a second tipping to promote a third harvest, and
final hard pruning.

Systems
Production per Cane (g)

1st Cycle 2nd Cycle

PS 1 168.5 bA 163.9 bB
PS 2 252.3 aA 189.7 aB
PS 3 313.2 aA 204.7 aB

Different lowercase letters in the columns and capital letters in the lines indicate significant differences (p ≤ 0.05)
according to the Scott-Knott test.

Table 2. Soluble solids content (◦Brix) in fruits of cv. Heritage primocane raspberries from monthly
harvests over two production cycles across three production systems (PS1, PS2, and PS3), in Piracicaba,
Brazil. PS1: single harvest at apical nodes followed by hard pruning; PS2: initial harvest at apical
nodes, followed by tipping to induce a second harvest and subsequent hard pruning; PS3: initial
harvest at apical nodes, followed by tipping to induce a second harvest, a second tipping to promote
a third harvest, and final hard pruning.

Soluble Solids Content (◦Brix)

1st Cycle
System Aug Sept Oct Nov Dec Jan Feb Mar

PS 1 10.6 aA 10.2 aA 8.4 aB 8.6 aB 8.1 bB - - -
PS 2 10.4 aA 10.3 aA 8.6 aB 8.7 aB 9.9 aA 9.1 aB 7.8 aC 7.6 bC
PS 3 10.8 aA 10.1 aB 8.2 aE 8.5 aD 9.5 aC 8.9 aD 7.8 aE 8.4 aD

2nd Cycle
System Mar Apr May June July Aug Sept Oct

PS 1 9.1 aA 9.7 aA 9.3 aA 8.6 bB - - - -
PS 2 9.0 aC 9.8 aB 9.1 aC 9.4 aC 10.5 aA 8.7 bC 7.6 bD 7.7 aD
PS 3 8.0 bC 9.7 aA 9.0 aB 8.8 bB 9.4 bA 9.5 aA 8.7 aB 7.9 aC

Different lowercase letters in the columns and capital letters in the lines indicate significant differences (p ≤ 0.05)
according to the Scott-Knott test.

Table 3. Titrable acidity in fruits of cv. Heritage primocane raspberries from monthly harvests over
two production cycles across three production systems (PS1, PS2, and PS3), in Piracicaba, Brazil.
A: Production system PS1: single harvest in the apical nodes of the canes, followed by hard pruning;
B: Production system PS2, harvest in the apical nodes of the canes, followed by tipping to induce the
second harvest, and subsequent hard pruning; C: Production system PS3, harvest in the apical nodes
of the canes, followed by tipping to induce the second harvest, second tipping to induce the third
harvest, and finally, hard pruning.

Titrable Acidity (% of Citric Acid)

1st Cycle
System Aug Sept Oct Nov Dec Jan Feb Mar

PS 1 1.87 aA 1.79 aA 1.47 aC 1.59 aB 1.81 aA - - -
PS 2 1.78 aB 1.63 bC 1.49 aC 1.56 aC 1.69 bB 1.54 aC 1.77 aB 1.92 bA
PS 3 1.85 aB 1.71 aC 1.47 aD 1.53 aD 1.81 aB 1.55 aD 1.86 aB 2.18 aA

2nd Cycle
System Mar Apr May June July Aug Sept Oct

PS 1 1.76 aB 1.84 aB 1.95 aA 2.02 aA - - - -
PS 2 1.59 bC 1.80 aB 1.88 aA 1.88 bA 1.79 bB 1.94 aA 1.62 aC 1.41 aD
PS 3 1.60 bC 1.79 aB 1.92 aA 1.91 bA 1.95 aA 1.88 aA 1.65 aC 1.26 bD

Different lowercase letters in the columns and capital letters in the lines indicate significant differences (p ≤ 0.05)
according to the Scott-Knott test.
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Table 4. Anthocyanin content in fruits of cv. Heritage primocane raspberries from monthly harvests
across two production cycles (cycle 1: Aug to Dec; cycle 2: Mar to June) in three production systems
(PS1, PS2, and PS3) in Piracicaba, Brazil. PS1: single harvest at the apical nodes of the canes, followed
by hard pruning; PS2: harvest at the apical nodes, followed by tipping to stimulate a second harvest,
and then hard pruning; PS3: harvest at the apical nodes, followed by a first tipping to induce a second
harvest, a second tipping for a third harvest, and finally, hard pruning.

Anthocyanins (mg g−1 of Freeze-Dried Fruit)

1st Cycle
System Aug Sept Oct Nov Dec

PS 1 28.9 aB 22.1 aB 39.3 aA 35.8 aA 38.0 aA
PS 2 28.4 aB 21.2 aB 36.1 aA 33.9 aA 36.6 aA
PS 3 24.2 aB 26.4 aB 36.4 aA 33.5 aA 39.7 aA

2nd Cycle
System Mar Apr May June

PS 1 37.0 aA 33.5 aB 33.9 aB 32.6 aB
PS 2 39.8 aA 34.6 aB 34.3 aB 35.6 aB
PS 3 39.5 aA 34.3 aB 33.2 aB 34.7 aB

Different lowercase letters in the columns and capital letters in the lines indicate significant differences (p ≤ 0.05)
according to the Scott-Knott test.

The titrable acidity of the cv. Heritage raspberries, in both the first and second cycles,
ranged from 1.47% to 2.18% of citric acid in the first cycle and 1.26% to 2.02% in the second
cycle (Table 3). During the first cycle, there was a tendency for the highest values to occur
in Aug and Sept, and in the second cycle, in Feb and Mar, with the lowest values recorded
from Oct in the first cycle to Jan in the second cycle. In the second cycle, the highest values
were observed between Apr and Aug, while the lowest values occurred in Mar, Sept, and
Oct of the same year (Table 3).

In both cycles, seasonal differences in anthocyanin concentrations were observed.
During the first cycle, the highest anthocyanin levels were recorded in Oct, Nov, and Dec,
while the lowest levels occurred in Aug and Sept. In the second cycle, the peak was in Mar,
whereas the lowest contents were noted in Apr, May, and June (Table 4).

3.2. Root Biomass and Starch Accumulation

After the termination of the harvests of the second cycle, the fresh and dry masses
were evaluated, as well as the starch content in the roots of the plants. The values for PS2
and PS3 are very close, not differing from each other for these three parameters (Table 5).
Nevertheless, they were around 30% inferior to PS1 (Table 5).

Table 5. Fresh mass, dry mass, and starch content in the roots of cv. Heritage raspberries subjected
to different production systems for two complete cycles, in Piracicaba, Brazil. Values represent
the average of all harvests throughout each cycle. A: Production system PS1: single harvest in the
apical nodes of the canes, followed by hard pruning; B: Production system PS2, harvest in the apical
nodes of the canes, followed by tipping to induce the second harvest, and subsequent hard pruning;
C: Production system PS3, harvest in the apical nodes of the canes, followed by tipping to induce the
second harvest, second tipping to induce the third harvest, and finally, hard pruning.

Systems Fresh Mass (g) Dry Mass (g) Starch (mg g−1)

PS 1 117.8 a 28.9 a 4.65 a
PS 2 81.7 b 19.0 b 3.14 b
PS 3 82.7 b 19.5 b 3.23 b

Different lowercase letters in the columns indicate significant differences (p ≤ 0.05) according to the
Scott-Knott test.
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4. Discussion

The raspberry plants were subjected to different pruning systems over two production
cycles. Due to the different periods of the year in which these cycles started, differences
were observed in both the time required to start production and the size of the canes. In the
first cycle, the reproductive period began, on average, 104 days after transplanting, in canes
measuring 130 cm. In the second cycle, the start of the reproductive period was shorter,
averaging 90 days, with taller canes reaching 153 cm. This difference likely occurred
because, in the first cycle, vegetative development took place from May to September,
with milder temperatures and lower global solar radiation in the Southern Hemisphere.
In the second cycle, the canes developed from December to April, experiencing higher
temperatures and greater radiation, resulting in canes that grew, on average, taller than
those of the previous cycle. Similar seasonal characteristics influencing cane growth have
been observed in the primocane raspberry cv. Autumn Bliss, where higher cultivation
temperatures resulted in an increased growth rate of the canes [16].

The pruning systems used influenced fruit production per cane (g), regardless of the
production cycle. The systems involving one subapical pruning (PS2) or two subapical
prunings (PS3) yielded similar production levels within each cycle, both of which were
higher compared to the hard pruning without subapical prunings (PS1). However, systems
with subapical prunings on the same cane may present additional challenges for the labor
responsible for this cultural practice in raspberry cultivation. These findings are consistent
with a study in which the primocane raspberry production over three consecutive years
was higher when subjected to a double-cropping system that included harvesting from
the apical nodes of the canes, followed by a second harvest from the subapical buds, as
compared to production only from the apical nodes of the canes [17]. It should be noted
that the present experiment compared production across two complete cycles of different
durations. The tippings and subsequent harvests in PS2 and PS3 increased fruit production
but prolonged the production cycle, whereas PS1 completed both production cycles three
and a half months before PS2 and five months before PS3. During this period, it would
have been possible to initiate a third cycle and the beginning of a new harvest, based on
the time elapsed until a new harvest began for PS1 in the first and second cycles.

High levels of soluble solids and acidity are important parameters in fruit farming,
often associated with a better flavor profile and organoleptic quality of the fruit [18], while
polyphenols and anthocyanins are more closely related to health benefits [19]. The various
production systems had minimal impact on fluctuations in the soluble solids content of
the raspberries. This parameter, along with the fruit’s titratable acidity, is significantly
influenced by factors such as the cultivation region, specific cultivar, and production pe-
riod [20,21]. The reduction in soluble solids content throughout the production cycle may
be associated with climatic factors, as this decrease is more evident in months typically
characterized by high temperatures. Previous studies suggest that elevated temperatures
impact soluble solids content in raspberry fruits, likely due to an increase in plant res-
piration rate, which heightens carbohydrate consumption and modifies the source–sink
relationship, ultimately resulting in lower soluble solids content levels [22]. Despite this
reduction during the production cycle, fruit quality for commercialization is not adversely
affected, as the minimum values observed in the present study remain acceptable and
comparable to those reported for the cv. Heritage in Brazil, which show approximately
6.0 ◦Brix in fruits of this cultivar [22,23].

Notably, the fruit exhibited higher soluble solids content at the onset of the cycles,
followed by a reduction in sugar accumulation during the harvest period. The production
systems also did not significantly affect the titratable acidity of the fruit. The highest acidity
levels occurred in the colder months of the cycles, while in the second production cycle, the
lowest acidity levels were observed in the warmer months. Lower acidity might be related
to metabolic changes and the consumption of organic acids during warmer periods [24].

The anthocyanin content of the raspberries was not affected by the different production
systems. However, environmental factors are key determinants of antioxidant compound
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accumulation in raspberries [19,25,26]. In this study, the time of year (months) during which
production occurred significantly influenced the anthocyanin content. Higher anthocyanin
levels were recorded in October, November, and December in the first cycle, and in March
in the second cycle, coinciding with the months of higher global solar radiation during
each evaluated period. Anthocyanins play an important role in protecting plants from the
damage of high solar radiation and are more abundant under high light intensity [27].

The pruning systems with subapical prunings (PS2 and PS3), which included sequen-
tial harvests that promoted higher production per cane, led to lower root system masses
and reduced carbohydrate reserves in the roots compared to the hard pruning system (PS1).
System PS1, which had the lowest mean fruit production per cane at the end of the two
cycles, showed the highest root mass and greatest starch content, indicating greater reserve
accumulation and lower depletion in plants subjected to this system. Sequential prunings
(subapical prunings) may result in greater reserve use, consequently leading to greater
depletion of the plants for future production [28]. In this experiment, the severe pruning
system (PS1) experienced a minimal decline in production of approximately 2.73% from the
first cycle to the second cycle, likely due to the carbohydrate reserves available to the plant.
In treatments with two harvests (PS2) and three harvests (PS3), the production reduction
from one harvest to the next was 24.8% and 34.6%, respectively, likely due to the depletion
of reserves from the sequential prunings.

Starch is the most abundant storage carbohydrate in woody tissues, accumulating in
plants during periods of high photosynthetic activity and depleting when carbohydrate
usage exceeds production [29,30]. Studies on the raspberry cv. Titan have shown that rasp-
berry roots serve as major carbon sinks, utilized during fruit maturation when carbohydrate
synthesis sources are limited [31]. In the present study, during and after apical production,
the canes were undergoing lignification, and leaf senescence occurred. In systems PS2 and
PS3, where lignified canes were retained for subsequent harvests, the carbohydrate source
for fruit maturation may have come from root system reserves, potentially explaining the
lower starch content and root mass in these systems compared to PS1.

5. Conclusions

This study provides evidence that under subtropical climate conditions (Cwa), the cv.
Heritage primocane raspberry, cultivated with subapical prunings and subjected to two or
three harvests on the same cane, exhibits higher production over the corresponding period
than the system with only one harvest. This approach prolongs the uninterrupted harvest
season for two complete production cycles, spanning 14 months. Furthermore, it does not
adversely affect the postharvest quality of the fruit, as observed in anthocyanin content,
soluble solids, and titratable acidity. However, raspberries subjected to subapical pruning
show lower carbohydrate storage in the root system compared to hard pruning, which
may impact the longevity of these plants. For future studies, it is recommended to conduct
a socioeconomic analysis of labor costs across different production systems to assess the
economic feasibility of management practices in primocane raspberry cultivation under a
subtropical climate.
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Abstract: The choice of training system impacts the architecture and physiological characteristics of
grapevines, affecting grape production and quality. Continuous studies are necessary to optimize
viticulture production in Brazil. This study aimed to evaluate the effects of rootstocks and different
training systems on the production and quality of ‘IAC 138-22 Máximo’ and ‘BRS Violeta’ grapevines
for juice and wine. The experiment was conducted over two productive cycles (2019/2020 and
2020/2021) in an experimental vineyard at the Advanced Center for Fruit Research as part of the
Agronomic Institute (IAC), in Jundiaí, São Paulo, Brazil (23◦06′ S, 46◦55′ W, and 745 m altitude). For
each cultivar, a randomized block design in a 2 × 2 factorial scheme was used, with two rootstocks
(‘IAC 766 Campinas’ and 106-8 ‘Mgt’) and two training systems (low and high trellises), with
five blocks of three plants per experimental plot. In both cycles, the gas exchange and grapevine
production, the chemical characteristics of the grape juice (must), and the chemical compounds in the
berry skins were evaluated. The rootstocks and training systems influenced the variables evaluated
in both cultivars, with the high trellis system providing the best results. This approach increased the
photosynthetic rate, improved water-use efficiency, elevated grapevine production, and enhanced
fruit quality. Therefore, its use is recommended for training grapevines. Regarding rootstocks, the
best scion–rootstock affinity was found between hybrid grapevines and ‘IAC 766 Campinas’.

Keywords: juice and wine grapes; trellis height; yield and quality; phenolic compounds;
anthocyanins; gas exchange; yield; grape juice; ‘IAC 138-22 Máximo’; ‘BRS Violeta’; ‘IAC 766
Campinas’; 106-8 ‘Mgt’

1. Introduction

The Brazilian viticulture landscape is diverse, driven by the genetic breeding of
grapevines for greater productivity and adaptation to the tropical climate [1]. In 2023,
Brazil produced 1,719,630 tons of grapes over 76,747 hectares [2]. The regional diversity
in national viticulture includes different production cycles, harvest times, cultivars, and
management practices, requiring studies on specific cultivation techniques. The Brazilian
grape market is divided between fresh consumption (table grapes) and processing (grape
juice and wines), with a predominance of non-vinifera grapes (Vitis labrusca and hybrids).
The diversity of cultivars results in grapes with distinct characteristics, influenced by the
polyphenolic content and the search for high-quality antioxidant products.
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Genetic breeding has enabled the development of hybrid cultivars, such as ‘IAC 138-22
Máximo’ and ‘BRS Violeta’ [3,4], both red and cultivated for processing juice and wines.

These cultivars are aimed at meeting the grape juice and derivatives market, character-
ized by high productivity and lower sensitivity to major fungal diseases compared to Vitis
vinifera. However, studies are needed to understand the performance of these cultivars
grafted on different rootstocks and grown using different training systems, as well as to
evaluate their productive characteristics and fruit quality.

Given climate change, the selection of rootstocks and scion varieties becomes crucial
for viticulture, as it allows better adaptation of the grapevines to adverse conditions and
increases their resistance to abiotic stresses [5]. This strategic choice optimizes the use of
water and nutrients, maintaining grape productivity and quality, which is essential for the
sustainability of the viticulture sector [5].

The use of rootstocks in viticulture not only protects against damage caused by Phyl-
loxera (Daktulosphaira vitifoliae), but also enables cultivation in situations involving different
abiotic factors and adverse soil conditions (the presence of pests and high salinity), which
directly affect vegetative development, the duration of the phenological phases, and pro-
duction quality [6].

The interaction between scion varieties and rootstocks is widely studied under differ-
ent edaphoclimatic conditions, aiming to optimize vegetative growth, productivity, and
grape quality [7–11].

With the expansion of viticulture areas, the choice of the vineyard training system
directly influences the architecture and physiological characteristics of grapevines, as well
as the quantitative and qualitative aspects of the fruits [12,13]. Although the three-wire
trellis system is the most commonly used, new variations have emerged to increase the
leaf area, favoring physiological characteristics that increase production and improve fruit
quality, especially in terms of phenolic compounds and sugars, which are fundamental to
the quality of juices and wines [14].

Among the training system alternatives, there is the high trellis system, with four wires,
providing a greater height for the vegetative canopy. The interaction of solar radiation
with the grapevine canopy structure directly influences its productivity, affecting the light
distribution, carbon assimilation, and water deficit [15]. Adequate foliage is essential for
photosynthesis, without creating excessive shading that could hinder grape development
and ripening [16,17]. During maturation, proper light exposure is essential for the synthesis
and accumulation of anthocyanins and flavanols, which are positively related to solar
radiation exposure [18,19].

Studies on training systems used in grape processing have shown significant variations
in grape and wine or juice production and quality [12,14,20,21]. However, for the cultivars
‘IAC 138-22 Máximo’ and ‘BRS Violeta’, in subtropical conditions, there are no reports
in the literature. Grapes are recognized for their antioxidant properties due to phenolic
compounds, such as flavonoids and anthocyanins, which play important roles in the human
diet and in the prevention of cardiovascular, cancerous, and neurological diseases [22–24].
In addition to improving nutritional quality, these compounds enhance the commercial
quality of red grapes, being fundamental for their color and external appearance [25].

In this context, the present work aimed to evaluate the effects of interactions between
rootstocks (‘IAC 766 Campinas’ and 106-8 ‘Mgt’) and training systems (low and high
trellises), focusing on improving the productivity and quality of ‘IAC 138-22 Máximo’ and
‘BRS Violeta’ grapevine fruits.

2. Materials and Methods

2.1. Installation and Vineyard Management, and Location of the Experimental Area

The experiment was conducted over two productive cycles (2019/2020 and 2020/2021)
in a vineyard in its 9th and 10th year of production, located at the Advanced Center for
Fruit Research as part of the Agronomic Institute (IAC), Jundiaí, São Paulo, Brazil (23◦06′ S,
46◦55′ W, with an average altitude of 745 m). According to the Köppen classification,
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the region’s climate is classified as Cfb, with an average annual rainfall of 1400 mm, an
average annual temperature of 19.5 ◦C, and a relative humidity of 70.6%. The soil in the
experimental area is classified as Dystrophic Red Cambisol [26].

In both experimental years, short pruning was performed, with one bud, followed
by the application of 5% hydrogen cyanamide (Dormex®, BASF, Ludwigshafen am Rhein,
Germany). After budburst, only one productive shoot per spur was maintained, with dis-
budding and tying of the shoots to wires, thinning, and defoliation. Additionally, cultural
practices, such as weeding, and applications of herbicides, fungicides, and insecticides,
were carried out.

2.2. Experimental Design and Treatments

The cultivars ‘IAC 138-22 Máximo’ (‘Seibel 11342’ × ‘Syrah’) and ‘BRS Violeta’ (‘BRS
Rúbea’ × ‘IAC 1398-21’) were evaluated over two productive cycles in an experimental
vineyard located at the Advanced Center for Fruit Research as part of the Agronomic
Institute (IAC), Jundiaí, São Paulo, Brazil. For each cultivar, a randomized block design
was used in a 2 × 2 factorial arrangement, with two rootstocks (‘IAC 766 Campinas’ and
106-8 ‘Mgt’) and two training systems: low trellis with three wires situated at 1, 1.3, and
1.6 m from the ground, and high trellis with four wires situated at 1, 1.3, 1.6, and 2 m from
the ground, with five blocks and three plants per experimental plot.

2.3. Harvest and Evaluations

Harvests were performed according to the physiological maturation of each cultivar,
occurring at 140 days for ‘BRS Violeta’ and 146 days for ‘IAC 138-22 Máximo’ in the first
cycle, and at 153 days for both cultivars in the second cycle (Figure 1).

Figure 1. Pruning and harvest times for Brazilian hybrid grapes in two productive cycles, in Jundiaí,
São Paulo, Brazil.

2.4. Gas Exchange, Water-Use Efficiency, SPAD Index, and Total Chlorophyll

The gas exchange was evaluated at the full flowering stage of the vines, using an
open photosynthesis system, with an infrared CO2 and water vapor analyzer (Infrared
Gas Analyzer—IRGA, model LI-6400, Li-Cor). During the evaluations, the ambient CO2
concentration was used as a reference, along with data collection on the temperature and
relative humidity. The CO2 assimilation rate (A, μmol CO2 m−2 s−1), transpiration rate (E,
mmol H2O m−2 s−1), internal CO2 concentration (Ci), and stomatal conductance (gs) were
calculated according to the method proposed by [27].

The water-use efficiency (WUE, μmol CO2 (mmol H2O)−1) was determined by the
ratio of CO2 assimilation to the transpiration rate. The electron transport rate (ETR) was
calculated following the method by [28]. The SPAD index was evaluated on four leaves per
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plant, with readings taken at three points per leaf using a SPAD meter (Model 502, Konica
Minolta, Tokyo, Japan). The total chlorophyll concentration was determined using 100 g of
fresh leaf material [29].

2.5. Number of Bunches per Plant, Productivity, and Physicochemical Composition of Grape Must

After harvesting, the grape bunches were counted and weighed to determine the
number of bunches per plant, the fresh mass of the bunches, and the yield per plant.
Subsequently, based on the number and fresh mass of the bunches and the cultivation
stand, the productivity (t ha−1) was estimated.

For the physicochemical analyses of grape must, 250 berries per experimental plot
(n = 250) were used. The must was obtained by pressing the berries, and the soluble solids
(SS) content was evaluated by direct refractometry, using an Atago® digital refractometer
(Schmidt Haensch, Berlin, Germany) with automatic temperature compensation, with
results expressed in ◦Brix. The pH was measured by a direct reading of the must using a
Micronal B-274 pH meter (Mettler Toledo, Barueri, Brazil). The titratable acidity (TA) was
determined by titration, using 5 g of must, diluted in 100 mL of distilled water, titrating with
a standardized 0.1 N sodium hydroxide solution, using phenolphthalein as an indicator,
until the color change endpoint, with results expressed as a percentage of tartaric acid. The
reducing sugars were determined by the colorimetric method of Somogyi-Nelson, based on
a standard glucose curve and readings taken at 510 nm in a BEL Photonics® SP 2000 UV/vis
spectrophotometer [30], with the results expressed as a percentage of reducing sugars per
mL of must.

2.6. Biochemical Composition of Grape Skins

For the analyses of the total phenolic compounds [31] and total monomeric antho-
cyanins [32], as well as the antioxidant activity via DPPH (2,2-diphenyl-1-picrylhydrazyl) [33],
modified by [34] and FRAP [35], 200 berries per experimental plot (n = 1000 berries per
treatment) were collected. The berries were halved, the seeds were removed, and the skins
and pulp were separated and frozen in liquid nitrogen. Approximately 100 g of frozen fresh
skin was manually pulverized in a porcelain mortar with a pestle and stored at −80 ◦C
until the analyses. All the analyses were performed in triplicate.

2.7. Statistical Analysis

The means obtained from the two production cycles for each cultivar were subjected
to analysis of variance (ANOVA) to determine the effects of the rootstocks and training
systems and their interactions. Subsequently, the means were compared using the Tukey
test (p < 0.05), utilizing the Sisvar 6.0 software [36]. Additionally, to characterize the
interaction between the rootstocks and the training systems and to assess the correlation of
the variables, principal component analysis (PCA) was performed using Statistical Analysis
Software 4.0 (SAS).

3. Results

3.1. Impact of Rootstocks and Training Systems on ‘IAC 138-22 Maximo’ Grape Variety:
Physiological, Biochemical Parameters and Yield

Significant interactions were observed between rootstocks and training systems con-
cerning the electron transport rate (ETR), stomatal conductance (gs), transpiration rate (E),
water-use efficiency (WUE), assimilation rate (A), and internal carbon concentration (Ci) in
the ‘IAC 138-22 Máximo’ grape variety (Table 1).

A higher ETR was achieved with the combination of the rootstock 106-8 ‘Mgt’ and the
high espalier, as well as with the rootstock ‘IAC 766 Campinas’ and the low espalier. This
suggests that these specific combinations are more efficient in capturing and utilizing light
energy for electron transport, leading to increased production of ATP and NADPH, which
are essential for the synthesis of photoassimilates.
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Table 1. Electron transport rate (ETR), stomatal conductance (gs), transpiration rate (E), water-use
efficiency (WUE), CO2 assimilation rate (A), and internal carbon concentration (Ci) of the ‘IAC 138-22
Máximo’ vine on different rootstocks and training systems.

Variables Cycle
Trellis
System

Rootstocks

CV (%)‘IAC 766
Campinas’

106-8 ‘Mgt’

ETR (μmol
electrons m−2s−1)

I
Low 130.34 ± 3.0 119.90 ± 3.4

3.71

High 119.49 ± 1.9 149.39 ± 4.3

II
Low 166.82 ± 4.9 147.82 ± 3.4
High 126.57 ± 4.4 166.91 ± 4.3

Aver.
Low 148.58 ± 7.07 aA 133.86 ± 5.51 bB
High 123.03 ± 3.16 bB 158.15 ± 9.93 aA

gs (mol m−2s−1)

I
Low 0.18 ± 0.01 0.20 ± 0.01

4.12

High 0.12 ± 0.01 0.17 ± 0.01

II
Low 0.28 ± 0.01 0.30 ± 0.01
High 0.22 ± 0.01 0.27 ± 0.01

Aver.
Low 0.23 ± 0.01 aB 0.25 ± 0.01 aA
High 0.17 ± 0.001 bB 0.22 ± 0.01 bA

E (mmol water
vapor m−2s−1)

I
Low 4.09 ± 0.3 4.69 ± 0.4

4.26

High 3.19 ± 0.9 3.94 ± 0.3

II
Low 10.03 ± 0.4 10.49 ± 0.2
High 10.45 ± 0.3 8.99 ± 0.3

Aver.
Low 7.06 ± 0.42 aB 7.59 ± 0.30 aA
High 6.82 ± 0.24 aA 6.47 ± 0.17 bB

WUE (μmol CO2
(mmol H2O)−1)

I
Low 3.90 ± 0.3 3.80 ± 0.3

4.09

High 3.80 ± 0.2 4.19 ± 0.4

II
Low 5.16 ± 0.1 5.04 ± 0.3
High 5.32 ± 0.3 7.13 ± 0.4

Aver.
Low 4.53 ± 0.25 aA 4.42 ± 0.11 bA
High 4.56 ± 0.18 aB 5.66 ± 0.15aA

A (μmol CO2
m−2s−1)

I
Low 39.49 ± 3.4 42.89 ± 1.8

5.59

High 34.47 ± 3.0 40.10 ± 1.1

II
Low 29.01 ± 3.4 34.75 ± 1.8
High 24.55 ± 3.4 32.24 ± 1.9

Aver.
Low 34.75 ± 1.38 aA 38.82 ± 2.48 aA
High 29.51 ± 1.51 bB 36.17 ± 1.25 aA

Ci (μmolCO2
mol−1 air)

I
Low 189.90 ± 4.9 139.39 ± 3.4

3.72

High 180.03 ± 4.4 100.12 ± 3.9

II
Low 169.96 ± 3.9 157.95 ± 4.0
High 170.59 ± 4.0 106.30 ± 3.9

Aver.
Low 179.93 ± 3.74 aA 148.67 ± 5.70 aB
High 175.31 ± 5.76 aA 103.21 ± 6.11 bB

Mean followed by the same lowercase letter in the column and an uppercase letter in the row do not differ from
each other, according to Tukey’s test (p < 0.05).

Stomatal conductance (gs) is another vital parameter, referring to the rate of CO2 influx
and water vapor efflux through the stomata. An increase in gs, as observed in vines grafted
onto the rootstock 106-8 ‘Mgt’ with the low espalier training system, allows for greater CO2
intake, thereby increasing the assimilation rate (A). It was also noted that the transpiration
rate (E), which measures water loss through the stomata, increased as well, potentially
aiding in maintaining leaf temperature and ensuring continuous water and nutrient flow.
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The increased gs and E in vines grafted onto the rootstock 106-8 ‘Mgt’ may have
contributed to the lower water-use efficiency (WUE) in this combination of rootstock and
training system, indicating that, despite the increased photosynthesis, water was not used
as efficiently, which may result in lower biomass accumulation.

In both training systems, vines grafted onto the rootstock ‘IAC 766 Campinas’ exhib-
ited a higher internal carbon concentration (Ci), suggesting that despite the high stomatal
conductance (gs), CO2 fixation may not have been as efficient due to lower Rubisco activ-
ity and reduced water-use efficiency (WUE). Another hypothesis is that mesophyll cells
consume CO2 during photosynthetic assimilation, consequently resulting in lower CO2
concentration in the intercellular airspace compared to the ambient air outside the leaf. The
internal carbon concentration (Ci) reflects the concentration of CO2 within the leaves and
indicates the balance between CO2 fixation and its entry through the stomata.

Thus, it was observed that the correct choice of rootstock and training system can
optimize photosynthesis and water use in vines, resulting in more efficient and productive
plants. These interactions directly influence physiological parameters, such as the ETR,
gs, E, WUE, A, and Ci, and consequently, the agronomic performance of the ‘IAC 138-22
Máximo’ vines.

No interaction was observed between the rootstocks and training systems for the SPAD
index and total chlorophyll content in the ‘IAC 138-22 Máximo’ vine, with only rootstocks
showing a significant isolated effect. Higher SPAD indices and chlorophyll contents were
obtained with the use of the rootstock 106-8 ‘Mgt’ (Table 2). Vines with higher SPAD
indices exhibit greater green coloration intensity, as a result of higher concentrations of
photosynthetic pigments, particularly chlorophylls. This aspect is particularly important
for grapes intended for processing, where a high SPAD index and chlorophyll content
enhance light utilization during photosynthesis, increasing carbohydrate accumulation,
which will be converted into sugars in the berries and energy for the next production cycle.

Table 2. SPAD index and total chlorophyll of the ‘IAC 138-22 Máximo’ vine on different rootstocks
and training systems.

Variables Cycle
Trellis System Rootstocks

CV (%)
Low High ‘IAC 766 Campinas’ 106-8 ‘Mgt’

SPAD index
I 30.03 ± 1.49 31.04 ± 2.04 30.09 ± 3.49 34.10 ± 3.10

4.83II 36.91 ± 1.92 34.12 ± 2.03 31.85 ± 3.39 36.06 ± 3.12
Aver. 33.47 ± 2.79 a 32.58 ± 2.38 a 30.97 ± 1.63 b 35.08 ± 1.27 a

Total chlorophyll
(mg 100 g−1 of leaves)

I 44.03 ± 4.49 42.89 ± 3.90 40.12 ± 4.10 49.90 ± 3.48
11.94II 51.15 ± 3.90 44.47 ± 3.89 41.90 ± 3.90 50.62 ± 3.92

Aver. 47.59 ± 8.10 a 43.68 ± 5.61 a 41.01 ± 5.12 b 50.26 ± 5.54 a

Mean followed by the same lowercase letter within the same factor do not differ from each other, according to
Tukey’s test (p < 0.05).

Associating these results with photosynthetic parameters, it can be inferred that vines
with a higher chlorophyll content and SPAD index, as observed with the rootstock 106-8
‘Mgt’, exhibit greater photosynthetic efficiency. This is reflected in a higher ETR and CO2
assimilation rate (A), promoting better photosynthetic performance.

No significant interaction was observed between rootstocks and training systems for
the productive and physicochemical variables of the ‘IAC 138-22 Máximo’ grape must.
Therefore, the isolated effect of the variables was assessed. Significant differences were
found for the production, yield, cluster fresh weight, soluble solids, and pH, among the
training systems. Except for pH, all the variables showed higher results when the ‘IAC
138-22 Máximo’ vine was trained with a high espalier (Table 3).

The yield of the vines trained with a high espalier was 38.52% higher than those
trained with a low espalier, demonstrating greater compatibility of the cultivar with this
training system, possibly due to its high vigor. The ‘IAC 138-22 Máximo’ vine requires a
system that allows for better distribution of the branches and the vegetative canopy, thus
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providing more efficient leaf distribution and greater solar radiation capture. This bene-
fits the photosynthetic process, increasing photoassimilate production and, consequently,
the yield. Additionally, this training system resulted in heavier clusters, which directly
contributes to the observed higher yield.

Table 3. Number and fresh weight of clusters, yield, productivity, soluble solids, pH, titratable acidity
(TA), SS/TA ratio, and reducing sugars of the ‘IAC 138-22 Máximo’ vine on different rootstocks and
training systems.

Variable Cycle
Trellis System Rootstocks

CV (%)
Low High ‘IAC 766 Campinas’ 106-8 ‘Mgt’

Number of clusters
per plant

I 22.33 ± 3.4 23.00 ± 3.4 26.80 ± 3.1 28.17 ± 3.1
26.04II 21.31 ± 2.3 23.34 ± 3.2 16.88 ± 3.4 18.13 ± 3.4

Aver. 21.82 ± 7.18 a 23.17 ± 8.16 a 21.84 ± 6.64 a 23.15 ± 8.60 a

Fresh cluster
weight (g)

I 176.82 ± 30.4 266.58 ± 31.3 175.12 ± 34.4 246.45 ± 33.4
31.99II 218.14 ± 32.3 281.64 ± 30.3 333.56 ± 34.3 188.07 ± 34.9

Aver. 197.48 ± 37.72 b 274.11 ± 23.69 a 254.34 ± 27.96 a 217.26 ± 32.91 a

Yield (kg per plant)
I 3.65 ± 1.2 5.40 ± 1.9 6.34 ± 1.3 4.58 ± 1.3

28.02II 4.67 ± 1.4 6.12 ± 1.9 3.80 ± 1.2 5.12 ± 1.2
Aver. 4.16 ± 1.14 b 5.76 ± 1.47 a 5.07 ± 1.57 a 4.85 ± 1.52 a

Productivity (t/ha)
I 14.59 ± 2.3 23.74 ± 1.9 14.61 ± 1.8 13.65 ± 1.3

28.02II 18.69 ± 2.4 22.36 ± 1.8 25.95 ± 1.9 25.19 ± 1.9
Aver. 16.64 ± 4.54 b 23.05 ± 5.89 a 20.28 ± 6.28 a 19.42 ± 6.10 a

Soluble solids
(◦Brix)

I 14.22 ± 1.2 15.03 ± 1.9 15.00 ± 1.8 14.39 ± 1.0
9.18II 14.16 ± 1.3 15.47 ± 1.4 15.26 ± 1.2 14.23 ± 1.2

Aver. 14.19 ± 1.36 b 15.25 ± 1.55 a 15.13 ± 1.63 a 14.31 ± 1.36 a

pH
I 3.34 ± 0.08 3.30 ± 0.09 3.25 ± 0.03 3.32 ± 0.04

2.04II 3.44 ± 0.09 3.32 ± 0.02 3.45 ± 0.04 3.40 ± 0.03
Aver. 3.39 ± 0.09 a 3.31 ± 0.08 b 3.35 ± 0.08 a 3.36 ± 0.11 a

TA (% tartaric acid)
I 1.02 ± 0.1 1.01 ± 0.1 1.02 ± 0.4 1.08 ± 0.6

13.76II 0.94 ± 0.2 0.87 ± 0.3 0.78 ± 0.4 0.96 ± 0.9
Aver. 0.98 ± 0.16 a 0.94 ± 0.16 a 0.90 ± 0.18 b 1.02 ± 0.11 a

SS/TA
I 13.94 ± 1.9 14.88 ± 1.3 14.70 ± 1.1 13.32 ± 1.3

20.07II 15.88 ± 1.8 18.68 ± 1.3 20.34 ± 1.2 15.02 ± 1.9
Aver. 14.91 ± 3.15 a 16.78 ± 4.31 a 17.52 ± 4.40 a 14.17 ± 2.25 b

Reducing sugars
(%)

I 9.32 ± 1.3 9.44 ± 1.4 9.34 ± 1.3 9.40 ± 1.3
10.76II 11.80 ± 1.4 12.52 ± 1.9 11.82 ± 1.3 12.52 ± 1.4

Aver. 10.56 ± 1.89 a 10.98 ± 1.70 a 10.58 ± 1.53 a 10.96 ± 2.04 a

Mean followed by the same lowercase letter within the same factor do not differ from each other, according to
Tukey’s test (p < 0.05).

The high espalier system promotes an increase in the soluble solids in the must of the
‘IAC 138-22 Máximo’ grape (15.25 ◦Brix). Although the training system did not influence
the titratable acidity and the SS/TA ratio, the low espalier system produced fruit with an
acidity of 0.98% tartaric acid and an SS/TA ratio of 14.91, values below the requirements
in Brazilian legislation, which stipulates a maximum acidity of 0.9% tartaric acid and
a minimum SS/TA ratio of 15 for grapes intended for processing. This result was also
observed when the vines were grafted onto the rootstock 106-8 ‘Mgt’, which had a titratable
acidity of 1.02% tartaric acid and an SS/TA ratio of 14.17.

When a grape cultivar exhibits high acidity, low soluble solids content, or any other
undesirable chemical characteristic, it becomes crucial to diversify cultivars for blending
purposes. This aims to balance the potential limitations of each cultivar, thus meeting the
required standards for beverage production and enhancing the quality of juices and wines.

The high espalier system, by providing better canopy distribution, supports a higher
ETR and assimilation rate, optimizing light utilization and increasing ATP and NADPH
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production. This not only improves photosynthesis, but also enhances the efficiency of
photoassimilate production, resulting in a higher soluble solids content and better grape
must quality. Therefore, choosing an appropriate training system, such as the high espalier,
in combination with efficient rootstocks, is crucial for maximizing the productivity and
quality of the ‘IAC 138-22 Máximo’ vine.

A well-distributed canopy allows more leaves to receive direct light, increasing the
CO2 assimilation rate and light-use efficiency. Increased photosynthetic activity promotes a
higher concentration of carbohydrates, which are utilized for the growth and development
of the clusters, explaining the greater cluster fresh weight and higher soluble solids concen-
tration. Thus, the high espalier offers optimal conditions to maximize the photosynthetic
efficiency and productivity of the ‘IAC 138-22 Máximo’ vine.

The rootstock ‘IAC 766 Campinas’ provided the ‘IAC 138-22 Máximo’ grape must
with lower titratable acidity, increasing the SS/TA ratio and improving the grape flavor.

Improvements to the photosynthetic efficiency and carbohydrate production of
grapevines are essential for fruit growth and development. Consequently, the increased
absorption and availability of nutrients, common to vigorous rootstocks, may lead to re-
duced titratable acidity, balancing the SS/TA ratio and enhancing the flavor and quality of
the must.

Moreover, the greater vigor of the ‘IAC 766 Campinas’ rootstock may be associated
with its better adaptation to various environmental and soil conditions, promoting more
balanced and healthy vine growth. This results in a more efficient distribution of resources
within the plant, contributing to a more uniform development of the aerial parts and,
particularly, the clusters, leading to better overall fruit quality.

Significant interactions were observed between rootstocks and training systems for
the total phenolic compounds, monomeric anthocyanins, and antioxidant activity (DPPH
and FRAP) of the ‘IAC 138-22 Máximo’ grapevine (Table 4). The combination of the high
espalier with the ‘IAC 766 Campinas’ rootstock resulted in higher levels of monomeric
anthocyanins and total phenolic compounds in the grapes, increasing the antioxidant
activity as expressed by DPPH and FRAP values (Table 4).

The presence of high levels of phenolic compounds, anthocyanins, and antioxidant
activity in the berry skins of ‘IAC 138-22 Máximo’ grapes, especially when combined with
the ‘IAC 766 Campinas’ rootstock and the high espalier system, offers numerous health
benefits. Anthocyanins and flavonoids are positively related to vine exposure to solar
radiation, which justifies the high antioxidant activity observed in grapes cultivated with
this combination of training system and rootstock.

The high antioxidant activity observed, as measured by the DPPH and FRAP methods,
indicates that these grapes have a significant capacity to combat cellular damage caused by
reactive oxygen species.

The higher concentration of these compounds in the combination of the high espalier
and the ‘IAC 766 Campinas’ rootstock suggests an increased synthesis of flavonoids.

The combination of the high espalier and the ‘IAC 766 Campinas’ rootstock proved
effective in maximizing the levels of these bioactive compounds in the grape skins. This
training system and rootstock favor light exposure and canopy distribution, optimizing
photosynthesis [14] and secondary metabolite production.

Consequently, the increase in phenolic compounds and anthocyanins not only im-
proves the functional and sensory quality of the grapes, but also enhances the health
benefits, making these grapes highly beneficial for both fresh consumption and for the
production of juices and wines. Therefore, the choice of appropriate training systems and
rootstocks is crucial for maximizing the beneficial chemical and biochemical attributes of
‘IAC 138-22 Máximo’ grapes for consumers.
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Table 4. Total phenolic compounds, total monomeric anthocyanins, and antioxidant activity (DPPH
and FRAP) in the skin of ‘IAC 138-22 Máximo’ grapes on different rootstocks and training systems.

Variables Cycle Trellis System
Rootstocks

CV (%)
‘IAC 766 Campinas’ 106-8 ‘Mgt’

Total phenolic compounds
(mg 100 g−1 of berry skins)

I
Low 903.80 ± 1.3 890.14 ± 1.2

1.07

High 989.19 ± 1.9 919.12 ± 1.4

II
Low 957.98 ± 3.4 918.54 ±1.8
High 1130.15 ± 3.4 1054.48 ± 1.9

Aver.
Low 930.89 ± 3.64 bA 904.34 ± 1.65 bB
High 1059.67 ± 18.30 aA 986.80 ± 8.89 aB

Total monomeric
anthocyanins (mg 100 g−1

of berry skins)

I
Low 642.39 ± 3.0 400.39 ± 3.4

9.35

High 649.39 ± 1.9 600.89 ± 3.4

II
Low 649.81 ± 1.8 471.17 ± 3.9
High 656.95 ± 1.4 610.89 ± 3.4

Aver.
Low 646.10 ± 35.12 aA 435.78 ± 23.45 bB
High 653.17 ± 38.79 aA 605.89 ± 30.56 aA

DPPH (Mmol g−1 of
berry skins)

I
Low 12.19 ± 0.9 17.39 ± 1.8

8.84

High 19.39 ± 0.8 19.49 ± 1.2

II
Low 16.35 ± 0.3 27.49 ± 1.2
High 31.77 ± 0.4 29.49 ± 1.9

Aver.
Low 14.27 ± 0.69 bB 22.44 ± 2.00 bA
High 30.90 ± 0.74 aA 24.49 ± 3.11 aB

FRAP (Mmol Fe kg−1 of
berry skins)

I
Low 190.39 ± 3.4 189.90 ± 3.4

3.35

High 290.44 ± 3.3 290.34 ± 1.2

II
Low 371.21 ± 3.9 325.22 ± 3.4
High 318.08 ± 4.9 271.70 ± 3.9

Aver.
Low 280.80 ± 25.85 bA 257.56 ± 11.89 bB
High 304.26 ± 4.26 aA 281.02 ± 27.15 aB

Mean followed by the same lowercase letter within the column and a capital letter within the row do not differ
from each other, according to Tukey’s test (p < 0.05).

3.2. Impact of Rootstock and Training Systems on ‘BRS Violeta’ Grape Variety: Physiological,
Biochemical Parameters and Yield

For the variables, namely the electron transport rate (ETR), stomatal conductance (gs),
CO2 assimilation rate (A), internal carbon concentration (Ci), and SPAD index of the ‘BRS
Violeta’ vine, a significant interaction between the rootstocks and training systems was
observed (Table 5). The combination of ‘IAC 766 Campinas’ with the low espalier resulted
in reduced energy dissipation and a higher ETR, indicating a less stressful condition for
the scion cultivar and resulting in less wear on the vines. This combination also increased
the CO2 assimilation rate and reduced the internal carbon concentration, reinforcing the
benefits of this combination for vine cultivation (Table 5).

The lower energy dissipation observed with the combination of ‘IAC 766 Campinas’
and a low espalier suggests that this interaction optimizes the capture of light energy,
directing it more efficiently towards photosynthetic processes.

Furthermore, the reduction in the internal carbon concentration (Ci) observed with
this interaction suggests that the available CO2 is rapidly fixed during photosynthesis,
preventing CO2 accumulation in leaf cells and potentially reducing oxidative stress [27,28].

For the SPAD index, a significant interaction was observed, with the ‘IAC 766 Camp-
inas’ rootstock providing higher SPAD values in ‘BRS Violeta’ vines, regardless of whether
it was combined with a low or high espalier. The SPAD index is an indirect indicator of
chlorophyll content, with high SPAD values being associated with greater photosynthetic
capacity of the plant.
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Table 5. Electron transport rate (ETR), stomatal conductance (gs), assimilation rate (A), internal
carbon concentration (Ci), and SPAD index of the ‘BRS Violeta’ vine on different rootstocks and
training systems.

Variables Cycle Trellis System
Rootstocks

CV (%)
‘IAC 766 Campinas’ 106-8 ‘Mgt’

ETR (μmol electrons
m−2s−1)

I
Low 119.39 ± 1.4 100.39 ± 1.4

1.49

High 112.34 ± 1.2 100.12 ± 1.2

II
Low 129.37 ± 1.2 127.89 ± 3.4
High 89.06 ± 1.3 100.10 ± 3.4

Aver.
Low 124.38 ± 3.50 aA 114.14 ± 5.64 aB
High 100.70 ± 5.96 bA 100.11 ± 4.87 bA

gs (mol m−2s−1)

I
Low 0.14 ± 0.01 0.10 ± 0.01

2.24

High 0.19 ± 0.01 0.12 ± 0.01

II
Low 0.42 ± 0.01 0.18 ± 0.01
High 0.33 ± 0.01 0.14 ± 0.01

Aver.
Low 0.28 ± 0.01 aA 0.14 ± 0.001 aB
High 0.26 ± 0.001 bA 0.13 ± 0.001 aB

A (μmol CO2 m−2s−1)

I
Low 30.30 ± 1.2 30.01 ± 1.4

3.63

High 34.03 ± 1.4 34.39 ± 1.9

II
Low 41.96 ± 1.3 32.79 ± 1.3
High 27.97 ± 1.2 25.09 ± 1.2

Aver.
Low 36.13 ± 1.27 aA 31.40 ± 1.06 aB
High 31.00 ± 0.38 bA 29.74 ± 1.30 aA

Ci (μmolCO2 mol−1 air)

I
Low 139.44 ± 3.4 130.44 ± 3.4

4.76

High 148.44 ± 3.9 144.44 ± 3.4

II
Low 119.14 ± 3.4 134.42 ± 3.4
High 176.52 ± 3.4 158.74 ± 3.4

Aver.
Low 129.29 ± 8.21 bA 132.43 ± 3.20 bA
High 162.48 ± 3.37 aA 151.59 ± 7.21 aA

SPAD index

I
Low 17.12 ± 1.2 17.89 ± 0.3

4.90

High 19.39 ± 1.2 19.90 ± 0.3

II
Low 41.10 ± 1.4 25.25 ± 1.2
High 41.29 ± 1.4 33.60 ± 1.2

Aver.
Low 29.11 ± 2.72 aA 21.57 ± 0.57 bB
High 30.34 ± 0.83 aA 26.75 ± 1.35 aB

Mean followed by the same lowercase letter in the column and a capital letter in the row indicate that they do not
differ, according to Tukey’s test (p < 0.05).

The presence of higher chlorophyll content suggests that the ‘IAC 766 Campinas’
rootstock is particularly effective in enhancing the photosynthetic efficiency of ‘BRS Vio-
leta’, providing optimal conditions for the production of ATP and NADPH, necessary for
CO2 assimilation.

The combination of the ‘IAC 766 Campinas’ rootstock with both training systems (low
or high espalier) maximizes the SPAD index, contributing to a higher ETR, gs, and A. The
increased ETR facilitates electron transfer between the photosystems, while a higher gs
enhances the gas exchange and CO2 uptake. The combination of these physiological and
biochemical characteristics optimizes photosynthesis, promoting more vigorous growth of
‘BRS Violeta’ vines.

There were no significant interactions between the training systems and rootstocks in
terms of the transpiration rate (E), water-use efficiency (WUE), and chlorophyll content;
therefore, these variables were analyzed separately (Table 6). For the photosynthetic
pigments, no significant differences were observed in any of the evaluated variables.
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Table 6. Transpiration rate (E), water-use efficiency (WUE), and total chlorophyll of the ‘BRS Violeta’
vine on different rootstocks and training systems.

Variables Cycle
Trellis System Rootstocks

CV (%)
Low High ‘IAC 766 Campinas’ 106-8 ‘Mgt’

E (mmol water vapor
m−2s−1)

I 6.49 ± 1.3 7.02 ± 0.9 8.71 ± 0.3 6.27 ± 0.9
4.64II 9.03 ± 1.9 9.72 ± 1.0 10.79 ± 0.4 6.49 ± 1.0

Aver. 7.76 ± 2.00 b 8.37 ± 1.66 a 9.75 ± 0.38 a 6.38 ± 0.56 b

WUE (μmol CO2
(mmol H2O)−1)

I 3.39 ± 0.9 2.89 ± 0.8 4.34 ± 1.1 4.39 ± 1.0
5.26II 5.45 ± 0.8 4.77 ± 0.9 2.98 ± 1.4 4.81 ± 1.2

Aver. 4.42 ± 0.62 a 3.83 ± 0.44 b 3.66 ± 0.29 b 4.60 ± 0.44 a

Total chlorophyll (mg
100 g−1 of leaves)

I 53.39 ± 3.8 69.03 ± 1.9 64.12 ± 1.8 60.03 ± 1.0
9.89II 69.61 ± 3.4 63.97 ± 1.8 67.82 ± 1.4 64.03 ± 1.2

Aver. 61.50 ± 8.96 a 66.50 ± 4.21 a 65.97 ± 6.70 a 62.03 ± 4.21 a

Mean followed by the same lowercase letter in the column indicate that they do not differ, according to Tukey’s
test (p < 0.05).

The ‘BRS Violeta’ hybrid grown with a low espalier has higher water-use efficiency
(WUE), particularly when combined with the 106-8 ‘Mgt’ rootstock, which also resulted in
a lower transpiration rate (E). Since the WUE indicates the plant’s capacity to assimilate a
greater amount of carbon dioxide with less water lost through transpiration, a higher water-
use efficiency implies a lower E, which can contribute to better carbohydrate synthesis
efficiency and reduced vulnerability to water stress.

The increased WUE observed with the low espalier and the 106-8 ‘Mgt’ rootstock
suggests an optimization in the plant’s water balance, allowing efficient CO2 assimilation
without excessive water loss through transpiration (E). This trait is particularly advanta-
geous in environments with limited water resources, where the ability to maintain efficient
photosynthesis and carbohydrate production with reduced water consumption is crucial.
Therefore, selecting training systems and rootstocks that maximize the WUE can signifi-
cantly improve the sustainability and productivity of the ‘BRS Violeta’ vine under water
stress conditions.

No significant interactions were observed between rootstocks and training systems for
any of the productive or physicochemical variables of the ‘BRS Violeta’ grape must. There-
fore, the factors were evaluated individually (Table 7). Training systems only influenced
the soluble solids (SS) content and titratable acidity (TA) of the must.

The highest soluble solids (SS) content (16.32 ◦Brix) and the lowest titratable acidity
(TA) (0.68% tartaric acid) were obtained from grapes of vines trained on a high espalier. The
SS content in grapes is primarily composed of sugars (glucose and fructose) and, along with
the TA, are direct indicators of fruit quality, closely linked to photosynthetic metabolism
and the plant’s resource-use efficiency. The higher SS content achieved with a high espalier
suggests better photosynthetic efficiency, as the high espalier configuration allows for
improved light distribution over the canopy, enhancing light capture and CO2 assimilation
(A). This efficiency is highlighted by the elevated values of the electron transport rate (ETR),
stomatal conductance (gs), and SPAD index, which together contribute to increased sugar
production in the fruits (Table 5).

The lower TA observed in grapes from a high espalier can be explained by the increased
CO2 assimilation and greater Rubisco enzyme activity, which channels more carbon into
sugar production, reducing the relative concentration of organic acids in the must. This
combination is ideal for producing grapes with a more balanced and attractive sensory
profile for winemaking.

The ‘IAC 766 Campinas’ rootstock was noted for promoting higher production and
productivity in the ‘BRS Violeta’ vine. The increase in these variables can be attributed to
several physiological advantages provided by this rootstock; hence, it is recognized for its
superior vigor, translating into greater water and nutrient absorption capacity from the soil.
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This is crucial to meet the high metabolic demands associated with photosynthesis and
plant growth.

Table 7. Number and fresh weight of the clusters, yield, productivity, soluble solids, pH, titratable
acidity (TA), SS/TA ratio, and reducing sugars of the ‘BRS Violeta’ vine on the different rootstocks
and training systems.

Variables Cycle
Trellis System Rootstocks

CV (%)
Low High ‘IAC 766 Campinas’ 106-8 ‘Mgt’

Number of clusters per
plant

I 8.64 ± 1.2 8.52 ± 1.8 8.91 ± 1.7 7.49 ± 1.9
1.87II 7.92 ± 1.9 7.80 ± 1.9 8.87 ± 1.8 7.61 ± 1.2

Aver. 8.28 ± 2.49 a 8.16 ± 3.87 a 8.89 ± 3.02 a 7.55 ± 3.34 a

Fresh cluster weight (g)
I 173.00 ± 24.3 183.00 ± 30.1 190.30 ± 31.3 164.39 ± 19.8

27.97II 202.86 ± 19.3 197.5 ± 14.9 213.42 ± 14.8 188.25 ± 12.1
Aver. 187.93 ± 40.55 a 190.25 ± 48.05 a 201.86 ± 52.05 a 176.32 ± 30.06 a

Yield (kg per plant)
I 1.60 ± 0.7 2.02 ± 1.1 2.30 ± 1.3 1.49 ± 0.9

0.36II 1.44 ± 0.3 1.08 ± 0.9 1.16 ± 1.0 1.21 ± 1.2
Aver. 1.52 ± 0.48 a 1.55 ± 0.81 a 1.73 ± 0.60 a 1.35 ± 0.68 b

Productivity (t/ha)
I 5.69 ± 1.3 5.91 ± 1.4 6.34 ± 1.9 5.49 ± 1.2

1.47II 6.49 ± 1.1 6.55 ± 1.2 7.50 ± 1.8 5.31 ± 1.0
Aver. 6.09 ± 1.94 a 6.23 ± 3.25 a 6.92 ± 2.39 a 5.40 ± 2.73 b

Soluble solids (◦Brix)
I 15.61 ± 2.1 16.19 ± 1.9 16.10 ± 1.3 15.80 ± 1.9

0.31II 16.37 ± 1.9 16.45 ± 1.8 16.54 ± 1.2 16.18 ± 1.3
Aver. 15.99 ± 0.49 b 16.32 ± 0.53 a 16.32 ± 0.51 a 15.99 ± 0.52 b

pH
I 3.47 ± 0.8 3.45 ± 0.9 3.49 ± 0.1 3.44 ± 0.9

0.07II 3.69 ± 0.9 3.65 ± 0.8 3.75 ± 0.1 3.60 ± 0.9
Aver. 3.58 ± 0.16 a 3.55 ± 0.12 a 3.62 ± 0.16 a 3.52 ± 0.10 b

TA (% tartaric acid)
I 0.73 ± 0.3 0.69 ± 0.10 0.71 ± 0.3 0.70 ± 0.4

0.06II 0.77 ± 0.2 0.67 ± 0.9 0.75 ± 0.1 0.70 ± 0.3
Aver. 0.75 ± 0.15 a 0.68 ± 0.09 b 0.73 ± 0.15 a 0.70 ± 0.11 a

SS/TA
I 20.19 ± 3.9 21.90 ± 3.8 22.90 ± 2.7 21.89 ± 2.3

1.53II 26.37 ± 3.2 27.10 ± 3.1 24.86 ± 1.1 25.91 ± 1.9
Aver. 23.28 ± 2.86 a 24.50 ± 3.09 a 23.88 ± 3.46 a 23.90 ± 2.56 a

Reducing sugars (%)
I 10.39 ± 1.3 11.34 ± 1.4 12.49 ± 1.3 11.89 ± 1.9

0.80II 14.89 ± 1.2 15.40 ± 1.9 14.05 ± 1.4 13.59 ± 1.9
Aver. 12.64 ± 1.38 a 13.37 ± 1.42 a 13.27 ± 1.73 a 12.74 ± 1.04 a

Mean followed by the same lowercase letter on the line, within the same factor, do not differ from each other,
according to Tukey’s test (p < 0.05).

Thus, the greater photosynthetic efficiency of vines grafted onto ‘IAC 766 Campinas’
is evidenced by the higher values of the ETR, gs, and CO2 assimilation rate (A) (Table 5).
These parameters indicate that the vines have a greater capacity to capture and utilize solar
light for photosynthesis, resulting in higher production of ATP and NADPH, which are
essential for carbohydrate synthesis and increased vine production.

Vines grafted onto this rootstock showed higher SS and pH values, indicating an
optimal balance between sugar accumulation and must pH. The superior capacity of ‘IAC
766 Campinas’ to support cultivation conditions and maximize carbohydrate production
makes it a recommended choice for the ‘BRS Violeta’ vine. The higher CO2 assimilation
rate (A) observed with the use of this rootstock indicates that more carbon is being fixed
and converted into sugars and other photoassimilates, which are used for fruit growth
and development.

Moreover, the improved regulation of must pH with ‘IAC 766 Campinas’ indicates a
balance between sugar synthesis and organic acid accumulation, resulting in higher quality
fruit for wine and juice production. Specifically concerning pH, studies suggest that the
effects of rootstocks may be related to their capacity for potassium extraction from the soil.
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In both grapes and beverages, such as grape juice and wine, pH measurement is
crucial as it is directly related to anthocyanin stability, which affects the color intensity of
these beverages. Therefore, the choice of rootstock not only impacts vine productivity and
health, but also the final quality of the grape-derived products, highlighting the importance
of ‘IAC 766 Campinas’ in optimizing the production and quality of ‘BRS Violeta’ grapes.

There were interactions among the factors evaluated for the secondary metabolites in
the skin of ‘BRS Violeta’ grapes. The combination of using the ‘IAC 766 Campinas’ rootstock
with the high espalier resulted in higher levels of total phenolic compounds and monomeric
anthocyanins, as well as greater antioxidant activity, using both methods (Table 8).

Table 8. Total phenolic compounds, total monomeric anthocyanins, and antioxidant activity (DPPH
and FRAP) in the skin of ‘BRS Violeta’ grape in different rootstocks and training systems.

Variables Cycle Trellis System
Rootstocks

CV (%)
‘IAC 766 Campinas’ 106-8 ‘Mgt’

Total phenolic compounds
(mg 100 g−1 of berry skins)

I
Low 1059.67 ± 18.3 1130.15 ± 3.4

1.81

High 1390.90 ± 12.3 1300.39 ± 3.4

II
Low 1977.87 ± 10.1 1030.73 ± 1.9
High 1809.78 ± 12.1 1711.55 ± 1.8

Aver.
Low 1518.77 ± 23.45 bA 1080.44 ± 8.80 bB
High 1600.34 ± 20.77 aA 1505.97 ± 40.27 aB

Total monomeric
anthocyanins (mg 100 g−1

of berry skins)

I
Low 989.19 ± 11.2 930.89 ± 12.4

6.88

High 1089 ± 10.9 1300.39 ± 12.3

II
Low 1672.35 ± 10.2 700.45 ± 10.2
High 1732.62 ± 10.3 1292.75 ± 10.3

Aver.
Low 1330.77 ± 49.62 bA 815.67 ± 13.85 bB
High 1410.81 ± 46.89 aA 1296.57 ± 47.90 aB

DPPH (Mmol g−1 of
berry skins)

I
Low 600.37 ± 6.4 500.13 ± 10.3

1.36

High 600.39 ± 9.3 500.69 ± 4.4

II
Low 674.43 ± 3.4 527.47 ± 1.9
High 679.35 ± 3.4 638.79 ± 1.9

Aver.
Low 637.40 ± 6.49 bA 513.80 ± 10.63 bB
High 639.87 ± 9.51 aA 569.74 ± 3.32 aB

FRAP (Mmol Fe kg−1 of
berry skins)

I
Low 39.89 ± 3.4 30.30 ± 3.0

1.39

High 40.39 ± 1.9 34.34 ± 3.4

II
Low 42.09 ± 1.2 43.78 ± 1.2
High 47.29 ± 1.2 45.44 ± 1.2

Aver.
Low 40.99 ± 7.26 bA 37.04 ± 5.82 bB
High 43.84 ± 3.11 aA 39.89 ± 4.06 aB

Mean followed by the same lowercase letter in the column and a capital letter in the row do not differ, according
to Tukey’s test (p < 0.05).

The higher concentration of phenolic compounds obtained with the high espalier can
be attributed to better sunlight distribution, which promotes increased photosynthetic
activity and synthesis of secondary metabolites, such as phenolic compounds.

This same interaction between the rootstock and the training system also resulted in
increased anthocyanin content in the grape skins (Table 8). Biochemically, anthocyanins are
pigments responsible for grape coloration and play a significant role in antioxidant activity.

Greater light exposure with a high espalier can induce the expression of genes re-
lated to anthocyanin biosynthesis, resulting in higher concentrations of these pigments.
Enhanced photosynthetic efficiency, evidenced by the high ETR and increased production
of ATP and NADPH (Table 5), also contributes to the increased synthesis of anthocyanins.

Anthocyanins, along with other phenolic components present in ‘BRS Violeta’ grapes,
are of extreme importance in the production of red wines and, particularly, juices. Therefore,
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the correct choice of training system and rootstock, which have greater affinity with the
‘BRS Violeta’ cultivar, is essential to maximize the accumulation potential of antioxidant
compounds in grapes.

Vines trained with a high espalier and grafted onto the ‘IAC 766 Campinas’ rootstock
exhibited higher antioxidant activity (DPPH: 639.87 μmol g−1 of grape skin; and FRAP:
43.84 μmol Fe kg−1 of grape skin). These results indicate that the increased synthesis of
phenolic compounds and anthocyanins as a result of a high espalier not only enhances the
nutritional quality of the grapes, but also boosts their antioxidant capacity.

Therefore, the choice of training system and rootstock has a significant impact on
the phytochemical composition and antioxidant activity of ‘BRS Violeta’ grapes. The high
espalier, combined with the ‘IAC 766 Campinas’ rootstock, proved to be the most effective
combination for maximizing the concentration of phenolic compounds, anthocyanins,
and antioxidant activity. This combination not only improves the nutritional and sensory
quality of the grapes, but also enhances the photosynthetic efficiency and resistance to
environmental stresses, promoting more sustainable and high-quality production.

3.3. Principal Component Analysis (PCA)

Principal Component Analysis (PCA) of the ‘IAC 138-22 Máximo’ vine reveals that
the first two principal components (PCA 1 and PCA 2, Figure 2A) account for 85.03% of
the total variance in the data. It is observed that parameters related to photosynthetic
efficiency, such as the SPAD index, internal carbon concentration (Ci), assimilation rate (A),
and electron transport rate (ETR), are positively correlated and associated with the ‘IAC 766
Campinas’ rootstock and the high espalier. This indicates that this combination promotes
better conditions for photosynthesis, resulting in higher production of photoassimilates
and higher levels of phenolic compounds and anthocyanins, which are crucial for the
nutritional and sensory quality of the grapes and wines.

Parameters, such as the pH, yield, productivity, and soluble solids, are also positively
correlated with a high espalier, highlighting the importance of this training system in
maximizing the quality of grape must. The 106-8 ‘Mgt’ rootstock, associated with the
low espalier, showed lower efficiency in regard to all these parameters, suggesting re-
duced physiological and biochemical performance of the ‘IAC 138-22 Máximo’ vines under
these conditions.

In the PCA of the ‘BRS Violeta’ vine (Figure 2B), the first two principal components
explain 91.62% of the total variance in the data. Similar to ‘IAC 138-22 Máximo’, the
photosynthetic efficiency parameters (SPAD, Ci, A, ETR) are strongly associated with the
‘IAC 766 Campinas’ rootstock combined with the high espalier. This rootstock demonstrated
notable superiority in maximizing the photosynthetic efficiency and, consequently, the
production of phenolic compounds, anthocyanins, and antioxidant activity.

Additionally, must quality parameters, such as the soluble solids (SS) content, yield,
and titratable acidity (TA) are positively correlated with the high espalier and the ‘IAC
766 Campinas’ rootstock. This indicates that this combination not only improves the
photosynthetic efficiency, but also optimizes the physical and chemical qualities of the
grapes. In contrast, the low espalier and the 106-8 ‘Mgt’ rootstock are associated with
lower levels of phenolic compounds, anthocyanins, and antioxidant activity (DPPH and
FRAP), reflecting the reduced physiological and biochemical performance of the grapes
from this combination.

Figure 3 summarizes how different combinations of rootstocks and training systems
affect the production and quality of the grapes from the ‘IAC 138-22 Máximo’ and ‘BRS
Violeta’ cultivars. The use of the ‘IAC 766 Campinas’ rootstock and the high espalier
resulted in increased productivity and improved physiological, physicochemical, and
biochemical attributes of the grapes. These results are explained by the higher capacity
for water and nutrient absorption, the vigor provided by the rootstocks, and the better
light distribution afforded by the high espalier. The integration of these practices can help
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balance the limitations of each variety, meeting the standards required for juices and wines,
and resulting in higher quality products.

(A) (B)

Figure 2. Principal component analysis of hybrid vines on different rootstocks and training systems.
(A) ‘IAC 138-22 Máximo’ and (B) ‘BRS Violeta’. Notes: internal carbon concentration (Ci), total
chlorophyll (Chlor), anthocyanins (Ant), soluble solids (SS), fresh cluster weight (FCW), phenolic
compounds (PC), productivity (Prod), water-use efficiency (WUE), reducing sugars (RS), number of
clusters per plant (NCP), electron transport rate (ETR), assimilation rate (A), titratable acidity (TA),
stomatal conductance (gs), transpiration rate (E).

Figure 3. Graphical abstract of the two grapevine hybrids, ‘IAC 138-22 Maximo’ and ‘BRS Violeta’
and their interaction with the two trellis systems (low 1.6 m and high 2.0 m) and two rootstocks, ‘IAC
766’ (766) and ‘106-8 Mgt’ (Mgt). Notes: water-use efficiency (WUE), electron transport rate (ETR),
transpiration rate (E), total chlorophyll (Chlor), number of clusters per plant (NCP), fresh cluster
weight (FCW), soluble solids (SS), titratable acidity (TA), reducing sugars (RS), phenolic compounds
(PC), total monomeric anthocyanins (Ant), and antioxidant activity (AA).
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In summary, the results indicate that the choice of training system and rootstock has a
significant impact on the physiology, biochemistry, and final quality of the grapes from the
hybrid vines ‘IAC 138-22 Máximo’ and ‘BRS Violeta’. The combination of the high espalier
with the ‘IAC 766 Campinas’ rootstock provides the best conditions for maximizing the
photosynthetic efficiency and the synthesis of essential biochemical compounds, resulting in
grapes of high nutritional and sensory quality. Therefore, this combination is recommended
for the optimized production of these hybrids.

4. Discussion

The electron transport rate (ETR) is a fundamental indicator of photosynthetic perfor-
mance, reflecting the plant’s capacity to transport electrons through the electron transport
chain in chloroplasts. This transport is crucial for ATP and NADPH production, which are
utilized in the Calvin–Benson cycle for carbon fixation [37,38]. CO2 enters the leaves by
diffusing through the stomatal pores on the leaf surface, becoming available as a substrate
for photosynthetic assimilation [39]. The sensitivity of vine leaves to solar exposure and
water use by plants means that the canopy structure dimensions, geometric forms, and
management practices are critical for achieving optimal physiological functioning [40].
Additionally, plants with higher chlorophyll content have a greater capacity to capture
solar radiation, which, combined with optimized stomatal conductance (gs) and a higher
transpiration rate (E), contributes to increased production of ATP and NADPH, essential
for the Calvin–Benson cycle and the production of photoassimilates [37,38].

Physiologically, the improved leaf distribution with a high espalier maximizes solar
light interception, which is essential for photosynthesis [14]. These results may be related
to the interaction between the scion cultivar and the rootstock, as well as to the different
vigor levels provided by the rootstocks to the scion cultivars, since the rootstock ‘IAC 766
Campinas’ is more vigorous than 106-8 ‘Mgt’ [41–43]. The use of more vigorous rootstocks,
such as ‘IAC 766 Campinas’, contributes to an increased capacity for water and nutrient
absorption and translocation by the roots [44,45], which may result in a greater supply of
resources for photosynthesis and plant metabolism. Biochemically, phenolic compounds
and monomeric anthocyanins are important secondary metabolites present in grapes,
playing crucial roles in the defense against environmental stresses and in the nutritional
and sensory quality of the fruit. Phenolic compounds are known for their anti-inflammatory,
anticancer, and cardioprotective properties [46,47]. Anthocyanins, in addition to providing
the characteristic color to grapes, play an important role in the protection against chronic
diseases due to their ability to neutralize free radicals and reduce oxidative stress in the
body [48–51]. Flavonoids are derived from the shikimic and phenolic acid pathways [52].

The high espalier and ‘IAC 766 Campinas’ rootstock favor light exposure and canopy
distribution, optimizing photosynthesis [14] and secondary metabolite production. The
higher ETR indicates a more efficient transfer of electrons between the photosystems, lead-
ing to increased production of ATP and NADPH, which are essential for CO2 assimilation
in the Calvin cycle [37,38]. Increased stomatal conductance (gs) enhances gas exchange,
increasing CO2 uptake and facilitating a higher assimilation rate (A), which translates
into greater photoassimilate production and plant growth [15,19]. The reduction in the
internal carbon concentration (Ci) suggests that the available CO2 is rapidly fixed during
photosynthesis, preventing CO2 accumulation in leaf cells and potentially reducing ox-
idative stress [53]. The SPAD index is an indirect indicator of chlorophyll content; high
SPAD values are associated with greater photosynthetic capacity of the plant [54]. A higher
assimilation rate (A) indicates a greater photosynthetic rate, resulting in increased carbohy-
drate production and plant growth [54]. Water-use efficiency (WUE), indicates the plant’s
capacity to assimilate a greater amount of carbon dioxide with less water lost through
transpiration (E) [55]. An optimization in the plant’s water balance allows efficient CO2
assimilation, without excessive water loss through transpiration [55]. The high espalier
configuration allows for improved light distribution over the canopy, enhancing light
capture and CO2 assimilation (A) [14].
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‘IAC 766 Campinas’ is recognized by its strong vigor, translating into greater water
and nutrient absorption capacity from the soil [41–43,56]. Higher photosynthetic efficiency
is directly related to increased sugar production, which constitutes the main components
of soluble solids [57].

The greater the affinity of the rootstock for potassium, the higher the pH of the
grapes [58]. ‘IAC 766 Campinas’ rootstock has a higher affinity for this nutrient. The
effect of rootstocks on the physicochemical composition of grapes may also be related to
other factors such as vigor, water and nutrient absorption capacity, disease resistance, and
interaction with the scion. These factors directly influence both primary and secondary
plant metabolites and, consequently, grape quality [59–61].

Anthocyanin stability affects the color intensity of grapes, grape juice, and wine [62].
Anthocyanins are pigments responsible for grape coloration and play a significant role
in antioxidant activity [48–51]. Greater light exposure with a high espalier induces the
expression of genes related to anthocyanin biosynthesis, resulting in higher concentrations
of these pigments [63]. Phenolic compounds are essential in defending plants against envi-
ronmental stress, while also contributing significantly to the grapes’ nutritional and sensory
qualities [63]. The more vigorous ‘IAC 766 Campinas’ rootstock may enhance nutrient
absorption, which in turn could lead to increased synthesis of these compounds [59–61].
The phenolic profile of grapes has garnered significant interest from researchers focused
on wine and juice production [4,64–66]. These compounds, including anthocyanins, are
renowned for their health benefits, especially in the prevention of chronic diseases. They
act by neutralizing free radicals, namely unstable molecules that can damage cells and
are linked to cardiovascular diseases, cancer, and neurodegenerative disorders [67]. Fur-
thermore, the antioxidant properties of these compounds protect plant cells from damage
by reactive oxygen species (ROS), enhancing the resistance to abiotic stress and promot-
ing overall plant health [53]. Beyond mitigating oxidative stress, these compounds also
improve immune function, reduce inflammation, and safeguard DNA from mutations [63].

The combination of the ‘IAC 766 Campinas’ rootstock with a high espalier is the most
effective strategy for maximizing productivity, nutritional, and sensory quality of ‘IAC
138-22 Máximo’ and ‘BRS Violeta’ grapes. This approach simultaneously enhances the
photosynthetic efficiency and the concentration of bioactive compounds, making it the
ideal choice for viticulturists and the processing industry.
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Abstract: This study examined the structure and trends of climate parameters important for grape
production from 1952 to 2022 in the wine-growing regions of Podravje, Posavje, and Primorska in
Slovenia. Average and extreme temperature and precipitation data from six meteorological stations in
three wine-growing regions were divided into annual and growing seasons. The results show that in
the period 1991–2022, there was a warming in the growing season in all regions by 1.4–1.7 ◦C, except
the southern part of Primorska (Koper station) 0.6 ◦C, compared to the reference period 1961–1990.
The heat accumulation indices (GDDs and HI) increased significantly, which is mainly due to the
increase in the maximum temperature in the growing season temperature (GST max) and the number
of days with Tmax > 30 ◦C (NDT30). The NDT30 increased the most, by a factor of more than four. In
the reference period (1961–1990), however, the trend in the number of hot days was even slightly
negative. The mean seasonal temperature rose to around 17 ◦C in regions with a continental climate
and to around 19 ◦C in the Mediterranean region, which could be reflected in the earlier ripening
of the grapes. The trends show a decrease in total annual precipitation (AP) after 1991, but this was
significant only at one inland location (Maribor), while the total precipitation during the growing
season (GSP) decreased significantly at three locations (Maribor, Bilje, and Koper).

Keywords: climate change; grapevine; bioclimatic parameters; Slovenia

1. Introduction

Climate is one of the most important limiting factors for agriculture production.
Climate change is also challenging viticultural production everywhere, especially in regions
with warm and dry climates. Frost and drought risk during the growing period are common
problems in viticulture. Therefore, maintaining viticulture also requires adaptation to
climate change, and the assessment of adaptation strategies needs to be more precise and
multidisciplinary, tailored to local conditions [1].

For Western and Northern Europe, a temperature increase of 2.5 to 4.5 ◦C is predicted
by the end of the 21st century and most climate models predict an increase in winter
precipitation [2]. In recent years, warming trends have been observed in all seasons [3].
In the northern hemisphere, the warming will be stronger in the colder half of the year.
It is expected that viticulture in many regions with cool climates will benefit from the
higher temperatures in the growing season. Milder winters and warmer summers are
expected, and extreme high temperatures will occur more frequently. The risk of low winter
temperatures and unfavorable conditions during the flowering period is expected to be
lower, while the risk of late frosts in spring will increase due to early budbreak [4–6].

Many researchers have studied the impact of climate change on the viability of viticul-
ture production, examining changes in overwintering tolerance potential, frost incidence,
growing season length, and heat and drought stress during the growing season [7–11]. The
need to adapt to climate change is even greater for grapevines than for other crops, as the
composition of berries, which is a key factor in fruit and wine quality, typicality, and market
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value, depends strongly on “terroir” (the particularities of the culture area) [12]. Spatial
modeling research has shown that wine-growing regions will expand as parts of southern
Europe become too hot to produce high-quality wines, and northern regions will acquire
vineyard potential, as in the Middle Ages, from the 9th to the 13th century AD [13,14].
However, despite these short-term benefits, the predicted rise in global temperatures over
the next half century could require major changes in the wine industry. Slight changes in
temperatures during the growing season could lead to shifts in varietal suitability in many
regions [15] or require costly adaptation measures both in the vineyard and in the winery.

Unfavorable weather conditions could lead to varietal changes in some wine-growing
regions. Due to climate change, the growing season has been extended, which also enables
longer favorable conditions for the development of the two most persistent diseases (downy
and powdery mildew). In Slovenia, there is usually greater pressure from downy mildew
in the continental part (Podravje and Posavje) and powdery mildew in the Mediterranean
(Primorska). The earlier appearance of downy mildew in the continental part may be a
direct result of more favorable temperature conditions in May and June. In the worst-
case climate scenario, two more fungicide sprays will be needed compared to the current
management regimes, as reported by Salinari et al. in 2006 [16]. Therefore, from this
point of view, sustainable varieties (PiWi, tolerant to downy and powdery mildew) are
more adaptable to these conditions than traditional ones [17]. Adaptations to higher
temperatures include also changes in plant material (e.g., rootstocks, varieties, and clones)
and viticultural techniques (e.g., changes in trunk height, leaf area to fruit weight ratio, and
timing of pruning) so that harvest dates fall within the optimal period of late September or
early October in the northern hemisphere [18].

In some regions, projections show that an increase in precipitation can in turn affect
soil development by increasing the amount of water flowing through the soil [18]. Climate
change would therefore have a significant impact on soil development as it would lead
to the loss of very fine particles of organic matter. The tendency towards more extreme
weather events (more intense rainfall), as a consequence of climate change, can increase
soil erosion, especially in vineyards on steep slopes [19–22].

The climatic factors are summarized in a series of climatic indices, of which the
average temperature in the growing season (GSTavg), the Huglin Index (HI), and the
growing degree days (GDDs) or Winkler Index are the most used [15]. The minimum heat
requirement for the growth of vines is expressed as a value of the heat sum index, i.e., as
growing degree days (GDDs) from April to October in the northern hemisphere, at a base
temperature of 10 ◦C [15]. Becker [23] established a minimum GDDs of 1000 ◦C units, but
later studies found a minimum value of 850 ◦C units [24,25]. After 1990, the developmental
stages of the grapevine, such as budbreak, flowering, and ripening, occurred earlier on
average than in the 1980s [26–29].

Slovenia is a very small wine-growing region in Central Europe with different climates
(Mediterranean, Continental, and Pannonian climates). Despite the fact that Slovenia is
not a globally important wine-growing country, most of the globally important grape
varieties for quality wines are grown there. The aim of this research was to investigate
the changes in temperature and precipitation as well as some bioclimatic indices based on
which adaptation strategies to climate change can be recommended in the future, even for
neighboring wine-growing regions with a similar climate.

2. Data and Methods

2.1. Study Area and Climate Data

For this study, the longest available data series from 6 meteorological stations (Mari-
bor, Murska Sobota, Novo Mesto, Črnomelj, Bilje, and Koper) in three wine-growing
regions (Podravje, Posavje, and Primorska) in Slovenia were used (Figure 1). The Podravje
wine-growing region lies between the river Sava (SW) and the Hungarian border (NE).
Geologically, the area is part of the former basin of the Pannonian Sea, which consists of
folded and poorly interlocked marine sediments from the Neogene and has a Pannonian
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continental transitional climate [30]. The continental climate characteristics increase with
increasing distance from the Alps. The vineyards (6000 ha) are predominantly planted
with white grape varieties and are located on steep slopes with a gradient of 15–50% and
at altitudes of 250 to 350 m [31]. The climate in the Posavje wine-growing region (SE) is
also continental, with large seasonal temperature differences, cold winters, and moderately
warm summers. The vineyards (3000 ha) are planted 50% with white and 50% with red
grape varieties. In both wine-growing regions, half of the vineyards are on steep slopes
with a gradient of 15 to 30%, and a quarter of the area has a gradient of more than 30% [31].
The Primorska (SW) wine-growing region lies along the Italian border, from the Adriatic to
the Alps, and the general climate is sub-Mediterranean [30], characterized by an average
annual minimum temperature of over 0 ◦C and a temperature in the warmest month of
over 20 ◦C. Half of the vineyards are located on slopes with a gradient of up to 15%. The
long-term average (1952–2022) of precipitation during the growing season (1 April–31
October) varies between 612 mm (Koper) and 870 mm (Bilje), and precipitation is very
unevenly distributed throughout the year. The vineyards (6500 ha) are planted with 60%
white and 40% red grape varieties [31].

 
Figure 1. Map with study regions and climate stations (Maribor, Muska Sobota, Novo Mesto,
Črnomelj, Bilje, and Koper) in the wine-growing regions of Podravje, Posavje, and Primorska
in Slovenia.

The daily precipitation and temperature values (mean, maximum, and minimum)
from six meteorological stations (1952–2022) were used for the analysis. The data were
taken from the archives of the Slovenian Environment Agency (ARSO) [32]. All stations
had sufficient records for a long-term analysis. The data provide a good reference for the
general structure and trends of temperature and precipitation.

2.2. Climate Parameters and Bioclimatic Indices

An analysis of the observed climate was carried out for the periods 1952–2022,
1961–1990 (reference period for the 20th century with a minor change in climate parame-
ters), and 1991–2022. The data from the individual stations were categorized according to
growing seasons or important grapevine growing seasons and used to derive bioclimatic
indices and extreme climate indices that are important for wine grape production (Table 1).
For the growing season (April–October), precipitation and temperature (average, minimum,
and maximum) of each station were summarized, as the averages of the growing season
usually correlate significantly with wine varieties and type of wine production [15]. To
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assess the signs of heat stress, the number of days with temperatures above 30 ◦C was de-
termined [9]. This temperature leads to premature ripening of the grapes (shorter growing
season), lower total acidity, and lower aroma compounds [33].

Table 1. Analyzed bioclimatic parameters.

Parameter Parameter Description

Tavg Average annual temperature, ◦C
Tmax Average annual maximum temperature, ◦C
Tmin Average annual minimum temperature, ◦C
GSTavg Average growing season temperature (April to October), ◦C
GSTmax Average growing season maximum temperature (April–October), ◦C
GSTmin Average growing season minimum temperature (April–October), ◦C
HI Huglin Index (April to September), ◦C units
GDDs Growing degree days (sum of temperature above 10 ◦C), ◦C units
TMJ Average temperature in May and June, ◦C
NDTN20 Tropical nights: number of days with TN > 20 ◦C days
NDT25 Number of days with maximum temperature > 25 ◦C
NDT30 Number of days with maximum temperature > 30 ◦C
NDT35 Number of days with maximum temperature > 35 ◦C
NDF Number of days with minimum temperature <0 ◦C (frost occurrence)
NDFF Number of days between last and first frost (frost-free period length)
NDTN-2.5 Moderate cold days: number of days with TN < −2.5 ◦C days
NDTN-10 Extreme cold days: number of days with TN < −10 ◦C days
AP Total annual precipitation, mm/m2

GSP Total growing season precipitation (April to October), mm/m2

To obtain more information about the wine region and to determine general guidelines
for the potential quality and style of the wine, the GDDs [34] and the Huglin Index (HI) [35]
were calculated. These two bioclimatic indices make it possible to classify wine-growing
regions according to the sum of the temperatures required for the development of the vines
and the ripening of the grapes [36].

For the northern hemisphere, the Huglin Index [35] is calculated using the follow-
ing formula:

HI =
30.09

∑
01.04

d ·
[
(Tavg − 10) + (Tmax − 10)

2

]
,

where Tavg is the daily mean air temperature (◦C), Tmax is the daily maximum air tempera-
ture (◦C), and d is the day length coefficient, ranging from 1.02 and 1.06 between the 40◦ and
50◦ of northern latitude. Baseline temperature = 10 ◦C. This index enables viticultural re-
gions to be classified in terms of the sum of the temperatures required for the development
of the vines and the ripening of the grapes. HI climatic ripening groups: very cold—
HI-3 (HI ≤ 1500), cold—HI-2 (1500 < HI ≤ 1800), temperate—HI-1 (1800 < HI ≤ 2100),
temperate–warm—HI+1 (2100 < HI ≤ 2400), warm—HI+2 (2400 < HI ≤ 3000), and very
warm—HI+3 (3000 < HI) [35].

Growing degree days (GDD) [34] were calculated for 1 April to 31 October by summing
the daily average temperatures (Tavg) above a base value of 10 ◦C, where values below
10 ◦C are set to zero:

GDD =
30.10

∑
01.04

max[(Tavg − 10)].

The GDD climatic ripening groups are as follows: Region I—very cold (≤1390),
Region II—cold (1391–1670), Region III—warm (1671–1940), Region IV—hot (1941–2220),
and Region V—very hot (≥2220).

Some indices for climate extremes were also calculated to determine changes in ex-
treme temperatures. These indices are recommended by the WMO (World Meteorological
Organization) and are currently being investigated by researchers [37]. The average tem-
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peratures in the period May–June (TMJ) were also calculated by Vršič et al., 2024 [38]. This
parameter is important for predicting an increase in disease pressure (e.g., downy mildew),
as more severe epidemics can be a direct result of more favorable temperature conditions
in May and June [16]. Of the other extreme indices in Table 1, NDTN20, NDT25, NDT35,
NDTN-2.5, and NDTN-10 were calculated for the first time for our wine-growing regions.
NDTN20 and NDF indices were estimated annually as recommended by the ETCCDI
(Expert Team on Climate Change Detection and Indices).

The variables were analyzed using descriptive statistics and trend analyses. As some
of the parameters examined in this study were not normally distributed, a more stringent
non-parametric Mann–Kendall trend test (MK test) with a significance level of 95% was
used for all series [39]. The Mann–Kendall test, like other distribution-free or parametric
tests, is very sensitive to an autocorrelation effect (persistence).

3. Results and Discussion

3.1. Climatic Structure in the Wine-Growing Regions of SLOVENIA

The general climate for the period 1952–2022 for the inland wine-growing regions of Po-
dravje and Posavje is temperate continental, characterized by significant seasonal temperature
fluctuations, cold winters, and moderately hot summers with an average annual temperature
of 10.3 ◦C (5.7 to 15.5 ◦C) for Maribor, 9.9 ◦C (4.8 to 15.3 ◦C) for Murska Sobota, 10.2 ◦C (5.4 to
15.7 ◦C) for Novo Mesto, and 10.8 ◦C (5.6 to 16.4 ◦C) for Črnomelj, with annual precipitation
of 998 mm, 801 mm, 1130 mm, and 1281 mm, respectively (Table 2). The Primorska climate is
a sub-Mediterranean climate characterized by an average annual temperature of 12.6 ◦C (7.3
to 18.5 ◦C) for Bilje and 13.8 ◦C (9.9 to 18.1 ◦C) for Koper (near the Adriatic Sea) with a total
annual precipitation of 1424 mm for Bilje and 995 mm for Koper.

For wine grape maturity potential, the location temperatures range between 15.5 and
15.8 ◦C (Podravje), 15.6 and 16.3 ◦C (Posavje), and 17.5 and 18.6 ◦C (Primorska) based on
the long-term average temperatures of the growing season (GSTavg) (Table 2) [40]. The
variability in temperature in the growing season (GSTavg and GSTmin) is similar at all
locations, while GSTmax is more pronounced in the coastal location (Koper). The GSTmax
temperatures are as follows: 21.5 ◦C for Maribor, 21.6 ◦C for Murska Sobota, 21.8 ◦C for
Novo Mesto, 22.6 ◦C for Črnomelj, 24.0 ◦C for Bilje, and 23.2 ◦C for Koper; moreover, the
GSTmin values are 10.6, 9.7, 10.0, 10.3, 11.6, and 14.2 ◦C, respectively.

The number of days with temperatures < 0 ◦C (NDF) was highest in Podravje (110 d
in Murska Sobota) and the lowest in Primorska (29 d in Koper). The lowest number of days
with moderately cold days (NDTN-2.5) and the number of days with extremely cold days
(NDTN-10) was in the Podravje wine-growing region, followed by the Posavje, while the
differences were not significant in the Primorska wine-growing region. The frost-free period
(NDFF) was the longest for Primorska averaging 220 d (Bilje) to 264 d (Koper), followed
by Podravje with 188-206 d, and Posavje with 193-197 d (Table 2). The number of days
during the growing season with temperatures > 30 ◦C (NDT30) also follows the pattern
from inland to the coast, with Podravje and Posavje having fewer days overall, around
13–14 days and 16–22 days, respectively, while Primorska has 22–31 days with maximum
temperatures > 30 ◦C per year. The same pattern of increase is shown by the number of
days with temperatures above 25 ◦C (NDT25), the days with a maximum temperature
of more than 35 ◦C (NDT35), the number of tropical nights (NDTN20), and the average
temperature in the period May to June (TMJ) (Table 2).

The values of growing degree days (GDDs) for Podravje, Posavje, and Primorska
are between 1278 and 1325, between 1291 and 1420, and between 1631 and 1855 units,
respectively (Table 2). These values place Podravje and Posavje in Winkler Region II (cool),
which indicates a generally favorable climate for the production of quality wines [34]. The
values for Primorska place it in Winkler Region II-III (cool to warm), which is also favorable
for the production of quality wines but can be affected by excessive heat in this region,
especially in the last two decades. In this region, the NDT30 value has doubled compared
to the reference period 1961–1990 (Table 3).
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Table 2. Mean and trend of bioclimatic parameters (standard and tested) for the 6 meteorological
stations (in 3 wine-growing regions) Maribor and Murska Sobota (Podravje), Črnomelj and Novo
Mesto (Posavje), and Bilje and Koper (Primorska) in Slovenia for the long-term period 1952–2022.
Bold numbers indicate significant trends (p ≤ 0.05).

Wine-Growing
Region/Station

Podravje/Maribor Posavje/Novo Mesto Primorska/Bilje

Variable Variable Variable

Parameters Mean SD Trend
yr−1

MK-
Test

p Mean SD Trend
yr−1

MK-
Test

p Mean SD Trend
yr−1

MK-
Test

p

Tavg 10.3 0.99 0.037 0.628 0.001 10.2 1.00 0.051 0.603 0.001 12.6 0.79 0.017 0.299 0.001
Tmax 15.5 1.14 0.038 0.542 0.001 15.7 1.19 0.051 0.440 0.001 18.5 0.82 0.021 0.367 0.060
Tmin 5.7 1.06 0.042 0.66 0.001 5.4 1.10 0.053 0.672 0.001 7.3 1.03 0.021 0.305 0.001

GSTavg 15.8 0.99 0.037 0.589 0.001 15.6 1.0 0.039 0.565 0.001 17.5 0.93 0.023 0.328 0.534
GSTmax 21.5 1.15 0.038 0.491 0.001 21.8 1.3 0.034 0.371 0.001 24.0 0.97 0.024 0.315 0.001
GSTmin 10.6 1.02 0.041 0.615 0.001 10.0 1.1 0.045 0.663 0.001 11.6 1.22 0.031 0.357 0.124

HI 1839 206 7.03 0.559 0.001 1849 218 8.76 0.462 0.001 2197 188 6.18 0.386 0.020
GDDs 1325 186 6.88 0.599 0.001 1291 192 8.35 0.573 0.001 1631 191 4.77 0.338 0.305
TMJ 17.0 1.28 0.038 0.48 0.001 16.73 1.31 0.040 0.478 0.001 18.26 1.25 0.031 0.365 0.001

NDTN20 1.55 2.54 0.063 0.444 0.001 0.45 1.04 0.023 0.412 0.001 3.04 3.75 0.069 0.297 0.001
NDT25 63.5 17.6 0.63 0.549 0.001 68.07 18.9 0.52 0.387 0.001 95.2 15.6 0.29 0.236 0.004
NDT30 13.3 11.8 0.57 0.502 0.001 16 14.2 0.39 0.390 0.021 31.0 15.6 0.45 0.383 0.030
NDT35 0.75 1.64 0.025 0.275 0.003 1.31 3.29 0.055 0.263 0.005 2.14 3.70 0.10 0.465 0.001

NDF 95 19 −0.56 −0.411 0.001 100 19 −0.81 −0.422 0.002 67 18.4 0.03 −0.008 0.927
NDFF 206 22 0.53 0.340 0.310 197 22 0.55 0.345 0.247 220 28.9 −0.20 −0.069 0.401

NDTN-2.5 54.9 16.1 −0.49 −0.411 0.001 54.51 16.1 −0.44 −0.394 0.001 36.2 14.7 0.045 0.0339 0.684
NDTN-10 8.2 7.77 −0.22 −0.447 0.001 9.06 7.76 −0.20 −0.448 0.001 1.39 2.39 0.014 −0.041 0.659

AP 998 150 −2.88 −0.252 0.002 1130 190 0.16 −0.058 0.481 1424 289 −2.78 −0.139 0.087
GSP 700 124 −1.68 −0.214 0.008 757 146 −0.18 −0.113 0.165 870 209 −2.83 −0.186 0.022

Podravje/Murska Sobota Posavje/Črnomelj Primorska/Koper

Tavg 9.9 0.99 0.034 0.565 0.001 10.8 0.97 0.028 0.484 0.001 13.8 0.64 0.013 0.259 0.001
Tmax 15.3 1.16 0.036 0.520 0.001 16.4 1.13 0.030 0.400 0.010 18.1 1.31 0.040 0.406 0.006
Tmin 4.8 1.05 0.038 0.599 0.001 5.6 0.92 0.025 0.405 0.007 9.9 0.91 −0.008 −0.123 0.131

GSTavg 15.5 1.0 0.033 0.511 0.001 16.3 1.0 0.034 0.452 0.001 18.6 0.86 0.020 0.283 0.001
GSTmax 21.6 1.2 0.038 0.446 0.001 22.6 1.2 0.022 0.263 0.001 23.2 1.61 0.042 0.404 0.006
GSTmin 9.7 1.0 0.037 0.576 0.001 10.3 1.0 0.033 0.466 0.001 14.2 0.93 −0.007 −0.106 0.192

HI 1831 213 6.43 0.478 0.001 1985 209 9.37 0.366 0.064 2227 236 7.44 0.412 0.004
GDDs 1278 186 6.21 0.532 0.001 1420 198 5.80 0.464 0.001 1855 180 4.18 0.277 0.001
TMJ 16.8 1.25 0.037 0.475 0.001 17.44 1.33 0.035 0.388 0.001 18.99 1.23 0.025 0.35 0.001

NDTN20 0.49 0.88 0.021 0.429 0.001 1.13 2.25 0.061 0.446 0.001 17.8 12.1 0.033 0.586 0.558
NDT25 64.8 17.4 0.57 0.495 0.001 79.3 17.5 0.31 0.243 0.003 84.2 25.1 0.74 0.376 0.001
NDT30 14.1 12.1 0.37 0.447 0.001 22.2 13.9 0.35 0.282 0.001 22.2 20.7 0.70 0.437 0.001
NDT35 0.83 2.04 0.023 0.209 0.027 1.8 3.38 0.064 0.253 0.005 1.37 3.29 0.08 0.413 0.001

NDF 110 18 −0.43 −0.374 0.050 100 16.7 −0.76 −0.138 0.092 29 17.6 0.24 0.225 0.006
NDFF 188 18 0.41 0.359 0.111 193 20.3 0.41 0.265 0.001 264 31 −0.38 −0.181 0.039

NDTN-2.5 64.9 15.5 −0.364 −0.313 0.001 59.6 13.4 −0.15 −0.123 0.135 9.75 8.67 0.04 0.083 0.313
NDTN-10 13.0 10.0 −0.264 −0.417 0.001 10.9 7.43 −0.21 −0.272 0.001 0.11 0.43 −0.003 −0.151 0.117

AP 801 112 −0.17 0.021 0.800 1281 184 0.59 0.051 0.532 995 185 −1.83 −0.133 0.101
GSP 574 94 0.28 0.037 0.655 803 165 0.62 0.057 0.487 612 152 −1.85 −0.208 0.010

Parameter abbreviations are in Table 1.

The average values of the Huglin Index, which is possibly more suitable than the
Winkler Index for European regions [36], were for Podravje, Posavje, and Primorska
between 1831 and 1839, between 1849 and 1985 (HI-1), and between 2197 and 2227 (HI+1),
respectively (Table 2). These values assign Podravje and Posavje to the cool climate type,
which is suitable for Chardonnay, Sauvignon Blanc, and Pinot Noir, for example, while the
values for Primorska are assigned to the warm climate type according to Huglin and are
more suitable for Cabernet Sauvignon and Merlot [35].

Growing season precipitation (GSP) values generally show that rainfall amounts de-
creased slightly throughout the period (1952–2022), although the trends were not significant
for all locations. GSP differed significantly between stations, increasing from Murska Sob-
ota (Podravje), 574 mm, towards Bilje (Primorska), 870 mm, per vintage (Table 2). The
variability in the GSP in this long-term period shows a variation of 16 to 25% between
years at all locations. The Murska Sobota location was drier (influence of the Pannonian
climate) with a total GSP amount of 574 mm than Maribor, 700 mm, and both locations
in Posavje (Novo Mesto, 757 mm, and Črnomelj, 803 mm), and then Bilje (Primorska),
870 mm (Table 3). A similar amount of GSP as in the eastern part of the Podravje wine-
growing region (Murska Sobota) was also measured in the coastal area of the Primorska
wine-growing region (Koper 613 mm) (Table 3). However, drier conditions with more
frequent and longer dry spells were more likely, as higher temperatures can probably lead
to a higher evapotranspiration rate, as also noted by Ramos et al. [41]. This is particularly
pronounced in the Primorska wine-growing region, especially at the Bilje location, which
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has the highest average annual precipitation of all six locations at 1424 mm. However,
precipitation at this location falls in the form of very intense short-term showers (due to the
mixture of Mediterranean and Alpine climate) with increasingly intense dry periods, as the
highest number of days with maximum temperatures > 30 ◦C (NDT30) is recorded here.
During the growing season, the annual precipitation falls around 70%, 67–77%, and 60% in
Podravje, Posavje, and Primorska, respectively.

Table 3. Averages of bioclimatic parameters for the six meteorological stations (Maribor, Murska Sob-
ota, Novo Mesto, Črnomelj, Bilje, and Koper) in three wine–growing regions (Podravje *, Posavje **,
and Primorska ***) in Slovenia for the period 1952–2022, the reference period 1961–1990, the period
1991–2022, and by decades for the 1991–2022 period.

Periods/Parameters GSTavg ± SD GSP ± SD GDDs ± SD HI ± SD T > 30 ◦C ± SD

MARIBOR *
1952–2022 15.8 ± 0.99 700.5 ± 124.3 1324.9 ± 186.5 1839.0 ± 206.6 13.2 ± 11.8
1961–1990 15.2 ± 0.59 725.4 ± 116.5 1205.5 ± 108.0 1704.5 ± 120.0 5.8 ± 3.8
1991–2022 16.6 ± 0.80 669.2 ± 128.2 1496.5 ± 155.9 2017.1 ± 199.8 21.9 ± 12.7
1991–2000 16.2 ± 0.75 738.9 ± 142.1 1415.8 ± 130.2 1914.0 ± 163.4 13.5 ± 9.9
2001–2010 16.7 ± 0.48 692.9 ± 97.4 1496.5 ± 121.9 1996.9 ± 169.2 21.8 ± 13.2
2011–2022 17.0 ± 0.57 591.3 ± 128.8 1540.5 ± 106.4 2119.7 ± 145.5 28.5 ± 8.9

MURSKA SOBOTA *
1952–2022 15.5 ± 1.00 574.5 ± 94.1 1277.9 ± 186.3 1831.2 ± 212.8 14.1 ± 12.1
1961–1990 14.8 ± 0.65 577.9 ± 100.3 1142.9 ± 111.1 1686.3 ± 125.4 6.3 ± 4.6
1991–2022 16.3 ± 0.87 578.2 ± 93.6 1432.3 ± 168.5 2002.9 ± 201.6 23.0 ± 12.6
1991–2000 15.9 ± 0.75 571.4 ± 138.7 1364.3 ± 125.7 1914.7 ± 164.8 17.3 ± 12.6
2001–2010 16.3 ± 0.47 581.4 ± 88.7 1414.4 ± 119.3 1985.3 ± 164.8 23.9 ± 12.4
2011–2022 16.8 ± 0.59 581.3 ± 74.4 1518.5 ± 107.1 2091.1 ± 151.7 27.0 ± 10.5

NOVO MESTO **
1952–2022 15.6 ± 1.04 757.5 ± 146.3 1291.2 ± 193.8 1849.2 ± 218.5 16.0 ± 14.2
1961–1990 14.8 ± 0.61 771.1 ± 127.4 1146.4 ± 109.2 1693.7 ± 112.8 7.3 ± 4.1
1991–2022 16.5 ± 0.88 734.2 ± 160.3 1450.2 ± 161.4 2013.7 ± 215.1 25.4 ± 16.0
1991–2000 16.0 ± 0.77 778.3 ± 135.4 1374.4 ± 127.2 1901.2 ± 154.6 15.5 ± 10.5
2001–2010 16.4 ± 0.50 772.2 ± 156.8 1443.4 ± 122.8 1971.0 ± 171.1 22.9 ± 12.8
2011–2022 17.0 ± 0.51 665.8 ± 207.7 1538.9 ± 90.0 2143.1 ± 181.5 35.8 ± 16.8

ČRNOMELJ **
1952–2022 16.3 ± 1.03 802.6 ± 165.5 1419.6 ± 208.2 1984.6 ± 208.7 22.2 ± 13.9
1961–1990 15.6 ± 0.60 793.9 ± 181.8 1279.0 ± 111.2 1834.5 ± 127.3 12.9 ± 7.2
1991–2022 17.1 ± 1.07 789.5 ± 205.5 1579.5 ± 208.2 2137.8 ± 223.8 30.5 ± 15.5
1991–2000 16.5 ± 10.8 816.6 ± 129.0 1467.3 ± 191.1 2003.5 ± 189.6 17.9 ± 11.9
2001–2010 17.1 ± 059 781.9 ± 153.7 1581.1 ± 137.8 2133.7 ± 172.6 30.8 ± 11.8
2011–2022 17.7 ± 0.58 773.3 ± 323.8 1696.1 ± 115.2 2253.3 ± 133.8 40.7 ± 11.1

BILJE ***
1952–2022 17.5 ± 0.93 869.6 ± 209.0 1631.3 ± 190.8 2196.7 ± 187.8 31.0 ± 15.5
1961–1990 16.8 ± 0.66 890.4 ± 194.8 1479.0 ± 133.9 2062.3 ± 121.0 22.0 ± 8.0
1991–2022 18.2 ± 0.98 842.7 ± 218.0 1753.2 ± 199.0 2327.0 ± 200.9 41.2 ± 16.9
1991–2000 17.6 ± 0.60 1026.9 ± 220.2 1648.0 ± 116.2 2190.6 ± 123.3 29.6 ± 9.8
2001–2010 18.1 ± 0.47 758.4 ± 219.4 1752.0 ± 116.0 2313.9 ± 162.3 38.6 ± 14.6
2011–2022 18.7 ± 0.64 759.3 ± 195.5 1877.3 ± 126.3 2451.5 ± 118.3 53.1 ± 14.6

KOPER ***
1952–2022 18.6 ± 0.86 612.7 ± 152.4 1854.6 ± 181.4 2227.4 ± 236.3 22.2 ± 20.7
1961–1990 18.3 ± 0.60 653.8 ± 165.7 1794.1 ± 125.1 2068.3 ± 138.3 8.2 ± 7.9
1991–2022 18.9 ± 0.99 573.5 ± 155.6 1904.7 ± 205.4 2399.6 ± 260.2 38.2 ± 23.3
1991–2000 18.2 ± 0.62 598.8 ± 126.3 1774.5 ± 124.2 2225.7 ± 144.2 22.8 ± 13.7
2001–2010 18.6 ± 0.50 574.7 ± 171.8 1854.1 ± 112.4 2343.1 ± 144.4 33.7 ± 14.8
2011–2022 19.9 ± 1.07 551.4 ± 147.7 2115.1 ± 221.2 2591.7 ± 204.3 54.8 ± 19.1

GSTavg—average growing season temperature; GSP—total growing season precipitation; GDD—growing degree
days (1 April to 31 October) ◦C units; HI—Huglin Index ◦C units; T > 30 ◦C—number of days with maximum
temperature > 30 ◦C; and SD—Pearson’s standard deviation.
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3.2. Temperature Parameter Trends

The annual trends of the individual temperature parameters for 71 years (1952–2022)
for the wine-growing regions in Slovenia are shown in Table 2. An increase in the average
annual temperature (Tavg) for the period 1952–2022 ranged from 0.13 (Koper) to 0.51 ◦C
(Novo Mesto) per decade (Table 2), and the average growing season temperature (GSTavg)
ranged from 0.20 (Koper) to 0.39 ◦C (Novo Mesto) per decade (Table 2 and Figure 2). Over
the periods studied, this corresponds to a change in GSTavg of 2.6 ◦C in Maribor, 2.3 ◦C in
Murska Sobota, 2.8 ◦C in Novo Mesto, 2.4 ◦C in Črnomelj, 1.6 ◦C in Bilje, and 1.4 in Koper
(Table 2). These changes can have a major impact on wine production. Many studies have
confirmed that viticulture is one of the sectors most sensitive to climate change [42–45].
Similar trends have been observed in other world’s wine-growing regions [15,46,47], and
also in Central Europe. In Italy, the Venetian area experienced an increase in the average
vegetation temperature (1964 to 2009) of up to 2.3 ◦C [40,48]. Lower warming (1.5 ◦C) was
observed in moderate climate conditions of northern wine regions in Slovakia, which has
not yet caused sufficient changes in the grapevine phenology to require serious adaptation
measures [29]. Climate change led to the earlier development of phenological stages as
reported by Ruml et al. (2016) [49] in Serbia and Prša et al. (2022) [50] and Omazić et al.
(2024) [51] in Croatia. Some regions in Croatia are becoming less suitable for economically
sustainable grape production [52]. In the Western part of the Carpathian basin (Hungary),
climate change has several positive effects in the Sopron wine-growing region, this may
result in the cultivation of more quality wine grapes and wines [53], which is also expected
in other Hungarian regions [54]. The trend of earlier ripening of grapes was also found
in northeastern Slovenia in the period 1980–2009 [55]. In Austria, based on temperature
evolution, a doubling of the areas suitable for viticulture is predicted to occur by the
2050s [56].

The trends in minimum and maximum temperatures (annual and growing season) are
similar at all locations, but the trends in minimum temperatures (Tmin and GSTmin) are
slightly more pronounced, except at the Koper and Murska Sobota locations. This could
be related to the lower humidity, as found in other wine-growing regions in the USA [57]
and Europe [47]. These two locations have less rainfall than the other four. However,
the average warming rates of the growing season for the six stations studied in Slovenia
are determined by changes in maximum temperatures, with a significant increase in the
number of days with a maximum temperature above 30 ◦C (NDT30), by an average of 3.5
(Črnomelj) to 7 (Koper) days per decade (Table 2). The temperature trends at the six studied
locations have led to significant changes in the heat summation indices HI and GDD, whose
values have increased on average from 6.2 (Bilje) to 9.4 (Črnomelj) and from 4.2 (Koper) to
8.3 (Novo Mesto) ◦C units per year, respectively, which for HI means from 440 to 667 and
GDDs from 298 to 589 ◦C units in 71 years of the studied period. Heat accumulation has
also increased in other European wine-growing regions, in Spain by 155–464 ◦C units [41]
or 250–300 ◦C units in the last 30–50 years [47,58]. When comparing these data, two facts
must be considered, namely the fact that our study period is almost two decades longer,
and the fact that climate change trends are more pronounced in our area after 1990 [33],
which is explained in more detail in the following paragraphs.

The trend in the number of days with temperatures < 0 ◦C (NDF) is decreasing
in all locations in inland wine-growing regions. It is more pronounced in locations in
Posavje (around 8 days per decade). The number of days between the last spring frost
and the first fall frost (NDFF) is increasing (4.1 to 5.5 days per decade). At locations with
a Mediterranean climate (Bilje, Koper), however, the trends are in the opposite direction,
with the values for NDF increasing and for NDFF decreasing, although the NDFF trends
for Bilje are not significant.

Other indices for temperature extremes (NDT25, NDT35, NDTN20, and TMJ) showed
an increasing trend at all locations, with the exception of NDTN20 at the Koper location
(Table 2). On average, the NDT25 increased from 2.9 d in Bilje to 7.4 d in Koper per decade
and the NDT35 from 0.2 d in Murska Sobota to 1 d in Bilje per decade. The same trend can
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be observed in the number of days with tropical nights (NDTN20). The tendency towards
an increase in the mean temperature in May and June (TMJ) was also significant for all
locations (p = 0.001), namely the TMJ increased from 0.25 in Koper to 0.4 ◦C in Novo Mesto
per decade (Table 2). More favorable temperature conditions in May and June may lead to
higher disease pressure. In response to adaptation to future climate change, more attention
will need to be paid to managing early downy mildew infections. Salinari et al. (2006) [16]
reported that in response to adaptation to future climate change, more attention needs to
be paid to the management of early powdery mildew infections. Their study found that
under the most unfavorable climate scenario, two additional fungicide sprays are required
compared to current management regimes. This could also be applied to neighboring
wine-growing areas in the region.

A more detailed analysis of the individual periods within the long-term study period
1952–2022 shows even clearer changes. Minor changes in bioclimatic parameters were
observed for the reference period (1961–1990) (Supplementary Figures S1–S3). The growing
season average temperatures (GSTavg) were close to 15.0 ◦C for all stations in Podravje
and Posavje, namely 14.8 ◦C for Murska Sobota and Novo Mesto, 15.2 ◦C for Maribor, and
15.6 ◦C for Črnomelj. The GSTavg values were higher in Primorska, 16.8 ◦C in Bilje, and
18.3 ◦C in Koper. The changes between 1991 and 2022 generally appear to be the most
dramatic. The GSTavg values increased for all six stations and amounted to 16.6, 16.3, 16.5,
17.1, 18.2, and 18.9 ◦C (Table 3), with GSTavg trends for this period being 0.034, 0.040, 0.048,
0.057, 0.056, and 0.084 ◦C per year for Maribor, Murska Sobota, Novo Mesto, Črnomelj,
Bilje, and Koper, respectively ( Supplementary Figures S1–S3). The warming was due to
the changes in GSTmin and GSTmax at all locations, but the trends in GSTmax were higher,
except at the Črnomelj station, where the trend in GSTmin was more pronounced than in
GSTmax (Supplementary Figures S1–S3).

The number of days with maximum temperatures > 30 ◦C (NDT30) increased at
all locations in the period 1991–2022. Compared to the reference period 1961–1990, the
NDT30 increased from 3 to 15 days per decade (Supplementary Figures S1–S3). The
NDT30 for Podravje, Posavje, and Primorska was 22 to 23, 25 to 30, and 38 to 41 days,
respectively (Table 3), and was two to four times higher compared to the reference period
(2.5 to 6.6 times higher after 2010). In the period 1991-2022, the NDT30 increased in the
Primorska wine-growing region by 1.1 days per year in Bilje and by 1.5 days per year in
Koer. The NDT30 increased from 30 and 23 days in the first decade of this period to 53 and
55 days after 2010 in Bilje and Koper, respectively. A similar trend can also be observed at
the Črnomelj location (1 day per year). At the other three meteorological stations, Novo
Mesto, Maribor, and Murska Sobota, the trend was less pronounced; in Murska Sobota it
amounted to 0.3 days per year. In the reference period (1961–1990), the NDT30 trend was
even slightly negative.

If the warming trend continues over the next 30 years at the same rate as it has since
the 1990s, it is to be expected that the wine-growing regions of Podravje and Posavje will
also move completely into the warm climate group. Daily maximum temperatures of 30 ◦C
are critical for optimal grapevine development and can lead to plant stress, a decrease in
photosynthesis, a greater lack of water, premature ripening of the grapes, and drying of the
berries, even in early ripening varieties such as Bouvier in Slovenia [33]. However, a few
days with temperatures above 30 ◦C during the ripening period can be beneficial [9,48],
especially for late-ripening varieties [33]. At the Bilje location, there were already an average
of 22 hot days in the reference period, which almost doubled in the period 1991–2022. At
the Koper location, there were only eight such days during the reference period, and the
number of NDT30 days was five times higher in the following thirty years (1991–2022).

The total warming of average temperatures in the growing season (GSTavg) was
between 1.4 and 1.7 ◦C for all locations, except for the coastal location (Koper), where
the warming was only 0.6 ◦C, over the respective periods (1991–2022) compared to the
reference period (1961–1990). In addition, the GSTavg warming after 2010 was 1.8–2.0 ◦C,
2.1–2.2 ◦C, and 1.6–1.9 ◦C in Podravje, Posavje, and Primorska (Table 3). Similar results
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were also found in other European wine-growing regions [47] with an average warming of
the growing seasons of 1.7 ◦C in the last 30–50 years.

The warming trends in the period between 1991 and 2022 are also confirmed by the
increase in the heat sum indices. The growing degree days (GDDs), also known as the
Winkler Index (WI) and Huglin Index (HI), are often used to assess the climatic suitability
for specific grape varieties and/or wine styles and are variations of degree days (heat sum)
or heat accumulation (Table 1). The trends for both parameters show significant changes
at each location. However, changes were greater in relative terms, with HI giving more
weight to maximum temperatures (Table 1) and GSTmax increasing more at all locations.
The GDDs increased by 54, 67, 80, 103, 107, and 170 ◦C units, while HI increased by 82,
75, 106, 113, 121, and 183 ◦C units per decade for Maribor, Murska Sobota, Novo Mesto,
Črnomelj, Bilje, and Koper (Supplementary Figures S1–S3). The average values of these
two indices in this period were around 300 ◦C units higher for the GDDs (except Koper
110) and from 265 to 331 ◦C units higher for HI than in the reference period (Table 3). Heat
accumulation has also increased by 250–300 ◦C units in other European wine-growing
regions over the last 30–50 years [47], and increased heat accumulation (WI and HI) in
inland Spanish wine-growing regions has been reported, but not in coastal regions.

HI values of 1700–1900 ◦C units [35] indicate that the Podravje and Posavje wine-
growing region is suitable for medium-late varieties such as Chardonnay, Sauvignon Blanc,
etc. In the reference period (1961–1990), the HI value exceeded the value of 1900 ◦C units at
both stations in Podravje and in Novo Mesto in Posavje only once (1983) and in Črnomelj
ten times, while in the period 1991–2021, the HI value exceeded this value in more than
two-thirds of the years at all stations in Podravje and Posavje (in Črnomelj, the value of
1900 ◦C units was not exceeded in only three years in the 1991–2021 period). In addition,
the HI also exceeded the value of 2100 ◦C units in this period, which was most pronounced
after 2010, e.g., in Črnomelj in half of the years. In general, in the period 1991–2022, the
values of the GDDs increased by 23–26% and HI by 16–18%, while after 2010, even the
GDDs increased by 27–34% and HI by 23–26% compared to the reference period (1961–1990)
(Table 3).

Based on the classification of wine-growing regions into climate maturity groups [24]
and the increase in GSTavg in the last decade of the observation period, it can be concluded
that this wine-growing region is suitable for growing some grapevine varieties from the
warm climate maturity group [34]. Initial results from the process of Merlot introduction in
these two regions (not published) confirm this prediction.

In the Primorska wine-growing region, the HI value did not exceed the value of
1900 ◦C units (first half of HI-1 ripening group) in the reference period (1961–1990) in only
four years at either station. In Bilje and Koper, it averaged between 2062 and 2068 ◦C units
(second half of HI-1), while the HI value exceeded the value of 2300 ◦C units (second half of
HI+1) in the period 1991–2022. The HI value for Bilje was 2327 and for Koper 2400 ◦C (on
the border of HI+2) units, which shows that this region belongs to the moderately warm
ripening group for grapes, and based on the values in the last decade (2011–2022), Bilje with
an average of 2451 ◦C units (HI+2) and Koper with 2591 ◦C units (HI+2), these locations
are already in the warm ripening group [59] according to Jones et al. [25]. The result of this
warming may be that some areas that are still suitable for growing certain varieties will no
longer exist in the future, or it will no longer be possible to produce premium wines on
them as reported by White et al. 2006 [60]. As Tate 2001 [61] also noted, pests and diseases
that are currently restricted by the winter cold will extend their range northwards.
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Figure 2. Temperature trends (average, maximum, and minimum) during the growing season (1 April
to 31 October) in Maribor, Murska Sobota (Podravje), Novo Mesto, Črnomelj (Posavje), Bilje, and
Koper (Primorska) in Slovenia for the long-term period 1952–2022.

3.3. Precipitation Parameters Trends

The high inter- and intra-annual precipitation variability has weakened many of the
trends in precipitation parameters (Figure 3). Annual precipitation (AP) did not change
significantly at any of the locations in the long-term period (1952–2022), only the trend
for Maribor (Podravje) showed a significant decrease in precipitation (−3 L m2yr−1). The
total growing season precipitation (GSP) showed significantly decreasing trends in Maribor
(−1.7 mm m2yr−1), Bilje (−2.8 mm m2yr−1), and Koper (−1.8 mm m2yr−1) (Table 2). The
inter-annual variability in the climate makes it difficult to assess tendencies in precipitation
distribution patterns and possible effects of climate change. Nevertheless, some recent
studies indicate significant changes in extreme events, such as more frequent and more
extreme droughts, an increase in precipitation in the cold season, and drying out in the
warm season [62–64]. It is therefore to be expected that the frequency, intensity, and
distribution of precipitation will change due to the increased speed of the water cycle,
which will probably also have an impact on the water supply in agriculture. In Europe,
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decreasing precipitation trends or changes in the seasonality of precipitation have been
observed for large parts of the Mediterranean region [63,65]. This also confirms our results
for the growing season in the Mediterranean region of Primorska (both locations). In the
continental part of Europe, these trends were exceptionally absent [47]. Many of these
studies were conducted two decades ago, and in many places, the precipitation pattern has
changed. The trends in annual and growing season precipitation for the Maribor location
in the continental wine-growing region of Podravje confirmed our assumption.

The precipitation pattern is spreading from the east towards Maribor (the eastern
part of the Alps), especially after 2010, and is becoming more and more similar to the
Murska Sobota location (on the edge of the Pannonian climate) (Figure 3). The long-term
average (1952–2022) of precipitation in the growing season (April–October) for Maribor
is 700 mm m2yr−1 and decreases to 591 mm m2yr−1 after 2010. The average amount of
precipitation after 2010 is 134 mm m2yr−1 lower (−18%), compared to the 725 mm m2yr−1

in the reference period 1961–1999 (Table 3). A similar pattern of decline in GSP after 2010 as
in Maribor is also observed at both locations in Primorska, namely 131 mm m2yr−1 (Bilje)
and 103 mm m2yr−1 (Koper). These decreases could be critical, as the vines should have
sufficient access to soil moisture from flowering to véraison and should not be exposed to
high drought stress.

The most stable amount of precipitation remains at the Črnomelj location with
773 mm m2yr−1. The least changed amount of precipitation is recorded at the Murska
Sobota location, which amounts to 575 mm over the entire long-term period (1952–2022)
(Table 3). The highest precipitation amounts were recorded in Bilje (inland part of Pri-
morska), where large-scale erosion events frequently occur. This is due to both the high
rainfall and soil management system (soil tillage) in Primorska (in Podravje and Posavje
the soil is green-covered), and the increasing extremes are likely to have additional negative
impacts. Jones et al. [47] found that precipitation levels have not changed significantly in
other European wine regions. However, higher temperatures lead to higher evapotranspi-
ration. Moisture deficiency in the berry growth phase, especially in Koper (Primorska) and
Murska Sobota (Podravje), could reduce cell division and lead to significant dehydration
and sunburn, which in combination can lead to a reduction in berry size and yield, as also
noted by Peacock [66]. In Murska Sobota, the amount of precipitation in the vegetation
was already at a similar level in the reference period and in the last three decades as in the
last decade in Maribor, which could indicate to a certain extent that the influence of the
Pannonian climate on Maribor has become increasingly noticeable in the last decade.

Even though the trends of decreasing precipitation for Novo Mesto are not significant,
on average 14% less precipitation was recorded after 2010 than in the reference period.
In Črnomelj, the amount of precipitation in the vegetation was consistently at a similar
level (over 770 mm m2yr−1), although the distribution of precipitation and the intensity
of individual weather phenomena must be taken into account. The average amount of
precipitation in the coastal area (Koper) is only two-thirds of the amount of precipitation
in Bilje. The distribution of precipitation in Primorska is the least favorable of all wine-
growing regions. The distribution of precipitation and the intensity of individual weather
phenomena must also be evaluated.

As far as the future climate is concerned, an average warming of 2.0 ◦C is predicted
for most of the world’s best wine-growing regions by 2050 [67–69]. It is predicted that parts
of southern Europe will become too hot to produce high-quality wines and that northern
regions will acquire vineyard potential. Further warming could lead to grape varieties
exceeding their climatic optimum, making current wine styles more difficult to produce.
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Figure 3. Precipitation trends (AP—annual and GSP—growing season, from 1 April to 31 October) in
Maribor, Murska Sobota (Podravje), Novo Mesto, Črnomelj (Posavje), Bilje, and Koper (Primorska) in
Slovenia for the long-term period 1952–2022.

4. Conclusions

The general conclusion of this study is that the greatest effects of climate change were
felt in all three wine-growing regions after 1990. The greatest increase was in the number
of hot days with a temperature above 30 ◦C (NDT30), which also had the greatest impact
on other bioclimatic parameters, e.g., the average air temperature in the growing season,
the sum of effective temperatures (GDDs) and the Huglin Index. In the period 1991–2022,
the average growing season temperature (GSTavg) increased by about 1.5 ◦C or more in
all wine-growing regions compared to the reference period, except in the coastal region
of Koper, where the GSTavg temperature is 0.6 ◦C higher. In regions with a continental
climate, the GSTavg temperature rose to around 17 ◦C and in the Mediterranean region to
around 19 ◦C, which may be reflected in the earlier ripening of the grapes. If the warming
trend continues in the next 30 years in a similar way as it has since the 1990s, it is expected
that the wine-growing regions of Podravje and Posavje will completely transition to the
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warm climate ripening group. Another very important bioclimatic parameter at higher
temperatures is the amount of precipitation during the growth of the vines. The total
amount of precipitation in the growing season (GSP) shows a downward trend in all three
wine-growing regions. The total amount of precipitation has decreased significantly in
three locations, both in the maritime locations (Bilje and Koper) and in the inland locations
(Maribor). As far as recent precipitation is concerned, it appears to be increasingly unevenly
distributed, not only in the vegetation areas but also in the wine-growing regions. Therefore,
the network of meteorological stations is even more important for the monitoring of weather
phenomena and for the adoption and implementation of technological measures in the
vineyards. For the network of meteorological stations to function well, its financing should
continue to be the responsibility of the state and the municipalities.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae10080854/s1, Figure S1: Trends in the bioclimatic
parameters fort the meteorological stations Maribor and Murska Sobota (wine-growing region
Podravje) in Slovenia for the periods 1961–1990 and 1991–2022; Figure S2: Trends in the bioclimatic
parameters fort the meteorological stations Novo mesto and Črnomelj (wine–growing region Posavje)
in Slovenia for the periods 1961–1990 and 1991–2022; Figure S3: Trends in the bioclimatic parameters
fort the meteorological stations Bilje and Koper (wine–growing region Primorska) in Slovenia for the
periods 1961–1990 and 1991–2022.
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Abstract: Climate change is currently the greatest threat to the environment as we know it today.
The present study aimed to highlight the changes in the main climatic elements during the last five
decades (1971–2020) in northeastern Romania (Copou-Iaşi wine-growing center) and their impact
on grape quality, as part of precision viticulture strategies and efficient management of grapevine
plantations. Data analysis revealed a constant and significant increase in the average air temperature
in the last 50 years (+1.70 ◦C), more pronounced in the last 10 years (+0.61 ◦C), with a number of days
with extreme temperatures (>30 ◦C) of over 3.5-fold higher, in parallel with a fluctuating precipitation
regime. The increase in average temperatures in the last 40 years was highly correlated with the
advancement of the grape harvest date (up to 12 days), a significant increase in Vitis vinifera L. white
grape sugar concentration (+15–25 g/L), and a drastic decrease in total acidity (−2.0–3.5 g/L tartaric
acid). The significant increase in the values of the bioclimatic indices require the reclassification of
the wine-growing area in higher classes of favorability, raising the opportunity to grow cultivars that
are more suited to warmer climates, ensuring the efficiency of the plantation, and meeting current
consumer expectations.

Keywords: bioclimatic indices; climate change; climate suitability; precision viticulture; Vitis vinifera L.

1. Introduction

Viticulture and wine production are ancient occupations that have accompanied
humans for thousands of years. Currently, the world area under grapevines is estimated to
be 7.2 mha, with the European Union (EU) being the world’s largest wine producer (144.5
mhL) and consumer (107 mhL; 48% of the world total volume) [1]. The latest international
data highlight a decrease in the areas planted with grapevine in the interval 2001–2023, but
especially the gradual decrease in wine production. In 2023, world wine production was
estimated to be 237 mhL (−9.6% compared to 2022), a value that represents the smallest
volume of wine recorded in the last 60 years [1]. Moreover, the OIV report mentioned that
Italy, Spain, and Greece registered significant decreases in wine production compared to
2022 due to unfavorable weather conditions (extreme temperatures, along with flood and
hail damage) that led to the appearance of downy mildew and severe droughts during the
growing season [1]. These fluctuations are mainly attributed to climate changes, indicating
a high variability and a lack of predictability in terms of grape yield and wine production.
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In Romania, viticulture is a traditional occupation that appeared and evolved due to
the favorable climate. Currently, Romania is one of the main wine-producing countries,
occupying the 10th place in the world in terms of the area planted with grapevine. This
represents over 187,000 ha, resulting, in 2023, in relatively large wine production of 4.6 mhl
(+21.2% compared to 2022) [1]. In recent decades, the reality of climate change has been
accepted by the majority of the scientific community [2]. As is often said, climate change
is currently the greatest threat to the environment as we know it today, and we still do
not know how things will evolve. Fortunately, grapevines managed to adapt to different
climatic conditions, growing on six out of seven continents, in a large diversity of climates
(mainly in the temperate climate of the northern hemisphere) [3]. However, climate plays a
vital role in grapevine growing, influencing plant physiology, grape yield, and physico-
chemical characteristics [3,4]. Each cultivar responds differently to climate change, being
proof of grapevine plasticity and resilience to climate change [5].

The gradual warming of the climate affects the evolution of natural factors in the
viticultural ecosystems; summers become hotter and drier, with longer autumns, shorter
and excessive winters, more frequent periods of drought, and wet periods with excessive
rain. Although it can adapt in time, at this point, the consequences for the grapevine are
inevitable: compression of grapevine phenology, plants less prepared for the cold season
and more sensitive to extreme temperatures, forced ripening of grapes, and advancement
of harvest dates, the grapes being poor in their natural components [6–8]. As a result
of global warming, the maintenance of grapevines on the perimeter of the traditional
wine-growing regions remains a challenge for the producers, requiring the application of
rigorous measures to protect or adapt the plants.

Climate change modifies the viticultural potential of vineyards, their specific wine
styles, and even their limits [4]. In recent decades, several studies have highlighted the
impact of climate change on viticulture [4,9–11], or how to adapt viticultural or winemaking
practices under new climate conditions [12–14]. Most studies include the analysis of the
risk factors under controlled conditions, and the design of favorability maps based on
bioclimatic indices or statistical modeling, without the estimation of the economic impact
and the real possibility of implementation of the proposed measures.

Jones et al. [9] suggested that growing season temperature indices can be effectively
used to define vineyards’ climate, the impact of climate change being highly variable. In a
certain vineyard, climatic conditions vary from one year to the other, inducing the “vintage
effect”, respectively, annual changes in yield, quality, and wine typicity [12]. Wine-growing
regions are characterized by a particular climate, which determines the use of specific
cultivars and viticultural practices [3]. In the same context, the French term “terroir” is used
to describe the environmental factors and farming practices that affect a crop’s phenotype,
providing distinctive characteristics to the final product [15,16]. Climate plays an important
role in the terroir concept, but current climate changes modify the known conditions,
leading to a change in the terroir perception.

Jones et al. [9] showed that the mean air temperatures in the growing season increased
by 1.3 ◦C between 1950 and 1999 and 1.7 ◦C from 1950 to 2004 for the main viticultural
areas of the world. Certainly, in some northern areas, climate change may be beneficial for
viticulture, allowing grape maturation. Still, most of the world’s vineyards will suffer due
to warming and extreme climatic events, the producers being forced to find new cultivation
strategies, including cultivars better adapted to the new conditions or relocation [3,17].

Among climate change-related effects are often mentioned advanced harvest data,
increased grape sugar content (which leads to higher alcohol levels in wine), lower acidity,
and modification of varietal aroma compounds [10]. Over time, the alcohol content of wine
has evolved progressively, a trend related to climate change, respectively, to the gradual
increase in air temperatures, which led to increasing sugar amounts in grapes [18,19].
In the general context of functional food consumption and healthy nutrition concept, a
higher sugar content of grapes means wines with an increased alcohol content that are no
longer in line with current consumer requirements [18,20,21]. High temperatures favor
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the degradation of grape acidity, modifying the sensory profile of the final wine [3,22].
Moreover, must and wine acidity corrections are more often necessary in recent years [23].

Global surface temperature was 1.09 ◦C higher in 2011–2020 than 1850–1900, with
larger increases over land than over the ocean [24]. Temperatures in Europe have increased
more than twice the global average over the past 30 years, the highest of any continent [25].
Moreover, over the 1991–2021 period, temperatures in Europe have warmed significantly,
with about +0.5 ◦C per decade [25]. Recent scientific studies carried out in Romania indicate
an expansion of the area of the suitability of grapevine culture by about 2.4 million ha, an
increase in favorable altitude by approx. 180 m (to a maximum of 835 m), and a northward
extension of the area of favorability by about 0.036◦ [4]. At the same time, the climatic
suitability for the cultivation of white wine grape cultivars has decreased, the respective
regions becoming more favorable for the cultivation of red wine cultivars that require
higher temperatures and longer time intervals for the phenolic maturation of the grapes.

In the Romanian viticultural landscape, the wine-growing area of Moldavia occupies a
very important place. Located in the northeast of Romania, the Iaşi wine-growing region is
one of the oldest in the country and includes the Copou-Iaşi wine-growing center, located
in the east-northeast of the Moldavian Plateau, in the area where the parallel of 47◦10′ north
latitude meets the meridian of 27◦35′ east longitude. In the Copou-Iaşi wine-growing center,
white wines represent the main direction of production, the largest areas being currently
occupied by the cultivars Fetească albă, Fetească regală, Aligoté, Muscat Ottonel, Sauvignon
blanc, and Chardonnay. In the east of Romania, the climate conditions are influenced by
the Siberian anticyclone in the cold season and by the Asiatic cyclone during summer [26].
According to the Köppen–Geiger classification, the climate is currently characterized as
humid continental, estimated by Beck et al. [27] to become a humid subtropical climate
by 2100. Considering that climatic factors determine the wine-growing area and set the
production directions, the current study aimed at highlighting the changes in the main
climatic elements during the last five decades (1971–2020) in the vineyards of N-E Romania
and their impact on sugar accumulation and total acidity reduction in grapes of some
white wine cultivars (Vitis vinifera L.), as part of precision viticulture strategies and efficient
management of actual grapevine plantations. In the context of the climate changes, it is
necessary to continuously evaluate vineyards’ climate suitability and promote cultivars
that correspond to the new climatic conditions that are better adapted and will maintain
high production and satisfy consumer demands.

2. Materials and Methods

2.1. Climate Data Collection

The study was carried out on the grapevine plantations of the Research and Develop-
ment Station for Viticulture and Winemaking Iasi (Copou-Iaşi wine-growing center, Iasi
wine-growing region, NE of Romania), being focused on the analysis of the evolution of cli-
matic factors in the period 1971–2020 (50 years). To allow data interpretation, the analyzed
period was divided into five decades: 1971–1980, 1981–1990, 1991–2000, 2001–2010, and
2011–2020. The meteorological data were recorded daily using an AgroExpert® weather
station generation 1 (Metrilog Systems, Bucharest, Romania) located in the experimental
field (47◦12′18′′ N, 27◦32′03′′ E; at 191 m altitude) (Figure 1), connected to a computer.
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Figure 1. The location of the Copou-Iaşi wine-growing center (NE of Romania). Source: Google
Earth [28].

2.2. Studied Parameters and Bioclimatic Indices

To highlight the climate changes, the following parameters were calculated: annual
average temperature, growing season (April 1 to September 30) average temperature,
annual precipitations, growing season precipitations, number of days with temperatures
> 30 ◦C and with temperatures >35 ◦C, number of days with temperatures lower than
−2 ◦C (spring frost) and –15 ◦C (winter frost), the sum of positive temperatures (Σt◦g;
the sum of average daily temperatures > 0 ◦C during the growing season (01.04–31.09)),
the sum of active temperatures (Σt◦a; the sum of growing season average temperatures
>10 ◦C), and the sum of effective temperatures (Σt◦u; the sum of differences between
average daily temperatures > 10 ◦C and biological threshold for grapevine (10 ◦C)). To
assess the heliothermic and water resources of the area, we calculated the hydrothermal
coefficient (HC; the ratio between the growing season average precipitations and the sum
of active temperatures, multiplied by 10) [29], De Martonne aridity index (IDM; the ratio
between average annual precipitation and annual mean temperature plus 10) [30], actual
heliothermal index (IHr; the result of multiplication of the growing season hours of real
insolation and the Σt◦u, multiplied by 106) [31], grapevine bioclimatic index (Ibcv; the
ratio between the real insolation multiplied by Σt◦a, and growing season precipitations
multiplied by the number of days in the growing season with average temperatures >10 ◦C,
divided by 10) [32], the oenoclimatic aptitude index (IAOe; the sum of real insolation and
Σt◦a, from which is subtracted the growing season average precipitations and 250) [33],
the Huglin heliothermal index (HI; the sum of the growing season maximum temperature
minus 10 and the growing season minimum temperature minus 10, divided by 2 and
multiplied by the length of daylight hours coefficient—varying from 1.02 to 1.06 between
40◦ and 50◦ latitude) [34], the Winkler index (WI; the sum of daily average temperatures
above 10 ◦C, from April 1 to October 31) [35], the cool night index (the average minimum
temperatures of September, in the Northern Hemisphere) [36]. The values are shown as a
10-year average (decade average), with the multiannual average value (50 years) for each
analyzed parameter also being presented.

2.3. Grapevine Cultivars and Growing Conditions

Two autochthonous Vitis vinifera L. cultivars for white wines (Fetească Albă and
Fetească Regală), and two Vitis vinifera L. international cultivars for white wines (Aligoté
and Muscat Ottonel), widely planted in most of the major wine-producing regions in
Romania, were monitored for 40 years (1981–2020) in terms of sugar content and total
acidity of grapes at ripening. All four cultivars are growing in the grapevine plantations
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of the Research and Development Station for Viticulture and Winemaking Iaşi; planting
distances were 2.2 between rows and 1.2 m between plants, in the semi-high trunk system
(80 cm), Guyot training system, with plants grafted on SO4 rootstock (Vitis berlandieri × Vitis
riparia). The soil is cambic chernozem with a clayey–loamy texture (pH 6.8). The elevation
is 150–160 m, S-SW, 6–7% slope, and N-S row orientation. The main applied agrotechnical
operations were specific to the standard grapevine growing technology (manual pruning,
weeding, and harvesting). Grape maturity and harvest date were established according
to Eichhorn–Lorenz phenological stages (EL 38—berries ripe for harvest) [37], by weekly
determination of sugar and total acidity concentrations.

2.4. Chemical Determinations

Grape must sugar (g/L), equated according to the total soluble solids content (digital
refractometer HI96801, Hanna Instruments, Cluj Napoca, Romania), and total acidity
(g/L as tartaric acid) were determined using the standard methods specified in the OIV
Compendium of International Methods of Wine and Must Analysis [38].

2.5. Statistical Procedures

The one-way analysis of variance (ANOVA) was used to determine the statistically
significant differences between the groups of data (n = 10) in XLSTAT 2021.5.1 for Microsoft®

Excel 2019. The method used to discriminate among the means was Tukey’s test at 95%
confidence level. Values noted with the same letter indicate statistically non-significant
differences (p > 0.05). Regression analysis was performed to look for relationships between
data (Microsoft® Excel; data analysis) (Pearson correlation). Principal Component Analysis
and Agglomerative Hierarchical Clustering (Ward’s method) were performed to investigate
data group formation using the XLSTAT 2021.5.1 statistical software.

3. Results and Discussion

3.1. Climatic Elements

Climate is defined as the long-term pattern of weather conditions in a particular
area [39]. Global warming gradually modifies the climate conditions, creating new patterns,
increasing climate variability. According to Antón et al. [40], climate change is expected
to increase the variability of weather conditions and the frequency of extreme events.
However, temperature is considered the main climatic element and a good indicator of
climate change because it has a significant impact on the entire ecosystem by guiding the
life cycle of various organisms [41,42]. Temperature tolerances differ for various species and
cultivars, but grapes are generally produced in areas with an annual average temperature
between 10 and 20 ◦C, and growing season average temperatures between 13 and 21 ◦C,
mostly in the mid-latitude regions of the continents [43,44]. In the Copou-Iasi wine-growing
center, NE of Romania, in the period 1971–2020, the multiannual average temperature
was calculated as 9.89 ± 0.98 ◦C. The lowest temperature recorded in the studied interval
was −27.2 ◦C (December 1996), and the highest was 42.3 ◦C (July 2007). In the analyzed
period, the average air temperature increased from one decade to another by at least 0.28 ◦C.
Thus, the difference between the first analyzed decade (1971–1980) and the last decade
(2011–2020) was +1.70 ◦C (Figure 2a). A significant increase in annual temperatures was
highlighted starting with the year 2000, the period 1991–2000 being one of transition. If in
the interval 1971–1990 were years when the average air temperature frequently reached
7–8 ◦C, in recent years, due to climate change, the lowest average air temperature is around
10 ◦C. According to the U.S. Environmental Protection Agency, worldwide, the decade
2012–2021 was the warmest since thermometer-based observations were made, confirming
the similar trend of increasing air temperatures [45].
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(a)

(b)

Figure 2. Evolution of annual average temperatures (a) and growing season average temperature
(b) in the Copou-Iaşi wine-growing center, NE of Romania (1971–2020). Note: The mean values of the
decades are presented as the average of the annual data (n = 10) with standard deviation (±). Values
with the same letter are not statistically significant (p > 0.05) using Tukey’s test.

Regarding the average temperatures in the growing season (April–September), recent
studies conducted in most European countries indicated a general increasing trend [3]. In
our study, a significant increase in air temperatures was observed during the growing season
(Figure 2b). The multiannual average temperature in the growing season was 17.36 ± 1.04, the
difference between the first analyzed decade and the 2011–2020 interval being +2.08 ◦C. The
rise in air temperature during the growing season was more evident starting with the year 2000,
the statistical differences being significant compared to the 1971–1990 interval. However, the
most important increase in the growing season average temperature was observed in the last
decade, over 0.81 ◦C.

Precipitation has important effects on the development of ecosystems. Rain and snow
can affect the amount of water on the surface, while the timing of snowmelt influences the
availability of groundwater for irrigation. As the temperatures rise, a more intense evapo-
ration of water takes place, which subsequently generates more consistent precipitation;
thus, theoretically, climate warming is expected to increase the amount of precipitation.
According to US EPA [46], on average, since 1901, global precipitation has increased from
decade to decade at an average rate of 1.016 mm (0.04 inches). On the other hand, grapevine
is a species with moderate demands on water, the daily consumption of a grapevine stock

59



Horticulturae 2024, 10, 705

being 0.2–1.5 L, which means approx. 8000 L/day/ha [47]. Considering losses through
evaporation and soil infiltration, for the correct supply of grapevine, a rainfall volume of
300–350 mm is necessary during the growing season, respectively, 500–700 mm annual
precipitation [43]. The IPCC group predicts that most vineyards will face an increase in
drought intensity and a reduction in surface and groundwater resources in the future; the
cultivars to be planted must be selected according to their drought tolerance [2]. In the
Copou-Iaşi area, after a maximum value of precipitations reached in the interval 1991–2000
(613.15 ± 147.75 mm), the average values of the decades remained relatively constant, with
a slight non-significant decrease (Figure 3a).

(a)

(b)

Figure 3. Changes in the annual average precipitation (a) and growing season average precipitation
(April–September) (b) in the Copou-Iaşi wine-growing center, NE of Romania (1971–2020). Note: The
mean values of the decades are presented as the average of the annual data (n = 10) with standard
deviation (±). Values with the same letter are not statistically significant (p > 0.05) using Tukey’s test.

The multiannual average of precipitation was 574.70 mm, with a high standard devia-
tion (±123.76 mm) that indicates a large variability of the annual values. There were years
(e.g., 1991, 1996) with high precipitation values (>800 mm) followed by dry years, in which
the precipitation was up to two times lower (250–400 mm); in general, the conditions for
efficient cultivation of grapevine were found in eight out of ten years.

Water deficit in the growing season affects photosynthesis and shoot growth and
reduces berry size, while excessive water deficit stress can damage the leaves and stop
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grape ripening [12]. Also, excess water in soil causes a vigorous growth of shoots, sen-
sitivity to fungal diseases, a delay in grape ripening, and lower rates of sugar accumu-
lation [43,48,49]. In our study, the multiannual (1971–2020) average of growing season
precipitation was 390.98 ± 109.34 mm, the decrease in the amount of precipitation be-
ing more obvious (−71 mm between the first and the last analyzed decades), but still
statistically non-significant due to the very high data dispersion (Figure 3b).

Worldwide, over recent decades, no significant changes in the average precipitation
regime during the growing season were reported [50]. However, Chen et al. [51], showed
that the number of rainfall days decreased significantly in northeast China, increasing
the daily rainfall amounts. In general, precipitation in the high latitudes of the northern
hemisphere have increased, while rainfall in eastern Asia, Australia, and the Pacific region
has declined, with rainfall variability increasing almost everywhere in the world [52].
Across Europe, a significant positive annual trend in precipitation was reported, with
regional differences, however, with northern Europe becoming wetter and southern Europe
becoming drier [53].

High-temperature variations directly affect photosynthesis and grapevine growth,
the physiological processes being reduced when the temperature rises above an optimum
limit [54]. The optimum photosynthetic temperature for grapevine is between 25 and
35 ◦C [55]. Above 35 ◦C, vegetation activity is impaired, and in some extreme cases,
vineyards may suffer severe and irreversible damage [11,54]. Heat stress was evaluated
based on the number of days with maximum temperatures above 30 and 35 ◦C. In the
N-E of Romania, the parameter that increased most during the 1971–2020 period was the
number of days with temperatures >30 ◦C. If in the first analyzed decade (1971–1980)
the number of days with temperatures >30 ◦C was low (~9 days); during the following
decades, there was a gradual and significant increase in the number of days with maximum
temperatures >30 ◦C, exceeding an average of 30 days in the 2011–2020 interval (Figure 4a).
If, until 2000, there were years when the temperatures did not exceed 30 ◦C (e.g., 1991),
after the year 2000, the number of days with risky temperatures for grapevine was between
9 and 51, the heat stress on the plants increasing exponentially.

An upward trend was also registered in the case of the number of days with tempera-
tures above 35 ◦C, the values being 10-fold higher in the decades after 2000, compared to
the 1971–2000 interval (Figure 4b). Even if statistically the differences between the decades
are non-significant due to the large fluctuations from year-to-year values, there is a clear
trend towards an increase in the number of days with maximum temperatures above 35 ◦C,
which seriously affects the normal development of plants, and, finally, the grape yield and
quality. Prolonged exposure to extremely high temperatures (above 35 ◦C) can negatively
affect plant development, with severe sunburns being reported, which increases the inci-
dence of fungal infection [11,56]. A similar trend was reported by Bucur and Dejeu [57] in
seven viticultural wine-growing regions in Romania, the number of days with temperatures
above 30 and 35 ◦C gradually increasing significantly in the last 20 years.

The grapevine is a deciduous perennial fruit crop, and annually the canes and buds
should withstand low temperatures during winter. However, grapevine has a limited
resistance to winter frosts, varying depending on genetic factors (species and variety).
The widely cultivated Vitis vinifera L. is a cold-sensitive species and cannot survive severe
winter in regions with extremely low temperatures [58]. The most resistant to negative
temperatures are the cultivars originating from temperate-continental climates, while the
most sensitive cultivars come from the Mediterranean area [43,59]. Cold stress, including
chilling (0 to 15 ◦C) and freezing (<0 ◦C) stresses, has an adverse effect on plant growth,
development, and productivity, limiting grapevine geographical distribution [58,60].
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(a)

(b)

Figure 4. The average number of days with temperatures above 30 ◦C (a) and above 35 ◦C (b) in the
Copou-Iaşi wine-growing center, NE of Romania (1971–2020). Note: The mean values of the decades
are presented as the average of the annual data (n = 10) with standard deviation (±). Values with the
same letter are not statistically significant (p > 0.05) using Tukey’s test.

Low temperatures are among the abiotic factors with an important negative impact
on the grapevine, depending on the time of occurrence. Thus, the number of days with
frosts in winter (<−15 ◦C) and spring (<−2 ◦C) was evaluated. In the case of winter frosts
(temperatures below −15 ◦C), a large fluctuation of years with very low temperatures
was highlighted. Thus, decades with a higher number of days with frost (>4) alternated
with decades with fewer days with frosts; however, the differences between decades
were non-significant (Figure 5a). On average, in the period 1971–2020, in the Copou-Iaşi
wine-growing center, there were 3.3 days of frost during winter (December, January, and
February), a particularly important aspect when deciding on the cultivars to be planted in
the area and wine type production.
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(a)

(b)

Figure 5. The average number of days with temperatures below −15 ◦C (December, January, and
February; winter frost) (a) and below −2 ◦C (March, April, May; spring frost) (b) in the Copou-
Iaşi wine-growing center, NE of Romania (1971–2020). Note: The mean values of the decades are
presented as the average of the annual data (n = 10), with standard deviation (±). Values with the
same letter are not statistically significant (p > 0.05) using Tukey’s test.

Temperature is the main factor influencing the budburst in spring. Mild winters cause
early budbursts, which can lead to devastating damage from late spring frost affecting
the green shoots and young leaves, with significant harvest decreases [61]. Knowing the
frequency of winter and spring frosts is essential in the selection process of cultivars that can
better withstand the action of low temperatures. On average (1971–2020), in the Copou-Iaşi
area, spring frosts occurred more than 8 days/year. If, in the period 1971–1990, the number
of days with spring frost (<−2 ◦C) was on average 9–10, after the year 2000, the average
annual number of days with freezing temperatures decreased non-significantly to 6–7, as
well as the annual frequency of the phenomenon (in some years, no spring frosts occurred;
two out of ten) (Figure 5b).

3.2. Bioclimatic Indices

To assess the climate characteristics of a vineyard, a series of bioclimatic indices must
be calculated, based on the summation of active, useful, or global temperatures throughout
the year or during the growing season (Winkler index, Huglin index, cool night index)
or combinations of thermal and hydrological indices, such as the oenoclimatic aptitude
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index (IAOe) or grapevine bioclimatic index (Ibcv). These bioclimatic indicators are very
effective in representing the climate suitability for wine production in various climates by
integrating factors such as temperature, precipitation, or sunshine duration [62,63]. The
Huglin Index (HI) is widely applied as an effective tool for viticultural zoning [34,64], while
IAOe is largely used to analyze vineyard climate suitability for specific cultivars [62].

Hygroscopicity (relative air humidity), which influences the intensity of physiological
processes, showed values between 84 and 88%, without significant variations between
decades, ensuring the optimal level of air humidity throughout the annual biological cycle
of plants. Also, the multiannual average of the actual sunshine duration (as the sum of
the hours of effective sunshine during the growing season) was 2062 ± 120 h, with small
non-significant variations between decades, the climate being favorable for grapevine
growing from this point of view. In the Romanian wine regions, a sunshine duration of
over 1520 h is considered sufficient for the production of red wines [43]. The values of the
main bioclimatic indices in the Copou-Iaşi wine-growing center, for the period 1971–2020
(on decades), are shown in Table 1.

Table 1. Changes in the main bioclimatic indices of the Copou-Iaşi wine-growing center, NE of
Romania, in the period 1971–2020.

Bioclimatic
Indices

Decades Average
(1971–2020)1971–1980 1981–1990 1991–2000 2001–2010 2011–2020

Σt◦g (◦C) 3020 ± 172 c 3083 ± 99 c 3159 ± 148 bc 3262 ± 140 ab 3398 ± 139 a 3185 ± 191

Σt◦a (◦C) 2864 ± 191 c 2958 ± 139 c 3021 ± 191 bc 3151 ± 130 ab 3291 ± 168 a 3057 ± 219

Σt◦u (◦C) 1251 ± 160 c 1308 ± 87 c 1379 ± 126 bc 1469 ± 136 ab 1609 ± 132 a 1403 ± 178

HC

Average 1.5 ± 0.4 1.3 ± 0.4 1.4 ± 0.5 1.3 ± 0.4 1.1 ± 0.3 1.3 ± 0.4

Class Moderate
humidity

Moderate
humidity

Moderate
humidity

Moderate
humidity

Insufficient
humidity

Moderate
humidity

IDM
Average 30 ± 8 27 ± 7 31 ± 8 30 ± 5 27 ± 6 29 ± 7

Class Humid Semi-humid Humid Humid Semi-humid Humid

IHr Average 1.8 ± 0.3 bc 1.8 ± 0.3 cd 2.1 ± 0.3 c 2.1 ± 0.2 ab 2.4 ± 0.3 a 2.1 ± 0.3

Ibcv Average 7.0 ± 3.6 7.2 ± 2.7 7.2 ± 2.6 7.7 ± 2.9 9.2 ± 3.3 7.7 ± 3.0

IAOe

Average 4152 ± 280 c 4223 ± 301 c 4325 ± 399 bc 4482 ± 266 cb 4690 ± 252 ab 4375 ± 352

Class
Unsuitable

for red wine
production

Unsuitable
for red wine
production

Medium
favorability
for red wine

Medium
favorability
for red wine

Very
favorable for

red wine

Medium
favorability
for red wine

HI

Average 1822 ± 181 c 1928 ± 130 c 1976 ± 190 bc 2098 ± 150 ab 2268 ± 161 a 2018 ± 222

Class
HI3—

temperate
climate

HI3—
temperate

climate

HI3—
temperate

climate

HI4—
temperate

climate

HI4—warm
temperate

climate

HI3—
temperate

climate

WI
Average 1303 ± 159 c 1374 ± 78 c 1452 ± 133 bc 1535 ± 120 ab 1682 ± 139 a 1469 ± 181

Class Ib Ib II II III II

CNI

Average 10.9 ± 1.2 10.9 ± 1.3 10.8 ± 1.8 11.1 ± 0.6 12.2 ± 1.2 11.2 ± 1.3

Class Very cold
nights

Very cold
nights

Very cold
nights

Very cold
nights Cold nights Very cold

nights

Note: Σt◦g—the sum of positive temperatures; Σt◦a—the sum of active temperatures; Σt◦u—the sum of effective
temperatures; HC—hydrothermal coefficient; IDM—De Martonne aridity index; IHr—actual heliothermal index;
Ibcv—grapevine bioclimatic index; IAOe—oenoclimate aptitude index; HI—Huglin index; WI—Winkler index;
CNI—cool night index. Values with the same letter are not statistically significant (p > 0.05) using Tukey’s test.

The sum of temperatures varies from one year to another, determining the different
favorability of the years for grape production. The increase in Σt◦g, Σt◦a, and Σt◦u was
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significant in the last 20 years. Regarding the Σt◦u, in the decade 2011–2020, the values
increased by 358 ◦C compared to the period 1971–1980, resulting in a multiannual average
of 1403 ± 178 ◦C, which allows the efficient cultivation of grapevine. According to the
studies conducted by Oşlobeanu et al. [65], in Romanian wine-growing regions, the Σt◦g
values are within the range 2700–3600 ◦C, Σt◦a between 2600 and 3500 ◦C, while the Σt◦u
values vary between 1000 and 1700 ◦C. High values favor the ripening of grapes, and the
accumulation of sugars and phenolic compounds, while the thermal deficit delays the
ripening of grapes, determines a high level of total acidity, and limits the accumulation of
useful organic substances.

Lower values (<0.6) of the hydrothermal coefficient (HC) indicate the need to irrigate
the grapevine plantations [59,66]. In the Copou-Iaşi area, HC showed optimal values,
varying between 1.1 and 1.5, decreasing non-significantly in recent decades. However, in
the decade 2011–2020, a transition from a climate with moderate humidity to one with
insufficient humidity was observed, indicating a stagnation of the precipitation regime in
parallel with the increase in thermal resources.

The actual heliothermal index (IHr) reveals the availability of thermal resources in the
analyzed viticultural area. In the reference interval, IHr values increased significantly from
1.8 (1971–1990) to 2.4 (2011–2020), with a multiannual average of 2.1 ± 0.3, offering after
the year 2000 the possibility of obtaining quality red wines in the Copou-Ias, i center.

The values of the viticultural bioclimatic index (Ibcv), which integrates the influence of
temperature, precipitation, and insolation (being recommended for the temperate climate),
registered an upward trend, from 7.0 (1971–1980) to 9.2 (2011–2020), indicating, in this case,
an increase in the humidity deficit, and at the same time, an abundance of heliothermic
resources in the vineyard.

The oenoclimatic aptitude index (IAOe) expresses the combined action of insolation,
temperature, and precipitation during the growing season and reveals the possibility of
producing red wines in a specific vineyard [33]. Due to climate change, the IAOe values in
the last 50 years showed a significant increase, evolving from 4152 (value unsuitable for
the production of red wines) in the period 1971–1980, to 4325 (medium favorability for red
wine production) in the period 1991–2000, and to 4690, in the period 2011–2020, placing the
climate of the Copou- Ias, i wine-growing center in the class of very favorable areas for the
ripening of grapevine cultivars for red wines. However, the IAOe showed a multiannual
value of 4375 ± 352, corresponding to an area with medium favorability for the production
of red wines, in which suitable conditions are met only in some years.

The Huglin index and the Winkler index are extensively used to determine the relationship
between climate and the sugar content of grapes [67]. Grapevine cultivars need a certain amount
of heat and precipitation to ripen the grapes. The Huglin heliothermal index (HI) provides
information regarding the thermal potential of the vineyard and the possibility of growing
certain cultivars with various periods of grape maturation. In the case of the Copou-Iaşi wine-
growing center, the average value of HI in the period 1971–2020 was 2018 ± 222, corresponding
to the theoretical class HI3 (values between 1800 and 2100), respectively, a classic temperate
climate. The significant increase in HI values in the last 40 years made it so that in the last decade
(2011–2020), the Copou-Iaşi area became part of an upper climatic class, respectively, warm
temperate climate—HI4 (values between 2100 and 2400), in which there are no heliothermic
constraints for grapevine, being recommended for planting cultivars regardless of the length of
the vegetation period.

The Winkler index (WI) is used for classifying the climate of wine regions based on
heat summation, the areas being divided into five climate regions based on temperature
converted to growing degree-days [35]. According to WI climate classification, the Copou-
Iaşi wine-growing center was initially (1971–1990) included in Region Ib (1111–1389 ◦C).
In the interval 1991–2010, the recorded WI values framed the Copou-Iaşi wine-growing
area in Region II (1389–1667), the continuous heating from the last decade leading to the
integration of the monitored area in Region III (1667–1994 ◦C), with the recent climate
change being significant. Thus, according to WI average values (1469 ± 181 ◦C), the
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Copou-Iaşi wine-growing center climate is favorable for high production of standard to
good-quality wines.

The cool night index showed a relatively constant value in the last 50 years, the slight
increase from the decade 2011–2020 being sufficient for the transition of the Copou-Iaşi
wine-growing center from the class with “very cold nights” to “cold nights” classification,
daily temperatures increasing more than night temperatures. The obtained data are consis-
tent with those reported by Bucur and Dejeu [57], who showed that in many Romanian
vineyards, the values of the cool night index were not significantly affected by climate
change. Also, the research carried out in the last 10 years in different areas of Romania
revealed the increasing trend of extreme weather conditions or shifts in climate suitability
of traditional vineyards [23,26,62].

3.3. Changes in Harvest Date

Among the most evident biological effects of global warming are the phenological
shifts [54]. As previously shown, phenological stages are highly influenced by temperature,
thermal amplitude, and solar radiation, which together determine the initiation and length
of the phenophases for a certain cultivar [68–70]. Previous studies conducted in Copou-Iaşi
wine-growing center showed that high temperatures and soil water deficit may determine
a shift in phenological phases and a forced ripening of grapes, with negative impact on
the yield of various cultivars [71]. Overall, the warming process makes the grapevine go
through some phenological phases faster, starting with budburst and finishing with an
earlier grape ripening and harvest. According to Ruml et al. [72], an increase in the average
temperature by 1 ◦C is enough to advance average harvest times by up to 7.4 days. To
highlight this aspect, four V. vinifera L. grape cultivars for white wines were monitored in
the interval 1981–2020 (40 years), determining the date of grape harvesting, respectively,
the time of reaching grape technological maturity, considering that the production direction
and the obtained wine style were not modified during this time interval (Figure 6).

Figure 6. The comparative presentation of the grape harvest intervals (by decade), in the Copou-Iasi
wine-growing center, NE of Romania (1981–2020). Note: The decade average was calculated as the
mean value of the annual data (n = 10), for each cultivar.

Although the faster occurrence of grape maturity is obvious, each cultivar responded
differently to climate changes, as proof of their different plasticity and adaptability. If, in the
decade 1981–1990, the date of grape harvest varied in a wider range (21 September–20 October),
the increase in temperatures in recent decades led to a shortening of this interval (12 September–
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30 September), with a delay being determined in the average harvest date by about 11 days in
the case of autochthonous cultivars (Fetească Albă and Fetească Regală). A lower advance in
the date of grape harvest was recorded for the Aligoté cultivar, respectively, 10 days earlier than
40 years ago, a difference registered mainly in recent decades (2001–2020).

A similar trend was reported by Venios et al. [54] and Koch and Oehl [73], which
showed a clear change in the date of harvest for five grapevine cultivars over approximately
40 years, in S-W Germany, significantly changing in the last two decades (about four
weeks earlier comparing to the 1980–1990 decade). Trends related to earlier harvest dates
have been frequently reported for various regions in Europe, confirming this process of
continuous climate warming [26,74,75].

3.4. Changes in Grape Chemical Composition

Grape quality depends on the relationships between the plant and the environment.
Long-term temperature increases all over the world had a direct impact on grape composi-
tion, the sugar content increasing and total acidity decreasing [67,76,77]. Climate influences
grape quality by modifying the concentration of sugars, organic acids, and secondary
compounds [9,78]. Overall, climate change accelerates the ripening process due to warming
temperatures, and grapes reach maturity in a shorter time and accumulate large amounts
of sugars [78,79]. However, grape sugar content can be indirectly affected by changes in
water content and berry size [80].

Changes in sugars and total acidity content in matured grapes of Fetească Albă,
Fetească Regală, Aligoté, and Muscat Ottonel cultivars, in the period 1981–2020, are shown
in Figure 7 (as average values per decades). In the last 40 years, a significant increase in the
average sugar content of grapes was observed, these increases varying depending on the
cultivar. In the case of the autochthonous cultivars, the average sugar amount in grapes
increased between +15.30 g/L (~8%) (Fetească Albă) and +20.56 g/L (~10%) (Fetească
Regală) (Figure 7a,b).

Although the advance of the harvest date was almost similar for all four analyzed cultivars,
the increase in sugar concentrations was much higher in the cultivars from the international
assortment. Thus, the highest differences compared to the 1981–1990 decade in terms of sugar
accumulation were recorded in grapes of Muscat Ottonel (+21.95 g/L; ~11%) and Aligoté
(+25.4 g/L; ~12%) cultivars (Figure 7c,d). Regarding the multi-annual dynamics, grape sugar
concentration has increased compared to the values of 40 years ago, but a slowing down of the
process (Fetească Albă, Muscat Ottonel) or even a stagnation (Aligoté, Fetească Regală) was
observed after the year 2000, even if the average air temperatures increased more during this
period. Venios et al. [54] concluded that, in time, the grapevine might develop strategies to
maintain homeostasis and cope with high-temperature stress, mechanisms that may include
physiological adaptations and activation of signaling pathways and gene regulatory networks
governing heat stress response and thermotolerance. However, the increase in sugar in grapes
led to wines with higher alcohol concentrations or, in certain cases, wines with residual sugar
(semisweet) [81].

Regarding the total acidity of mature grapes, a significant decrease was observed over
the last 40 years. Unlike sugar accumulations, the decrease in total acidity was continuous.
In grapes of the Fetească Albă cultivar, in the last decade (2011–2020), total acidity was
lower by about 3.14 g/L tartaric acid (−33%) compared to the 1981–1990 interval. Along
with the Fetească Albă cultivar, Aligoté (−3.50 g/L tartaric acid; −34%) suffered the most
important losses of total acidity in the analyzed interval (1981–2020). Also, in the case of
Fetească Regală (−3.24 g/L tartaric acid) and Muscat Ottonel cultivars (−2.00 g/L tartaric
acid), the average acidity of matured grapes was lower by a percentage between 28 and
33% compared with the values of the 1981–1990 decade.
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Figure 7. Cont.
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(d)

Figure 7. Changes in sugar amount (g/L) and total acidity (g/L as tartaric acid) in mature grapes
of Fetească Albă (a), Fetească Regală (b), Aligoté (c), and Muscat Ottonel (d) cultivars in the period
1981–2020, in the Copou-Iaşi wine-growing center (NE of Romania). Note: The mean values of the
decades are presented as the average of the annual data (n = 10), with standard deviation (±). Values
with the same letter are not statistically significant (p > 0.05) using Tukey’s test.

Climatic and biochemical data correlation for the interval 1981–2020 revealed the
negative impact of the increasing annual and growing season temperatures on the date of
the grape harvest, especially for the cultivars Aligoté (r > −0.9017) and Muscat Ottonel
(r > −0.9832) (Table 2). For the same cultivars, a negative correlation between the high
number of days with temperatures > 30 ◦C and the advance of the grape harvest date was
highlighted (r = −0.9045–−0.9416). The annual average temperature (r = 0.8884–0.9851),
growing season average temperature (r= 0.8891–0.9856), and the number of days with
temperatures >30 ◦C (r = 0.9562–0.9815) were positively correlated (p < 0.05) with grape
sugar content of all V. vinifera L. analyzed cultivars.

Also, the decrease in grapes’ total acidity was inversely correlated with the increase in annual
and growing season temperatures (r = −0.8966–−0.9854), as well as with the high number of
days with temperatures >30 ◦C (r = −0.9094–−0.9940). Growing season precipitation showed a
strong negative correlation with grape sugar concentrations (r = −0.9252–−0.9660) and a direct
positive relationship with decreasing acidity values (r = 0.9128–0.9777). In the same context, the
sugar content of grapes was negatively correlated with total acidity (r > −0.9416), meaning that a
high concentration of sugar in grapes corresponded to a lower acidity. In the analyzed interval,
increases in Σt◦g, Σt◦a, and Σt◦u showed a direct influence on sugar accumulation (r > 0.90) and
total acidity reduction in grapes of all analyzed cultivars (r > −0.90). Taking into account the
calculation method, the main bioclimatic indices (IHr, Ibcv, IAOe, HI, WI) showed a positive
correlation with carbohydrate accumulation (r = 0.8930–0.9924) and a negative relation with grape
acidity (r > −0.9285), while hydrothermal coefficient (HC) and De Martonne aridity index (IDM),
which involve the annual and growing season precipitation, were positively correlated with the
acidity of the grapes (r > 0.85) (Table 2). Previously, Navrátilová et al. [67] revealed a higher
correlation rate of the HI with the sugar content, while the WI proved to be less suitable for all
viticultural areas. In our study, the Winkler index (WI) showed a high correlation with grape
sugar content (r = 0.89–0.99), close to that of the Huglin index (r = 0.93–0.99).
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Table 2. Pearson correlation coefficients of the relationships between climatic factors (1981–2020),
phenological and chemical data of the analyzed V. vinifera L. cultivars (Copou-Iaşi wine-growing
center; NE of Romania).

Parameters
No. Days
T > 35 ◦C

No. Days
T > 30 ◦C

GST (◦C)
Annual T

(◦C)
GS

PP (mm)
Annual
PP (mm)

FA
Sugars

FR
Sugars

Al
Sugars

MO
Sugars

FA
Acidity

FR
Acidity

Al
Acidity

MO
Acidity

FA H-date −0.6186 −0.6731 −0.6825 −0.6845 0.4956 −0.2119

FR H-date −0.7260 −0.8280 −0.8534 −0.8550 0.6604 −0.1025

Al H-date −0.8395 −0.9045 −0.9017 −0.9026 0.7800 0.0811

MO
H-date −0.7806 −0.9416 −0.9833 −0.9832 0.8642 0.2408

FA sugars 0.9040 0.9815 0.9705 0.9696 −0.9660 −0.4700 1

FR sugars 0.9802 0.9595 0.8983 0.8977 −0.9352 −0.4413 0.8977 1

Al sugars 0.9864 0.9562 0.8891 0.8884 −0.9420 −0.4728 0.8969 0.9993 1

MO
sugars 0.8522 0.9710 0.9856 0.9851 −0.9252 −0.3622 0.9917 0.8645 0.8595 1

FA acidity −0.9094 −0.9895 −0.9854 −0.9854 0.9128 0.2782 −0.9520 −0.9554 −0.9473 −0.9541 1

FR acidity −0.9902 −0.9793 −0.9199 −0.9189 0.9777 0.5237 −0.9456 −0.9884 −0.9904 −0.9107 0.9576 1

Al acidity −0.9926 −0.9649 −0.8975 −0.8966 0.9609 0.5101 −0.9168 −0.9962 −0.9981 −0.8782 0.9484 0.9967 1

MO
acidity −0.9720 −0.9940 −0.9534 −0.9527 0.9715 0.4608 −0.9646 −0.9821 −0.9812 −0.9416 0.9796 0.9953 0.9877 1

Σt◦g 0.8937 0.9925 0.9967 0.9964 −0.9308 −0.3255 0.9828 0.9233 0.9168 0.9875 −0.9894 −0.9471 −0.9265 −0.9733

Σt◦a 0.9135 0.9967 0.9912 0.9908 −0.9482 −0.3718 0.9880 0.9346 0.9298 0.9861 −0.9877 −0.9603 −0.9405 −0.9820

Σt◦u 0.8789 0.9863 0.9947 0.9943 −0.9319 −0.3444 0.9900 0.9007 0.8949 0.9961 −0.9768 −0.9345 −0.9086 −0.9627

HC −0.9698 −0.9851 −0.9384 −0.9372 0.9942 0.5578 −0.9807 −0.9540 −0.9569 −0.9512 0.9512 0.9878 0.9719 0.9895

IDM −0.9649 −0.9202 −0.8388 −0.8368 0.9925 0.7320 −0.9326 −0.9061 −0.9171 −0.8783 0.8574 0.9555 0.9393 0.9393

IHr 0.8890 0.9879 0.9944 0.9944 −0.9068 −0.2609 0.9602 0.9354 0.9265 0.9682 −0.9978 −0.9441 −0.9300 −0.9712

Ibcv 0.9269 0.9975 0.9861 0.9858 −0.9395 −0.3435 0.9705 0.9585 0.9527 0.9666 −0.9972 −0.9702 −0.9579 −0.9890

IAOe 0.9176 0.9936 0.9863 0.9862 −0.9249 −0.3064 0.9605 0.9574 0.9504 0.9601 −0.9995 −0.9637 −0.9532 −0.9843

HI 0.9290 0.9972 0.9820 0.9813 −0.9653 −0.4270 0.9930 0.9386 0.9360 0.9842 −0.9800 −0.9692 −0.9489 −0.9863

WI 0.8689 0.9844 0.9986 0.9984 −0.9169 −0.3005 0.9818 0.9004 0.8930 0.9924 −0.9822 −0.9285 −0.9042 −0.9593

CNI 0.7127 0.8700 0.9130 0.8820 −0.8842 −0.2936 0.9443 0.7063 0.7050 0.9278 −0.8802 −0.7946 −0.7305 −0.8251

Note: FA—Fetească Albă cv.; FR—Fetească Regală cv.; Al—Aligoté; MO—Muscat Ottonel cv.; Σt◦g—the sum
of positive temperatures; Σt◦a—the sum of active temperatures; Σt◦u—the sum of effective temperatures; HC—
hydrothermal coefficient; IDM—De Martonne aridity index; IHr—actual heliotermal index; Ibcv—grapevine
bioclimatic index; IAOe—oenoclimate aptitude index; HI—Huglin index; WI—Winkler index; CNI—cool night
index; PP (mm)—precipitation; T (◦C)—temperature; GS—growing season; H-date—harvest date. Correlation
coefficients marked in bold are shown in the text (p < 0.05; Microsoft® Excel; data analysis).

Principal component analysis (PCA), as a multivariate technique, allows visual repre-
sentation of the correlations between multiple variables, increasing data interpretability and
explaining data variation [82]. PCA biplot showed the grouping of grape sugar of analyzed
cultivars along with the annual and growing season temperatures during the last decade, while
the number of days with freezing temperatures in winter (T < −15 ◦C) and spring (T < −2 ◦C)
was paired with grape acidity in the period 1981–2000 (Figure 8a). WI, HI, IAOe, and IHr,
together with the increasing number of days with high temperatures (T > 30 ◦C; T > 35 ◦C), were
related to grape sugar concentrations, grouped especially in the quadrants of recent decades.

The cluster method admits the existence of the polythetic groups, whose elements are
equivalent or similar for several criteria, but not for all characteristics. At the same time,
the similitude of the elements from the group and the difference among groups are mea-
sured [83]. However, cluster analysis is a convenient method for identifying homogenous
groups considering a multitude of factors. Agglomerative Hierarchical Clustering (AHC)—
Ward’s method—was used to group the analyzed decades (1981–2020), considering all
the features analyzed in the study (climatic, phenological, and chemical factors). AHC
analysis indicated the formation of two main clusters, grouping the decades 1981–1990 and
1991–2000 in a separate homogeneous node, these periods being more similar concerning
the studied characteristics (Figure 8b). Also, the last two decades (2001–2020) were grouped
in a separate branch, less homogenous, being aggregated at a higher dissimilarity index
(77,378).
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(a) (b)

Figure 8. Principal Component Analysis (PCA) biplot combining the output variables (a) and
the Agglomerative Hierarchical Clustering (AHC) of the decades (b) for the interval 1981–2020,
in the Copou-Iaşi wine-growing center. Note: FA—Fetească Albă cv.; FR—Fetească Regală cv.;
Alig.—Aligoté; MO—Muscat Ottonel cv.; GS—growing season; T—temperature; Harvest—harvest
date; Σt◦u—the sum of active temperatures; HC—hydrothermal coefficient; IDM—De Martonne
aridity index; IHr—actual heliotermal index; Ibcv—grapevine bioclimatic index; IAOe—oenoclimate
aptitude index; HI—Huglin index; Wi—Winkler index; CNI—cool night index.

Similar studies concluded that increasing temperatures accelerate the rate of sugar
accumulation in grapes, forcing growers to harvest earlier [78]. Thus, it is necessary for
producers to sync grapevine cultivars with climates that are most compliant to their specific
growing conditions. Harvest dates have shifted earlier historically, and climate models
predict the further acceleration of grape ripening [10,78,84]. Extreme temperatures during
grape maturation reduce grapevine metabolism, resulting in higher sugar levels and lower
total acidity, affecting taste balance and the overall quality of the grapes [77]. According to
Iland et al. [85], grapes from a hot environment are likely to possess lower acidity compared
to fruit from a cool environment. For precision viticulture and the economic success of the
grapevine plantation, it is necessary to know and select cultivars with a growing season
length suitable for the type of climate and with biological resistance to extreme temperatures
and erratic precipitation. Research on climate suitability must continue permanently, for
a better understanding of what we are facing, testing the ability of plants to adapt to the
new conditions and finding the best measures to ensure the sustainable cultivation of the
grapevine and support its resilience to climate change.

4. Conclusions

Climate change poses a major challenge for viticulture. Global warming affects both
grapevine physiology and biochemistry, changing grapevine phenology and berry compo-
sition. For the Copou-Iaşi wine-growing area, in northeastern Romania, the study revealed
a significant gradual increase in the average air temperature in the last 50 years (+1.71 ◦C),
more pronounced in the last 10 years (+0.61 ◦C). In the last decade, the number of days
with extremely hot temperatures (>30 ◦C) was over 3.5 times higher compared with the
first decades (1971–1990), in parallel with a fluctuating precipitation regime. The increase in
the average air temperature in the last 40 years (1981–2020) was highly correlated with the
advancement of grape maturity and harvesting date of V. vinifera L. white grape cultivars
(up to 12 days), a significant increase in grape sugar accumulation (+15–25 g/L), and a
drastic decrease in total acidity (−2.0–3.5 g/L as tartaric acid). Increasing positive, active,
and effective sum of temperatures directly influences sugar accumulation and total acidity
decrease in grapes of all analyzed cultivars (r > 0.90). However, climate changes exerted a
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distinctive impact on grapevine physiology and biochemistry depending on the cultivar.
In the viticultural area of northeastern Romania, the last decade (2011–2020) made the
transition from a humid temperate climate, unsuitable for red wine production (Winkler
Region Ib-II), to a semi-humid warm temperate climate (Winkler Region III), more suitable
for cultivars with a longer growing season or intended for red wine production. However,
the transition from a climate with very cold nights to a climate with cold nights was noticed.
Long-term climate change analysis, as part of the precision viticulture strategy and efficient
management of vineyards, is of particular importance for grape producers and winemakers,
to be prepared and to take action to counter the effects of global warming, to choose the
most effective measures to maintain economic and sustainable grape growing, and to
increase the resilience of viticulture to climate change.
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Abstract: In this study, the development trends of bioclimatic parameters recorded at the Maribor
and Murska Sobota climate stations from 1952 to 2022 and the dynamics of grape ripening in early-,
medium-, and late-ripening grape varieties in the Podravje wine-growing region in Slovenia (north-
eastern Slovenia) from 1980 to 2022 were investigated. Based on the data on soluble solids content,
total acidity, and the recommended harvest date per year (until the technological ripeness of the
grapes; 76◦Oe), trends for shortening the growing period of the vines were calculated. Temperature
changes have been more pronounced since 1980. The number of so-called hot days (with a maximum
of T > 30 ◦C) has increased the most, which has the greatest impact on other bioclimatic parameters,
e.g., the average temperature and growing degree days (GDDs) and the Huglin index (HI). For
the period of 1980 to 2022, the trends were 0.44 ◦C (Murska Sobota) and 0.51 ◦C (Maribor) per
decade, respectively. The trends were more pronounced for the average temperature in the period of
May–June (TMJ). After 1980, the HI increased by about 10 units per year. As a result of the climate
warming, grapes in north-eastern Slovenia ripened 26 (‘Sauvignon Blanc’) to 35 (‘Welschriesling’)
days earlier. The trends showed a decrease in total acidity, which can be attributed to the higher
temperatures during the growing season period, especially during the ripening period of the grapes
(véraison). After 2010, the average temperatures during the growing season (1 April to 31 October)
in Podravje were 1.6 ◦C higher than in the 1980s. In line with the earlier ripening of the grapes, the
actual average temperature from 1 April to the harvest date was a further 1.0 ◦C higher. The higher
temperatures in the late-ripening varieties ‘Riesling’ and ‘Furmint’ had a positive effect on the lower
total acidity. Total annual precipitation and precipitation in the growing season for the period 1980 to
2022 in the Maribor area show decreasing trends of 6 mm/m2 (p = 0.001) and 4 mm/m2 (p = 0.012),
respectively. In the eastern sub-wine-growing region of Podravje (Murska Sobota), the trends in
precipitation were not significant.

Keywords: grapevine; climate change; bioclimatic parameters; grape ripeness

1. Introduction

Many researchers have studied climate change in different regions [1–5] and its impact
on viticulture [6–8], often with a particular focus on assessing and predicting the impact on
grapevine development and the wine industry [9,10]. Warming has the potential to bring
numerous risks and challenges that affect both the quality and quantity of grape produc-
tion [11]. While changes in average temperatures are obvious and important, increasing
attention is being paid to the analysis of extreme events due to their potential impact on
viticulture [12–14]. The results show that the risk of unfavorable conditions during vine
flowering decreases, while the risk of late frosts in spring increases due to the shift in the
timing of bud break [15–17].

Throughout history, one of the main objectives of wine-growers in the different wine-
growing regions has been to achieve maximum soluble solids contents without causing
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the berries to shrivel. In recent times, more consumers prefer lighter wines with mod-
erate alcohol contents. In addition to the scenario described above, there is also global
warming [18]. Worldwide, the phenology of grapevines has developed in step with the
temperature trends caused by climate change in recent decades [19–21]. Analysis of the
meteorological data shows a clear rise in temperatures. However, it is more likely that the
most significant impacts will result from an increase in temperature, even if other climate
variables, such as precipitation, are also considered [22]. A comparison of climatic and
phenological data shows that the period between bud break and harvest has become earlier
and shorter [23,24], and grapes ripen earlier under increasingly warmer conditions, which
often has undesirable effects [25]. Post-flowering water requirements tend to increase due
to climate, and as there is no clear evidence of a change in precipitation, the risks associated
with dry summers are likely to increase in the future [26]. However, to fully understand
how climate change contributes to changes in harvest dates, grapevine phenology and its
relationship with climate must be analyzed over a longer time period, including data that
predate anthropogenic interventions in the climate system [21,27,28]. During the growing
season, grapevines require sustained daily average temperatures above 10 ◦C to initiate
growth, followed by sufficient heat accumulation for fruit ripening [29]. However, temper-
ature extremes during berry growth lead to stress, premature ripening, berry shedding,
enzyme activation, and reduced flavor development [30]. Frost occurrence and timing are
also important for grapevines, which benefit from a low risk of frost in spring and fall and
a long frost-free season of 160 to 200 days or more. In terms of moisture requirements,
grapevines should ideally have sufficient soil moisture for initial growth at the beginning
of the growing season and then receive nominal amounts throughout the growing season
(either naturally or through irrigation) [10].

The impact of climate change on the viticulture sector varies from region to region.
The vines need both sufficient cold periods for hardening and fruit formation and sufficient
warm periods to ripen quality fruit at an economically viable level without being overly
stressed. The grapevine is therefore a model system for monitoring the effects of climate
change because it has a long history, because it is grown in narrow climatic zones for which
the individual varieties are best suited, and because the wines are tasted and rated for
quality [27]. The predicted rise in global temperatures over the next half century could
ultimately prove problematic for the wine industry. Minor changes in growing season
temperatures could lead to shifts in varietal suitability in many regions [19] or require costly
adaptation measures, particularly in soil management [31]. In addition, in regions such as
Europe, where vines are not irrigated, either due to legal restrictions or for supply reasons,
changes in the total amount of precipitation or its distribution over the year can have a
significant impact on water availability for plants, especially in the warmer seasons [10].

Wine-growers traditionally select different wine-grape varieties according to the phe-
notypic characteristics that best suit their microclimates [32] and soils. They retain those
varieties that produce consistent yields under local climatic conditions and have an appro-
priate balance of sugar, acidity, and other compounds [33]. Climate change, with its extreme
weather conditions, will make it necessary to change varieties in many wine-growing re-
gions, especially in regions with disease pressure and difficult growing conditions. New
varieties (PIWI) are therefore better suited to climate-adapted and sustainable viticulture
than traditional varieties are [34].

Climatic conditions during grape ripening have already changed, leading to a change
in the composition of the grapes at harvest [17]. Grapes are being harvested with ever higher
sugar levels, resulting in wines with higher alcohol levels [26,35]. In wine-growing regions
around the world, the rise in temperature associated with climate change is responsible
for earlier harvests. Determining the suitability of grape varieties in existing or new wine-
growing regions is often based on temperature, without considering other factors. Sugar
accumulation characteristics are also influenced by antecedent and concurrent climatic
factors, such as the photosynthetically active radiation, temperature, and water status of
the vine, regardless of whether this occurs before or after the mid-veraison [36]. Sugar
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is one of the most important metabolites in grape berries used for winemaking. Sugar
concentration is a determining factor in the alcohol content of the finished wine, and its
content during berry ripening is also involved in regulating the development of phenolic
compounds that give the wine its color, flavor, and tannin structure [37,38].

Slovenia is a very small wine-growing region with different climatic zones (Mediter-
ranean, continental, and Pannonian climates), where most of the world’s important grape
varieties for quality wines are grown. Quantified data on climate development and bio-
climatic indices during the growing season of grapevines and their possible effects on the
earlier ripening of grapes are presented and discussed.

2. Data and Methods

2.1. Study Area

The long-term data available from the two meteorological stations (Maribor and
Murska Sobota) in the Podravje wine-growing region in Slovenia were used for this study
(Figure 1). The Podravje wine-growing region lies between the river Sava (SW) and the
Hungarian border (NE). Geologically, the area is part of the former Pannonian Sea Basin
and has a Pannonian continental transitional climate. The continental climate characteristics
increase with increasing distance from the Alps. The vineyards (6000 ha) are predominantly
planted with white grape varieties, on steep slopes with inclinations of 30–50%, and at
altitudes of 250 to 350 m. The long-term average (1952–2022) for precipitation during
the growing season (1 April to31 October) varies between 574 mm/m2 (Murska Sobota)
and 701 mm/m2 (Maribor), and precipitation is very unevenly distributed throughout the
year [39].

Figure 1. Map with study regions and climate stations (Maribor and Murska Sobota) and vineyard
locations for the weekly monitoring of grapevine ripening (black triangles) in the Podravje wine-
growing region in north-eastern Slovenia.
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2.2. Climate Parameters and Grapevine Growing

Daily precipitation and temperature data (mean, maximum, and minimum) recorded
at two meteorological stations (1952–2022) were used for the analysis. The data were taken
from the archives of the Slovenian Environment Agency (SEA).

An analysis of the observed climate was carried out for the periods 1952–2022 and
1980–2022. The daily data from each station were divided into annual and vegetation
periods and used to derive bioclimatic indices (Table 1). For the growing season (1 April to
31 October), precipitation and temperature data (average, minimum, and maximum) of
each station were summarized, as growing season averages trend to correlate significantly
with wine production and quality [27]. To assess the signs of heat stress, the number of days
with temperatures above 30 ◦C was determined. This temperature leads to the premature
ripening of the grapes (a shorter vegetation period), lower total acidity, and fewer aroma
compounds [24].

Table 1. Analyzed bioclimatic parameters.

Parameter Parameter Description

Tavg Average annual temperature, ◦C
Tmax Average annual maximum temperature, ◦C
Tmin Average annual minimum temperature, ◦C
GSTavg Average growing season temperature (1 April to 31 October), ◦C
GSTmax Average growing season maximum temperature (1 April to31 October), ◦C
GSTmin Average growing season minimum temperature (1 April to 31 October), ◦C
TMJ Average temperature May–October, ◦C
HI Huglin index (1 April to 30 September) ◦C units
GDD Growing degree days ◦C units
NDT30 Number of days with maximum temperature > 30 ◦C
NDF Number of days with a minimum temperature <0 ◦C (frost occurrence)
NDFF Number of days between the last frost and the first frost (length of frost-free period)
AP Total annual precipitation, mm/m2

GSP Total growing season precipitations (April to October), mm/m2

To simplify the global description of the weather during the growing season, there are
several climatic indices. These indices enable qualified estimates of the effects of climate
change on the development of the grapevine and the characteristics of the wine.

To obtain more information about the wine region and to determine general guidelines
for the potential quality and style of the wine, the GDDs (growing degree days) [40] and
the Huglin index (HI) [41] were calculated by summing the daily average temperatures
above a base value of 10 ◦C (the sum of the effective temperatures), with values below
10 ◦C set to zero.

GDDs were calculated for the period of 1 April to 31 October (Winkler index—WI).
Navratilova et al. (2021) [42] used the “shortened Winkler index”, which was recalculated
for the period corresponding to the Huglin index. They believe that the original WI index
is less indicative of the soluble solids content, according to their calculations. For the
purposes of this article, GDDs were also calculated from 1 April to the harvest date (76◦Oe;
see Section 2.4), which better reflects the impact of warming on the earlier harvest date.

The Huglin index (HI) for the Northern Hemisphere is calculated using the following
formula:

HI =
30.09

∑
01.04

d·
[
(Tavg − 10) + (Tmax − 10)

2

]
,

where Tavg is the daily average air temperature (◦C), Tmax is the daily maximum air
temperature (◦C), and d is the day length coefficient, which lies between 1.02 and 1.06 and
between 40◦ and 50◦ north latitude. Base temperature = 10 ◦C. This index makes it possible
to classify the wine-growing regions according to the sum of the temperatures required for
the development of the vines and the ripening of the grapes.
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Temperature extremes were calculated by the number of days with maximum tem-
peratures >30 ◦C (NDT30) and average temperatures for the May–June period (TMJ). This
parameter is important for predicting an increase in disease pressure (e.g., downy mildew),
as more severe epidemics can be a direct result of more favorable temperature conditions
in May and June [43].

2.3. Evaluated Varieties of Vitis vinifera L.

A long-term dataset (1980–2022) for several Vitis vinifera L. varieties has enabled a
comprehensive assessment of varietal differences in terms of ripening time and relation-
ships with climate and climate change in the Slovenian wine-growing region of Podravje.
Data from the weekly monitoring of grape ripening in the period from 1980 to 2022 were
collected and statistically analyzed for early-, medium-, and late-ripening grape varieties.
Only in the Podravje wine-growing region were ripening data available for 15 varieties
over such a long period. The data were collected at permanent locations in this region
(Figure 1) and recorded by the Institute of Agriculture and Forestry in Maribor. Six varieties
were selected as model grape varieties to assess the impact of climate change on vine
ripening: ‘Bouvier’, the local early-ripening variety, ‘Chardonnay’ and ‘Sauvignon Blanc’,
the two globally widespread varieties with medium–late ripening, ‘Blaufränkisch’, the
local red variety, ‘Welschriesling’, the most widespread variety in Slovenia (especially in
the Podravje wine-growing region), and ‘Furmint’, the late-ripening variety.

2.4. Monitoring of Grapevine Ripening

In the Podravje wine-growing region (Slovenia), the ripening of grapes has been
monitored since 1980. For each variety, 100 berries were randomly sampled from about 25
plants (distance between plants was 1 m) from mid-véraison until technological maturity.
The berries were always taken from the middle part of the bunch, with one from the inside
and one from the outside of the bunch, so that there was a total of 50 berries on each side of
the row. The degree of ripeness was determined according to the Slovenian wine law at the
point when the total soluble solids had reached about 76◦Oe (i.e., 76◦ on the Oechsle scale,
a hydrometer scale that measures the density of grape must, which around 18◦Brix; the
limit for quality wine).

In poor vintages, the harvest date was determined according to the soluble solids
content for quality wine or, in very poor vintages, according to the health of the grapes
(vintages in the early 1980s). The focus was on the relationship between the bioclimatic and
ripening parameters (total acidity) at the recommended harvest dates (76◦Oe). Based on
the data of soluble solids and total acidity in the grape juice and the recommended harvest
date, the tendency towards an earlier ripening of the grapes and the correlations between
the ripening parameters and the bioclimatic parameters were calculated for six varieties.

2.5. Data Evaluation and Statistical Analyses

The variables were evaluated using descriptive statistics and trend analysis. The
average values of the parameters, the range of minimum and maximum values, and
the processing of the linear trends of temperature, bioclimatic indices, and harvest date,
as well as the linear correlations of temperatures, bioclimatic indices, and harvest date,
were calculated. Since some of the parameters examined in the study were not normally
distributed, a more stringent non-parametric Mann–Kendall trend test (MK test) with a
significance level of 95% was applied to all series [44] implemented in R/Kendall [45]. The
Mann–Kendall test, like other distribution-free or parametric tests, is very sensitive to the
autocorrelation effect (persistence).

3. Result and Discussion

3.1. Climatic Structure and Temperatures Trends

The general climate for the period of 1952–2022 for the inland wine-growing region of
Podravje in Slovenia was moderately continental, characterized by considerable seasonal
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temperature variations, cold winters, and moderately hot summers, with an average annual
temperature of 10.3 ◦C (5.7 to 15.5 ◦C) for Maribor and 9.9 ◦C (4.8 to 15.3 ◦C) for Murska
Sobota, with annual precipitation amounts of 998 mm/m2 and 801 mm/m2, respectively
(Table 2). As far as the ripening potential of the grapes is concerned, the location was in the
middle range (15.5 to 15.8 ◦C) (Table 2) [46]. The variability in temperature in the growing
season (GSTavg, GSTmax, and GSTmin), the average temperature in the period of May to
June (TMJ), the number of days with temperatures of <0 ◦C (NDF) and >30 ◦C (NDT30),
and the frost-free period (NDFF) were similar at both stations (Table 2).

Table 2. Bioclimatic parameters for the two meteorological stations (Maribor and Murska Sobota)
in the Slovenian wine-growing region of Podravje for the long-term period 1952–2022 and for the
period 1980–2022, for which data on the ripening of grape are available. Figures in bold indicate
significant trends (p ≤ 0.05).

Station/Period
Maribor 1952–2022 Maribor 1980–2022

Variables Variables

Parameters Mean SD
Trend Tau p Mean SD

Trend Tau p
yr−1 yr−1

Tavg 10.3 0.99 0.037 0.628 0.001 10.8 0.82 0.048 0.524 0.001
Tmax 15.5 1.14 0.038 0.542 0.001 16.0 1.09 0.064 0.561 0.001
Tmin 5.7 1.06 0.042 0.66 0.001 6.4 0.71 0.034 0.420 0.001

GSTavg 15.8 0.99 0.037 0.589 0.001 16.4 0.80 0.044 0.482 0.001
GSTmax 21.5 1.15 0.038 0.491 0.001 22.1 1.09 0.063 0.526 0.001
GSTmin 10.6 1.02 0.041 0.615 0.001 11.3 0.66 0.024 0.300 0.005

TMJ 17.0 1.28 0.038 0.48 0.001 17.34 1.25 0.054 0.471 0.001
HI 1839 206 7.03 0.559 0.001 1947 187 10.08 0.491 0.001

GDD 1325 186 6.88 0.599 0.001 1432 154 8.10 0.480 0.001
NDT30 13.2 11.8 0.57 0.502 0.001 18 12.5 0.68 0.540 0.001

NDF 95 19 −0.56 −0.411 0.001 87 15.1 −0.39 −0.221 0.040
NDFF 206 22 0.53 0.340 0.310 214 20.8 0.30 0.118 0.272

AP 998 150 −2.88 −0.252 0.002 973 148 −5.8 −0.344 0.001
GSP 700 124 −1.68 −0.214 0.008 685 127 −3.9 −0.268 0.012

Murska Sobota, 1952–2022 Murska Sobota, 1980–2022

Tavg 9.9 0.99 0.034 0.565 0.001 10.4 0.9 0.059 0.601 0.001
Tmax 15.3 1.16 0.036 0.520 0.001 15.8 1.1 0.066 0.528 0.001
Tmin 4.8 1.05 0.038 0.599 0.001 5.4 0.9 0.057 0.566 0.001

GSTavg 15.5 1.0 0.033 0.511 0.001 16.0 0.9 0.051 0.530 0.001
GSTmax 21.6 1.2 0.038 0.446 0.001 22.2 1.1 0.058 0.464 0.001
GSTmin 9.7 1.0 0.037 0.576 0.001 10.3 0.8 0.048 0.585 0.001

TMJ 16.8 1.25 0.037 0.475 0.001 17.48 1.28 0.058 0.375 0.001
HI 1831 213 6.43 0.478 0.001 1933 199.2 10.5 0.455 0.001

GDD 1278 186 6.21 0.532 0.001 1373 166.5 9.6 0.530 0.001
NDT30 14.1 12.1 0.37 0.447 0.001 19.1 12.5 0.55 0.428 0.001

NDF 110 18 −0.43 −0.374 0.050 105 17.4 −0.84 −0.431 0.001
NDFF 188 18 0.41 0.359 0.111 194 15.9 0.61 0.362 0.001

AP 801 112 −0.17 0.021 0.800 801 111.0 −0.07 0.013 0.908
GSP 574 94 0.28 0.037 0.655 576 92.5 0.52 0.069 0.523

The values of growing degree days (GDDs) from 1 April to 31 October (Winkler
index—WI) total 1278 to 1325 units, which places Podravje in Winkler region I (very
cool—WI ≤ 1390), indicating a generally favorable climate for early-ripening grape vari-
eties suitable for producing high-quality wines [40]. The average Huglin index (HI) values,
which may be more appropriate than the WIs for European regions [47], date from 1831 to
1839 and place Podravje in Huglin’s at the beginning of the temperate climate type (HI-1;
1800 < HI ≤ 2100), which is suitable for ‘Pinot Noir’, ‘Traminer’, ‘Chardonnay’, ‘Riesling’,
‘Sauvignon Blanc’, and ‘Cabernet Franc’, for example [41].
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The values for growing season precipitation (GSP) generally indicate that precipitation
amounts decreased slightly for the entire period (1952–2022), but the trends for the Murska
Sobota site were not significant. The variability in the GSP over this long-term period
shows a variation of ~16% between years at both locations. The Murska Sobota site, with a
total GSP amount of 574 mm, was drier (influenced by the Pannonian climate) than Maribor
with 700 mm (Table 3). However, drier conditions with more frequent and longer dry
periods were more likely at both locations, as higher temperatures probably led to a higher
evapotranspiration rates, as noted by Ramos et al. (2008) [10]. Precipitation becomes more
intense with more intense dry spells. During the growing season, precipitation reaches
~70% of its annual amount.

Table 3. Mean values and trends of total acidity in g/L and day in the year when the soluble solids
content in grapes of 15 varieties was 76◦Oe in the period 1980–2022 in the Podravje wine-growing
region in Slovenia.

Parameters Total Acidity g/L Day in Year

Variety/Variable Mean ± SD Trend yr−1 Tau p Mean ± SD Trend yr−1 Tau p

‘Bouvier’ 7.5 ±1.10 −0.040 −0.273 0.010 247 ±16.3 −0.99 −0.498 0.001
‘Müller Thurgau’ 7.1 ±1.16 −0.056 −0.421 0.001 258 ±13.0 −0.65 −0.415 0.001
‘Muscat Ottonel’ * 6.0 ±0.88 −0.035 −0.304 0.014 256 ±13.5 −0.79 −0.364 0.003

‘Pinot Blanc’ ** 8.9 ±1.23 −0.036 −0.192 0.109 255 ±14.5 −0.83 −0.414 0.001
‘Chardonnay’ 10.2 ±1.47 −0.072 −0.377 0.001 256 ±15.5 −0.85 −0.482 0.001

‘Pinot Gris’ 9.2 ±1.57 −0.084 −0.458 0.001 253 ±14.8 −0.76 −0.451 0.001
‘Sylvaner’ *** 8.6 ±1.31 −0.029 −0.162 0.145 263 ±16.7 −0.98 −0.490 0.001

‘Sauvignon Blanc’ 10.3 ±1.42 −0.053 −0.198 0.062 258 ±16.2 −0.82 −0.455 0.001
‘Traminer’ 8.2 ±1.09 −0.035 −0.245 0.021 254 ±15.7 −0.79 −0.469 0.001

‘Yellow Muscat’ 8.3 ±1.69 −0.095 −0.464 0.001 264 ±17.5 −0.96 −0.502 0.001
‘Kerner’ **** 9.0 ±1.32 −0.046 −0.180 0.138 255 ±12.9 −0.76 −0.394 0.001

‘Blaufränkisch’ 9.4 ±1.08 −0.019 −0.057 0.601 266 ±14.9 −0.83 −0.488 0.001
‘Welschriesling’ 8.7 ±1.39 −0.077 −0.508 0.001 271 ±18.2 −1.05 −0.527 0.001

‘Riesling’ 11.0 ±1.76 −0.068 −0.270 0.011 271 ±15.1 −0.85 −0.496 0.001
‘Furmint’ 10.5 ±1.88 −0.088 −0.412 0.001 279 ±17.9 −1.06 −0.514 0.001

Data available after * 1990, ** 1988, *** 1982, and **** 1989; bold numbers indicate significant trends.

The trends in the increase in the average temperature of the growing season (GSTavg)
for the period 1952–2022 were 0.37 ◦C (Maribor) and 0.33 (Murska Sobota), and for the
period 1980–2022, 0.44 to 0.51 ◦C per decade. The average temperature in the period of
May to June (TMJ) shows the same significant trends for both locations (p = 0.001), namely,
the TMJ increased more than 0.37 ◦C per decade in the whole study period and more than
0.54 ◦C per decade for the period of 1980–2022 (Table 2). These more favorable temperature
conditions in May and June may lead to higher disease pressure (earlier powdery mildew
infections). There were even more pronounced trends for NDT30, namely, 5.7 and 3.7 days
and 6.8 and 5.5 days per decade, respectively (Table 2). An increased number of days with
daily maximum temperatures of 30 ◦C is critical for optimal vine development and can
lead to a reduction in photosynthesis, greater water deficiency, the premature ripening of
grapes, and the drying of berries in early varieties, especially in the early ‘Bouvier’ variety
in Slovenia [24]. Further, some days with temperatures above 30 ◦C during the ripening
period could have been beneficial [9,11], especially for late-ripening varieties [24], such as
‘Riesling’ and ‘Furmint’, in this region.

After 2010, the average values of NDT30 increased three- to fourfold compared to the
first decade after the 1980s (Figure 2). This was reflected in the trends of heat accumulation
indices (HI and GDDs), which increased by about 6 (1952–2022) and even by about 10 units
per year after 1980 (Table 2). Their values increased on average by around 100 units per
decade (Figure 2).
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Figure 2. Average values of bioclimatic parameters for the meteorological stations Maribor and
Murska Sobota (wine-growing Podravje region) for the period 1980–2022 and for individual decades
in the period 1980–2022.

The number of days with temperatures <0 ◦C (NDF) showed a decreasing trend, and
the number of days between the last spring frost and the first fall frost (NDFF) increased
(Table 2). In the period of 1980–2022, the trends in the average temperatures of the growing
season (GSTavg) show a warming of 1.9 ◦C (Maribor) to 2.2 ◦C (Murska Sobota). Similar
results were found in other European wine-growing regions, where growing seasons
warmed by 1.7 ◦C and heat accumulation increased by 250–300 units in the 30–50 years. In
Spain, heat accumulation (WI and HI) increased in the inland wine-growing regions, but
not in the coastal regions [27].

Based on the categorization of wine-growing regions into climatic groups [48] and the
increase in GSTavg in the last decade of the observation period, we can conclude that this
wine-growing region is becoming suitable for the cultivation of some wine varieties from
the warm-climate-ripening group, such as ‘Cabernet Franc’ and ‘Merlot’. If the warming
trend continues in the next 30 years in a similar way to how it has since the 1990s (Figure 2),
we can assume that the Podravje wine-growing region will completely transition to the
warm-climate grape variety group [49]. Similar trends in bioclimatic parameters can also be
observed for the period of 1980–2022 (Table 2), although some of them are more pronounced.
In the Podravje wine-growing region, data on grape ripening are available for this period.

Precipitation trends were significant only for the Maribor site, i.e., for the period
of 1952–2022, total annual precipitation (AP), and growing season precipitation (GSP)
decreased by −2.9 and −1.7 mm/m2 per year, respectively. After 1980, this downward
trend was even more pronounced, with −5.8 L per year for AP and −3.9 L per year for GSP.
After 2010, the total amount of GSP at the Maribor site decreased by 136 L and matched
the amount at the Murska Sobota site (Figure 2), where the amount was stable throughout
the study period. This indicates that the precipitation pattern of the Pannonian climate
extends from east to west into the interior of the region. The seasonal precipitation amounts
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changed significantly. This could not be confirmed before 2010 [24], which was also pointed
out by Tomasi et al. (2011) [49].

3.2. Grapevine Reactions to Climate Changes in the Podravje Wine-Growing Region

In the period of 1980–2022, all varieties show a trend towards earlier grape ripening
(total soluble solids contents reached about 76◦Oe) by slightly less than one day per year,
with the exception of the varieties ‘Welschriesling’ and ‘Furmint’, where the trend is slightly
more than one day per year (Table 3). The more pronounced trend for ‘Welschriesling’ in
this region is not only due to climate change. In the last 15 to 20 years, this variety has
been planted in sun-exposed sites, where it has mainly displaced the aromatic varieties.
‘Sauvignon Blanc’, for example, began to retreat from the sunniest locations to less sunny
ones, mainly in order to preserve its primary aromas.

In the period of 1980–2022, trends towards an earlier harvest time of 43 days (‘Bouvier’),
37 days (‘Chardonnay’), 35 days (‘Sauvignon Blanc’), 36 days (‘Blaufränkisch’), 45 days
(‘Welschriesling’), and 46 days (‘Furmint’) were observed, i.e., by 8–10 days per decade.
Earlier grape ripening has been observed in many wine-growing regions [10,23,26]. In
South Australia, ripening has advanced by 8 days per decade [25,26], while other values
are estimated at 0.5 to 3 days per year [50], but most studies were conducted before 2010
and for a shorter period. After 2010, the harvest date for six varieties is on average one
month earlier than in the period of 1980–1990. Taking into account the increase in GSTavg
(Maribor station; 1.9 ◦C) in the studied period of 1980–2022, the combined trends of harvest
date and climate result in an average shift of 18 (‘Sauvignon Blanc’) to 24 days (‘Furmint’)
per 1.0 ◦C warming. Ramos et al. (2008) [10], found an earlier harvest for the ‘Chardonnay’
grape variety by about 5 days per 1 ◦C of warming in the growing season for the shorter
period studied (1997–2006).

In the period of 1980–2022, the total acidity per decade decreased from 0.19 g/L for
‘Blaufränkisch’ to 0.95 g/L for ‘Gelber Muskateller’, while no trends were discernible for
‘Pinot Blanc’, ‘Sylvaner’, ‘Sauvignon Blanc’, ‘Kerner’, or ‘Blaufränkisch’ (Table 3). For
the six varieties analyzed in more detail (‘Bouvier’, ‘Chardonnay’, ‘Sauvignon ‘Blanc’,
‘Blaufränkisch’, ‘Welschriesling’, and ‘Furmint’), the decreasing trends in total acidity
were significant for ‘Chardonnay’ (R2 = 0.374), ‘Welschriesling’ (R2 = 0.477), and ‘Furmint’
(R2 = 0.336), while the trends for earlier grape ripening were significant for all six varieties,
from R2 = 0.395 in ‘Sauvignon Blanc’ to R2 = 0.566 for ‘Bouvier’ (Figure 3). The total acidity
in grape juice decreased on average from 0.43 g/L (‘Blaufränkisch’) to 1.99 g/L (‘Furmint’)
per 1 ◦C of warming. Figure 4 shows various bioclimatic parameters and the total acidity
for six varieties (early-, medium-, and late-ripening varieties) for the first and last decades
in the period of 1980–2022.

Even though the grapes are harvested at least one month earlier than in the period
of 1980–1990, the total acidity content has fallen sharply as a result of the higher air
temperatures. This has so far proved to be positive for late-ripening varieties (‘Furmint’) in
particular, while it is negative for early varieties (‘Bouvier’). Early-ripening varieties are
often subjected to greater dehydration and so-called forced ripening during the ripening
period. As a result, undesirable astringency notes can occur later in the wine tasting. In
cold climate regions such as Podravje, total acidity reduction can lead to a better balance
between sugar and acidity, while in early-ripening varieties, acid reduction without acid
correction in the cellar (as in warmer regions) can lead to less fruitiness in the wine. A
warmer growing season usually results in an earlier harvest and a lower yield (possibly
also due to spoilage, as was the case in 2022) as well as better wine quality if there was no
excessive heat stress [5,10,25].

From the GSTavg values for each variety, it can be concluded that the grapes developed
and ripened at a higher average temperature in the growing season after 2010, as shown by
the GSTavg values for the meteorological growing season (1 April to 31 October) (Table 4).
At the beginning of the observation period (1980–1990), the GSTavg was lower than in the
last decade (2011–2022), as the grapes were ripe at the end of September or even in mid-

84



Horticulturae 2024, 10, 611

October. After 2011, the average temperature in the vegetation period from 1 April to the
ripening of the grapes is about 1 ◦C higher than the official GSTavg for the meteorological
period (1 April to 31 October). For the period of 2011–2022, for example, the GSTavg is
17.0 ◦C (Table 4), but all varieties ripened at an average temperature of over 18 ◦C. This
was mainly influenced by the so-called hot days. In the period of 1980–1990, there were 6
to 7 such days per year, and after 2010 there were 25 to 29 per year (Figure 4).

Figure 3. Trends of total acidity (g/L) and the day of the year when the soluble solids content was
76◦Oe for six varieties (‘Bouvier’, ‘Chardonnay’, ‘Sauvignon Blanc’, ‘Blaufränkisch’, ‘Welschriesling’,
and ‘Furmint’) in the period of 1980–2022 in the Podravje wine-growing region in Slovenia.
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Figure 4. Mean values of various bioclimatic parameters (growing season temperature—GSTavg,
total growing season precipitation—GSP, number of days with maximum temperature > 30◦—NDT30,
growing degree days—GDDs, and Huglin index—HI) and total acidity contents in g/L and day of
the year on which these values were reached (soluble solids 76◦Oe) in the first and last decades, with
the harvest date in the individual decade in the period of 1980–2022.
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Table 4. Mean temperature (GSTavg) and total precipitation (GSP) in the growing season (1 April
to 31 October) for the Maribor meteorological station and from 1 April to the day in the year with
technological grape ripeness (76◦Oe) and total acidity g/L content for six varieties in the Podravje
wine-growing region in Slovenia in the period from 1980 to 2022, and by decades in this period
(p ≤ 0.05).

Location-
Variety

Variables/
Period

GSTavg
±SD

GSP
±SD

Total Acid.
g/L ±SD

Day in yr
±SD

Maribor

1980–2022 16.4 ±0.80 685 ±127
1980–1990 15.7 ±0.56 727 ±90
1991–2000 16.2 ±0.75 739 ±142 1 April to 31 October
2001–2010 16.7 ±0.48 693 ±97
2011–2022 17.0 ±0.57 591 ±129

‘Bouvier’
1 April to 76◦Oe

1980–2022 17.4 ±0.89 499 ±150 7.5 ±1.1 247 ±16.3
1980–1990 16.5 ±0.73 577 ±91 8.7 ±1.1 262 ±9.1
1991–2000 17.3 ±0.66 567 ±170 7.0 ±0.9 255 ±11.2
2001–2010 18.0 ±0.65 495 ±148 6.8 ±0.3 243 ±15.0
2011–2022 18.0 ±0.48 375 ±83 7.3 ±0.8 230 ±8.0

‘Chardonnay’
1 April to 76◦Oe

1980–2022 17.5 ±0.98 534 ±163 10.2 ±1.5 256 ±15.5
1980–1990 16.4 ±0.60 613 ±116 11.8 ±1.1 270 ±11.2
1991–2000 17.3 ±0.75 591 ±180 10.6 ±1.3 260 ±12.4
2001–2010 18.0 ±0.78 529 ±148 9.5 ±0.6 251 ±14.9
2011–2022 18.1 ±0.60 418 ±133 9.2 ±1.0 243 ±9.3

‘Sauvignon Blanc’
1 April to 76◦Oe

1980–2022 17.4 ±1.04 547 ±164 10.3 ±1.4 258 ±16.2
1980–1990 16.3 ±0.83 640 ±118 11.8 ±1.3 272 ±13.3
1991–2000 17.3 ±0.79 603 ±175 10.1 ±1.5 264 ±8.4
2001–2010 18.0 ±0.76 520 ±145 9.5 ±0.6 251 ±14.5
2011–2022 18.1 ±0.61 437 ±132 9.8 ±0.9 246 ±11.4

‘Blaufrankisch’
1 April to 76◦Oe

1980–2022 17.4 ±1.12 570 ±171 9.4 ±1.1 266 ±14.9
1980–1990 16.2 ±0.79 663 ±108 9.9 ±1.4 279 ±10.3
1991–2000 17.2 ±0.90 614 ±193 9.5 ±0.9 270 ±11.7
2001–2010 17.9 ±0.92 580 ±156 8.8 ±0.7 262 ±12.4
2011–2022 18.2 ±0.63 441 ±138 9.3 ±0.8 252 ±9.8

‘Welschriesling’
1 April to 76◦Oe

1980–2022 17.3 ±1.17 587 ±179 8.7 ±1.4 271 ±18.2
1980–1990 16.0 ±0.84 683 ±112 10.3 ±1.1 289 ±13.2
1991–2000 17.1 ±0.92 630 ±206 9.0 ±0.8 276 ±14.0
2001–2010 17.8 ±0.96 610 ±166 7.8 ±0.6 269 ±15.1
2011–2022 18.2 ±0.62 444 ±134 7.7 ±0.8 254 ±10.2

‘Furmint’
1 April to 76◦Oe

1980–2022 17.2 ±1.20 608 ±169 10.5 ±1.9 279 ±17.9
1980–1990 15.9 ±0.80 689 ±110 12.3 ±1.7 296 ±13.6
1991–2000 16.9 ±0.98 665 ±200 10.3 ±1.6 285 ±13.6
2001–2010 17.6 ±0.98 623 ±151 10.4 ±1.3 275 ±15.0
2011–2022 18.1 ±0.64 473 ±119 9.0 ±1.0 262 ±7.8

Precipitation during the growing season (1 April–31 October) at the Maribor site
decreased from 727 mm/m2 in the period of 1980–1990 to 591 mm/m2 in the period of
2011–2022 (Figure 4), but the actual amount of precipitation during the growing season
was lower for each variety (Table 4). From 1 April to the day of ripening of the individual
varieties (76◦Oe), the amount of precipitation was even lower, namely by an additional
202, 195, 203, 222, 239, and 216 mm/m2 for the six varieties ‘Bouvier’, ‘Chardonnay’,
‘Sauvignon Blanc’, ‘Blaufränkisch’, ‘Welschriesling’, and ‘Furmint’, which corresponds to
135, 115, 113, 111, 109, and 98 mm/m2 per 1 ◦C increase in temperature during the growing
season, respectively (Table 4). For example, after 2010, the available precipitation in the
growing season (1 April to harvest) was only 375 mm/m2 for the early variety ‘Bouvier’
and 473 mm/m2 for the late-ripening variety ‘Furmint’ (Table 4). Authors who studied
climate change two decades ago found that precipitation would not decrease significantly
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in most cases [49]. Today, these estimates are too general, as they refer to the amount of
precipitation in the growing season (1 April to 31 October) and do not reflect the actual
amount of precipitation available to the individual varieties. In the Podravje wine-growing
region, the amount of precipitation from 1 April to the technological ripeness of each variety
was one-third less (Table 4) than in the period from 1 April to 31 October (which is mainly
used in climate change research).

In the Podravje wine-growing region, the established method of soil care is the per-
manent maintenance of green cover on the soil in the vineyards, which has so far proven
to be the most suitable method of soil care, both in terms of soil life [51] and erosion, as
most of the vineyards are located on steep slopes [31]. Given climate change and trends in
precipitation patterns, this method of soil management may be less suitable in the future.

When describing the positive effects of climate change on wine quality, particularly in
the case of late-ripening grape varieties, it should not be overlooked that the development of
viticulture and winemaking practices and the reduction in yields over the last 43 years have
also had a significant influence on the improvement in wine quality. A one-sided assessment
of the effects of climate change on wine quality is therefore inadmissible. However, should
the trend of regional warming continue, as predicted by climate models [46], and should
it continue in this region with the same dynamics as in the last 43 years, the Podravje
wine-growing region will most likely experience poorer vintages, mainly due to lower
total acidity, very high alcohol content, and other less desirable characteristics of the wine,
possibly resulting in less balanced wines. A serious question arises as to whether it will be
possible to maintain the same varieties in the future by adapting viticultural and oenological
practices, as reported by Seguin and Garcia de Cortazar (2005) [22]. Due to the climatic
changes observed in the wine-growing region that is the subject of this research, it will be
necessary to exceed certain limits for the grape varieties that are currently defined for this
region (‘terroir’).

For the available data (1980–2022), the relationships between the GDDs, the average
temperature in the growing season (GSTavg), and the HI with the total acidity were
calculated. The linear relationships between GDDs, GSTavg, and HI and total acidity are
shown as individual variables in Figure 5. Total acidity showed high negative correlations
with all climatic parameters for all six varieties except ‘Bouvier’. The most pronounced
correlation was found between GDDs and total acidity (Figure 5).

The recalculated heat sum values of GDDs* (1 April to harvest date) and HI* (1 April
to harvest date) for the individual varieties remain in the same range according to the
Winkler (1974) [40] and Huglin (1978) [41] ripeness group classifications (Table 5), but the
trends after 2010 show that these values are reached 26 to 34 days earlier than in the 1980s.

Table 5. Mean values of GDDs* and HI* from 1 April to the day in the year with technological
grape maturity (76◦Oe) for six varieties (‘Bouvier’, ‘Chardonnay’, ‘Sauvignon Blanc’, ‘Blaufränkisch’,
‘Welschriesling’, and ‘Furmint’) in the Podravje wine-growing region in Slovenia in the period from
1980 to 2022 (p ≤ 0.05).

Variety/Parameters GDD* ±SD HI* ±SD

‘Bouvier’ 1191 ±87.4 1683 ±106.0
‘Chardonnay’ 1259 ±84.8 1782 ±96.9

‘Sauvignon Blanc’ 1275 ±85.7 1804 ±94.3
‘Blaufränkisch’ 1320 ±99.4 1873 ±103.0
‘Welschriesling’ 1341 ±99.3 1902 ±114.8

‘Furmint’ 1371 ±110.3 1954 ±122.0
GDDs* and HI* recalculated for the period from 1 April to technological maturity (76◦Oe).
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Figure 5. Correlation between GSTavg and GDDs (1 April to 31 October) and HI (1 April to 30
September) with total acidity (g/L) for six varieties (‘Bouvier’, ‘Chardonnay’, ‘Sauvignon Blanc’,
‘Blaufränkisch’, ‘Welschriesling’, and ‘Furmint’) in the Podravje wine region in Slovenia in the period
of 1980–2022.

4. Conclusions

Global warming affects the growth of the vines and the composition of the berries, i.e.,
the onset of the phenological phase of ripening occurs earlier. When analyzing the trends
of the time series of up to 43 years observed in the Podravje wine-growing region, we
found that the average temperature in the growing season has increased by 1.6 ◦C since the
1980s. The increase in average temperature was most pronounced in the May–June period
(TMJ), which can lead to an earlier and more intense occurrence of diseases, especially
downy mildew. Climate warming has caused grapes to ripen about a month earlier than
in the 1980s. The earlier ripening of the grapes is generally accelerated by the increased
accumulation of sugar in the berries, which leads to a higher alcohol content in the wine.
Due to the higher temperature during grape ripening, a downward trend in total acids was
also observed. This was confirmed by correlations between the climate indices (GSTavg,
GDDs, and HI) and total acidity. The current climate change in this wine-growing region
has had a positive effect on the late-ripening variety ‘Furmint’, leading to a lower (more
balanced) total acidity.
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Abstract: The interest in the production of hops in Brazil, motivated by the third position in the world
ranking of beer producers and the growth of the craft brewery business, justifies the intensification of
studies into its adaptation to local growing conditions. Due to the high internal demand, the aim of
this study was to evaluate the phytochemical profiles of hop varieties grown in subtropical conditions
under different cropping systems. Studies that promote the expansion of cultivation areas in distinct
climate conditions and ensure quality are very important. A randomized block design was adopted
with a 2 × 5 subdivided plot. The main factor was the cropping system (organic and conventional),
and the secondary factor was the hop variety (Columbus, Chinook, Nugget, Cascade and Hallertau
Mittelfrüeh), with four blocks and four plants per plot. The quality parameters monitored in this work
were the contents of alpha and beta acids, and xanthohumol in the inflorescences of hops, as well as
the relative composition of their essential oils. The variations in the chemical profiles of essential oils
showed differences between some varieties, and the different compositions and levels resulting from
the two cropping systems show that management and cultural practices can influence the aromatic
characteristics of hops; in total, 23 compounds were found. The terpene fraction represented 79.67%
of the oil in Hallertau and 93.63% in Cascade, with myrcene being the main compound. The levels of
bitter acids and xanthohumol did not differ statistically as a function of the treatments. This study
contributes the first records of the chemical profiles of hops grown in subtropical conditions in Brazil,
in general, the Nugget variety had the highest qualitative potential

Keywords: alpha and beta acids; Brazilian hops; essential oil; management; phytochemical
profile; xanthohumol

1. Introduction

Hop (Humulus lupulus L.) is a perennial, herbaceous and dioecious vine that is con-
sidered a horticultural plant due to its agricultural suitability and multiple uses. The hop
plant produces inflorescences annually; lupulin glands develop in these structures, also
called cones, and biosynthesize specialized metabolites such as terpenoids, alpha and beta
acids, and phenolic compounds, among other substances whose properties characterize
hop quality [1,2].

In brewing, hop essential oils contribute to beer aroma and flavor, which can confer a
range of notes (woody, citrus, spicy, floral, fruity, sulfurous, tangy, herbal, resinous, and
earthy), according to the chemical profile of a cone [3]. Alpha acid is related to bitterness,
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with values ranging from 2–8% for aromatic varieties to 12–18% for bitter varieties [4].
Beta acids are less important to the brewing process; however, they present high levels of
antimicrobial activity due to the presence of three isoprenyl groups that act as antioxidant
and preservative agents [5].

Xanthohumol is a relevant hop polyphenol that has been widely studied as a
prenylflavonoid that can act as an inhibitor in the initiation, promotion and progression of
carcinogenesis [6].

Brazil is the third-largest beer producer in the world; however, it stands out as the
largest importer of hop in South America. In 2019, Brazil imported 3.24 thousand tons of
hop at a cost of approximately US $57 million [7] because hop is predominantly cultivated
in temperate climates. There is potential to cultivate this crop in other regions due to
the many varieties adapted to different climatic conditions [8]. Different performances,
compositions and levels of metabolites are found within and among varieties since plant
expression depends on interactions with external edaphoclimatic and biotic factors [9].

Climatic and geographical characteristics, plant genetics, age and health, environment,
plant interactions, cropping conditions, cultural practices, management, and postharvest
practices are sources of variability in hop cone chemical composition [10–14]. In this
sense, the cropping systems can influence productivity and quality, the basic differences
between organic and conventional systems are the fertilization sources and plant protection
protocols, which according to Grzyb et al. [15] affect the composition of plants. Solarska
and Sosnowska [16] report in their studies that some hop varieties perform better under
organic cropping systems than conventional systems.

Clinical studies with small animals support that consumption of organically produced
food is better for human health than conventionally produced [16]. There is a growing
concern with nutrition linked to health, in addition to the alarming necessity maintaining
environmental sustainability, and also the economic interest. The conventional agricultural
practices use levels of inputs that can result in a disruption of the natural production of
specialized metabolites in the plants, so, this management affect the nutrients levels in
plants [15].

Therefore, in view of the high internal demand and expansion of the national brewing
market with interest in hops with peculiar phytochemical profiles [17], studies that promote
the expansion of new cultivation zones and that ensure quality are very important. Thus,
the aim of this study was to evaluate the chemical profiles of essential oils and alpha
and beta acids and xanthohumol contents of five hop varieties cultivated in subtropical
conditions (Botucatu-SP, Brazil) in organic and conventional cropping systems.

2. Materials and Methods

2.1. Experimental Area

The experiment was conducted at the Department of Horticulture of the School of
Agronomic Sciences of UNESP in the municipality of Botucatu-SP, Brazil (latitude, 22◦50′ S;
longitude, 48◦26′ W; elevation, 791 m). According to Köppen [18], the climate is classified as
subtropical with hot summers (Cfa), and the soil in the study area is clayey dystroferric Red
Latosol. The hops were planted in November 2018, and the research data were collected in
the second year of production (November 2019 to March 2020). In this period, the minimum
average temperature was 17.94 ◦C, the maximum average temperature was 28.45 ◦C, and
the cumulative rainfall was 1257.61 mm. The annual average minimum and maximum
temperatures were 15.83 ◦C and 25.91 ◦C, respectively, and the annual average precipitation
was 100.23 mm.

2.2. Treatments and Experimental Design

A randomized block design was adopted with a 2 × 5 split plot; the main factor
was the cropping systems (organic and conventional) and the secondary factor was the
hop varieties (Columbus, Chinook, Nugget, Cascade and Hallertau Mittelfrüeh), with
four blocks and four plants per plot. The organic and conventional management systems
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were differentiated mainly by fertilization and phytosanitary control, following Brazilian
legislation and the recommendations established for hop in international literature [19].
The elements used in each cropping system are described in the next section.

2.2.1. Description of Varieties

As described above, the varieties analyzed in this research were Columbus, Chinook,
Nugget, Cascade and Hallertau Mittelfrüeh. They were used in this research because they
have characteristics that distinguish them from each other, such as their profile and contents
of essential oils, or that generate distinct aromatic characteristics and percentages of alpha
and beta acids. These factors determine the potential styles of beers that can be produced
with each variety. Finally, the varieties have characteristics that determine whether they
are more or less bitter and have a more intense or lighter aromatic profile. Therefore, each
variety is characterized by its unique characteristics, a fact that justifies the development of
new varieties and their commercial planting.

Columbus is a variety that has dual aptitude, and its alpha acid level and percentage
of essential oils characterizes it for use as a bittering or aroma hop. Its aroma is pungent
with citrus notes. The alpha and beta acid levels of this variety vary between 14 and 18%
and 4.5 and 6%, respectively, and the total essential oil contents vary between 1.5 and
4.5 mL/100 g [20].

Chinook also has dual functions, as it has a high load of alpha acids (12–14%) and
is widely used to provide bitterness to beers; however, due to the composition of its oils
(1.5–2.7 mL/100 g) and its aroma, which is characterized by pine and spices, it is also used
to provide aroma in certain styles of beers [20,21].

Nugget is a variety that has an intense herbal aroma, light flavor and marked bitterness
and is used both to provide aroma and bitterness to beers, so it also has dual functions; it
has approximately 9.5–14% alpha acids and 1.5–3 mL/100 g total essential oils [20,22].

Cascade is one of the most popular and widely cultivated varieties in the world
due to its excellent development and vigor. It has dual functions but is most commonly
used to provide aroma to beers, and its aromatic profile has floral notes with citrus and
grapefruit elements. The alpha acid content is lower, from 4.5–8.9%, and therefore, it is
not commonly used to provide bitterness to beers, and its total oils are between 0.8 and
1.5 mL/100 g [20,21,23].

Hallertau is one of the varieties that is considered noble; it has been cultivated for
more than 100 years in Germany. It is used only for providing aroma to beers and has a
slightly floral and spicy aromatic characteristic. The contents of the total essential oils is
between 0.6 and 2 mL/100 g, and the alpha acid content is 3.5% [20,24].

Thus, each variety has unique characteristics that allow the use of its cones in different
styles of beers. For example, Columbus is commonly used in more distinctive styles, such
as imperial stout, stout and American ales; Chinook in pale ale, India pale ale, porter, stout,
lager, American lager and others; Cascade mainly in American pale ale, ale and lager; and
finally, Hallertau in German pilsner, pale ale, wheat and American lager [20].

Several styles of beer are produced with each variety, and the number of uses for each
variety can increase further since there is no fixed rule about the use of a certain hop variety
for a particular style of beer, leaving it open to the creativity of the brewmaster.

2.2.2. Conventional Cultivation

Fertilizer was applied according to the needs determined by soil analyses (Table A1).
In the first year, topdressing containing calcium nitrate (375 kg ha−1), urea (94 kg ha−1),
potassium chloride (186 kg ha−1) and micronutrients with MIB® (20 kg ha−1) was added.
Phytosanitary control included applications of abamectin (Abamex®) for streaked mites
(Tetranychus urticae), fipronil (Regent®) for leaf-cutting ants, and tebuconazole (Folicur®)
for powdery mildew (Podosphaera macularis), which was identified in the first year. In the
second year, the same fertilizers were used, and conventional poultry litter (3.12 t ha−1)
was added. Borate fertilization was done with boric acid (4 kg ha−1), and leaf fertilization
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was done with zinc sulfate (5 kg ha−1). The phytosanitary control of mites and ants was
identical to that described above, and Bacillus thuringiensis (Dipel®) was applied following
the appearance of caterpillars.

2.2.3. Organic Farming

Fertilizer was applied according to the needs determined by soil analyses (Table A1).
In the first year of cultivation, cattle manure, castor bean cakes and potassium sulfate were
used. For phytosanitary control, sulfur–calcium spray solutions were applied for streaked
mites (T. urticae), organic formicides (Bioisca®) for ants, and raw milk and Bordeaux mixture
for powdery mildew (P. macularis). In the second year, fertilization was done with bokashi
(1.5 t ha−1), castor bean cakes (1.4 t ha−1), and organic poultry litter (2 t ha−1). Potassium
sulfate (94 kg ha−1), potassium silicate (312 kg ha−1), thermophosphate (203 kg ha−1),
boric acid (4 kg ha−1) and bone meal (1 t ha−1) were also used. Spraying was performed
with SuperMagro biofertilizer, and biological activation of the soil was performed with
effective microorganisms (EM). Metarhizium anisopliae + Beuaveria bassiana (B Ex-change®)
were applied for preventative pest control.

2.3. Evaluations
2.3.1. Chemical Composition of the Essential Oil

The hop samples analyzed were collected when the cones reached the mature stage
(February–March 2020). The plants were harvested in full and taken to the laboratory to
remove the cones; these were dried in a forced air ventilation oven at 40 ◦C for a variable
time from 24 to 48 h until they reached approximately 10% moisture.

The extraction of essential oils was performed by hydrodistillation in a Clevenger
apparatus from 50 g cones for 1 h and 30 min.

The determination of the essential oil chemical profiles was performed at the Instituto
Agronônico de Campinas (IAC) in a gas chromatograph coupled to a mass spectrometer
(CG-EM, QP 5000–Shimadzu) equipped with an OV-5 MS capillary column and helium as
the capillary gas.

The system was operated in full scan mode with electron impact (70 eV), and ranged
from 40 to 450 m/z. The injector was kept at 220 ◦C, with a carrier gas flow rate of 1:20
and temperature programming of 60 ◦C–240 ◦C (3 ◦C min−1). The interface temperature
was maintained at 240◦ C. Oil samples were diluted in ethyl acetate, and 1 μL of solution
was injected.

For quantitative analysis, a gas chromatograph with a flame ionization detector (CG-
DIC, Shimadzu, CG-2010/AOC-20i) was used. The system was equipped with an OV-5
capillary column, helium as the carrier gas, injector at 280 ◦C, detector at 300 ◦C, 1:20 split
and the same temperature program as the GC-MS system.

The identification of chemical constituents was performed by comparing the mass
spectra of the substances with the National Institute of Standards and Technology library
(Nist 62.lib) and the substance retention indices [25]; these indices were obtained from the
injection of a mixture of n-alkanes (C9–C24, Sigma, St. Louis, MO, USA) under the same
chromatographic conditions as the samples, applying the equation by Van Den Dool and
Kratz [26].

2.3.2. Quantification of Alpha Acids, Beta Acids and Xanthohumol

Quantifications were based on methods reported by Prencipe [27]. Exactly 50 mg of
ground cones were extracted by dynamic maceration at 1000 rpm for 30 min (Heidolph MR
Hei-Tec, Germany) with 2.0 mL of MeOH-HCOOH (99:1 v:v). After filtration (22 μm PTFE
syringe filter), 1.5 μL was injected into an ultrahigh-performance liquid chromatograph
coupled to a UV/Vis spectrophotometer (Shimadzu Nexera UC, Kyoto, Japan). Separations
were achieved in a C18 column of 150 × 2.1 mm and 1.7 μm (Kinetex, Phenomenex,
Torrance, CA, USA). The mobile phase was composed of H2O and acetonitrile (ACN), both
with 0.25% HCOOH, in the following gradient: 35–75% ACN (0–12 min), 75–100% ACN
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(12–25 min), and 100% ACN (25–28 min). The analysis temperature and flow rate were
30 ◦C and 0.39 mL min−1, respectively. Online UV spectra were recorded from 200 to
400 nm. Data were processed using LabSolutions LCMS software version 5.96 (Shimadzu
Corporation, Japan).

2.4. Statistical Analysis

The chemical composition data of the essential oils were assessed with multivariate
principal component analysis (PCA) using Minitab® Statistical Software [28]. Alpha and
beta acid and xanthohumol data were subjected to analysis of variance, and means were
compared using the Scott–Knott test at 5% significance using Sisvar software [29].

3. Results

In this study, the chemical compositions of hop varieties grown in a subtropical
environment in Brazil under organic and conventional systems were elucidated for the
first time.

3.1. Chemical Composition of the Essential Oils

The chemical composition of the essential oils is described in Table 1; the volatile
fraction showed variations mainly in terms of relative percentages, and in total, 23 sub-
stances were identified. The main classes were monoterpenes, oxygenated monoterpenes,
sesquiterpene hydrocarbons, oxygenated sesquiterpenes, esters, aldehydes and ketones;
the main volatile components were myrcene, linalool, caryophyllene, farnesene and ledene.

The terpene fraction was relatively large, accounting for 79.67% of Con Hal essential oil
and 96.63% of Org Cas essential oil, with myrcene being the major compound in all varieties
in both cropping systems, except for Con Hal, whose most abundant terpene compound
was beta-farnesene (38.43%). Org Hal had a 62% higher myrcene content (39.26%) than
the same variety grown under the conventional system (14.83%); furthermore, Con Hal
showed a myrcene content that was 71% lower than Con Cas (51.63%).

Linalool is the most abundant oxygenated terpene alcohol; the highest content of this
compound was found in Con Nug (0.91% ± 0.26) and the lowest content was found in Org
Chi (0.52% ± 0.19).

Beta-caryophyllene had a higher percentage in the organic cropping system than in the
conventional system, with averages of 6.04% and 3.79%, respectively; among the varieties,
Columbus had the highest content of this compound, being 77%, 38%, 29% and 20% higher
than the contents in Hallertau Mittelfrüeh, Cascade, Chinook, and Nugget, respectively.

Beta-farnesene was the sesquiterpene present at the highest percentage in the five
varieties; in Hallertau Mittelfrüeh, this content of this compound was higher than in other
varieties, with an average content of 38.43% in the conventional system. This variety
presented 12.27% more beta-farnesene than Con Nug, which presented the second highest
percentage (26.16% ± 8.78) and 12.59% more than Org Hal (38.43% ± 2.33).

The sesquiterpenes ledene and beta-selinene stood out among the chemical composi-
tions of the varieties, with percentages ranging from 6.70% (Org Hal) to 11.72% (Org Col)
and 6.77% (Org Hal) to 10.76% (Org Col), respectively.

Through PCA (Figure 1), it was possible to verify the similarities between the varieties
in the cropping systems. Figure 1 shows the PCA, with 76.80% of the total variance
explained by the first two principal components. The main difference was observed for
Hallertau Mittelfrüeh, the chemical characteristics of which were distinguished from the
other varieties in both cropping systems; in particular, the presence of substances from the
ketone and aldehyde groups differentiated this variety. The substances methyl heptanone,
2-nonanal, n-nonanal, methyl octanoate, 2-undecanone, undecanal, undec-9E-em-1-al,
2-methyl-lavandula butanoate, germacrene B and eudesmol were observed only in the
Hallertau Mittelfrüeh variety.
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A 

B

Figure 1. Plots of the principal component analysis of Humulus lupulus L. varieties cultivated in
organic and conventional cultivation systems and their chemical constituents. Score plot (A) and
loadings plot (B). See Table 1 for trait labels.

The Cascade, Chinook, Nugget and Columbus varieties showed greater similarity;
however, small variations within varieties were observed based on the cropping system.
The monoterpene myrcene showed the highest correlation with Cascade grown in both
systems and Chinook grown in the conventional system.

3.2. Alpha acids and Beta Acids Contents

The fixed fraction of inflorescences of H. lupulus is mainly composed of xanthohumol
and bitter acids (alpha and beta acids). The major alpha acids in these materials are
cohumulone, humulone and adhumulone, while the major beta acids are colupulone,
lupulone and adlupulone [30]. Therefore, these six bitter acids and xanthohumol were
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quantified here and summarized in Table 2. The total concentration of bitter acids ranged
from 1.08 ± 0.21% (Org Col) to 6.16 ± 6.93% (Org Nug), and the total xanthohumol content
ranged from 0.38 ± 0.03 mg g−1 (Org Cas) to 1.57 ± 1.40 mg g−1 (Org Nug).

Table 2. Alpha and beta acids and xanthohumol contents of Humulus lupulus L. varieties grown in
conventional and organic cropping systems under subtropical conditions.

Substance Org Cas Con Cas Org Nug Con Nug Org Chi Con Chi Org Hal Con Hal Org Col Con Col

n-Humulone
(mg g−1) 0.77 ± 1.42 0.98 ± 1.26 8.17 ± 9.53 2.98 ± 1.81 1.38 ± 1.51 0.87 ± 1.56 2.39± 0.60 3.19 ± 2.33 0.69 ± 1.49 2.22 ± 3.09

Cohumulone
(mg g−1) 2.86 ± 0.92 3.46 ± 1.72 28.78 ± 32.47 10.13 ± 7.79 3.45 ± 0.13 3.16 ± 0.78 8.38± 3.88 10.43 ± 5.02 2.34 ± 0.32 6.62 ± 7.64

Adhumulone
(mg g−1) 0.68 ± 0.21 0.91 ± 0.35 6.08 ± 2.78 2.04 ± 1.66 0.85 ± 0.03 0.76 ± 0.19 1.84 ± 0.90 2.38 ± 1.24 0.58 ± 0.10 2.06 ± 1.75

Colupulone
(mg g−1) 4.79 ± 0.94 6.78 ± 2.58 8.41 ± 6.31 6.27 ± 3.50 4.38 ± 0.39 4.41 ± 1.70 2.48 ± 0.95 3.18 ± 1.41 4.10 ± 0.92 6.31 ± 3.57

n-Lupulone
(mg g−1) 2.68 ± 1.09 3.64 ± 0.88 7.48 ± 5.50 3.70 ± 0.84 2.37 ± 1.00 2.41 ± 0.87 2.46± 0.47 3.03 ± 1.97 2.08 ± 1.31 3.31 ± 1.60

Adlupulone
(mg g−1) 1.26 ± 0.39 1.84 ± 0.47 2.69 ± 1.80 1.67 ± 0.68 1.19 ± 0.37 1.20 ± 0.39 0.89± 0.18 1.12 ± 0.73 1.01 ± 0.58 1.63 ± 0.87

Alpha acids
(%) 0.43 ± 0.68 0.54 ± 0.59 4.31 ± 4.85 1.51 ± 0.70 0.53 ± 0.73 0.48 ± 0.78 1.26± 0.24 1.60 ± 1.15 0.36 ± 0.72 1.06 ± 1.39

Beta acids (%) 0.87 ± 0.26 1.23 ± 0.33 1.86 ± 1.23 1.16 ± 0.45 0.79 ± 0.27 0.80 ± 0.26 0.58± 0.11 0.73 ± 0.49 0.72 ± 0.38 1.12 ± 0.56
Alpha + beta

acids (%) 1.31 ± 0.33 1.76 ± 0.69 6.16 ± 6.93 2.68 ± 1.25 1.32 ± 0.03 1.28 ± 0.17 1.84 ± 0.82 2.33 ± 1.11 1.08 ± 0.21 2.28 ± 1.84

Xanthohumol
(mg g−1) 0.38 ± 0.03 0.56 ± 0.20 1.57 ± 1.40 0.66 ± 0.08 0.79 ± 0.97 0.52 ± 0.23 0.72± 0.27 1.05 ± 0.31 0.44 ± 0.21 0.40 ± 0.05

(Org Cas—Organic Cascade, Con Cas—conventional Cascade, Org Nug—organic Nugget, Con
Nug—conventional Nugget, Org Chi—organic Chinook, Con Chi—conventional Chinook, Org Hal—organic
Hallertau Mittelfrüeh, Con Hal—conventional Hallertau Mittelfrüeh, Org Col—organic Columbus, Con
Col—conventional Columbus).

4. Discussion

This work showed, for the first time, the characteristics of different hop varieties in
subtropical conditions (Botucatu, SP-Brazil, latitude 22◦50′ S) under conventional and or-
ganic cropping systems, focusing on specialized metabolites associated with the sweetening
characteristics of hop cones for beer production.

4.1. Chemical Composition of the Essential Oils

Myrcene is a monoterpene and is considered the primary compound of hop essential
oils [31]; because it is the major compound, myrcene levels may vary to a greater degree
than those of other compounds. It is responsible for the aroma of green hops and is related
to resinous, pine and pungent flavors, providing interesting flavors for the preparation of
fruity beers and IPAs [32,33].

The values of myrcene in Cascade were within the standard range of 45 to 60% in both
cropping systems (Org Cas 55.92, Con Cas 51.63), those in Chinook were in the range of
35 to 40% in both systems (Org Chi 43.97, Con Chi 57.65), those in Hallertau Mittelfrüeh
ranged from 20 to 28% only in the organic system (Org Hal 39.26, Con Hal 14.83), those
in Columbus reached the standard range of 25 to 40% in the organic system (38.27) and
exceeded this range in the conventional system (44.84), and those in Nugget did not reach
the range of 48 to 59% in either system (Org Nug 41.40, Con Nug 43.20) [34]. The low
myrcene content observed in Con Hal was expected because this compound appears in
smaller quantities in European hop varieties, such as Hallertau Mittelfrüeh [35].

The autooxidation of myrcene gives rise to several cyclic reaction products (e.g., alpha-
pinene, beta-pinene, camphene, and r-cymene) and forms terpenoids such as linalool, nerol,
geraniol, citral, alpha-terpineol and carvone [12]. Linalool and beta-pinene were observed
in this study and may have been formed by the oxidation of myrcene; it is emphasized
that a wide range of distinct aromas and flavors can be obtained with the compounds
originating from myrcene.

Linalool is one of the most important indicators of beer aroma quality and hop fresh-
ness and is among the most interesting oxygenated aromatic compounds for the brewing
market, with great sensory activity even though it is normally present in essential oil in
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proportions smaller than 1% [32]. In the present study, Con Nug stood out among the
varieties for having a higher linalool content.

Alpha-humulene, along with beta-caryophyllene, is the most abundant sesquiterpene
in hops and it has positive impacts on beer aroma, being desired in a 3:1 ratio (alpha-
humulene: beta-caryophyllene) to provide a more refined aromatic character with a strong
emphasis on herbal, floral and spicy notes [32]. Alpha-humulene was not detected in this
study, which may be related to the tropical cultivation conditions.

Increases in the percentage of beta-caryophyllene are commonly related to attack by
pests and pathogens [36], justifying the higher percentage of this compound in the organic
system, in which preventive control was limited, with management instead focused on
maintaining insect populations at acceptable levels that did not result in crop damage.

Beta-farnesene, the sesquiterpene that was present at the highest percentage in all the
evaluated varieties, especially Con Hal, can reach up to 30% of the total essential oils in
noble hops, which are widely used in Bohemian pilsner style beers [32].

The ledene and beta-selinene contents contributed to the high contents of terpene
hydrocarbons observed in this study, which exceeded the values reported by studies
performed in temperate climates, which ranged from 50 to 80% [32,37].

Despite the influence of major compounds, the entire set of essential oils determines
the formation of aromas of interest to the brewing industry. In hops, the presence of
terpene hydrocarbons and substances such as esters, alcohols and ketones provide different
aromatic ranges. In this context, the PCA showed similarities between the varieties in both
cropping systems.

The differences observed may have occurred due to the environment and management
practices (e.g., fertilization and phytosanitary control). These factors differed from those
established in traditional cultivation sites and exerted a great influence on the hop essential
oil chemical composition [38,39], thus allowing the expression of Brazilian “terrior” in the
chemical composition of the essential oils.

Organic cropping adds value to the product, in addition, brings environmental [40]
and social benefits, and, as observed in this study and confirmed by others [15,41], can
increase the levels of some chemical compounds of interest to the brewing and medicinal
market, i.e., it is economically interesting.

4.2. Alpha Acid and Beta Acid Contents

Overall, all varieties cultivated in this work presented lower average levels of bitter
acids than those described in the literature for H. lupulus cultivated in temperate zones
(Table 2) (refer to “Description of varieties” subsection in the Materials and methods). It is
also important to highlight that no statistical differences were observed among varieties
or cropping systems in this work. This was expected due to the high relative standard
deviations (RSD) observed among replicates for bitter acid contents (Table 2). As the
HPLC-UV method used here was a validated method [27], being its reproducibility further
confirmed in our laboratory from four commercial hop pellets (all with RSD ≤ 4.4%), it was
concluded that the observed RSD evidence the high variability among specimens belonging
to the same variety and cropping system. Both, the average low levels of bitter acids and
the observed high RSD, can be at least partially explained by the fact that the evaluated
plants were in their second year of cultivation. That is because the expected physiological
maturation of plants should occur only in the third to fifth year of cultivation, when the
biochemical machinery for the production of bitter acid tends to me more efficient and
stable [42,43]. On the other hand, it is important to monitor the contents of such compounds
throughout the development of the plants as carried out in this work, since it can give
important feedbacks regarding the development of the plants and indicate tendencies.

Finally, the lower average levels of bitter acids found here compared to those found in
temperate zones might be related to what was reported by Mozny et al. [44], who found that
the increasing in temperatures observed in recent years in Czech Republic is inducing early
flowering of the ‘Saaz’ hop variety, with reduced levels of alpha acids. Early flowering was
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observed for the plants investigated here, probably due to both warmer days and shorter
photoperiods found in Botucatu city when compared to traditional temperate cultivation
sites [44].

5. Conclusions

The cultural practices and management adopted in this work altered the composition
of hop volatile compounds. The same could not be concluded for bitter acids due to the
high relative standard deviation found between the analyzes of the same field replicates.
However, this evidenced a high variability among specimens belonging to the same variety
and cultivation system regarding the production of bitter acids. As a consequence, such
a high variability could mask any possible effect from the different managements and
varieties of hops adopt in this work on the production of bitter acids. As it can be related
with the fact that the evaluated plants were only in their second year of cultivation, new
studies aiming to know their phytochemical evolution throughout their physiological
maturation are being carried. Such studies are necessary to eventually establish a scientific
basis that would allow the expansion of new areas of cultivation of hops in Botucatu
city, which hosts several craft breweries that are highly dependent on hop imports from
other countries.
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Appendix A

Table A1. Complete soil chemical analysis of organic and conventional cropping systems of
Humulus lupulus L. between November 2018 and March 2020, Botucatu-SP.

pH OM P K Ca Mg CEC V% S B Cu Fe Mn Zn

CaCl2 G·dm−3 mg·dm−3 mmolc·dm−3 % mg·dm−3

Date Sys./Depth (cm)

Nov. 2018

Org 0–20 5.4 29 49 13.5 32 15 84 72 124 0.44 4.7 34 6.9 3.0
Org 20–40 5.0 22 35 7.5 25 12 84 53 77 0.63 4.9 34 5.3 1.6
Conv 0–20 5.6 19 29 9.6 26 9 65 68 139 0.38 5.4 27 4.7 0.6
Conv 20–40 5.3 18 12 2.6 14 5 51 42 52 0.31 5.5 39 4.6 0.4

Apr. 2019

Org 0–20 5.3 17 27 1.9 25 11 63 60 4 0.43 2.0 34 6.8 1.3
Org 20–40 5.0 17 23 2.9 14 11 67 42 25 0.55 1.2 34 5.7 1.1
Conv 0–20 5.4 22 34 1.4 29 10 70 58 27 0.48 1.9 35 4.5 0.5
Conv 20–40 4.5 16 10 1.2 12 7 63 33 43 0.44 0.5 36 2.1 0.4

Aug. 2019

Org 0–20 5.7 21 14 1.6 33 12 64 72 17 0.34 3.6 18 2.1 1.2
Org 20–40 4.4 15 3 0.5 11 5 64 26 67 0.33 4.5 18 0.8 0.1
Conv 0–20 5.0 19 17 0.3 19 7 58 45 34 0.30 4.1 21 2.4 0.2
Conv 20–40 4.3 15 4 0.4 11 4 70 21 48 0.35 4.8 17 1.7 0.2
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Table A1. Cont.

pH OM P K Ca Mg CEC V% S B Cu Fe Mn Zn

CaCl2 G·dm−3 mg·dm−3 mmolc·dm−3 % mg·dm−3

Date Sys./Depth (cm)

Nov. 2019

Org 0–20 6.0 24 39 4.3 47 13 84 76 101 0.39 4.2 24 3.7 3.9
Org 20–40 5.6 22 40 2.8 40 17 83 71 80 0.63 3.8 24 3.4 3.4
Conv 0–20 5.8 25 44 4.0 80 10 119 79 422 0.63 3.6 19 3.4 3.3
Conv 20–40 5.6 25 49 5.5 66 8 107 74 305 0.58 4.0 26 3.9 2.8

Mar. 2020

Org 0–20 5.0 25 56 3.4 39 11 77 70 71 1.00 4.7 19 5.1 3.8
Org 20–40 4.8 19 30 2.2 23 10 70 50 52 0.90 5.4 17 3.0 1.7
Conv 0–20 4.9 19 16 2.6 20 5 64 42 42 1.09 6.1 19 3.2 0.9
Conv 20–40 4.4 15 6 1.4 13 4 63 29 148 0.86 5.3 16 3.1 0.4
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Abstract: The interaction between variety, rootstock, and trellis height is important for grapevine
management, mainly for producing new varieties of grapes for juice and wine in new wine-growing
regions with high production potential. Then, this study aimed to evaluate the rootstocks and trellis
height influence on photosynthesis, biochemical, and yield performance for grapevine hybrids. The
experiment was carried out in a randomized block design using two factors, rootstocks (‘IAC 766’
and ‘106-8 Mgt’) and trellis height (until 1.6 and 2.0 m), evaluated for two grapevine hybrids (IAC
138-22 ‘Maximo’ and ‘BRS Violeta’). During grapevine flowering, it was evaluated photosynthesis
and biochemical performance, for this, the gaseous exchanges were measured using the open system
photosynthesis equipment with a CO2 analyzer and water vapor by infrared radiation, being net
assimilation rate of CO2, stomatal conductance, transpiration rate, internal CO2 concentration, water
use efficiency, carboxylation efficiency (Rubisco), and the flux density of photosynthetically active
photons. At the stages of grapevine flowering and ripening berries were evaluated the antioxidant
enzymes (peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT)), total soluble proteins,
chlorophylls, and SPAD. The interaction between rootstock and trellis heigh influenced varieties’
photosynthesis, biochemical, and yield performance. In conclusion under subtropical conditions,
better photosynthesis, biochemical, and yield performance were observed when both cultivars were
grafted on the ‘IAC 766’ rootstock. The ‘IAC 138-22 Maximo’ was trained until 2.0 and grafted on
the ‘IAC 766’ rootstock, increasing grape production and photosynthesis efficiency. In addition, this
variety was more productive than ‘BRS Violeta’.

Keywords: antioxidant enzymes; gas exchange; Rubisco enzyme; Vitis spp.; water use efficiency

1. Introduction

Grapevine hybrids are widely used in viticulture for wine and juice production,
looking for adaptation to climate change and disease resistance, resulting in lower environ-
mental impact and food security because of the pesticides reduction [1–3]). These grapevine
varieties are growing mainly for the juice industry and table grape production [4]. However,
in tropical and subtropical regions grapevine hybrids are also destined to make wine [5].
Like in the case of Vitis vinifera (L.) cultivation, grapevine hybrids are grown on rootstocks to
get resistance against Phylloxera, soil fungi, and nematodes [6,7]. In addition, the rootstock
is chosen based on adaptation to environmental conditions and field management [5,8,9],
in this way, new viticultural and promising areas for producing these grapes must be
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explored. In subtropical regions, the rootstocks are selected to be resistant to phylloxera
and adapted to a humid temperate climate with dry winters and hot summers [5,6]. The
interaction between cultivars and rootstocks influences photosynthesis efficiency, grapevine
physiology, and production [10]. The rootstock changes the production of biochemical
compounds linked with physiological stress during grapevine cultivation [11,12], occurring
when grapevines suffer from stress are a decrease in photosynthesis efficiency and pigment
production, modifying enzymatic activity, such as Rubisco and reactive oxygen species
(ROS) [11]. Moreover, the variety decreases the stomatal conductance and increases the
leaf resistance to CO2 transport from the atmosphere to the mesophyll cells [12]; resulting
in lower ATP availability that affects ribulose-1,5-bisphosphate (RuBP) regeneration, thus
limiting the rate of CO2 fixation [12]. Furthermore, the interaction between cultivar and
rootstock changes ROS activity, which plays a role in the signaling route, as a key regulator
of processes such as growth, development, and plant metabolism [13].

Another factor that influences grapevine adaptation in different regions is the training
system [14]. The training system influences grapevine reserves, leaf development, and
photosynthesis efficiency, resulting in changes in enzymatic activity [4,11,15]. Vertical shoot
positioning (VSP) is the most used trellis system to grow grapevines in Brazil [4,9]. In
this trellis system, the grapevine can be trained in different sizes to adapt to vegetative
growth [16]. The Vitis vinifera cultivars are trained until 1.35 to 1.60 m from de ground [17].
The Vitis labrusca under subtropical conditions are trained until 1.00 to 1.80 m from the
ground [12,18,19]. However, the hybrids can be more vigorous than these two species,
then new training high needs to be tested (e.g., 2.00 m). In addition, vegetative growth
depends on the interaction between different varieties and rootstocks. This study aimed to
evaluate the physiology, fruit production, and quality of two grapevine hybrids trained in
two trellis sizes and grafted onto two rootstocks under subtropical conditions looking for
better adaption during grapevine cultivation.

2. Materials and Methods

2.1. Localization and Climate Conditions

The experiment was conducted at the Fruits Research Center of the Agronomic Insti-
tute (IAC), in Jundiaí, state of São Paulo, Brazil (23◦06′ S, 46◦55′ W, 745 m above sea level).
The climate in this region is classified as Cfb, according to the Köppen, with 1400 mm of
annual rainfall, 19.5 ◦C of average temperature, and 70.6% of relative air humidity. The soil
of the experimental area was classified as dystrophic Cambisol haplic, characterized by low
amounts of clay, organic matter, aluminum, and iron.

Rootstocks were planted in September 2009, at a spacing of 2.5 m between rows
and 1.0 m between plants, and the cultivars were grafted in July 2010. For grape yield,
the grapevines were pruned in July 2016 leaving one bud per branch and 5% hydrogen
cyanamide was applied direct on the buds to homogenize sprouting. The grape harvest
was conducted in December of the same year.

2.2. Treatments

The experiment was laid out in a complete randomized block using two inter-specific
crossing of grapevine varieties, the ‘IAC 138-22 Maximo’ (‘Seibel 11342’ × ‘Syrah’) and the
‘BRS Violeta’ (‘Niagara Rosada’ × ‘Bordô’), with five replicates (blocks), consisting of three
plants each. The treatments were two rootstocks, ‘IAC 766 Campinas’ (‘Ripária do Traviú’
× Vitis caribaea) and ‘106-8 Mgt’ [Riparia × (Cordifolia × Rupestris)] and two trellis height,
until 1.6 m and 2.0 m from the ground, evaluated for each variety. The grapevines were
trimmed during vegetative growth to maintain the trellis height, in both varieties.

2.3. Sampling

In the full flowering stage, the photosynthesis and biochemical assay were conducted
using four complete leaves (limb and petiole) located on the opposite side of the bunch
using three grapevines per block for each treatment with replicate per variety (n = 60 leaves
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per treatment). In addition, the SPAD index (Soil Plant Analysis Development) and bio-
chemical assay were evaluated again in the same leaves during early berry ripening (grape
maturation). The photosynthesis assay was conducted on the field using no detached
leaves. For the biochemical assay, leaves were sampled, packed in foil, frozen in liquid
nitrogen, and stored in an ultra-freezer at −82 ◦C until evaluation.

2.3.1. Photosynthesis Assay

The photosynthesis assay was conducted with an open photosynthesis system using
the Infrared gas analyzer (IRGA) (model LI-64009, USA). The CO2 assimilation rate (A),
transpiration rate (E), the internal concentration of CO2 (Ci), and stomatal conductance (gs),
were calculated according to Von Caemmerer and Farquhar [20]. The water efficiency use
(WUE) was determined using the ratio between CO2 assimilation and transpiration rate.
The carboxylation efficiency of the enzyme ribulose 1,5-bisphosphate carboxylase (Rubisco)
(A/Ci) was calculated using the ratio between the CO2 assimilation rate and the internal
concentration of CO2 in the leaf. For chlorophyll fluorescence, the leaves were covered with
aluminum paper, kept in the dark for 30 min, and treated for 6 s with a saturation pulse
of 10,000 μmol m−2 s−1 of photosynthetically active photon flux density (DFFF) to obtain
the dark-adapted maximum fluorescence (Fm), the light-adapted maximum fluorescence
(Fm’), the dark-adapted minimum fluorescence (Fo) and the light-adapted minimum
fluorescence (Fo’). An 1150 μmol m−2 s−1 DFFF actinic light pulse of 15 s of duration
was given between each saturation pulse. The maximum quantum yield (Fv/Fm) was
calculated according to Kitajima and Butler [21], the effective quantum yield (φPSII) was
calculated according to Genty et al. [22], the photochemical quenching (qP) was calculated
according to Schreiber et al. [23], the non-photochemical quenching (NPQ) was calculated
according to Bilger and Björkman [24], The electron transport rate (ETR) and quantum
unregulated non-photochemical energy loss in photosystem II (φNO) were calculated
according to Klughammer and Schreiber [25]. The quantum yield of non-photochemical
regulated energy loss in photosystem II (φNPQ) was calculated according to Klughammer
and Schreiber [25].

The SPAD index was evaluated using the SPAD (Model SPAD-502, Hangzhou Mindfull
Technology Co.,Ltd, Tokyo, Japan) to sample three points (left, middle and right size) per
leaf (n = 180).

2.3.2. Biochemical Assay

The biochemical assay was conducted using spectrophotometry (model BEL Photonics,
SP UV/VIS, Brazil) and all analyses were done using technical triplicate.

The concentration of chlorophylls (a, b, and total) was determined using 100 g of fresh
mass according to Sims and Gamon [26]. For protein and enzyme quantification, it was
mixed 100 mg of fresh leaf and 2 mL of 0.1 mol L−1 potassium phosphate buffer at pH 6.8
with the addition of 100 mg polyvinylpolypyrrolidone (PVPP). Total soluble proteins were
quantified according to the methodology proposed by Bradford [27] and expressed in mg
of fresh mass g−1 protein. Superoxide dismutase (SOD) activity was determined according
to the methodology proposed by Giannopolitis and Ries [28] and expressed in U/mg
protein. Peroxidase (POD) activity was determined according to Teisseire and Guy [29]
and expressed as μmol of purpurogaline min−1 mg−1 protein. Catalase activity (CAT) was
performed according to the methodology proposed by Peixoto et al. [30] and expressed
in μKatμg prot−1. In the case of lipid peroxidation quantification, it was mixed 300 mg
of fresh leaves and 5 mL of a solution containing 0.25% thiobarbituric acid (TBA) and
trichloroacetic acid (TCA) at 10%. Lipid peroxidation (TBAR) was determined according to
Rama Devi and Prasad [31] and expressed in μmol g−1 fresh mass.

2.4. Harvest, Yield, and Must Quality

Harvest was carried out when each grapevine hybrid reached its technological ma-
turity. All bunches per plant were harvested and weighed to determine yield. In order to
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determine fruit quality, 10 bunches per plant were sampled (n = 1500 bunches per treatment)
to evaluate the pH, soluble solids (SS), titratable acidity (TA), SS/TA ratio, and reducing
sugar [32].

2.5. Statistical Analyses

The data was checked about normal distribution and homoscedasticity. Then, the data
were analyzed using the variance analysis for two factors in randomized blocks. When
significant in the variance analysis, the interaction between the two factors (rootstock
and trellis height) or each factor separately was evaluated using Tukey’s test (p < 0.05).
In addition, principal component analysis was performed to characterize the interaction
between the grapevine hybrids with each rootstock and trellis height. The variance and
Tukey’s tests were performed using the software SISVAR (Ferreira, 2014). The principal
components analysis was performed using the software SAS [33].

3. Results

3.1. Impact of Rootstock and Trellis Height on Variety (‘IAC 138-22 Maximo’): Physiological,
Biochemical Parameters and Yield

During flowering, the qP increased 0.8 when the ‘IAC 138-22 Maximo’ was trained
until 1.6 m onto ‘IAC 766’ and until 2.0 m onto ‘106-8 Mgt’ then until 1.6 m onto ‘106-8 Mgt’
(Table 1). In addition, the same combinations resulted in higher NPQ (plus 0.35) than the
variety trained until 1.6 m onto ‘IAC 766’ and until 2.0 m onto the ‘106-8 Mgt’. However, the
ETR presented the resulting inversely proportional, the ETR increased 25.5 μmol m−2 s−1

electrons to the ‘IAC 138-22 Maximo’ trained until 1.6 m onto ‘IAC 766’ and until 2.0 m
onto the ‘106-8 Mgt’ than the other combinations (Table 1). The ‘IAC 138-22 Maximo’
trained until 2.0 m onto the rootstock ‘IAC 766’, decreased 0.08 mol m−2 s−1 the stomatal
conductance (gs) and 5.24 μmol m−2 s−1 CO2 the assimilation (A) then trained until
1.6 m onto the ‘106-8 Mgt’ (Table 1). In addition, the variety trained until 1.6 m onto the
‘106-8 Mgt’ increased 1.1 the WUE compared with the other combinations. The transpiration
ration (E) was 1.12 mmol m−2 s−1 water vapor bigger to this combination than the variety
trained until 2.0 m onto the same rootstock, ‘106-8 Mgt’. However, the Ci increased
72.1 μmol mol−1 CO2 when the variety was grafted onto ‘IAC 766’ and then trained until
2.0 m onto the ‘106-8 Mgt’. The lowest Fv/Fm, 0.86, was observed when this cultivar was
trained until 1.6 m and grafted onto ‘IAC 766’, with no interaction between these two
factors (Table 2). The ‘IAC 138-22 Maximo’ increased 9.25 mg the chlorophyll total content
in 100 mg of leaves and 4.11 the SPAD index grafted onto the rootstock ‘IAC 766’ and
then onto the ‘106-8 Mgt’ (Table 2). During berry ripening the chlorophyll a, b, and total
decreased 4.72, 3.32, and 8.05 mg, when the variety was trained until 2 m onto the ‘106-
8 Mgt’ then trained until 2.0 m onto ‘IAC 766’ and trained until 1.6 m onto the ‘106-8 Mgt’,
respectively (Table 1). In addition, the SPAD index during the same phenological stage
increased by 2.99 when the variety ‘IAC 138-22 Maximo’ was grafted onto ‘IAC 766’ and
then onto the ‘106-8 Mgt’ (Table 2). Training the variety until 2.0 m onto the ‘IAC 766’
decreased 21.57 mg of CAT activity during the flowering than in other combinations
(Table 1). However, the variety grafted onto this rootstock, ‘IAC 766’, increased 4.97 μmol
of TBAR activity during flowering, and 366.53 mg of SOD and 4.75 mg of POD during
berry ripening (Tables 1 and 2).

About the yield, the variety ‘IAC 138-22 Maximo’ trained until 2.0 m produced plus
1.6 kg of grape per plant with plus 1.06◦ Brix of SSC decreasing 0.8 the pH than trained
until 1.6 m (Table 2 and Figure 1. Onto the rootstock ‘IAC 766’, the variety showed minus
0.12 percentage of tartaric acidity on must resulting in plus 3.35 to maturation index than
onto ‘106-8 Mgt’.
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Table 1. Interaction between two trellis heights and rootstock to photosynthesis and biochemical
performance of grapevine ‘IAC 138-22 Maximo’ under subtropical conditions during flowering and
berry ripening stages.

Trellis Height
Rootstock

‘IAC 766’ ‘106-8 Mgt’

Flowering

qP
1.6 m 0.57 ± 0.02 aA 0.49 ± 0.01 bB

2.0 m 0.54 ± 0.02 bA 0.56 ± 0.01 aA

NPQ
1.6 m 2.03 ± 0.07 bB 2.38 ± 0.01 aA

2.0 m 2.64 ± 0.14 aA 2.08 ± 0.04 bB

ETR (μmol m−2 s−1 electrons)
1.6 m 148.58 ± 7.07 aA 133.86 ± 5.51 bB

2.0 m 123.03 ± 3.16 bB 158.15 ± 9.93 aA

gs (mol m−2 s−1)
1.6 m 0.23 ± 0.01 aB 0.25 ± 0.01 aA

2.0 m 0.17 ± 0.001 bB 0.22 ± 0.01 bA

E (mmol m−2 s−1 water vapor)
1.6 m 7.06 ± 0.42 aB 7.59 ± 0.30 aA

2.0 m 6.82 ± 0.24 aA 6.47 ± 0.17 bB

WUE
1.6 m 4.53 ± 0.25 aA 4.42 ± 0.11 bA

2.0 m 4.56 ± 0.18 aB 5.66 ± 0.15 aA

A (μmol m−2 s−1 CO2)
1.6 m 34.75 ± 1.38 aA 36.17 ± 1.25 aA

2.0 m 29.51 ± 1.51 bB 38.82 ± 2.48 aA

Ci (μmol mol−1 CO2)
1.6 m 179.93 ± 3.74 aA 148.67 ± 5.70 aB

2.0 m 175.31 ± 5.76 aA 103.21 ± 6.11 bB

A/Ci
1.6 m 0.19 ± 0.001 aB 0.26 ± 0.02 bA

2.0 m 0.17 ± 0.01 bB 0.32 ± 0.01 aA

Cl b (mg 100 g−1 leaves)
1.6 m 16.40 ± 2.01 aA 12.22 ± 0.43 aB

2.0 m 13.02 ± 0.66 bA 12.69 ± 2.14 aA

POD (μmol mg−1 min−1 protein)
1.6 m 36.52 ± 1.37 aA 34.83 ± 1.52 aA

2.0 m 39.15 ± 0.83 aA 32.97 ± 2.26 aB

CAT (μg mKat−1 protein)
1.6 m 5.68 ± 1.26 aA 6.11 ± 3.20 aA

2.0 m 2.12 ± 0.77 bB 4.70 ± 1.69 aA

Berry ripening

Cl a (mg 100 g−1 leaves)
1.6 m 35.18 ± 0.93 bA 36.03 ± 3.25 aA

2.0 m 55.28 ± 2.60 aA 31.31 ± 3.35 bB

Cl b (mg 100 g−1 leaves)
1.6 m 16.03 ± 0.23 bA 17.67 ± 1.71 aA

2.0 m 26.57 ± 0.67 aA 14.35 ± 1.98 bB

Cl total (mg 100 g−1 leaves)
1.6 m 51.21 ± 0.84 bA 53.71 ± 4.55 aA

2.0 m 81.85 ± 3.20 aA 45.66 ± 5.32 bB

SOD (mg U−1 protein)
1.6 m 4665.88 ± 19.91 bA 3689.94 ± 34.25 aB

2.0 m 5027.41 ± 17.90 aA 3463.00 ± 32.14 aB

CAT (μg mKat−1 protein)
1.6 m 14.61 ± 2.61 bA 14.12 ± 0.41 bA

2.0 m 54.62 ± 1.58 aB 86.19 ± 3.98 aA
±standard deviations. Means followed by the same lower-case letter in the column and upper-case letter in the
row are not different from each other according to the Tukey’s test at 5% probability. Photochemical quenching
(qP), non-photochemical quenching (NPQ), electron transport rate (ETR), stomatal conductance (gs), transpiration
rate (E), water use efficiency (WUE), carboxylation efficiency (A/Ci), CO2 assimilation rate (A), internal carbon
concentration (Ci), Chlorophyll b, peroxidase (POD) and catalase (CAT) enzymes activities at flowering and
chlorophyll (Cl) a, b and total, activities of the superoxide dismutase (SOD) and catalase (CAT).
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Table 2. Photosynthesis, biochemical and yield performance of grapevine ‘IAC 138-22 Maximo’
during flowering and berry ripening stages for two trellis height and rootstock under subtropical
conditions.

Trellis Height Rootstock

1.6 m 2.0 m ‘IAC 766’ ‘106-8 Mgt’

Flowering

Fv/Fm 0.86 ± 0.02 b 0.90 ± 0.02 a 0.86 ± 0.01 b 0.90 ± 0.02 a

SPAD index 33.47 ± 2.79 a 32.58 ± 2.38 a 35.08 ± 1.27 a 30.97 ± 1.63 b

Cl a (mg 100 g−1 leaves) 33.27 ± 5.69 a 30.82 ± 4.34 a 35.55 ± 3.41 a 28.55 ± 3.88 a

Cl total (mg 100 g−1 leaves) 47.59 ± 8.10 a 43.68 ± 5.61 a 50.26 ± 5.54 a 41.01 ± 5.12 b

SOD (mg U−1 protein) 4141.42 ± 38.62 a 4331.28 ± 51.27 a 4561.96 ± 39.92 a 3910.74 ± 24.95 b

Lipid peroxidation (μmol g−1 leaves) 11.02 ± 1.04 a 9.59 ± 0.09 a 12.79 ± 1.06 a 7.82 ± 0.08 b

Berry ripening

SPAD index 35.86 ± 2.93 a 37.09 ± 1.88 a 37.97 ± 2.25 a 34.98 ± 1.66 b

POD (μmol mg−1 min−1 protein) 23.45 ± 3.64 a 22.64 ± 3.18 a 25.37 ± 2.66 a 20.72 ± 2.07 b

Yield

Yield (kg−1 plant) 4.16 ± 0.08 b 5.76 ± 1.04 a 5.07 ± 0.09 a 4.85 ± 0.08 a

pH 3.39 ± 0.09 a 3.31 ± 0.08 b 3.35 ± 0.08 a 3.36 ± 0.11 a

Soluble solids (◦Brix) 14.19 ± 1.36 b 15.25 ± 1.55 a 15.13 ± 1.63 a 14.31 ± 1.36 a

Titratable acidity (% tartaric acid) 0.98 ± 0.16 a 0.94 ± 0.16 a 0.90 ± 0.18 b 1.02 ± 0.11 a

SS/TA ratio 14.91 ± 3.15 a 16.78 ± 4.31 a 17.52 ± 4.40 a 14.17 ± 2.25 b

Reducing sugar (%) 10.56 ± 1.89 a 10.98 ± 1.70 a 10.58 ± 1.53 a 10.96 ± 2.04 a

±standard deviations. Means followed by the same lower-case letter in the column are not different from each
other according to the Tukey test at 5% probability. Quantum yield (Fv/Fm), SPAD index (Soil Plant Analysis
Development), the content of chlorophyll (Cl), superoxide dismutase (SOD), peroxidase activity (POD), soluble
solids/titratable acidity ratio (SS/TA).

3.2. Impact of Rootstock and Trellis Height on Variety (‘BRS Violeta’): Physiological, Biochemical
Parameters and Yield

During flowering, the variety ‘BRS Violeta’ increased 0.14 qP when trained until 1.6 m
onto the ‘IAC 766’ than using other combinations (Table 3). In addition, the NPQ decreased
by 0.71 using this combination than the variety grafted onto the ‘106-8 Mgt’ in both trellis
heights. The variety trained until 1.6 m onto the ‘IAC 766’ increased 10.24 μmol m−2 s−1

electrons the ETR and 4.73 μmol m−2 s−1 CO2 the A than using the other combinations.
The ‘IAC 766’ increased by 0.05 the Fv/Fm and 3.37 mmol m−2 s−1 water vapor the E
and decreased by 0.94 the WUE on leaves of ‘BRS Violeta’ than the ‘106-8 Mgt’ (Table 4).
However, the Ci increased 19.16 μmol m−2 s−1 CO2 when the variety was trained until
2.0 m then until 1.6 m.

The chlorophyll a content on leaves during flowering decreased by 5.53 mg 100 g−1

when the ‘BRS Violeta’ was trained until 1.6 m onto the ‘106-8 Mgt’ than in the other
combinations (Table 3). In addition, the SPAD index decreased by 3.59 on leaves from
the variety grafted onto the ‘106-8 Mgt’ and then trained until 2.0 m onto the ‘IAC 766’.
During berry ripening, the chlorophyll content, a, b, and total, increased 7.05, 3.64, and
11.86 mg 100 g−1 on leaves of ‘BRS Violeta’ trained until 1.6 m onto the ‘IAC 766’ than
other combinations, respectively. Contributing to this result, the SPAD index in the same
phenological stage increased by 3.02 when the variety was grafted onto the ‘IAC 766’ and
then onto the ‘106-8 Mgt’ (Table 4). Moreover, POD and SOD increased, 4.89 μmol and
1947.92 mg, during flowering when this rootstock was used compared with the ‘106-8 Mgt’,
respectively (Table 4 and Figure 2). During berry ripening, the POD activity increased by
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12.64 μmol on leaves from the variety trained until 2.0 m onto the ‘IAC 766’ and grafted
onto the ‘106-8 Mgt’ in both trellis height then trained until 1.6 m onto the ‘IAC 766’
(Table 3). Moreover, the rootstock ‘106-8 Mgt’ increased CAT and SOD activity, plus 19.05
and 682.42 mg, then the ‘IAC 766’ during the same phenological stage (Tables 3 and 4).
However, using trellis heights until 2.0 m decreased SOD activity by 1005.63 mg than using
trellis height until 1.6 m (Table 4). The variety ‘BRS Violeta’ produced plus 0,38 kg of grape
per plant and increased by 0.1 the pH when it was grafted onto the ‘IAC 766’ and then onto
the ‘106-8 Mgt’. However, higher SS contents were observed when this cultivar was trained
to a high trellis system.

Table 3. Interaction between two trellis heights and rootstock to photosynthesis and biochemical
performance of grapevine ‘BRS Violeta’ under subtropical conditions during flowering and berry
ripening stages.

Trellis Height
Rootstock

‘IAC 766’ ‘106-8 Mgt’

Flowering

qP
1.6 m 0.55 ± 0.02 aA 0.44 ± 0.02 aA

2.0 m 0.45 ± 0.01 bA 0.41 ± 0.01 bB

NPQ
1.6 m 2.53 ± 0.14 bB 3.29 ± 0.09 aA

2.0 m 3.03 ± 0.08 aB 3.24 ± 0.10 aA

ETR (μmol m−2 s−1 electrons)
1.6 m 124.38 ± 3.50 aA 114.14 ± 5.64 aB

2.0 m 100.70 ± 5.96 bA 100.11 ± 4.87 bA

gs (mol m−2 s−1)
1.6 m 0.28 ± 0.01 aA 0.14 ± 0.001 aB

2.0 m 0.26 ± 0.001 bA 0.13 ± 0.001 aB

A (μmol m−2 s−1 CO2)
1.6 m 36.13 ± 1.27 aA 31.40 ± 1.06 aB

2.0 m 31.00 ± 0.38 bA 29.74 ± 1.30 aA

Ci (μmol mol−1 CO2)
1.6 m 129.29 ± 8.21 bA 132.43 ± 3.20 bA

2.0 m 162.48 ± 3.37 aA 151.59 ± 7.21 aA

SPAD index
1.6 m 29.11 ± 2.72 aA 21.57 ± 0.57 bB

2.0 m 30.34 ± 0.83 aA 26.75 ± 1.35 aB

Cl a (mg 100 g−1 leaves)
1.6 m 47.19 ± 7.00 aA 39.12 ± 3.54 bB

2.0 m 44.65 ± 1.53 aA 48.28 ± 4.67 aA

CAT (μg mKat−1 protein)
1.6 m 35.55 ± 3.33 aA 32.65 ± 0.98 aB

2.0 m 19.86 ± 0.86 bA 9.41 ± 0.95 bB

Berry ripening

Cl a (mg 100 g−1 leaves)
1.6 m 40.93 ± 3.44 aA 23.44 ± 2.00 bB

2.0 m 32.98 ± 2.00 bA 29.75 ± 2.16 aA

Cl b (mg 100 g−1 leaves)
1.6 m 17.48 ± 2.58 aA 10.30 ± 0.79 aB

2.0 m 13.84 ± 1.58 bA 12.68 ± 2.02 aA

Cl total (mg 100 g−1 leaves)
1.6 m 58.42 ± 5.86 aA 33.75 ± 2.78 bB

2.0 m 46.82 ± 1.60 bA 42.43 ± 3.27 aA

POD (μmol mg−1 min−1 protein)
1.6 m 15.72 ± 3.36 bB 28.36 ± 2.67 aA

2.0 m 24.68 ± 1.57 aB 30.27 ± 1.92 aA
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Table 3. Cont.

Trellis Height
Rootstock

‘IAC 766’ ‘106-8 Mgt’

CAT (μg mKat−1 protein)
1.6 m 24.04 ± 4.03 aB 49.40 ± 2.93 bA

2.0 m 29.90 ± 1.89 aB 82.95 ± 8.44 aA
±standard deviations; Means followed by the same lower-case letter in the column and upper-case letter in the
row are not different from each other by Tukey’s test at 5% of probability; Note: Photochemical quenching (qP),
non-photochemical quenching (NPQ), electron transport rate (ETR), stomatal conductance (gs), CO2 assimilation
rate (A), internal carbon concentration (Ci), SPAD index (Soil Plant Analysis Development), chlorophyll a content
and catalase activity (CAT), peroxidase (POD) and catalase (CAT) activity.

Table 4. Photosynthesis, biochemical, and yield performance of grapevine ‘BRS Violeta’ during
flowering and berry ripening stages for two trellis heights and rootstock under subtropical conditions.

Variable
Trellis Height Rootstock

1.6 m 2.0 m ‘IAC 766’ ‘106-8 Mgt’

Flowering

Fv/Fm 0.84 ± 0.03 a 0.86 ± 0.03 a 0.87 ± 0.01 a 0.82 ± 0.01 b

E (mmol m−2 s−1 water vapor) 7.76 ± 2.00 a 8.37 ± 1.66 a 9.75 ± 0.38 a 6.38 ± 0.56 b

WUE 4.42 ± 0.62 a 3.83 ± 0.44 a 3.66 ± 0.29 b 4.60 ± 0.44 a

A/Ci 0.19 ± 0.01 a 0.21 ± 0.01 a 0.21 ± 0.03 a 0.22 ± 0.02 a

Cl b (mg 100 g−1 leaves) 18.35 ± 2.43 a 20.03 ± 1.38 a 20.05 ± 2.23 a 18.33 ± 1.67 a

Cl total (mg 100 g−1 leaves) 61.50 ± 8.96 a 66.50 ± 4.21 a 65.97 ± 6.70 a 62.03 ± 4.21 a

POD (μmol mg−1 min−1 protein) 31.63 ± 2.20 a 32.30 ± 4.07 a 34.41 ± 2.20 a 29.52 ± 4.07 b

SOD (mg U−1 protein) 6685.52 ± 11.71 a 6681.96 ± 13.43 a 7657.70 ± 26.93 a 5709.78 ± 35.43 b

Lipid peroxidation (μmol g−1 leaves) 9.76 ± 1.04 a 9.63 ± 1.03 a 9.17 ± 2.03 a 10.22 ± 2.04 a

Berry ripening

SPAD index 44.14 ± 1.95 a 45.12 ± 2.07 a 46.14 ± 1.66 a 43.12 ± 0.80 b

SOD (mg U−1 protein) 3105.15 ± 29.44 b 4110.78 ± 37.90 a 3266.75 ± 46.78 b 3949.17 ± 37.35 a

Lipid peroxidation (μmol g−1 leaves) 8.55 ± 0.90 a 9.44 ± 0.94 a 8.76 ± 0.94 a 9.22 ± 0.93 a

Yield

Yield (kg−1 plant) 1.52 ± 0.06 a 1.55 ± 0.09 a 1.73 ± 0.09 a 1.35 ± 0.08 b

pH 3.58 ± 0.16 a 3.55 ± 0.12 a 3.62 ± 0.16 a 3.52 ± 0.10 a

Soluble solids (◦Brix) 15.99 ± 0.49 a 16.32 ± 0.53 a 16.32 ± 0.51 a 15.99 ± 0.52 a

Titratable acidity (% tarctaric acid) 0.68 ± 0.09 a 0.75 ± 0.15 a 0.73 ± 0.15 a 0.70 ± 0.11 a

SS/TA 23.28 ± 2.86 a 24.50 ± 3.09 a 23.88 ± 3.46 a 23.90 ± 2.56 a

Reducing sugar (%) 12.64 ± 1.38 a 13.37 ± 1.42 a 13.27 ± 1.73 a 12.74 ± 1.04 a

±standard deviations; Means followed by the same lower-case letter in the row within the same factor are not
different from each other by the test of Tukey at 5% probability. Note: Quantum yield (Fv/Fm), transpiration
rate (E), water use efficiency (WUE), carboxylation efficiency (A/Ci), contents of chlorophyll (Cl) b and total,
peroxidase (POD), and superoxide dismutase (SOD) activity, lipid peroxidation at flowering and SPAD index (Soil
Plant Analysis Development), superoxide dismutase (SOD), soluble solids/titratable acidity ratio (SS/TA).

3.3. Principal Component Analysis (PCA)

The first principal component explained 45.9% of the total variation, characterizing the
difference between the two grapevine hybrids using photosynthesis, biochemical, and yield
performance (Figure 1A,B and Figure 2). The variables NPQ, E, SOD activity, chlorophylls
content during flowering, SPAD index, POD and PER during maturation, and SSC, SSC/TA,
and RS were positively correlated. However, these variables were negatively correlated
with qP, ETR, gs, yield, and TA. The variety ‘IAC 138-22 Maximo’ presented higher qP,
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ETR, and gs, and lower NPQ and E than ‘BRS Violeta’ (Figure 1A,B and Tables 1 and 3).
However, the ‘BRS Violeta’ showed higher SOD activity and chlorophylls content (a, b, and
total) during flowering than the ‘IAC 138-22’ (Figure 1A,B and Tables 1 and 3). In Addition,
‘BRS Violeta’ showed higher SPAD index, POD, and PER activities during maturation than
‘IAC 138-22 Maximo’. About yield, the variety ‘IAC 138-22 Maximo’ produced more grapes
than ‘BRS Violeta’. Despite that, fruit from ‘BRS Violeta’ showed higher SSC and RS, and
lower TA on must than ‘IAC 138-22 Maximo’ (Figure 1A,B and Tables 2 and 4).

Figure 1. Photosynthesis, biochemical, and yield performance of interaction between two grapevine
hybrids, ‘IAC 138-22 Maximo’ (I) and ‘BRS Violeta’ (B), trained in two trellis heights until 1.6 m (L)
and 2.0 m (H) trellis and onto two rootstocks, ‘IAC 766’ (766) and ‘106-8 Mgt’ (106). (A) Plot of the
evaluated variables; (B) Plot the of the treatments. Note: Quantum yield (Fv/Fm), photochemical
quenching (qP), Non-photochemical quenching (NPQ), electron transport rate (ETR), transpiration
rate (E), water use efficiency (WUE), carboxylation efficiency (A/Ci), stomatal conductance (gs),
assimilation rate (A) and internal carbon concentration (Ci), SPAD (SPADf), chlorophylls a (Clf a),
b (Clf b) and total (Clf total), peroxidase (PODf) and superoxide dismutase (SODf), catalase (CATf)
over flowering; SPAD (SPADm), chlorophylls a (Clm a), b (Clmb) and total (Clmtotal), peroxidase
(PODm), superoxide dismutase (SODm), catalase (CATm) over-ripening phase, production (PRO),
soluble solids content (SS), acidity (pH), titratable acidity (TA), reducing sugars (RA), and SS/TA
relation (SS/TA).

The second principal component explained 23.7% of the total variation, characterizing
the difference between the rootstocks and trellis height using photosynthesis and bio-
chemical performance (Figure 1A,B). The variables Ci, SPAD index, PER, and POD during
flowering and chlorophyll content, SOD, and Fv/Fm during berry ripening were positively
correlated. However, these variables were negatively correlated with WUE, A, A/Ci, and
CAT activity. The difference between the two rootstocks was observed to be ‘IAC 138-22
Maximo’. When grafted on ‘IAC 766’, this variety showed higher SPAD index, PER, and
POD during flowering and chlorophyll content, SOD, and Fv/Fm during berry ripening
than onto the ‘106-8 Mgt’. Lower WUE, A, A/Ci, and catalase activity were observed when
this genotype was grafted onto the rootstock ‘IAC 766’ than onto the ‘106-8 Mgt’. The trellis
height produced less influence on the ‘IAC 138-22 Maximo’ performance than the rootstock.
However, the difference between the two-trellis height was observed to be ‘BRS Violeta’.
During flowering the trellis height until 1.6 m onto ‘106-8 Mgt’ promoted higher WUE,
A, A/Ci, and catalase activity to the cultivar ‘BRS Violet’ than until 2.0 m onto the ‘106-8
Mgt’ and in both trellis height onto the ‘IAC 766’. However, these combinations provided
higher Ci, SPAD index, PER, and POD during flowering and chlorophyll content, SOD, and
Fv/Fm during berry ripening than ‘BRS Violet’ trained until 1.6 m onto the ‘106-8 Mgt’.
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Figure 2. Graphical abstract of two grapevine hybrids, ‘IAC 138-22 Maximo’ and ‘BRS Violeta’ and
their interaction with two trellis heights (low: 1.6 m and high: 2.0 m) and two rootstocks, ‘IAC 766’
(766) and ‘106-8 Mgt’ (Mgt). Note: Water use efficiency (WUE), peroxidase (POD), catalase (CAT),
soluble solids content (SS), and titratable (TA), SPAD index (Soil Plant Analysis Development).

4. Discussion

Maximum quantum yield (Fv/Fm) is used to detect stress during photosynthesis [34].
The varieties such as Touriga National and Chardonnay under no stress presented Fv/Fm
between 0.75 and 0.83 [11], values around that were observed to both grapevine varieties in
this study, independently of rootstock or trellis height used. However, the cultivar IAC 138-
22 ‘Maximo’ reduced Fv/Fm when trained until 1.6 m or grafted on the rootstock ‘IAC 766’.
The same was observed in ‘BRS Violet’ when grafted onto ‘106-8 Mgt’. Under unfavorable
conditions, plants use absorbed light to other processes, such as thermal dissipation to
protect the photosynthetic apparatus [12], decreasing the ratio Fv/Fm and the capacity of
the primary acceptor to reduce the QA (quinone A) at photosystem II [11]. In this study,
the photosynthesis and biochemical activity on leaves of IAC 138-22 ‘Maximo’ and ‘BRS
Violeta’ were highly influenced by the interaction between the rootstock and trellis height.

The use of the rootstock ‘106-8 Mgt’ improve the water efficiency use (WUE) compared
to ‘IAC 766’ for both varieties, IAC 138-22 ‘Máximo’ and ‘BRS Violeta’. The rootstock
‘106-8 Mgt’ is recommended for grapevine regions with less water available because this
rootstock is more efficient during carbohydrates synthesis [35]. However, for the variety
IAC Maximo the highest Ci was observed onto IAC 766. In addition, IAC 138-22 ‘Máximo’
onto this rootstock increased the chlorophyll during flowering and SPAD index during
berry ripening to than onto ‘106-8 Mgt’. The ‘IAC 766’ increased the TBAR activity during
flowering and SOD and POD during berry to IAC 138-22 ‘Máximo’. In addition, the IAC
766’ increased POD and SOD activity during flowering to ‘BRS Violeta’. However, ‘BRS
Violeta’ onto this rootstock decreased CAT and SOD during berry ripening than onto
‘106-8 Mgt’. The increase of ROS production is correlated with abiotic stress [13,36]. The
two studies cultivars produced more grapes when grafted onto the rootstock ‘IAC 766’
than onto ‘106-8 MGT’. The ideal interaction between canopy and rootstock results in high
photochemical efficiency, gas exchange, and fruit yield with less ROS activity [11,37–39].
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Under temperate climate conditions, the ‘IAC 766’ provided better yield performance to
‘IAC 138-22 Máximo’, ‘BRS Lorena’, and ‘Bordô’ than the rootstock ‘106-8 Mgt’ [12]. In
addition, the rootstock ‘106-8 Mgt’ and ‘IAC 766’ resulted in the same yield and fruit quality
as ‘BRS Violeta’ and ‘IAC 21-14 Madalena’ [12].

About the trellis height, the variety IAC 138-22 ‘Máximo’ trained until 1.6 m improved
the WUE. Despite that, the ‘BRS Violeta’ trained until 2.0 m increased the assimilation of
CO2 (Ci). Both trellis heights did not cause physiologic or biochemical stress to the studied
varieties. However, the variety IAC 138-22 ‘Máximo’ trained until 2.0 m increased the
CAT activity during berry ripening. On the other hand, ‘BRS Violeta’ trained until 2.0 m
decreased CAT activity during flowering and SOD activity during berry ripening. ROS
activity increases in response to abiotic stress because cellular protection breaks down
H2O2 [13]. The differences in plant morphology trained using different trellis systems
or heights influence the microclimate and light interception [40]. The trellis height until
1.6 m decreased the grape yield and SSC of ‘IAC 138-22 Maximo’, increasing pH. Canopy
size is correlated with canopy light environment, increasing leaves area, photosynthesis
efficiency, and fruit yield [18,41]. For the variety Chardonnay, training until 1.65 m was
recommended for low to moderate-sized canopies, and training until 1.35 m was suited
for moderate to large canopies [18]. However, under subtropical conditions, the Niagara
Rosada was trained until 1.8 m onto the rootstock ‘IAC 766’ [18]. In addition, under
temperate conditions, the hybrids ‘BRS Carmem’, ‘BRS Cora’, and IAC 138-22 ‘Máximo’
were trained until 1.0 m onto the ‘IAC 766’ [12].

Productivity and grape quality are the most important factors in selecting grapevine
varieties for growing in a given region [5,41]. The cultivar ‘IAC 138-22 Maximo’ yielded
more than ‘BRS Violeta’ in the study region (subtropical condition). However, ‘BRS Violeta’
present better photosynthesis and biochemical performance under subtropical condition
than ‘IAC 138-22 Maximo’. The better combination between canopy, training system,
and rootstock, improves variety performance resulting in climate adaptation, high yield,
and fruit quality [35,37–39,41,42]. In conclusion, IAC 138-22 ‘Maximo’ presented better
photosynthesis, biochemical, and yield performance trained until 2.0 m onto the rootstock
‘IAC 766’. In addition, ‘BRS Violeta’ grafted onto ‘IAC 766’ showed better yield performance.
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Abstract: Citrus scion/rootstock combinations alter the concentration of bioactive compounds in
orange juice. The shelf life of freshly squeezed juice can be maximized through packaging and
storage. The profiles of ascorbic (AA), dehydroascorbic acid (DHAA), and phenolic compounds
were analyzed in juices of four sweet orange scions, Sanguínea de Mombuca (SM), Rubi (R), Lue
Gin Gong (LGG), and Valência Delta Seedless (VDS), grafted onto ‘Rangpur’ lime (RL) and ‘Swingle’
citrumelo (SC) rootstocks. The juices obtained from the combination of the ‘Rubi’ orange in both
rootstocks stood out by their higher concentration of ascorbic acid (AA) and dehydroascorbic acid
(DHAA). Overall, all SC-grafted scions showed higher AA and DHAA and some phenolic compound
concentrations. In all combinations, phenolic compounds showed the highest concentrations in
the juices at the time of fruit extraction and decreased during storage. Dark packaging provided
higher bioactive compounds in juices stored for longer periods. These findings can contribute to the
diversification of scion/rootstock cultivars in order to increase the variety of orchards by choosing
the best combinations for pasteurized orange juice with higher nutritional value.

Keywords: Citrus spp.; ascorbic acid; cultivar diversification; phenolic compounds

1. Introduction

Brazil is the world’s largest producer of orange juice. The Brazilian fruit stands out
for presenting characteristics such as color, aroma, flavor, and nutritional value, which
provide high quality juice [1], and mainly for presenting low cost due to the large scale
production process [2]. The orange juice, besides being pleasant to the palate, presents
benefits to health because it is a source of bioactive compounds, such as vitamin C and
phenolic compounds, among others [3].

The sustainability of citrus crops is a global concern [4,5]. Brazil is among the vulner-
able regions that cultivate a reduced number of citrus genotypes, which leads to greater
susceptibility to pests and diseases, as well as less economic competitiveness among
growers [6]. Diversification of citrus cultivars is an approach adopted by growers to in-
crease the variety and profitability of orchards and to adapt to climate changes. New
scion/rootstock cultivar combinations are a constant need of the citrus growers and also
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aim to satisfy the preferences of consumers, who are becoming increasingly demanding in
relation to the quality attributes of the fruit and the orange juice consumed.

The cultivar Sanguínea de Mombuca (Citrus sinensis (L.) Osbeck) arose from sponta-
neous mutation and was subsequently selected and released by the Agronomic Institute
of Campinas. This cultivar is a rich source of nutraceuticals, including the carotenoids
β-carotene and lycopene that are responsible for the red color of the pulp [7,8]. The tree
has early-ripening spherical-shaped medium-sized (140 g) fruits that contain 55% juice on
average [8].

The cultivar Rubi originated in the active germplasm bank located in the city of Araras,
São Paulo State, Brazil. The cultivar exhibits early fruit ripening, an average size of 172 g,
annual production of up to 40 t/ha, and a juice yield of 49% [9]. Lue Gi Gong is a cold-
tolerant Valencia-type cultivar, which is tolerant to citrus canker (Xanthomonas axonopodis
Starr and Garces emend; Vauterin et al. pv. citri (Hasse) Dye) and shows late maturation of
the fruit, which, under refrigeration conditions after harvest, can be preserved for longer
than one month. The main limitations of this cultivar are its propensity to produce small
fruits and its alternate bearing [10]. The Valência Delta Seedless cultivar originated from
spontaneous bud mutation of the Valencia cultivar or by nucellar seedlings, with the
Valencia cultivar as the genitor. It has tolerance to citrus canker, late ripening, and seedless
fruits, but is also alternate bearing [11].

Grafting is a widely used technique in citrus farming [12] and, when performed with
the use of proper rootstock, it can provide important improvements for the scion [13], such
as juvenile period reduction, homogeneous tree architecture, pest and disease protection,
water and nutrient absorption, tolerance to abiotic stress [14], and increased yield and fruit
quality. Fruit size, juice quality, sugar and acid content, fruit skin color and thickness, and
fruit ripening and production duration are also influenced by rootstock [15].

The ‘Rangpur’ lime (Citrus limonia Osbeck) tree is a natural hybrid of Citrus medica
L. and mandarin (Citrus reticulata Blanco) and is suggested to be native to India [16]. In
Brazil, the rootstock of ‘Rangpur’ lime has previously been used in citrus orchards due to
its vigor, drought tolerance, high yield, precocity, and early fruit maturation [17]. Although
it is tolerant to Citrus tristeza virus (CTV), it is susceptible to Citrus exocortis viroid (CEVd)
and Citrus sudden death-associated virus (SCDaV) [18].

‘Swingle’ (P. trifoliata (L.) Raf × C. paradisi Macf.) is the most cultivated citrumelo
in the world. It is among the main rootstocks used for diversification of orange groves,
providing scions with high quality fruits, high juice yield, greater soluble solids content
and yield, and lower scion vigor. This cultivar is ideal for semi-dense planting in cooler
locations [1]. It is resistant to Citrus sudden death-associated virus and decline [19].

Citrus is one of the most important fruit crops widely investigated for its bioactive
composition and its health benefits [20]. The bioactive compounds present in the fruits
prevent the oxidative damage of cells by detoxifying the free radicals, thus minimizing the
incidence of various diseases [21].

Significant advancements have been made to study the composition, content, and
health-promoting activities of citrus fruits’ bioactive compounds [22]. However, new
studies should be addressed to identify the traditional and new cultivar variations and
contents of bioactive compounds. This information can help to select bioactive-rich cultivars
for food formulations. Moreover, precise identification of the bioactive-rich growth stage of
citrus fruits processing into juice suitable for consumption is necessary [3]. Post-harvest
processing can induce changes in the levels of several primary and secondary metabolites,
including storage of fruits and derivatives. In the world, there is a continuous increase in the
search for packaged foods and beverages that maintain the nutritional and phytochemical
characteristics, including the composition of compounds with antioxidant properties. The
food industry has been looking for ways to preserve quality, because it is known that
during processing and storage, nutritional and sensory changes can occur, which are a
limiting factor in determining the shelf life of the juice [23,24].
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Nowadays, there is an increasing demand for nutritious food and many attempts
have been made to maximize the retention of nutrients during storage as much as during
the processing [24]. The shelf life of freshly squeezed juice can be maximized through
packaging and storage.

Vitamin C or L-ascorbic acid is a water-soluble unstable vitamin that has been used
as an important marker or indicator of fruit juice quality [23]. The vitamin C content in
orange juice can be different depending on the raw material and the processing conditions.
Vitamin C and bioactive flavonoids play an important role in oranges to scavenge free
radicals and to prevent some diseases [24]. The study was performed by UHPLC (ultra-high
performance liquid chromatography) and aimed to evaluate the degradation of vitamin C,
as well as the content of phenolic compounds in orange juice stored in different packages for
longer periods and from different combinations of scion/rootstock cultivar combinations.

2. Materials and Methods

2.1. Experimental Area Characterization

The experiment was conducted at the São Manuel Experimental Farm, School of
Agriculture, São Paulo State University (FCA UNESP), Brazil (22◦44′28′′ S, 48◦34′37′′ W)
located at an altitude of 740 m a.s.l. According to the Köppen–Geiger climate classification,
the climate of the area is Cwa, or warm temperate (mesothermal) and humid, and the
average temperature of the warmest month is approximately 22 ◦C [25]. The soil is classified
as a sandy-textured Latossolo Vermelho distroférrico according to the Brazilian system of
soil classification [26], that is, a dystrophic Typic Hapludox [27].

2.2. Plant Material and Crop Management

A replicated trial was performed in two consecutive harvest seasons (2019–2020) in a
non-irrigated orchard of trees of three and four years of age, respectively. The trees were
planted with 6 m spacing between rows and 4 m spacing between trees (i.e., 416 trees/ha).

The sweet orange scion cultivars Sanguinea de Mombuca (SM), Rubi (R), Lue Gin
Gong (LGG), and Valencia Delta Seedless (VDS) were used, grafted on the rootstocks of
‘Rangpur’ lime (RL) and ‘Swingle’ citrumelo (SC) trees (Figure 1).

 

Figure 1. Fruits of sweet orange scion cultivars grafted onto two rootstocks: SM/RL (A); SM/SC (B);
R/RL (C); R/SC (D), LGG/RL (E); LGG/SC (F); VDS/RL (G); VDS/SC (H).
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The experimental area was prepared based on soil analysis and orange crop recommen-
dations, using ploughing, sorting, and liming. The trees received the standard management
practices recommended for citrus orchards.

2.3. Treatments and Experimental Design

The treatments consisted of eight scion/rootstock combinations: ‘Sanguínea de Mom-
buca’/‘Rangpur’ lime (SM/RL); ‘Sanguínea de Mombuca’/‘Swingle’ citrumelo (SM/SC);
‘Rubi’/‘Rangpur’ lime (R/RL); ‘Rubi’/‘Swingle’ citrumelo (R/SC); ‘Lue Gim Gong’/
‘Rangpur’ lime (LGG/RL); ‘Lue Gim Gong’/‘Swingle’ citrumelo (LGG/SC); ‘Valência
Delta Seedless’/‘Rangpur’ lime (VDS/RL); ‘Valência Delta Seedless’/‘Swingle’ citrumelo
(VDS/SC).

The experimental design was completely randomized, considered separately for each
scion/rootstock combination, using five replicates. Each replicate consisted of three trees
per experimental plot, with guard trees external to the trial.

A split-plot design, with rootstocks (RL and SC) considered as plots and storage
(transparent and dark bottles) as subplots, was used to determine the contents of phenolic
compounds and ascorbic and dehydroascorbic acids in juices.

2.4. Fruit Harvesting and Sample Preparation

The harvest was performed when the fruits reached the ripeness index or ratio (sol-
uble solids/titratable acidity) between 8.5 and 10. The Rubi and SM cultivars are early
ripening and their fruits were harvested at 246 and 244 days after anthesis, respectively.
The late ripening cultivars LGG and VDS were harvested at 402 and 406 days after
anthesis, respectively.

After harvesting, the preparation of whole juices took place in the Beverage Lab-
oratory of the Horticulture Department of FCA/UNESP. Juices were extracted using a
semi-industrial juicer and after were pasteurized. Then, the pasteurization units (PU) were
calculated. The calculation for PU units was performed using the method described by
Peña et al. [28].

TL = (Tobs − Tref)/Z

where

TL is lethal rate;
Tobs is observed temperature;
Tref is reference temperature;
Z is interval of temperature (causes a variation of 10 times in the speed of destruction).

To reach the desired PU, the counting of the PU was initiated when the juice samples
(scion/rootstock combinations) reached 70 ◦C (reference temperature). At 70 ◦C, the
temperature was recorded every minute using a digital thermometer and the number of
PU was calculated.

During this process, the temperature was constantly balanced at around 75 ◦C. Upon
reaching the desired PU (50 PU), cooling took place using a serpentine heat exchanger
(chiller). The cooling lasted approximately 30 s, at which time the juice samples reached a
temperature below 70 ◦C (reference temperature).

The juices were packaged in 300 mL transparent and dark polyethylene terephthalate
bottles, covered with aluminium foil, and sealed by inverting the rotation cap. Subsequently,
the samples were stored in a refrigerator at 4 ◦C for 0, 7, 14, 21, 28, and 35 days.

2.5. The Content of Ascorbic Acid (AA) and Dehydroascorbic Acid (DHA) in Juices

The determination of ascorbic and dehydroascorbic acid in juices was performed by
UHPLC (ultra-high performance liquid chromatography). The methodology for extracting
and quantifying ascorbic acid and dehydroascorbic acid in the samples was performed
according to the methodology described by Spínola et al. [29], adapted.
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Weekly (0, 7, 14, 21, 28, and 35 days of storage), juice samples stored in transparent
bottles were evaluated. On day thirty-five the analysis of the juice stored in dark bottles
was also performed. The evaluation of the ascorbic acid and dehydroascorbic acid content
during the whole storage period was carried out only for juices packaged in transparent
bottles, since this is the predominant packaging in the commercialization of this type of
juice in Brazil.

Samples were diluted in Milli-Q water (1:9), filtered (PTFE, 0.45 μm, Hydrophilic,
MA, USA), and injected (20 μL) into a CLUE system (Ultimate 3000 BioRS, Dionex-Thermo
Fisher Scientific Inc., Fair Lawn, NJ, USA) equipped with a diode array detector (DAD),
Ace 5 C18 4.6 mm × 250 mm column (Advanced Chromatography Technologies, Aberdeen,
UK) at 25 ◦C. The flow was 0.8 mL min−1 for 17 min and the reading was performed at
245 nm. The substances were identified by comparing their retention times and the areas
under the curves were determined and compared with standard curves of ascorbic acid
(y = 2300.3x − 1.1376 r2 = 0.99) and dehydroascorbic acid (y = 9.1003x − 1.0026 r2 = 0.99),
with purity ≥ 95% (Sigma-Aldrich, Saint Louis, MO, USA). Results were expressed as mg
of ascorbic acid 100 mL−1 of juice.

2.6. Profile of Phenolic Compounds

The profile of the phenolic compounds in juices from the scion/rootstock combinations
was carried out in UHPLC (ultra-high performance liquid chromatography, Sigma-Aldrich,
São Paulo, Brazil). The separation, identification, and quantification of these compounds
was according to the method described by Natividade et al. [30], adapted. The analysis was
performed on the juice preparation day (day 0), and after thirty-five (35) days of storage.

The juices were filtered (PTFE, 0.45 μm, Millipore, MA, USA) and injected (20 μL)
into a CLUE system (Ultimate 3000 BioRS, Dionex-Thermo Fisher Scientific Inc., USA)
equipped with a cluster array detector diode (DAD), Luna® 2.5 μm C18 column (2) HST
2.0 × 50 mm (Phenomenex®, Torrance, CA, USA). The run temperature was 39 ◦C and
the flow rate was 0.6 mL/min. The mobile phase consisted of 0.85% phosphoric acid solu-
tion (solvent A) and 100% acetonitrile (solvent B). The gradient used was: 0–2.5 min:
4% B; 2.5–7.5 min: 8% B; 7.5–15 min: 12% B; 15–18 min: 15% B; 18–20 min: 20% B;
20–21 min: 25% B; 21–22 min: 35% B; 22–24 min: 65% B; 24–25 min: 65% B; 25–25.5 min
35% B; 25.5–26 min: 0%; 26–27 min: 0% B. The absorbance was measured at 280 nm,
320 nm, 360 nm, and 520 nm using a UV-Vis spectrophotometer. Calibration curves were
prepared with commercial standards (hesperidin, naringerin, caffeic acid, chlorogenic acid,
p-coumaric acid, trans-ferulic acid, and synaptic acid, Sigma-Aldrich) and, based on their
retention times, compound quantification was performed. Data were expressed as mg/L.
All analysis was performed in triplicate.

2.7. Statistical Analysis

Two-year data of the evaluated variables were analysed as repeated measures. Analy-
sis 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). Analyses were performed in triplicate. Regression analysis was used for
weekly assessments of ascorbic and dehydroascorbic acid content in juices stored in trans-
parent bottles.

Principal component analysis (PCA) was performed [31] using XLSTAT version
2019.4.1 (Addinsoft, New York, NY, USA) to obtain a better visualization and explanation
of the variability in the evaluated variables.
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3. Results and Discussion

3.1. Ascorbic Acid (AA) and Dehydroascorbic Acid (DHAA) Concentration of Orange Juice
According to Rootstock, Storage Time, and Packaging

There was a significant effect of the rootstock (R) and storage (S) interaction on DHAA
concentration for the SM cultivar. The cultivar R did not have any interaction and the
cultivars LGG and VDS showed interaction on AA and DHAA concentration (Table 1).

Table 1. F-values, degree of freedom (DF), and coefficient of variation (CV) values of AA and DHAA
concentrations in juices from different scion/rootstock combinations after 35 days of storage.

SM R LGG VDS

DF AA DHAA AA DHAA AA DHAA AA DHAA

Block 0.228 ns 2.552 ns 4.663 ns 0.659 ns 12.102 ns 3.642 ns 1.441 ns 0.027 ns

R 1 1414.012 ** 329.793 ** 15.067 ns 173.077 ** 805.399 ** 1072.488 ** 51.630 * 637.588 **
S 2 1324.995 ** 294.266 ** 2745.036 ** 45.851 ** 5833.517 ** 213.374 ** 4512.925 ** 256.593 **

R x S 2 0.245 ns 14.201 ** 0.103 ns 2.397 ns 61.421 ** 48.364 ** 518.471 ** 24.911 **
CV (%) 2.13 3.76 1.33 3.23 1.57 2.45 0.93 2.72
CV (%) 2.36 2.73 2.5 3.05 1.41 2.71 1.87 2.46
Mean 375.35 155.58 368.32 428.96 326.35 189.65 280.6 242.31

** = statistically different at 1%; * = statistically different at 5%; ns = do not differ statistically by the F test p <0.05.
R—rootstock; S—storage; AA—ascorbic acid; DHAA—dehydroascorbic acid; SM—Sanguínea de Mombuca;
R—Rubi; LGG—Lue Gin Gong; VDS—Valência Delta Seedless.

The cultivar R showed no difference between rootstocks in AA concentration. The
highest concentrations were found in juices at the time of fruit extraction; for stored juices
there was no difference. The R/SC combination provided the highest concentrations of
DHAA. Juices at the time of fruit extraction and stored in transparent bottles had the
highest concentrations (Table 2).

In the SM/SC combination, the highest concentrations were found in juices stored
in transparent bottles, followed by dark bottles and juices at the time of fruit extraction.
Regarding the rootstock, the SM/SC combination showed the highest concentrations
compared with the SM/RL combination, with no difference between the juices at the time
of extraction and storage (Table 2).

There was no difference between rootstocks for AA concentration in the LGG cultivar.
The highest concentrations were obtained in juices at the time of fruit extraction, regardless
of packaging (Table 2). Evaluation of AA concentration in the rootstocks indicated that the
LGG/RL combination showed the highest concentrations in non-stored and stored juice
(Table 2).

The VDS/RL and VDS/SC combinations showed the highest concentrations in juices
at the time of fruit extraction, followed by those stored in dark and transparent bottles
(Table 2). The VDS/SC combination showed the highest concentrations in juices stored in
transparent bottles. The VDS/RL combination presented the highest AA concentrations in
juices at the time of fruit extraction and stored in dark bottles. In the VDS/SC combination,
the highest concentrations were obtained in juices stored in transparent bottles (Table 2).

The harvest quality and optimal citrus harvest time are based on the SS concentration
and TA and their relationship (the ripeness index (RI) or ratio (SS:AT)). The RI or ratio
represents the balance between the sugar and the organic acid concentration in the fruit; it
is associated with juice taste and is widely used in the orange juice industry as an indicator
of ripening and fruit quality [1].

AA concentration varied according to scion and harvest season, although the average
data from the two harvest seasons were evaluated together. This may have been influenced
by weather conditions, since rainfall occurred from March onwards and temperatures
remained high, resulting in an increase in concentration due to water loss in the fruits.
There were periods of severe drought during the assessment period. Environmental
factors, such as irradiation and stress, can stimulate the expression of genes involved in AA
production [32].
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Table 2. Ascorbic acid and dehydroascorbic acid concentrations in juices from Rubi, Sanguínea de
Mombuca, Lue Gin Gong, and Valencia Delta Seedless cultivars with different rootstock combinations
submitted to 35 days of storage.

Rubi

AA (mg/L)

RL SC 0 35 35D

363.83 a * 372.80 a 595.47 a 253.33 b 356.14 b

DHAA (mg/L)

RL SC 0 35 35D

386.06 b 471.87 a 458.59 a 439.58 a 388.71 b

Sanguínea de Mombuca

AA (mg/L)

RL SC 0 35 35D

304.21 b 446.37 a 527.61 a 296.35 b 302.07 b

DHAA (mg/L)

RL SC

0 101.94 Bb * 147.12 Ac
35 151.38 Ab 216.28 Aa

35D 138.28 Ab 178.46 Ab

Lue Gin Gong

AA (mg/L) DHAA (mg/L)

RL SC RL SC

0 516.74 Aa * 463.41 Ba 137.66 Bb 299.11 Ab
35 244.34 Ac 194.70 Bc 184.82 Ba 319.07 Aa

35D 320.72 Ab 218.18 Bb 139.10 Bb 181.09 Ac

Valencia Delta Seedless

AA (mg/L) DHAA (mg/L)

RL SC RL SC

0 460.31 Aa * 410.04 Ba 266.89 Ba 299.11 Ab
35 98.32 Bc 201.07 Ac 213.99 Ba 319.07 Aa

35D 296.49 Ab 217.35 Bb 168.54 Bb 226.27 Ac
* Means followed by the same letter, lower case letter in the column (storage) and upper case letter in the
row (rootstock), do not differ statistically, Tukey test at 5% probability level. AA—ascorbic acid; DHAA—
dehydroascorbic acid; RL—‘Rangpur’ lime; SC—‘Swingle’ citrumelo; 0 = juice not stored; 35 = juice stored in
transparent bottle for 35 days; 35D = juice stored in dark bottle for 35 days.

The sum of AA and DHAA concentrations in descending order for the scions evaluated
were: R (797.28 mg/L), SM (530.93 mg/L), VDS (522.91 mg/L), and LGG (516.00 mg/L)
(Table 1). The ‘Rubi’ orange stood out for presenting the highest concentrations of ascorbic
acid (AA) in both rootstocks and the SM/SC combination for the highest DHAA concen-
tration. The main hypothesis for these results is that AA and DHAA acids are genotype
dependent variables. Moreover, the cultivars R and SM are classified as early maturing,
in which less climatic variations occurred during the fruit ripening. In the late ripening
cultivars LGG and VDS, the fruit remained longer in the field, having the influence of
greater climatic changes that had an effect on the ripening period of the fruit.

In these cultivars, the fruit harvest occurred after a long dry season and higher tem-
peratures, favoring a higher concentration of AA and DHAA. On the contrary, the harvest
of the early maturing cultivars occurred after a period of high rainfall, which favored an
increase in the mass of the fruits, as well as the dilution of the organic acids, decreasing
the concentration of AA and DHAA. Acid concentration can be influenced by growing
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conditions, climate, and even fruit size, which is influenced by the characteristics that the
rootstock and scion can play in the fruit mass. The higher the fruit yield, the greater the
dilution of organic acids, carbohydrates, and vitamins, thus decreasing the concentration of
AA and DHAA [3,4]. Orange is a rich source of AA, which has several biological functions
related to the immune system, collagen formation, iron absorption, nitrosamine inhibition,
and antioxidant activity, therefore the SM and R scions, which have higher AA concentra-
tions, are relevant [33]. The vitamin C concentrations in citrus juices are different from each
other depending on processing conditions and raw material, such as 38 mg 100 g−1 for
grapefruit juice, 46 mg 100 g−1 for lemon juice, 50 mg 100 g−1 for orange juice, and 31 mg
100 g−1 for mandarin juice [24]. The results obtained in this experiment confirm this report,
as there were variations in AA and DHAA concentrations in each scion/rootstock cultivar
combination evaluated.

In general, all SC-grafted scions showed higher AA and DHAA concentrations. The
effect of rootstock on fruit quality can be attributed to several factors such as nutrient
absorption and transport, compatibility, hormonal signaling, and gene expression [4]. The
rootstock plays an important role in fruit ripening because it can accelerate or delay citrus
tree development [1].

‘Swingle’ citrumelo is among the main rootstocks used in the diversification of orange
groves because it provides scions with high-quality fruits with high juice yield and SS
concentrations [34,35]. Scions on trifoliate orange rootstocks and their hybrids, as SC,
produced better-quality fruits than those on other commonly used rootstocks. This has
been well documented, but the genetic factors affecting fruit quality through the interaction
between the scion and rootstock remain unclear. The results obtained by Hu et al. [15]
demonstrated consistent correlations with the fruit quality of four ‘Daya’ mandarin cultivars
grafted onto Poncirus trifoliata rootstocks related to the differential gene expression of
small RNAs.

AA biosynthesis is generated from d-glucose, with nucleotides and sugars as inter-
mediates, and the SC rootstock presents lower tolerance to water deficit, limiting the
photosynthetic capacity of the tree, which may explain these results [32]. Photosynthesis,
temperature, and light exposure can affect AA synthesis and production [36].

The concentration of acids can be influenced by growing conditions, climatic changes,
and the size of the fruit, which is influenced by the characteristics that the rootstock and
scion can play in the mass of the fruit [37]. The higher the fruit yield, the greater the dilution
of organic acids, carbohydrates, and vitamins [38], thus decreasing the concentration of
these compounds. The highest concentrations were observed in the juices at the time of fruit
extraction, differing from those subjected to storage (Table 2). Similar results were reported
by Nakilcioğlutaş and Ötleş [24], who, when evaluating the degradation of vitamin C in
citrus juices, observed that the lowest vitamin C losses were found in non-stored juices.
The lowest losses were recorded in juices stored at 4 ◦C.

Vitamin C (L-ascorbic acid) is a water-soluble and highly unstable vitamin. Vitamin C
is often considered a nutrient quality indicator undergoing the processing and storage of
foods, since it is seen that other nutrients are well preserved [39].

Data showed that the AA concentration in all scion/rootstock combinations had a
negative linear effect, i.e., the concentrations decreased throughout the storage period.
Differently, for DHAA concentrations, for SM and R cultivars, both the scion/rootstock
combinations presented a positive quadratic effect. The cultivars LGG and VDS, grafted
onto two rootstocks, showed a cubic effect during storage. This means that, for these com-
binations, there was no regular pattern of response (Figure 2). This result can be attributed
to the late ripening of these cultivars, with physiological responses under constraining
environments.
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Figure 2. Ascorbic acid concentration (mg/L) in juices of Sanguínea de Mombuca (SM), Rubi (R),
Lue Gin Gong (LGG), and Valencia Delta Seedless (VDS) sweet orange cultivars with different
rootstock combinations subjected to 0, 7, 14, 21, 28, and 35 days of storage. RL—‘Ranpur’ lime;
SC—‘Swingle’ citrumelo.

The decrease in AA concentrations occurs from the moment of processing and con-
tinues during the storage period of the juices. During storage, numerous deteriorating
reactions occur, causing the degradation of AA, consequently leading to changes in the
taste, color, texture, and appearance of the juice [23]. These results were confirmed in
all scion/rootstock combinations evaluated, in which the concentrations of flavonoids,
hesperidin, and naringerin decreased during the storage period.

Vitamin C in citrus juices is generally easily oxidized and therefore is lost in storage.
There are many variables that affect this oxidation process such as light exposure, dissolved
oxygen level, storage temperature, and presence of sugar and metal ions [39]. During
storage, L-ascorbic acid oxidizes to dehydroascorbic acid (DHAA). This does not cause the
loss of vitamin C, because DHAA can be converted back to ascorbic acid [40]. However,
DHAA is easily hydrolyzed to 2,3-diketogulonic acid (DKGA) due to being highly unstable.
DKGA has no biological activity [23]. These oxidation stages have been found to be
particularly sensitive to oxygen availability, long-term heat treatment in the presence of
oxygen, and exposure to light [40]. These reports were the main hypothesis to explain why,
in some raw materials, juices stored in transparent bottles had higher concentrations of AA.

The variation in DHAA concentration observed in this experiment can occur in re-
sponse to AA oxidation (Figure 3). AA degradation occurs during the storage of citrus
juices and is mainly due to oxidation caused by storage temperature, light, and the presence
of oxygen [24]. Due to this oxidation, AA is transformed into DHAA, which may explain
the higher concentration of DHAA in stored juices. Wibowo et al. [23] studied the changes
in acids, sugars, oxygen, and vitamin C due to the storage of orange juice and also observed
that during storage, mainly due to the presence of oxygen, there were variations in the
concentration of DHAA.
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Figure 3. Dehydroascorbic acid concentration (mg/L) in juices from Sanguínea de Mombuca (SM),
Rubi (Rubi), Lue Gin Gong (LGG), and Valencia Delta Seedless (VDS) sweet orange cultivars with
different rootstock combinations submitted to 0, 7, 14, 21, 28, and 35 days of storage. RL—‘Ranpur’
lime; SC—‘Swingle’ citrumelo.

Principal component analysis (PCA) allowed demonstrating the concentration of AA
and DHAA for each cultivar combined with the RL and SC rootstocks. In this study, PCA
was applied to evaluate the concentration of AA and DHAA in response to juice storage
and packaging. Variability was explained by two principal components, PC1 and PC2,
for all cultivars. The cv. SM, accounting for 50.95% and 49.05%; cv. Rubi, responsible for
69.62% and 30.08%; cv. LGG, accounting for 50.52% and 49.42%; cv. VDS, responsible for
60.25% and 30.34% of the variation in the data (Figure 4).

The PCA demonstrated that the SM, LGG, and VDS sweet orange cultivars showed
similar results in the first (PC1-DHAA) and second principal component (PC2-AA) and the
cultivar R presented AA and DHAA in the first principal component (PC1).

Overall, the PCA allowed concluding that during juice storage there was an inverse
relationship between AA and DHAA. It was also possible to identify that the highest AA
concentrations occurred in juices at the time of fruit extraction, as well as the highest DHAA
concentrations occurred in stored juices.

Despite the difference in the response of the cultivars, it is important to point out
that all scion/rootstock combinations showed optimal levels of vitamin C (AA + DHAA)
(Table 2), which is, according to Stinko et al. [37], around 529 mg L−1. The degradation
of AA and DHAA is more associated with the presence of oxygen than with light, since
oxygen determines the rate of oxidative degradation of the compounds [24]. Oxygen is
usually incorporated into the juice during preparation, processing, and storage and can
pass through the package by diffusion process [41].

Studies that aim to quantify the vitamin C concentration before and after degradation
are important, since vitamin C is a reliable indicator of the nutritional value and quality
deterioration of the processed juice [42].
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Figure 4. Principal component analysis (PCA) of AA and DHAA in juices from different
scion/rootstock combinations subjected to 0, 7, 14, 21, 28, and 35 days of storage in transparent
bottle and dark bottle (35D). (A) SM—Sanguínea de Mombuca; (B) R—Rubi; (C) LGG—Lue Gin
Gong; (D) VDS—Valencia Delta Seedless; RL—‘Rangpur’ lime; CS—‘Swingle’ citrumelo.

3.2. Phenolic Compound Concentration of Orange Juice According to Rootstock, Storage Time,
and Packaging

There was a significant effect of the rootstock and storage interaction for hesperidin,
naringerin, caffeic acid, p-coumaric acid, and synaptic acid in the SM cultivar. The same
result was observed for hesperidin, caffeic acid, chlorogenic acid, trans-ferulic acid, and
synaptic acid in cultivar R and for hesperidin, naringerin, caffeic acid, and chlorogenic acid
in ‘LGG’ orange and in cultivar VDS for hesperidin and synaptic acid. The results observed
for each of the cultivars showed that there were variations in the concentrations of these
compounds over the storage period of the orange juice. These variables are also genotype
dependent (Table 3).

Regardless of the rootstock combination, SM scion had the highest concentrations
of hesperidin, naringerin, caffeic acid, and p-coumaric acid in juices at the time of fruit
extraction, except for synaptic acid, which had the highest concentrations in juices stored
in dark bottles (Table 4). The degradation of phenolic compounds over time may occur due
to storage conditions, processing, bottling, temperature, and exposure to light [43]. These
variables can lead to the oxidation process and consequently the loss of the compounds [44],
which may explain the higher concentration of the compounds at the time of juice extraction.

The hesperidin and caffeic acid had similar performances; for the combinations SM/RL
and SM/SC, the highest losses occurred when the juice was stored in transparent bot-
tles (Table 4). Naringerin showed different concentrations between the scion/rootstock
combinations. The scion/rootstock combinations did not have differences in coumaric
acid concentration between stored juices. Caro et al. [45], studying the concentrations of
flavonoids in stored citrus juices, also reported a significant increase in some bioactive
compounds during storage.
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Table 3. F-values, degree of freedom (DF), and coefficient of variation (CV) of phenolic compounds
in juices from different scion/rootstock combinations subjected to 35 days of storage.

Sanguínea de Mombuca

FV GL Hesperidin Naringerin
Cafffeic

Acid
Chlorogenic

Acid
p-Coumaric

Ferulic
Acid

Sinaptic
Acid

Block 2 5.295 ns 0.47 ns 61.00 ** 0.717 ns 1.00 ns 0.33 ns 2.71 ns

RS 1 1357.05 ** 27.84 * 7921.00 ** 167.84 ** 90.75 ** 12.00 ns 43.75 *
S 2 3628.31 ** 2238.00 ** 569.71 ** 492.23 ** 650.67 ** 470.86 ** 132.72 **

RS x S 2 56.87 ** 23.23 ** 208.00 ** 2.08 ns 32.00 ** 3.43 ns 108.14 **

CV (%) 0.36 3.48 0.51 3.3 4.58 4.56 1.53
CV (%) 1.61 2.04 1.36 3.41 2.8 2.46 2.78
Mean 46.82 0.3 0.5 0.81 0.18 0.18 0.82

Rubi

Block 2 0.21 ns 21.00 * 7.00 ns 10.34 ns 1.00 ns 19.00 * 0.18 ns

RS 1 6637.85 ** 484.00 ** 240.25 ** 26.23 * 6.25 ns 484.00 ** 6.49 ns

S 2 21,648.56 ** 468.12 ** 403.15 ** 1549.72 ** 522.47 ** 490.75 ** 409.30 **
RS x S 2 98.210 ** 1.65 ns 37.25 ** 8.56 ** 0.12 ns 4.75 * 214.25 **

CV (%) 0.26 0.65 0.84 2.04 2.58 1.26 3.49
CV (%) 0.51 3.31 2.27 2.32 3.76 2.51 3.73
Mean 40.17 0.36 0.56 0.9 0.18 0.19 0.82

Lue Gin Gong

Block 2 0.10 ns 0.08 ns 3.86 ns 2.71 ns 1.00 ns 0.11 ns 3.00 ns

RS 1 34.83 * 9.31 ns 96.57 ** 57.14 ** 42.25 * 25.00 * 32.00 **
S 2 20.356.46 ** 271.05 ** 0.273 ns 43.19 ** 76.00 ** 7.54 ** 2.17 ns

RS x S 2 77.03 ** 18.85 ** 17.55 ** 78.23 ** 4.00 ns 1.39 ns 0.66 ns

CV (%) 0.87 1.76 1.01 1.29 2.17 4.7 0.26
CV (%) 0.67 2.65 1.25 1.36 1.09 3.99 0.69
Mean 67.71 0.48 0.63 0.97 0.22 0.15 1.85

Valência Delta Seedless

Block 2 3.75 ns 1.00 ns 4.33 ns 0.01 ns 0.33 ns 1.00 ns 0.16 ns

RS 1 0.02 ns 2.15 ns 75.00 ** 2.81 ns 6.75 ns 1.00 ns 565.12 **
S 2 15,922.90 ** 340.98 ** 7.72 ** 73.32 ** 6.32 * 1.00 ns 13.23 **

RS x S 2 135.27 ** 0.12 ns 2.91 ns 0.95 ns 3.12 ns 1.00 ns 5.05 *

CV (%) 0.71 4.12 0.57 4.52 3.7 1.58 1.33
CV (%) 1.01 3.29 1.87 1.35 3.78 1.58 0.95
Mean 79.49 0.55 0.71 0.99 0.22 0.15 2.01

** = statistically different at 1%; * = statistically different at 5%; ns = not statistically different by F-test at <0.05.
RS—rootstock; S—storage; CV—coefficient of variation.

The evaluation of the rootstocks showed that the highest hesperidin concentrations
were observed in the non-stored juice in the VDS/SC combination. In stored juices, regard-
less of the storage, the highest concentrations were recorded in the VDS/RL combination.
The highest concentrations of synaptic acid were observed in the VDS/RL combination,
regardless of the storage. There was no statistical difference between scion/rootstock
combinations for naringerin and, caffeic, p-coumaric and trans- ferulic acids concentrations
(Table 5).

Juices stored in dark bottles had higher concentrations of caffeic acid and juices at the
time of fruit extraction had higher concentrations of p-coumaric acid. Trans-ferulic acid
showed no difference for storage (Table 5).
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Table 4. Concentration of phenolic compounds (mg/L) in ‘Rubi’ and ‘Sanguinea de Mombuca’ juices
with different combinations of rootstock subjected to 35 days of storage in transparent bottles and
dark bottles (D).

Rubi

Hesperidin Caffeic Acid Chlorogenic Acid Ferulic Acid Sinaptic Acid

RL SC RL SC RL SC RL SC RL SC

0 54.51 aB * 57.41 aA 0.69 aA 0.66 aB 0.62 cA 0.55 cB 0.22 aB 0.25 aA 0.76 bA 0.30 bB
35 31.77 bB 35.47 bA 0.42 cB 0.52 cA 0.90 bA 0.83 bB 0.15 bB 0.17 cA 0.89 aB 1.04 aA

35D 31.11 cB 33.74 cA 0.52 bB 0.56 bA 1.25 aA 1.26 aA 0.16 bB 0.18 bA 0.87 aB 1.07 aA

Naringerin p-Coumaric
RL SC 0 35 35D RL SC 0 35 35D

0.35 b 0.38 a 0.48 a 0.33 b 0.28 c 0.19 a 0.18 a 0.26 a 0.14 b 0.15 b

Sanguinea de Mombuca

Hesperidin Naringerin Caffeic Acid p-Coumaric Sinaptic Acid

RL SC RL SC RL SC RL SC RL SC

0 72.35 aA * 64.06 aB 0.41 aB 0.44 aA 0.43 aB 0.62 aA 0.20 aB 0.27 aA 0.82 bA 0.57 bB
35 34.92 cA 35.02 cA 0.19 cB 0.24 bA 0.38 cB 0.43 cA 0.13 bB 0.16 bA 0.78 bB 0.92 aA

35D 37.61 bA 36.97 bA 0.24 bA 0.24 bA 0.41 bB 0.48 bA 0.14 bB 0.16 bA 0.90 aA 0.90 aA

Chlorog Ferul

RL SC 0 35 35D RL SC 0 35 35D

0.72 b 0.89 a 0.54 c 0.86 b 1.03 a 0.17 a 0.19 a 0.22 a 0.15 c 0.16 b

* Means followed by the same letter, lower case in the column (storage) and upper case in the row (rootstock),
do not differ statistically, Tukey test at 5% probability level. RL—‘Rangpur’ lime; SC—‘Swingle’ citrumelo;
0 = non-stored juice; 35 = juice stored in transparent bottle for 35 days; 35D = juice stored in dark bottle for
35 days.

Table 5. Concentration of phenolic compounds (mg/L) in ‘Lue Gin Gong’ and ‘Valencia Delta
Seedless’ juices with different combinations of rootstock submitted to 35 days of storage.

Lue Gin Gong

Hesperidin Naringerin Caffeic Acid Chlorogenic Acid

RL SC RL SC RL SC RL SC

0 99.24 aA 97.39 aB 0.61 aA 0.55 aB 0.62 aA 0.63 bA 1.00 aA 0.85 bB
35 48.83 cB 53.44 bA 0.43 bB 0.45 bA 0.61 bB 0.64 bA 0.96 bB 1.01 aA

35 E 52.61 bB 54.75 bA 0.42 bA 0.42 cA 0.61 bB 0.65 aA 0.99 aA 0.98 aA

p-Coumaric Acid Ferulic Acid Sinaptic Acid

RL SC 0 35 35D RL SC 0 35 35D RL SC 0 35 35D

0.21 a * 0.22 a 0.23 a 0.22 b 0.21 c 0.14 b 0.16 a 0.16 a 0.15 b 0.15 b 1.65 b 2.04 a 1.84 a 1.85 a 1.84 a

Valencia Delta Seedless

Hesperidin Sinaptic Acid Chlorogenic Acid

RL SC RL SC RL SC 0 35 35D

0 122.80 aB 131.42 aA 2.20 aA 1.87 aB
1.01 a 0.98 b 0.94 b 1.01 a 1.03 a35 55.88 cA 52.83 bB 2.17 bA 1.85 aB

35E 59.84 bA 54.17 bB 2.17 bA 1.87 aB

Naringerin Caffeic Acid

RL SC 0 35 35D RL SC 0 35 35D

0.55 a * 0.54 a 0.70 a 0.46 b 0.47 b 0.72 a 0.71 a 0.73 a 0.70 b 0.72 a

p-Coumaric Acid Ferulic Acid

RL SC 0 35 35D RL SC 0 35 35D

0.23 a 0.22 a 0.20 a 0.21 b 0.22 b 0.15 a 0.15 a 0.15 a 0.15 a 0.15 a

* Means followed by the same letter, lower case in the column (storage) and upper case in the row (rootstock),
do not differ statistically, Tukey test at 5% probability level. RL—‘Rangpur’ lime; SC—‘Swingle’ citrumelo;
0 = non-stored juice; 35 = juice stored in transparent bottle for 35 days; 35D = juice stored in dark bottle for
35 days.
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Differences in the concentrations of phenolic compounds may occur according to the
raw material, pasteurization methods, storage conditions, and temperature, as well as the
specific compound. In a comparative study, in the juice sacs of ripened fruits, flavonone
hesperidin was the dominant phenolic compound in lemon (2213 mg/kg DW) and oranges
(1957 and 1975 mg/kg DW in Washington Navel and Tarocco, respectively), whereas
flavonone narirutin was the most prevalent in grapefruit (292 mg/kg DW) [20].

The reactions of the degradation of phenolic compounds occur through hydroxylation,
methylation, isoprenylation, dimerization, and glycosylation effects. The enzymes polyphe-
nol oxidase (PPO), peroxidase (POD), pectinamethylesterase (PME), and phenylalanine
ammonia lyase (PAL) can also catalyze the oxidation of phenolic compounds in the pres-
ence of oxygen, causing the formation of dark compounds and consequently contributing
to the loss of juice quality [46].

The phenolic compound concentrations are highly influenced by the ripening stage and
the cropping system, genotype and environmental, since they are secondary compounds
that are produced by the plant under stress conditions [47].

Overall, scions grafted on SC rootstocks had a higher concentration of some phenolic
compounds due to SC showing less tolerance to water deficit [48]. Trees under water
stress showed increased secondary metabolism, mainly phenolics, terpenes, alkaloids, and
cyanogenic glycosides [49] (Table 4). Some compounds and/or scion/rootstock combina-
tions in the stored juices presented higher concentrations in transparent bottles and others
in dark bottles. Similarly, Giuffrè et al. [50] reported that hesperidin is the main flavonoid
in orange juice and that storage was responsible in decreasing the flavonoid concentration.
Chlorogenic acid is one of the main components present in citrus fruits and it usually occurs
in larger amounts, as in this study [51]. The authors also reported that, during juice storage,
the concentrations of these acids may change and, consequently, there may be a decrease
in flavonoids.

The result of the principal component analysis (PCA) allowed an overview of the
phenolic compounds for each cultivar combined with the RL and SC rootstocks. PCA was
applied in order to evaluate the performance of phenolic compounds in response to juice
storage and packaging. For all cultivars, the variability was explained by two principal
components, PC1 and PC2; the cv. SM accounting for 79.68% and 13.96%, cv. R accounting
for 87.33% and 9.00%, cv. LGG accounting for 54.14% and 29.10%, and ‘VDS’ accounting
for 60.25% and 30.34% of the variation in the data (Figure 5).

The PCA showed that all scion cultivars presented similar performances. The juices of
the ‘SM’ and ‘Rubi’ oranges presented in the first principal component (PC1) the flavonoids
hesperidin and naringerin and the phenolic acids caffeic, p-coumaric, and trans-ferulic
and in the second principal component (PC2), the phenolic acids chlorogenic and synap-
tic. The juices of the cultivars LGG and VDS presented in the first principal component
(PC1) the flavonoids hesperidin and naringerin and the phenolic acids caffeic, p-coumaric,
trans-ferulic, and synaptic (Figure 5). For all cultivars, chlorogenic acid was inversely
proportional to the other compounds present in PC1. This same compound was observed
in larger concentrations in stored juices, transparent and dark bottles, and in practically all
the scion/rootstock combinations. Chlorogenic acid is derived from most phenolic acids,
especially caffeic, p-coumaric, and trans-ferulic acids [20].

Most scion/rootstock combinations showed the highest concentrations of these phe-
nolic acids at the time of juice extraction, which can explain the higher concentrations of
chlorogenic acid in stored juices. These acids are biosynthesized by hydroxylation of the
coumaroyl ester of the chemical acid. This hydroxylation produces the ester of shikimic
acid, which is converted to chlorogenic acid [52].
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Figure 5. Principal component analysis (PCA) of phenolic compounds in juices from different
scion/rootstock combinations subjected to 35 days of storage. (A) SM—Sanguínea de Mombuca;
(B) R—Rubi; (C) LGG—Lue Gin Gong; (D) VDS— Valencia Delta Seedless; RL—‘Rangpur’ lime;
CS—‘Swingle’ citrumelo; 0 = juice at the time of fruit extraction, 35 = juices stored for 35 days in
transparent bottles; 35D = juices stored for 35 days in dark bottles.

The flavonoids hesperidin and naringerin also presented similar performances for
all scion/rootstock combinations. The highest concentrations of these compounds were
obtained in juices at the time of extraction, i.e., there was a decrease during storage
(Figure 3). Zhang et al. [22] also concluded that flavonoid concentration decreased af-
ter juice storage. These authors hypothesized that the decrease in concentrations during
storage is associated with the degradation of vitamin C and hydroxycinnamic acids, cor-
roborating the results of the present study.

Summarizing, in all scion/rootstock combinations, the phenolic compounds hes-
peridin, naringerin, caffeic acid, p-coumaric acid, and trans-ferulic acid had the highest
concentrations in the juices at the time of fruit extraction, so they decreased during storage.
Hesperidin was the main flavonoid, as chlorogenic and synaptic acids were the main
hydroxycinnamic acids. For stored juices, chlorogenic acid and synaptic acid were higher
for most scion/rootstock combinations.

Both ascorbic acid and phenolic compounds are antioxidant substances that play an
important role as indicators of juice quality. Information about their contents helps to
add commercial and industrial value to orange juice. In general, the data showed that
the contents varied with the scion/rootstock combinations and decreased during storage.
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Significant studies have been made on the composition, content, and health-promoting
activities of citrus juice bioactive compounds [20]. However, further investigations with
new cultivars are needed to identify genetic variation and composition, due to these
data may contribute to the selection of bioactive-rich citrus cultivars suitable for natural
consumption and for processing into juice. These findings may also be useful in planning
diversification of scion/rootstock combinations for new orchards by identifying genotypes
best adapted to undesirable climatic conditions.

During the processing and storage of orange juice, nutritional and sensory changes
may occur, which is a limiting factor for determining the shelf life of the juice. Studies
that improve the processing and storage of orange juice, allowing the reduction of the
degradation of bioactive compounds, have been increasingly requested. Choosing the best
type of packaging and storage time to minimize nutritional losses in pasteurized orange
juice is very important and should be the subject of future research considering the diversity
of the raw material.

4. Conclusions

The juices obtained from the combination of the ‘Rubi’ orange in both rootstocks
stood out by their higher concentration of AA and DHAA. However, all juice combinations
evaluated showed optimal AA and DHAA concentrations in their composition and the
highest AA concentrations were obtained in the juices at the time of extracting the fruit,
without any storage, and were inversely proportional to the DHAA concentrations. With
regard to combinations, the dark packaging provided a higher concentration of bioactive
compounds in juices stored for longer periods. The data obtained from this study may
provide additional contributions for choosing the best scion/rootstock combinations for
processing orange juice with higher nutritional values and how to package and store
orange juice.
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Abstract: Sustainable agricultural practices need to be continuously sought after so that a greater
number of producers can adopt them, taking into account, above all, the food security scenario, land
use efficiency, and climate change. Intercropping—a cultivation system in which two or more species
are grown in close proximity in the same field—is one strategy to increase diversity in the agroecosys-
tem. However, for intercropping systems to be adopted, their productive and economic advantages
over monoculture must be clearly demonstrated. Banana (Musa sp.) growers are interested in crop
diversification as a potential strategy to increase production yields and, consequently, economic
income. The management of banana crops can be facilitated by intercropping, as this system plays an
important role in increasing biodiversity and reducing the need for weed control in the crop rows,
promoting better land use efficiency. However, this system should be evaluated alongside other
indicators. Banana intercropping has significant potential and many benefits, but success depends on
the interaction between the component species, appropriate management practices, and favorable
environmental conditions. This review aims to provide an overview of recent studies on banana
intercropping systems, focusing on the contextualization of land use, monoculture and intercropping,
and evaluating intercropping indicators, as well as the benefits, risks, and disadvantages discussed in
the literature, and the main outcomes of banana-based intercropping systems. The main findings
relate to the possibility of using intercrops with aromatic species and the preliminary reports on the
contributions of intercrops to the suppression of Fusarium wilt disease.

Keywords: environmental resources; climate changes; competitive indices; plantation management;
sustainable agriculture

1. Introduction

The banana (Musa sp.) is a tropical fruit with a high economic and nutritional value.
The crop occupies a prominent position in world agricultural production, as it is the most
widely produced fruit globally and is grown in more than 125 countries [1], predomi-
nantly in Asia, Latin America, and Africa. India is the world’s largest banana producer,
representing 26.4% of total production. China is the second largest producer, represent-
ing 9.3%, followed by Indonesia with 7.0%, and Brazil with about 5.4% of world banana
production [2]. Bananas are an important food crop and trade product for many develop-
ing countries, where their role in food security and income generation has been widely
recognized [3]. As one of the most popular and commonly consumed fruits in the world,
bananas are appreciated for their sweet taste and soft texture. In addition, the fruit is rich
in carbohydrates, vitamins, and minerals—such as potassium and magnesium, vitamin C,
bioactive compounds, and resistant starch—making it highly nutritious [4,5]. Bananas are
also economically and socioeconomically important, as they have a continuous production
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cycle and relatively rapid economic returns [6] and their cultivation provides an excellent
source of income for small, medium, and large-scale producers [7].

The expansion of banana plantations can help to increase food production and, con-
sequently, reduce food insecurity and hunger around the world [5], as well as generate
employment and income throughout the production chain. Currently, there is a grow-
ing concern regarding the ecological and social implications of horticultural crops. The
preservation of biodiversity and the promotion of agricultural practices that respect the
environment are essential to ensuring the continuity of food production in the long term [1].
Adverse climatic environments are leading to a decline in soil fertility and an increase in
the incidence of pests and diseases in banana fields, reducing crop yields [8].

Intercropping—i.e., planting two or more crops on the same land over a full or partial
harvest—makes it possible to obtain a higher yield from the same or a smaller area. It is also
considered a sustainable management strategy [9]. Intercropping can reduce management
factors and result in sustainable systems that more effectively utilize and even potentially
replenish the natural resources used during crop production in the context of the long-term
management of agricultural land. Some of the benefits of intercropping for the farmer
are risk minimization, effective use of available resources, efficient use of labor, increased
production per unit area, erosion control, and food security [9].

The banana is a perennial crop that grows for long periods in the same fields and is
predominantly grown as a monoculture [6]. In view of the vulnerability of banana mono-
culture to the combined effects of climate change, pests, and diseases, the diversification
of cropping systems should be a recognized priority. Bananas can be intercropped with
other species, both as a main and a secondary crop [10]. As the main crop, bananas can
be grown in consortium with annual food crops, such as beans (Phaseolus vulgaris), maize
(Zea mays), rice (Oryza sativa), and cassava (Manihot esculenta), among others, or with cover
crops, which provide benefits to the soil and to the plant. As a secondary crop, bananas
can be combined with perennial trees, such as coffee (Coffea arabica), the oil palm (Elaeis
gineensis), cupuaçu (Theobroma grandiflorum), and cocoa (Cocos nucifera) [11]. It can also be
used in diverse and sustainable agroforestry systems. Banana plants not only provide fruit
of high nutritional and economic value, but also contribute to environmental benefits, such
as soil conservation, microclimate regulation, and increased biodiversity [12].

This literature review aimed to provide a comprehensive discussion of recent studies
discussed in the literature, focusing on the contextualization of land use, monoculture, and
intercropping, as well as on evaluating intercropping in terms of metrics, benefits, risks,
and disadvantages, and the main outcomes from the adoption of intercropping systems
in banana plantations. The purpose is to demonstrate the application of a cultivation
technology in banana plantations and provide its indicators for improving banana farming
in a sustainable way.

2. Growing Bananas Sustainably Requires Changes in Land Use and Crop
Management

Agriculture is one of the most important economic activities worldwide, and requires
strategic planning to support social, political, and cultural development [13,14]. In addition,
agriculture plays a prominent role in developing countries. However, due to population
growth and the conversion of agricultural land through urbanization and industrial growth,
productivity must be increased to meet the needs of a growing population [15].

Sustainable agriculture is a type of farming that uses resources more efficiently than
conventional agriculture, benefits human beings, and is in balance with the environ-
ment [13]. The main approaches to implementing sustainable agriculture are the restoration
of agricultural ecosystem diversity and effective management [16]. Sustainable agriculture
must be ecologically sound, economically viable, and socially desirable [8].

Kaliz et al. [17] defined sustainable development as one that seeks to fulfill the needs
and aspirations of the present without compromising the ability to satisfy those of the
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future. Sustainable development emphasizes, among other issues, the efficient use of the
resources on Earth.

Changes in land use and occupation are associated with alterations to the world’s
surface. Land use includes the ways in which land is utilized, including as pasture, arable
land, and forest, among others. Land cover refers to the coverage of the land surface
with a certain type of vegetation, bare soil, infrastructure, or water, but does not describe
land use, which can differ for the same type of land cover [18]. Alterations in land use
are considered fundamental to sustainable development. With rapid urbanization, rural
transformation, and the development of modern agriculture, land is becoming fragmented
and changes in land use threaten sustainable development [19]. The banana growing
and trading system has been characterized by unequal positions of control between the
international corporations that own plantations and supply the market and the farmers
who grow and harvest the fruit [8].

Changes in land use must also be associated with the implementation of agricultural
practices to mitigate the impact on biomes, mainly by reducing nitrogen and phosphorus
loads to the environment and conserving biodiversity [20]. In view of the vulnerability of
monocultures to the combined threats of climate change, pests, and diseases, the diversifi-
cation of plantations must be a prioritized area. Biodiversity performance is very poor for
banana producers due to its intensive monoculture production system. Climate change is
increasingly threatening economic sustainability in several important producing regions,
requiring responses in terms of management and cropping systems. Sustainability in
banana plantations is a worldwide concern. Banana growers are interested in maintaining
or increasing production gains and preserving environmental resources for the continuity
of their plantations. In addition, there is a consensus that fruit produced in sustainable
agricultural systems tends to have a higher market value. Similarly, banana consumers are
interested in purchasing nutritious, high-quality fruit to support a healthy lifestyle.

3. Monoculture and Intercropping Systems

Monoculture refers to the cultivation of a single crop in a given area [21]. It can also
refer to the practices of large-scale agriculture in which a single crop is grown over a wide
area. The practice of monoculture can have a significant impact on biodiversity, as it often
involves the removal of natural vegetation and the planting of large expanses of the same
crop [14]. This cropping system can deplete soil nutrients, increase susceptibility to pests
and diseases, and lead to a reliance on chemical inputs [22].

This practice can have negative environmental and agricultural consequences [14].
For large-scale banana farmers, intensive monoculture is easier to implement as it enables
the use of machinery. However, for small-scale farmers, it is more difficult, as they have
limited access to the market and to marketing information, and often grow crops for their
family’s subsistence [23].

In conventional agriculture and monoculture systems, the high yield per unit area may
be enough to meet the nutritional needs of growing populations in some areas; however,
these systems require investments of inputs and energy that come from fossil fuels [13]. In
these systems—based on conventional assessments of agricultural productivity—growth
can be achieved by improving production factors, provided that the increase in output is
even greater [24].

Monocultures are prevalent in most tropical countries. Bybee-Filey and Ryan [25]
reported that, in Australia, landowners have adopted the broadacre system [9,26], which
refers to farms using large-scale crop production. The authors emphasized that farming
systems in Australia are dominated by intensive monocultures managed through crop
rotation and the integration of livestock, when possible, as mixed farming enterprises.
These practices are based on the economic view of specialization and economies of scale,
which occur when a farmer increases the scale of production, thus distributing fixed costs
over many production units and reducing the cost of production per unit [9].
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Bananas are perennial crops that grow for long periods in the same fields and are pre-
dominantly grown as monocultures [6,27]. Banana monoculture is widely used in intensive
agriculture [28]. The system of growing a single crop, such as bananas, repeatedly on the
same piece of land was invented to increase food supply and to fight hunger. Unfortunately,
its unintended consequences threaten greater global insecurity and exacerbate climate
change [14].

Intercropping is an ancient farming practice [29]. Mousavi and Eskandari [13] pointed
out that there is evidence that planting crops in consortium has a long history. This
agricultural system consists of growing two or more crops simultaneously in the same
field for all or part of the growing season [30]. It is important to note that in intercropping
systems, the plants do not have to be planted at the same time; the aim is for two or more
crops to grow together in one area during part of or the entire crop cycle [13,31].

Crop diversification through intercropping can improve the results and stability of
agricultural production in the face of seasonal variability and climate change. Different
species react differently to environmental conditions, so if one species is negatively af-
fected by adverse weather conditions, another intercropped species can still produce a
feasible yield.

Intercropping is a cultural practice in which two or more crops are grown on the
same field in a year with different cropping patterns. In this multiple cropping system,
biodiversity and pest suppression are enhanced. Biodiversity can restore the natural
elements of the agricultural ecosystem because almost all elements favorable to the natural
enemies of pests are available in a diversified agricultural ecosystem. Modern energy-
intensive technology used in agriculture is one of the vital causes of biodiversity loss. With
the intercropping system, enhanced biological pest control can be ensured with a higher
level of crop diversity, as opposed to energy-intensive farming [30,31].

One of the biggest challenges of intercropping with two or more crops is maintaining
the productivity of each crop [32]. Yet, intercropping can help achieve a higher yield than
planting just one crop at a time [22]. Therefore, it is important to choose a combination of
crops that grow well together in order to use environmental resources more efficiently—
such as solar energy and regarding water per unit area per unit time—and to maintain soil
health while improving yield [33]. Intercropping is widely practiced by small-scale farmers,
as it supports their livelihood by producing a diverse range of food crops [34].

The economic logic of intercropping is based on the theory of economies of scope,
which arises when a farmer can use the same inputs to produce two or more products,
thus reducing the cost of producing them separately [9]. Table 1 summarizes the main
characteristics of monoculture and intercropping systems.

Table 1. Summarized contextualization of monoculture and intercropping systems in banana plantations.

Monoculture Reference Intercropping Reference

Single crop [6,21,27] Two or more crops simultaneously [13,29]

Large scale [23] Small scale [34]

Impact on biodiversity [14] Increased biodiversity [30,31]

Deplete soil nutrients [22] Stability environmental resources [14]

Increase susceptibility to pest and diseases [22] Increased pests and diseases suppression [22]

Reliance on chemical inputs [14] Less reliance on chemical inputs [14]

Negative environmental and agriculture
consequences with greater impact from climate

change
[14]

Stability agricultural production due to
seasonal variability with less impact on climate

change
[14,30,31]

Higher yield per unit area [13] Can achieve higher yield per unit area with
two or more component crops [22]

Specialization of economies of scale when
increasing the scale of production leads to a

reduction in production costs per unit
[9] Economies of scope when the same inputs are

used to produce two or more products [9]
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4. Evaluating Intercropping Indicators

There are several indicators used to compare intercropping and monocropping sys-
tems. In most research projects, all intercropped species are also tested as monocultures,
so the advantages and disadvantages of intercropping can be compared to the practice of
monoculture [9].

The agronomic viability of intercropping can be evaluated using productivity and
competitive indices (Table 2), including land use efficiency (LUE), the land equivalent ratio
(LER), the area-time equivalent ratio (ATER), the land equivalent coefficient (LEC), the
relative density coefficient (RDC), aggressivity (A), the competitive ratio (C), the system
productivity index (SPI), the intercropping advantage (IA), gross income (GI), net income
(NI), rate of return (RR), profit margin (PM), and actual yield loss (YL), among others
(Table 2) [9,35,36]. These indices are used to not only estimate the effects of competition
among different crops, but also to assess which system is most effective in managing
environmental resources to provide greater productivity and sustainability [22,33].

LUE considers crop yields in intercropping and monoculture systems and relates them
to land use equivalence; it is one of the most widely used indices to evaluate intercrop-
ping [31]. LER provides a rough estimate of the area of land needed to obtain the same
yields as an intercropping system. ATER is an alternative index to LUE because the latter
does not consider time. As such, LUE can overestimate the advantage of intercropping,
especially when the crops differ significantly in crop cycle duration [22,33].

A systematic assessment of LUE needs to support decision-making in land use manage-
ment and to promote its use in a better and more efficient way [37]. Lin and Hülsbergen [38]
presented a new method for calculating LUE, starting with an overview of the different
approaches to assessing agricultural LUE. This method takes into account the quality
and function of agricultural products and the relationship between the yield of the farm
assessed and the average yield of the reference region with comparable soils, climate, and
socio-economic conditions. The main conclusion is that LUE should be used in combina-
tion with agri-environmental indicators to ensure efficient and sustainable land use. The
methods used to quantify the effects of changes in land use are still the subject of intense
research, stimulating much scientific discussion [17]. This study presents research on land
use indicators in the context of land use efficiency. The overall aim is to fill the knowledge
gap on responsible and sustainable land use management.

According to Ferreira and Féres [39], the relationship between property size and land
use efficiency in the Brazilian Amazon was negative; the authors concluded that the current
process of land concentration observed in this region would result in an increase in land
use inefficiency.

The LEC is obtained from the product of the LER of each individual crop in the
intercropping system, and must be at least 25% for intercropping to have a productive
advantage [35].

The RDC index represents a measure of the dominance of one crop over another. The
A index indicates the extent to which the relative increase in the yield of one crop is greater
than that of the other crop in an intercropping system. This index measures the dominance
among the intercropped species [15]. The C index represents the number of times one
crop is more competitive than the other [22]. C offers an alternative to assess competition
between different crops and provides a more accurate measure of the competitive capacity
of the crops [40]. C represents the proportions of individual LUEs of the two component
crops and considers the proportion in which they are initially planted [22].

The SPI normalizes the yield of the secondary crop in relation to the main crop [35].
IA represents the real income losses related to the prices of the intercropped species [40].

The GI is obtained by multiplying the crop yield of each component species of the
intercrop by the price (P) paid to the producer in the regional market. Net income (NI) is
calculated by subtracting the total costs (TC) of production for inputs and services from the
GI. The RR is the ratio between the GI and the TC, which corresponds to the amount of
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revenue obtained in relation to that invested. The PM is obtained from the ratio between
NI and GI, expressed as a percentage [40].

Table 2. Competitive and productivity indicators used to assess the efficiency of intercropping in
relation to monoculture.

Indicator Formula Criteria for Decisions Reference

LUE LUE = (Yai)/(Ybm) + (Ybi)/Yam)
LUE > 1 indicates a productive advantage of
intercropping; LUE = 1 no productive advantage;
LUE < 1 productive disadvantage

[9,22,33,35,40]

LER LER = Yam/Ybm + Yai/Ybi LER > 1 intercropping is most effective; LER < 1
intercropping has a negative effect on the yield [22]

ATER ATER = [(LUEa × ta) + (LUEb ×
tb)]/Tbi

ATER > 1 productive advantage; ATER = 1 no
productive advantage; ATER < 1 productive
disadvantage

[40]

RDC RDC = {(Yai × Zb)/[(Yam − Yai × Za)]}
× {(Ybi × Za)/[(Ybm − Ybi) × Za]}

RDC > 1 productive advantage; RDC = 1 no
productive advantage; RDC < 1 productive
disadvantage;
RDCai > RDCbi indicates that the main crop
presents strong interspecific competition

[35,40]

A

Aa = [Ybi/(Yam × Za)]−
[Ybi/(Ybi × Zb)] and
Ab =
[Ybi/(Ybm × Zb)]− [Ybi/(Ybm × Zb]

Both crops are equally competitive when A = 0.
When A is +, the culture with a + sign is dominant
and the culture with a—sign is dominated

[35,40]

C
C = Cb + Cl
Cb = (LUEa/LUEb) × (Za/Zb)
Cb = (LUEb/LUEa) × (Zb/Za)

[22]

SPI SPI = [(Yam/Ybm) × Ybai] + Yabi [40]

IA IA = AYat × Pat + AYbc × Pbt
IA > 0 intercropping advantage; IA ≤ 0
intercropping disadvantage [36,40]

GI CPa × Pa; CPb × Pb [40]

NI NI = GI − TC [40]

RR RR = GI/TC [40]

PM PM = (NI/GI) × 100% [40]

YL YL = (WL/WI) × 100% [40]

LUE = land use efficiency; ATER = area-time equivalent ratio; RDC = relative density coefficient; A = aggressivity;
C = competitive ratio; SPI = system productivity index; IA = intercropping advantage; GI = gross income; NI = net
income; RR = rate of return; PM = profit margin; Yai = yield of main crop in the intercropping; Ybi = yield of
second crop in the intercropping; Yam = yield of main crop in the monocropping; Ybm = yield of second crop in
the monocropping; ta = duration of main crop cycle; tb = duration of second crop cycle; tab = duration of the total
time of intercropping system; Za = proportion of main crop intercropping with second crop; Zb = proportion
of the second crop intercropping with main crop; Aa = aggressivity of main crop; Ab = aggressivity of second
crop; C = ratio for intercropping; Ca = ratio for intercropping main crop; Cb = ratio for intercropping second crop;
AYa = yield losses of main crop; AYb = yield losses of second crop; Pa = price of main crop; Pb = price of second
crop; WL = weight loss; WI = weight inputs.

Khanal et al. [9] proposed the use of total economic value (TEV) generated by the
cropping system (intercropping or monoculture). TEV can be classified into use values,
i.e., values that people obtain from the use of services, and non-use values, i.e., values that
people place on the existence of resources and the opportunity to pass them on intact to
the next generation. However, the authors reinforced the idea that the main challenge is
quantifying the non-use value of the benefits generated by intercropping systems.

Appropriate profitability and risk metrics need to be used when evaluating inter-
cropping. The metrics consider all possible differences in costs and benefits between
intercropping and monoculture systems [9].
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Ditzler et al. [41] suggested a FarmDESIGN model to quantify the profitability, sus-
tainability, and nutritional yield of current banana-based intercropping systems. The
farms’ levels of agroecological intensification were grouped according to variables such as
farm size, number of crops, cover, agroforestry, shade- and drought-tolerant species, and
production constraints and orientations. The authors noted the disparities in agroecolog-
ical practices and socioeconomic constraints among farmers, and that the FarmDESIGN
model was a valuable tool for assessing farm performance and could help reduce costs and
time-consuming trials.

An evaluation of the metrics of the banana and bean intercropping system [42] con-
cluded that bananas appeared to be more competitive than beans in the intercropping
system [42]. The yield of beans in the intercropping system was 52 percent of the yield
of beans in the monocropping system, due to shading and nutritional effects. The LER of
the banana and bean intercrop during the three seasons was 1.60. The results obtained
by [43] showed that vigorous intercropping with climbing beans (Phaseolus coccineus) and
soya (Glycine max) often reduced banana growth and yield. The greater economic efficiency
in banana monocrop plots suggests that reliance on the LER alone may be insufficient to
inform intercropping decisions.

The evaluation of the agronomic and economic benefits of coffee-banana intercropping
has shown that this system is advantageous for NI when compared to banana or coffee
monocultures [44]. Sonavane et al. [45] evaluated several scenarios related to the percentage
of area allocated for banana–onion (Allium cepa) intercropping. The highest net revenue
was recorded with 58% of the area allocated along the row and 60% the area allocated
between the rows for intercropping.

According to Almeida et al. [6], the intercropping of banana plants with other crops is
a common practice in agroforestry systems, with the aim of optimizing LUE, diversifying
production, and increasing GI. The intercropping of sweet gourd (Momordica cochinchinen-
sis), bitter gourd (Momordica charantia), red amaranth (Amaranthus cruentus), and radish
(Raphanus sativus) with banana showed a lower yield when compared to banana monocrop-
ping [46]. However, their economic analysis indicated that banana intercropped with
the evaluated species showed the maximum cost-benefit ratio compared to banana as
a monocrop.

Siqueira et al. [47] conducted an economic analysis of ‘Conilon’ coffee intercropping
with perennial forest species in Brazil and found that intercropping with banana plants
was economically viable. The authors also emphasized that this type of intercropping
is more efficient in terms of LUE than monoculture coffee. In addition, banana–coffee
intercropping can provide food security, an important factor for family coffee growers, who
can consume or sell the fruit. The intercropping of banana plants with coffee is beneficial
and can increase the revenue of an area by more than 50% [48].

Intercropping banana and yacon (Smallanthus sonchifolius), considered a functional
food, optimizes the use of the area and is profitable for the farmer [49]. The study’s
economic analysis found that this system had a higher GI than banana monoculture due to
the market value of yacon.

Dissanayake and Palihakkara [50] reported a yield percentage of a banana intercrop of
60.64% compared to monoculture, and their results can help inform sustainable LUE on oil
palm plantations.

5. Intercropping Benefits

Intercropping is positioned as a potential cropping system that is environmentally
friendly and can help address the challenge of increasing production with less or equivalent
amounts of land, thereby improving food security [26].

Intercropping is especially advantageous when the associated crops exhibit some
complementarity, which can depend on the management of the system. However, the
bio-agro-economic efficiency of such systems is directly linked to crop species, production
factors, spatial arrangement, and growing seasons [40]. It is therefore important to choose
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a combination of crops that grow well together in order to efficiently use environmental
resources, as noted above, and support soil health, while also improving yield [33].

There are several benefits to adopting intercropping systems, especially for perennial
crops [51] such as bananas. The main advantages include increasing or maintaining
productivity and profitability, minimized losses in productivity and profitability, effective
use of natural resources, weed control, pest and disease reduction, nutrients cycling, and
improving nutritional management and crop resilience (Figure 1).

Figure 1. Overview of the benefits and limitations of intercropping in banana plantations.

5.1. Increasing or Maintaining Productivity and Profitability

Banana and other fruit farmers implement crop diversification strategies for a variety
of reasons, including maximizing yields [51] and supporting the establishment of a per-
manent intercropping system. In this case, both crops are cultivated over several years
and a temporary intercrop is used to improve the economic viability of implementing a
banana plantation [11]. The main reason for intercropping bananas/plantains is to obtain
both additional food and a cash return, as well as to reduce the cost of establishing the
plantation [27,52].

Intercropping can help achieve a higher yield than planting just one crop at a
time [22,34,53]. Increased yield is important, especially for small-scale farmers and in
areas where the growing season is short [13,34]. A higher yield in intercropping can be due
to more effective use of resources—such as nutrients, solar radiation, and water [24]—and
more effective and complementary interaction between the component species [32]. An
increase in productivity can lead to greater profitability. However, extra labor, material,
and financial resources were not considered in the profitability metrics.

Yogendra et al. [15] emphasized that intercropping offers a viable solution to achieve
greater productivity within the constraints of limited available land and provides an
increase in yield. Intercropping can reduce production costs and diversify and stabilize
farm income [31].

Field research conducted at scale in Costa Rica indicated that the conventional coffee–
banana intercropping system could be scaled up to achieve a productive and profitable
system that produces high-quality bananas [54].

The use of aromatic species in intercropping can provide farmers with additional
income, contribute to the qualitative and quantitative diagnosis of plant formations and
entomofauna balance of crops, and reduce costs and environmental damage caused by the
excessive use of pesticides [55]. Income generated from aromatic species can be more prof-
itable from an economic point of view than subsistence crops often used in association with
banana plantations [56]. Lemongrass (Cymbopogon citratus), which has various medicinal
properties, is widely grown for commercial essential oil extraction [57]. It is commonly
consumed as a tea, but also has uses in the pharmaceutical, food, cosmetics, and perfume
industries [58]. Furthermore, intercropping can facilitate entry into consumer markets for
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crops like lemongrass, taking advantage of the demand for other, better-known crops such
as bananas [30].

Oil palm is the main edible, oil-producing plant in the world, and in tropical countries
it is well established as a perennial plantation crop. However, during the oil palm juvenile
phase, there is almost no income for the producer, so intercropping could provide an
opportunity to obtain revenue before the oil palm’s first harvest [50].

Aromatic plants are a source of essential oils, cosmetics, and biocides, and in intercrop-
ping systems they play a positive role in increasing farmers’ additional income due to the
greater added commercial value of their essential oils [59].

Maintaining productivity can be considered as an advantage of the intercropping sys-
tem, as it can lead to maintaining or increasing profitability. Almeida et al. [6] reported that
no difference was found in banana productivity when intercropped with acai (Euterpe oler-
acea). Rodrigues de Jesus et al. [60] concluded that the growth and yield of banana cultivars
exhibited similar performance in both monoculture and intercropping with lemongrass.

Intercropping can minimize the risk of losses for producers [30]. This is related to
the fact that different component species respond differently to seasonal variations in the
climate [61,62]. Consequently, if losses occur for one component, they may be compensated
by the other. Minimizing productivity losses can mitigate profitability losses [63]. Produc-
tion failure risk in intercropping systems is lower than in monoculture and monocropping
systems [40].

5.2. Promoting the Effective Use of Natural Resources

Intercropping can help control erosion due to providing increased soil cover that
reduces surface runoff [23]. In addition, intercropping can improve the physical, chemical,
and biological properties of the soil [64], as well as increase the circulation and efficiency
of nutrient use and the recovery of degraded areas [16]. Intercropping is proposed as a
potential cropping system that is environmentally sound in the current climate change
scenario, due to its ability to enhance radiation and water use efficiency [60]. Other
reported benefits are an increase in organic matter, earthworm and soil microbial activity,
and improvement in soil structure [59].

The components of intercrops do not compete for the same ecological niche due to
morphological and physiological differences, and competition between species is less
prominent than competition within species [13].

5.3. Weed Control

Intercropping, when well-managed, offers advantages over monocultures, including
in weed control [31]. Intercropping is more effective than monocropping in suppressing
weeds, but its effectiveness varies widely [21]. Banana–bean intercropping systems common
in East Africa are characterized by low banana productivity. In these systems, the soil is
manually ploughed twice a year before the beans are planted, with potentially detrimental
effects on the banana plant’s shallow root system [65].

The advantages of weed control are twofold: usurping weed resources and suppress-
ing weed growth through allelopathy [13]. Controlling weeds is one of the main reasons for
establishing a banana-based intercropping system [27,52]. According to Concenço et al. [66],
the shade provided by banana plants proved to be an efficient management strategy for
weed suppression in the coffee–banana intercrop.

Intercropping can facilitate banana crop management by reducing the need to control
weeds in the crop rows due to the cultivation of another component species in the rows [67].
Rodrigues de Jesus et al. [60] reported that the banana–lemongrass intercropping system
facilitated banana crop management by reducing weed control in the crop rows.

5.4. Pest and Disease Reduction

Pests and diseases are a major risk to the sustainability of banana production, through
the direct impact of agrochemicals on the environment, the loss of income that increases
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the area needed for production, and the associated health risks for workers in the sector.
Intercropping can reduce damage from pests and disease [31]. A greater diversity of species
in agricultural ecosystems can help to mitigate the spread of plant pathogens [6,13,68].
Intercropped systems provide different benefits in pest management according to two
hypotheses. One is the concentration of resources hypothesis, and the other is the natural
enemies hypothesis. Intercropping directly and indirectly influences the increase in bio-
diversity, which results in a reduction in the density of pests in crop fields. Consequently,
less expenditure on the use of pesticides is required and, ultimately, a higher yield also
brings some financial benefits. The intercropping system uses the plant’s inherent ability to
protect against pests. Therefore, more knowledge is needed about crop genotypic diversity,
plant diversity, and the plant’s ability to protect itself from pests [6,31].

Improving the microecological environment of soil for banana roots is crucial to
promote the stable and sustainable development of banana farming. Intercropping banana
and sweet potato (Ipomoea batatas) had a significant effect on regulating the structure and
composition of the soil microbial population and improving the abundance and diversity
of the microbial population [69].

With regard to pest management in banana intercropping, it was reported that the
number of banana weevils (Cosmopolites sordidus Germar), was lower in banana inter-
cropped with millet (Panicum miliaceum) [52,70]. The probable reason for this is that the
root exudates from the millet, which may inhibit the presence of the weevil. Leguminous
crops such as Canavalia muzzina and Tephrosia vogelli have been reported to have repellent
or insecticidal properties against the banana weevil [52].

Intercropping is a useful strategy for providing food and alternative habitats for
arthropods, including generalist predators. In sustainable agriculture, ants are important
predators and have complex and often strong effects on pests [71]. With the aim of opti-
mizing control of the banana weevil, Cosmopolites sordidus, Dassou et al. [71] studied maize,
taro (Xanthosoma sagittifolium), and gourd (Lagenaria siceraria) as intercrops in a banana field.
The effects of the intercropping on the abundance of ants and the damage caused by C.
sordidus larvae to the banana stalks were assessed. Intercropping had significant effects on
ant abundance, which was negatively correlated with the damage caused by C. sordidus
to the ants. Intercropping in banana plantations has the potential to alter the structure
of the ant community, which contributes to the control of weevils, but the effect of the
intercropped plant species remains unclear.

Banana production faces significant challenges due to Fusarium wilt, a destructive
disease caused by the soil-borne fungus Fusarium oxysporum f.sp. cubense [72]. Fusarium
wilt in bananas is managed by planting disease-resistant cultivars, using appropriate
cultural practices, biological control agents, and intercropping [73,74].

Several studies have shown that intercropping can lead to the recruitment of beneficial
indigenous soil microbial taxa via root exudates, leading to increased host protection
against pathogens [75].

Intercropping contributes to the suppression of Fusarium wilt disease (Fusarium oxyspo-
rum f.sp. cubense) in bananas. In one study, intercropping with Chinese chives (Allium tubero-
sum Rottler) showed the potential to reduce the incidence of the disease in bananas [76].
Meanwhile, Yang et al. [77] developed an approach to reduce Fusarium wilt disease by
rebuilding the soil microbiome through intercropping with green manure. Intercropping
bananas and green manure demonstrated the biological basis of the disease-suppressing
microbiome in terms of agricultural practices and soil management [78]. Trifolium repens
effectively reduced the incidence of banana wilt disease by regulating soil microorganisms
and enriching beneficial bacterial and fungal microorganisms. However, it remains to be
determined whether protist communities, important soil microbial components, contribute
to disease suppression in intercropping management systems [77].

Ren et al. [68] also explored intercropping as a strategy to manage Fusarium wilt dis-
ease by remodeling soil protist communities. Protists are particularly important predators
that feed on microbes [79] and are important consumers of bacteria and fungi in the soil
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food system. Thus, they affect soil microbial composition and function. They can feed selec-
tively on microbial prey, leading to differential impacts on soil microbial communities [80].
Through this selective predation and induction of activity, protists can promote some
resistant bacteria to increase pathogen-suppressive secondary metabolites [81]. Predatory
protists can potentially reduce the effect of Fusarium wilt on bananas by promoting the
expression of disease-suppressive secondary metabolite synthesis genes, including, for
example, the non-ribosomal peptide synthetase gene in pathogen-suppressive bacteria [82].

Ren et al. [68] assessed changes in the microbiome with a focus on protists in a banana–
legume consortium using Trifolium repens. Their results highlighted that predatory protists
are important agents underlying disease suppression in the consortium system, which may
offer new avenues to promote plant health in sustainable agriculture. These effects have
been associated with intercrop-induced changes in soil microbial composition and function,
as well as modulation of the microbial community composition to increase the host plant’s
functional resilience and stress tolerance [68]. They also propose that predatory protists
could be the advantage controller of the soil microbiome, contributing to the suppression
of soil-borne diseases.

5.5. Nutrient Cycling

Intercropping systems improve both soil nutrient cycling through the activity of the
microbial community and, consequently, land productivity. However, the mechanism of
interactions between the soil microbiome and nutrient cycling in the perennial orchard
has yet to be identified [59]. The authors reported that, in orchards intercropped with
aromatic plant species, the chemical diversity of the mixed aromatic plant species led
to increased diversity, complexity, and stability of the soil microbial community and,
consequently, to nutrient cycling. In addition, it has been assumed that the composition
and quantity of exudates from intercrops play an important role in regulating the microbial
community and nutrient availability. In general, the introduction of functional plants, such
as aromatic plants, can increase primary production, alter the chemical characteristics of
crop residues—e.g., N and P concentrations [83]—and alter the characteristics of roots, such
as nitrogen-fixing bacteria and mycorrhizal fungi [84].

Soil microbes are associated with a variety of ecosystem processes, including the
decomposition of plant residues, the degradation of organic matter, and the cycling of C
and N, through their interactions with plants in the soil [85]. These processes are affected
by local biotic and abiotic conditions, local vegetation patterns, and their intra-species
and inter-species interactions, as well as by the introduction of new plant species, which
destabilize microbial communities and their function in the rhizosphere and soil due
to changes in vegetation composition and the composition and decomposition of plant
residues. By decomposing the soil and mediating the biogeochemical cycles of C and N,
soil microbes have the ability to adapt to the composition of different resources and can
thus alter their nutrient utilization efficiencies [59].

Many of the practical benefits of nutrients cycling are related to the extensive root
systems of the component species of the intercrop, which contribute to the cycling of
nutrients from the deep layers of the soil and the storage of carbon in the soil, thus
improving the fertility and quality of the soil [86].

According to Lin and Hülsberger [38], nitrogen-use efficiency is correlated with land
degradation, which damages soil health. Nitrogen losses can be useful for analyzing the
effects of various factors related to soil, climate, and cropping systems. Researchers [17]
have proposed an environmental indicator to assess the sustainability of farming and
cropping systems based on a simple model that simulates nitrate leaching and gaseous
emissions of nitrogen, NH3, and N2O, in a quantitative way.
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5.6. Improving Nutritional Management

The main purposes of research into banana intercropping have been to improve the
use of land cultivated with bananas through more intensive cropping and to increase the
nutritional base of banana plantations [27].

Bananas require a large amount of nutrients [28] and are highly efficient in phytomass
production [87]. The obtaining of a high banana yield requires that nutrients are in ad-
equate quantities and proportions in the plant [28]. Mazzafera et al. [8] emphasized the
importance of adequate nitrogen requirements and the need for nitrogen fertilization to
guarantee the yields and profitability of intercropping systems. Maia et al. [88] evaluated
the initial growth of banana trees intercropped with green manure and concluded that
the Cajanus cajan and Crotalaria juncea species provided greater banana growth. Grevillea
(Grevillea robusta)–banana agroforestry systems were evaluated in central Kenya, Africa, by
Musongora et al. [89], who found that low soil fertility continually restricts production and
that emerging technologies are needed to address this challenge.

5.7. Crop Resilience

Due to global warming, high temperatures and resulting droughts are having a par-
ticularly damaging impact worldwide [61,90]. To combat climate change, farmers must
innovate through ecological intensification to increase food production, increase resilience
to extreme weather events, and reduce the carbon burden of agriculture. Intercropping
can strengthen and stabilize agroecosystems in the context of climate change by improving
resource use efficiency, increasing soil water retention capacity, and increasing the diver-
sity and quality of habitats for beneficial insects that ensure pollination and natural pest
control [91].

Intercropping is related to climate regulation through carbon balance. It is also receiv-
ing increased global attention as a sustainable agricultural practice, as farmers strive to
improve sustainability and maintain soil health.

6. Intercropping Limitations and Risks

Intercrop systems are complex, with non-uniform competition between the component
species during the growth cycle. It generally leads to unequal relative yields, making them
difficult to evaluate. The direct benefits of intercropping, such as increased yields and
reduced inputs, can be quantified using productivity indices. However, the environmental
benefits have a long-term impact on the cropping system and cannot be measured directly
by competitive indices [9].

Although intercropping has numerous benefits, it also has limitations and risks, in-
cluding those detailed in Figure 1.

6.1. Size of the Growing Area

Banana plantations around the world are cultivated in two different land use contexts:
in the first, by the largest and most specialized growers, they are cultivated on a large scale
and are predominantly monocultures, with their production sold on different markets. In
the second, crops are produced by small farms and are used almost exclusively for subsis-
tence or, when commercialized, are sold in small markets [10,42,52]. Smallholders adopt
banana-based intercropping systems in East and Central Africa, where fruit production is
their livelihood and contributes to food and economic security [43,92].

Intercropping is an option to better utilize cultivated areas. However, these systems
increase the complexity of management and require a steep learning curve for successful
management, so they are not adopted in large areas of cultivation [91].

6.2. Decreased Crop Yield

Despite numerous benefits, intercropping has yet to be widely adopted on a large
scale due to perceived risks and challenges, including decreased crop yield for both or
for just one of the crop components of the systems. In addition, relatively few studies
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document ecosystem services conferred by intercrops alongside labor costs, which are key
to economic sustainability for small, medium, and large-scale farmers [91].

6.3. Appropriate Choice of Component Crops

The use of appropriate cultivars for intercropping is one of the challenges for banana
growers who adopt these systems. This is because intraspecific competition tends to be
greater than competition between species [52]. Competition and dominance between
species in the intercropping context must be continually assessed so that the system does
not lead to losses for producers [10].

6.4. Proper Fertilization and Nutritional Status

Fertilization in the intercropping system still needs to be better evaluated and requires
further study [53]. The fertilizer used for the banana plantation can serve as a residual
fertilizer for the other component crop. Rodrigues de Jesus et al. [60] pointed out that
in the banana–lemongrass intercropping system the inputs used for fertilization were
directed towards the banana crop, without the need for the selection of specific fertilizers
for lemongrass. As a result, with the amount of inputs directed exclusively to banana
production, the intercropping produced more per unit area than monocropping banana.
Authors also reported that the inputs used for fertilization can be directed to the banana
crop without the need to select specific fertilizers for lemongrass. In addition, there were no
differences in the average macronutrient contents in banana leaves, both in monocropping
and in intercropping with lemongrass. These results show that lemongrass did not interfere
with nutrient absorption by banana plants, which indicates that the nutritional management
of the bananas did not need to be modified as a result of intercropping.

However, Rao and Edmunds [27] emphasized the need for more inputs in banana-
based intercropping systems. Banana and beans were grown in monocropping and in-
tercropping systems to evaluate the effects on the nutritional requirements. Nutrient
concentration levels in the foliar tissues indicated that low potassium and high manganese
availability constrained intercrop bean yield, while banana yields were associated with
potassium levels in the soil [42]. Investments in external inputs are crucial for a sustainable
banana intercrop system [43,93].

6.5. Use of Machinery

Banana growing is affected by numerous pests and pathogens. The yellow siga-
toka (Mycosphaerella musicola) and Black leaf spot—Black Sigatoka (Pseudocercospora fijien-
sis)—diseases, caused by fungus, are the most important diseases of banana leaves [4,7].
These diseases are controlled through frequent application of fungicides or mineral oil
sprays, which requires the use of machinery [6].

Intercropping can limit the use of machinery from planting through to harvest if a
component crop is planted between the crop rows. However, in intercropping with banana
plants, the other component crop can be grown in the crop rows. This is the main limitation
and advantage for large-scale farmers in adopting an intercropping system, as the use of
machinery over large areas is necessary during crop management [54].

Furthermore, the use of machinery in banana fields is less intensive compared to other
fruit crops. This is due to the frequent spraying of pests and diseases by airplane or drone
on large farms. For smallholders, the use of machinery is fairly low, due to the cost of
purchasing machinery [30,54].

6.6. Shade Intensity

The main risk in adopting intercropping in orchards is related to the influence of shade
intensity on the growth, biomass allocation, yield, and quality of fruit trees as the main
crop in the system [16]. In their study, Kishore et al. [16] emphasized that the physiological
functions of plants change with the level of irradiation; therefore, limiting light intensity is
vital to guarantee production.
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In the case of banana cultivation, the selection of suitable crops for intercropping
depends on the relevant cultivation restrictions, namely the availability of light under the
banana canopy. This acts as a limiting factor for growing annual crops, with the availability
of light depending on the spatial distribution of the banana plants and the density of
cultivation. As the fruit ripens, the canopy becomes larger, reducing the light in the area.
Therefore, to correctly use intercropping in banana plantations, a succession of short-cycle
annual crops and more shade-tolerant species is recommended at the ripening stage [10].

In East and Central Africa, Ntamwira et al. [10] noted that small-scale farmers’ banana
fields are often intercropped with various annual crops to optimize land use, a practice
limited by the availability of light under the banana canopy. The bananas produced by
small-scale farmers in the African Great Lakes region are often pruned to provide more light
to shorter intercrops, reducing the overall profitability of the farm [43]. Banana–legume
intercropping is important in several countries in Africa’s Great Lakes region. This practice
is widely used because of the high population pressure on the land. In this region, banana
leaf pruning facilitates annual legume intercropping [94].

6.7. Disposed Waste

Growing bananas generates a large amount of waste that is discarded as a result of
cultural practices. The thinning of the tillers, the removal of the male inflorescence and
old leaves, and the removal of the pseudostem after harvesting result in organic material
returned to the soil between the rows of banana trees, which can make intercropping more
complex. Although nutrient cycling in banana plantations is very important, this means
that this banana crop waste needs to be disposed of in another possible manner in order to
make the banana-based intercropping system feasible [52].

7. Banana Planting Design

The spacing between banana plants in the planting rows varies according to the
cultivar, the location, and the level of technology used. The most commonly used spacings
are 3.0 × 2.0 m and 3.0 × 2.5 m in single rows and 4.0 × 2.0 × 2.0 m and 4.0 × 2.0 × 3.0 m
in double rows, which allow for better use of the land [6].

Dense banana cultivation, an agronomic practice widely used by producers, makes
better use of the land, labor, and inputs while increasing productivity. However, this
strategy is only recommended for farms with favorable soil and climate conditions to
support full development [7]. In general, a higher plant density can reduce the mass of the
bunch and the length and diameter of the fruit. Nevertheless, productivity increases due to
the greater number of plants per area [6]. The competitiveness of a crop is proportional to
the increase in plant density [67].

To achieve cropping system production, many farmers are increasingly using dense
cultivation [6], while intercropping has been the subject of research with the aim of devel-
oping recommendations for producers. Leaf area index was linearly correlated to yield in
the intercrop system, suggesting that a higher plant density may result in higher yields [42].
The relationship between planting density and the growth and development of component
crops in rubber–banana intercropping systems was evaluated by Rodrigo et al. [95], who
concluded that increasing the density of banana plants from one to three rows increased
biomass productivity per unit area, with no adverse effect on the growth and yield of the
rubber or banana component crops. The increase in the growth of intercropped rubber
trees was attributed to better crop management, since farmers tend to pay more attention to
intercropped crops than to single crops, due to the additional initial income they provide.

Intercropping, according to Yogendra et al. [15], allows for better utilization of the
available space, since the slower initial spacing prevents competition between crops and
weeds. Banana–yacon (Smallanthus sonchifolius) intercropping optimizes the use of the area,
especially when yacon is planted in double rows alternating between the banana rows [49].

Bananas intercropped with coffee is common in the Democratic Republic of Congo,
Africa, but it is predominantly implemented by large-scale farmers who use a wide spacing
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between banana plants [10]. Studies conducted at this location concluded that climbing
beans, bush beans, and vegetable amaranth had reasonable yields when intercropped with
new banana plantations, regardless of plant density. However, in the second annual harvest
season, a decline in yield was observed with increased banana canopy formation [10].

Cocoa (Cocos nucifera) and coffee are the crops most intercropped with bananas. How-
ever, farmers who intercrop bananas and cocoa tend to reduce the density of the banana
rows, eventually replacing bananas with cocoa trees [43].

8. Banana-Based Intercropping Outcomes

Diversifying banana production systems is an important strategy to improve food
and nutritional security, improve ecosystem health, and strengthen the resilience of small-
scale agricultural systems [10]. Banana producers are concerned about increasing the
profitability and sustainability of their plantations. The main challenges identified by
growers are related to adapting cropping systems to current needs to reduce losses in the
production and marketing process and, above all, to improve the final product quality to
increase consumption [96].

Intercropping is becoming increasingly important in areas of the world where land is
increasingly scarce, such as East and Central Africa. Bananas are a staple food for millions
of people in low and middle income countries. The banana export trade that supplies North
America, Europe, and other wealthy nations has a history of exploitation and conflict. The
price of cheap bananas has been environmental degradation, violence, and poverty. Only
recently have efforts been made to address the power imbalances in this trade. Voluntary
certification schemes, in addition to the implementation of different cropping systems and
management, aim to address various sustainability issues, while research into biological
control has accelerated plant breeding and efficient irrigation will help prepare the sector
for pest, disease, and climate change risks [97].

The growing social and environmental concerns of producers and consumers has
led to the establishment of changes in the banana production sector. These modifications
establish a series of criteria around social, economic, and environmental sustainability,
according to which producers are classified by registered certification agencies. Producers
pay a fee for the certification process and receive higher prices and, potentially, market
access as rewards for complying with sustainability standards [97].

Alongside clearer demonstrations of the economic viability of intercropping, banana
farmers also need technical support during the adoption process to help them resolve
the complexities and location-specific challenges of managing polycultures. The envi-
ronmentally friendly intensification of banana plantations requires a strategic approach
than simplifies production systems, which is not without its inherent risks and challenges.
Banana plants can be intercropped with various species, with different aims and outcomes.
The main intercropping systems with banana plants are summarized in Table 3.

The use of intercropping in banana plantations has its benefits and drawbacks. How-
ever, there are still some questions that require further analysis, evaluation, and research
results over more harvest seasons, so that the outcomes can be applied to a greater number
of producers. Thus, research in this area should increase, especially considering efforts
to achieve more efficient and sustainable banana plantations. The most significant results
concern weed control and the potential use of intercropping with aromatic species, as well
as the contribution of intercropping to suppressing the Fusarium wilt disease. Intercrop-
ping can also have an important impact on regulating the community and structure of soil
bacteria and fungi and improve the diversity and abundance of soil microbes, which can act
as an insect repellent or have insecticidal properties. The central element of intercropping
is the use of natural resources. However, there is a long way to go before intercropping
systems are more widely adopted in the predominant monoculture system due to their
productive and economic advantages over banana monoculture. These indicators need to
be proven in order to convince a large number of farmers.
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Table 3. Main outcomes reported in banana-based intercropping systems and a model to quantify
the profitability and sustainability of current systems.

Component Crop Outcomes Reference

Green Manures: Cajanus cajans and Crotalaria juncea Greater banana growth [88]

Coffee (Coffea arabica)
Increase economic viability; advantageous for NI,
better LUE efficiency, increase the revenue, high

quality bananas and weed supression
[11,44,47,48,54,66]

Bean (Phaseolus vulgaris)
Bananas appeared more competitive, low banana

productivity and the need for investment in
external inputs

[42,43,65]

Climbing beans (Phaseolus coccineus) and soya
(Glycine max) Reduced banana growth and yield [43]

Onion (Allium cepa) Highest net revenue [45]

Sweet goud (Momordica cochinchinensis), Bitter gourd
(Momordica charantia), red amaranth (Amaranthus
cruentus) and radish (Raphanus sativus)

Lower yield and economic analysis with
maximum cost-benefit ratio [46]

Yacon (Smallanthus sonchifolius) Higher GI and optimizes the use of the area [49]

Aromatic species Additional income, reduce costs and
environmental damage [55,56,59]

Lemongrass (Cymbopogon citratus)

Entry into consumer markets, similar performance
compared with monocropping, reduced weed
control and without the need to select specific

fertilizers for lemongrass

[30,60]

Sweet potato (Ipomoea batatas)
Regulating the structure and compositions and
improving the abundance and diversity of soil

microbial population
[69]

Millet (Panicum miliaceum) Lower number of banana weevil [52,70]

Leguminosae (Canavalia muzzina and
Tephrosia vogelli) Repellent or insecticidal properties [52]

Maize (Zea mays), taro (Xanthosoma sagittifolium) and
gourd (Lagenaria siceraria)

Alter the structure of ant community which
contributes to the control of weevil (Cosmopolites

sordidus)
[71]

Chinese chives (Allium tuberosum) Potential to reduce Fusarium wilt disease [76]

Leguminosae White clover (Trifolium repens) Reduced the incidence of Fusarium wilt disease [68,77,78]

Oil palm (Elaeis gineensis) Sustainable LUE and revenue [50]

Grevillea (Grevillea robusta) Low soil fertility continually restricts production [89]

Rubber (Hevea brasiliensis) Increase in the growth of rubber [95]

Cocoa (Cocos nucifera) Necessity to reduce the density of banana
plantation [43]

Agroforestry systems Optimizzing LUE, diversifying production and
increasing GI [6]

FARMdesign model Disparity in agroecological practices and
socioeconomic constraints [41]
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Abstract: Bactrocera dorsalis (Hendel, 1912) (Diptera: Tephritidae), commonly known as the oriental
fruit fly, is a highly destructive pest that globally infests fruits and vegetables, resulting in significant
annual economic losses. Initially detected in Taiwan Island, it has rapidly expanded its distribution
range to various regions in mainland China since the 1980s, with a continuous northward spread. To
mitigate the damage caused by this pest, extensive efforts have been undertaken to comprehend its
ecological and physiological adaptations and develop management strategies. This review article
provides an overview of the invasion history of B. dorsalis in China, its ecological and physiological
mechanisms facilitating its invasion, and the progress made in understanding its major biological
characteristics. Moreover, the key approaches for managing B. dorsalis that have been or are likely
to be implemented in China are presented, including quarantine measures, monitoring procedures,
physical controls, biological controls, the sterile insect technique, RNA interference, and CRISPR-Cas-
9. Finally, some suggestions for future research directions are provided.

Keywords: B. dorsalis; oriental fruit fly; invasion; biology; IPM; pest management; China

1. Introduction

Tephritid fruit flies are an economically significant pest species globally, including
mainland China [1]. They exhibit endophagous feeding behavior, which causes both
quantitative and qualitative yield reductions. As a result, they pose significant threats to
global fruit and vegetable production [2,3]. The pest affects a broad array of fruit and fleshy
vegetable crops in tropical and subtropical regions. The presence of these pests was first
observed in Taiwan Island, China, in 1912 [4,5]. The genus Bactrocera, which comprises a
minimum of 440 species [6], is primarily distributed throughout tropical Asia, Australia,
and the South Pacific [7,8]. The wide host range, great climate tolerance, and strong
dispersing capacities of these species have led to their spread over the Asia Pacific region
in the last century, covering all of South-East Asia from India to Hawaii [7]. The oriental
fruit fly, Bactrocera dorsalis (Hendel) (Diptera: Tephritidae), is recognized as a destructive
and persistent fruit fly pest. B. dorsalis has been documented to infest over 250 host plant
species [9,10], including mango (Mangifera indica L., Anacardiaceae), banana (Musa spp.,
Musaceae), guava (Psidium guajava L., Myrtaceae), orange (Citrus spp., Rutaceae), papaya
(Carica papaya L., Caricaceae), peach (Prunus persica (L.) Batsch, Rosaceae), grape (Vitis
spp., Vitaceae), pomegranate (Punica granatum L., Lythraceae), lychee (Litchi chinensis
Sonn., Sapindaceae), and longan (Dimocarpus longan Lour., Sapindaceae) [11,12]. Numerous
studies have documented the economic damage caused by B. dorsalis. For instance, a study
carried out in Thailand found that B. dorsalis infestation in mango farms caused an average
annual yield loss of 15.5% [13]. Similarly, in India, fruit fly infestation led to a reduction in
the marketable yield of mango by 25–30% [14]. According to an estimate, guava, sapota,
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citrus fruits, and mango in India, incurred losses equivalent to USD 356 million [15]. This
significant economic loss is attributed to the fruit damage caused by B. dorsalis, which can
affect 30% to 100% of fruits, depending on the season [16].

In addition to yield reduction, B. dorsalis also leads to the quality degradation of
fruits, causing phytosanitary issues and triggering trade restrictions, thereby aggravating
economic losses. A study conducted in Taiwan revealed that the infestation of fruit flies
resulted in trade restrictions on the export of guava to the United States and Japan, leading
to an estimated economic loss of USD 2.5 million per year [17]. These studies demonstrate
the substantial economic losses caused by B. dorsalis and emphasize the necessity for
implementing effective management strategies to mitigate the impact of this insect pest
on horticultural crops. In China, the economic losses caused by the fruit fly pest species
in citrus orchards have been widely reported, especially in Guangdong [18] and Fujian
Provinces of China [1]. B. dorsalis exhibits three to eleven generations per year in China,
with the majority of areas experiencing four to eight generations [8,19]. In the near future,
there is the potential for B. dorsalis to expand into temperate northern and southern areas
of China [20] (Figure 1).

Figure 1. The life cycle of B. dorsalis.
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Keeping in view the severity of the pest, the key objective of the current study is to
review the invasion of B. dorsalis from Taiwan to mainland China and its subsequent expan-
sion. The review will also analyze the biological traits of B. dorsalis that have facilitated the
insect pest’s invasion into new areas. Moreover, the review will provide an overview of the
integrated pest management (IPM) strategies employed in China to control B. dorsalis, en-
compassing quarantine measures, surveillance techniques, physical and biological control
methods, the sterile insect technique, RNA interference, and CRISPR-Cas-9.

2. Dispersion Ecology

2.1. Dispersion of B. dorsalis in China

B. dorsalis was first recorded in Taiwan Island and subsequently invaded Hainan
Island, China, in 1934 [21]. Prior to the 1970s, the species was only rarely detected in
isolated areas in southern China. However, in the 1980s, its population size increased, due
to international trade, resistance to pesticides, abundant host plants, and a lack of natural
enemies (predators and parasitoids), and its distribution area expanded to encompass most
of southern China. In recent years, B. dorsalis has continued to spread, crossing the Yangtze
River and other neighboring areas [22,23]. To predict the potential geographical distribution
of B. dorsalis in China, several techniques have been employed. An analysis based on the
CLIMEX model has indicated that the species’ most suitable habitats are located in Southern
China, including Guangdong, Hainan, and Guangxi Provinces, as well as in Eastern China,
including Fujian, Zhejiang, and Shanghai [19,24]. The analysis revealed that moderately
suitable habitats for the oriental fruit fly were identified in Southwest China, including
Yunnan, Sichuan, and Guizhou Provinces. In contrast, Hunan, Hubei, and Jiangxi Provinces
were found to exhibit relatively low suitability. Furthermore, areas located to the north
of the Yangtze River were deemed unsuitable for the species [7,8]. Subsequent analyses
using the genetic algorithm for rule-set prediction (GARP) ecological niche modeling [25]
and the emergence rate model combined with ArcGIS yielded similar predictions [7,24].
So far, B. dorsalis has effectively colonized the majority of the aforementioned regions
and provinces, encompassing territories beyond the Yangtze River and including Henan
and Anhui Provinces. Anticipated future developments suggest a substantial northward
expansion of its range [26] (Figure 2). The utilization of microsatellite loci analysis unveiled
valuable insights into the origin of oriental fruit fly populations within China, Korea,
Thailand, and Laos [27,28]. These regions are believed to have been among the initial areas
to be invaded by the species. Furthermore, indications suggest that Guangxi Province could
potentially represent another early region of B. dorsalis invasion. The observed genetic
differentiation in the hierarchical model using nad1, nad5, Cytb, and concatenated sequences
among the various populations of B. dorsalis in China exhibited substantial levels, implying
that this invasive pest might have entered China through two distinct invasion routes.
The initial route likely originated in Southeast China, leading to subsequent spread into
the provinces of Fujian, Taiwan, Guangdong, and Hainan. The second route is thought
to have originated in Southwest China, resulting in subsequent dissemination into the
provinces of Sichuan, Yunnan, Guangxi, Guizhou, and Hunan, as corroborated by the
findings presented in previous studies [29,30].
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Figure 2. Distribution of B. dorsalis in China. The map information was produced using the geospatial
data cloud https://www.gscloud.cn (accessed on 19 August 2023) and datav.aliyun.com (accessed on
19 August 2023). The spatial analysis was accessed through ArcGIS version (10.7) and Mapshaper,
which were applied on 19 August.

2.2. Key Factors in the Invasion of B. dorsalis

Over the past few decades, numerous research studies have been published on B. dor-
salis, with a particular focus on understanding key contributors that help the pest to invade
different regions. These studies have investigated various aspects of the insect, including
its aggressive reproductive behavior, tolerance to stressful ecological niches, and resilience
to chemical pesticides. By examining these factors, researchers aim to understand the mech-
anisms driving the successful invasion of B. dorsalis and develop effective management
strategies. Following is a detailed review of all the factors that make B. dorsalis a highly
invasive insect, particularly in China.

2.2.1. Aggressive Reproductive Behavior

One of the reasons for the successful invasion of B. dorsalis is attributed to its reproduc-
tive behavior. The pest shows a unique phenomenon of remating in female flies [31], which
enables the pest to acquire supplementary material from male accessory gland products
E-coniferyl alcohol (ECF) and dimethoxyphenol (DMP), particularly when males have fed
on methyl eugenol (ME). These sequestered components can enhance the overall fitness
of female flies and contribute to their successful establishment in new environments. The
phenomena have also been observed in female B. dorsalis [32,33]. Studies have found that
female B. dorsalis, due to multiple mating, tend to have increased fecundity. One study
reported that approximately 50% of the B. dorsalis population re-mated and exhibited sig-
nificantly higher fecundity compared to single-mated females [34]. The remating potential
could play a significant role in the rapid population growth of B. dorsalis in natural habi-
tats [35,36]. Group housing, which refers to the social living and interaction of insects, is
another reproductive behavior that also plays a role in reproductive success. Group housing
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has been shown to enhance mating frequency and success in arthropods [37]. Recently,
studies have shown that group housing has a positive impact on mating and chemical cue
sensitization in several insect species, including B. dorsalis [38,39]. Studies have reported
that group-housed flies exhibit higher mating rates compared to those housed in individual
containers. Additionally, group housing creates a more natural social environment for
the flies, which stimulates reproductive behavior and increases the chances of successful
mating. Furthermore, this social interplay has been found to increase the sensitivity of
B. dorsalis to chemical cues [40]. This is important for the development of new manage-
ment options, as chemical cues are often used to attract and trap fruit flies in the field. In
group-housed insects, exposure to the pheromones and other volatile chemicals released
by conspecifics leads to an increased sensitivity to these cues, which could enhance their
efficacy in trapping and monitoring programs. Additional research is needed to fully
understand the underlying mechanisms of social interactions, as well as their practical
implications for fruit fly management [39]. In another study, the effect of cis-vaccenyl
acetate (cVA), a pheromone commonly found in Drosophila [41], on the mating behavior
of B. dorsalis was investigated. These results showed that low levels of cVA had a positive
impact on the mating rate of B. dorsalis [39], whereas high levels had an inhibitory effect.
This finding implies that cVA may play a role in regulating mating behavior not only in
Drosophila but also in other insect species [42].

Another study has found that group housing conditions had a positive impact on the
mating rates and cVA-mediated behaviors of fruit flies [43]. These effects were shown to be
dependent on the activity of the CREB (cAMP response element-binding protein) binding
protein (CBP), which regulates gene expression and interacts with CREB. In other words,
the presence of other insects in the group setting influences the responses of B. dorsalis to
cVA, leading to altered mating rates and behaviors [44]. This study highlights the potential
benefits of group housing for enhancing mating behaviors and cVA-mediated responses in
B. dorsalis [45]. Further research may be needed to fully understand the mechanisms behind
these effects and their practical implications in fruit fly management programs (Figure 3).

Figure 3. Key factors involved in the invasion biology of B. dorsalis.
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2.2.2. Survival in Stressful Environments

B. dorsalis is a highly adaptable species, capable of thriving in a broad geographical
range and a diverse set of environmental conditions [46]. With reference to the temperature
fluctuations, B. dorsalis demonstrates a remarkable tolerance, with its eggs displaying a
high level of resistance to high temperatures and its pupae exhibiting a remarkable ability
to withstand low temperatures, especially at the pre-overwintering stage [8,47]. The cold
hardiness of future generations of B. dorsalis can be influenced by the host plant they feed
on during their larval stage [48]. Physiological mechanisms responsible for the tolerance of
B. dorsalis to extreme temperatures have been the subject of investigation. Studies suggest
that a multitude of oxidoreductases, binding proteins, and transferases are present in
large amounts in adults subjected to high and/or low temperatures, providing a form of
physiological protection [49,50]. Moreover, antioxidant enzymes, superoxide dismutase
(SODs), likely play a key role in mitigating oxidative damage in B. dorsalis under thermally
stressed conditions [51,52]. Also, B. dorsalis can survive in a wide range of humidity levels,
with its larvae and pupae thriving and developing in a broad range of moisture content [53].
The larvae of B. dorsalis exhibit a remarkable ability to reduce their weight within two
hours when exposed to a dry environment, which highlights its resilience under severe
conditions. This rapid response to changes in their environment sets them apart from other
insect species. On the other hand, the pupae of B. dorsalis show an ability to survive in wet
environments. In a study, it was found that more than 50% of the B. dorsalis pupated in
soils with moisture levels between 80 and 100% [54]. Despite the low adult emergence from
the highly moist soils, the pupation in highly wet environments shows the resilience of the
developmental stages to highly stressful conditions [54]. Thus, the survival of B. dorsalis
under stressful regimes serves as one of the important reasons for its success.

2.2.3. Development of Insecticide Resistance

The management of B. dorsalis is typically achieved through chemical insecticides.
However, the extended and frequent use of certain synthetic chemicals has led to the evo-
lution of high levels of insecticide resistance in this species, resulting in more destructive
outbreaks [55,56]. For example, studies have shown that populations of the oriental fruit
fly in Guangdong, China, as well as in many other parts of the world, developed a high
level of resistance to trichlorfon between 2007 and 2020 [8,56,57]. In recent years, resistance
to other insecticides such as malathion, β-cypermethrin, and abamectin has also been
observed [58,59]. The situation has become particularly critical in Hubei, China, where
high resistance to cyantraniliprole, a newly developed anthranilic diamide insecticide,
has been reported for many insects [60,61]. Various studies have been conducted to in-
vestigate the underlying mechanisms and biochemical processes involved in insecticide
resistance development. Experiments have revealed that resistance in B. dorsalis is primarily
due to increased detoxification mechanisms, including upregulation of cytochrome P450
monooxygenases (P450s), glutathione S-transferases (GSTs), carboxylesterase (CarEs), and
insensitivity of acetylcholinesterase (AChE) [62,63]. In addition, physiological resistance,
characterized by elevated digestive enzyme activities, has been implicated in resistance
development in B. dorsalis [55]. Furthermore, the structural features of the cuticle and the
interspace between epidermal cells might play a role in the cuticular penetration of insecti-
cides [58]. Advances in molecular techniques, including heterologous expression and RNA
interference, have facilitated the functional characterization of various resistance-related
genes in B. dorsalis. For instance, overexpression of three esterase genes has been linked to
malathion resistance in this insect species [64,65]. The rapid development of insecticide re-
sistance in B. dorsalis represents one of the important reasons for its success, posing a major
challenge to current pest management strategies and necessitating the implementation of
innovative approaches for its effective control.

161



Horticulturae 2023, 9, 1004

3. Research on B. dorsalis Biology in China

Development studies of B. dorsalis have focused on various life stages, character-
izing the developmental period, growth rate, and morphological changes [66,67]. The
reproductive biology of this insect has also been extensively studied, focusing on mating
behavior, female remating, egg-laying behavior, and egg survival [68,69]. Regarding chemi-
cal resistance, the evolution of high levels of insecticide resistance in B. dorsalis has been
documented in recent years [8,70]. The biochemical and molecular mechanisms underlying
this resistance have been extensively studied. Research has focused on the increased detox-
ification by cytochrome P450 monooxygenases (P450s), glutathione S-transferases (GSTs),
and carboxylesterase (CarEs) [59,71,72]. Physiological resistance, specifically high digestive
enzyme activities, has also been implicated in resistance development. Furthermore, recent
research has characterized resistance-related genes using heterologous expression and RNA
interference techniques [62]. Studies on the associations between B. dorsalis and symbionts
have also been conducted to determine their effects on the insect’s fitness and survival. For
instance, research has revealed the benefits of gut symbionts in nutrient acquisition and
defense against pathogens [73], expanding our understanding of the complex interactions
between B. dorsalis and its symbionts. Research on B. dorsalis in China has provided valu-
able insights into the development, reproduction, chemical resistance, communication, and
symbiotic associations of this economically important pest.

3.1. Exploration of Molecular Mechanisms

To gain insights into the molecular mechanisms underlying this regulation, researchers
have cloned several key genes involved in the ecdysone biosynthesis pathway from this
insect. Specifically, the cloning of ecdysteroid biosynthetic genes Cyp302a1, Cyp315a1,
and Cyp314a1, along with the ecdysone receptor gene EcR-B1, has significantly advanced
our knowledge in this area [74,75]. The cloning of these genes has facilitated a deeper
understanding of how ecdysteroids, specifically 20-hydroxyecdysone (20E), regulate the
development of fruit flies. The 20E hormone interacts with the EcR-B1 receptor, which
activates a series of downstream target gene expression cascades, leading to cellular pro-
cesses such as cell proliferation, differentiation, and apoptosis. The genes involved in
this process serve as potential molecular targets for the control of this pest [76,77]. The
identification of these genes highlights the importance of ecdysteroid signaling in oriental
fruit fly development and opens possibilities for utilizing these targets in pest management.

The cloning and characterization of chitin metabolic pathway genes have received
significant attention in recent years in B. dorsalis research. Key enzymes in the chitin
biosynthesis pathway, namely chitin synthases CHS1 and CHS2, have been cloned and
their expression profiles analyzed [78]. Among them, a specific splicing variant of CHS1,
CHS1a, shows prominent expression during the larval–pupal and pupal–adult transitions.
Knockdown of CHS1a expression using RNA interference (RNAi) results in significant
phenotypic defects and mortality in treated larvae [78]. Furthermore, the CHS2 transcript
is predominantly found in the larval midgut [79], and its expression is positively corre-
lated with the total chitin content during the insect’s development. Other crucial enzymes
involved in the chitin biosynthesis pathway, such as glucose-6-phosphate isomerase and
UDP-N-acetylglucosamine pyrophosphorylase, have also been cloned and characterized in
drosophila [80]. RNAi-mediated knockdown of their expression leads to larval death and
abnormal phenotypes. Moreover, chitinase, an enzyme responsible for chitin degradation
and starvation, has been identified and characterized in B. dorsalis as well [81]. Moreover,
the significance of the bHLH transcription factor gene, pipsqueak, in the proper regulation
of molting in fruit flies has been demonstrated [82]. In the context of cell growth and
metabolism regulation, B. dorsalis has an identified ortholog of the target of rapamycin
(TOR), a crucial kinase [83]. Furthermore, the evaluation of heat shock proteins 83 and 90
(Hsp 83, 90) has revealed its role in stress response and stress resistance, fecundity, and
longevity as its gene expression is upregulated following exposure [84,85]. Furthermore,
studies have interpreted the regulation of ecdysteroid hormone biosynthesis in B. dorsalis.
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The ecdysone biosynthetic gene, cytochrome P450 monooxygenase (Cyp307a1), was iden-
tified, and its expression has been shown to be regulated by 20-hydroxyecdysone (20E)
and juvenile hormone (JH) [86]. Moreover, the presence of the hormone ecdysone and its
receptor, ecdysone receptor, has been confirmed in B. dorsalis [87,88].

In addition to these findings, research has demonstrated the crucial role of digestive
enzymes in the growth and development of B. dorsalis. Fourteen genes encoding diges-
tive enzymes, including alpha-amylases, proteases, and chitinases, have been successfully
cloned [89]. It has been observed that these enzymes are regulated by 20E, JH, and insulin
signaling pathways, further emphasizing their significance in the development of the
mosquito and oriental fruit fly [90,91]. Moreover, comparative transcriptomic analyses
have been conducted to reveal differentially expressed genes (DEGs) between B. dorsalis
and its relatives [47]. These DEGs have yielded essential information concerning the molec-
ular mechanisms of fruit fly development and adaptation, including ecdysone signaling
pathways [92], cuticle biosynthesis [78], and insulin signaling [91]. Further studies have
uncovered the molecular mechanisms of the B. dorsalis immune system, including peptido-
glycan recognition proteins (PGRPs) [93,94], the phenoloxidase pathway [95], and toll-like
receptor signaling [96,97]. Similarly, recent advancements in CRISPR-Cas9 technology have
facilitated precise editing [98] of specific genes in B. dorsalis [99,100]. These findings have
opened new opportunities for functional genomics research and gene-based control strate-
gies for this insect pest. Furthermore, proteomics and metabolomics analyses have been
conducted to comprehend the molecular mechanisms [101] underlying B. dorsalis growth
and reproduction [102]. These studies have provided vital information on the molecular
pathways and metabolites involved in insect development and adaptation. This knowledge
could further assist researchers in devising innovative pest management approaches.

3.2. Reproductive Biology

Research has been conducted to understand the molecular mechanisms behind B.
dorsalis mating behavior. Several neuropeptides and neurohormones involved in regu-
lating insect reproductive behavior were identified in B. dorsalis, including corazonin,
prothoracicotropic hormone, and allatostatin [103,104]. These neuropeptides play critical
roles in regulating various physiological processes such as reproduction, growth, and
metabolism. Furthermore, the identification of the gene encoding the alpha subunit of the
cGMP-dependent protein kinase in B. dorsalis demonstrated its importance in regulating
mating behavior [105,106]. Studying the receptor genes responsible for these signaling
pathways would offer valuable insights into the molecular basis of B. dorsalis mating be-
havior. Studies focusing on the odorant receptors in B. dorsalis have been conducted. The
identification of the genes encoding odorant receptors, Orco, was crucial in understanding
the molecular mechanisms behind oriental fruit fly olfactory behavior and mate recogni-
tion [107,108]. Furthermore, studying the interactions between odorant receptors and their
ligands, as well as the mechanisms of signal transduction in the antenna, would pave the
way for developing pest management approaches in the future. The role of hormones
in B. dorsalis female reproduction has been extensively investigated. Juvenile hormone
(JH) plays a critical role in regulating reproduction, flight capabilities, and ecdysis in B.
dorsalis. The biosynthesis, regulation, and function of JH in B. dorsalis have been thoroughly
studied, and the genes responsible for JH synthesis and degradation have been cloned and
characterized [86,109]. Furthermore, the 20-hydroxyecdysone (20E) pathway is another
important hormonal pathway in B. dorsalis, and it has been found to play a vital role in
regulating female reproduction by stimulating the biosynthesis of vitellogenin and other
reproductive proteins [90,91].

Furthermore, miRNAs play a critical role in regulating B. dorsalis female reproduction
through post-transcriptional regulation of target genes. Several miRNAs involved in
the regulation of vitellogenin synthesis, oocyte maturation, and egg production have
been identified [110,111]. The molecular mechanisms underlying the female maturation
process in B. dorsalis have been studied. Critical factors in female maturation include
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genes involved in cuticle formation and sclerotization, ecdysteroid signaling, and ecdysone
receptor signaling [87,112]. To date, the molecular mechanisms underlying the female
sexual maturation process in B. dorsalis have been studied. Critical factors in female sexual
maturation include genes involved in cuticle formation and sclerotization, ecdysteroid
signaling, and ecdysone receptor signaling. Ongoing research on the reproductive biology
and behavior of B. dorsalis is expected to yield more important findings in the near future.
The discovery of additional genes and molecules involved in the regulation of B. dorsalis
growth, development, and behavior could offer new strategies for developing effective
means of controlling this significant pest [113].

3.3. Functional Analysis of Host Volatile Receptors

The role of volatiles in attracting B. dorsalis to crops has been well established, and
partial characterization of the mechanisms of volatile detection and processing in the insect
has been achieved [107,114]. However, further research is necessary to fully comprehend the
complex interplay between the insect and volatile semiochemicals. This will entail a deeper
exploration of the expression and function of genes involved in volatile detection, as well as
identifying new semiochemicals and developing novel control strategies. The major volatile
components of mango fruit that attract B. dorsalis have been identified, including hexanal,
(E)-2-hexenal, (Z)-3-hexen-1-ol, and (E,E)-2,4-hexadienal [115,116]. The attractant activity
of these volatiles was demonstrated through laboratory and field tests [117]. Similarly,
other studies have identified attractive volatile components from other fruits, such as
banana [118,119]. These findings have important implications for the development of
attractive semiochemical-based control actions for B. dorsalis.

Volatile organic compounds (VOCs) from ripening fruit play a crucial role in attracting
B. dorsalis. The interaction between these volatile compounds and the insect olfactory sys-
tem has been extensively studied. Detection involves the diffusion of volatile compounds
into the sensilla located on the antenna, which has numerous pores [120,121]. These pores
facilitate the absorption of VOCs by odorant-binding proteins (OBPs) within the sensilla,
which are subsequently transferred to the odorant receptors (ORs) located on the sensory
neurons [122]. Using RNAi and electrophysiology techniques, researchers have been able
to identify a variety of proteins involved in this process, including OBPs, chemosensory
proteins (CSPs), ionotropic receptors (IRs), sensory neuron membrane proteins (SNMPs),
and the odorant receptor co-receptor (ORCO) [123,124]. Silencing certain genes, such as
OBPs, CSPs, and ORCO, has been shown to significantly decrease the electrophysiological
response of the antennae [125,126]. In contrast to the genes primarily expressed in the
antennae, there are other genes that are expressed both in classical olfactory and non-
olfactory organs, or only in non-olfactory organs like the head, legs, and abdomen [127].
Further research is needed to better understand the role of these genes in attracting the
oriental fruit fly to ripe fruit, which holds promise as a fruitful area for future study. As
the interaction between B. dorsalis and the volatile compounds from ripening fruit is a
complex and well-studied process, further research into the specific genes and proteins
involved could improve our understanding of how insects are attracted to certain fruits
and potentially lead to more effective agricultural pest control.

3.4. Gut Microbiota

The gut microbiota of insects is not only important for the health and survival of
insects but also has the potential to impact the environment and human health [128].
Recent studies have shed light on the gut bacterial community of B. dorsalis and the role
they play in insect fitness [129,130]. A study revealed that adult oriental fruit flies harbor
a stable gut bacterial community dominated by Enterobacteriaceae, Klebsiella, Citrobacter,
Enterobacter, and Pectobacterium [131,132]. Bacterial diversity was found to be influenced by
the type of food. These gut bacteria are believed to indirectly contribute to host fitness by
preventing the establishment or proliferation of pathogenic bacteria. Further investigations
into the role of the Duox gene in regulating the gut bacterial community homeostasis of
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B. dorsalis [133,134] revealed that the suppression of the Duox gene leads to an increased
bacterial load and a decreased relative abundance of Enterobacteriaceae and Leuconostocaceae
in the gut. Hence, Duox plays a key role in maintaining the stability of the gut microbiome.
Recent studies have demonstrated the significance of gut microbiota in the life history of B.
dorsalis [135,136]. Research has shown that these bacteria play a crucial role in regulating the
gut homeostasis of B. dorsalis, preventing the establishment and proliferation of pathogenic
bacteria [133,137]. Some bacteria, Bacillus cereus and Enterococcus faecalis, are able to secrete
volatile compounds that are capable of attracting fruit flies, suggesting that these bacteria
may be potential biocontrol agents, i.e., microbial attraction baits [138].

Research on the reproductive system of female B. dorsalis found Enterobacter sakazakii
and Klebsiella oxytoca as the dominating bacterial species [139]. Culture-dependent (involv-
ing isolation and microbial culture) and culture-independent techniques (using molecular
techniques—without cultivation) have also been used to survey the gut and reproduc-
tive tract of B. dorsalis, revealing diverse bacterial communities in fruit flies [140]. These
communities are dominated by Enterobacteriaceae, Klebsiella, Citrobacter, Enterobacter, and
Pectobacterium [141]. These findings provide new insights into the role of gut microbiota in
insect reproduction. In the reproductive system of female B. dorsalis, Enterobacter sakazakii
and Klebsiella oxytoca are the dominant bacterial species [139,142]. These findings provide
new insights into the complex interactions between the oriental fruit fly and its associated
bacteria, highlighting their importance in the biology of the insect [143]. Further research is
needed to better understand the mechanisms underlying these interactions and their role
in the survival and fitness of B. dorsalis.

3.5. Detection and Infestation of B. dorsalis

B. dorsalis has the potential to expand and infest the northern and southern regions,
making it a significant quarantine pest in China [8]. To effectively manage this pest, a
comprehensive approach, including quantitative risk assessment, is necessary. Given its
ability to spread through the transportation of infested fruit, strict quarantine measures
must be implemented to prevent its spread to new areas. Detection of B. dorsalis can be
accomplished through a combination of morphological identification, acoustic detection,
and molecular detection [125,144]. To eliminate infestations, thermal treatment of infected
fruit is recommended. Research has shown that treating fruit at 60 ◦C for 2 h or 45 ◦C for
5 h effectively kills all fruit flies inside [145,146], and this technique can be implemented
at quarantine check points to treat infested fruit. The fly can cause significant damage to
a wide range of fruit crops, leading to substantial economic losses for farmers. Its rapid
spread has been attributed to its ability to adapt to new environments, high reproductive
potential, and resistance to chemical insecticides [147,148]. Strict quarantine measures have
been implemented in China to prevent the spread of B. dorsalis, including surveillance
programs to detect the fly’s presence and thermal treatment systems to eliminate fruit
infestations. In one study, B. dorsalis larvae in navel oranges were exposed to 1.2 ◦C
for 15 days, which resulted in 99.99% larval mortality, hence making it one of the best
commercial quarantine treatments [149]. Similarly, the effectiveness of other treatment
measures has been studied in recent literature articles [4,8]. Moreover, as a significant
quarantine pest in China, B. dorsalis requires comprehensive management strategies to
control its spread. Quarantine measures, implementation of surveillance programs, and
cold and thermal treatment of infested fruit have shown promising results in controlling
the spread of B. dorsalis [150,151].

4. Pest Management

4.1. Mass Trapping

B. dorsalis could be mass-trapped using pheromone and food-based baits. Various
pheromones and scent-based compounds, including synthetic para-pheromones or male
lures such as methyl eugenol (ME), have been developed to attract and control B. dorsalis.
These compounds mimic the natural pheromones produced by melon and oriental fruit

165



Horticulturae 2023, 9, 1004

flies. These pheromones are used to attract and trap male flies, allowing for population
monitoring and infestation assessment [152]. E-coniferyl alcohol (E-CF) has also been
found to be effective in attracting female B. dorsalis [69]. A comprehensive investigation on
current resistance and lure tolerance to fruit flies [153] assessed the response of B. dorsalis
males to non-ME lures. The experiment evaluated the mating and lure response of non-ME-
responding (NMR) and non-responding lines (NRLs) of B. dorsalis males. Results showed
that NMR males had higher mating success rates compared to NRL males and exhibited
a greater attraction to non-ME lures, which have been implicated in the development of
tolerance mechanisms among B. dorsalis populations [153,154].

Another research revealed that B. dorsalis causes significant economic losses in the
fruit and vegetable industry by laying eggs inside hosts. Chemical controls are not very
effective due to the pest’s cryptic feeding habits, strong flight ability, and resistance to
insecticides. Olfaction-based trapping using ME has been the most cost-effective tool for
monitoring and controlling B. dorsalis populations for seven decades [69,123]. However,
laboratory selection for ME responsiveness has resulted in the non-responsiveness of B.
dorsalis, which may lead to the recolonization of the pest in some areas [155]. The study
aimed to determine the levels of ME responsiveness in B. dorsalis field populations in
China [153,154]. Results showed that the field populations had lower ME sensitivity
compared to the susceptible strain, possibly due to odorant binding protein (BdorOBP2,
BdorOBP83b), and P450 gene expressions in olfactory organs [154]. Protein-based baits
and food odors, such as yeast, vinegar, and fermentation products, can also attract both
male and female oriental fruit flies. These baits can be combined with pheromones to
increase trap efficacy [156]. Visual attractants, such as brightly colored sticky traps, can
also be used to attract oriental fruit flies, and they can complement other attractants for a
more comprehensive monitoring and control approach [114,157]. It is important to note
that attractants can be species-specific, and the most effective ones for B. dorsalis may vary
based on environmental conditions and other factors. Following are the steps involved in
bait-based physical control techniques for managing B. dorsalis infestations: (a) Monitoring:
It includes observations and record-keeping of the presence, distribution, and abundance of
B. dorsalis in affected areas. (b) Selection of bait material: It includes selection of appropriate
bait material, such as food-based baits (fishmeal or yeast hydrolysates, ME, raspberry
ketone, cue lure, honey, or molasses) that have been successful in attracting fruit fly species.
(c) Formulation of bait: It includes formulating the selected bait material into an attractive
and easily dispersible form by adding a food-grade preservative for shelf-life extension and
a hydroscopic agent to maintain its moisture content. (d) Deployment of baits: It involves
deployment of the baits using various methods, including bait stations, bait trees, or spray
applications, depending on the specific circumstances of each situation. (e) Collection and
disposal of captured fruit flies: It involves regular monitoring to assess the effectiveness of
the bait and removing and disposing of captured fruit flies to prevent escape and further
spread. (f) Evaluation: It includes assessing the success of the bait-based physical control
technique by monitoring oriental fruit fly population levels over time and comparing pre-
and post-treatment populations to determine the reduction in the number of fruit flies.

4.2. Biological Control

Parasitoids, hymenopteran wasps, lay their eggs inside hosts, consuming them from
the inside and leading to their death. Fopius arisanus (Sonan), a species of egg parasitoid,
targets B. dorsalis [8]. As a potential biological control agent, F. arisanus effectively parasitizes
the host eggs and reduces the pest population [158]. It is well-adapted to tropical and
subtropical environments, distributed throughout Asia, Africa, and the Pacific region [159].
Utilizing F. arisanus offers advantages over chemical pest control, including specificity to
the target pest, conservation of beneficial insects, and long-term sustainability [160]. In
order to effectively utilize F. arisanus for biological control, it is important to understand its
biology, behavior, and life cycle, as well as its interactions with the host and other factors
that may affect its efficacy. Researchers have also developed mass rearing for F. arisanus to
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produce large numbers of individuals for release into the field. F. arisanus is a promising
biological control agent for the oriental fruit fly, offering a sustainable and environmentally
friendly approach to managing this destructive pest [161]. Another parasitoid, Spalangia
endius (Walker) (Hymenoptera: Pteromalidae) is a solitary endoparasitoid that attacks fruit
fly pupae, including B. dorsalis. This wasp lays its eggs inside the pupae, and the emerging
larvae consume the host pupae from within, killing the fruit fly [162]. Using S. endius for
the biological control of B. dorsalis has advantages over other methods. It is highly specific
in targeting fruit fly pests and does not harm beneficial insects. Field trials have shown that
this parasitoid can effectively reduce the number of B. dorsalis adults, thereby minimizing
crop damage [163,164]. To effectively use S. endius for biological control, understanding
the biology and behavior of both the wasp and the fruit fly is crucial. The timing of wasp
releases is critical in achieving maximum parasitism rates. In general, releases should
coincide with the emergence of fruit fly pupae, which is the stage at which S. endius lays
its eggs. Releasing large numbers of parasitoids can help control fruit fly populations in a
targeted area [165,166] (Table 1). Viruses, bacteria, and fungi can also infect and be lethal to
the fruit fly adult and larvae [137]. Among the pathogens studied for use against B. dorsalis,
viruses, especially baculoviruses, have been found to be highly virulent to fruit fly species.
They have demonstrated effectiveness in reducing fruit fly populations in both laboratory
and field studies.

Baculoviruses are insect-specific viruses that replicate within the insect host and cause
death. Among the baculovirus isolates identified and characterized, the nuclear polyhe-
drosis virus (NPV) has been found to be highly virulent to several insect species [167,168].
NPV studies have demonstrated its ability to reduce the number of fruit fly individuals in
laboratory and field settings, thereby decreasing the damage caused by this pest. Moreover,
NPV is safe for the environment and non-target organisms, making it a promising option
for fruit fly management [169]. However, it is important to note that using pathogenic mi-
croorganisms, including viruses, for insect pest management is still in its early stages, and
more research is needed to fully understand their potential and limitations. Baculoviruses,
particularly NPV, have shown potential for controlling B. dorsalis, and further research is
needed to integrate them into pest management programs effectively. The entomophagous
fungus Beauveria bassiana (Sordariomycetes: Clavicipitaceae) is an entomopathogenic fun-
gus that is known to be an effective biological control agent against B. cucurbitae. This
fungus infects the insects and causes mortality [170]. In China, B. bassiana effectively
controlled B. dorsalis, achieving a mortality rate of over 80% in laboratory experiments.
Similarly, another study showed that B. bassiana effectively reduced the population density
of B. dorsalis in the field [171,172]. B. bassiana can be used as a biological control agent in
several ways: (1) Inoculative releases: This involves releasing large numbers of fungal
spores (conidia) into the environment, which then infect the insects. This approach is most
effective when used in conjunction with other management strategies, such as the use
of pheromones or host-plant resistance. (2) Injection or spraying: This process involves
injecting or spraying a suspension of conidia directly onto the insects, causing them to
become infected. (3) Formulations: B. bassiana can also be formulated into granules or
dusts that can be applied to the host plants or environment, where they will encounter the
insects. The entomopathogenic bacterium Bacillus thuringiensis (Bt) is a naturally occurring
soil bacterium that produces a toxic crystal protein effective against many insect pests,
including B. dorsalis [173]. Entomopathogenic nematodes are parasitic roundworms that
can infect and kill fruit fly larvae [174]. Further research and understanding of biology will
improve their integration into pest management programs (Table 1).
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Table 1. Natural enemies of B. dorsalis.

Bio-Control Agents Name of Species Host Stages Reference

Predator Oecophylla longinoda Pupa/larva [175]
Pachycrepoideus
vindemmiae Larva/pupa [176]

Parasitoids Fopius arisanus Egg [177]
Psyttalia cosyrae Larva-pupal [178]
Diachasmimorpha
longicaudata Larva [178]

Nematodes Heterorhabditis taysearae Larva/pupa [176]
H. indica Larva/pupa [179]
Steinernema sp Larva/pupa [180]

4.3. Sterile Insect Technique (SIT)

The sterile insect technique is a promising biological control for Bactrocera species,
with a proven track record of success in various countries worldwide. It is a sustainable
and eco-friendly method of pest management that complements other control strategies,
providing long-term control of this economically important insect pest. The technique has
been used for decades to manage various insect pests, including B. dorsalis, commonly
known as the oriental fruit fly. SIT involves mass-rearing and sterilization of male insects,
which are then released into the wild to mate with females. Mating with sterilized males
leads to the laying of eggs by female insects that do not hatch, ultimately leading to a
decline in the pest population [8,181]. This technique was first employed in the 1950s to
control the screwworm, Cochliomyia hominivorax, in the southern United States and has
since been effectively utilized against various other insect pests worldwide. Fruit flies,
including B. dorsalis, have been successfully managed using SIT in several countries, such
as China, Australia, and Hawaii [182,183]. For instance, in Hawaii, SIT was implemented in
the early 2000s to manage oriental fruit fly outbreaks in the state’s agriculture industry. The
program’s success resulted in a significant decline in the pest population [184]. In Australia,
SIT has been incorporated into integrated pest management to control Mediterranean
fruit fly C. capitata populations in the country’s horticulture industry [185]. The genetic
sexing strain is a technique utilized to manipulate the sex ratios of a population, leading
to more effective and efficient pest management. It has been successfully applied world-
wide, including China, to manage B. dorsalis. This technique employs a genetic marker to
distinguish between male and female fruit flies. By releasing only sterilized males into the
environment, the population growth of the pest can be suppressed without the need for
chemical insecticides [186].

In China, researchers have developed a genetic sexing strain for B. dorsalis using the
temperature-sensitive lethal (tsl) mutation. This mutation causes the death of females at a
certain temperature, enabling the separation of male and female fruit flies [187]. The genetic
sexing strain has been proven effective in suppressing the population growth of several
fruit fly species in field trials [188]. This technique has also been applied to manage fruit
flies in other countries, including Australia and Thailand [13,185,189,190]. These studies
demonstrate the potential of the genetic sexing strain as an integrated pest management
tool for managing tephritid fruit flies.

4.4. Molecular Control

The management of B. dorsalis is challenging due to its high resistance to insecticides.
To overcome this challenge, it is crucial to identify new targets for insect pest control.
Transient receptor potential (TRP) channels play a crucial role in various physiological
processes in insects, including nociception, thermo-sensation, and olfaction [191,192]. In
recent years, there have been extensive studies on the identification and characterization
of TRP channels in various insect species, including B. dorsalis. In one study [192], 15 TRP
channel genes were identified in the genome of B. dorsalis. The expression patterns of these
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genes were analyzed in different tissues, such as the antennae, brain, midgut, Malpighian
tubules, and fat body. The results revealed that TRP channels were differentially expressed
across various tissues, with some TRP genes being predominantly expressed in specific
tissues. Additionally, another study [193] investigated the role of TRP channels in in-
secticide resistance in insects. They used RNA interference (RNAi) to knock down the
expression of TRP channels in B. dorsalis. The findings showed that knockdown of TRP
channels significantly reduced insecticide resistance in B. dorsalis, suggesting the potential
utilization of TRP channels as targets for insect pest control [194,195]. The identification,
characterization, and expression analysis of TRP channel genes in the oriental fruit fly will
provide crucial information for the development of new and effective strategies for the
management and control of this pest.

4.5. RNA Interference (RNAi)

RNA interference (RNAi) is a highly effective technique for gene silencing through the
use of double-stranded RNA (dsRNA) [196]. It has shown promise in knocking down insect
pests as a more environmentally friendly option. Previous studies have demonstrated
successful silencing of genes rpl19, v-ATPase-D, noa, and rab11 in adult B. dorsalis through
the feeding of corresponding dsRNA. Other potential target genes involved in midgut
digestion and detoxification have also been identified [197,198]. However, using RNAi for
controlling the oriental fruit fly faces challenges, including effectively delivering dsRNA to
the insect and potential risks to non-target organisms. The delivery of dsRNA has not been
fully implemented yet, and the possible impacts on non-target organisms and host fruits
and vegetables must be carefully considered. There is a risk of reducing the expression of
genes in natural enemies and other beneficial insects due to the high similarity in rpl19
sequences between these insects and B. dorsalis. Therefore, minimizing the impact of dsRNA
on non-target insects and host fruits and vegetables is a priority in ongoing efforts to use
RNAi for controlling B. dorsalis. In a research article addressing the problem of insecticide
resistance in B. dorsalis, a global pest affecting various crops, researchers focused on the
role of UDP-glycosyltransferases (UGTs) in resistance development [199]. These enzymes
are involved in metabolically processing both plant secondary metabolites and synthetic
insecticides. The study identified 31 UGT genes in the genome of B. dorsalis, with 12 of
them highly expressed in key tissues such as the antennae, midgut, Malpighian tubules,
and fat body. Furthermore, exposure to four different insecticides caused a significant
upregulation of 17 UGT genes. To investigate further, RNA interference was used to knock
down five selected UGT genes, resulting in reduced oriental fruit fly mortality in response
to insecticides from 9.29% to 27.22% [200].

4.6. CRISPR-Cas9

The clustered regularly interspaced palindromic repeat (CRISPR-Cas9) system is a
revolutionary tool for precise and efficient genome editing in various organisms [201].
In a study of B. dorsalis, researchers targeted a specific gene known as the Sex Peptide
Receptor (Bdspr) using CRISPR/Cas9 technology [100]. The Bdspr gene plays a critical role
in the regulation of female reproduction, including ovary development and egg laying. By
introducing mutations into this gene, the researchers aimed to examine its effects on female
fecundity and reproductive functions in B. dorsalis. Several research experiments showed
that CRISPR/Cas9-mediated disruption of the Bdspr gene, when the insects were fed with
the ds-spr gene, led to significant changes in the number and size of ovarioles, a reduction
in the number of eggs laid, and a decrease in overall female fecundity. This indicated the
importance of the Bdspr gene in the normal functioning of the female reproductive system
in B. dorsalis. The study also demonstrated that the CRISPR/Cas9 system is an effective
tool for studying gene function and disrupting specific genes in insects. In the future,
this information could potentially be used to develop new strategies for controlling the
population of oriental fruit flies, a major agricultural pest causing significant damage to
crops worldwide [100,202–204]. The CRISPR/Cas9-induced mutation of the Bdspr gene
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in the oriental fruit fly underscores the significance of this gene in female reproduction
and highlights the potential of genome editing technology for advancing the field of insect
pest management.

In another study focused on understanding the functional role of the white gene
in pigmentation in B. dorsalis, the white gene was cloned, and knockout strains were
created using the CRISPR/Cas9 genome editing system. The results revealed that the
mutants lost pigmentation in the compound eye and their head spots. Further analysis
using quantitative reverse-transcription PCR showed lower expression levels of the Bd-
yellow1 gene in the head of mutants compared to the wild-type strain, while there were
no significant differences in the expression of the other six genes. As the yellow gene is
crucial for melanin biosynthesis, the reduced expression of Bd-yellow1 in mutants led to a
decrease in dark pigmentation in the head spots. This study provides evidence for the first
time that the white gene may play a role in cuticle pigmentation by affecting the expression
of the yellow gene [99].

5. Conclusions and Future Perspective

The oriental fruit fly has been the most common and significant orchard pest since its
invasion of mainland China. Currently, it is expanding to more suitable regions in North
China. Over the past few decades, many tactics have been developed to track its occurrence,
spread, and damage, along with numerous studies conducted to understand its invasion
process. However, its ability to adapt to different habitats, insecticide resistance, and high
reproductive capacity have been helping the pest to spread to wider landscapes. These
factors might provide valuable information for the development of new pest management
techniques. Currently, the application of synthetic pesticides remains the basis of B. dorsalis
management worldwide, including China. However, when this pest develops insecticide
resistance, the effectiveness of chemical management significantly reduces. To address
this issue, it is essential to take preventive measures against the emergence of insecticide
resistance and adopt novel pesticide options, such as botanical and microbial pesticides.
Gaining a sufficient understanding of the physiological mechanism and molecular roots
of mating choice and behavior could lead to new control techniques based on behavioral
alteration. SIT (sterile insect technique) and area-wide pest eradication programs have been
used as techniques to manage the oriental fruit fly and other insect species. Although it has
been widely used in China, it has not yet eradicated the invasive species. However, it holds
the potential to successfully eradicate the pest species.
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