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Aims and Scope of the Series

The significance of food is undeniable, especially in light of the impending
challenge facing humanity: ensuring there will be enough food to meet the ba-
sic needs of a population expected to reach approximately 10 billion by 2050.
These food-related challenges align with some of the United Nations’ sustainable
development goals, with a target to achieve them by 2030. One thing is certain:
food should be not only nourishing and safe but also tailored to the diverse needs
of individuals throughout their lifetimes, all while meeting consumers’ sensory
expectations. Understanding the diverse chemical composition of food, often
referred to as biodiversity, and how these components can contribute to human
health by considering factors like bioaccessibility, bioavailability, and bioactivity
at the organ level, is crucial for grasping and promoting a healthy diet. Thanks to
the continuous evolution of analytical methods and interdisciplinary research,
significant strides have been made in the field of food science and nutrition.
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Preface

Fruits are cultivated worldwide, and their consumption is linked to their nutraceutical
properties. To ensure a fruit supply chain to the consumer market, there must be suitable
production management of these fruits. Hence, this book presents recent contributions
and the current state of knowledge on ecophysiological aspects and horticultural practices
related to different fruit crops. It is divided into three sections: Fruit Ecophysiology and
Production, Tropical and Subtropical Fruit Crops, and Temperate Fruit Crops.

Section 1, Fruit Ecophysiology and Production, presents overall aspects of fruit production.
The introductory chapter compiles recent information on global fruit production and
research. In chapter two, aspects related to the status of water in the soil-plant-atmosphere
system and the effects of water stress on fruit production are presented. The last chapter
of this section discusses the role of plant growth regulators in fruit crops, including the
effects on flowering, delaying senescence, and reducing drought stress.

Section 2, titled Tropical and Subtropical Fruit Crops, explores the physiological aspects
and management production strategies for tropical and subtropical fruits, including
citrus, mango, and palm trees. Chapter 4 discusses the use of plant growth regulators and
biostimulants in mandarins, focusing on the reproductive phase. Chapter 5 presents details
on Mexican lime production. Chapter 6 discusses aspects of the reproductive biology of
the ‘Ataulfo’ mango. Chapter 7 presents advances in the propagation and conservation of
the following palm tree crops: macaw palm, coconut palm, oil palm, jugara palm, and agai
palm. However, the chemical composition, nutritional value, and antioxidant activity of
22 native and cultivated species of Brazilian fruit crops are presented in Chapter 8.

Section 3, Temperate Fruit Crops, approaches apples and strawberries. Chapter 9 demon-
strates the use of plant growth regulators, specifically thiadizuron, prohexadione-Ca, and
aminoethoxyvinylglycine, to enhance fruit set in apples, thereby contributing to increased
productivity. Finally, Chapter 10 presents the current challenges of strawberry production
in Spain, including cultivation systems, effects of climate change, and the proposal for
more sustainable alternatives in strawberry production.

Mateus Pereira Gonzatto
Department of Agronomy,
Federal University of Vicosa,
Vigosa, Brazil

Julia Scherer Santos

Department of Pharmacology,
Institute of Biological Sciences,
Federal University of Juiz de Fora,
Juiz de Fora, Brazil
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Chapter1

Introductory Chapter: Worldwide
Fruit Crops Production and
Research

Mateus Pereiva Gonzatto and Julia Scherer Santos

1. Introduction

All over the world, a large number of fruits are produced despite a fairly limited
number of fruit species having significant economic importance. Although there is not
a standard definition of cultivated fruit crops, they are horticultural plants, includ-
ing woody trees or herbaceous perennials, shrubs, or lianas with an edible portion
[1]. Also, they are identified as “edible fruit-bearing plants” [2], in which the edible
portion can be true fruits, pseudofruits, or having structures parts close to the fruits
(1, 2]. In turn, nuts are generally grouped as fruit crops or as “fruit and nut crops,”
mainly because they are woody perennial trees, and they are approached within the
area named as “fruticulture” in some countries [3]. On the other hand, short-cycle
plants with vegetative growth, including strawberry, watermelon, and melon, which
are annually cultivated, can also be understood as fruit crops [1]. Nevertheless, these
plants are generally approached in olericulture, another horticulture area.

Fruit crops can be classified according to their preferred cultivation climate as
tropical, subtropical, and temperate climates [4]. Among the main fruit crops of
tropical climates, there are bananas and plantains (Musa spp.), mangoes (Mangifera
indica), pineapples (Ananas comosus), papayas (Carica papaya), guavas (Psidium gua-
java), passion fruit (Passiflora spp.), and dragon fruits (Selenicereus spp.). Regarding
subtropical climate fruits, we can mention citrus fruits (mainly Citrus spp.), avocado
(Persea spp.), persimmons (Dyospyrus kaki), figs (Ficus carica), loquat (Eviobotrya
japonica), litchi (Litchi chinensis), and several plants of the Myrtaceae family, includ-
ing jabuticaba (Plinia trunciflova). Apples (Malus domestica), pears (Pyrus spp.),
grapes (Vitis spp.), stone fruits (Prunus spp.), strawberries (Fragaria x ananassa), other
berries (such as blueberry, blackberry, raspberry), kiwifruits (Actinidia spp.), olive
(Olea europea), and pistachio (Pistacia vera) can be classified as temperate fruits.

2. World fruit production and research

The global production of primary crops in 2022 reached 9.6 billion tons which is
equivalent to USD 2.9 trillion. Fruit production is 10% of the world’s production of
primary crops in volume. This production represents 17% of production value, rank-
ing just behind cereals (29%) and vegetables (19%) [5].

World fruit production has grown linearly in the last 10 years, as shown in
Figure1 [6]. The most recent data from the year 2023 show that the annual world
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Figure 1.

(a) World production of fruit crops between 2013 and 2023, and (b) the production of different fruit crops in
2023. Data were retrieved from searching aggregate item “fruit primary” in Food and Agriculture Organization of
the United Nations [6].

fruit production is 951.51 million tons in about 68.10 million hectares, with an average
fruit yield of 13.97 tons ha™'. The production increase is around 15 million tons year™.
The harvested area remained between 63 and 64 million hectares between 2013 and
2018, with subsequent growth to 68 million hectares in the following years, denot-
ing an increased production of around 500 thousand ha year™ in the 10-year period
analyzed (Figure 1a).

Among the main groups of fruits, the most produced ones are bananas and
plantains, with 183.67 million tons produced, accounting for 19.3% of world produc-
tion. The second most important fruit category is citrus (which includes oranges,
tangerines, limes, and lemons), with 169.39 million tons, and represents 17.8% of
world production. Watermelons and melons account for 14.1% of world production.
Diversely, pome fruits (apples, pears, quinces, among others) account for 13.1% of
world production. Moreover, grapes and stone fruits are responsible for 7.6% and 5.1%
of world production, respectively. On the other hand, mangoes, guavas, and mango-
steens production of 6.4%, while pineapples have 3.1%.

Papayas, strawberries, avocados, and dates have production ranging from 1.0% to
amaximum of 1.5%. Last, less representative fruits (< 1%) are persimmons, berries,
kiwifruit, cashew apples, and figs (Figure 1b) [6].

Besides, fruits were produced all over the world. In 2023, Asia countries are the
most important producers, accounting for 58.7% of production and 52.5% of the
harvested area. The American countries are the second largest fruit producers, pro-
ducing 17.8% of world production in 14.1% of the harvested area. Subsequently, with
14.4% of world production and 22.3% of the harvested area, is the African continent.
The European continent is responsible for 8.2% of fruit production and 10.2% of the
harvested area. The least relevant continent is Oceania, where 0.9% of fruit produc-
tion occurred in 0.9% of the harvested area [6].

Further, the main fruit-producing country in the world is China, which alone is
responsible for 28.3% of world fruit production (269.33 million tons) and 23.3% of
the harvested area (15.81 million hectares). India appears as the second largest fruit
producer, representing 12% of world fruit production and 11.1% of the harvested area.
Brazil is the third-largest producer, responsible for 4.5% of world production and 3.5%
of the harvested area. Turkey, Mexico, Indonesia, the United States of America (USA),
the Philippines, Spain, Iran, Egypt, Nigeria, Italy, Vietnam, and Colombia are smaller
producers, with production between 1.2 and 2.9% (Figure 2a) [6].
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Fifteen main fruit-producing countries (a) in percentage of area and quantity produced were retrieved by
searching the aggregate item “fruit primary” (b) in fruit exports and (c) in fruit imports in 2023 obtained when
the item “fruit” was searched in Food and Agriculture Organization of the United Nations [6].

International trade in fruit crops generates a large amount of money due to a
worldwide distribution flow of fruits despite their production being limited to certain
climates. The export of fruit crop products, which include fresh and dried fruits
and fruit juices, is around USD 149.85 billion. Spain is the main exporter country,
accounting for 11.5 billion USD, with 32.46% of this export due to the export of fresh
citrus fruits. The Netherlands is the second main exporter, with USD 10.72 billion in
exports, with emphasis on fruit juices, bananas, and grapes. The USA is the third-
largest exporter, with USD 10.54 billion in exports, with 22.59% of this value refer-
ring to pistachios in shell (Figure 2b) [6].

Yet, the following countries export less than 10 billion USD: Thailand, China,
Mexico, Italy, Turkey, Peru, South Africa, Belgium, and Brazil (Figure 2b). Thailand
exports mainly tropical fruits, while China exports fruit prepared’, apples, man-

! FAO item “Fruit prepared n.e.c.”. Refers to prepared or preserved fruits not specified in other categories [6].
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darins, and grapes. Chile exports cherries and grapes, and Mexico exports fruit
prepared, berries, and limes. Turkey and South Africa export fresh citrus fruits.
Brazil mainly exports orange juice, mangoes, and melons [3]. Belgium exports fruit
prepared, bananas, and kiwifruits, and Ecuador exports bananas and plantains. In
turn, Vietnam is highlighted by the exportation of tropical fruits [6].

Moreover, import of fresh, dried, and processed fruits is estimated to be around
USD 163 billion [6]. The main importer is the USA with a value of USD 26.1 billion
imported in 2023, whose main products (60%) are fruit prepared, bananas, grapes,
raspberries, blueberries, and strawberries. China is the second most importer country
with an import value of USD 17.98 billion, mainly related to the following tropical
fruits: cherries, fruit prepared, and bananas. The third-largest importer is Germany,
mainly related to fruit prepared, citrus fruits, bananas, and grapes. The Netherlands
is the fourth largest importer of mainly bananas, grapes, fruit prepared, oranges, and
cranberries (Figure 2c).

As also shown in Figure 2c, France, the United Kingdom, Canada, Russia, Japan,
Spain, Belgium, and Italy are the ones that import less than USD 10 billion. Citrus
fruits are imported mostly by Russia, Canada, the United Kingdom, Spain, Italy,
Poland, Hong Kong, Vietnam, and Russia. Differently, bananas are mostly imported
by the United Kingdom, Canada, Japan, Spain, Belgium, and Italy. Fruit prepared is
mostly imported by Canada, Japan, Spain, Belgium, and Poland. Grapes are the most
imported fruits by the United Kingdom, Canada, and Vietnam.

Scientific research is essential to enable and optimize the production and com-
mercialization of fruits and plays an important role in the development of tech-
nological innovations which enable a globalized fruit distribution chain. Scopus
database search on fruit crops shows that there is a number of publications ranging
from 30,000 to 35,000 from 2020 to 2024 (Figure 3a). The most important coun-
tries in terms of publication on fruit crops are China, India, the USA, Brazil, Italy,
Spain, Indonesia, Iran, the United Kingdom, Turkey, Germany, Malaysia, Australia,
South Korea, and Japan (Figure 3b). Among these, nine are among the largest fruit
producers in the world: China, India, Brazil, Turkey, Indonesia, the USA, Spain,
Iran, and Italy (Figure 2a). The largest publishing country is China, with over
46,000 publications, representing 25.7% of the total publications. India had almost
20,000 publications, representing 11.1% of the total, while the USA was responsible
for around 18,500 publications. Next is the fourth most publisher, Brazil, which
had over 10,000 publications. It is also worth mentioning Italy, Spain, Indonesia,
Iran, and the United Kingdom, with more than 5000 publications each. Meanwhile,
Turkey, Germany, Malaysia, Australia, South Korea, and Japan had between 4000
and 5000 publications (Figure 3b) [7].

The areas of knowledge covering fruits are shown in Figure 3c, of which 52.6%
are associated with the Agricultural and Biological Sciences area, 18.1% are associ-
ated with Biochemistry, Genetics, and Molecular Biology, while 14.2% are associated
with Environmental Science. Also, there were a significant number of publications
addressing fruit crops in other areas: Medicine; Chemistry; Engineering Chemical
Engineering; Computer Science; Material Science; Pharmacology, Toxicology and
Pharmaceutics; and Physics and Astronomy [7]. The wide range of fruit applications
in different areas of knowledge denotes the relevance of research on fruits.

The consumption of fresh fruits is encouraged due to their health benefits,
and strategies to ensure the post-harvest quality of fruits allow them to reach
non-producing countries of these fruits. These fruits processing to obtain juice, or
byproducts show applications in the food, pharmaceutical, cosmetic, and materials
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(a) Number of publications, (b) countries with the highest number of publications, and (c) main areas of
knowledge vetrieved by the search of the terms “fruit” or “fruits” in the title, abstract, or keywords in the Scopus
database from year 2020 until April 20, 2025.

science industries. A suitable quality of fresh fruits and their derivatives is achieved
by well-conducted scientific research which ultimately allows to obtain better com-
mercial products. The data on import, export, and production of fruits presented

in this chapter show their impact on the global economic aspect, therefore denoting
their commercial importance. Likewise, the significant number of publications shows
current research interest in fruit crops.
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Chapter?2

Water Relations in Fruit Trees:
Knowing for Better Irrigation
Management

Guilherme Augusto Rodrigues de Souza,

Ellen de Mouvra Vale, Wallace de Paula Bernado,
Danilo For¢a Baroni, Elias Fernandes de Sousa,
Miroslava Rakocevic, Weverton Pereiva Rodrigues
and Eliemar Campostrini

Abstract

This book chapter initially shows the actions of anthropogenic activities on
climate change and how this future scenario can cause water stress in fruit plants,
notably through the reduction in water availability caused by drought. Thus, only
through advanced knowledge of fruit tree physiology is it possible to apply water in
a controlled manner, lowering costs and increasing yield, thereby reducing the water
footprint (L per kg of fruit) and improving agronomic and economic water use effi-
ciency, as well as fruit quality. After the introductory part, the basic concepts of water
availability in soil, plants and air are shown, as well as methodologies for measuring
water status in the soil-plant-atmosphere system. Furthermore, the chapter addresses
the effects of water limitation associated with reduced availability of water in the soil
and air on the photosynthetic process, the phytohormonal imbalance associated with
abscisic acid (ABA), and hydraulic conductivity on the productivity and quality of
fruit plants.

Keywords: plant-water balance, stomatal conductance, water potential, water stress,
sap flow

1. Introduction

Anthropogenic activities have increased temperatures globally by more than 1°C
since the pre-industrial period. In the next 20 years, an increase of up to 1.5°C is
expected due to rising greenhouse gas emissions, primarily CO, [1]. Indeed, from the
pre-industrial era until 2013, anthropogenic activities increased CO, concentration
[CO,] from 280 to 400 pL L, reaching 423.6 + 0.5 pL L™, rising by approximately
2L L! per year (Available from: https://www.co,.earth/daily-co,). Based on this

1 IntechOpen



Fruit Crops Science — Ecophysiological and Horticultural Perspectives

information, models predict that, by 2100, atmospheric [CO,] could reach between
800 and 1150 pL L™". According to the Intergovernmental Panel on Climate Change
[1], in tropical regions for the same period, the rise in [CO,] could lead to a 1.2 to 6°C
increase in temperature. This could cause extreme atmospheric pressure variations,
leading to changes in air mass movement, which may result in zones of extreme water
scarcity as well as areas with high rainfall.

Ortiz-Bobea et al. [2] showed that anthropogenic activities since 1960 have
reduced agricultural yields by 21%, equivalent to a loss of seven years of productiv-
ity growth. The effects will be substantially more severe (a decline between 34 and
36%) in regions with higher temperatures such as Africa, Latin America, and the
Caribbean. Thus, scientists are nearly unanimous in reporting that tropical regions
are the first affected by global climate change [3, 4]. This is due to poor economic
conditions, high dependence on natural resources, and small temperature variations.
Like all cultivable species, fruit trees are dependent on climate and are and would be
significantly impacted by climate change. In tropical countries such as Brazil, these
crops are socially and economically relevant, evident in Brazil’s ranking as the third
largest fruit producing country in the world [5].

Among the environmental stresses expected to increase in the coming decades,
water stress is a severe and frequently occurring abiotic stress that significantly
restricts global agricultural production by reducing crop growth and yields [6-8].
Drought is the main effect of climate change, and tropical fruit plants will certainly
be subjected to and compromised by this climatic factor. This may lead scientists
to intensify their studies on the effects of water limitation on the photosynthesis,
growth, and development of tropical fruit trees.

Given that, in fruit-bearing plants, the commercially valuable product mostly
comes from reproductive organs, studying the effects of water scarcity in soil and air,
which will be drastically changed by global climate change, will be crucial in sustain-
ing fruit production in Brazil. One of the primary lines of research will be to attempt
to reduce water application in plants without compromising the photosynthetic and
reproductive processes, thereby minimizing the effects on final crop yield [9, 10].
This could save time, space, and resources. However, along with the attempt to reduce
water application in fruit-bearing plants to save water, moderate water stress may not
be as harmful in these plant classes since fruit quality is more important than quan-
tity (“less can be more”), unlike in grains (corn, wheat, rice, etc.) and oils (soybean,
sunflower, etc.) [11].

In certain situations, moderate soil water stress may significantly increase the
concentration of important phytochemicals in fruits (phenolic compounds, sugars,
vitamin C, carotenoids, volatile compounds, etc.), which are important for human
and animal health [11, 12]. Furthermore, mineral nutrient concentrations in fruits
can also be altered by climate change [13]. This situation may shift the focus of
scientists toward the idea that, in a future scenario of reduced water availability, “less
can be more”.

Another aspect is that excess water in the soil may have serious effects on fruit tree
growth and development, due to the significant changes in O, availability in the rhizo-
sphere [14]. Thus, irrigation management in these plant classes is extremely impor-
tant. Only through advanced knowledge of fruit tree physiology is it possible to apply
water in a controlled manner, lowering costs and increasing yield, thereby reducing
the water footprint (L per kg of fruit) and improving agronomic and economic water
use efficiency, as well as fruit quality. These measures can lead to sustainable water
resource management.
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1.1 Water potential

Water molecules move in the soil-plant-atmosphere continuum (SPAC) due to
differences in the free energy (energy available to do work) of water between different
parts of this continuum. This free energy can be quantified by a variable called water
potential (W), defined as the chemical potential of water in any system compared to the
free energy of pure water under the same temperature and pressure conditions [15].
The potential of pure water is considered to be zero, so ¥ is usually negative in all parts
of the SPAC. This generally results in water moving from the soil to plant regions with
more negative values, that is, from soil to the atmosphere around the leaf [16]. However,
there may be a reverse route driven by water absorption through the leaf, defined as an
atmosphere-plant-soil (APS) route [17, 18]. Indeed, under low temperature conditions
with high relative humidity (fog), when soil water availability is low, water can enter the
leaf through the cuticle, accounting for about 42% of leaf water content. This water is
transported through the leaf cuticle to the xylem, and then the roots, which increases
stomatal opening (raising stomatal conductance) and CO, assimilation, with positive
effects on plant growth [19]. Water absorption via fog is an important mechanism for
plant water acquisition and can mitigate the harmful effects of drought. In this condi-
tion, when compared to leaf water potential (W), ¥ is higher in the air around the leaf.

The water potential (¥) inside a cell or in a soil solution may be influenced by
solute concentration and/or pressure. Slatyer [15] reports that y is measured in
megapascals (MPa) and can generally be simplified by Eq. (1):

Y=Y, + ¥, (1)

where  is the water potential, y is the osmotic potential, and s, is the pressure
potential (sometimes known as matric potential (¥,,)) [20].

Osmotic potential () is always negative, or zero for pure water. The negative
value occurs because water in the system is less able to perform work than pure
water. The presence of solutes in water contributes to reducing the water potential.
However, the pressure potential (‘¥;) can have a negative, zero, or positive value.
Positive pressure results from an increase in pressure in the system, whereas tension
results in negative pressure. As such, ¥ can have negative or zero values, since pres-
sure can be positive and high, equaling the negative values of ¥s. For example, in the
sieve elements of phloem in source leaves, ¥ can be —1.1 MPa, derived from the sum
of the two components ¥ = —1.7 MPa and ¥}, = +0.6 MPa, while in the xylem vessel
elements adjacent to the phloem in the same source, ¥ is —0.8 MPa, resulting from the
sum of ¥ = —0.1 MPaand ¥, = —0.7 MPa [21].

Several species from arid and semi-arid regions have a high capacity for osmotic
adjustment (OA) (decline in osmotic potential due to the accumulation of osmoti-
cally active solutes in the cell in response to water stress [22]). This adjustment allows
the plant to maintain high transpiration rates despite lower soil water availability. In
this condition, leaf water potential (¥i..s) may decline well before it affects ;.. This
decrease in ¥y, without affecting ¥, allows the leaf to maintain a constant water
potential gradient between itself and the soil (Eq. (2)):

AY =Y,

soil

lPleaf ( 2 )

where Epjane = (Wooit - Wieat) /Rplant. Here, Epjane represents plant transpiration and
Ryiant the plant hydraulic resistance [23]. Under conditions of soil water limitation,
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OA enables the plant to maintain constant transpiration. In plants with greater OA
capacity compared to those without it, embolism/cavitation occurs only under very
intense soil water potential conditions (very dry soils). Thus, in plants with OA,
longer intervals between the irrigation periods would be allowed.

In the case of woody fruit plants, during intense soil water scarcity, A¥ may
increase substantially, intensifying water stress in the xylem (very negative Wyyiem
values). This increase in A¥ may result in embolism/cavitation in a large number of
xylem vessels, thereby increasing Ryj,n;. Greater hydraulic resistance causes stomatal
closure, reduced transpiration, higher leaf temperatures, and lower CO, assimilation,
with a negative effect on fruit plant growth and yield.

1.1.1 Soil water

In most non-saline soils, defined that have bulk electrical conductivity (ECe) lower
than 2 dS m™" [24], water potential is primarily influenced by negative pressure poten-
tial (¥, < 0), and ¥, represents the negative hydrostatic pressure [20]. In these soils,
the value of W becomes insignificant. Soil particles retain water with sufficient force
to keep it tensioned and attached to the particles. For a plant to absorb water from the
soil, the root system needs a force greater than the attraction force between water mol-
ecules and soil particles, which depends on the soil type. Normally, a plant can extract
water attached to soil particles with a force greater than —1.5 MPa (—1500 kPa). Thus,
in general, for agronomically important plants such as fruit trees, —1.5 MPa can be
considered the soil water potential that causes the permanent wilting point (PWP) in
the plant. At PWP, the plant does not recover leaf turgor even with stomatal closure,
and nocturnal temperature (< air vapor pressure deficit, VPD,;,) decreases. However,
in fruit tree irrigation management systems, ,, values between 0 and 0.03 MPa
(—30 kPa) are considered suitable for cultivation. In young papaya plants (103 days
old) grown in 30 L pots, a decline in pressure potential from —10 to —50 kPa decreased
stomatal conductance (g;) (increased stomatal closure) from 0.7 to 0.1 mol mZs™
(80% reduction in g;) [25, 26]. In the same species, in 6-month-old plants under field
conditions, CO, assimilation declined by 50% (from 20 to 10 pmol m~2s!) when
water potential fell from —20 to —68 kPa. Soil water potential, assessed through the ‘¥,
component, is commonly measured using tensiometers, vapor pressure methods, and
sensors with ceramic plates or gypsum blocks (Figure 1).

Tensiometers (Figure 1A) operate in a range from 0 to —0.2 MPa (—200 kPa).
However, most cavitate at around —0.08 MPa (—80 kPa). The vapor pressure
method (Figure 1B) has a working range from approximately —0.1 to —300 MPa
(—300,000 kPa). Gypsum sensors work in a range of 0 to —0.2 MPa (200 kPa), while
ceramic sensors operate in a broader and more suitable range from —5 to —100 MPa
(—100,000 kPa).

Soil water content can also be assessed by the amount and not the energy with
which water is attached to soil particles [27]. This methodology tends to be easier to
measure and can include different techniques such as thermogravimetry (obtained
through the weight change of samples dried in ovens at 105°C for 24 h, that is, the ratio
between soil water content and soil dry weight) and the dielectric, resistivity, neutron
probe and thermal properties of soil methods [27]. However, for proper assessment
of plant water availability, the soil water retention curve (SWRC) (Figure 2), a key
hydraulic property, is widely used in irrigation management in different soil types.
This curve describes the functional relationships between soil water content and soil
water potential controlled by pressure potential under equilibrium conditions [29].
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Figure 1.

Porous plate tensiometer (A), WP4C dew point hygrometer (Meter Environment, USA) (B), Teros 21 ceramic
sensor (Meter Environment, USA) (C), and gypsum porous sensor (D).
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Figure 2.
Soil water potential (MPa). Adapted from [28].

In the SPAC, ¥ can be measured in the soil, root, stem xylem, leaf xylem, and air,
in order to understand water movement throughout the continuum.

1.2 Water in the plant

As occurs in the soil, a plant’s water status can be assessed by the water molecule
concentration in the evaluated plant tissue (relative water content, RWC) or the water
molecule energy assessed by the water potential (¥).
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1.2.1 Relative water content in the plant

The water status assessed by the water molecule concentration is typically
measured in the leaf, using RWC [30]. RWC compares the leaf water content to
the maximum amount of water when the leaf is fully saturated (turgid) [31]. This
characteristic is obtained by weighing the leaf or leaf discs without the main vein
immediately after removing the leaf from the plant (leaf or disc fresh weight, FWyp).
After weighing, the leaf or discs are saturated with water. The leaves are placed on the
lower shelf of a refrigerator, and the petiole was immersed in water at 10°C (turgid
leaf or disc weight, TWy,p). The leaf discs are placed in a container with deionized
water [32]. Next, the leaf or discs are placed in an oven at 80°C for 24 hours (leaf or
disk dry weight, DW,p). RWC can be obtained from these variables using the Eq. (3):

RWC (%) =(FW, ;, ~-DW, , )/ (TW, ;, ~-DW, ,)x 100 3)

where RWC is the relative water content (%), FWyp is the leaf or disc fresh weight
(g), DWyp is leaf or disc dry weight (g), and TWy,pis leaf or disc turgid weight (g).

Although assessing RWC in leaf tissue is suitable for measuring water status in
terms of the physiological consequences of cellular water stress, the methodology
requires equipment such as precision balances and ovens, making it prone to errors,
particularly in obtaining leaf/disc turgid weight. Furthermore, RWC does not show
the effect of OA on maintaining the water status of plant tissues. OA is a physiological
mechanism associated with the synthesis of osmotically active solutes by plant cells,
primarily associated with the synthesis of proline, glycine betaine, mannitol, and
sorbitol [33]. These compounds interact with water molecules, reducing their free
energy and thus lowering the osmotic potential and consequently the water potential
of the cell. As such, plants exhibiting OA as a response mechanism to water stress may
show very low RWC values due to overestimation of turgid weight [34].

However, care should be taken to avoid overestimating turgid weight, as leaf or
disc samples may absorb water beyond their physiological capacity if soaked for
prolonged periods. Hydration should ideally be conducted in distilled water at a
controlled temperature (4-10°C) and low light, conditions which limit metabolic
responses and prevent excess water uptake [30, 35]. Additionally, the use of distilled
or deionized water ensures accurate osmotic balance, essential for reliable RWC
measurements [35].

RWC decreases with increasing water stress, especially in plants considered
anisohydric. In these plants, as soil water availability decreases, both leaf water poten-
tial (Piear) and RWC decrease. Anisohydric plants exhibit compromised stomatal
sensitivity to stomatal closure [36]. By contrast, isohydric plants display the opposite
response, that is, with decreasing soil water availability, stomata respond rapidly
by closing, thereby reducing transpiration and conserving water in the leaf, evident
in the stable RWC and Wi,¢. In ‘Red Lady’ papaya genotype, isohydric response was
observed in young plants after irrigation suspension, where soil water potential
started at —1 kPa and reached maximum water stress at —60 kPa [37]. Under these
conditions, RWC remained stable, indicating a certain tolerance of papaya to soil
water limitation [37]. However, Torres Netto [38], working with ‘Golden’ and ‘Hybrid
UENF/Caliman 071’ genotypes, observed anisohydric responses. When plants were
subjected to water stress, there was an increase in abscisic acid (ABA) biosynthesis in
the roots [39]. In some plants, this phytohormone is transported to the shoots via the
xylem, promoting stomatal closure. In some situations, ABA synthesis/translocation
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is observed even before any effect on leaf water potential occurs [40]. According

to Gomes [41], the effects of water stress on ABA content in papaya is evident 24 h
after the onset of stress. This demonstrates that this phytohormone may be involved
in decreasing stomatal conductance (g;) in plants exposed to water limitation in the
substrate. Indeed, in papaya plants submitted to water stress (10% soil moisture
compared to 24% in controls 40 days after treatment (DAT) in 30 L pots), Mahouachi
etal. [42] demonstrated that ABA concentration increased continuously in leaves and
roots, with maximum values at peak stress day (40 DAT) of 225 ng g™ and 65 ng g™

in leaf and root dry weight, respectively. In citrus plants, drought also caused an
increase in ABA concentration in leaves, roots, and fruitlets [43]. This increase in ABA
is responsible for promoting stomatal closure, reducing transpiration, and mitigating
water stress damage by inducing genes associated with osmolyte synthesis [44]. These
responses may contribute to the plant’s ability to cope with water stress [44].

RWC remains the most suitable variable for evaluating plant water status [30].
However, the need for an analytical balance, along with the use of ovens and a system
for complete leaf and leaf disc hydration, makes using this variable for irrigation
management impractical.

1.2.2 Water potential in plants

Plant water status is closely linked to growth, fruit size, and yields. Thus, a num-
ber of related variables are used as indicators of water stress for fruit plant irrigation
management [23]. Water potential quantifies the free energy of water in plant tissues,
measured in MPa, and is the main force driving water movement from roots to leaves
and from leaves to the surrounding air. During leaf transpiration (with stomata
open), there is a gradient of water vapor concentration and water potential between
the leaf and the air, as well as a reduction in water concentration in the air spaces
near the sub-stomatal cavity and between cells due to leaf water loss [21]. Given the
equilibrium between liquid water in the cell wall and water vapor in the intercellular
spaces, liquid water from the mesophyll cell walls evaporates. During water evapora-
tion from the cell walls, and due to hydrogen bonding between molecules, tension is
formed and distributed throughout the water column between the soil and the leaf,
allowing water to rise to the leaf [21]. This tension is characterized as the component
¥, = =2 T/r, where T is the surface tension of water = 7.28 x 10~® MPa and r the radius
of the water meniscus formed between cellulose microfibrils in the cell wall. Since
lower amounts of solutes are present in the xylem sap (more diluted sap) compared
to the phloem sap, the osmotic potential of the former is less negative (closer to zero),
making ¥, less important in the final calculation of ¥, in the xylem. Thus, ¥, in the
xylem is practically defined by '¥,,.

There are several techniques for measuring water potential in the leaf, the most
widely used organ for assessing plant water status. These include the dye method
(Chardakov’s method) [45], equilibrium between tissue volume and a solution of
known water potential [45], the psychrometric method [46], and the pressure cham-
ber method [47]. Among these, the pressure chamber method is the most widely used
due to its practicality and large-scale application under field conditions. To evaluate
leaf water potential using the pressure chamber method, a mature leaf grown in full
sun is removed from the plant using a razor blade and placed inside the pressure
chamber (Figure 3). It is important not to re-cut the petiole of the leaf or, if using
branches, to not re-cut them when inserting the samples into the pressure chamber
(Figure 3A).
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(A). Pressure chamber to measure leaf water potential. Training Course in Plant Ecophysiology, USP/ESALQ.
Prof. Sergio Roberto Sigrist. 2014. (B). Commercially available pressure chamber, the Plant Water Status Console,
from Soilmoisture Equipment Corp. A gas cylinder is attached to the bottom of the wooden base, making the unit
self-contained.

Pressure is applied by slowly injecting N, at 0.01 MPa s or 0.1 bar s, distributing it
throughout the leaf inside the chamber, until xylem sap exudation begins at the petiole
cut region. The pressure at which xylem sap exudation starts is recorded, and this value
multiplied by —1 corresponds to the water tension in the xylem (MPa). It is important to
note that if the plant material (leaf or branch) is under intense water stress, the pressure
inside the chamber can be increased by 0.05 MPa s (0.5bars™) [23]. Additionally,
due to hydraulic resistance, the author reports that higher applied pressures increase
the temperature inside the chamber and lead to reading errors, thereby increasing the
time between pressure increments and the appearance of xylem sap at the cut point of
the sample (leaf or branch). Pressure control is essential for accurately determining the
point at which xylem sap appears at the cut point of the leaf/branch. Fernandez [23]
also observed that air bubbles within the xylem sap at the cut point of the leaf/branch
indicate that the pressure inside the chamber was excessive. Since xylem is distributed
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throughout the leaf, this negative pressure refers to leaf pressure potential (-\¥;,), which
corresponds to the leaf water potential, as the value of xylem ¥, is negligible [47].

Leaf water potential is highly variable due to variations in environmental condi-
tions surrounding the leaf [48]. For example, at midday, with increased atmospheric
water demand, leaf water potential can be significantly lower when compared to the
root system, reflecting leaf water stress not experienced by the root system, given
that the soil may be at field capacity. Thus, assessing predawn leaf water potential
(¥.m) may mitigate the effects of intense variations in the atmosphere around the leaf
during periods of high temperature and relative humidity (> VPD,;,), making ¥,
assessment more related to soil and root water status. W,y is not influenced by the iso-
hydric or anisohydric response of a genotype or daily adjustment of ¥, unlike midday
¥ assessment. Thus, according to Fernandez [23], midday .,s measurements are not
sensitive for assessing the water status of an isohydric genotype. In isohydric plants,
gs may be more sensitive to water limitation because stomata respond more rapidly to
decreasing soil moisture. In anisohydric plants, midday ¥ is a more sensitive indica-
tor, unlike g;. With respect to W,p,, in terms of practical irrigation management, using
predawn leaf water potential before sunrise is challenging due to working hours.

¥.m assessments indicate overnight water potential through equilibrium with the
soil, due to nocturnal stomatal closure and lower atmospheric water demand during
this period. By contrast, measuring branch/trunk water potential (Ppyancn) in woody
plants, such as most fruit trees, is more related to overall plant water status and more
appropriate for assessing the hydration status of fruit trees [48, 49]. Early studies
on plant irrigation management indicators used Whyaneh as a better indicator of plant
water status when compared to Wje.r [50].

To measure branch/trunk water potential, the leaf should be bagged while still on
the plant using an aluminized polyethylene bag or aluminum foil (to prevent exces-
sive leaf heating), approximately 4 to 5 h [49, 51] or 1 to 2 h [52, 53] before Whranch
assessments. The plastic bag prevents transpiration, as the stomata are closed and
the relative humidity around the leaf is nearly 100%, thereby eliminating the water
potential gradient between the leaf and the air. When the leaf is bagged and remains
attached to the plant, leaf water potential reaches equilibrium with the stem/trunk
water potential, thus maintaining water balance with the entire plant [48]. As such,
Whranch 18 less influenced by environmental variables surrounding the leaf when
compared to Wje.r. Indeed, in apple trees (Malus domestica) [54], nectarines (Prunus
persica var. nucipersica) [55], lychee (Litchi chinensis) [56], pears (Pyrus communis)
[49], mangoes (Mangifera indica) [57], citrus [58], and grapevines (Vitis vinifera)

[59, 60], Ppranch has been used to assess water status. Naor [53] also reported greater
Whranch Sensitivity measured at midday compared to W), measured at the same time.

During water potential assessments, the pressure chamber (Figure 3) can be taken
to the plant in the field or greenhouse, or the detached leaf can be brought to the
pressure chamber. Wie,s and Whyaneh should be assessed immediately after removing the
leaf from the plant.

When transporting the leaf to the pressure chamber, it should be placed inside
an opaque container with a moist paper towel to prevent it from heating up. Under
these dark conditions and lower VPD,;, inside the container, the leaf water potential
remains unchanged [23]. For example, the midday leaf water potential (Wjeat 12n)
of grapevines between —0.8 and —1.1 MPa, respectively, pre- and post-veraison, is
considered critical for initiating irrigation in this species [61]. In young citrus leaves,
the leaf water potential at stomatal closure is (W}es = —1.6 MPa), which coincides with
turgor potential (W;_i..r) being zero [62].
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2. Water in the air

Water limitation in plants may be caused by the decline in water molecule concen-
tration and energy in both soil and air. Air water limitation is assessed through VPD,;,,
which is the difference between saturation vapor pressure (e;) and actual vapor pres-
sure (e,) [63]. The variable e; depends on temperature and represents the maximum
amount of water that can be placed in a volume of air at a given temperature. The
variable e, also depends on relative humidity, used to calculate VPD,;; (Eq. 4):

VPD,, =e, -(RHxe, /100) 4)

where RH is the relative humidity. VPD,;, measures the atmosphere’s drying force
[63] and is responsible for significant reductions in crop yields [64, 65]. In other
words, it quantifies the air’s capacity to remove water from a surface. With climate
change, VPD,;, values are expected to increase due to rising temperatures and lower
relative humidity [66]. VPD,; is positively related to the air water potential (¥,
Eq. 5):

¥, =RT/Vlin(e, /e,) ()

where R is the gas constant (0.0831 kg bar™ mol™* K™), T is the absolute tem-
perature (K), V is the molar volume of water (18 cm® mol™?), and e/e, is the relative
humidity [35]. W,;r measures the energy of water molecules in the air capable of
performing work at a specific temperature and relative humidity. As ¥,;; declines
logarithmically with temperature and relative humidity, under certain conditions
during summer, in unventilated greenhouses or field settings during the hottest times
of the day, W, can reach around —300 MPa. This value is extremely negative and
characterizes air with high water demand (Figure 4).
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Relationship between VPD,;, and air water potential (V). Adapted from Binks et al. [67].
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In general, physiological processes such as leaf gas exchanges, growth, and mineral
nutrient absorption are not affected when plants are cultivated at VPD,;, values
between 0.5 to 1 kPa [68, 69]. Values below 0.5 kPa can reduce transpiration and cause
nutrient absorption problems, particularly affecting metabolic processes related to
Ca++ [68]. Values above 1 kPa lead to reduced gas exchanges through decreased g; and
CO, assimilation (A4) [70, 71].

Plant scientists are interested in the direct effects of VPD,;, on leaf gas exchanges
and thus prefer using VPD)¢ ir, as this variable may provide a more complete assess-
ment. According to Grossiord et al. [63], VPDje,t 4 is an accurate variable for evaluat-
ing leaf water balance (and possibly that of the entire plant and even at canopy level).
This variable is calculated as the difference between the water vapor pressure in the
stomatal pore (100% RH) (egess) and that in the air surrounding the leaf (e ;) [72].
Thus, VPDj,t i is highly dependent on leaf temperature. Rapid increases in VPDe,¢.
air Cause a decrease in stomatal opening expressed ing, [73]. Stomatal sensitivity to
VPDe,f.0ir Varies significantly among species [74, 75]. For example, in papaya trees,
values above 2.5/3.0 kPa already prompt stomatal closure [76-78].

According to Flore and Lakso [79], leaves and roots are further apart in fruit
plants, due to their greater height when compared to their herbaceous counterparts,
resulting in higher stomatal sensitivity to increases in VPD,;; and VPDje,t.ir This
sensitivity is attributed to greater hydraulic resistance [79]. The increased leaf-to-root
distance allows leaf water potential (We,¢) and leaf hydraulic conductance (Kje,¢) to
be the major determinants of how epidermal water potential and guard cell turgor
respond to changes in VPD,;, and VPD,¢.,ir, thereby controlling stomatal responses
to these changes [74]. In fruit-bearing plants, higher hydraulic resistance in the
entire plant (leaves, roots and trunk), primarily in leaves [80], is associated with
greater g, reductions at midday (when atmospheric water demand is highest > VPD,;,
or > VPDjeat 5ir) - This decrease in CO, assimilation during the period of the highest
temperature and radiation is known as the midday depression of photosynthesis [81]
and can significantly reduce fruit production. Understanding the effects of VPD,;,
on leaf gas exchange is crucial for agricultural zoning of fruit-bearing plants and for
controlling this variable in protected cultivation. For example, in papaya trees, Salinas
etal. [82] showed that, in summer conditions in Southern Spain, maintaining relative
humidity above 60% through canopy misting with microsprinklers at a flow rate of
1L m™h™ favored growth, flowering, fruit set, and consequently increased fruit
weight. However, misting to reduce VPD,;; and VPDe,¢.,;; (<60% RH) did not improve
fruit quality in terms of external skin appearance, acidity, and °Brix. Moreover,
in field-grown papaya plants, applying water during peak temperature and solar
radiation (midday) to reduce VPD)e,¢ ,;, resulted in an 18% decline in VPDief i, 2 24%
increase in stomatal opening and a 13% rise in CO, assimilation [83]. This misting
technique applied over the canopy for 20 weeks of harvesting cooled the leaves,
significantly increasing fruit yield by six fruits per plant [84].

Another strategy to reduce VPDj,¢ i is the application of processed kaolinite
particle films (PKPF) on the leaves of fruit-bearing plants [85, 86]. After these films
were applied, PKPF increased solar radiation reflection [76, 85, 87], thereby lowering
leaf temperature (Te,¢). This decline in Tje,r can be between 3 and 5°C [86]. Wand
etal. [88] reported that applying PKPF decreased apple leaf temperature by 20% and
significantly reduced fruit sunburn, or even increased coffee bean size 16 by 50% and
increased total productivity [87].

In plants without PKPF on the leaves, solar radiation can elevate leaf temperature
and increase VPDje.t o5 values [89]. Indeed, in citrus leaves (Citrus paradisi) treated
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with PKPF, solar radiation reflectance increased, leaf temperature fell, and VPD)e,f i
declined [89]. In addition, in citrus plants, PKPF on the leaves increased g;, A, and
water use efficiency (WUE). In two years of research on these citrus plants, produc-
tion increased in plants with 3% PKPF on the leaves. Similarly, in peach plants, Glenn
etal. [90] demonstrated that using PKPF lowered canopy temperature and did not
affect plant growth.

In grapevine plants, applying 6% PKPF enhanced maturation, increased berry
sugar content, and decreased acidity. The concentration of secondary metabolites,
mainly phenolic compounds, was elevated. Anthocyanin content was higher in plants
with 6% PKPF on fruit and leaf surfaces due to lower berry temperature [91]. In mango
plants, leaf coverage with PKPF protected against excessive solar radiation, reduced
leaf temperature and VPD)e,¢ i, and resulted in higher g, and A. PKPF increased the
number of fruits and total fruit weight by 41 and 44%, respectively [92].

3. Assessing the water status of fruit-bearing plants

With increased biological understanding of plant water relationships, and knowl-
edge of water dynamics in soil and air, as well as technological advances in electron-
ics, precision irrigation has attracted significant interest. It aims to efficiently use
irrigation systems by more accurately determining and quantifying crop water needs
and applying water as accurately as possible [93]. Thus, advanced scientific analysis
of one part of the SPAC, such as the plant component, is essential for the success
of accurate irrigation, saving space, time, and resources. In addition to assessing
water potential and relative water content, other methodologies for evaluating the
water status of fruit-bearing plants, some of which can be automated, are of utmost
importance for decision-making. These methodologies include stomatal conductance
assessment, infrared thermometry (thermography), near-infrared spectroscopy,
xylem sap flow, branch and fruit dendrometry and leaf turgor pressure assessment.

3.1 Stomatal conductance

Gas exchange control between the leaf and the surrounding atmosphere is gov-
erned by stomata, making them crucial for plant transpiration, photosynthesis, and
yield [94]. These structures are mostly located on the abaxial surface of the leaf,
although many species have stomata on both surfaces. In general, woody fruit-bearing
plants have stomata only on the abaxial surface. These include mango [95], citrus
[96], grapevine [97], papaya [77], and coffee plants [98]. However, in banana plants,
stomata are distributed on both leaf surfaces [99].

Almost all water leaving the plant passes through stomata. Thus, assessing the
extent of stomatal opening is fundamental for estimating the leaf water exit capacity
and relating it to the plant’s water status. Under suitable light (800 pmol m™s™"),
CO, concentration (400 pL L), and air humidity (VPD,; < 1 kPa), greater stomatal
opening is associated with better leaf and plant hydration.

Stomatal opening is assessed through g, (mol H,O m™s™"), which is inversely
proportional to the resistance offered by stomata to the water exit rate and CO, entry
into the leaf. Stomatal conductance is influenced by light quality and intensity, CO,
concentration, leaf temperature, and primarily by water availability in soil and air
[94]. As such, g, can be considered one of the most effective indicators of precocity
and sensitivity for water stress [100].
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Porometers or portable gas exchange measurement systems (InfraRed Gas
Analyzers, IRGA) (Figures 5 and 6) measure g; and can be easily used in field condi-
tions. Measurements are taken based on a specific leaf area inside each chamber. This
area can vary from 0.31 cm’ to 9 cm’”.

Adequate measurement of leaf temperature is important for correct assessment
of g, as the equation for calculating g, is defined as g; = E/VPDe,¢.air, Where E is leaf
transpiration and VPDje,¢ ,;, the difference between the saturation vapor pressure
inside the leaf and the vapor pressure of the air around the leaf (egeas - €4:r) [101].
Thus, when analyzing the equation, g; can be interpreted as the amount of water
leaving the leaf through the stomata via transpiration, in relation to the amount of
water inside the leaf, at a given leaf temperature. Under conditions where soil water
potential is near field capacity, VPD,; varies throughout the day and can cause

Figure 5.
Porometers (A: Meter Group; B: LiCor Environmental).

Figure 6.
Infrared Gas Analyzers (IRGA) (A: Licor, USA) (B: CiD. Inc., USA).
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variations in g, with lower values typically occurring between 12 and 3 p.m., due

to high solar radiation intensity. The maximum stomatal aperture value (maximum
stomatal conductance, gqm,y) is used as a good indicator of water stress [23, 102], and
this variable is often measured in the early hours after sunrise when there is adequate
radiation and suitable air and leaf temperatures. However, a daily curve can be gener-
ated to determine the diurnal time when g, occurs [103].

Although g, determination is a good indicator of plant water stress, its use in irri-
gation management is still limited because measurements are typically taken manu-
ally, which restricts its application in precision irrigation. However, in fruit-bearing
plants using automated systems, Hernandez-Santana et al. [104] indirectly estimated
gs based on xylem sap flow and VPD,;,. Another limitation in using g for irrigation
management is that g, value may be reduced even when the soil is at field capacity,
because increased hydraulic resistance in fruit-bearing plants, along with higher
evaporative demand of the air, causes stomatal closure without correlating directly
with soil water potential (field capacity soil). In fruit-bearing plants, especially under
low wind speed and due to their great height, stomatal closure is much more effective
in reducing E when compared to smaller plants, such as herbaceous crops of agro-
nomic interest [105].

In grapevines, using g, as an integrative variable to assess plant water stress, three
phases of photosynthetic response to water limitation have been defined: mild (g,
between 0.7 to 0.15 mol H,0 m™ s7%), moderate (0.15 > gs> 0.05 mol H,0 m~?2s), and
severe water stress (g; < 0.05 mol H,O m™*s™) [100]. In papaya plants, it seems that
0.4 mol H,0 m™s™' is a critical g, value for irrigation management, given that values
below this threshold have been shown to reduce CO, assimilation and growth [26].

3.2 Infrared thermometry

Leaf or canopy temperature exhibits a strong and positive correlation with tran-
spiration and can be used as an indicator of g, [106]. This suggests that leaf/canopy
temperature can be applied in irrigation management [107, 108]. Thus, under soil
water limitation conditions, stomatal close, decreasing transpiration, and leaf/canopy
temperature increases, characterizing thermal stress associated with water stress. As
such, leaf/canopy temperature may indicate the plant’s water status.

Based on leaf temperature, Jackson et al. [109] and Idso et al. [110] developed the
crop water stress index (CWSI, Eq. (6)). Jones et al. [108] developed an index associ-
ated with stomatal conductance denominated I (Eq. (7)):

(Tcanopy —Tmin)

CWSI= (6)

(Tmax —Tmin)

_ (Tmax —Tcanopy) )
G~ .
(Tcanopy —Tmin)

Both indices use canopy temperature (Teanopy), minimum temperature (Tryin),
and maximum temperature (Tiax). Teanopy refers to the representative canopy leaf
temperature obtained at the time of assessment; Ty, the temperature of a leaf dipped
in water to minimize leaf temperature due to water evaporation from the leaf sur-
face; and Ty, the temperature of a leaf with Vaseline applied to the abaxial surface
(both sides for amphistomatous leaves), providing the maximum leaf temperature
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Figure7.
Three coffee leaves vepresenting, from left to right, Ty Teanopp and Tin. Adapted from Abreu [111].

during solar radiation exposure. Vaseline on the abaxial surface blocks transpiration
(closes stomata), thereby achieving Ty, (Figure7).

With technological advances, small cameras with considerable capacity of data
storage, processing capabilities, and high-quality image capture have been developed
[112]. These cameras have been installed in unmanned vehicles, improving thermal
stress assessment in crops associated with water stress [113], as well as through satel-
lite imagery [114]. However, it is important to underscore that leaf (Tjf) and canopy
temperature (Teanopy), in addition to being influenced by soil water status, are also
affected by other factors such as solar radiation, CO, concentration, air temperature,
relative humidity, and wind speed. Moreover, the time of day when thermal images
are captured may impact the information obtained, since stomatal aperture varies
during the day, affecting transpiration and temperature. As such, Ben-Gal et al. [115]
recommend that thermal image assessments be conducted during periods of maxi-
mum stress, typically occurring between 12 and 3 p.m.

Thermal imagery has been used in both monitoring water status and its relation-
ship with photosynthesis in papaya [116], irrigation management in grapevines
[117, 118], olive trees [115], and citrus [119]. In papaya, Lima et al. [116] used the
difference between leaf temperature (Tie,¢) and air temperature (Tyi) (ATieatair = Tleaf
_Ta) as an indicator of water stress. They reported that a value of —2 was considered
a critical value. AT} i values greater than —2, that is, between —2 and 0, indicated
severely compromised CO, assimilation.

In grapevines, Grant et al. [118] demonstrated that measuring the temperature
of several canopy leaves could be a better way to assess thermal stress associated
with water limitation in the plant, as this reduces the effect of leaf angle on read-
ings. The CWSI was considered sufficient for the relative detection of thermal stress
for potential use in irrigation monitoring in this crop. In grapevines, Bellvert et al.
[120] showed the possibility of indirectly obtaining plant water potential (W,f) and
CWSI through thermal images installed on an aerial vehicle. This study proved to be
important in assisting irrigation management in grapevines under a regulated irriga-
tion system. However, the authors made several observations: (i) the importance of
obtaining high spatial resolution images, especially in the early stages of the crop;

(ii) avoiding thermal image acquisition on days following rain; and (iii) on days the
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authors considered to exhibit lower vapor pressure deficit (VPD < 2.3 kPa) values,
negatively influencing remote W, estimation and the CWSI value. Matese et al. [121]
demonstrated that CWSI values in grapevines derived from remote and proximal sen-
sors are suitable indicators for assessing the spatial variability of water status in plants
of this species in the Mediterranean region of Italy. The study found a strong negative
correlation (—0.80) between CWSI and CO, assimilation.

For Citrus sinensis L, the temperature difference between canopy (Teanopy) and air
temperature (T,ir) (ATcanopy-air = Teanopy — Tair) Proved to be a valuable characteristic for
monitoring the water status. Plants with ATunopy-air values between 6 and 7 exhibited
increased stomatal closure and Wp.nch values lower than —2.4 MPa [62].

3.3 Near infrared spectroscopy (NIR) in detection of plant water status

Within the radiation spectrum, two regions can be used to detect plant water stress
[122]: one from 700 to 1300 nm and another from 1300 to 3000 nm. Additionally,
there are absorptions at 760 nm and between 950 and 970 nm [123]. Spectral reflec-
tance of leaves at 400-1100 nm (near infrared) and 1100-2500 nm can reveal the
water status of this organ [23]. Carter [124] reported that the highest sensitivity for
estimating leaf water concentration is in the 1300 to 2500 nm range. Pefiuelas et al.
[122] and Pefiuelas and Filella [123] reported a ratio between reflectance at 970 and
900 nm, known as the water index (WTI) (Rg70/Rg0g 0r Rggo/Rg70).

Because water molecules absorb strongly in the NIR region of the electromagnetic
spectrum, plants with adequate water availability exhibit higher absorbance in 950
and 970 nm when compared to those under water stress. In assessing canopy water
status, Rollin and Milton [125] reported that photon reflection at a wavelength of
1150 nm showed a strong positive correlation with relative water content. Gutiérrez
etal. [126] used a non-invasive NIR device that allows spectrum scanning between
1600 and 2400 nm on the adaxial part of grapevine leaves. These authors demon-
strated the potential of this technique to assess the water status of this species, using
mathematical models. In the same species, Bei et al. [127] reported the use of NIR
(970 and 1400-1450 nm) through two leaf spectrophotometers as a non-destructive
analysis under field conditions for irrigation management. The authors showed
that Wjear and Wpyanch could be measured using NIR, considering reference values for
Whranch as non-stressed plants (Whyanch > —1 MPa), moderate stress between Wpanch
(—1and — 1.2 MPa) and severe stress between Wy nen (—1.2 and —1.5 MPa) [100, 128].
According to Fernandez et al. [103], limitations in precision irrigation using NIR are
related to equipment and data acquisition costs (requiring vehicles to cross planta-
tions) and data processing time.

3.4 Xylem sap flow (XSF)

Transpiration can be estimated via techniques that quantify xylem sap flow, using
heat as a marker of sap movement in the xylem [129]. The method most widely used
involves inserting internal probes into the stem through drilled holes located in the
active xylem region (Figure 8) [131]. The active xylem area can be estimated using
dyes, where several stems of different diameters are cut and immersed in a solution
containing a dye (Safranin, methylene blue). Next, the stems are removed, and active
xylem area, proportional to the colored area of the vessels, is determined. In this
experiment, a mathematical relationship between stem diameter and active xylem
area can be indirectly obtained without destroying the plants [132].
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Figure 8.

Probes for measuring xylem sap flow in papaya. (A): the upper probe has a constant heat source, and the
lower is not heated. (B): cross-section indicating the positioning of the probes in the papaya stem. (C): the
arrow indicates the direction of upward movement of xylem sap, consisting of water, mineval nutrients, and
phytohormones [84, 130].

Measuring XSF offers several advantages, such as direct measurement of xylem
sap flow (water + mineral nutrients + phytohormones + amino acids) through the
plant stem, high repeatability, continuous monitoring, and long-term non-destructive
analysis of shoot or root transpiration. Three general types of probes are available:
thermal dissipation, heat balance, and heat ratio [129, 133, 134]. The thermal dissipa-
tion method reported by Granier [134] determines xylem sap velocity through the
temperature difference between the heated and unheated probe inserted radially into
the active xylem region of the stem (Figure 8). With a rise in plant transpiration, heat
dissipation from the upper probe increases due to the heat carried by xylem sap move-
ment, resulting in a lower temperature difference between the two probes (heated
and unheated). However, when transpiration decreases, the opposite occurs [135].
Calibration is subsequently needed between xylem sap flow and the temperature
difference between probes. In papaya, this calibration was performed using balloons
to quantify whole-plant transpiration [136].

A major advantage of XSF technique is the possibility of automating irrigation
systems based on plant transpiration [137-139]. An adaptation of the method involves
using heat pulse rather than constant heat [129]. However, Smith and Allen [129]
report that heat pulse needs to be calibrated for each species.

Using calibrations with water injection under pressure in papaya, Reis et al. [132]
adjusted an exponential model (u = 0.5511 * K*¥'%*) for the relationship between K
value (thermal coefficient obtained from temperature differences between probes)
(Figure 8) and sap flow density (u) in L h™  m™? of the active xylem area. For the
same K value, this mathematical model [132] differed from, and overestimated the
model proposed by Granier [134]. Reis et al. [132] found that xylem sap flow in L
h™' m~ expressed per leaf area showed a positive correlation with a net photosyn-
thetic rate up to 0.28 L h"" m ™, demonstrating that management practices promoting
increased water movement through the plant stem (optimizing leaf water status)
can raise carbon gain in Carica papaya L. (papaya). For more accurate estimation of
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transpiration in this species using the constant heat technique (Figure 8) (thermal
dissipation probes), it was possible to establish a correlation between probe tempera-
ture difference (K value; K = [ATp,x/ATmin)-1]) and actual whole-plant transpiration,
using transparent balloons (K = 0.48 X + 0.16) [136]. X = whole-canopy transpiration
(Lm?h™).

Schmid and Bettner [140] adapted the heat dissipation method proposed by
Granier [134] to measure xylem sap flow in 10-year-old grapevines with leaf areas
between 3.19 and 4.90 m”. These measurements were compared with whole-plant
gas exchange measurements taken on the same plants using an infrared gas analyzer.
The authors obtained maximum xylem sap flow density of 0.09 L m™* leaf area
h™' (0.06 L cm™ active xylem h™) and xylem sap flow velocities between 8.4 and
12.4 m h™". They observed that high xylem sap flow rates were always correlated
with high rates of net photosynthesis. In their study, water consumption in plants
with leaf areas of 3.19 and 4.90 m? over a 94-day period was 169 and 287 L per plant,
respectively.

Under field conditions over a five-day period, Dragoni et al. [141] worked with
apple trees (‘Empire’/M.9), demonstrating a combined technique for measuring
transpiration rates. These authors related the transpiration rate determined by heat
pulse method of XSF, with simultaneous measurements of whole-plant transpiration
assessed using transparent balloons mounted on the plants. Maximum transpiration
rates determined in whole plants varied between 3 and 4 L h™* plant™, while those
estimated by XSF ranged from 3 to 9 L h™' plant ™. Regression analysis revealed a high
correlation (R® = 0.94) between the two techniques, justifying the use of xylem sap
flow assessments via probes inserted into the trunk to estimate whole-plant transpira-
tion rates, following calibration of probe temperatures with whole-plant gas exchange
measurements.

To perform the accurate analyses, it is important to relate that larger trunk diam-
eters require more thermal probes to assess xylem sap flow, because larger trunk
diameters exhibit greater azimuthal variability in sap flow in different parts of the
trunk.

4. Water limitation and fruit plant physiology
4.1 Impact of water limitation in leaf and plants

In general, plants develop various strategies to cope with water stress, as are the
responses of evasion, escape, tolerance, and recovery, all of which play an important
part in the plant’s capacity to tolerate and adapt to water scarcity [142]. Those strate-
gies are species-dependent, but mechanisms of responses are also related to intensity
and duration of water stress [143]. In addition to these stress management strategies,
plants may develop mechanisms that allow them to recognize a re-exposure to a similar
stressor and respond more effectively, where plants may “remember” the stressor, and
defend themselves more effectively relative to the first time/stressful event, a process
known as stress memory. Understanding the mechanisms involved in responses to
water stress and how they relate to different environments is vital in optimizing man-
agement strategies and guiding plant breeding aimed at developing genotypes with
better drought resistance For the fruit plants, the resistance to water stress means not
only the ability to cope with a stress factor but also the achievement of a stable yield
and good fruit quality [144].
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In general, one of the initial responses of fruit plants to water stress is stomatal
closure to decrease water loss, which may result in reduced CO, availability at the
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) carboxylation sites,
thereby decreasing photosynthesis. As soil water availability decreases, leaf water
potential becomes more negative, triggering changes in hydraulic and biochemical
processes that reduce g; — stomatal closure [145, 146]. However, stomatal sensitivity
varies between species and cultivars of the same species. For example, under water
stress conditions, at (pre-dawn) leaf water potentials to —1 MPa, the Grenache
grape cultivar showed the fastest decline and highest g sensitivity when compared
to Semillon and Syrah grapes, and below this value, these cultivars exhibited similar
sensitivity [145].

Studies on fruit species have demonstrated that the decline in stomatal opening
predominantly occurs via a so-called hydraulic mechanism, that is, a decrease in g,
associated with an increase in ABA concentration in the leaf [147]. ABA acts on the
regulation of ion channels in the membrane, as well as changes in electrogenic pumps
associated with the formation of proton gradients in the plasma membranes of guard
cells. These actions promote changes in osmotic and water potential in the cytosol,
which controls water outflow and causes stomatal closure [94]. Indeed, decreased
soil water availability leads to higher ABA concentration in leaves, which has been
reported in grapevines [146], citrus [43], mango [148], apple [149], and papaya [42],
among others.

Less soil water availability increases ABA biosynthesis in the roots, which is
transported to the leaves via transpirational flow, where it acts on stomatal closure
[150]. Recent studies have demonstrated that ABA biosynthesis can also occur in the
leaf, especially under more stressful leaf conditions [151] resulting in loss of turgor
and a decline in mesophyll cell volume. Speirs et al. [152] found an increase in ABA
concentration in the roots, xylem, and leaves, primarily during the later stages of
water stress. However, in the Cabernet Sauvignon grape cultivar, gene expression
involved in ABA biosynthesis (VviNCED1 and VviNCED2) remained stable in the
leaves but increased in the roots, indicating that the root may be a primary site of ABA
production.

Under conditions of water limitation, increased ABA production by the roots has
been used as an irrigation strategy to optimize water use in fruit species. Partial root-
zone drying (PRD) and deficit irrigation strategies have been used. Deficit irrigation
involves reducing the amount of water applied at specific crop stages, whereas PRD
also alters the irrigated side of the root system, that is, while one part of the root is
irrigated, the other part is exposed to dry soil, inducing the root in the latter part to
produce ABA [116, 153, 154]. ABA is transported to the leaves through transpirational
flow, inducing partial stomatal closure without significantly affecting photosynthesis.
This response effectively increases water use efficiency, primarily in fruit species
that exhibit “luxury” stomatal behavior, such as papaya [77]. Indeed, this technique
has significantly reduced water use (increased water productivity, reduced water
footprint) in a number of fruit crops. For example, a 50% decrease in water applied
after veraison in grapevines [154, 155] and 35% in Tainung 01 papaya of the Formosa
group [9, 10] under field conditions did not affect fruit yield or quality. As such, this
approach can be used in commercial cultivation as a strategy to conserve water and
mitigate water stress.

Stomata play a key role in plant responses to water stress, as under increased
VPDieat airs reduced g minimizes water loss through transpiration. On contrast, rapid
water loss through the leaf could lead to a significant drop in leaf water potential,
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given that each species has an optimal range of W,¢ for leaf metabolism. For instance,
in irrigated grape orchards, a typical safety margin in stem water potential (Wem)

is around —1.5 MPa, which may result in turgor loss or cavitation [156]. Changes

in Wye,¢ and/or hydraulic conductivity affect guard cell turgor and consequently g,.
Hydraulic conductivity changes primarily stem from aquaporins, integral proteins
found in the plasma membrane or tonoplast that facilitate water and small molecule
transport across membranes [157, 158]. These proteins encompass a large gene family
whose regulation is complex, and many studies have demonstrated their involvement
in stomatal regulation [159]. Several studies have shown that ABA acts in regulating
their activity, as well as the transcription of various aquaporin isoforms in leaves,
roots, and guard cells [160, 161]. Changes in W}, are partly modulated by changes in
leaf hydraulic conductivity, which, in turn, is modulated by ABA, creating an inter-
dependency between these factors. However, studies on grapevines have shown that
ABA increased only when g, declined drastically (<50 mmol m™~s™), suggesting that
initial stomatal closure was driven by hydraulic signals rather than ABA [162-164].
Contrasting stomatal responses in two strawberry cultivars under osmotic stress may
partly be attributed to jasmonic acid pathway, rather than to abscisic acid [165].

As water deficit increases, tension in the water column within xylem vessels also
rises, potentially leading to embolism and cavitation. These processes decrease xylem
vessel hydraulic conductivity and can ultimately result in hydraulic failure (inter-
ruption of transpirational flow). Vulnerability to embolism depends on a number
of anatomical and physiological factors that vary between species and varieties in
the same species. For example, grapevines with larger diameter xylem vessels are
generally more susceptible to embolism than their smaller diameter counterparts,
due to the larger surface area of pit membranes and a greater number of pits in vessel
cells [166].

Soil water scarcity or high VPD,;, can cause rapid leaf dehydration, reducing cell
turgor loss. On contrast, solute concentration in cell cytoplasm enables leaves to
maintain turgor pressure even under negative W,¢ [167]. Thus, W,¢ at which cells
lose turgor (turgor loss point) has been used as a drought tolerance characteristic in
several species, including fruit-bearing varieties [164]. The turgor loss point is corre-
lated with stomatal closure [80] and declining leaf hydraulic conductivity [168, 169].
Thus, genotypes with leaves losing turgor at more negative leaf water potentials may
sustain hydraulic and stomatal conductance, as well as growth and yield under drier
conditions [170]. To reduce the water potential at which turgor loss occurs, genotypes
undergo osmotic adjustment by increasing ion transport and synthesizing osmotically
active compounds in cells, such as sucrose, sugar alcohols (for example, raffinose and
trehalose), proline, glycine-betaine, etc. [171]. In addition to these functions, under
water stress, some compounds such as carbohydrates can act as osmoprotectants by
stabilizing membranes, while osmoprotectants such as the amino acid proline can act
as antioxidants in the cell [172, 173].

Osmotic adjustment in the root system is a trait that can help genotypes suc-
cessfully overcome dry periods and can therefore be used as a strategy in rootstock
selection [174, 175]. For example, in a study with different rootstocks, where the
Cleopatra mandarin was compared to the Rangpur lime under drought conditions,
the former exhibited higher ABA concentrations and high levels of sugars such as
sucrose, raffinose and trehalose, which helped in cell protection, especially in main-
taining turgor [173]. Similarly, under water stress conditions compared to controls,
Swingle citrumelo rootstocks, modified to increase proline synthesis, showed higher
photosynthetic rates and transpiration, which were associated with higher leaf RWC
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in these plants [176]. However, an increase in constitutive proline synthesis may alter
metabolic pathways and metabolic profiles, and reduce sucrose availability [177],
potentially increasing competition for carbon skeletons with primary N metabolism
[178, 179]. Thus, these strategies seem to be more appropriate for prolonged drought
conditions, where accumulation of osmotically active compounds such as proline,
through induced mechanisms (see example in Farinacio et al. [180]), could result

in better agronomic performance under no or moderate water stress. An increase in
osmotically active compounds such as dehydrins, glycine betaine and osmotin also
played an important role in drought tolerance in 110R grape rootstock [181].

In addition to osmotic adjustment, other traits relevant to rootstock performance
under water-limiting conditions are associated with root system architecture and
hydraulics. Several studies have shown that apple rootstocks that induce greater
assimilate partitioning for root growth and explore deeper and larger soil volumes
demonstrated greater drought tolerance [149, 182]. However, a deep root system does
not always guarantee efficient water uptake. Other characteristics such as the number
of fine roots and hydraulic properties are of utmost importance [183]. Yildirim et al.
[181] reported that drought-resistant 110R grape rootstocks had less impact on root
architecture characteristics, such as root area and length, and number of root emis-
sions and ramifications. Interestingly, these responses are associated with increased
carbohydrate and nitrogen translocation, as well as greater expression of membrane
transporters for sugars and proteins such as Sweet and NRT1/PTR. In the 110R grape
genotype, under severe water demand, another reported mechanism suggests a
relationship between suberization and root hydraulic conductivity, whereby suberiza-
tion creates a barrier to apoplastic water movement from roots and predicts the flow
of this molecule from the roots to the soil [181, 184].

Root hydraulic conductivity has been the subject of many studies aimed at
understanding rootstock function in drought tolerance. In apple rootstocks, drought
resistance has been attributed to increased root hydraulic conductivity, as well as
greater xylem embolism recovery and changes in assimilate partitioning for root
growth [182, 185, 186]. However, under prolonged stress conditions, increased root
and leaf hydraulic conductivity maximizes stomatal opening and may result in faster
soil water depletion. In this case, close coordination between root and leaf hydraulic
conductivity, associated with higher stomatal sensitivity, may reduce plant transpira-
tion (greater water use efficiency) and conserve water for longer in the soil. In this
respect, it is important to underscore that individual responses observed in rootstocks
cannot be used as a rule, since the interaction between graft and rootstock is highly
variable, depending on the genotypes used [149, 174, 187]. Another important point is
the graft-to-rootstock connections, which may become areas of greater resistance to
water transport through healing processes and may reduce plant hydraulic conductiv-
ity. For example, the Flying Dragon rootstock (trifoliate orange), which has fewer
vessels per xylem cross-section, increasing resistance to water and nutrient flow, may
result in lower leaf water potential under high or even moderate atmospheric demand
[188, 189]. This situation may be exacerbated when using the interstock technique to
solve incompatibility problems, since it raises the number of connections and conse-
quently hydraulic resistance [189].

The most recent studies with various fruit species grown under conditions of
water limitation have demonstrated that plants respond differently to the occurrence
of single or recurrent water deficit events [190]. In plants subjected to a single water
stress event, acute responses are observed, such as a reduction in photosynthetic rate,
reduction in leaf water potential, wilting and leaf senescence, in addition to high
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oxidative damage [191]. In Citrus spp. seedlings, the exposure to successive events of
dehydration/rehydration makes the citrus seedlings more resistant to future expo-
sures to water stress [192]. Plants subjected to recurrent water stress events appear to
acclimatize to the preceding stress conditions, through “stress memory” mechanisms,
causing these plants to more quickly activate strategies to mitigate damage resulting
from stress, from adjustments physiological and biochemical adjustments to molecu-
lar adjustments. Stress memory depends on the intensity of the priming event, as
well as on genetic characteristics that influence stress tolerance [193]. In fruit species,
‘memory’ responses are observed, among other species, in field grown Coffea arabica
[194, 195]; in four-year-old Sangiovese and Montepulciano vines (Vitis vinifera)
where previous water stress would led to less conservative plant strategy toward water
loss and decreased water use efficiency [196]; in adult olives that had gone through
various drought exposures, had improved stress tolerance mechanisms and overall
improved growth and survival rates [197]. After the passage of recurrent water
stresses, the fruit plant responses seem to be coordinated by the stomatal response to
decreasing water potential, causing a reduction of xylem hydraulic safety margin.

4.2 Impact of water limitation on fruit production and quality

Under conditions of water limitation, reduced photosynthesis due to stomatal
closure causes a decrease in the primary metabolite supply to fruits [198]. However,
an accumulation of sugars is commonly found in several fruit species under water
stress, usually due to lower fruit weight, which increases soluble solid concentra-
tion and sugar remobilization from starch breakdown [12]. In grapevines, improved
fruit quality is attributed to an increase in the berry skin-to-pulp ratio, given that
many quality-related metabolites (phenolic compounds) are synthesized in the skin.
However, under prolonged water stress, a decline in leaf sugar content may occur
due to decreased photosynthetic rates and increased sugar remobilization to other
plant organs aimed at survival [12]. Decreased fruit weight results in lower yield per
area, which may show a significant correlation with water potential. In grapevines,
a 0.2 MPa decrease in water potential resulted in yield losses of about 10% [199],
although these changes depend on the phenological stage at which stress occurs and
its duration, with pre-veraison stages the most sensitive.

In general, water stress increases the concentration of osmotically active com-
pounds in fruits, such as amino acids (proline, leucine, isoleucine, and valine),
organic acids, sugars, and potassium, as a means of promoting osmotic adjustment
[12, 200, 201]. The accumulation of these compounds depends on the stage at
which the stress occurs. For example, under water stress conditions, organic acid
content declined in the later stages of grape development, which may be associated
with less availability of citric acid cycle intermediates, while amino acid content
rose [202-205].

In fruits, secondary metabolite-derived compounds are responsible for color,
aroma, and nutritional characteristics [204]. Under water stress, an increase in the
concentration of these compounds is expected, which may result in better fruit qual-
ity [206]. Grapevine cultivars show a significant increase in anthocyanin content in
fruits, thereby raising berry color intensity [199, 207], which is generally associated
with increased sugar concentration. Sugar concentration promotes the expression
of enzymes involved in anthocyanin synthesis [205]. Water stress increases ABA
synthesis, which participates in fruit ripening. Thus, ABA changes the metabolic
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composition of the fruit, particularly sugar and anthocyanin content [208]. However,
increased anthocyanin concentration is not a universal response, since some studies
have shown no change or even a reduction in anthocyanin concentration due to a
decrease in phenylalanine ammonia lyase activity [204]. Variations in anthocyanin
content depend on climatic conditions, variety, and the magnitude and duration of
stress [199]. Under water stress conditions, ascorbic acid (or Vitamin C) is another
antioxidant compound that has increased fruit concentration, which can promote
drought tolerance [209].

In fruits, water stress increases the concentration of flavonols, another important
class of flavonoids [12], especially during their ripening phase [210]. However, Savoi
etal. [200] showed no water stress effect on these compounds. These contradic-
tory responses may be associated with the effect of water stress on canopy growth/
development, that is, flavonol biosynthesis is stimulated under light and ultraviolet
radiation conditions. Thus, different water stress conditions can have a different
impact on canopy growth/development [199]. In terms of fruit quality, carotenoids
are other important compounds derived from secondary metabolism. Under water
stress conditions, some studies have shown an increase in the concentration of
certain carotenoids (violaxanthin and beta-carotene), for example, in grapevines and
mangoes [211, 212].

Volatile compounds are key to fruit aroma, with terpenoids (monoterpenes,
sesquiterpenes, and C13-norisoprenoids) representing the largest classes. Under
water stress conditions, several studies found an increase in the concentration of
these compounds due to higher gene expression in the methylerythritol 4-phosphate
pathway [210], while others have also reported decreases in terpene concentration
under these same conditions [213].

In general, water stress can enhance fruit quality at the expense of quantity (yield)
due to the accumulation of primary and secondary metabolites. Thus, using partial
root-zone irrigation may save water (greater agronomic water use efficiency) and
improve fruit quality. However, the actual impact will depend on the duration and
intensity of the stress, as well as the specific species and cultivars in question [12]. As
such, studies should aim to determine when (phenological stage) to apply water defi-
cit, its duration, and the amount of water reduction needed to enhance fruit quality.

5. Conclusions

Soil and air water limitations significantly compromise the metabolism of
fruit-bearing plants. The effects of this abiotic factor will be exacerbated by climate
change, which has already begun and is expected to worsen in the near future. As
such, understanding how to quantify water and the duration of its application in the
soil-plant-atmosphere system, as well as advanced knowledge of water status in plant
tissues, is essential for correct irrigation management of these plant classes. Applying
water in appropriate level will increase photosynthetic rates, growth, yield and fruit
quality, in addition to improving water use efficiency, reducing costs and promoting
environmental sustainability.
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Abstract

Plant growth regulators (PGRs) play a pivotal role in enhancing yield and quality
in fruit crops by influencing the biosynthesis, metabolism, and translocation of plant
hormones. These exogenous applications modulate hormonal balance by stimulating
or inhibiting the production of specific hormones, thereby altering growth pat-
terns and developmental processes. The strategic use of PGRs has led to significant
advancements in fruit production, contributing to superior growth, quality, and yield.
PGRs elicit various physiological responses, such as promoting or suppressing growth,
inducing flowering or thinning excess blooms, and mitigating biotic and abiotic
stresses. They also reduce preharvest fruit drop, improve fruit size, enhance color
development, and synchronize fruit maturity. Additionally, PGRs support root system
development, boosting nutrient uptake and stress tolerance. In high-value perennial
fruit trees, which exhibit intricate physiological interactions, PGRs offer precise and
efficient interventions to optimize productivity. Remarkably effective at low concen-
trations, these compounds enable significant improvements in fruit quality and yield,
underscoring their critical role as drivers of sustainable fruit crop management.

Keywords: auxins, gibberellins, productivity, quality, fruits

1. Introduction

In the quest to meet the growing global demand for food and enhance the sus-
tainability of agricultural systems, plant growth regulators (PGRs) have become
essential tools for improving fruit crop productivity. Defined as natural or synthetic
compounds that influence plant development and metabolism at low doses, PGRs
are widely used to modify growth processes such as branching, shoot suppression,
flower regulation [1-7], fruit thinning [8], and adjusting the timing of fruit maturity
[9]. The efficacy of PGRs depends on various factors, including the plant’s vigor, age,
cultivar, dose, timing of application, and prevailing weather conditions during their
application. To meet the annual global food demand of approximately 3.7 billion
metric tons, chemical fertilizers have traditionally been employed to boost productiv-
ity [10]. However, their excessive use has disrupted ecosystems, posing a threat to
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biodiversity and destabilizing natural processes. This has led to a growing emphasis
on sustainable agricultural practices, including environmentally friendly approaches
like integrating biofertilizers and PGRs to reduce environmental pollution while
maintaining high crop yields.

Fruit crops, being highly sensitive to both biotic and abiotic stresses [11], can be
benefited significantly from the application of PGRs. These regulators help mitigate
the adverse effects of climate variability, pests, and diseases, thereby stabilizing
yields and improving fruit quality. PGR is a very broad term that includes growth
promoters and growth retardants. The main classes of PGRs—auxins, gibberellins,
cytokinins, ethylene, and abscisic acid—each play distinct roles in plant development.
For instance, auxins control cell elongation [12] and root development [13], while
gibberellins are critical for stem elongation [14] and breaking dormancy in fruit crops
[15]. Cytokinins promote cell division, ethylene regulates ripening, and abscisic acid
manages responses to stress, particularly drought.

With technological advances in agriculture, the development of novel PGR formula-
tions and their precise application through modern farming techniques have resulted
in a paradigm shift in how PGRs can be used in integrated fruit crop management. The
controlled use of these regulators has not only improved the quantity and quality of fruit
harvests but also contributed to the economic viability of fruit production by enhancing
efficiency, reducing waste, and ensuring consistency in fruit size, taste, and appearance.

This chapter delves into the science behind plant growth regulators, exploring their
modes of action, interactions with plant hormones, and the specific effects on fruit
crop physiology. By examining real-world applications and case studies, it provides
a comprehensive understanding of how PGRs can be leveraged to drive fruit crop
productivity, improve quality, and contribute to sustainable agricultural practices.

2. What are plant growth regulators?

PGRs: These are the organic chemical compounds that are naturally and syntheti-
cally synthesized, which can alter or regulate the various physiological processes
appreciably in a plant when used in minute quantity.

2.1 Overview of plant growth regulators (PGRs)

Plant growth regulators (PGRs) can be broadly categorized into natural and
synthetic types, each with distinct characteristics and applications (Table 1).

Typeof PGRs  Description Example Role in fruit crops References
Natural PGRs Naturally produced IAA, IBA, ethylene,  Control cell division, [2,3,11,12]
hormones in plants that GA;, ABA flowering, fruit
regulate growth and ripening, stress
development response
Synthetic Artificially formulated IBA, NAA, Promote rooting, [16-20]
PGRs chemicals that mimic oralter ~ GAj;, Progibb enhance fruit size,
natural hormone actions for paclobutrazol, control growth,
specific outcomes daminozide regulate ripening
Table 1.

Classification of PGRs on the basis of origin.
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3. Physiological role of PGRs in fruit crops

Auxins: Auxins are a group of PGRs that plays a pivotal role in various stages of
fruit development. Auxins, produced primarily in the shoot, root apices, coleoptile
tips, and leaves, play a pivotal role in enhancing fruit productivity. These hormones
are transported in an acropetal manner (from the tip toward the base) to zones of
action, where they regulate critical growth processes. By activating enzymes like
expansins, auxins loosen cell walls, enabling cell enlargement and development of
larger and healthier fruits. In fruit development, auxins are indispensable for fruit set,
stimulating the transformation of the ovary into fruit after pollination. Their abil-
ity to maintain hormonal balance prevents early fruit drop, ensuring a higher yield.
External application of auxins can further enhance productivity by inducing parthe-
nocarpy in many crops like grapes, strawberry, and oranges leading to the production
of seedless fruits, which are often preferred in the market. The polar transport of
auxins creates a regulated concentration gradient across plant tissues, promoting
uniform and coordinated growth of fruits. Auxins also interact synergistically with
other plant hormones like gibberellins (GA) and cytokinins to regulate cell division
and fruit expansion, directly influencing fruit size, structure, and quality. During the
later stages of development, a controlled reduction in auxin levels promotes ripening
while preventing premature fruit detachment, ensuring a better harvest. This com-
prehensive role of auxins in fruit set, growth, and ripening highlights their critical
contribution to improving both the quantity and quality of fruit production.

Gibberellins: Gibberellins (GA) play a crucial role in cell elongation and breaking
dormancy, leading to an increase in fruit size, weight, and volume. For instance, in
Phyllanthus emblica (aonla), spraying with 100 ppm of GA; significantly improved
fruit length, width, weight, and volume, while also enhancing qualitative parameters
such as ascorbic acid levels and total soluble solids and reducing fruit acidity [10].

In crops like Ber, GA; reduced the abscission layer, preventing premature fruit and
flower drop while improving fruit set [21]. Similarly, in table grapes, GA; applica-
tion induced seedlessness, which is a desirable trait for commercial production [22].
Furthermore, GA; has been shown to enhance chlorophyll synthesis in papaya [23]
and protein production in wax apple [24], supporting overall plant growth and fruit
development [25]. Fruit as a structural entity that arise out of ovary or parts sur-
rounding the ovary and GA; application boosts the initial growth of ovaries [26].
While these effects vary across species, they underscore the versatility and signifi-
cance of GA; in improving fruit yield and quality.

Cytokinins: These are a chemically diverse class of PGRs, which have a role in plant
growth and development. Cytokinins (CKs) play a fundamental role in plant growth
and development. Cytokinins are found to have an influence in developmental stage
from embryogenesis till senescence in all type of plants. They are involved in mul-
tiple physiological and biochemical processes of different functions throughout the
plant life cycle. CKs actively regulate important processes such as seed germination
(radicle and plumule initiation), shoot elongation, and proliferation, as well as the
induction of flowering, fruit formation, and seed set. Additionally, they also have an
important role in delaying senescence, alongside reducing fruit ripening and prevent-
ing premature defoliation [1-7]. These functions are closely linked to their ability to
release buds from apical dominance, thereby promoting lateral growth and overall
plant vigor. Moreover, CKs contribute significantly to enhancing plant stress toler-
ance, equipping plants with the resilience needed to withstand adverse environmental
conditions [9].
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Ethylene: 1t is well known as a ripening hormone, and its major function in plants
is to induce ripening [3]. Ethylene is produced as a signal to induce ripening in fruits
as they mature. The level of ethylene in a fruit varies by variety, and some fruits, like
MclIntosh apples, produce a lot of ethylene. Another role of ethylene is in shelf life: in
order to extend the shelf life of the fruit, the levels of ethylene have to be kept under
control [27]. For this, the filters or sachets that absorb ethylene can be used. Fruits can
also be sprayed with a light mist and kept at a cool temperature. Ethylene also plays a
role in other plant processes, such as seed germination, root development, and stress
responses [13].

Abscisic Acid: This hormone has an alternate name, which is stress hormone where
the presence of this hormone regulates gene expression as ABA binds to receptors,
which activates a series of actions in turn regulating the gene expression [28]. These
genes have multiple functions like modification of a fruit’s color, texture, flavor, and
aroma. The other functions involve promotion of photosynthate unloading, and this
includes translocation of photosynthate from phloem to developing fruits [29, 30].
The application of ABA or use of compounds/methods to increase the levels of ABA
within plant system can result in enhanced sugar utilization [31]; for example, the
amount of sugar that is taken up into vacuoles in the flesh of an apple fruit can help
in improving the sweetness of apples. ABA is also found involved in regulation of the
accumulated pigments are responsible for changing the fruit’s color during ripening.
The aroma of fruits and fruit softening is caused by changes in the structure and
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Figure 1.
Mechanisms through which PGRs enhance fruit productivity.
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composition of cell walls [32]. ABA levels generally increase during the ripening
process in most fruits. ABA interacts with other phytohormones and environmental
factors in a complex network [33]. For example, ABA and ethylene interactina
complex network, and their concentrations change in response to each other [34].

4. Mechanisms of action of PGRs in fruit crop productivity

Figure 1 brings out a clear image of the impact of PGR application on diversified
responses in fruit productivity. Few of the effects are directly associated with enhance-
ment of the fruit quality while others are indirectly associated. The application of PGRs
results in hormonal changes, that is, either increase or decrease in hormonal levels within
the plant system. This can be explained on the basis of PGRs and hormonal interactions:
applied plant growth regulators interact with the plant’s internal hormonal levels, initiat-
ing multiple complex physiological processes that include seed germination, flowering,
fruit development, and response to environmental stresses.

These interactions can be synergistic, where two or more hormones work together
to amplify an effect, or antagonistic, where one hormone counteracts the effect of
another. The five major categories of PGRs—auxins, cytokinins, gibberellins, abscisic
acid (ABA), and ethylene—all have a unique function; however, their interplay results
in the regulation of plant growth.

5. Role of PGRs in enhancing fruit productivity

Role of Auxin in fruit productivity: Auxins, primarily in fruit formation, promote fruit
set by stimulating cell division and expansion in the ovary. Even without pollination,
auxins can produce fruits through parthenocarpy, seedless fruits. As the fruit grows,
auxin regulates cell enlargement and coordinates with hormones like gibberellins and
cytokinins, affecting size and shape while guiding vascular tissue development to support
the growing fruit. Hormonal interaction with ethylene is vital for regulating ripening.

As it promotes early growth, auxin applied at later stages delays ripening by suppressing
ethylene production, extending fruit storage life and shelf stability. Auxins are applied
at lower concentrations to prevent premature fruit drop, especially in crops like apples
and citrus, helping maintain yield. Time of application along with concentration plays
an important role in defining the actual role. In seeded fruits, auxin from developing
seeds signals the surrounding tissue to grow, which explains why seedless fruits tend to
be smaller. Synthetic auxins, such as NAA and 2,4-D, are widely used in horticulture to
control fruit set, prevent fruit drop, and enhance the size and quality of fruits, making
auxin invaluable for optimizing fruit production.

Role of Gibberellins in fruit productivity: GAs work antagonistically to ABA in regu-
lating dormancy—while ABA induces and maintains dormancy, gibberellins stimulate
seed germination by breaking down the starch stored in seeds and converting it into
energy. In addition to their interactions with ABA, gibberellins also work alongside
auxins to promote cell elongation and fruit development. In many crops, the applica-
tion of GAs can increase fruit size and improve overall yield.

Role of Cytokinins in fruit productivity: Cytokinins are known for promoting cell
division and delaying leaf senescence and often counterbalance the effects of other
PGRs like ABA. They counteract ABA and delay stress responses and encourage
growth, often acting against ABA’ inhibitory effects on germination. The antagonism
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between cytokinins and ABA becomes particularly important during periods of
environmental stress, such as drought. However, when favorable conditions return,
these help to reinitiate growth and promote recovery.

Role of Ethylene in fruit productivity: This often plays a key role in fruit ripening,
leaf abscission, and the plant’s response to stress. Ethylene’s interaction with auxins is
especially important in regulating leaf and fruit drop. It is useful for growth restric-
tion and fruit thinning practices. Ethylene also works synergistically with ABA in
promoting plant senescence and stress responses but can interact with cytokinins to
delay senescence in certain circumstances, adding another layer of complexity to its
role in plant development.

Role of ABA in fruit productivity: ABA within the plant system that resulted in
restriction of vegetative growth reduces the dependence of plant on food reserves,
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PGR Function/Effect on plant References

Brassinosteroids Promotion of cell wall expansion and cell elongation. Seed
germination, reduce stress effects

Jasmonates Root growth, inhibit germination, secondary metabolite productions, [35]
stimulate leaf senescence, wound response, pollen development,
enhance photosynthetic ability, ion uptake, membrane permeability,
enzyme activity, flowering, growth and development of plant.
Improve shelf life of fruits, chilling injury protection, firm fruit, and
improve TSS.

Polyamides Cell division, embryo development, flower development, regulate [36]
ripening, reduce physiological weight loss, anti-senescence agent,
protection from abiotic stress.

Salicylic acid Photosynthesis, ion uptake, membrane permeability, enzyme [37-39]
activity, flowering, growth and developmental activity of plant.
Initiates SAR (systematic acquired resistance). Under SAR, if a plant
is under attack of pathogen in one part, the other part automatically
develops resistance.

Methyl Interacts with ethylene-sensitive sites, reduces respiration, delays [25, 40]
cyclopropane senescence, development of color, reduces chlorophyll degradation,
(1-MCP) fruit softening. Post-harvest shelf life is increased prolonging the

flavors for extended duration.

Triacontanol Improves root/shoot length, fresh and dry weight, increases leaf [41]
area per plant, better photosynthetic ability, nutrient accumulation,
increases yield and yield attributes, increases nitrogen fixation and
enhanced translocation and sugar accumulation.

Prohexadione-Ca Inhibits the production of ethylene, checks vegetative growth, [42]
reduction in longitudinal shoot growth by blocking dioxygenases,
and can be used as a substitute to paclobutrazol. Controls alternate
bearing.

Table 2.
Impact of newer class of PGRs (Figure 2) on plant function.

which helps the pant to divert the food material toward the growing fruits and overall
contribute to fruit quality and productivity. Also, at the time of fruit maturation,
ABA levels rise, triggering physiological changes that lead to ripening by promoting
color development, sugar accumulation, and flavor enhancement. ABA also interacts
with ethylene, the main ripening hormone in climacteric fruits, helping to fine-tune
the timing and quality of ripening. Furthermore, ABA is crucial in managing plant
responses to stress, especially water stress, by regulating stomatal closure, thus help-
ing fruits maintain water content during dry periods. In relation to fruit drop, ABA
can signal the abscission of fruits under unfavorable conditions, effectively reducing
the load on the plant to support only well-developed fruits (Figure 2, Table 2).

6. Application of PGRs in fruit crop management

PGRs are applied through various methods, which include foliar sprays, soil appli-
cation, and drenching. Foliar spraying involves preparing a careful concentration
of the compound to be applied and the solution is directly sprayed onto the plant’s
leaves, allowing for quick absorption and fast results, making it ideal for targeted
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PGR Dosage Time of application
(ppm)
Naphthalic acetic acid 10-15 Apple Any time between full bloom to 4 weeks
after petal fall
2,4-Dichlorophenoxy acetic 2-10 Any time between full bloom till petal fall
acid
2,4,5-Tri-chloroacetic acid 2-25 Any time between full bloom till petal fall
Naphthalic acetic acid 10-50 Stone Fruits Any time between petal fall to pit hardening
2,4-Dichlorophenoxy acetic 2-15 Any time between full bloom to petal fall
acid
2,4,5-Tri-chloroacetic acid 2-25 Any time between full bloom to petal fall
Ethephon 100-500 Any time between petal fall to pit hardening
NAA 10-20 Sweet oranges  Fruit development stage
2,4-D 10-15 Mandarins 4-8 weeks after fruit set
GA;+ NAA 20-40 Grapes Berry shatter stage, early fruit set
NAA 10-15 Litchi Early fruit development stage
Table 3.

Timing and Dosage of PGRs for fruit thinning [8].

applications like correcting nutrient deficiencies or promoting flowering. However, it
must be kept in mind that quick absorption of inaccurate dose can also lead to toxicity
and result in the development of phytotoxicity. Soil application, on the other hand,
delivers PGRs to the plant’s root zone, providing a slower, more sustained release that
supports root health and plant vigor. Drenching involves saturating the plant’s root
zone with a solution, ensuring direct uptake by the roots for long-lasting effects. This
method is particularly effective for larger plants and trees, especially when applying
root-active PGRs or addressing stress-related issues.

Table 3 provides precise information about the experimentally verified doses of
various growth regulators in different fruit crops.

7. The role of PGRs in flowering response

The onset of flowering is a crucial precursor to fruit setting, and PGRs are instru-
mental in influencing this phase. Growth retardants, like paclobutrazol (PBZ), are
known to promote flowering, while growth promoters may sometimes suppress it.
The effect of PGRs on flowering largely depends on the timing and rate of applica-
tion, with growth retardants generally enhancing flowering when applied at specific
developmental stages. Additionally, certain PGRs can be used to delay flowering,
allowing plants to avoid adverse weather conditions that might otherwise damage
early blooms. For example, NAA (200-800 ppm) has been shown to delay flowering
by 1-2 weeks in apple [16], cherry [17], pear [18], peach [19], and plums [43]. By
delaying flowering, PGRs can help protect sensitive stages of fruit crops from spring
frosts or other harsh conditions. Certain PGRs are also species-specific in their effec-
tiveness. Daminozide (succinic acid-2,2-dimethyl hydrazide) promotes flowering in
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crops like apple, pear, peach, and blueberry, while CCC (cycocel) increases flowering
in grapes and lemons. However, in other crops, such as strawberry, peach, plum, and

cherry, GA applications support increased fruit set, highlighting the nuanced role of

PGRs across various fruit species.

PGRs in Flower and Fruit Thinning for Optimized Yield: To achieve optimal yield and
fruit quality, flower and fruit thinning practices are essential. High yields in one year
may lead to reduced yields in subsequent years due to biennial bearing—a common
issue in many fruit crops. PGRs can assist in thinning flowers and fruit to balance load
and ensure the development of high-quality produce, leading to better returns and
avoiding the stress of overbearing on plants. Prebloom GA applications are effec-
tive for inducing fruit set while also helping to create loosely clustered and visually
appealing grape bunches. In peaches, NAA at 5-10 ppm is effective for fruit thinning,
while in mango, PBZ (5 g active ingredient per plant) optimizes yield by managing
fruit set. Additionally, Promalin (a combination of GA,, 7 and BA) is widely used
as a fruit thinner, helping to maintain desired crop load and fruit quality [44]. NAA
@ 800 ppm resulted in deblossoming of guava flower [45]. Interestingly, GA; has a
specific role in inhibiting flower bud differentiation [46]. Therefore, inhibiting GA
production can also serve as a method for inducing flowering, as GA restriction helps
support flower formation in certain fruit crops. This controlled manipulation of
flowering through PGRs allows for improved management of fruit crops, ultimately
aligning with the goals of sustainable productivity and market-quality yields.

8. Impact of PGRs on fruit yield and quality

PGRs have revolutionized the productivity of fruit crops by modulating key
physiological processes involved in growth, flowering, fruit development, and stress
resilience. Through precise applications, PGRs can strategically support fruit set,
enhance fruit size, improve biochemical composition, and adapt plants to environ-
mental challenges, enabling growers to meet evolving market demands. This section
explores the diverse roles of PGRs in fruit crops, examining how compounds such as
gibberellins, auxins, cytokinins, and ethylene inhibitors contribute to yield improve-
ments, fruit quality, and enhanced post-harvest stability.

The strategic application of PGRs can significantly boost yield and fruit size—two
core parameters for productive fruit cultivation. PGRs work by modifying growth
stages by stimulating cell division or by reducing the number of fruits to achieve
optimal fruit size, set, and retention, thus directly impacting productivity. For
instance, auxins have demonstrated great success in improving fruit size in crops
like plums, cherries, and apricots [16]. When applied post-bloom, auxins support
enhanced fruit set and stability, reducing premature fruit drop [47]. In addition, the
use of gibberellins (GA;), specifically as a 50-100 ppm solution, has proven effective
for enlarging berry size in grapes, leading to bigger, elongated fruit that meets market
standards [48]. In apples, foliar applications of GA; (20-40 ppm) combined with
NAA (25-50 ppm) improve fruit retention and overall yield [49]. Similarly, in apricot,
the application of Prohexadione-Ca and NAA has demonstrated enhanced fruit
weight and yield efficiency [42]. Singh et al., [S0] used similar concentration in Ber
that resulted in the production of better fruit size and yield. Cytokinins, another PGR
group, stimulate cell division in developing fruits, thereby contributing to a larger,
fuller fruit profile. Collectively, PGRs allow for targeted growth management, adapt-
ing crops to seasonal variations and supporting consistent fruit yield across cycles.
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9. Quality improvement through PGRs

Beyond yield, PGRs play a pivotal role in refining fruit quality, which encompasses
attributes like sweetness, color, texture, and shelf life—all of which influence market
value. By regulating the plant’s sugar metabolism, GA4 , ; @ 1.25 nM increased sucrose
content of Jinxiu peach. It was found that GA4, ; upregulated the sucrose phosphate
synthase gene expression when applied during final stage of ripening [51], and
application of GA; and NAA improved physiological features of Washington navel
oranges, enhancing fruit sweetness and flavor [52]. They also help develop uniform
fruit shapes, desirable peel thickness, and favorable pulp-to-stone ratios, essential for
consumer appeal and processing needs. Importantly, some PGRs, such as paclobutra-
zol (PBZ), can increase antioxidant activity in pomegranate [20], phenolic content
in strawberry and mango [53, 54], and vitamin C levels in mango [55], leading to
brighter fruit coloration, firmer texture, and enhanced fungal resistance. Ethylene
regulation further aids in extending shelf life in kiwi [27], particularly when inhibi-
tors like 1-Methylcyclopropene (MCP) in strawberry [25]. MCP, for instance, main-
tains firmness, acidity, and color in crops like plums [40], enabling extended storage
and transport without compromising quality.

10. PGR applications in harvesting and post-harvest quality

PGRs are also employed to facilitate efficient harvesting and improve post-harvest
handling. Ethephon, a well-known ripening agent, is widely used for chemical
harvesting and dehulling across several crops, including walnut, pecan, olive, apricot,
cherry, date, and grapes [8]. Its ability to promote synchronized fruit drop simplifies
harvesting and processing operations. Moreover, in walnut cultivation, ethephon
aids in efficient dehulling, making it a practical choice for commercial growers. An
alternative approach to managing ethylene levels is through diazocyclopentadiene
(DCAP), an ethylene inhibitor effectively used to delay ripening in crops such as
tomatoes and apples [56], allowing for a prolonged shelf life and extended market
availability. Furthermore, the application of PBZ has been linked to reductions in
physiological disorders like bitter pit [57], cork spot, and senescent breakdown, com-
monly observed in apples [19]. This makes PBZ not only a growth regulator but also a
contributor to fruit quality preservation, particularly under storage.

11. Challenges and limitations of using PGRs

The application of PGRs in agriculture, while advantageous, also presents signifi-
cant challenges tied to environmental impact, crop health, and regulatory compli-
ance, all of which demand careful management.

Environmental and Safety Concerns: PGR residues can accumulate in soil and water,
potentially harming beneficial organisms and disrupting local ecosystems. Some syn-
thetic PGRs may contribute to soil and water pollution, raising concerns about long-term
environmental sustainability. Additionally, PGR residues on fruits can pose food safety
issues, especially where consumer preferences are increasingly aligned with organic
and natural produce. Excessive or mismanaged use of PGRs can negatively impact crop
health, causing issues such as phytotoxicity, inhibited root development, and nutrient
imbalances. Chronic overuse may result in weaker plants with reduced resilience against
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pests and diseases, leading to diminished productivity over time. Mismanagement,
including incorrect dosages or poorly timed applications, can lead to uneven fruit qual-
ity, suppressed growth, or even crop losses. Strict regulatory guidelines govern the use of
PGRs to ensure food safety and environmental protection, but adhering to these stan-
dards can be challenging. Regulations often limit the allowable concentrations and types
of PGRs, mandating strict residue testing and monitoring, which increases costs and
administrative burden for growers. Safe use practices, including correct timing and dos-
age, are essential but require specialized knowledge and training, as well as investment in
equipment for precise application. To balance the benefits and risks of PGRs, growers are
encouraged to follow best practices that prioritize environmental safety and crop health.
This includes adhering to regulatory guidelines, optimizing application protocols, and
considering sustainable alternatives, like organic amendments, to maintain soil health
and plant vitality while enhancing fruit yield and quality [58].

12. Key PGRs currently in market

The application of PGRs to different plant parts has provided crucial insights into
modern agricultural requirements and helped bridge existing market gaps. The most
widely registered and highly demanded PGRs include trinexapac-ethyl (TE), chlor-
mequat (CCC), ethephon (ETH), paclobutrazol (PBZ), indole-3-acetic acid (IAA),
indole-3-butyric acid (IBA), 6-benzyladenine (BA), kinetin, 1-methylcyclopropene
(1-MCP), gibberellic acid (GA), thidiazuron (TDZ), Flumetralin, abscisic acid (ABA),
jasmonic acid (JA), strigolactones, daminozide, maleic hydrazide (MH), prohexa-
dione, Forchlorfenuron (FCF), salicylic acid (SA), zeatin, triacontanol, polyamines

Melntonin

| sawcycec aca |

Purescne e Hexanal |

Weight < """""‘:'_, )

J loss
—
Storage - - Shelf life

_»| Brassinosterioids |

( metatonin )
N [ < 1 A
\ #__ Salicyclic aci | S~ o
N = -

\ M Jasmanic acid |

\ W rexanal
\,
Effoct of PGRS on Y Puwescine
vanious aspect of — = %
fruits ~ [ ~[_Brassinosteroids |
T H - »[__Saigylicacid |
N
\»{__CPPU )

\ o[ Traconianol | —
Rt 4 e il “(Pueseine)
N Chiling } N -~

N ———y  SWee l [ Salinity }
Brovghtssn .
':-_,‘_-‘,.

o Promoe s (Rmmnoneod)

Ripaning '_’

’ ) / \

T Waighin

» Delay } " )

Figure 3.
Visuals presenting information about how PGRs impacts various aspects of fruit production like ripening, stress,
Yield, Quality and shelf life. Further highlighting which hormone is effective on particular character.
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(putrescine, spermidine, and spermine), brassinolide, and mepiquat chloride (MC).
PGRs have extensive utility in fruit. Stimulating fruit growth, enhance it quality,
improved fruit size and weight ultimately increasing yields. PGRs like PBZ and BA
improve fruit development by promoting the cell division and elongation. Further,
ETH and TDZ are responsible for promoting fruit ripening and senescence, alter-
natively 1-MCP is responsible for delaying fruit growth and ripening extending the
fruit’s shelf life over the time. Compounds like TE can increase chlorophyll content,
eventually increasing photosynthetic efficiency and carbon fixation capacity of the
plant. However, ABA and ETH are responsible for inducing senescence and abscission
in plants that allow prioritizing the assimilate partitioning to young and growing plant
parts at the required time. Under stress condition, the abscisic acid application helps
stomatal closure and reduces leaf transpiration rate. Figure 3 presents a brief idea
about how different categories act on different plant parts; the application of PGRs in
leaves contributes to adaptation of plants to different growth conditions and environ-
mental stresses.

13. Conclusion

The future of PGRs in fruit crop productivity is intertwined with sustainability,
technological innovation, and market dynamics. By integrating modern tools and
eco-friendly practices, PGRs will not only enhance yields but also contribute to a
more resilient and sustainable fruit production system.

A recently introduced term is precision agriculture technologies, and in precision
agriculture, the application of PGRs will become increasingly targeted and efficient.
Tools such as drones, remote sensors, and IoT devices can be used to monitor crop
health and developmental stages in real time, allowing for precise, need-based PGR
application. This minimizes waste, reduces environmental impact, and maximizes
the effectiveness of treatments. Al-driven platforms and decision support systems are
emerging as essential tools for PGR management. These systems can analyze envi-
ronmental data, crop conditions, and historical trends to recommend optimal PGR
application schedules, ensuring maximum productivity with minimal input.

As climate variability continues to affect fruit production, PGRs will be critical in miti-
gating stress caused by extreme temperatures, drought, and irregular rainfall patterns. For
instance, antitranspirants and growth retardants can help crops adapt to water scarcity,
while gibberellins and cytokinins can counteract temperature-induced flowering delays.
Moreover, convergence of PGR use with advancements in genomics and molecular breed-
ing offers promising opportunities. Understanding the genetic mechanisms influenced
by PGRs can enable breeders to develop fruit crops that are more responsive to specific
regulators, enhancing their efficiency and reducing the need for repeated applications.

Consumer preferences for high-quality fruits with superior taste, color, and
nutritional value are driving the use of PGRs to enhance these attributes. Regulators
like ethylene inhibitors can extend shelf life, while others like auxins and cytokinins
can improve size and uniformity. PGRs will play a vital role in meeting production
goals while maintaining profitability. Cost-effective and scalable solutions will drive
the adoption of PGRs in both smallholder and large-scale farming operations. PGRs
have immense hidden potential yet to be explored. Till now, there is lack of awareness
and knowledge on using PGRs sustainably and on using PGRs at the right time, in the
right amount, and through the right method, which can result in harnessing the best
outputs from fruit production.
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Ethylene plays a vital role in regulating blueberry fruit ripening by triggering

a series of physiological and molecular changes. One of its key functions is the
downregulation of photosynthesis-related genes, marking a transition from energy
production to the metabolic activities essential for ripening. In addition to this,
ethylene influences the complex network of phytohormone metabolism and signal-
ing by promoting the accumulation of abscisic acid (ABA), a hormone known to
accelerate ripening, while simultaneously reducing jasmonic acid (JA) levels, which
are often associated with delayed maturation and defense responses. This delicate
hormonal balance ensures a well-coordinated progression through various ripening
stages. Rather than acting alone, ethylene interacts with multiple phytohormones,
establishing itself as the central regulator of the ripening process. By orchestrating
these intricate biochemical and genetic mechanisms, ethylene ultimately shapes the
texture, color, and overall quality of the blueberry fruit.

Auxin, primarily synthesized in the achenes of strawberries, plays a crucial role in
promoting receptacle expansion during fruit development. However, as the fruit ripens,
auxin levels gradually decline, signaling the transition to maturation. In grapes, the
external application of abscisic acid (ABA) after véraison enhances color development
but has no significant impact on fruit firmness, pH, total soluble solids (TSS), or titrat-
able acidity (TA). Transcriptome analysis following ABA treatment in grapes reveals

its role in downregulating photosynthesis, triggering autocatalytic ABA synthesis, and
stimulating pigment biosynthesis, further supporting its involvement in fruit coloration.
Similarly, ABA plays a key role in strawberry ripening by inducing the expression
of genes responsible for cell wall degradation, contributing to fruit softening. In
climacteric fruits such as tomatoes, ABA levels increase during ripening, preceding
the climacteric surge in ethylene production. Moreover, ABA application accelerates
ripening and upregulates key ethylene biosynthesis genes, including 1-aminocyclo-
propane-1-carboxylic acid (ACC) synthase (ACS) and ACC oxidase (ACO). This
suggests that ABA functions as an upstream regulator of ethylene, orchestrating the
complex hormonal interactions that drive the ripening process across different fruit
types (Tables 4 and 5).

Merits

Demerits

1. Regulation of Plant Growth and Development
PGRs serve as essential tools for controlling plant
growth, improving productivity, and enhancing
the quality of horticultural crops. They regulate key
physiological processes such as cell elongation, fruit
setting, ripening, and stress tolerance, ultimately
leading to optimized growth and development.

1. Stage- and Dose-Specific Application

The effectiveness of PGRs is highly dependent on
the developmental stage of the plant and the applied
concentration. Incorrect timing or excessive dosage
can lead to growth abnormalities, reduced yield, or
even plant damage.

2. Broad-Spectrum Applications
PGRs are versatile and can be applied at different
growth stages for varied purposes, including:

* Increasing and synchronizing flowering and
fruiting

* Enhancing fruit set, size, and quality
* Prolonging the shelf life of harvested produce

* Preventing premature fruit drop
Inducing resistance to abiotic and biotic stressors such
as drought, salinity, pests, and diseases

2. Technical Expertise and Precision Required
The application of PGRs requires skilled personnel
who can:

¢ Accurately measure small quantities (milligrams
or micrograms)

* Select the appropriate solvent for dissolving the

PGRs (e.g., gibberellins require ethyl alcohol)
Follow strict guidelines for dosage and timing to
prevent negative effects
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3.

Enhanced Crop Performance and Genetic

Improvement
PGRs play a crucial role in crop breeding, through

either conventional methods or genetic engineering.
By modulating hormone levels, they help in the
selection of desirable traits such as improved fruit

quality, better yield potential, and enhanced tolerance
to adverse environmental conditions.

3. Complex Interactions and Unpredictable
Outcomes

The interplay between different PGRs is not fully
understood, and when used in combinations, they
may result in unexpected synergistic or antagonistic
effects. Extensive research and trials are needed to
establish the best PGR combinations for different
crops.

4. Economic and Resource Efficiency
The use of PGRs significantly reduces production costs
by:

Decreasing labor-intensive activities like pruning
and thinning

Reducing water and nutrient requirements

Enhancing disease resistance, thereby minimizing
the need for chemical pesticides

Improving plant architecture for better space
utilization in high-density planting systems

4. Potential Side Effects of High Doses

Auxins: Excess application can lead to excessive
ethylene production, causing growth inhibition,
leaf abscission, and plant death.

Gibberellins: Overuse can lead to excessive
elongation of seedlings, causing weak and leggy
plants.

Cytokinins: High concentrations may cause
excessive callusing in tissue cultures, leading to
poor shoot initiation, reduced root formation,
and abnormal plant development.

Ethylene: Overexposure can accelerate senes-
cence, cause leaf yellowing, promote abscission,
and induce epinasty (stem bending).

Abscisic acid (ABA): Excessive ABA can delay
seed germination, reduce stomatal conductance,
and negatively affect photosynthesis.

5.

Optimized Growth Control

PGRs help greenhouse and nursery growers achieve
controlled plant growth by applying low-dose
treatments to regulate height, branching, and

overall canopy structure. This enables efficient space
management and reduces overcrowding in controlled
environments.

5. Environmental and Residue Concerns

Some synthetic PGRs may leave residues in fruits
and vegetables, raising concerns about food safety.
Additionally, their application in open fields may
lead to unintended environmental impacts, such as
changes in soil microbiota or effects on non-target
plants.

6. Commercial Utility in Horticulture PGRs have
diverse commercial applications in fruit crop

production, including:

Flowering initiation: Ethylene application in
pineapple

Parthenocarpy induction: GA application in apple,
pear, peach, apricot, almond, fig, and grape

Fruit set enhancement: Applied in strawberry,

peach, plum, and cherry

Fruit thinning: Helps manage fruit load for better
quality and uniformity

Improvement of post-harvest quality: Delaying
senescence and extending shelf life

Stress tolerance induction: Enhancing plant
survival under drought, heat, and cold conditions

6. Limited Research and Crop-Specific
Understanding

Despite their potential, the use of PGRs

in horticulture still lacks a comprehensive
understanding. Further research is needed to refine
their application in different crops, optimize their
use under varying climatic conditions, and develop
environmentally friendly alternatives.

Table 4.
Merits and de- merits of using plant growth regulators.
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PGR Used Crop Part of Type of Effect Region  References
plant application of
applied research
Brassinosteroid Mango Fruit Post-harvest ~ Improved color Australia  [59]
and Softened
fruit
Strawberry Leave, fruit  Foliar Early ripening Spain [60]
application
Fruits Injection Fruit ripening Brazil [61]
Fruits Spray Enhanced cell China [62]
division during
early fruit growth
stages
Papaya Fruits Spray Increased Brazil [63]
senescence
Grapes Berries Foliar Enhanced USA [64]
application ripening
Sweet cherry ~ Vegetative ~ Spray High TA and Iran [65]
parts TSS, increased
firmness,
improved
anthocyanins,
peel color,
ascorbic acid,
organic acids,
increased shelf
life
Vegetative ~ Spray Early maturity, USA [66]
parts improved peel
color, and firm
fruit
Litchi Leavesand  Spray Increased China [67]
fruits firmness and
reduced fruit
drop
Leavesand  Twice Reduced cracking  India [68]
fruits (beforeand  and improved
15daysafter  physiochemical
anthesis) characters
Apple Fruit Preharvest Improved L:D Egypt [69]
ratio weight, fruit
firmness, total
sugars, and color
Hexanal Guava Leaves Preharvest Reduced decay, India [70]
fruits improved
firmness, pectin
and phenol
content
Apple Foliar and Fruitsetand  Reduce bitter pit, —— [71]
fruit Preharvest enhance post-
harvest storage
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PGR Used Crop Part of Type of Effect Region  References
plant application of
applied research
Triacontanol Strawberry Leaves Spray Improved fruitset  India [41]
Melatonin Pomegranate  Fruits Exogenous Improve color Iran [72]
application and anthocyanin
content
Putrescine Peach Leavesand  Foliar Reduced chilling Pakistan  [73]
fruits application injury, improved
fruit quality, and
improved shelf
life
Jasmonic acid Banana Fruits Exogenous Increased chilling ~ China [35]
application tolerance
Peach Leaves Improve drought ~ China [74]
tolerance
Fruit Improve sugar China [75]
content
Apple Branches Spray Improved low Japan [76]
temperature
tolerance
Pomegranate  Fruits Exogenous Reduced chilling Spain [37]
application injury
Salicylic acid Strawberry Fruitand Foliar Improved growth  Egypt [38]
leaves application and fruit yield
Guava Branch, Spray Increase fruit set India [77]
fruit and yield
Banana Fruit Post-harvest ~ Reduced chilling Iran [78]
application injury and
preserve quality
during cold
storage
Citrus Fruit Soaked Reduced decay Egypt [39]
and weight loss,
preserved TSS
acid content, and
firmness
Peach Fruit Dipped Reduced weight Pakistan  [79]
loss, increasing
flesh stiffness,
higher TA
CPPU Pomegranate  Leavesand  Spray Improved TSS India [80]
fruits and total sugar
content
Guava Vegetative ~ Spray Improve TSS, Iran [81]
partsand ascorbic acid and
fruits total acid content,
fruit firmness
Kiwi Fruit Dipped Increased fruit India [82]
weight, quality,
and yield
Table 5.

Uses of different plant growth regulators being used for divect or indirect improvement of fruit quality.
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Abstract

The chapter explores the use of plant growth regulators (PGRs) and biostimulants
to manage mandarins flowering and fruit set in mandarins, addressing challenges
such as alternate bearing, where irregular fruit production occurs between harvests.
PGRs, such as gibberellins and auxins, are used to regulate fruit set, fruit size and
quality, while mitigating alternate production by thinning fruit or inhibiting excessive
flowering. Biostimulants, including humic substances and coumarins, have the poten-
tial to be used in the management of citrus flowering and fruit set, although their
exact modes of action are still partially understood. Humic substances, derived from
organic matter, have growth-regulating properties similar to those of PGRs, while
coumarins, secondary metabolites, have antioxidant and gibberellin-like effects. The
study highlights the importance of timing and methods of application of PGRs and
biostimulants to optimize fruit production and quality, particularly in citrus cultivars
with a tendency to alternate production. Integrating these tools offers a sustainable
approach to improving citrus productivity while addressing environmental and
agricultural challenges.

Keywords: citrus, fruit set, humic substances, fulvic acids, humic acids, coumarins

1. Introduction

Alternate bearing is one of the major problems in citrus production around the
world, especially with mandarin cultivars. Alternate bearing is defined as an irregular
production between successive harvests, which leads to the need for thinning of fruit
in years with a high fruit load. The use of plant growth regulators is employed as a
chemical thinning, and they can also be used to inhibit flower induction, helping to
mitigate alternate bearing. Therefore, the use of PGRs in citrus culture is an alterna-
tive for improving yield via modifying flowering and fruiting and consequently
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mitigating the alternate bearing. Plant growth regulators actively modulate growth
and development by controlling endogenous processes and altering the growth
response.

Different plant growth regulators are used to accelerate maturity, delay harvest
and maintain fruit quality after harvest [1]. The exogenous application of growth
regulators can be used to improve fruit set. In addition, plant growth regulators
are often used to increase fruit size, either directly, by stimulating cell division, or
indirectly, by reducing the number of fruits through inhibiting flower development or
inducing flower or fruit abscission [2, 3].

Agricultural expectations have changed, and farmers are expected to produce
safer food while protecting biodiversity and soil, and maintaining air and water
quality [4]. One of the most promising solutions to achieve these goals is the use of
plant biostimulants, substances that promote plant growth, nutrition and metabo-
lism through complex modes of action that are not yet fully understood [5]. In 2012,
Europe became a leading market for biostimulants [6, 7]. Currently, most market
analysts report that the European biostimulant market represents around half of the
global market. Estimates of the value of the European biostimulant market ranged
from 1.5 to 2 million dollars in 2022 [8]. Due to their composition, biostimulants can
have analogous effects to plant growth regulators, with activities similar to gibberel-
lins (gibberellin-like) or auxins (auxin-like).

2. Floral induction and differentiation

The period and intensity of flowering depend on the citrus species, the age of the
plant and the weather conditions. The flower load can reach up to 250,000 flowers per
tree, although generally less than 1% become mature fruit [3].

Flower induction is the initial signaling for flowering, which involves interaction
with environmental conditions and biochemical signals that make meristematic cells
competent to form specific structures for reproduction. Differentiation involves the
anatomical and morphological transition from the vegetative meristem to the floral
meristem [2, 9].

The environmental factors promoting flower induction are mainly low tempera-
tures and water stress. The induction occurs three to five months before flowering
[10] and the increase in flowering is stimulated when citrus plants are subjected to a
temperature range of 10 to 15°C [11]. However, temperatures below 20°C and above
5°C are also effective in inducing flower buds [12, 13]. Nishikawa et al. [14] demon-
strated that low temperatures induce the expression of the homolog of one of the
main genes responsible for flower induction, Citrus FLOWERING LOCUS T (CiFT?2).
On the other hand, water stress is the most important factor for flower induction in
tropical zones, since in these areas there is a dry season [15, 16]. According to Borroto
etal. [17], the longer the water deficit for the plant, the greater the flowering when
water returns to be supplied to the plant.

The first signs of floral differentiation are observed in December in the northern
hemisphere. This activity is characterized by a flattening of the dome in the apical
meristem [18]. Although at this time the meristem is not yet in an irreversible flower
formation, floral dedifferentiation may occur [19]. Differentiation beginning can
vary from year to year and from species to species. For instance, mandarin trees and
their hybrids begin differentiation slightly later than orange trees [20]. In condi-
tions of southern Brazil, flower induction for the ‘Montenegrin’ mandarin tree
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would occur in July [21]. In other reports, the flower differentiation begins in July
and can be extended into August, depending on climatic conditions [22].

Moreover, the presence of fruit can inhibit flowering due to the repression of
CiFT?2. This repression is caused by the expression of the CcMADS19 gene [23]. Then,
in order to differentiate into flowers, meristems need to overcome endogenous and
exogenous restrictions in order to express their reproductive potential [24].

The influence of high fruit load on flower induction is direct and time-dependent.
The longer the fruit remains on the plants, the less flowering there will be in the follow-
ing season. This explains why early cultivars have a higher flower return, as their fruit
is harvested before the flower induction period [25]. Branches of ‘Moncada’ mandarin,
where all the fruit was removed in phase II of development, showed a greater number
of flowers (142 flowers per 100 nodes) in the next cycle compared to branches where
all the fruit was kept until maturity (< 10 flowers per 100 nodes), thus inhibiting the
expression of the homologous CiFT and SOC1 genes [26]. CiFT and SOC1 are two of
the three main genes responsible for integrating flowering-inducing stimuli [27].

The presence of fruit near the vegetative apices inhibits the expression of repro-
ductive shoots in lateral buds [2, 28]. Valiente and Albrigo [9] reported that the
presence of fruit reduced flowering in orange trees (Citrus sinensis (L.) Osbeck),
regardless of the cultivar (‘Valencia’ or ‘Hamlin’) or the number of hours the citrus
plants were subjected to flower induction temperatures.

Exogenous stimuli alone are not enough for promoting the transition from buds
to floral meristems, while endogenous stimuli are also necessary. Endogenous stimuli
are related to exogenous factors, and therefore, there is a combination of endog-
enous and exogenous factors. Additionally, there is the assumption that citrus can
be induced autonomously, regardless of the occurrence of induction environmental
conditions. This assumption is due to flowering in regions where there are no induc-
tive environmental conditions [29].

The fruits on ‘Murcott’ tangor tree (Citrus reticulata Blanco x C. sinensis)
(SHALOM etal., 2012), the ‘Moncada’ mandarin tree (Citrus clementina Hort. ex.
Tan. x (Citrus unshiu Marc. x Citrus nobilis Loureiro) [26] and the ‘Hinosayaka),
‘Haraguchi’ and ‘Aoshima’ mandarin trees (C. unshiu) [30] suppress the expression
of Citrus FLOWERING LOCUS T (CiFT2—flowering promoter) when there is a high
fruit load during the floral induction period. Nevertheless, this suppression is limited
to tissues close to where the fruit is present [23]. Besides the fruit load, the expression
of the CiFT2 gene is associated with harvest time. The longer the fruit remains on the
plant, the lower the gene expression [26].

3. Fruiting

Fruiting, or fruit setting, is the transition from the ovary of the fully developed
flower to the growing fruit. On the other hand, effective fruit set accounts for the
number of fruits that remain on the plant regarding the initial number of flowers
after the abscissions that may occur during the initial stages of fruit development
[31]. Despite citrus trees flowering abundantly, they also have high flower and fruit
abscission, with effective fruit set ranging from 0.1 to 10% [31, 32]. Effective fruit set
in citrus plants is highly dependent on the type of flower bud. In general, flower buds
without leaves have a low probability of setting fruit. Diversely, flower shoots with
leaves have a higher probability of setting fruit, either those with terminal flowers or
shoots with flowers interspersed with leaves [32, 33].
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In alternate sweet orange cultivars, when flowering is less intense (< 20 flowers per
100 nodes), fruit set increases with the number of flowers. Nevertheless, when there
are more than 20 flowers per 100 nodes, fruiting becomes independent of the inten-
sity of flowering [31]. This effect was also observed for ‘Montenegrina’ in southern
Brazil, although the value at which effective fruit set becomes independent of flower-
ing intensity was higher, at around 40 flowers 100 nodes™ [34].

Cultivars with seeds set fruit more easily and generally in excess [31]. Conversely,
parthenocarpic cultivars have fruit set linked to the endogenous amount of gib-
berellins in the ovary walls, which are synthesized at anthesis and trigger ovary cell
division. Clementines (C. clementina) are facultatively parthenocarpic and generally
have low fruit set. Mandarins of the Satsuma group (C. unshiu), on the other hand,
have high fruit set and are often obligate parthenocarpic. Clementines had lower gib-
berellin concentrations in the ovaries compared to Satsumas; were these gibberellin
contents related to the type of parthenocarpy [35, 36]. Then, the hormonal stimulus
provided by gibberellins to promote fruit set is important to stimulate fruit cell divi-
sion [37], leading to a greater consumption of carbohydrates and thus fruit growth.
Consequently, the likelihood of fruit setting is increased [38].

Abscisic acid (ABA) is a development inhibitor, activating fruit abscission.
Increasing the fruit concentration of ABA causes changes in the concentration of gib-
berellins, reducing their content in the fruit. Exogenous applications of ABA associ-
ated with ethylene also promoted fruit abscission, as ethylene is widely recognized as
a fruit abscission promoter [31, 39]. Endogenous activation of ABA can occur during
water deficit, and this stress has been shown to negatively affect fruit set [31, 39]. In
addition to water deficit, exposure to waterlogging and low oxygen content in the soil
reduced effective fruit set in ‘Satsuma’, which is related to reduced root function and
starch accumulation in leaves [40]. High temperatures or sudden changes in tempera-
ture can also promote increases in fruit abscission [31]. Application of indoleacetic
acid (IAA) to non-pollinated ‘Pineapple’ orange tree ovaries increased fruit set to the
same levels as pollinated ovaries. This process occurs by activating the gene expres-
sion of gibberellin and by inhibiting its catabolism [41].

Further, applications of gibberellins have also been shown to be effective in setting
fruit if there is a lack of reproductive stimulus. Gibberellins increase the fruit’s drain-
age force, promoting greater fruit set [38, 42]. Koller et al. [43] showed an increase in
productivity of ‘Monte Parnaso’ navel orange when ring incision of branches at the
end of petal fall or at the end of natural fruit fall was employed. This is an interest-
ing approach for those oranges, as they have high fruit abscission. The improved
productivity may be related to the increase in cell division and to better fruit nutrition
promoted by the application of GA; and/or the ringing of branches.

Another suitable plant growth regulator for increasing fruit set is benzyladenine.
The application of this plant growth regulator at anthesis also increases fruit set in
‘W. Murcott’s (C. reticulata x C. sinensis) fruit set [44]. In addition to the application
of plant growth regulators, fruit set can also be promoted by ringing branches from
anthesis until natural fruit fall, as this promotes greater availability of carbohydrates
for fruit set [38].

4. Alternate bearing

Irregular production between successive harvests, named alternate bearing,
is characterized by excessive fruit production in one year (o year), followed by
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another year with very low or no production (off year). In years of excessive flower-
ing, the fruits are of low quality, small, poorly colored, watery and acidic. As a result
of excessive fruiting, the plant becomes exhausted, presenting deficiencies in some
mineral nutrients and a lower content of carbohydrates and reserve substances.
Severe stress prevents flowering in the following year, resulting only in the emission
of vegetative shoots and the accumulation of reserves for later intense fruiting [43].
In general, tangerine trees and their hybrids have alternation, especially seeded
and late-ripening cultivars. Pomelo, lemon and seedless orange and tangerine
cultivars generally present little alternation of production [31]. In Figure 1a, the
‘Montenegrina’ mandarin (Citrus deliciosa Tenore), a cultivar with a high tendency
to alternate bearing, can be seen in an on and off year. An example of trees of the
same cultivar that have undergone manual fruit thinning and show balanced
production is presented in Figure 1b.

Metabolic changes in the nitrogen pathway, changes in hormonal balance due
to the presence of fruits in alternating plants, and the combination of these factors
are also related to alternate bearing. The metabolic changes cause decoupling of the
nitrate reduction mechanism in one year (high fruit load). The changes in hormonal
balance inhibit flowering induction due to increased endogenous gibberellin levels. A
combination of metabolic changes, along with hormonal changes caused by pruning
or thinning of fruits in the first stages of fruit development, led to carbohydrates
accumulating again in the leaves before floral differentiation. The reduction of
carbohydrate drains and, consequently, of gibberellin sources may explain the effects
of these managements [31, 45]. Salustiana oranges in alternating bearing demon-
strate that reserve accumulation is inversely related to crop load [46]. Carbohydrate
availability combined with hormonal balance in the fruit determines fruit set and
fruit development. Therefore, the practice of keeping fruits on the tree to extend
the commercial harvest period during the season worsens alternating bearing [47].
Alternate bearing is a major problem in citrus production worldwide, especially for
mandarin cultivars [48], as it impacts fruit production, size, and quality, as well as
orchard profitability. Despite that, it isa common phenomenon in many seeded citrus
cultivars [49].

(On) Fruit Thinned T

Figure 1.

(a) ‘Montenegrina’ mandarin in an alternating production cycle: off year—low fruit load (a, left) and on
year—excessive fruit load (a, right). (b) ‘Montenegrina’ mandarin submitted to manual thinning and with a
balanced fruit load (b). Photo (a) by Sergio Francisco Schwarz and (b) by Gerson Nestor Boettcher. Rio Grande
do Sul, Brazil.
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5. Fruit thinning and branch girdling

The practice of thinning fruits aims to rationalize the use of the plant’s nutritional
reserves, removing excess fruits to prevent their depletion, enabling regular produc-
tion of good-quality fruits every year [50]. Reducing the amount of fruits increases
the proportion of leaves in relation to fruits, providing less competition for avail-
able photoassimilates and increasing the growth rate of the remaining fruits [51].

The intensity of manual thinning depends on the cultivar and the load of each tree,
generally ranging from 50 to 80% in plants with small and very high excess load,
respectively [52]. Agusti et al. [53] performed manual thinning at four different times
between flowering and one month before harvest, in the ‘Clausellina’ mandarin tree
(C. unshiu) showed that: (a) thinning flowers (at anthesis) had no effect on fruit set,
as the elimination of some flowers favors the development of others and the number
of fruits harvested remains constant; (b) thinning fruits at the end of physiological
fall would be the most appropriate time; and (c) for the remaining fruits to gain in
size, at least 50-60% of the plant’s fruits must be eliminated.

Several reports have shown the efficiency of manual thinning in terms of produc-
ing fruits with higher physical and chemical quality for Citrus deliciosa tangerines
[50, 54-56]. However, not all studies have shown positive results in reducing alternate
bearing. Besides, manual thinning requires a lot of specialized labor, in addition to
being time-consuming and expensive. Therefore, chemical and mechanical thinning
may be adequate alternatives [57].

The use of gasoline-powered manual agitators and electric combs to thin tanger-
ines has been shown as a suitable mechanical thinning of small fruits [58-60]. The
gasoline-powered branch shaker was able to thin fruits four to five times faster than
manual thinning of ‘Clemenrubi’ in Spain. Although the final size of the fruit was
significantly larger with manual and mechanical thinning compared to the absence
of thinning, no significant differences were found in the final fruit production. The
use of a branch shaker in fruit thinning operations can then be recommended to
increase efficiency, reduce labor costs and obtain larger fruits with better quality [57].
Chemical thinning is recommended as a practice to mitigate alternate bearing [51];
however, it is a less precise technique than manual thinning [49]. It is performed by
spraying products that directly or indirectly act on fruit abscission. Since the 1950s,
several compounds have been used for chemical thinning, and several responses have
been reported [61] since there are several different compounds, which can be used in
different concentrations, applied to different plants at different application times [62].

In order to achieve the desired thinning percentages for satisfactory production
of commercial size fruits, the timing of application of plant growth regulators is of
utmost importance. Hence, the natural fall of fruits has been shown to be the ideal
time for applying chemical thinners, providing the greatest response in fruit abscis-
sion [53]. Furthermore, the application of plant growth regulators may lead to a high
variability in fruit set, since there is a lack of knowledge of the effects of age and vigor
of the plant, the initial quantity of flowers, temperature climatic conditions of, rela-
tive humidity and precipitation, the phenological stage of the plant, shading, fruits
generated in bunches, plant growth regulator concentration, product application
uniformity, on fruit drop [63, 64].

Another important factor is the relation between zinc and auxin, since the applica-
tion of zinc to zinc-deficient plants increases endogenous auxin. Along with being
required for auxin synthesis, zinc is also important for maintaining the biologically
active form of auxin [65].
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Abscission is the result of a complex combination of nutritional factors and hor-
monal signals [66]. Nutritional factors act as limiting factors that affect growth, causing
abscission, while hormones regulate the abscission process [67]. Iglesias et al. [32]
attribute the physiological drop of young fruits to the insufficiency of carbohydrates,
caused by an increase in the demand for carbon by a large population of expanding
fruits. Auxins induce a transient reduction in photosynthesis that leads to a reduction
in the production of photoassimilates, causing a temporary decrease in fruit uptake and
growth. Along with increasing ethylene production and the formation of abscission
zones, auxin results in greater abscission of young fruits. The remaining fruits on the
plants overcome this transient effect, increasing the growth rate and reaching a larger
size than the fruits from plants devoid of treatment [68]. Synthetic auxin application
may provide different effects, depending on the time of year in which they are applied
[69]. During fruit abscission at the time of physiological fall, they increase abscission
and reduce carbohydrate competition between the remaining developing fruits [61, 69].
When applied at the beginning of the cell growth phase (phase II), synthetic auxins
increase the growth capacity as well as carbohydrate accumulation [69].

The synthetic auxin 3,5,6-TPA is very efficient as a fruit growth stimulant in
tangerine trees of the clementine group [70]. As a free acid, it is a powerful promoter
of fruit size increase, with moderate to intense thinning depending on the time of
application and concentration, while in its isopropyl ester form, it provides a very
high fruit thinning [61].

A temporary photosynthetic disorder causing a reduction in photoassimilates produc-
tion and absorption in the production of by young fruits is noticed for 3,5,6-, slowing
growth, causing ethylene production and consequently the abscission of young fruits.
Subsequently, the growth rates of the remaining fruits are increased, resulting in larger
fruits [68]. 3,5,6-TPA in the isopropyl ester formulation at a concentration of 15 mg L™
in ‘Marisol’ clementine plants during the cell division phase (phase I) promoted fruit
abscission, abnormal leaf development and temporary photosynthetic damage, with a
reduced fruit growth rate. The treatment significantly reduced the accumulation of pho-
toassimilates in the fruits from the 3rd to the 8th day after treatment and then reducing
their growth rate and increasing fruit abscission [68]. In free acid formulation, 3,5,6-TPA
reduced the number of fruits per plant when 20 mg L™ of 3,5,6-TPA was applied at the
end of the physiological fall of fruits in irrigated ‘Montenegrina’ orchards. However, in
another report, 3,5,6-TPA was shown to be a promising agent for thinning ‘Montenegrin’
mandarins, as a concentration of 40 mg L-1 of 3,5,6-TPA in the acid form gave similar
results to manual thinning [71]. Citrus deliciosa fruits, such as Avana’ and ‘Montenegrina’
mandarins, are more difficult to remove than seedless mandarins [63].

Branch girdling is also another cultural practice that can be used to increase the
size of citrus fruits [53]. Aiming to increase fruit size, the best response to girdling
is seen when performed immediately after the physiological fall of the fruits. An
increase of size between 2 and 4 mm in diameter is generally obtained in mandarin
and sweet orange cultivars, allowing fruits to meet commercial size requirements.
However, a delay in girdling reduces its effectiveness, although a certain effect
remains until the end of August in the Northern Hemisphere [49].

6. Gibberellins in the flowering management of mandarins

Flowering management in mandarin trees becomes important in alternating citrus
cultivars, and this can be done in low-load harvests through flowering inhibition.
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Gibberellic acid as an inhibitor of floral induction in citrus has been widely shown
[72-76], whose biosynthesis inhibition resulted in increased flowering [72]. The
concentration of gibberellic acid (GA;, 3) in ‘Satsuma’ mandarin leaves was negatively
correlated with flowering in the following cycle [75]. Accordingly, translocation of
GA,; and GA, from fruit tissues to adjacent tissues during the fruit color change, dur-
ing the floral induction period, was observed in Washington Navel’ orange trees [77].

However, under extreme conditions of excess or lack of fruit production, the treat-
ment with gibberellic acid fails. The proportion of endogenous flowering promoters
(P) and flowering inhibitors (I) (P/I) has previously been considered responsible
for flowering. Nevertheless, there is evidence suggesting that inhibitors and their
metabolism are the only factors that control flowering in citrus [78]. Differently,
applications of 40 mg L™ of GA; during the floral induction period reduced flower-
ing compared to the control, while the use of PBZ increased the number of flowers in
‘Salustiana’ orange trees. The inhibition of flowering in plants treated with gibberellic
acid was due to the inhibition of this gene in leaves, while the use of PBZ promoted an
increase in CiFT expression [76].

Studies were conducted on successive applications of gibberellic acid (GA3) dur-
ing the flower induction period in Citrus deliciosa mandarin trees in southern Brazil
[34, 79]. The use of GA; in two or more sequential applications reduced the intensity
of subsequent spring flowering in plants in alternate bearing, with an increase in the
frequency of mixed shoots and a reduction in leafless flowering shoots. The use of
four sequential applications of 40 mg L™! GA3 improved flowering quality, increased
fruit set and fruit diameter [34].

7. Biostimulants

A plant biostimulant is any substance or microorganism applied to plants with
the aim of increasing nutritional efficiency, tolerance to abiotic stress and/or crop
quality, regardless of its nutrient content. Plant biostimulants are also defined as
commercial products containing mixtures of these substances and/or microorganisms
[80]. Furthermore, when applied to the soil, biostimulants can stimulate rhizosphere
microorganisms, the photosynthetic process and the production of plant growth
regulators [6]. Biostimulants are considered substances standing between phytosani-
tary products and fertilizers, as they do not offer direct protection against pests and
do not have nutritional activity [81].

The current European legislation (Regulation (EU) 2019/1009) categorizes
biostimulants as products designed to enhance plant nutrition processes, regardless of
their nutrient composition. These substances primarily aim to improve one or more
key plant and soil characteristics, including nutrient use efficiency, abiotic stress
resilience, crop quality attributes or mobilization of bound nutrients within the soil or
rhizosphere [82].

The mode of action of biostimulants is often unknown and difficult to identify,
as they derive from complex sources containing multiple bioactive components
that, together, contribute to specific effects on plants [83, 84]. They are supplied to
plants in very low doses with the aim of inducing beneficial effects, but their effect
cannot be associated with their nutritional content [85-87]. Instead, they stimulate
the plants’ ability to acquire nutrients more efficiently and use them for metabolism
and biomass production. They also help plants overcome stress conditions [88, 89].
Currently, international organizations and scientists have recognized the following
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categories of biostimulants: microorganisms, protein hydrolysates, seaweed extracts,
chitosan, inorganic compounds and humic substances [6, 80, 90].

7.1 Humic substances

Humic substances are probably the most studied category of biostimulants and,
although many aspects of how they interact with plants are not fully known and
require further research, the primary targets of their action have undoubtedly been
identified [91]. Humic substances consist of a complex set of molecules from plant
and animal remains, representing one of the most abundant organic materials on
Earth [85].

Humic substances are a fraction of soil organic matter in the final stage of a com-
plex interaction between non-living organic matter and microbial communities, and
this interaction greatly influences the physical, chemical and biological properties of
the soil, in addition to contributing to the support of plant growth. Recently, a series
of experimental data have shown that humic substances and their different fractions
can affect plant growth and development, involving specific structural and physi-
ological responses [92]. As reported by the International Humic Substances Society
(IHSS), humic substances are complex and heterogeneous mixtures of polydisperse
materials. They are formed in soils, sediments and natural waters by biochemical and
chemical reactions during the decomposition and inherent transformation of plant
and microbial remains in a process called humification [93]. Humic substances are the
main components of natural organic matter in soil and water, as well as in geological
organic deposits, such as lake sediments, peat and leonardite [94].

The structure of humic substances is operationally defined in humic acids (HA),
fulvic acid (FA) and humins. HA is the fraction soluble in basic media, and FA is
soluble in both basic and acidic media, while humins are insoluble in any pH range
[95]. According to the operational definition of the IHSS, humic substances do not
have a uniform molecular structure and their exact chemical composition is related to
their origin (soil, peat, leonardite, water or air), geographic location and extraction
technology.

Moreover, due to differences in composition and distinct functional groups, the
fractions from humic substances may have different properties [96]. The following
functional groups are relevant: phenols, carboxylic, hydroxyl, carbonyl and amino
groups [97]. Phenolic and carboxylic groups are the ones that mostly contribute to the
surface charge and reactivity of humic substances [98].

Aromatic compounds have traditionally been considered the main “building
blocks” of humic substances [95], accounting for up to 47.1% of humic acids, while
aliphatic compounds account for up to 35% of humic acid composition. Among
aromatic compounds, phenols, benzene carboxylic acid and phenolic acid account for
12.3%, 9.8% and 34.5%, respectively [99]. Carboxyl and phenolic groups are com-
monly determined by direct titration, ranging from 3.8 to 6.7 mmol g™* for carboxylic
groups and from 1.0 to 2.2 mmol g* for phenolic groups [98, 100]. Humic acids
behave as mixtures of dibasic acids, with a pKa value of around 4 for protonation of
carboxylate groups and around 8 for protonation of phenolate groups [101]. The aro-
matic nature of humic substances can be considered an indicator of stability against
chemical and biological degradation [88] by adsorption of functional groups on the
surfaces of clay minerals and through physical protection within the pores of soil clay
particles, resulting in limited accessibility of microorganisms and enzymes [102, 103].
Beyond that, the presence of carboxylate and phenolate groups gives humic acids the
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ability to form complexes with Mg2+, Ca®*, Fe**, and Fe*'. Many humic acids have two
or more of these groups, allowing them to form chelate complexes [104].

To date, the understanding of humic substances composition has been performed
by employing alkaline solution or heating [105]. Although alkaline extraction is an
extremely reactive method generating compounds even more difficult to identify, it is
the most used method for detecting the solubility of humic substances in soil (IHSS,
2023) and allows for obtaining maximum yields of organic matter [95].

In the early twenty-first century, the humic substance terminology was changed
[106] to a fraction of organic matter with an unknown structure [107-109], as alkaline
extraction may cause changes in the humic substances' structure [110].

Previous reports stated that there was no apparent relation between the biological
function of soil organic material and its extracted fractions, postulating that alkaline
extracts do not show similar properties to those obtained through the humification
process [107, 108]. In contrast, a later report showed that alkaline extraction did not
alter the structure of humic substances [111].

Humic acid may have beneficial applications in plant production. Nevertheless,
the concentration [112-114] and the source of humic acid should be carefully selected
since it may affect the biological activity [115-117]. For instance, composting organic
waste favors the extraction of humic acids with greater hydrophobicity [117] and
with higher bioactive humic acids in comparison to non-composted waste [118]. Also,
more stable humic acid isolated from soils in a less advanced stage of weathering, with
a high-activity clay and high base saturation, improved root growth of Arabidopsis
thaliana. Humic substances are among the most efficient antioxidants found in
nature [116]. In addition, humic substances can induce phenylpropanoid metabolism,
contributing to the production of antimicrobial compounds [119].

The effect of humic substances mitigating different stresses in plants is well
known and generally described as a result of increased enzymatic and non-enzymatic
antioxidant defense, increased production of compatible solutes, and changes in ion
balance [89]. Besides, humic substances demonstrated more significant efficacy in
controlling plant pests and diseases under controlled conditions, suggesting their
potential role as biotic elicitors in stimulating defense pathways [120]. Apart from
that, orchards continuously treated with humic substances can coexist well with
Huanglongbing symptoms, as observed by technicians and producers in the main
citrus belt in Brazil [121].

Humic substances also show activities similar to plant growth regulators, includ-
ing auxin, gibberellin and cytokine-like [92, 122-125]. However, physiologically
active amounts of gibberellins have not yet been detected in humic substances [85].
The auxin-like activity of humic substances is associated with complex hydrophobic
structures, whose hydrolysis can release auxin-like molecules [125]. The auxin-like
activity is also supported by a positive effect of humic substance on specific targets
of auxin [126]. Humic substances having auxin activity induce a hormonal effect on
catalytic activity, cell permeability, and increase nutrient absorption and dry matter
production [127].

A previous report showed that humic acid applied to perennial crops increased
the plant endogenous levels of indole-3-acetic acid and gibberellic acid in rooted
shoots, mainly in the first period of root development [128]. In another report,

a combined foliar application of humic acid and boric acid provided a hormonal
balance by increasing the level of auxin, gibberellin and cytokinin, along with a
decrease in ABA level and reducing floral malformation in mango [129]. Carbonic
organic from fulvic acid applied during physiological fall promoted fruit abscission
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of Montenegrina’ mandarin [130]. However, there was no effect on the quantum
efficiency of photosystem II (Fv/Fm), showing that there was apparently no effect of
transient reduction in the photosynthetic process, a mechanism of action described
for synthetic auxins [68]. Humic acid has a complex chemical composition, and its
plant growth-like activity, as well as its biological activity, is still under discussion

and needs further investigation [131]. Leonardite is an oxidized form of lignite, found
at shallow depths on more compact coal in several coal mines [132], mainly in the
United States of America [133]. It has been employed as a reference humic material
with regard to plant growth responses. Leonardite increased dry matter yield and
nutrient uptake [134], and under greenhouse conditions, it increased the resistance of
tomato plants to salt stress [135]. A higher number of flower stems, inflorescences and
yield was obtained from Arnica montana treated with leonardite [136]. Although the
effects of leonardite humic substances on crop production, stress resistance and soil
microbial activity have been reported, much less attention has been devoted to their
impact on plant physiology and biochemistry. Similar to other humic substances, the
effect of leonardite on plant growth cannot be generalized due to its different sources,
employed concentration and plant species where it is applied [137]. In spite of this, all
leonardite sources had biostimulant activity, promoting plant growth, accumulation
of phenolic substances and acting on nitrogen metabolism [138].

7.2 Coumarins

Coumarins have been employed as biostimulants in recent years, aiming to
improve plant growth and development. They are compounds from the secondary
metabolism of many higher plant families and are produced by the shikimic acid
pathway and are classified as phenylpropanoids [139]. The widespread occurrence
of coumarins in the plant kingdom points to their probable role in plant metabolism,
development, as well as potential protection against herbivores and pathogens [140].

Accordingly, exogenous application of coumarin improved the antioxidant
performance, levels of phenolic compounds, activities of key metabolic enzymes and
ion homeostasis of different plants grown under stressful conditions [141, 142]. As
previously mentioned for other compounds, the effect of coumarins on plant growth
and physiology is dose and species-dependent [143, 144].

A gibberellin-like effect was reported for coumarins, on a concentration basis.
Effects on seed germination, seedling establishment and also leaf and stem elonga-
tion were observed [141, 145]. Increased levels of endogenous indoleacetic acid and
gibberellic acid were observed for coumarin-treated peas, where gibberellic acid was
the most affected plant growth regulator [141]. A dosage of 10 ppm improved seed
germination and seedling growth of sorghum and the synthesis of auxin and gibberel-
lin was increased, while abscisic acid was reduced in sorghum seed plants pre-soaked
with coumarin solutions [146]. Although there is evidence of the gibberellin-like
effect of coumarins, their potential as alternatives to the use of gibberellins in citrus
needs to be confirmed in experimental studies.

8. Conclusions

In conclusion, the strategic application of plant growth regulators and biostimu-
lants offers a promising approach to managing flowering, fruiting and alternate
production in mandarins. By optimizing fruit set, fruit size and fruit quality, these
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tools provide adequate yields while responding to environmental and agricultural
challenges, providing a sustainable solution for citrus cultivation. Regarding bios-
timulants, more studies are needed to fully elucidate their mechanisms and improve
application protocols.
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Abstract

Limes and lemons are grown in 107 countries, in an area of 983,657 hectares, from
which more than 15 million tons of fruits were obtained in 2012, which represents
13% of the total citrus fruit produced in the world. Three species of citrus are grown
internationally, which due to their acidic taste and the use that consumers give them,
mainly in the preparation of soft drinks and dressings for meals, are considered
lemons. In Mexico, the production of Mexican lime [Citrus aurantifolia (Christm.)
Swingle] is of great economic and social importance. It grows on 81,221.9 hectares
distributed in 24 federal entities. Of these, Michoacdn, Colima, Oaxaca, and Guerrero
with 42,931, 18,996, 6843, and 6856 hectares, respectively, are the most important.
The annual production of fruit recorded in 2013 exceeded 1.04 million tons, with a
value of 3371 million pesos. The Mexican lime production system generates many jobs
practically all year round, both for crop management and in the harvest and process-
ing of fruit. In addition, there are a considerable number of plant-producing nurseries
and input-providing companies that benefit from the cultivation of this citrus. This
chapter describes the studies on the development and innovation of techniques in
Mexican lemon carried out during the last 25 years in Mexico, such as induced muta-
tion and manual hybridization for the generation of new varieties, as well as the use
of interstocks and the evaluation of new genotypes with desirable characteristics. On
the other hand, propagation and establishment in the field are fundamental points for
a good development and production of Mexican lime.

Keywords: production, grafting, propagation, breeding, diseases, pests
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1. Introduction

Citrus is believed to have originated in some regions of Southeast Asia, in an area
that includes China, India, the Indochina peninsula, and nearby archipelagos [1, 2].
However, they are currently widespread and cultivated in many parts of the world. The
main producing regions of this fruit are located between latitudes of 40°N and 40°S [3],
in areas with tropical and subtropical climates, where winter temperatures are moder-
ate and allow the survival and development of the trees, and which also have sufficient
rainfall or irrigation water available for their growth and fruit production [4]. However,
the most important producing regions are located between 20° N and 20° S [5].

The generic term citrus refers to several species of trees that produce edible fruit
and whose cultivation is commercially important in various regions of the world.
These species include sweet orange (Clonorchis sinensis L.) Osbeck), sour orange
(Citrus aurantium L.), mandarins (C. reticulata Blanco), lemons (C. limon L. Burm.),
sweet limes (C. limetta Risso), Mexican lime [C. aurantifolia (Christm.) Swingle] and
(Curculigo latifolia Tan.), grapefruits (C. paradisi Macf.), pomelos (Coccinia grandis L.
Osbeck), and citrons (Citrus medica L.), as well as some intergeneric and interspecific
hybrids generated by controlled pollination among some of them.

Due to the harvested surface area and the volumes of fruit production, as well as
its wide consumption and nutritional value, citrus is one of the most important fruit
crops in the world. According to data from the Food and Agriculture Organization
(FAO), in 2023, 129 countries from different continental regions were registered as
cultivating and producing some type of citrus fruit. A production of 169.39 million
tons of fruit was recorded, on a harvested surface of 10.55 million hectares [6].

For the statistical management of the data, FAO [6] has concentrated the dif-
ferent species of citrus fruit into four main groups: (1) oranges; (2) mandarins,
which include tangerines, clementines, and satsumas; (3) limes and lemons; and
(4) grapefruits and pomelos. During 2012, limes and lemons were cultivated in 107
countries, on a surface of 983,657 hectares, from which 15.15 million tons of fruits
were obtained, which represents 13% of the total citrus fruit produced in the world
and places this group of Citrus in third place in economic importance (Figure 1).

Other citrus Lemons and lime
10% 13%

Tangerines,

mandarins,

clementins
39%

Oranges.
38%

Figure 1.
World production of fruit from different citrus groups during 2023. A total production of 202,311,341.17 ton.
Prepaved with data from FAO (2023).
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The statistical information obtained from FAO does not allow determining the
cultivated areas or production volumes for each of these citrus species that make up
the group of limes and lemons, either globally or specifically for each of the different
countries that are producing them. There is also not enough information from the
producing countries themselves, except for Mexico, which specifies the quantity of
fruit they produce, whether of the Mexican, Persian, or Italian type.

There are currently 10.55 million hectares, producing 169.39 million tons of citrus
fruit.

2. Citrus in Mexico

Mexico has a variety of geographic regions that present suitable climatic condi-
tions for the cultivation of the different species of citrus and has developed a strong
industry dedicated to the production of this fruit, mainly oranges, Mexican lime, and
Persian lime. The most important citrus regions in Mexico are located in the follow-
ing: Gulf of Mexico (Veracruz and Tabasco), northeast region of the country (Nuevo
Leon and Tamaulipas), Huastecas region (San Luis Potosi, Hidalgo, and northern
Veracruz), Yucatan peninsula (Yucatan, Quintana Roo, and Campeche), Pacific slope
(Oaxaca, Guerrero, Michoacan, Colima, Jalisco, and Nayarit), as well as the coastal
plain of the northwest (Sonora, Baja California Sur, and northern Sinaloa) [7].

Currently, Mexico ranks fifth as a citrus producer worldwide [7], and according
to data published on the portal of the Agri-Food and Fisheries Information Service
(SIAP), at the end of 2023, a cultivated area of 555,833 hectares was recorded, from
which a production volume of 6.69 million tons of fruit was obtained [8]. The value of
production exceeded 13,794 million pesos (Figure 2).

Three species of citrus are cultivated internationally, which, due to their acidic
taste and the way they are used by consumers mainly in the preparation of refreshing
drinks and dressings for food, are considered lemons. These are Mexican lime, Persian
lime, and Italian lemon. Of these three species, only Italian lemons are actually lem-
ons, which is why they are also known as true lemons. Botanically, both the Mexican
lime and the Persian lemon actually belong to the group of acid limes [9].

Lemons and limes
304,221.8 ton . i
7% Tangerines, mandarins.
clementines
510,341.7 ton
13%

Other citrus fruit
3,240,216.8 ton
80%

Total production 4,063,780.3

Figure 2.
Production volumes of different citrus fruits produced in Mexico during 2023. Prepared with data from
reference [6].
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3. The Mexican lime in the world

The origin of the Mexican lime comes from crossing the male parent C. medica
with the papeda Citrus micranta [1]. The Mexican lime is a widely known citrus fruit
in many countries and has received many local names: In Spanish-speaking countries,
it has the names of Mexican lime or Creole lemon (Mexico), subtle lemon (Peru), and
picalemon (Chile). In other Spanish-speaking countries, it is also known as acid lime,
small lime, bomb lime, little lemon, Creole lemon, or sour lemon. In the United States
of America, it is known as Mexican lime, Key lime, or West Indian lime. In France,
it is called limettier acide; in Germany, limett; in Italy, limetta; in India, nimbu or
kagzi nimbu; in Brazil, Galician lemon; in Egypt, Baladi; in Morocco doc; and in the
Philippines, dayap, among others [5, 10].

Although it is widely known in many countries, in most of them, there is not
enough information on the statistics of its cultivation and production volumes, which
would allow us to know the situation in relation to Mexico.

Some documents published in technical and scientific journals present infor-
mation that is confusing or incomplete. Some authors indicate that this citrus is
cultivated in countries such as Nepal, 2635 hectares [11]; Iran, without data [12];
Sudan, without data [13]; and Oman with 1209 hectares [14]. In India, several authors
mention its cultivation but do not provide data or, if applicable, present figures that
are contradictory: however [15] without data; while reference [16] reports 125,000
hectares; moreover, reference [17] reports 987,000 hectares; [18] cites 3.16 lakh hect-
ares (1 lakh equals 100,000); and [19] points out that 23% of 480,000 hectares are
cultivated with kagzi lime. In Peru, reference [20] reports 18,000 hectares; In Chile,
reference [21] reports 86 hectares of this citrus fruit, which they know as lemon
pica. In many countries in Central America, the Caribbean, and South America, the
Mexican lime has a noncommercial presence.

4, Mexican lime in Mexico

It has been pointed out that the main producing countries of Mexican lime are
Mexico, Peru, and India [9]. At the end of 2023, Mexico confirmed its position as the
second largest producer and exporter of lemons and limes in the world. The progressive
increase in its cultivation, its phytosanitary reputation, and the work of its producers
made it possible to meet the high national and international demand throughout the
year, with the largest harvest volumes from August to October. Mexico had a 20.5 percent
share and an average annual growth rate of 8.4 percent from 2019 to 2023. It exported
an average of 749 thousand tons, of which 98.7 percent were sent to three countries:
the United States, with whom it generated a trade exchange of 659 million dollars; the
Netherlands, 10 million dollars; and the United Kingdom, three million dollars [8].

This performance placed Mexico in the second place in marketing and produc-
tion, above nations such as South Africa, the Netherlands, Turkey, the United States,
Argentina, Brazil, China, and Italy. In the comparison between 2022 and 2023,
exports last year accounted for 838 million dollars and 716 thousand 163 tons, a
growth of 80 million dollars and 19 thousand 137 tons compared to 2022, 10.6 percent
and 2.7 percent more compared to 758 million dollars and 697 thousand 026 tons of
2022, respectively.

The recent data from the Agri-Food Panorama of the Agri-Food and Fisheries
Information Service (SIAP) have highlighted that at the end of 2023, lemon
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production accounted for three million 240 thousand tons, 4.5 percent more than the
three million 101 thousand tons of the previous year. On the other hand, Michoacan
was ranked as the main lemon producer, with 953 thousand 652 tons, followed by
Veracruz, with 867,916 tons; Colima, with 312,047 tons; Oaxaca, with 300,310 tons,
and Tamaulipas, with 135,886 tons [8].

While the states of, Yucatan, Jalisco, Tabasco, Guerrero, and San Luis Potosi also
contributed a significant amount to the national volume, he added. Therefore, 41.3
percent corresponds to the sour lime (Mexican, with seed), followed by the Persian
lime and to a lesser extent the Italian lemon.

The Mexican lime production system generates many jobs in different activities,
whether as day laborers and professionals in the field or workers in packing plants,
industry, transportation, and personnel dedicated to the commercialization of fruit in
the domestic and export markets. It is one of the crops that generate jobs practically
all year round, both in the field and for the harvest and processing of fruit. In addi-
tion, there is a considerable number of plant-producing nurseries and input-provid-
ing companies that benefit from the cultivation of this citrus [22, 23]. The commercial
cultivation of this citrus in Mexico has a history of more than 100 years. According to
reference [24], the first Mexican lime orchards were established in Michoacdn around
1912. Previously, the supply for consumption of this citrus came from the collection
of fruit from wild trees, which was then taken to regional markets.

For his part, reference [25] points out that the cultivation of Mexican lime in
Colima began in 1920. However, the commercial development of this crop did not
occur until the 1940s. From this date onward, a rapid increase in cultivated surface
and fruit production was observed, which led this region to be the main producer
of this citrus for many years at a national and world level. There is no precise data
for Guerrero and Oaxaca, but it is believed that it was in the 1940s when cultivation
began [26]. In its diagnosis of the Mexican lime production system in Colima, the
State Council of Limes in Colima (COEPLIM-COL.) prepared in 2002, presents the
historical behavior of the production of this citrus in Mexico, from 1950 to 2001.
From this study, it can be seen that in 1950, there were just over 10,500 hectares
harvested and a production of 70,000 tons. By 2001, these variables reached 86,307
hectares harvested and a production volume of 1.121 million tons. During that time,
the annualized yields went from 6.7 to 12.99 tons/ha. Significant increases in fruit
yields began in the 1980s, when there was a sharp increase in the surface area devoted
to this crop and producers began to adopt new technologies for the management
of their orchards, using plants grafted onto rootstocks tolerant to soil pathogens,
establishing plantations without associating with other crops, increasing plant-
ing densities, and applying irrigation and fertilization appropriately, among other
innovations.

However, in the last 13 years, both the planted surface and production volumes
have been unstable, with a clear downward trend, especially since 2005. However, by
this time, there is a higher technological level, and yields have reached their highest
values. According to historical data from SIAP, in 2000, more than 95,491 hectares
were planted with Mexican lime, from which 1.23 million tons of fruits were obtained,
with a value of more than 2781 million pesos. At the end of 2013, the planted and
harvested surface area fell by 14.94 and 17.06%, respectively. The production volume
barely exceeded 1 million tons of fruit, which represented a reduction of 18.05%.

The average yields per hectare during this period remained with little variation,
which shows that the drop in production was mainly due to the reduction in the
planted surface area, although to a certain extent, the drop in yields that occurred in
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state of, Colima since 2011 caused by the huanglongbing or greening disease, known
as HLB, also had an influence. In general, the tendency to reduce the surface area
devoted to this crop is associated with the low prices of fruit that have been experi-
enced in previous years. As a result, some producers converted their land to other
crops. Although Michoacan, on the other hand, maintained a strong growth in the
surface area cultivated with this citrus, it was not enough to reverse this trend.

5. Description and agroclimatic requirements of the Mexican lime plant

According to Ref. [27], compared to other citrus trees, Mexican lime trees
(ungrafted) are vigorous and of medium size, with a bushy development and develop
several thin and irregular stems (Figure 3). When grafted, the trees maintain the ten-
dency to develop vigorous shoots (suckers) in the lower part of the tree. The terminal
branches are generally provided with small, very sharp thorns (0.5 to 1.5 cm), which
disappear when the branches are thick. The foliage is dense, formed by small, persis-
tent, pale green leaves; the leaf blade is lanceolate or elliptical-ovate in shape, gener-
ally with an obtuse tip, rounded base, crenate edges, and petioles with narrow wings.

Studies carried out by [28] to understand the floral biology of lime indicate that
the inflorescences are produced in clusters of two to seven flowers, in the axils of the
leaves, and rarely appear alone. The flowers are small and white, with a cupulate calyx
with four to five lobes, four to five petals, and 20 to 25 stamens. It is possible to find
flowers on the tree most of the year, but the main blooms occur in two to three mas-
sive flows depending on the region and agronomic management.

5.1 Climate

Most cultivated citrus fruits originated in tropical and subtropical regions, so

they are adapted to grow and bear fruit in these types of climates. Although they can
survive temperatures of up to 2°C below zero for short periods of time, if this lasts

for more than 2 hours, they can suffer considerable damage. On the other hand, they
have high heat requirements to develop fruits of good size and quality; however, after
39°C, they stop their metabolic activity. The optimal temperatures for good vegetative
development range between 23 and 34°C [29]. In particular, the Mexican lime, being
native to the tropical and subtropical regions of the east of the Indian Archipelago

Figure 3.
Two-year-old tree (A) and fruit (B) of Mexican lime variety Colimex.
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and like the citron, is one of the citrus fruits most sensitive to cold [1]. For optimal
development, it requires temperatures ranging from 13-30°C, with average tempera-
tures of 26-28°C. On the other hand, this species is very sensitive to damage from

the fungus Colletotrichum acutatum (anthracnose), which occurs more intensely in
humid and subhumid climates. Consequently, the most favorable conditions for its
cultivation are those regions with rather warm, semidry climates. In Mexico, there
are several states located mainly on the Pacific coast that have adequate conditions for
commercial cultivation.

5.2 Rainfall

Water is one of the most important requirements for all crops. Many citrus trees
are established in areas with good rainfall, which allows the trees to obtain the water
necessary for their development and fruiting. In Mexico, the Mexican lime tree thrives
well in areas with rainfall of between 700 mm (Colima and Michoacan) and 1500 mm
(Guerreo and Oaxaca), which occurs in the summer (Table 1). In Colima and
Michoacan, the crop is managed with constant irrigation, which allows it to maintain
fruit production practically all year round. Therefore, in these producing regions, it is
essential to have a secure supply of water to apply the necessary and timely irrigation
during the rainless months.

5.3 Solar radiation

The trees perform better when grown in full sun, since when they are intercropped
with another crop that provides shade, as is the case with the coconut palm, their
productive capacity can be reduced by up to 50%. In Colima, until the 1980s, most
of the Mexican lime tree surface was associated with coconut palm. Currently, most
plantations are managed as a single crop, which allows for annual yields of more than
40 tons/ha.

5.4 Soils

Mexican lime trees can be grown in soils with a sandy to clay loam texture, with
good drainage. Soils should be at least 60 cm deep, but preferably those deeper than
90 cm. High concentrations of CaCO; (>15%) in the soil generate suboptimal condi-
tions for tree growth and cause a 20-30% decrease in yield, as well as a reduction
in fruit quality (10%) and eventually, tree death [30]. However, with the use of a
rootstock tolerant to this factor, soils with up to 40,000 ppm of this substance can be

State Climate Average temperature Minimum temperature Precipitation
(°C) (°C) (mm)

Colima BS1, AWo 26 13 700

Michoacin BSo, BS1, 28 12 700

AWo
Guerrero AWo, AW1 28 14 1200
Oaxaca AWo, AW1 27 14 1300
Table 1.

Predominant climates in the Mexican lemon-producing areas in four states of the Mexican Republic.
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used. Electrical conductivity must be less than 2.0 mS/m and have a pH between 6
and 7.5. In the four states with the highest production of Mexican lime, the soil type
is predominantly sandy loam, with a depth greater than 1.0 m and alkaline pH that in
some cases reaches values of 8.5.

6. Genetic improvement of Mexican lime

The global citrus industry requires new varieties, not only to satisfy the fresh fruit
market that demands high quality, absence of seeds, and high acidity content, as well as
to meet the needs of the industry itself, but also to improve other agronomic character-
istics that help reduce the threats posed by some diseases with a high economic impact
[31]. In general terms, genetic improvement in citrus has been directed toward two
main objectives: The first is aimed at the production of cup varieties that generate good
yields, early ripening, good fruit size, and low number of seeds or preferably seedless
and with loose skin. Recently, resistance to important diseases such as citrus canker
(Xanthomonas spp.), citrus tristeza (VTC), and huanglongbing (HLB) (Candidatus
Liberibacter spp.) among others has also been established as a fundamental issue. The
second objective is focused on the generation of rootstocks that are resistant to viruses,
mainly VTG, to root rot (Phytophthora nicotianae, synonym of Phytophthora parasitica
Dastur), to nematodes and to environmental factors such as salinity, drought, and low
temperatures, in addition to inducing a low tree height and early production [3, 32].

Genetic improvement of citrus has not been easy, and progress has therefore not
been as significant when compared to other fruit trees. The phenomenon known as apo-
mixis or nucellar embryony, present in many citrus fruits such as oranges, grapefruits,
lemons, limes, and some mandarins [33] and which limits the development of embryos
of sexual origin within the seed, has been an obstacle to the generation of hybrid variet-
ies. In addition to apomixis, other factors such as the high heterozygosity caused by
the hybrid condition of these species and which has been perpetuated due to apomixis
itself, or due to cases of sterility, incompatibility, as well as the long juvenile period
of the trees, have made genetic improvement through the conventional hybridization
method difficult [34-37]. These characteristics have prevented plant breeders from
making efficient use of existing sources of variation and generating new citrus variet-
ies. Due to the above, the development of improved varieties in citrus until a few years
ago was done mainly through the collection and evaluation of the genetic variation
that occurred naturally within wild populations or in commercial plantations, as well
as through the deliberate induction of mutations in elite varieties to generate genetic
variation from which variant genotypes with some desired attributes are subsequently
selected. Recently, with the development of biotechnology, new strategies have been
used such as somatic hybridization, genetic transformation, and of course conventional
hybridization assisted by the rescue iz vitro germination of immature embryos and the
early detection of hybrid plants through molecular markers. With these new technolo-
gies, the genetic improvement of citrus has been greatly revolutionized, overcoming
the limitations, including some natural barriers inherent to the reproductive biology of
citrus, especially those of interspecific and intergeneric compatibility.

6.1 Induced mutations in Mexican lime

In the Tecoman INIFAP Experimental Field, the program of radioinduced muta-
tions in Mexican lime was started in 1990. It was determined that in this species,
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Figure 4.
Fruit of Mexican lime mutants with changes in: (A) shape and size and (B) seed content.

when the seed contained more than 20% humidity, it did not tolerate doses higher
than 200 Gy (gray) of 9Co (cobalt 60) ranges, but if stored, seeds are used, and
therefore, with a humidity percentage close to 10%, they can withstand doses of up
to 350 Gy, with percentages of 1 to 5%. The germination percentages of the seed were
reduced, but the average germination time increased as the radiation doses increased.

Within this population of trees, a large number of individuals were detected
that produced seedless fruit or with a low number of these; however, the majority
presented flower abortion or low fruit set (Figure 4). This shows that the production
of seedless fruit is a characteristic that requires the presence of genes that control the
phenomenon known as parthenocarpy. This is the capacity of the plant to set and
develop the fruit without the need for the seeds to develop [38].

Four mutant genotypes were selected that during the research recorded annual
fruit yields of between 80 and 130 kg, with good fruit size and low seed content
(Table 2). The fruit shape, flavor, and acidity were not altered in these mutants.

After 6 years of semicommercial evaluation, none of the selected mutants man-
aged to produce more than 60 kg per tree per year. This suggests that the generation
of Mexican lime varieties that produce seedless fruit and high yield is not a simple
task and that it will be necessary to first incorporate genes that control the phenom-
enon of parthenocarpy.

Current Mexican lime varieties or mutants generated from them do not pres-
ent sufficient expression of these genes and consequently have a low potential for
parthenocarpic fruit production. It was found that in these mutants, the seed content

Mutant Yield Kg/tree/year ~ Fruitweight (g)  Juice content (%) Seed content

Average/fruit Range

M9 150 Gy 80.2 36.87 50.39 0.23 Oto2

M70 150 Gy 87.0 34.97 51.54 0.11 Otol

M139 150 Gy 933 40.11 48.85 0.46 Oto3

M4 100 Gy 130.8 33.96 50.64 0.55 Oto3
Table 2.

Outstanding radio-induced mutant genotypes of Mexican lime for seed content and fruit yield.
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was closely related to a high frequency of floral structure emission, but with a low
percentage of setting and poor yield.

Since 2009, the Tecoman Experimental Field of INIFAP began a genetic improve-
ment program of Mexican lime through sexual hybridization, aided by the techniques
of rescue and i vitro culture of embryos in an immature state and the early identi-
fication of hybrids through flow cytometry techniques and molecular markers. The
program focuses on the generation of varieties with resistance or greater tolerance
to Ca. Liberibacter asiaticus (HLB) and the citrus tristeza virus (VTC), two diseases
known for their devastating potential. It began with the selection of the parents, and
for this, several important aspects were considered, including the characteristic of the
Mexican lime that needs to be improved.

Considering that the Mexican lime agroindustry requires varieties with tolerance
to HLB and VTC, from the genotypes available in the germplasm bank and other
varieties cultivated in the region, it was determined which ones provided genes for
the needs of the program. In this hybridization program, the following were used as
parents: the diploid Mexican lime variety “Colimex” and two tetraploid experimen-
tal lines “Mex20” and “Mex13.” From the Italian lemon, the varieties “Rosenberg,”
“Eureka,” and “Limoneira 8a” were chosen. Citranges “Benton,” “C-32,” “C-35,” and
“Yuma” were also used, as well as a hybrid of the citrumelo “Swingle,” as well as three
somatic hybrids, “HS10” (C. amblycarpa x citrange Benton), “HS11” (C. amblycarpa x
citrange ‘C-35), and “HS15” (C. amblycarpa x Pomelo).

In order to carry out a good hybridization program in citrus and in this case of
Mexican lime, it is necessary to determine the quality and viability of the pollen. To
achieve this, in vitro germination techniques (Figure 5A—C) or pollen grain staining

Figure 5.

In vitro germination of Mexican lime pollen grains in different culture media: (A) Pio et al. [39], (B) Lora et al.
[40], and (C) Leal [41] and staining with the dyes: (D) Acetocarmine, (E) 2,3,5-Triphenyl tetrazolium chloride,
and (F) Safranin.
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(Figure 5D-F) can be used, which subsequently allows for a good selection of parents
and good management of pollen and pollination.

The culture media of [39-41] promoted the germination of pollen grains of
Mexican lime genotypes, as well as Italian lemons and citranges in very similar
proportions. This means that any of the three-culture media is suitable for estimat-
ing the viability of the pollen of these genotypes. The diploid Mexican lime presents
low pollen germination percentages and does not exceed 12%. However, tetraploid
Mexican limes reach pollen germination percentages higher than 20%. Italian lemons
and citranges present higher germination percentages compared to Mexican lime.

The sexual hybridization protocol for Mexican lime with other citrus fruits, which
involves all activities, from the selection of flower buds, obtaining and handling
pollen, pollination, rescue and iz vitro germination of embryos in an immature state,
and finally the transfer of seedlings to the greenhouse using the mini-graft technique
(Figure 6), allowed the generation of little more than 1000 seedlings of 5000 plants,
among which 269 diploid and triploid hybrids have been identified by morphological
markers, flow cytometry, and molecular markers, from crosses made between diploid
and tetraploid Mexican limes with Italian lemons and with the citranges C-35, C-32,
and Benton.

In most of the hybrid Mexican lime plants, the management they received in the anti-
aphid mesh houses, characterized by being in small pots, with overcrowding and less
amount of solar radiation mainly, affected the expression of their characteristics, which
prevented a good selection of hybrid individuals for their morphological characteristics.

Figure 6.

Sequence of the hybridization process in Mexican lime. (A) Flowers before anthesis, B) Emasculated flower at
the moment of pollen application on the stigma, (C) Seed removed from immature fruit showing three developing
embryos, (D) development of seedlings from immature embryos germinated in vitro, and (E) Apex of seedling
transferred from the flask to the greenhouse using the mini-graft technique.
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However, in the field, in addition to leaving the juvenile period, the plants better express
the characteristics of their parents and allow their characterization.

Due to its high heterozygosity in all the genotypes used as parents, a great diversity
in the morphology of the plants of the progeny populations was obtained, especially
in the crosses of diploid Mexican lime with Italian lemons. In the crosses of diploid
Mexican limes with citranges, the hybrids show a strong dominance of the trifoliate
genotype and most of the plants have trifoliate leaves and vegetative shoots with erect
growth. However, in the crosses of tetraploid Mexican lime with citranges, the trifoli-
ate phenotype is less expressed and sometimes appears chimeric. These hybrids have a
phenotype similar to the Mexican lime, with a very low frequency of leaves with two or
three leaflets. The hybrid character of these plants was verified by flow cytometry and
by molecular markers, specifically with the microsatellite technique proposed by [42].

Some hybrids can be detected from crosses between Mexican limes and Italian lemons
by the presence of anthocyanins in the tender vegetative shoots, since under the climate
conditions of Colima, Mexican limes do not present them. A group of these plants was
analyzed using the microsatellite technique and their hybrid character was confirmed.
Some hybrids between tetraploid Mexican * Italian lemon produce larger, seedless fruit.

After several years of evaluation, INIFAP selected two varieties of Mexican lime
that are well adapted, have high yields, and have excellent quality. One variety has
thorns like the Mexican lime, while the other rarely develops them [43, 44]. The
characteristics of the main varieties of Mexican lime grown in the Pacific of Mexico
are described below.

6.2 “Colimex”

The tree is vigorous with a bushy development (Figure 7), and the main branches
tend to bend due to the weight of the foliage and fruit. The twigs have small, pointed
thorns, which make manual harvesting difficult. The foliage is dense, with small,
lanceolate, and pale green leaves. It flowers all year round, although it has three to five
massive flushes depending on the region and agronomic management. The inflores-
cences emerge from the apex of the shoot and from the axils of the leaves, in clusters
of two to seven flowers. The flowers are small and white. The fruit is small, elliptical to

Figure7.
Bunch of Mexican lime fruit, variety “Colimex.”
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Figure 8.
Bunch of Mexican lime fruit, variety “Lise.”

hemispherical with a thin, leathery, and green shell. The fruit is light green at the time of
cutting, rich in high quality essential oil. The pulp is light green, juicy, and very acidic.
The fruits contain 3 to 5 seeds, and when fully ripe, they have yellow skin [27, 45, 46].
The fruit is harvested throughout the year, although maximum production occurs from
May to October. The fruits reach their cutting maturity between 90 to 140 days from
anthesis, depending on the time of year. The fruits that come from the flowers that
emerge in December are those that last the longest to harvest [47, 48]. The vegetative
shoots are highly susceptible to the anthracnose Colletotrichum acutatum when they are
developing. The flowers and tender fruits are also very susceptible. This variety is well
adapted to the agroclimatic conditions of the region, and its fruit has excellent accep-
tance in the market for fresh consumption and for its derivatives in the industry.

6.3 “Lise”

It is also the result of a second cycle of clonal selection on a thornless genotype,
which was found in the 1970s as a natural variant seedling in a commercial Mexican
lemon orchard (Figure 8). This variety can also produce more than 40 tons/ha from
the fourth year onward, with fruit similar to that of the commercial variety, but with
better postharvest performance.

6.4 “Colimén”

It is a natural variant that produces fruit with a low number of seeds. The
trees are vigorous and have morphological characteristics similar to those of the
“Colimex” variety. Most of its flowers abort, and therefore, its yields do not exceed
15 tons/ha.

7. Rootstocks to reduce tree size

The current trend in Mexican lime plantations is to use trees grafted onto
“Macrofila” (Citrus machopylla) at high planting densities [49]. However, the vigor

113



Fruit Crops Science — Ecophysiological and Horticultural Perspectives

of the rootstock and the climate conditions that favor the continuous growth of

the trees cause that in a few years, the space assigned to each tree is exhausted and
consequently the tree crowns become intertwined and shaded, causing a strong
reduction in fruit production, in addition to making the management of the orchard
difficult and ultimately reducing the productive life of the plantation. Using high
planting densities requires intensive management. The use of citrus materials that
promote controlled growth and generate trees of reduced size is a measure that allows
greater ease and efficiency in cultivation tasks. In Colima, Mexico, the dwarfing
effect of some trifoliate rootstocks, including the Flying Dragon, was evaluated,;
however, they did not show their dwarfing effect because they had problems adapting
to soils with a high calcium carbonate content. Under these conditions, Mexican lime
trees showed strong iron chlorosis, limited crown growth, and low production [50].
Valencia orange grafted on trifoliate rootstocks also did not perform well in calcareous
soils with a pH of 7.5 to 8.5 and recorded much lower yields than the “Amblicarpa”
and “Volkameriana” rootstocks [51]. Interstocks in Mexican lime is, an alternative for
the use of soils with alkalinity problems and that at the same time could contribute

to controlling the size of the tree, is the use of interstocks. This alternative consists

of making two grafts, one between the rootstock and the interstock and another
between the interstock and the variety. The selected interstock can be a genotype with
dwarfing or stunting characteristics on a rootstock adapted to the type of soil, such as
“Macrofila,” and, as a second graft, the Mexican lime variety on the dwarfing one. For
example, reference [52] evaluated different stunted, including several trifoliate and
their hybrids as interstocks and “Macrofila” as rootstock, with the aim of develop-

ing smaller, more productive trees that are easier to manage. The interstocks of the
citrange “Willits,” the mandarin “Shekwasha,” and the trifoliate hybrid “Cleopatra”

x “Swingle” were promising because they reduce the vigor of the lime trees and

also produce crops similar to “Macrofila.” The use of lime interstocks does not sig-
nificantly increase yields compared to “Macrofila” However, with their use, it was
possible to reduce the size of the trees by 25 to 48% and develop trees on calcareous
soils at a higher density [52]. Otherwise, reference [50] reported that the interstocks
of Poncirus trifoliata “Hiryu” and “Flying Dragon” achieved 30% less growth than

Figure 9.
Mexican lime plant showing the flying dragon interstock.
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Figure 10.
Effect of use of dwarfing rootstock on Mexican lime: Left “Macrofila” and right trifoliate hybrid. Right bar
scale = 2 m.

“Macrofila,” presenting good prospects for their use in high plantation densities, since
due to their smaller size, they could be established at densities higher than 312 trees
per ha (Figure 9).

In recent studies [44], they determined the agronomic behavior of the Mexican
lime varieties “Colimex” and “Lise,” grafted onto different intergeneric hybrid
rootstocks that involve trifoliate genotypes, among them: “Sunki” x “English,”
“Cleopatra” x “Swingle,” “Sunki” x Trifoliate, and “Cleopatra” x “Barnes,” in a
clayey crumbly soil, with a high CaCO; content and a pH of 7.8. The results showed
that the evaluated rootstocks reduce the size of Mexican lime trees from 20 to 56%
and presented acceptable fruit productions, demonstrating that it is feasible to use
them at high densities to better face the problem of HLB even in soils with high pH

(Figure 10) [44].

8. Production of propagative material

Establishing a citrus plantation requires the execution of various activities that
are essential for its survival and economic profitability. The training of plants in the
nursery and the selection of the land are two important aspects for the establishment
of a plantation, which must have an economically productive cycle of no less than
15 years. The health and genetic quality of the propagation material, the technol-
ogy used, as well as the care developed in the creation and training of the plants are
fundamental factors that will influence the entire useful life of the plantation [53]. A
basic principle for current global citrus farming is the sanitary and varietal certifica-
tion of basic propagation material such as seeds and buds, as well as the technology
used for the production of nursery plants. These two aspects constitute the guarantee
of the longevity and productivity of new plantations [54]. On the contrary, a low-
quality nursery plant can lead to an unproductive plantation and make an agribusi-
ness unviable [55].
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In recent years, phytosanitary problems have arisen that put citrus industries
at risk worldwide. And since citrus plants are potential disseminators of pests
and diseases such as Citrus Variegated Chlorosis (CVC), Tristeza, Leprosis,
Phytophthora, Huanglongbing (HLB), and Canker [56], it is essential to obtain
healthy propagation material in a protected environment that prevents the entry of
insects and vector mites. The nurseries used in the new citrus plant production sys-
tems are based on carrying out all activities under protected or closed systems [53].
In Mexico, there is the National Program for Phytosanitary Certification of Citrus,
which is a scheme that certifies all stages of the production of citrus propagative
material, the purpose of which is to ensure that producers have healthy, high-
quality plants. This certification program began in 2002 with the publication of the
Mexican Official Standard NOM-079-FITO-2002, “Phytosanitary requirements for
the production and mobilization of propagative material free of tristeza virus and
other pathogens associated with citrus.” The production of open-air nursery plants
was permitted until 2009, the year in which the presence of HLB was reported in
the country, and from 2010, it must be done under protected conditions in areas
with this disease, when the “Agreement by which the phytosanitary measures to be
applied for the control of Huanglongbing (Candidatus Liberibacter spp.) and its
vector are made known” was published, also being the basis for the certification
program [57, 58].

9. Propagation of Mexican lime

The way to propagate the Mexican lime, as for many fruit trees, can be by seed or
vegetatively. The first of these is not recommended nor is it used to establish com-
mercial plantations, since although the trees that originate with it are vigorous and
productive, they are also susceptible to diseases such as gummosis (P. parasitica); in
addition, they have a long juvenile period delaying the start of fruit production, and
plants out of type can be generated [9]. Normally, citrus fruits are propagated by
grafting; In other words, trees are formed by the union of a crown and a rootstock
[59]. These two parts are originated separately. The aerial part is the variety that
forms the crown of the tree, while the lower part corresponds to the rootstock. Both
are connected at a short distance at the top of the trunk, where they were grafted one
on top of the other [60]. Therefore, the horticultural behavior of a citrus tree is the
result of the reciprocal interaction between its genetic components [61]. Vegetative
propagation allows the production of new plants with the same characteristics of the
variety selected to establish a plantation. In the case of Mexican lime, this type of
propagation is done by bud grafting on rootstocks that are tolerant to gummosis or
other adverse soil factors such as high concentrations of calcium carbonates. Trees
obtained by grafting, being only of the desired variety, allow for uniform plantations
with those that have the same yield and quality, are less vigorous, and are earlier to
come into production [9].

To select a rootstock, it is necessary to understand the functions of the root and
therefore those of the rootstock itself. The roots anchor the tree in the soil and absorb
and transport water and nutrients, and the synthesis sites of growth regulators are
located in them. Finally, a large part of the food reserves are stored there [60].

There is no perfect rootstock, even for a particular situation [62-64]. A rootstock
is useful when it has certain characteristics such as good compatibility with the vari-
ety, adaptability to the soil and climate environments prevailing in the region where
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the orchard will be established, and ability to produce a dense root vertically and
horizontally, and the rootstock must have vigorous, persistent, and adequate annual
growth [60]. Thus, even when there is no rootstock that has all the desirable charac-
teristics, it is necessary to use one that allows overcoming most of the productivity
limitations of each region where Mexican lime is grown [65].

Nursery plants can be marketed between 10 and 14 months after the start of
their production cycle, which is influenced by the conditions in which it is carried
out as well as by the rootstock used [55]. In the process of propagation by grafting of
Mexican lime, there are two stages.

Seedbed — The period between sowing the seed of the rootstocks until they reach 10
to 20 cm in height lasts 2 to 4 months.

Nursery — In this stage, the rootstocks are first transplanted into containers so that
they develop over a period of 2 to 4 months. Grafting is then carried out, and the
resulting plants will be ready to be planted in the field after 3 to 6 months.

9.1 Nursery

Transplanting rootstock seedlings. Once the seedling stage has finished, the
transplant continues, which is the first step in the nursery stage.

Space in protected structures where citrus nurseries are established is expensive,
so for transplanting rootstock seedlings, it is essential to use a small, practical, and
functional bag, in accordance with the period of time that the plant will be in it. The
estimated cycle of the citrus nursery is 13 to 18 months, a period in which the bags
must provide support without breaking or crystallizing [53]. Currently, bags are used
black polyethylene bags, 600 caliber, 20 x 30 cm, with a capacity of 3.5 liters. These
bags, when filled, remain vertical with a height of 23.5 cm and a diameter of 13 cm.

It is necessary to ensure that there is a free space of 2.5 cm from the level of soil or
substrate that is deposited in each bag to the upper edge of the same to receive the
irrigation water. With the full bags, beds or blocks of four aligned rows can be formed
(Figure 11A) and a 55 to 60 cm wide corridor can be left between the beds to allow for
plant management and care activities.

Figure 11.
Seedbed in bed (A), in plastic box (B), and styrofoam tray (C).
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Figure 12.
Plastic bags used for transplanting rootstock seedlings (A); removal of seedlings from the seedbed to be graded and
transplanted bare-root (B); holes where seedlings will be transplanted in plastic bags (C and D).

Rootstock seedlings are transplanted when they are 15 cm tall into plastic bags
with previously disinfected loamy soil [9]. It is advisable to add Trichoderma or
mycorrhizae to the soil in combination with slow-release fertilizers [53]. Seedlings
with deformed or defective roots, such as the so-called “pigtail” root, which has a 360°
turn, should be discarded, as well as those that are out of type, because they are either
stunted or too large [9].

The seedlings are carefully removed from the seedbed with a flat shovel or similar
tool. This extracted material is left bare-rooted and classified according to size so that
each bed has plants of the same size, which is expected to also have a similar develop-
ment (Figure 11B).

For transplanting, a modified stake or an L-shaped craft tool with a sharp end is
used to make a hole in the soil of each bag (Figure 12C), where a seedling is inserted
up to the height of the root collar, which should remain free while the root is buried
without being bent; for this, the same tool is stuck on one side of the hole, pressing
toward the root so that the plant remains fixed (Figure 12D). Once the transplant is
finished, irrigation is applied. If the seedlings were produced in tubes, then instead of
having them with bare roots, what is transplanted are seedlings with the substrate in
which they have been developing.

9.2 Development of the rootstock

The rootstock must be formed with a straight growth, without branches, so during
its development, the lateral shoots are removed.
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The plants are grafted when they reach a diameter of 6 to 8 mm at the height
proposed for the graft, which occurs 4-5 months after transplantation [53] in tropical
conditions.

Grafting. The buds used to graft the rootstock plants must come from a certified
bud production lot (LPY), where they must also provide a letter of guarantee of the
varietal type to the nurseryman who acquires this type of propagative material. In
addition, current regulations require that the material produced in an LPY must be
free of the following diseases:

Psorosis, Tristeza, Exocortis, Cachexia, and HLB [58].

Before the buds are harvested, stalks of approximately 20 cm in length and 1 cm
in thickness are selected and cut with pruning shears exclusive to the LPY where they
are produced; between plants, this tool must be disinfected with a 5% solution of
permanganate or sodium hypochlorite. The wound of each cut in the plant must be
sealed with vinyl paint, while the stalk still with leaves is placed in a labeled plastic
bag (variety, date, and number of buds) to be taken to be defoliated and disinfected
(copper sulfate) in a closed space. The stalks are placed again in labeled plastic bags
for transport and/or storage, which can be at temperatures of 4 to 8°C for a period
of 10 to 15 days [58]. The graft should be made at a height of 35 to 40 cm from the
rootstock [9]. To do this, the shoots, leaves, and thorns should be removed 10 cm
above and below the grafting point days before [53]. This is to make it easier to place
the bud to be grafted [62].

The type of graft most commonly used by most nurserymen is the inverted “T”
shaped bud. This consists of making a vertical and horizontal cut with a knife at a
proposed height on the stem of the rootstock. With the tip of the knife, the bark is
lifted and the bud is introduced; then, it is covered by bandaging it with a plastic tape,
in such a way that the cuts and the bud are covered to avoid dehydration of the latter
or of the union of the cambium of the graft with that of the rootstock [9, 62], as well
as how to prevent water from entering. Immediately after this, one of the following
two options can be done: (1) Leave the entire rootstock plant as it was grafted with
the bud. (2) Prune the rootstock stem 15 cm above the graft to leave a stump with
leaves and thorns. If the rootstock is left intact, the graft will have poor growth due to
competition between it and the foliage of the rootstock [62].

After 15 days of grafting, if it has survived, the plastic tape with which it was cov-
ered should be removed [9]. Two or three days later, the rootstock is pruned leaving a
stump 8 to 10 cm above the grafted bud.

9.3 Finished plant

To achieve erect growth of the graft, when the initial sprout or first flush of
budding (Figure 13A) is still flexible, it is brought close to the stump that was left by
holding it in place with a 3 cm long “S”-shaped wire hook (Figure 13B). In addition,
the first sprout of the graft is pruned at its apical part (Figure 13C) to stimulate a
second flush of budding from the graft. Eight to 15 days after the second sprouting
(Figure 13D), the wire hook is removed, and the rootstock stump is pruned again
slightly above (0.5 cm) the graft (Figure 13E). When the third flush of budding
occurs, the basic crown of what will become a tree is defined (Figure 13F).

Three months after grafting, the plant will be ready to be transplanted into
the field [53]. It is not recommended to keep the plants in the nursery longer than
required, because their roots and crowns may become deformed, reducing their
quality and affecting their development in the field. An alternative may be to transfer
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them to larger bags so that they can grow and use them as replants [9], although this
implies an additional expense.

Figure 13.
First flush of graft budding (A), which is attached with a hook to the rootstock stump (B) and pruned at the top
(C); second flush of graft budding (D); removal of the hook and pruning of the rootstock (E); finished plant (F).

Figure 14.
Mexican lime plantation in an area with high production potential.
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9.4 Establishment of orchards and production systems

The productivity and return on investment of a Mexican lime orchard is related
to the density of planting, vegetative growth, photosynthetic efficiency, flowering
intensity, fruit set and growth, as well as the agronomic management of the factors
that interfere with growth in the orchard [62]. The establishment of a Mexican lime
plantation requires a series of prior tasks that are essential for its survival and eco-
nomic performance (Figure 14).

The selection of soil and plants in the nursery is the main aspect to begin the work of
a plantation that must have an economically productive cycle of no less than 15 years.

In addition, good orchard planning should consider adequate spaces for paths and
tasks performed by machinery such as raising irrigation ditches, spraying foliage,
weed control, and harvesting the crop. The location of irrigation channels, drains,
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Hllustration of different planting layouts in square (A), staggered (B) and rectangle (C).
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and the direction of the rows of trees must also be properly planned, according to the
slope of the land. A bad decision in this regard will permanently make irrigation or
the removal of excess water difficult and expensive [9].

Finally, the management that will be given to the adult plantation must be defined.
In the case of an intensively managed orchard with high planting densities, this allows
for a rapid return on investment and high yields, but at high costs; while low densities
result in lower yields but lower production costs.

Planting density is the term generated to determine the number of trees to be
planted in a hectare of cultivation. The distance between trees will depend on the
variety, the rootstock, the type of soil, and the production system. However, based on
the results of a 15-year investigation, where several planting densities were evaluated,
it was concluded that wide planting densities with a low number of trees per hectare
limit the obtaining of high yields [63-65]. With densities lower than 200 trees/
ha, very high yields were not obtained. However, there was the advantage that the
orchard was managed in a traditional way, without the trees losing their individuality
and with less need for pruning [45].

The plantation layout depends on the selected design and planting density and
determines the future management of the orchard. The orientation of the rows of
trees must be done according to the direction of irrigation, the irrigation system, and
the planting density. The distance between rows must be selected taking into account
the estimated growth of the trees in their adult stage and the machinery that will be
used in the orchard. During the entire plantation period, it is essential that the trees
receive good sunlight. To do this, it is recommended that the rows be oriented from
north to south. Thus, the hedges of adult trees will receive the sun’ rays in the morn-
ing on the east side of the canopy and in the afternoon, they will receive them from
the west. To lay out the plantation, the location of rows, drains, and canals must also
be considered [9].

The most commonly used planting layouts for Mexican lime are described below:

a.Table. Square plantations are generally associated with a low planting density,
so they require less investment and care, but the yields per hectare are lower
than in high-density rectangular plantations; therefore, it is not recommended
(Figure 15A).

b.Triangular or staggered. Greater number of trees per hectare than square or rec-
tangular. This system can complicate harvesting, pruning, and pest and disease
control tasks; therefore, it is not widely used today (Figure 15B).

c.Rectangular. This system allows for intensive plantations suitable for installing
pressurized irrigation systems and is the most recommended (Figure 15C).

10. Conclusions

Citrus fruits are produced in 128 countries on the continents in tropical and sub-
tropical regions, which produce 119.98 million tons on 746 million hectares. However,
in Mexico, the production of Mexican lime is of great economic and social importance
generates many jobs practically all year round, both for crop management and in
the harvest and processing of fruit. The climatic conditions of the Mexican produc-
ing regions have favored the development and productivity of the Mexican lime,
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while the technical development and innovation allow for high productivity rates of
the fruit. Genetic improvement has allowed the development of new genotypes of
Mexican lemon with high productivity. Therefore, there are opportunities to develop
new strategies to combat pests and diseases that affect crops.
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Reproductive Biology of ‘Ataulfo’
Mango: The State of the Art

and Challenges for Improving
Pollination and Fruit Production
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Abstract

The ‘Ataulfo’ mango cultivar is one of the most important in Mexico, with
widespread acceptance in national and international markets, attributed to its excel-
lent organoleptic characteristics. However, in recent years, the profitability of this
cultivar has significantly decreased, which has been associated with issues related to
their reproductive biology. Therefore, understanding their pollination requirements
is essential to increase its productivity. This chapter reviews the current research on
floral biology, pollination ecology, and fruit production in ‘Ataulfo’ mango. It also
addresses the pollination challenges that limit orchard productivity and affect fruit
quality, such as self-incompatibility and stenospermocarpy. Finally, this chapter
explores orchard designs and management strategies to improve pollination, increase
yield, and ensure the economic sustainability of ‘Ataulfo’ mango production.

Keywords: conservation, crop pollination, malformed fruits, planting designs,
pollen viability, pollination services, pollinator dependence

1. Introduction

The ‘Ataulfo’ mango cultivar is a massive-flowering perennial tree that originated
in the Soconusco region, Chiapas, Mexico [1]. The popularity of this cultivar has
increased in recent years due to its appealing organoleptic characteristics, such as a
sweet taste, creamy texture, high pulp percentage, and extended shelf life [2]. The
great acceptance that it has received in national and international markets has made
it one of the most important mango cultivars in Mexico [3, 4]. As a result, the area
cultivated of this cultivar has increased almost fivefold in the last 20 years (13,335 ha
in 2001 to 64,877 ha in 2021, Figure 1A) [4].
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Figure 1.
The cultivated area of mango Ataulfo’ in Mexico in the last 20 years (2001—2022; A) and average national yield
per hectare from 2000 to 2023 (B). Source: SIAP [4].

Even when several technologies have been implemented for mango cultivation
[3], in recent years, the productivity of this cultivar has decreased significantly in
some regions [4], with average yields dropping from 15 tons per hectare in 1980 to
around 10 tons in 2023 (Figure 1B) [4, 5]. This could be due to the increased occur-
rence in recent years of malformed fruits, known as nubbins, which have null value
in the commercial market given their smaller size and weight [6, 7]. Several factors
can be attributed to the low production of commercial fruits and the high incidence
of nubbins in ‘Ataulfo’ mango, from aspects related to its floral biology to biotic and
abiotic factors. Therefore, it is crucial to have a comprehensive understanding of its
reproductive biology to identify the factors contributing to the low production of
commercial fruits and to propose viable strategies to increase the economic income of
‘Ataulfo’ mango producers and satisfy the increasing demand of this fruit worldwide.

2. Floral biology

The ‘Ataulfo’ mango, as well as all mango cultivars, is an andromonoecious tree,
with staminate and hermaphrodite flowers in the same inflorescence (Figure 2) [8].
The inflorescence is a terminal panicle with a conical shape, composed of a central
axis (rachis) with lateral peduncles (sub-rachis) (Figure 2A) [8]. The number of
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Figure 2.

Af inflovescence (panicle) of Ataulfo’ mango (A), morphology of a freshly open hermaphrodite flower (B) and
hermaphrodite and staminate flowers (C). Hermaphrodite flower (Hf), staminate flower (Sf), rachis (Ra),
sub-rachis (Sb), sepal (Se), stigma (Sg), stamen (St), ovary (Ov), and petal (Pe). Photos: Jose Antonio Gama
Salgado (A) and Rodrigo Lucas-Garcia (B and C).

panicles per tree varies depending on the size and age of the trees, as well as edapho-
climatic conditions [9]. For example, in Ecuador, a 3 m-high tree produces on average
205 panicles, while a 4 m-high tree produces on average 321 panicles [9]. The panicle
length can vary from 33 to 57 cm, with an average of 48 cm [10, 11].

The number of flowers per panicle fluctuates from 1441 to 4595, with an average
of 2906 flowers [8]. The percentage of hermaphrodite flowers is usually higher (61%)
than that of staminate flowers (39%) [8], although this proportion may vary depend-
ing on the phenological stage of the panicle [12]. The proportion of hermaphrodite
flowers is higher at the beginning of flowering, whereas the proportion of staminate
flowers increases as the days go by [12]. Although both types of flowers can be found
along the panicle, staminate flowers predominate near the rachis, while hermaphro-
dite flowers are more common at the apex of the sub-rachis [13]. The more exposed
location of the hermaphrodite flowers at the apex facilitates greater pollinator con-
centration, leading to a proportionally higher number of visits to these flowers and
increased pollen transport to the stigma [14, 15].

The flowers have five petals and five sepals (Figure 2B). The sepals are light green,
while the petals are yellow at the base and white at the tip (Figure 2B), and they turn
brown a few days after anthesis. Flowers have three or four staminodes and one fertile
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anther [13]. The color of the fertile anther is pink after anthesis and turns dark during
dehiscence (Figure 2C). The anther has four lobes, and the pollen is released longi-
tudinally [13]. The ‘Ataulfo’ pollen grains are tricolpate, and their size varies between
10 and 20 pm [10], while in other cultivars, the pollen grains are larger (2045 pm
long), with a flattened shape when dry and more spheroidal when hydrated [13, 16].
Hermaphrodite flowers have a superior, uniovulate functional ovary and a simple
stigma (Figure 2B) [13]. In both types of flowers, the nectary is a fleshy disk located
in the center of the flower. Flower size varies from 7.0 to 7.8 mm, with hermaphrodite
flowers being relatively larger than the staminate ones (Figure 3).

2.1 Hermaphrodite-staminate flower proportion

Given that only hermaphrodite flowers are capable of set fruits, conditions that
increase the ratio of hermaphrodite-staminate flowers are crucial to improve fruit
production. Among these are trees grown at temperatures above 15°C during the day
and 10°C at night or below 30°C [13, 17, 18] or with more exposure to sunlight [19],
older trees [16], smaller panicles [20], pruned trees [21, 22], and trees with applica-
tion of growth regulators, such as paclobutrazol (PBZ) (10 g/tree) and gibberellic
acid (GA3; 100 ppm/tree) [23, 24]. It should be noted that these factors are not neces-
sarily mutually exclusive.

2.2 Production and viability of pollen grains

Another key factor to improve fruit production is the quantity and quality of
pollen grains. The number of pollen grains per anther is usually greater in hermaph-
rodite flowers than in staminate flowers. A study carried out in Mexico revealed that
hermaphrodite and staminate flowers had an average of 913 and 643 pollen grains
per anther, respectively [10]. Pérez et al. [25] suggest that this difference could be
explained because hermaphrodite flowers have higher nutrient reserves for fruit
production, favoring the anther development and, consequently, a higher produc-
tion of pollen grains. In Mexico, Gehrke Vélez et al. [10] found that the production
of pollen grains also varies spatially. This variation could be associated with the

—

=
1
*

Corolla diameter (mm)

H S

Figure 3.

The size of hermaphyodite (H) and staminate (S) flowers in Ataulfo’ mango cultivated in Guerrero, Mexico.
Data were obtained from the measurement of the corolla of 90 hermaphrodite and 90 staminate flowers in
December 2020. * Indicate statistical differences among flowers (p < 0.05). Source: own unpublished data.
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different soil and climatic conditions present at each site, as well as the variations in
agricultural practices and the age of the plantation [10]. A recent study has found that
plants of Gentiana aristata grown in sites with high soil moisture produced less pollen
grains than those grown in sites with intermediate humidity or with drier conditions
[26]. Similarly, in the squash it was found that plants exposed to higher temperatures
produced greater amounts of pollen than those grown at lower temperatures [27].

It has been reported that in ‘Ataulfo’, mango pollen viability is higher in hermaph-
rodite than in staminate flowers [10, 25]. In Mexico, pollen viability was reported
to vary among sites, ranging from 71 to 90% for hermaphrodite and 27-50% for
staminate flowers [10]. In Spain, pollen viability was 93% in hermaphrodite and 85%
in staminate flowers [25]. Similarly, pollen germination was found to be higher in
hermaphrodite (15%) than in staminate flowers (2%) [10], while in Spain, no differ-
ences were found between the two types of flowers [25]. Compared to other cultivars
such as ‘Keitt’ (81%) and ‘Kensington’ (70%), ‘Ataulfo’ shows a low percentage of
germination, from 15% in Mexico [10] to 48% in Spain [25].

Pollen germination also varies depending on the cultivar and environmental fac-
tors, such as temperature [28]. Although no specific studies have been conducted in
‘Ataulfo’ on the effect of temperature on pollen germination, a recent study on several
mango cultivars has indicated that the optimum temperature is between 24°C and
30°C, while higher or lower temperatures significantly reduce pollen germination rate
[28]. Some nutrients were also reported that improve pollen viability and germina-
tion. For example, Muengkaew et al. [29] reported a germination rate greater than
80% when a calcium and boron mixture (3 ml/L) was applied during mango flower-
ing, resulting in a notable improvement over the control treatment, whose germina-
tion rate was only 29-40%.

3. Pollination biology and ecology

For pollination to occur, it is necessary that the stigma be receptive and that the
anthers be dehiscent. In the ‘Ataulfo’ mango, the stigmatic surface is receptive a few
hours before flower anthesis (which occurs in the early morning) until 72 hours after
[8]. However, the optimal period for pollination in ‘Ataulfo’ can only occur when
anther dehiscence begins (between 10:00 and 11:00 h) [25]. Given the spatial separa-
tion between the fertile anther and stigma (i.e., herkogamy), mango flowers require
pollen transfer mediated by vectors.

3.1 Pollen transfer

Some authors have suggested that wind is an important vector in mango pollina-
tion, even when it is evident that mango does not have any of the characteristics of an
anemophilous plant [13]. In fact, ‘Ataulfo’ flowers, as in other mango cultivars, show
adaptations to insect pollination, including sticky pollen that clumps together (mostly
in humid conditions), which makes it difficult for pollen grains to be dispersed by
wind [30]. The stigma is very small and lacks structures to help trap wind-borne
pollen [31]. In addition, the flowers produce nectar that accumulates at the base of the
petals to attract insects [31, 32], unlike the anemophilous flowers that generally do not
have it.

The relevance of insects in the pollination of some mango cultivars has been docu-
mented [33]; however, in the case of ‘Ataulfo, there are no published studies specifically

133



Fruit Crops Science — Ecophysiological and Horticultural Perspectives

quantifying its dependence on pollinators. We conducted an insect exclusion experiment
in 2023 in three orchards in southern Mexico to evaluate pollinator dependence. In each
of these orchards, six panicles with similar characteristics (i.e., located at the same height
from the ground, similar size and developmental stage) from each of four trees were
selected. Three panicles were bagged to exclude any pollinator visit (‘closed’ pollination
treatment; Figure 4A), while the other three were left untreated to allow insect visitation
(‘open’ pollination treatment). The fruiting rate (i.e., number of fruits per panicle) of
each treatment was quantified 15 days later to minimize the effect of the tree’s carrying
capacity [34], given the huge flower abscission rate of mango.

This experiment showed that when insects are excluded from the flowers, fruit
production decreased by 96% (Figure 4B). Only two malformed fruits were recorded
in two of the excluded panicles, highlighting the critical dependence of this cultivar
on insect pollination to achieve profitable and high-quality production of fruits.
Furthermore, this agrees with a recent study carried out in the same study region,
where the production of commercial fruits of ‘Ataulfo’ mango was positively related to
the frequency of visits by native insects [7].

On the other hand, it is known that under open pollination, less than 1% of mango
flowers develop into fruits [35]. A study conducted on other mango cultivars (i.e.,
‘Chok Anan’ and ‘Sala’) showed that hand pollination (also known as artificial pol-
lination) can increase fruit set by up to 117% compared to open pollination [35]. This
suggests that a high pollination deficit (i.e., reduction in production due to shortage
of pollen or suitable pollinators during flowering [34]) exists in these cultivars. While
fruit set is increased by hand pollination, this is a difficult task for growers given the
small size of flowers [35] and the huge flower abscission rate of mango mentioned
above. In the case of ‘Ataulfo, hand pollination studies are needed to determine if
pollination deficits exist in its cultivation areas.

B -96%

Fruits per panicle

Open Closed

Figure 4.

Example of pollination bags used in the insect exclusion treatment (A), and effect of insect exclusion on fruit
production per panicle in Ataulfo’ mango orchards (B). Photo: Juan Ernesto Rendon-Caro. Graph source: own
unpublished data.
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3.2 Floral visitors

Several studies have documented the presence of a wide variety of insects visit-
ing the flowers of different mango cultivars in different countries, mainly from the
orders of Diptera and Hymenoptera [14, 32, 35-38]. In the case of the ‘Ataulfo’ mango,
only two studies have documented their specific floral visitors. In Chiapas, Mexico,
Grajales-Conesa et al. [39] observed that their flowers were visited by 10 bee spe-
cies, where the stingless bee Trigona fuscipennis was the most frequent floral visitor,
followed by the honeybee Apis mellifera and the stingless bees Trigona nigerrima
and Trigona fulviventris, accounting for more than 96% of total visits. In Guerrero,
Mexico, Severiano-Galeana et al. [7] found a wide variety of floral visitors, includ-
ing dipterans from the families Calliphoridae, Muscidae, Sarcophagidae, Syrphidae,
and Tabanidae; hymenopterans from the families Apidae, Formicidae, and Vespidae;
hemipterans; coleopterans; and spiders.

To expand the knowledge and provide more information on the insects involved
in the pollination of this cultivar, in 2023 we monitored the floral visitors of ‘Ataulfo’
mango in three orchards located in the state of Guerrero, southern Mexico. For this
purpose, four ‘Ataulfo’ trees were randomly selected in each orchard. In each tree,

a panicle was filmed using digital video cameras for three 20-minute periods (i.e.,
10:00-10:20, 13:00-13:20 and 16:00-16:20). The total number of visits per floral
visitor was recorded, and insects were identified using identification keys. A total of
281 visits from 15 different floral visitors were recorded during 12 hours of filming
(Table 1; Figure 5). The honeybee was the most frequent visitor, followed by one

Order Family Species Visits
Hymenoptera Apidae Apis mellifera 127
Stingless bee sp. 1 44
Frieseomelitta nigra 1
Beesp. 1 1
Beesp. 2 1
Vespidae Brachygastra azteca 26
Polybia occidentalis 24
Brachygastra mellifica 5
Polistes sp. 1 1
Wasp sp. 1 1
Diptera Calliphoridae Calliphorid sp. 1 19
Chrysomya megacephala 6
Muscidae Musca domestica 18
Tachinidae Tachinid sp. 1 5
Syrphidae Palpada pusilla 2
Total 281
Table 1.

List of insects recorded visiting Ataulfo’ mango flowers in three orchards during 2023 in Costa Grande, Guerrero,
Mexico. (Source: own unpublished data).
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Figure 5.

Most frequent floval visitors of Ataulfo’ mango flowers in Guerrero, Mexico. Apis mellifera (A), stingless bee sp.
1 (B), Brachygastra azteca (C), Polybia occidentalis (D), and calliphorid sp. 1 (E). Photos: Rodrigo Lucas-
Garcia (A, D, and E), José Antonio Gama Salgado (B and C), and Victor Rosas-Guerrero (C).

stingless bee and the honey wasp Brachygastra azteca. Dipterans contributed with 18%
of the visits, mainly by calliphorids and muscids (Table1).

3.3 Effective pollinators

It is important to mention that not all floral visitors could be considered as pol-
linators of the ‘Ataulfo’ mango, since many of them did not contact the reproductive
organs of the flower. Recently, we observed that both small-sized insects (<3 mm),
such as ants, and large insects (>16 mm), such as butterflies, did not contact the
reproductive parts of the ‘Ataulfo’ mango flowers in any of their visits, indicating that
these insects are not effective pollinators of the ‘Ataulfo’ mango. On the other hand,
insects around 8-13 mm in size (e.g., honeybees, yellow-banded wasps, calliphorids,
and hoverflies) contacted the reproductive organs during more than 80% of their
visits. Indeed, Severiano-Galeana et al. [7], in the same study site, found that of 29
and 21 species of floral visitors in 2019 and 2020, respectively, only 15 and 10 were
considered as legitimate floral visitors, where the honeybee and the yellow-banded
wasp (Polybia occidentalis) were the most important legitimate floral visitors for two
consecutive years and were present in all selected orchards. Other floral visitors, such
as one calliphorid fly and the stingless bee Frieseomelitta nigra, were also important
legitimate visitors but were not present at all sites.
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A study in Chiapas, Mexico, suggests that the common fly Musca domestica is
a good pollinator of ‘Ataulfo’ and should be bred and released in large numbers in
mango orchards [40]. Nevertheless, Cardenas Portillo et al. [12] showed that the
panicles where these flies were introduced did not produce any fruit, while the
panicles exposed to natural pollination showed greater fruit production.

In this context, more studies are needed to examine in detail the contribution of
various floral visitors to the pollination of the ‘Ataulfo’ mango, using direct perfor-
mance metrics, such as the amount of pollen deposited on the stigma, the number of
pollen tubes developed within the styles, and the number of fruits or seeds produced
after a single visit. This will allow the identification of the most effective pollinators
and will contribute to improve management strategies and to optimize pollination in
orchards, ensuring greater productivity and fruit quality.

4. Fertilization and fruit production

When the pollen grains are deposited into the stigma, they are hydrated by the stigma
secretions and the pollen tube germination initiates, growing through the style and
reaching the ovule sac in 48-56 h after pollen attachment [8]. Although the exact number
of pollen grains needed to achieve successful pollination in ‘Ataulfo’ is not yet known, in
theory, only one pollen grain is needed to fertilize the single ovule in the mango ovary
[13]. However, it is likely that multiple pollen grains are required to increase the chances of
successful fertilization, considering the variability in pollen viability and the low germi-
nation rate observed in this cultivar [8]. In addition, the deposition of compatible pollen
(see next section) is a key condition required for successful fertilization to take place.

4.1 Compatibility system

Using controlled pollination treatments, Gehrke-Vélez et al. [8] demonstrated that
fruit set in ‘Ataulfo’ was greater when pollen from another cultivar was deposited on
‘Ataulfo’ stigmas than when pollen from ‘Ataulfo’ was placed. This is the first evidence
of a self-incompatibility mechanism in this cultivar. Self-incompatibility refers to the
inability of a plant to produce fertile seeds when pollinated with its own pollen [41].
In ‘Ataulfo, this condition is considered as a case of varietal self-incompatibility, since
plants usually do not produce fertile seeds when pollinated with pollen of ‘Ataulfo’
either from the same or from another individual.

Given that the rejection of self-pollen occurs after pollination and not immediately
upon contact with the stigma, this phenomenon is considered as “late” or “post-zygotic”
self-incompatibility [8, 41]. Specifically, it was observed that self-pollen can germinate
and develop pollen tubes successfully on the style until they reach and enter the embryo
sac [8]. After this, stunted and wrinkled or necrotic embryos are formed instead of nor-
mal embryonic development [8]. The formation of stunted embryos or embryo abortion
in ‘Ataulfo’ may also be attributed to the presence of early-acting inbreeding depression
[8]. If so, embryo abortion and fruiting failure should be due to a load of deleterious
recessive alleles that act shortly after fertilization [41].

4.2 Malformed fruits

It has been suggested that self-pollen deposition in ‘Ataulfo’ mango leads
to fruit abortion at early stages of fruit development, that is, the formation of
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Figure 6.
The difference between “nubbins” (A, above) and commercial fruits (A, below). An Ataulfo’ mango tree with a
high incidence of nubbins (B). Photos: Rodrigo Lucas-Garcia.

stenospermocarpic fruits (Figure 6A) [8]. Stenospermocarpy refers to the formation
of small malformed fruits that contain partially formed seeds due to embryo abortion
after fertilization, resulting in a stunted seed [2, 10]. In the case of ‘Ataulfo, these
fruits are known as nubbins (“mango nifio” in Spanish), and their high incidence in
recent years is a concern for producers, because these fruits have no commercial value
due to their smaller size and weight compared to commercial fruits (Figure 6B) [42].
This situation leads to significant economic losses, reaching even up to 90% of nubbin
production in some regions of Mexico [43].

Some authors suggest that malformed fruits in ‘Ataulfo’ are produced by partheno-
carpy (i.e., the formation of seedless fruits, without fertilization of the ovule) [44].
So, further detailed studies are needed to determine the exact proportion of mal-
formed fruits caused by parthenocarpy versus those produced by stenospermocarpy.

Moreover, some studies have suggested that environmental factors, especially extreme
temperatures during flowering, may increase the incidence of nubbins in Ataulfo’ In
particular, high and low temperatures can affect pollen tube development, pollen viabil-
ity, and fertilization [42, 43]. Physiological alterations related to plant nutrition have been
also proposed as a main factor that increase the incidence of nubbins [45, 46].

5. Synergistic effects

Other effects on mango fruit production may result from synergies between
multiple environmental components; some of them will be addressed below.

5.1 Induced flowering

Particularly in ‘Ataulfo, climatic conditions such as temperature, precipitation,
and humidity before or during flowering can affect mango flower production and,
therefore, food availability and pollinators’ survival. In addition, some Ataulfo’
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mango producers apply nitrates or growth regulators, such as paclobutrazol (PBZ;

an inhibitor of gibberellin synthesis, widely used in artificial flowering induction
protocols [47]), to advance or increase mango flowering periods during the year
[47-49]. Early flowering coincides with the rainy season (June-November), when
environmental conditions such as temperature, precipitation, and wind speed can be
adverse for mango flowers and pollinators [50], which can negatively influence fruit
set and yield [51]. Although no specific studies have been conducted in ‘Ataulfo’ on
the effect of weather conditions on flowering or pollinator visitation, in other mango
cultivars, cloudy weather and rainfall during flowering have been reported to cause
severe damage to mango flowers and lead to a strong flower abscission [52].

Some floral visitors are more abundant during the dry or during the rainy season
[53, 54]. For example, honeybees, one of the most abundant floral visitors of ‘Ataulfo’
mango [7], show greater sensitivity to rainfall, strong winds, and temperature
changes than other groups of wild floral visitors, such as dipterans that are also legiti-
mate floral visitors of ‘Ataulfo’ mango [7]. Therefore, variation in climatic conditions
between flowering seasons of ‘Ataulfo’ mango may influence pollinator availability,
community composition, and pollination efficiency. However, there are currently no
studies comparing pollinator communities and pollination services across flowering
periods in ‘Ataulfo’ or any other mango cultivar.

5.2 Land-use change

The role of wild pollinators in crop pollination is crucial, as they are essential to
maintain fruit and seed production and a prosperous agricultural economy [55].
Actually, it is a great challenge to maintain pollination services that ensure the pro-
duction of several crops due to the decrease in wild pollinator populations that have
been reported in various parts of the world [56]. This decrease has been attributed to
environmental and anthropogenic factors, including agricultural intensification and
land-use changes [56, 57]. The trend toward an increasing area of ‘Ataulfo’ mango
orchards (Figure 7) may have negative consequences for pollinators and crop yield.
Several studies in other crops have shown that the average size of agricultural fields is
negatively related to pollinator diversity and abundance [58, 59]. In addition, orchard
size also influences crop yield [58, 60]. When orchard size exceeds the food demand
of wild pollinator populations, there may not be enough pollinators to visit all flow-
ers, resulting in insufficient pollination and reduction in fruit production. Moreover,
the significant decrease in orchard margins, such as hedges and grass strips [61], may
decrease the provision of nesting sites and refuge for pollinators, as well as essential
floral resources when crops are not in bloom [61].

The expansion of the cultivated area, in turn, has been associated with a notable
decrease in native vegetation [62]. Although we did not find studies addressing the
effects of this expansion on pollinators in ‘Ataulfo, a recent study found that the
diversity of pollinating insects significantly decreases in ‘Ataulfo’ mango orchards
located far from native vegetation patches [7]. It was also found that native pollinators
of ‘Ataulfo, such as the honey wasp Brachygastra azteca, the stingless bee Frieseomelitta
nigra, and sarcophagid and calliphorid flies, were absent in many orchards located
further away from native vegetation [7]. This highlights the importance of the
conservation of natural habitats to maintain a diverse community of pollinators and
optimize fruit production. Indeed, Severiano-Galeana et al. [7] found that orchards
closer to native vegetation patches produced more commercial fruits and had lower
incidence of nubbins than those located farther from native forests.
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Figure 7.
Typical landscape in the state of Guerrero, Mexico, where the Ataulfo’ mango orchards continuously spread into
what was once a tropical dry forest. Photo: Victor Rosas-Guerrero.

5.3 Agricultural practices

Cultivated fields apply high quantities of herbicides as well as fungicides and
pesticides for pest and disease control. These practices pose a serious threat to pol-
linators due to the toxicological effects of these agrochemicals on several species of
pollinators [63]. While direct mortality of pollinators is an obvious effect, sublethal
effects are equally concerning. Exposure to low doses of pesticides can reduce the
longevity of bees, affect their foraging ability [64], impair their memory [65], disrupt
their navigation ability, and decrease the colony fitness [66]. Furthermore, not only
the pollinators that live or forage within crop fields are affected by pesticide applica-
tions but also are the pollinators that live on the field margins and edges of fields [67].
It is worth mentioning that wild pollinators are often more vulnerable than honeybees
[68]. This is crucial since fruit production in ‘Ataulfo’ is positively associated with the
number of visits by wild insects but not with visits by honeybees [7].

6. Strategies to increase commercial fruit production

As mentioned in previous paragraphs, the commercial production of ‘Ataulfo’
mango faces several challenges that impact the profitability of this crop. One key
factor limiting its productivity is its self-incompatibility, as the low transfer of
compatible pollen significantly contributes to the high incidence of nubbins observed
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in ‘Ataulfo’ orchards in Mexico, leading to lower yields and economic losses for
producers. Since this cultivar requires cross-pollination and high pollinator mobility
for proper fruit development, improving these factors is essential. Therefore, various
strategies can be implemented within orchards to increase the production of commer-
cial fruits and to reduce the incidence of nubbins in ‘Ataulfo’ mango orchards.

6.1 Design of plantations

Varietal self-incompatibility in ‘Ataulfo’ makes cross-pollination with a compat-
ible cultivar essential to produce good quality fruits [8]. However, most ‘Ataulfo’
orchards consist of only one cultivar [6]. This poses a major challenge to ensuring
cross-pollination as pollinators must travel long distances through the orchard to
transfer compatible pollen among cultivars [69, 70]. To minimize this problem,
mixing compatible cultivars with ‘Ataulfo’ in the same orchard is an effective strategy
to promote cross-pollination [6] due to the increase in the availability of compatible
pollen [69, 70].

Under this scenario, ‘Ataulfo’ mango producers must carefully select pollen donor
cultivars, ensuring that they are compatible and that their flowering period matches
with ‘Ataulfo’ flowering [71]. Considering cultivars that increase the number of
commercial fruits, some authors have identified ‘Joe Welch, ‘Criollo’ [8], ‘Haden’

[6], and ‘“Tommy Atkins’ [42] as effective pollen donors for ‘Ataulfo’ However, the
effect of cross-pollination with other cultivars on the quality of mango fruits (i.e.,
xenia) remains unclear. Our preliminary results indicate that ‘Ataulfo’ fruits from
cross-pollination with ‘Haden’ show similar size, weight, and sugar concentration
but longer shelf life compared to fruits from cross-pollination with ‘Ataulfo. Further
studies are needed to evaluate the influence of other cultivars on the different fruit
quality parameters to obtain fruits with desirable organoleptic and morphometric
characteristics.

Given that successful pollination of ‘Ataulfo’ depends on the presence of com-
patible cultivars, it is crucial to consider the distance among them [6]. While for
insect-pollinated species such as ‘Ataulfo, it is recommended that at least 20% of
the orchard consist of pollen donors [71], a proportion of 16% seems to be optimal
for maximizing commercial fruit production (Figure 8A) [6]. In self-incompatible
crops, as ‘Ataulfo, the most frequently used planting design consists of alternating
rows between the cultivar of interest and the pollen donor, though it is not the most
efficient way to ensure cross-pollination [71]. Mixing pollen donors and the cultivar
of interest within the same row seems to be the most effective to maximize pollination
[72]. It was recently found that ‘Ataulfo’ trees 10 m away from the ‘Haden’ cultivar had
a lower incidence of nubbins and higher production of commercial fruits than trees
located 30 and 50 m away (Figure 8B) [6]. Furthermore, the fruit yield per tree was
significantly higher for ‘Ataulfo’ trees located 10 m from ‘Haden’ (69.6 + 16.14 kg) than
those located 50 m away (50.3 + 15.13 kg). Consequently, the economic income per
hectare was significantly higher in orchards with ‘Ataulfo’ trees situated 10 m from
‘Haden’ ($7063 + 11.93 USD) compared to those located 30 m ($5059 + 16.17 USD) or
50 m ($4852 + 15.48 USD) away [6].

When establishing new orchards, improving the design of established orchards
does not necessarily involve the subtraction of a subset of trees. Instead, grafting
some ‘Ataulfo’ branches with scions of a compatible cultivar may be a more feasible
strategy (Figure9).

141



Fruit Crops Science — Ecophysiological and Horticultural Perspectives

X X EL L EX X}
X 0000000 OGOG®EO
" F R EEE NN N N
x 9O xX0® <X @ @® %
C N N N N N N NN N
00000000 OGO®
x00 <x0@® <@ ® x
000000 SOG®E@®
0 0000O0OGGO®EO®
X000 x<x00xX 0@ x

Haden Ataulfo

Figure 8.

Sc%ematic representation of an Ataulfo’ mango orchard with a mixed planting design, including 16% of
pollen-donor trees. The yellow dots represent the Ataulfo’ trees (pollen receivers), while the green Xs indicate the
pollen-donor trees (‘Haden’) (A). A picture of an Ataulfo’ tree with high production of commercial fruits located
10 m from a ‘Haden’ tree used as the pollen donor cultivar (B). Diagram and photo: Rodrigo Lucas-Garcia.

‘Ataulfo’

Figure 9.

Example of a crown graft performed on a branch of an Ataulfo’ mango tree in order to have two cultivars on the
same tree to promote cross-pollination in Ataulfo’ mango (A). Ataulfo’ mango tree with the ‘Haden’ graft, showing
commercial Ataulfo’ fruits and ‘Haden’ fruits (B). Photos: Rodrigo Lucas-Garcia.
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6.2 Enhancing pollination services

Considering that agricultural fields dominated by a single crop can negatively
influence the composition, richness, and abundance of wild pollinators [68], crop
diversification emerges as a key strategy to provide greater variety of food resources
for pollinators [73-75]. Polyculture systems have been shown to have positive effects
on biodiversity, enhancing mango pollination and in consequence production [76,
77]. A recent study revealed that polyculture mango orchards host a higher number
of morphospecies compared to monoculture fields [77]. Furthermore, polycul-
tures showed a greater abundance of pollinators (68 + 9.28) and natural enemies
(96 + 21.58) than mango monocultures (pollinators: 38 + 19.93 and natural enemies:
39 + 14.05) [77].

Research carried out in Soconusco, Chiapas, Mexico, showed that integrating
crops such as the pigeon pea Cajanus cajan and the tepary bean Phaseolus acutifolius
in ‘Ataulfo’ mango orchards not only improved soil fertility but also increased panicle
production in mango trees. As a result, mango yield was higher when legume crops
were intercropped between the trees, reaching yields of up to 9.13 t/ha with P. acutifo-
lius and 7.42 t/ha with C. cajan [76]. Therefore, ‘Ataulfo’ mango growers are advised to
consider adopting polyculture systems that integrate legume crops and refuge plants.
These systems not only favor biodiversity but also contribute to improved soil health,
optimize vital ecosystem services such as pollination and natural pest control, and
ultimately increase mango productivity [76, 77].

Given that ‘Ataulfo’ mango orchards located closer to forest patches were visited
by more legitimate floral visitors and showed less occurrence of nubbins and higher
production of commercial fruits [7], mango producers should encourage the con-
servation and restoration of native vegetation patches, since they serve as pollinator
sources. Additionally, weeds may act also as food sources [78-81]. A recent study has
found that wild pollinator abundance is lower in mango orchards where weeds are
removed than in weedy mango orchards, increasing mango yield [80, 81]. On the
other hand, weed removal can negatively impact the availability of nesting and refuge
sites for the larvae of some pollinators [68]. In this regard, ‘Ataulfo’ mango producers
should consider the feasibility of not eliminating weeds, encourage the planting of
strips of wildflowers within mango orchards, and create semi-natural habitats on the
edges of orchards (i.e., living fences), which increase visits by pollinators and improve
fruit production [82].

Finally, the indiscriminate use of chemical pesticides in mango orchards poses
a significant threat to beneficial insects, including pollinators [33, 83]. In addition
to the high cost of pesticides, they can cause harm to the environment and human
health [84, 85]. Therefore, farmers must reduce the use of herbicides and pesticides,
as their negative impact on pollinators can affect both the productivity and sustain-
ability of orchards [33]. An effective alternative is the implementation of Integrated
Pest Management (IPM), an approach that allows for effective pest control without
heavy reliance on chemical pesticides [84]. IPM integrates biological, cultural, and
mechanical control methods, promoting natural pest control processes and reducing
the environmental impact of agricultural practices [84]. One example is the use of
neem oil in ‘Chok Anan’ mango orchards. This oil, at 2-3%, reduced thrip populations
(a significant pest in mango orchards) by 60-65% without causing significant harm
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to pollinators [83]. In contrast, while the chemical insecticide imidacloprid reduced
thrip populations by 69%, its toxicity to pollinators was considerably higher, as polli-
nator visits were reduced by 93% [83]. Similarly, in ‘Ataulfo’ mango, it was found that
a combination of neem extract and cinnamon extract was as effective or even more
effective than the treatment with malathion + ethyl chlorpyrifos + permethrin in
reducing thrip populations [85]. Therefore, it is recommended that mango producers
adopt IPM and use biorational alternatives such as neem oil to help protect pollinators
and promote the long-term productivity and sustainability of the orchards.

7. Conclusion

It is necessary to address the current challenges facing the production of ‘Ataulfo’
mango, given the depauperate pollinator fauna mainly caused by land-use changes
and inappropriate agricultural practices. In addition, reproductive biology problems
such as late self-incompatibility, stenospermocarpy and pollination limitation due
to induced flowering and inefficient plantation designs should be assessed through
innovative strategies in orchard management and upsurge research on this subject to
ensure the long-term sustainability of the production of this mango cultivar.

Here, we propose to ‘Ataulfo’ mango producers to adopt strategies focused on
orchard design and improving the surrounding environment to increase pollinator
populations and pollination. This includes appropriate selection of compatible pollen
donors that flower at the same time as the main cultivar, as well as proper spatial
arrangement of cultivars to facilitate cross-pollination, integration of additional
crops (polycultures) to increase biodiversity, creation of habitats for pollinators
through flower borders and native flower strips, and restoration of surrounding
vegetation. Finally, it is crucial to reduce the use of pesticides through Integrated Pest
Management (IPM) and promote biorational products. The implementation of these
strategies by producers will improve pollination, increase the quality and quantity of
‘Ataulfo’ mango production, and ensure the long-term profitability of this crop.
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Abstract

The demand for nutraceutical foods and vegetable oils has promoted the
development of the palm tree agroindustrial chain in the world. The production of
acaf and coconut is rapidly expanding. On the other hand, macaw palm and oil palm
have fruits with a high oil content, a characteristic that makes them potential species
for use in the food, cosmetics, and oleochemical industries, as well as for the produc-
tion of biofuels. Palm trees are traditionally propagated by seeds, and the impossibil-
ity of cloning high-performance genotypes by conventional propagation methods
makes it difficult to expand their cultivation. However, biotechnological tools such
as somatic embryogenesis have recently been established, allowing the cloning of
superior genotypes and accelerating the domestication and sustainable development
of some palm tree production chains. In this chapter, we address recent advances
and challenges in the in vitro propagation and conservation of five palm tree species:
Acrocomia aculeata (macaw palm), Cocos nucifera (coconut palm), Elaeis guineensis
(oil palm), and Euterpe oleracea and E. edulis (acai palm). We believe this chapter
will contribute to understanding their domestication panorama and support studies
on developing and optimizing propagation systems for these and other palm trees of
agroindustrial interest.

Keywords: Arecaceae, micropropagation, palm trees, plant tissue culture, somatic
embryogenesis
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1. Introduction

Palms (Arecaceae) are among the main monocots in the world and comprise the
most abundant vascular plants in the tropics [1]. The Arecaceae family is predomi-
nantly distributed across the Neotropics [2], encompassing 200 genera and 2500
species recognized worldwide [3]. South America is the main center of diversification
of Arecaceae (palm trees), and species from this group can be found in almost all
neotropical biomes [2].

Palm trees comprise key forest structure and functionality components in
tropical ecosystems [4], exhibiting great ecological and socioeconomic relevance
[5]. Indeed, their flowers and fruits encompass fundamental resources for pol-
linators and fruit-eating animal species [6]. Some palm species also have high
economic and social value. Indigenous or traditional communities and agroindus-
trial industries exploit many of them for various purposes. Among their repre-
sentatives, species from the genera Acrocomia, Cocos, Elaeis, Euterpe, and Syagrus
attract attention due to their potential use. Their fruits and seeds are sources of
oils, fibers, starch, carbohydrates, proteins, and functional biomolecules— raw
materials for the most varied industrial sectors. In addition, solid waste from the
destruction of raw materials can have equally or even more noble applications,
adding value to production and making the production chain more sustainable
[7]. However, while coconut (Cocos nucifera L.) and oil palm (Elaeis guineensis
Jacq.) are recognized as agricultural commodities, other important palm species
can be considered neglected or underutilized crops since the current exploitation
model is based on inefficient extractivism, which may threaten biodiversity, as it
can exhaust natural matrices and lead to uneven production, requiring efforts to
form a sustainable chain.

Palm tree propagation is mainly carried out via seed [8]. Most palm trees have a
single trunk, devoid of axillary buds along their stems or any specialized structure,
which limits the use of conventional vegetative propagation methods for cloning and
multiplication of high-performance genotypes. However, biotechnological tools such
as somatic embryogenesis have recently been established, allowing in vitro cloning of
superior genotypes and accelerating domestication and sustainable development of
some palm tree production chains [9]. Somatic embryogenesis is one of the biotech-
nological tools used to achieve large-scale clonal propagation. This technique is based
on the principle of cellular totipotentiality, in which somatic embryos are obtained
from a plant explant (cell or any fragment of living tissue or organ), cultivated in an
aseptic environment and in a nutrient medium under controlled temperature and
light conditions, which, after germination, will give rise to new plants identical to the
mother plant [10].

In this chapter, we address recent advances and challenges in the in vitro propaga-
tion of three nutraceuticals [Cocos nucifera (coconut palm), Euterpe oleracea, and
E. edulis (acai palm)] and two oilseeds [Elaeis guineensis (oil palm) and Acrocomia
aculeata (macaw palm)]. Here, nutraceutical palms refer to species in this group
whose fruits have health benefits, such as improving physiological performance and/
or effectiveness in treating diseases. In contrast, oilseed palms are recognized espe-
cially for their high vegetable oil production. We believe this report will contribute
to understanding their domestication panorama and support studies on developing
and optimizing propagation systems for these and other palm trees of agroindustrial
interest.
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2. Nutraceutical palms
2.1 Cocos nucifera (L.)

Cocos nucifera (L.) is a monotypic species widely recognized and considered one
of the most economically important palms in the world. It stands out for the com-
prehensive utilization of all its parts, mainly for its nutritional and medicinal values
[11]. Although the exact origin of the coconut remains debated, evidence suggests
that it may have originated in the tropical regions of Southeast Asia, possibly along
the coasts of India and Indonesia [12, 13]. Often referred to as the “tree of life,” the
coconut palm is among the most valued palm crops globally, cultivated on 12 million
hectares across more than 90 tropical and subtropical countries [14].

The coconut (C. nucifera) is the only genus Cocos member within the Arecaceae
family [15]. It is a typical palm with a solitary, erect, or slightly curved stem, reaching
up to 30 m in height and 20-35 cm in diameter, with irregular rings (Figure 1a). The
leaves are pinnate, with 25-30 leaves present simultaneously, measuring 3-6 m long,
and bearing 100-150 pinnae per side, arranged in the same plane. Inflorescences are
interfoliar, with rachillae and a woody bract. The flowers are unisexual and may occur
in triads, dyads, or singly, with pistillate flowers at the basal portion and staminate
flowers in the apical portion. The fruit is large, oval to ellipsoidal (20-30 cm x
12-20 cm), with a thin epicarp, fibrous mesocarp, and woody endocarp; the endo-
sperm is initially liquid, later becoming hardened and white [11].

There are three main varieties of coconut palms: the tall coconut (C. nucifera
var. typica), the dwarf coconut (C. nucifera var. nana), and the hybrid coconut (C.
nucifera var. aurantiaca). The tall coconut is notable for its robust stems, which can
reach up to 30 meters in height, making it ideal for industrial use, such as copra and
oil production. Conversely, the dwarf coconut typically does not exceed 10 meters
in height and flowers earlier, which is more suitable for fresh consumption, such as
coconut water. The hybrid coconut exhibits intermediate characteristics between
these two varieties.

In 2019, the global coconut market moved approximately US$ 13 billion, and
projections indicate that this value could reach more than US$ 31 billion by the end
of 2026, with a Compound Annual Growth Rate (CAGR) of 13.6% [16]. Brazil is

Figure 1.

Somatic embryogenesis in coconut palm (Cocos nucifera L.). (a) Coconut palm, a plant of economic importance.
(b) Embryogenic callus obtained by somatic embryogenesis from leaf explants (white arrows). (c) Embryogenic
callus formed from inflovescence explants (black arrows). Scale bars, a = 150 ym; b = 1 cm.
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the fifth-largest coconut producer globally, with a 4.5% market share [17]. In 2023,
Brazil produced 1,932,282 fruits, with a harvested area of 186,712 hectares and an
average yield of 10,349 fruits/ha (2023) [18]. Advanced cultivation technologies, such
as proper management of coconut plantations, intensive production systems, and
improved varieties, such as dwarf and hybrid coconut trees, drive increased produc-
tivity and expand cultivation worldwide [19].

There is a wide variety of coconut-derived products that drive the global market
and offer a range of uses for humanity, such as coconut water, coconut milk, grated
coconut, coconut fiber, wood, coconut flour, coconut sugar, coconut powder, copra,
shell, or pulp. Coconut fiber can make rugs, brushes, ropes, and threads. Its wood
can be used for building houses and furniture. Fuel and charcoal can be produced
from coconut shells, and even the leaves are utilized, being used for the production of
brooms, baskets, and roof coverings. The high demand for this crop is mainly due to
the beneficial properties of coconut, discovered through research conducted primar-
ily by its most prominent producers, including Indonesia, the Philippines, India, and
Brazil [20, 21].

2.1.1 Biotechnological tools for multiplication of Cocos nucifera (L.)
2.1.1.1 Somatic embryogenesis

The scarcity of suitable seedlings, extreme weather events, biotic and abiotic
stresses, and low productivity caused by plant aging are the main problems coconut
cultivation faces [22]. In this context, biotechnological techniques such as somatic
embryogenesis are essential for propagating this species and its elite varieties.

Initial studies on somatic embryogenesis in C. nucifera used a variety of explants,
each demonstrating the unique potential for embryogenic callus formation and
plant regeneration. Among them, rachillae from immature inflorescences showed
promising results, although they initially presented efficiency and reproducibility
problems [23]. Plumules stood out as highly responsive explants, achieving higher
callus and somatic embryo formation rates than rachillae [24]. Other explants tested
include zygotic embryos, which presented better results when immature, with up
to 58% embryogenic callus formation [25], in addition to unfertilized anthers and
ovaries, both producing viable somatic embryos under optimized culture condi-
tions [26, 27]. Other important studies on somatic embryogenesis in coconut
are highlighted in Table 1.

Research is underway to obtain somatic embryos in coconut palms using explants
from leaves and inflorescences. In the experiments performed, it was possible to
observe the formation of embryogenic calluses from leaf explants, indicating the
potential for clonal propagation of elite coconut plants (Figure 1b). In addition,
embryogenic calluses from inflorescence explants were also obtained, reinforcing the
viability of this approach (Figure 1c).

2.1.1.2 De novo shoot organogenesis

De novo shoot organogenesis is considered one of the alternative routes for in vitro
clonal propagation of coconut, with direct organogenesis considered safe since callus
formation can lead to the emergence of undesired somaclonal variations [22]. Recent
studies conducted with shoot apices from germinated seeds, with sizes between 5
and 10 mm, cultivated in Y3 culture medium supplemented with 1 pM of TDZ [34]
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Phase Explant Culture medium Response References
Induction Plumule Y3-5 pM BAP and 600 pM 56.7% from [28]
2,4-D embryogenic callus
originating from
juvenile fruits/embryos
Induction Plumule Y3 modified - 600 pM and Compact callus, [29]
6 UM 2,4-D somatic embryos and
plantlets
Induction Haustorium Y3-0,3 pM de 61% somatic embryos [30]
tissues 2,4-D + 150 ml L of coconut
water
Induction Inflorescences Y3-300 pM de Improvements in [31]
2,4-D + calcium ionophore the proliferation of
(A23187), 22(S) and embryogenic callus
23(S)-homobrassinolide
Induction Inflorescences Y3-4,54 uyM 2,4-D 92% embryogenic [32]
callus
Induction Zigotic Y3-100 to 250 pM of 16.7-100% [33]
embryos 2,4D + GA3, BAP and TDZ (embryogenic callus)
1 and 16.7-83.3%
Induction of multi-buds - (embryos) - 100%
kinetin, BAP and NAA survival in seedling
acclimatization
Induction Ovary BM72-100 pM of 41% embryogenic [26]
2,4-D + 5pM of ABA and callus
10 pM of AgNO;
Induction Anthers Y3-100 pM of 2,4-D and Formation of 123 [27]
100 pM of NAA calluses or embryos per
100 anthers
Induction Plumule Y3-100 pM of 2,4-D 57% of plumules [24]

formed callus

Note: Y3, Eeuwen’s medium; BM72, Karunaratne and Periyapperuma medium; BAE, Benzylaminopurine; 2,4-D,
2,4-Dichlovophenoxyacetic Acid; GAs, Gibberellic Acid; TDZ, Thidiazuron; NAA, 1-Naphthaleneacetic Acid; ABA,

Abscisic Acid; AgNOs, Silver Nitrate.

Table 1.

Studies on somatic embryogenesis in Cocos nucifera.

or 200 pM of TDZ [35], have shown promise as explants for large-scale production of
elite coconut plantlets.

In a recent study conducted by Neema et al. [36], the electric current was
employed in coconut calluses derived from plumules to induce a higher multiplication
rate. In their study, the continuous application of weak electric current in the range of
1and 2 pA induces a higher multiplication rate of the calluses, which can be used for
plantlet propagation through somatic embryos (SE) or iz vitro organogenesis.

2.1.2 Conservation

The genetic heritage of the coconut faces significant threats, and due to its great
importance, ex situ conservation methods are necessary. Ex situ conservation occurs
when genetic material is removed from its habitat, protecting it from pests and
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diseases. Cryopreservation and iz vitro cultivation are used among the ex situ conser-
vation methods. Coconut seeds are recalcitrant [37], which makes ex situ conservation
the most efficient and safe conservation method [38].

Cryopreservation is a method that enables the ex situ conservation of plant mate-
rial for an indefinite period [39]. In coconut, cryopreservation studies have been
successfully carried out using different types of explants, such as mature zygotic
embryos [40, 41], pollen [42], plumules [43], and embryogenic calluses [44].
Furthermore, in studies conducted by Sisunandar et al. [45] and Sajini et al. [46] with
zygotic embryos, plants regenerated after cryopreservation showed stable genetic,
morphological, and cytological characteristics, which is one of the great advantages
of this conservation method [39].

2.2 Euterpe edulis Martius

Euterpe edulis Martius, popularly known as jugara palm, is a native species to the
Brazilian Atlantic Forest (Figure 2a) [47]. It is a key species within the forest eco-
system, as its fruiting powerfully attracts fauna. The species was the main palm tree
producing palm hearts in this ecosystem, which made it the target of intense explora-
tion from the 1960s, suffering a drastic reduction in its natural population since the
extraction of its heart of palm (apical meristem) led to the death of the plant [48, 49],
and its inclusion in the list of endangered species [50]. Currently, the species is also
subject to the increasing effects of extractivism demanded by the pulp of its fruits,
used locally as a substitute for agai (Figure 2b) [51, 52].

2.2.1 Biotechnological tools for multiplication of Euterpe edulis Mart

Euterpe edulis reproduces exclusively by seeds. It does not have a natural vegetative
propagation system (tillers or shoots) and does not respond to conventional vegeta-
tive propagation methods [51]. As an aggravating factor, its seeds have strong recal-
citrance, with slow and irregular germination [53]. Over the past few years, several
studies have been carried out seeking the development of propagation protocols that
can provide high-quality and uniform seedlings in large quantities [54].

Somatic embryogenesis in E. edulis was first reported by [55]. Subsequently, the
same authors carried out new studies indicating somatic embryogenesis as the most
suitable method for in vitro regeneration of the jugara palm [56, 57]. Commonly
used explants for this species include inflorescences, zygotic embryos, and leaves. In
addition, juvenile explants have demonstrated more excellent responsiveness than
those derived from adult tissues (Figure 2c) [55, 56]. Those authors used NAA and
2,4-D in 5-50 mg L™ and 2iP in 3-10 mg L' concentrations to induce embryogenic
calluses (Figure 2d). Somatic embryos in globular stages appeared after 80-200 days
of inoculation. They were transferred to rooting media after the bipolar embryos
detached from the matrix tissue, the stage at which the primary root begins to form.
Plantlets’ progression and formation occur with this material’s transfer to a basic
culture medium without plant growth regulators. The authors emphasize that somatic
embryogenesis in this species occurs synchronously, allowing the visualization of all
stages of embryogenesis on the same matrix tissue (Table 2).

Direct somatic embryogenesis protocol was subsequently determined using
three types of explants: zygotic embryos (from mature and immature seeds), inflo-
rescences of the adult plant, and leaves of seedlings grown in vitro [56]. The basal
medium consisted of Euwens salts [62, 63] and vitamins, according to Morel and
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Figure 2.

Somatic embryogenesis in Euterpe edulis Mart. (a) In situ plant. (b) Fruits of the species are used for pulp
extraction and have various applications in the industry. (c) Juvenile explants obtained from leaf primordia.
(d) Embryogenic callus formed in leaf explants. Scale bars, ¢ = 1 cm; d = 200 pm.

Wetmore [64], and the plant growth regulators used were 2,4-D, NAA, and 2iP. The
results obtained from zygotic embryos were satisfactory at high concentrations of
2,4-D (50-100 mg L™"). The somatic embryos were converted into plantlets after
being transferred to a medium with sucrose and mineral salts reduced to half the
strength of the basal medium. Embryogenesis was slower in mature embryos, taking
90 days after the cultures started, compared to 30 days in immature embryos. The
inflorescences and young leaves were initially cultured in liquid medium before being
transferred to the gelled medium. Embryogenesis in the inflorescences was induced
with the addition of 2,4-D (50 mg L1 and 2iP (3.0 mg L), while in the leaves, the
authors obtained satisfactory results with 10-20 mg L1 2,4-D. The embryos that
originated from these explants reached bipolar stages in a medium supplemented
with 2iP (2.5 mg L") and NAA (0.1 mg L™"). The explants of zygotic embryos and
inflorescences proved more appropriate for the induction of somatic embryogenesis
in the species, especially those originating from immature tissues [65]. Structural
analyses revealed that the embryogenic process in immature zygotic embryos origi-
nates from protodermal cells, while in mature embryos, it is formed from subepider-
mal cell clusters. In leaves, the division centers occurred adjacent to vascular bundles
(Table 2) [66].
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Phase Explant Culture medium Response References
Induction Zygotic Y3 + NAA, 2,4-D Emergence of somatic [55]
embryos and and 2iP medium embryos in the globular
inflorescences stage between 80 and
150 days
Induction Zygotic embryos Y3 + 2,4-D, NAA Satisfactory results at [56]
and 2iP medium high levels of 2,4-D
50-100 mg L™
Inflorescences Y3 +2,4-D, NAA Embryogenesis was
and 2iP medium induced with the
addition of 2,4-D at
50 mg L' and 2iP at
3.0mgL™
Leaves of Y3 +2,4-D, NAA Satisfactory results with
seedlings grown and 2iP medium 2,4-D between 10 and
in vitro 20 mg L™
Induction Zygotic embryos Addition of Addition of calcium [58]
CaClLH,0 to reduces the proliferation
MS +2iPand 2,4-D of embryogenic
medium structures
Induction Zygotic embryos MS medium +2,4-D Satisfactory results [59]
or picloram with 2,4-D at 125, 150
and 175 pmol L and
picloram at 250, 275 and
300 pmol L
Multiplication Embryogenic MS + 2iP and NAA 125 pmol of NAA proved
callus medium to be more effective
Germination Somatic MS + GA3 and BAP More effective results
embryos medium with BAP and GA;
without auxin pulses
Induction Zygotic embryos Semi-solid MS Greater efficacy of [60]
medium +2,4-D, picloram at 150 pM and
picloram, triclopyr tricoplyr at 100 pM
and clopyralid
Maturation and Zygotic embyos MS + ABA medium 5 pm of ABA provided
germination satisfactory results
Differentiation Zygotic embryos Polyamines, 150 uM spermidine [61]
and maturation from immature spermidine caused an effective
fruits and spermine stimulus in the
in different differentiation of

concentrations

embryogenic callus

Note: Y3, Euwens medium; NAA, 1-Naphthaleneacetic Acid; 2,4-D, 2,4- dichlorophenoxyacetic acid; 2iP,
Isopentenyladenine; CaCI2H20, calcium chlovide dihydrate; MS, Murashige & Skoog medium; GA3, gibberellic acid;
BAP, bengylaminopurine; ABA, abscisic acid.

Table 2.
Studies on somatic embryogenesis in Euterpe edulis.

The addition of calcium to the induction medium was tested by Saldanha and
Martins-Corder [58]. The results showed that increasing the concentration of CaCl,
H,0 in the culture medium reduced the average number of somatic embryos in
150-day-old palm seedlings. The MS medium supplemented with 2iP (3 mg L ™) and
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2,4-D (100 mg L") without extra levels of Ca induced a more significant proliferation
of embryogenic structures (Table 2).

Recently, a microscopy study evaluated the quality of the embryogenic calluses
obtained in induction media supplemented with 25-300 pmol L™1 2,4-D or picloram
[59]. Scanning electron microscopy analyses of somatic embryos obtained after
100 days of culture with 50-275 pmol L™ 2,4-D revealed tissues with embryogenic
and non-embryogenic masses. Some calluses presented a compact and smooth surface
formed by elongated cells without evidence of proembryo formation. Only the callus
induced with 175 pmol L™ 2,4-D presented protuberances on the surface, indicating
the formation of pre-embryogenic complexes. Anatomical sections of callus cultured
in the 2,4-D induction medium revealed the presence of meristematic zones formed
by groups of meristematic cells and embryogenic zones. Interestingly, recent results
also demonstrated greater efficacy of picloram (150 pM) and triclopyr (100 uM) to
induce somatic embryogenesis in E. edulis [60]. In this study, the maturation and
germination of somatic embryos occurred in a medium supplemented with 5 uM
ABA. Picloram and triclopyr have similar chemical structures, presenting equivalent
biological activity; therefore, plantlets treated with triclopyr obtained normal forma-
tion and acclimation (Table 2).

The impact of polyamines, spermidine, and spermine on the differentiation of
embryogenic tissues and the maturation of somatic embryos of E. edulis was also
evaluated [61]. It was observed that 150 pM spermidine caused an effective stimulus
in the embryogenic callus differentiation, facilitating the formation of several zones
for the development of somatic embryos and inducing vigorous cell division. More
than 80% of the somatic embryos formed at 150 pM spermidine were regenerated
into normal plantlets (Table 2).

Thus, we conclude that studies of somatic embryogenesis in Euterpe edulis have
used zygotic embryos as a source of explants, the only possible source to obtain com-
plete regeneration of plantlets. From zygotic embryos, it is possible to establish large-
scale production of plants with high genetic quality, obtained from crosses between
superior genotypes. However, the cloning of superior genotypes from somatic tissues
of these matrices is still far from being a reality for the species.

2.3 Euterpe oleraceae Martius

Euterpe oleraceae Martius is commonly known as agai [67]. It is native to Central
America and the Amazon region of northern South America [68]. In Brazil, it occurs
spontaneously in the states of Amazonas, Maranhdo, Amapd, and Para [69]. The spe-
cies stands out for the cultural, environmental, medicinal, nutritional, and antioxi-
dant value of its fruits [70-76].

The agai is a palm tree with drupe-type fruit that is small, globose, and purple or
dull green when ripe. It has a recalcitrant seed and a hard endocarp (Figure 3a, b)
[77-79]. The palm is multi-stemmed (up to 25 stems per clump) with fasciculated
and dense roots, which allow it to inhabit predominantly igapé and varzea forests
[68, 69]. It has 10-12 pinnate leaves and reaches up to 30 m in height with a diameter
of 12-18 cm (Figure 3c-e) [68]. At 3.5-4 years, it begins to flower. The racemose
inflorescence (spadix) has small, unisexual, and sessile flowers. On the rachis, the
flowers are arranged in triads, with one female flower flanked by two male flowers,
and at the terminal part, only male flowers [69].

Acai is one of the main sources of raw materials for the palm heart agroindustry.
However, research institutions holding germplasm of the species are focusing on
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Figure 3.

Eligterpe oleracea Mart. Pre-germinated seeds: (a) with mesocarpic fibers; (b) cove stone after removing the
external fibers; (c), (d) acclimatized seedlings with 76 days showing leaves with characteristic patterns in the
greenhouse; (e) palms, in loco, at the Federal University of Vigosa (UFV) orchard, Brazil (note the tillering).
Bifid leaf (bl), eophyll (eo), primary voots (pr), and seminal roots (sv). Scale bars: a-d = 1 cm.

fruit agribusiness [80, 81]. In Brazil, the state of Para leads national production with
1.7 million tons, representing 90.4% of the national production [82]. Likewise, Para
is considered the nation’s largest producer of agai fruit (66%). The United States

has become the leading importer and processor of agai-based products, followed by

Australia, Japan, and European Union countries (Germany, Belgium, Portugal, and

France) [83].

2.3.1 Biotechnological tools for multiplication of Euterpe oleracea Mart
2.3.1.1 Somatic embryogenesis

Acaf can be propagated via seeds (sexual propagation) and tillering (asexual
propagation). However, due to plants’ low production and survival rates via tillering,
commercial-scale seedling production is limited to sexual propagation [84, 85]. At
the same time, the recalcitrance of seeds makes it challenging to store them for long
periods, in addition to presenting slow and uneven germination [84].

In this context, in vitro regeneration techniques, especially somatic embryo-
genesis, are seen as a promising alternative to the clonal propagation of acai [86].
However, somatic embryogenesis is a complex, multifactorial, and multistep tech-
nique involving cell dedifferentiation, cell division activation, and reorganization of
physiology, metabolism, and gene expression patterns [87-89]. Somatic embryogen-
esis protocols in palm trees are scarce, and few reach mass scale [90]. Thus, selecting
the type and development stage of explants to be used in vitro agai regeneration
protocols becomes essential for the success and deepening of knowledge about the
two most critical aspects of palm morphogenesis: callus initiation and induction of
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somatic embryogenesis. The explant type and its development stage are probably the
most critical factors in determining the embryogenic capacity of a culture [91].

Zygotic embryos have advantages, such as high responsiveness to in vitro culture,
presumably because they still express many embryogenesis-related genes [92]. They
are also generally pathogen-free and abundant in many species, making them easy to
harvest with minimal damage to the mother plant [86]. Studies on somatic embryo-
genesis from zygotic embryos as an initial explant source have been conducted in agai
(Table 3) [75, 76]. However, zygotic embryo regeneration protocols have the disad-
vantage of unpredictability, like the regenerants [94], due to cross-pollination.

Immature inflorescences have been studied as potential explants for palm due
to the high embryogenic capacity of the callus they produce [95], as well as the
additional advantages of low fungal and bacterial contamination [96, 97], minimal
damage to the mother plant during harvest [94], and abundant inflorescence produc-
tion in many species. Similarly, immature leaves are seen as potential explants to be
used in the initiation of the technique, mainly because, like inflorescences, they allow
the cloning of phenotyped individuals in the field without the influence of genetic
material segregation after cross-fertilization [86].

Protocols for obtaining somatic embryos from immature leaves and inflorescences
of acaf have been developed at the Plant Tissue Culture Laboratory of the Federal
University of Vigosa (UFV) in Brazil. However, the protocols are still under evalua-
tion (unpublished data) (Figure 4).

2.3.1.2 De novo shoot organogenesis

Regeneration in palms through de novo shoot organogenesis has been considered
relatively low and irregular compared to other monocots [98]. Acai embryos inocu-
lated in semi-solid MS induction medium [99], with 30 g L™" of sucrose, 1.5g L™
of activated charcoal (AC), MW vitamins [64], and 100 mg L!of2,4-D, produced
callus. However, the plantlets did not regenerate [100].

2.3.2 Genetic breeding and conservation

Acaf cultivars were developed by the Brazilian Agricultural Research Corporation
(Embrapa) to increase the supply of fruit to the market. Traditionally, acai grows in
flooded areas. However, in 2005, through a genetic breeding program based on phe-
notypic selection from its germplasm bank, Embrapa Western Amazonia (Belém, PA,
Brazil) developed a cultivar ‘BRS-Pard;, suitable for growing on stable land, as a result
of which the production system of this plant has now been modified, making it easier
and more productive than the traditional system [101]. The release of this cultivar
was key to the establishment of more productive crops, as the first agai plantations in
upland areas were carried out amateurishly, using seeds of unknown genetic origin
from agaf harvesters, resulting in plantations with heterogeneous productivity and
fruit qualities [102].

To address another challenge in agaf fruit production, which is production season-
ality, researchers from Embrapa Western Amazonia (Belém, PA, Brazil) developed
the BRS Pai D¥égua cultivar in 2019. The breeders selected native agai species pro-
duced in the off-season and, through crossbreeding, aimed to create genetic material
capable of producing year-round. In addition to this characteristic, the researchers
selected species with higher productivity and pulp yield. Thus, tests were conducted
under different cultivation conditions to ensure the stability and adaptation of the
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Phase Explant Culture medium Response References
Induction MS supplemented with 80% and 61% of the
0.6% agar, 0.25% activated explants subjected
charcoal, 3% sucrose, to concentrations of
500 mg/L hydrolyzed 339.36 and 454.48 uM,
casein, 339.36 and respectively, showed
45448 uM of 2,4-D yellowish embryogenic
callus
Multiplication Mature MS supplemented with The embryogenic [75]
zygotic 0.6% agar, 2% sucrose, calluses from the
embryos 0.537 uM of NAA and treatment with
12.30 uM of 2iP 339.36 pM of 2,4-D
progressed to SEs,
while the others oxidize
Regeneration MS supplemented with 97% of the
0.6% agar and 1% sucrose embryogenic callus
in the absence of growth from the treatment
regulators with 339.36 pM of
2,4-D progressed to
somatic embryos
Induction MS supplemented with30 g~ 72% of the
sucrose, 1.5 g of activated explants presenting
charcoal, 6 g agar, 225 uM embryogenic calluses
of PIC, dark conditions formation
Differentiation/ Immature MS supplemented with 100% of the explants [76]
Maturation zygotic 0.537 M NAA and 12.3 uM that exhibited
embryos 2ip with subcultures at embryogenic calluses
4-week intervals formation in the
induction phase
differentiated into SEs
Conversion 1/2MS supplemented Plants were successfully
with 20 g sucrose, 2.5 g of regenerated from SE
activated charcoal and light and acclimatized
conditions
Induction MS supplemented 84% of the explants
with 30 g/L sucrose, showed embryogenic
2.5 g/L Phytagel, 2.5 g/L calluses with a nodular
activated charcoal, appearance and
0.5 g/L L-glutamine and yellowish coloration
450 pM PIC
Multiplication Immature MS supplemented with 100% of the [93]
and mature 12.3 pM 2iP, 0.6 pM NAA explants that formed
zygotic and 300 mg/L of activated embryogenic calluses
embryos charcoal developed globular
and compact somatic
embryos
Regeneration MS supplemented with The highest conversion

1.0 uM of BAP, 0.5 M
of GA;

rate of SEs into plants
was 58.7%

Note: NAA, 1-Naphthaleneacetic Acid; MS, Murashige &Skoog; 2,4D, 2,4-dichlorophenoxyacetic acid; 2ip,
2-isopentenyladenine; PIC, Picloram; BAP, N6-benzylaminopurine; GA3, gibberellic acid SEs, somatic embryos.

Table 3.
Studies on somatic embryogenesis in Euterpe oleracea Mart.
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Figure 4.

Smgnatic embryogenesis in agai (Euterpe oleracea Mart.) (a) Immature leaf explant obtained from palm
offshoot; (b) primary callus development on the leaf margin in induction medium after 60 days; (c)
polyembryonic mass in differentiation medium; (d) conversion of somatic embryos in regeneration medium; (e)
E. oleracea seedlings regenerated from somatic embryos; and (f) shoot and root system of the regenerated seedlings
ready for acclimatization. Scale bar: a-d = 0.3 cm; e-f = 2 cm.

cultivar, as the traditional agai production area is usually in floodplain regions [103].
Examples such as these are necessary for understanding the importance of further
studies on the species, given that the acaf palm has strong production potential and is
a valuable resource for creating derivatives.

3. Oilseed palms
3.1 Acrocomia aculeata

Macauba (Acrocomia aculeata) is a native palm to the tropics and subtropics, with
occurrences in areas with high to medium precipitation and high solar irradiation in
America, such as Brazil, Mexico, Colombia, Argentina, Bolivia, Paraguay, Venezuela,
Suriname, French Guiana, and the Antilles [104]. This evergreen, heliophilous, and
pioneering species can form extensive oligarchic populations, mainly occupying
anthropized areas in different biomes of the American continent. The plants of this
genus are generally arboreal, robust, and tall [105, 106]. Its remarkable resilience
and resistance to water scarcity, easy adaptation to different climates, lower environ-
mental impact, and versatility of uses make it an up-and-coming crop compared to
palm oil, the world’s primary source of vegetable oil [107]. Furthermore, macauba fits
integrated cultivation systems, such as the Crop-Livestock-Forest Integration, which
renders slow carbon emissions, representing a more sustainable alternative to con-
ventional oilseed growing [107]. Commercial exploitation and plantation of macauba
are still in their early stages, as previously reported. The existing value chains rely on
fruits from natural populations gathered by smallholder farmers. The fruits are sup-
plied to local small-scale oil extraction facilities, primarily driven to niche markets, or
processed on-farm by local communities for their own consumption and short-chain
market [108, 109].
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Macauba is a palm tree with many attributes that have been exploited since the
eighteenth century [110]. However, despite the tremendous economic potential of
the species, exploitation of macauba was restricted to extractivism until 2007. One
of the reasons the species had not yet been cultivated was its complex propagation,
which was considered the bottleneck for the development of palm plantations until
then [111]. It was only in 2007, with the development of technology for the production
of pre-germinated macauba seeds [112], that seed propagation, the natural form of
propagation of the species, could be applied in the large-scale production of macauba
seedlings, allowing the beginning of agricultural exploitation of the species.

3.1.1 Seminiferous propagation

Macauba is described in the literature as one of the most challenging palm spe-
cies to germinate [113]. This species’ natural germination of seeds is generally slow
and uneven, taking up to 4 years and rarely resulting in germination rates above 7%
[111, 114]. This is due to the deep dormancy, the inherent characteristic of the seeds
of palm species of the genus Acrocomia [115, 116]. The first method for overcoming
the dormancy of macauba seeds was developed by [112]. The process described by
the authors enabled the rapid and efficient germination of macauba seeds and the
regularization of seedling production, which allowed the cultivation of macauba
inside and outside its natural environment.

The process of overcoming dormancy and inducing germination of macauba
seeds developed by [112] consists of seven treatments, applied in sequence to the
seed, namely: (i) elimination of the endocarp, (ii) first disinfestation, (iii) soaking
treatment, (iv) second disinfestation, (v) mechanical scarification, (vi) treatment
with gibberellic acid, and (vii) germination of the almond in a semi-aseptic environ-
ment. The process described above allowed the germination of 60-80% of the treated
macauba seeds, which were finalized and ready for planting in the nursery approxi-
mately 30 days after the beginning of the germination process. The final product
of this process was called pre-germinated macauba seeds by the authors and should
contain a defined plumule and radicle.

3.1.2 Biotechnological tools for multiplication of Acrocomia aculeata
3.1.2.1 Somatic embryogenesis

In macauba, studies involving somatic embryogenesis have been reported as
promising for its vegetative propagation [117-120], with these being recent and
published just over a decade ago (Table 4). Moura et al. [117] were the pioneers in
reporting the process, followed by Luis and Scherwinski-Pereira [118]. These authors
used zygotic embryos to study somatic embryogenesis in macauba. Zygotic embryos
are ontogenetically younger and consequently more responsive to the induction
of somatic embryogenesis. Granja et al. [119] obtained in their study with zygotic
embryos embryogenic lines with high multiplication capacity and a high degree of
synchronization, enabling the control of all stages of somatic embryogenesis (mul-
tiplication, regeneration, and germination), thus achieving the cyclic production of
seedlings over more than 2 years.

However, cloning protocols should be obtained from somatic tissues of properly
tested elite matrices with proven agronomic performance. Recently, Meira et al. [121]
demonstrated the development pathways of somatic embryogenesis in macauba from
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Phase Explant Culture medium Response References
Induction Zygotic embryo Y3 + 9 uM Picloram Embryogenic callus [117]
Germination Somatic embryos Y3 + activated charcoal Half of somatic
without growth regulator embryos germinated
Induction Zygotic embryo MS or Y3 with 0.5 mg/L or Embryogenic callus [118]
1.0 mg/L of Dicamba or
Picloram or 2,4-D
Regeneration Somatic embryos MS or Y3 + activated Plant regeneration
charcoal without growth
regulator
Induction Zygotic embryo Y3 + 9 pM Picloram Callus [119]
+0,9 pM 2iP
Multiplication Callus Y3 + 18 pM Picloram Embryogenic mass
Maturation Embryogenic Y3 + 2.5 uM 2iP + 5.55 uM Somatic embryos
mass NAA + active charcoal
+1000 pM PUT
Germination Somatic embryos Y3+ 0.25uM 2iP + 0.55 uyM Plants
GA; + 1000 pM PUT
Multiplication Callus Y3 + 9 pM Picloram Somatic embryos [120]
+1000 uyM PUT
Regeneration Somatic embryos Y3 +0.54 pM Plantlets
NAA + 1000 pM PUT +
active charcoal
Induction Leaves Y3 + activated charcoal Callus [121]
+450 pM Picloram
Multiplication Embryogenic Y3 + 450 pM Picloram + Somatic embryos
callus active charcoal
Induction Leaves Y3 + 450 pM Picloram Callus [122]
Multiplication Callus Y3 + 450 pM Picloram Somatic embryos
Regeneration Somatic embryos Y3 without growth Germinated plants
regulator
Induction Aereo parts of in Y3 + Morel’s vitamins Callus [123]
vitro plants (TCL) +300 puM Picloram
Multiplication Callus Y3 + Morel’s vitamins Somatic embryos
+25 pM BAP or 12.5 yM
2iP + 75 pM Picloram
Germination Somatic embryos Y3 + Morel’s vitamins Plants
without growth regulator
Induction Zygotic embryo Y3 + activated charcoal +9 Nodular callus [124]
uM Picloram or Y3 + 9 pM
Picloram
Multiplication proembryos Y3 + charcoal active +9 pM Somatic embryos

Picloram or Y3 + 9 pM
Picloran

without germination

Note: NAA, 1-Naphthaleneacetic Acid; PUT: putrescine; 2iP: isopentenyladenine; BAP: benzylaminopurine; MS:

Murashige ¢ Skoog medium; Y3: Euwens medium; 2,4-D: dichlorophenoxyacetic acid; GAs gibberellic acid.

Table 4.
Studies on somatic embryogenesis in Acrocomia aculeata.
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leaf explants of adult plants. According to the authors, the process generated hun-
dreds of somatic embryos, indicating a possible application of iz vitro propagation in
the clonal production of macauba, although plantlets were not obtained. Immature
leaflets are excellent sources of explants for initiating somatic embryogenesis in
species of the Arecaceae family, as they are protected within the heart of the plant
and consequently show low levels of microbial contamination. In studies conducted
by Andrade et al. [120], immature leaves of macauba showed responsiveness to the
induction of somatic embryogenesis. In this study, the authors obtained embryogenic
lines comparable to those obtained by Granja et al. [119], producing numerous plants.
However, leaflets from adult plants did not respond to the somatic embryogenesis
induction treatments. Protocols for obtaining somatic embryos from immature leaves
and inflorescences of adult macauba plants have been developed at the Plant Tissue
Culture Laboratory of the Federal University of Vicosa (UFV) in Brazil (Figure5).
However, the protocols are still under evaluation (unpublished data).

Figure 5.

So%natic embryogenesis in macauba (Acrocomia aculeata). (a) embryogenic callus. (b-c) embryogenic callus
with somatic embryos in a regenevation medium. (d) somatic embryo germination. (e) in vitro macauba plantlet
obtained from somatic embryogenesis. (f) Acclimatization. (g-h) one-year-old plants obtained somatic embryos.
(i-j) Planting of macauba clonal plants. Scale bars, a and b = 5 mm. ¢, d and e = 1 cm; f = 5 cm; g and h = 10 cm;
Tandj = 20 cm.
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The different culture media used in the somatic embryogenesis process essen-
tially differ in the concentration of macro and micronutrients, vitamins, organic
compounds, carbon sources, and other complex substances, typically specific
to each stage of the process and the species used. The most commonly used cul-
ture media formulations for somatic embryogenesis in macauba include the MS
medium from [99, 118, 119] and the Y3 medium from Eeuwens [117, 119-121]. The
induction of somatic embryogenesis is associated with the use of auxins and cyto-
kinins, the main growth regulators involved in controlling cell division and tissue
differentiation [88]. Among the auxins most commonly used in the induction of
somatic embryogenesis in macauba, 2,4-D can be cited [118, 121, 122]. However,
other auxins such as Picloram and Dicamba have proven efficient [117-119,

121, 123]. The use of cytokinins in the induction medium for callus formation in
macauba is not very common. Still, interesting results were reported in the work
of Granja et al. [119] and Andrade et al. [120], where isopentenyl adenine (2iP)
allowed the generation of embryogenic lines when combined with Picloram or
Dicamba.

3.1.3 Genetic breeding and conservation

The ex situ conservation of macauba is more recent, starting at Embrapa
Cerrados in December 2008 and later implemented in other Brazilian research
institutions, such as the Federal University of Vicosa (UFV) and the Agronomic
Institute of Campinas (IAC). UFV is responsible for the first collection registered
by the Brazilian Genetic Heritage Management Council (registration no. 084-2013/
CGEN/MMA). The Active Germplasm Bank (AGB-MACAUBA) of macauba from
the Macauba Research Network of the Federal University of Vicosa (REMAPE/UFV)
was established in 2009 at the Unit for Teaching, Research, and Extension in Genetic
Improvement and Palm and Other Oilseed Production Systems (UEPE-MGPO)
in the city of Araponga, Minas Gerais, Brazil (latitude —20.6686 and longitude
—42.51785). The repository comprises more than 300 maternal families of the species
A. aculeata, from the sclerocarpa and totai ecotypes, with around 1500 accessions
from various Brazilian regions. The AGB-MACAUBA has been intensively used in
studies for genetic breeding and domestication of the species. In addition to the
AGB-MACAUBA, the first A. aculeata clones developed by UFV were established at
UEPE-MGPO (Figure 5i, j).

3.2 Elaeis guineensis Jacq

Elaeis guineensis Jacq., commonly known as the African oil palm or oil palm, is
a perennial, monoecious, oil-producing plant and has a long life cycle, playing an
essential role in the production of vegetable oils for human consumption and other
agro-industries [125, 126]. It is a palm tree that can reach up to 15 meters in height,
with an erect, unbranched stem of the stipe type and a fibrous root system. Its leaves
are pinnate, measuring 5-7 meters, and its inflorescences form in the leaf axils as
spadices composed of spikes protected by two fibrous bracts, classifying it asa
monoecious plant [127, 128].

It is considered an oil-producing palm native to Africa, widely cultivated in
regions with a humid tropical climate. The main product of the oil palm is the oil
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extracted from the fruit pulp, known internationally as palm oil. This oil stands out
in global production and consumption, with applications in food, medicine, and
oleochemistry [127, 129].

Its oil stands out for its versatility, oxidation resistance, and functional-
ity in the food industry as an essential ingredient in a wide range of products.
Additionally, it contains bioactive compounds that offer added benefits, such
as nutritional functionality, cardiovascular health, and antioxidant protec-
tion [125, 130]. It serves as a strategic component in formulating healthy,
high-quality foods, enhancing its importance to the global food industry and
human health [125].

It is one of the most economically valuable oil-producing plants due to its high
oil yield per bunch, plant, and productive area. As a perennial species, it can reach
up to 6000 kg per hectare, with high quality and low production costs [131, 132]. Its
cultivation is one of the main sources of vegetable oil production worldwide [133]. By
2022, its global production was nearly 74 million tons annually, representing 4% of
global agricultural production [134].

3.2.1 Biotechnological tools for multiplication of Elaeis guineensis Jacq
3.2.1.1 Somatic embryogenesis

Somatic embryogenesis is considered a promising and efficient technique for
multiplying elite genotypes of Elaeis guineensis (Table 5) [124, 135-138, 142, 143, 147].
Furthermore, it has been recognized as an ideal approach for mass clonal propaga-
tion associated with genetic improvement, particularly for perennial and long-cycle
species [147].

Figure 6 presents the somatic embryogenesis of oil palm. The embryogenesis
process in oil palm occurs indirectly, initially through the development of a pro-
embryogenic mass, followed by its multiplication, which differentiates to form
somatic embryos [127]. In oil palm, the induction of somatic embryogenesis has
been achieved from different explants, such as root segments, immature leaves, and
immature inflorescences [90-134].

Plant growth regulators, particularly 2,4-dichlorophenoxyacetic acid (2,4-D)
and picloram, are essential in this process [135, 137]. Other growth regulators, such
as naphthaleneacetic acid (NAA), gibberellic acid (GA3), and benzylaminopurine
(BA), are also frequently used in the various phases of somatic embryogenesis
in this plant [138, 142, 143]. Additionally, polyamines have been commonly
used in the somatic embryogenesis of the species, with a particular emphasis on
putrescine [141, 145].

The somatic embryogenesis induction can be performed in culture media supple-
mented with a high auxin concentration. The subsequent proliferation of calluses and
regeneration of somatic embryos is achieved by reducing the auxin levels or com-
pletely removing them, as well as adding other growth regulators, such as cytokinins,
abscisic acid, and polyamines [145, 148].

Despite the various published protocols, many factors can interfere with the
somatic embryogenesis process, making the repeatability of the protocols chal-
lenging, with uncertainty remaining regarding the best procedures. In oil palm,
due to the advantages offered by the use of elite clones, research on the multiplica-
tion processes of oil palm is primarily conducted by private companies, and many
important details for the success of embryogenesis are not made available [127].
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Phase Explant Culture medium Response References
Induction Leaf primordia Y3 medium + 1.0 mg L of picloram [135]
Picloram or 2,4-D allows calluses formation
with higher embryogenic
potential
Induction Root primordia Y3 medium + 1.0 mg L™ of picloram [136]
different regulators provides better results
Induction Male Modified Y3 The use of picloram [94]
inflorescences medium + regulators provides better
responses in male
inflorescences
Induction Leaf primordia MS medium Higher concentrations [137]
+2,4-D + Activated of 2,4-D
charcoal (450 pM) + activated
charcoal provide better
responses
Induction Leaf primordia MS medium + The best responses were [138]
NAA +2,4-D achieved using 6 mg L™
of NAA + 0.5mg L™ of
24D
Multiplication Friable callus Different immersion The use of modified [139]
systems and culture MS (MSA9) in a shaker
media or MSD in a temporary
immersion system with
intervals of 3 hours for
3 minutes
Induction and Leaf primordia Y3 medium Occurrence of genetic [140]
multiplication of 32 superior control in the formation
genotypes and multiplication of
embryogenic lines, being
genotype-dependent
Induction and Mature zygotic MS medium and The addition of [141]
regeneration embryos and Blaydes medium + polyamines allows an
Friable callus different regulators increase in the somatic
embryogenesis rate
Regeneration Somatic Suspension culture The application of [142]
embryos in modified MS BA increases the
medium + BA responsiveness of somatic
embryos
Regeneration Friable callus Modified MS 880 mg L™ of CaCl, [143]
and and somatic medium + CaCl, allows for a higher
germination embryos and GA; regeneration rate, as well
as higher concentrations
of GA3 (4.0 mgL™),
while for germination,
lower values of GA; are
ideal
From Leaf Modified MS The use of RITA-type [144]
multiplication primordia, medium in different bioreactors enables
to germination friable callus cultivation and multiplication, as well as
and somatic immersion systems a higher yield of viable

embryos

seedlings at the end of the
process
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Phase Explant Culture medium Response References
From From leaf Modified Y3 Putrescine can be an [145]
induction to primordia medium + putrescine important substitute
acclimatization to clonal for cytokinins, reducing
seedlings somaclonal variations.
Additionally, the response
to somatic embryogenesis
is genotype-dependent
Conservation Friable callus Successive It is possible to conserve [146]
subcultures in for more than 20 years;
modified MS however, its success is

medium for 20 years

genotype-dependent, and
attention is required to
somaclonal variations

Note: Y3, Eeuwen’s medium; 2,4-D, 2,4-Dichlorophenoxyacetic acid; MS, Murashige and Skoog medium; NAA,
1-Naphthaleneacetic Acid; BA, Benzylaminopurine; GAs, Gibberellic acid; CaCl,, Calcium chlovide.

Tables.
Studies on somatic embryogenesis in Elaeis guineensis.

Figure 6.

Somatic embryogenesis in 0il palm (Elaeis guineensis Jacq.). (a) Formation of friable callus—Induction;

(b) Multiplying friable calluses; (c) Differentiation of somatic embryos—regeneration; (d) clonal seedling in
development—germination; (e) Large-scale germination; and (f) Acclimatization of E. guineensis seedlings
arising from somatic embryogenesis. Scales bars: a = 1000 yum; b = 2500 pm; ¢, d = 500 um.
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However, it is possible to obtain seedlings derived from somatic embryogenesis on
a large scale.

4, Conclusions

Combining agricultural traditions with biotechnological innovations is crucial
to ensure the sustainability and growth of palm crops, meeting the growing global
demand for their products and beneficial properties. In this context, in vitro
regeneration techniques, such as somatic embryogenesis, have proven crucial for
the multiplication and cloning of superior genotypes. This technique not only
allows the regeneration of uniform, pathogen-free, and genetically superior plants
but also helps in the conservation of germplasm, in addition to subsidizing and
accelerating genetic breeding programs. However, for some palm tree species,
the established protocols are still inefficient, which requires continuous effort to
optimize them, enabling the application of this biotechnological tool on a commer-
cial scale to ensure the constant supply of high-quality plantlets, aligned with the
sustainability demands of the production chain of these important palm tree plant
species.
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Chapter 8

Antioxidant Activity of Brazilian
Fruits

Marigeth Liborio Barreivos and André Luis B.S. Barveiros

Abstract

This chapter reviews the antioxidant activity of 22 Brazilian fruits, using differ-
ent methods like DPPH, ABTS, and FRAP, using the bibliography available in recent
years. We investigate the substances with the greatest described activity and to which
class they belong. Flavonoids and polyphenols are the most common class of metabo-
lites present in fruits with antioxidant activity. Catechin, epicatechin, anthocyanins,
proanthocyanidins, stilbenes, resveratrol, and gallic acid, among others. We also
investigate the presence of pro-vitamin A substances like carotenoids in these fruits,
such as beta-carotene, lycopene, zeaxanthin, and the presence of vitamin C and E. In
the ABTS and FRAP methods, camu-camu, acerola, jaboticaba, and agai presented
the highest values of antioxidant activity. We identify that the fruits with major
content of polyphenols presented major antioxidant activity. They were acerola,
camu-camu, and agaf.

Keywords: Brazilian fruits, flavonoids, polyphenols, antioxidants, vitamins

1. Introduction

Brazil is one of the countries with the largest biodiversity in the world. In addition
to the Amazon biome, which represents 60.44% of the national territory, and the
Brazilian savannah, which represents 22% of the territory, we also have the Atlantic
Forest, Caatinga, Pantanal, and Pampa biomes. All of these have an immense vari-
ety of plant species, with emphasis on fruit species. In the last survey carried out
by Lorenzi [1], 1080 fruits were recorded in Brazil, 580 of which were native and
500 exotics, without taking into account the varieties of each species. But first, it is
necessary to define fruit. There is a lot of confusion about what constitutes a fruit, a
pseudo-fruit, and a fruit. According to the APG III plant classification system, a fruit
is the female organ (ovary) of the plant after its fertilization. A pseudo-fruit is any
organ or structure accessory to the seed, which attracts dispersers but does not origi-
nate from the ovary. Finally, fruits are the fruit or pseudo-fruit that can be consumed
in their natural state [2].

Despite the existence of more than 30,000 species in the world, the world’s fruit
industry is dominated by around 20 species, which are well-known and widely
distributed. According to the FAO [3], which declared 2021 the international year of
fruits and vegetables, world fruit production in 2018 was 868 million tons (Mt). Of
these, 155 Mt. were bananas; 152 Mt. were citrus fruits; 131 Mt. were watermelons
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and melons; 111 Mt. were apples and pears; 79 Mt. were grapes; 55 Mt. were man-
goes; 28 Mt. were nectarines, peaches, Damascus, and apricots (stone fruits); 28 Mt.
were pineapples; 13 Mt. were papayas; 13 Mt. were plums; 12 Mt. were cranberries,
strawberries, raspberries, blackberries, and blueberries (berries); 9 Mt. were dates;
and 6 Mt. were cherries. All other species combined represent 76 Mt. Less than 1% of
fruit species are commercially exploited in the world. In Brazil, it is no different. Most
Brazilian fruit species are unknown to the general market [1].

In the Amazon, fruit growing would be an alternative for commercial exploitation
of the region, without the need for deforestation or in-depth agronomic knowledge.
Fruits such as cupuagu, bacuri, tapereba (cajd), and jenipapo have recognized poten-
tial but are little explored. Others such as abiu, biribd, inga, mapati, and pitomba are
very popular in the region but are little known outside. Camu-camu has immense
nutritional value due to its high vitamin C content. The fruits of palm trees such as
acai, tucumd, bacaba, pataua, and pupunha, although the latter is not consumed in its
natural state, requiring cooking, are an important complementary source of food for
riverside peoples, in addition to being a source of high-quality oils [4].

The Brazilian savannah has a diversity comparable to that of the Amazon.
However, its biome is much more threatened by agricultural development. Erosion,
pollution, reduction of water sources, and unsustainable land use are leading to the
extinction of species [5]. Fruits such as pequi, saputd, murici, baru, and gravata,
among others, can be found there. To preserve our natural wealth, it is first necessary
to know it and identify its full potential.

Fruits and other vegetables contain distinct antioxidant substances, whose
activities have been well demonstrated in recent years. The presence of phenolic
compounds, such as flavonoids, phenolic acids, and anthocyanins, in addition to the
already known vitamins C, E, and carotenoids, contribute to the beneficial effects of
these foods. Studies have shown that natural polyphenols have significant effects in
reducing cancer [5, 6].

Oxidation is a fundamental part of aerobic life and is the most efficient way that
higher cells have found to produce energy. However, free radicals are intermediaries
or by-products of these natural processes. Free radicals that have an unpaired electron
centered on the oxygen or nitrogen atom are called Reactive Oxygen Species (ROS)
and Reactive Nitrogen Species (RNS), respectively. Their excess has deleterious
effects such as peroxidation of membrane lipids and damage to proteins, enzymes,
carbohydrates, and DNA. To combat them, living organisms use endogenous anti-
oxidants, that is, those produced by the body itself, or exogenous antioxidants from
the diet [7]. According to Halliwell [8], “An antioxidant is any substance that, when
present in a low concentration compared to that of the oxidizable substrate, regenerates the
substrate or significantly prevents its oxidation.” Antioxidants from the diet are vitamin
A and pro-vitamin A such as carotenoids, vitamin C, vitamin E (tocopherols and
tocotrienols), and polyphenolic compounds such as gallates, stilbenes, flavonoids,
and polyflavonoids [6]. All of these classes of compounds are widely found in fruits.
Acerola and camu-camu are very rich in vitamin C, palm fruits such as tucuma and
dendé contain vitamin E, buriti has high concentrations of pro-vitamin A, and agaf is
a source of anthocyanins, the same class of flavonoids present in grapes and wine.

This work presents some Brazilian fruits, and aims to present their importance and
make a comparative analysis of their antioxidant activities by different methods such
as DDPH (1,1-diphenyl-2-picryhydrazyl), FRAP (ferric reducing antioxidant power),
and ABTS [2,2'-azino-bis(3-ethylbenzthaazoline-6-sulphonic acid)].
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2. Some native and cultivated Brazilian fruits
2.1 Abiu (Pouteria caimito)

The abiu is a 6 to 24 m-high tree from the Sapotaceae family. It is native to the
Central Amazon and the east coast of Brazil, from Pernambuco to Rio de Janeiro. Its
globose or ellipsoid fruits have 4 to 12 cm in diameter and weigh in average 150 to
200 g. They are yellow in color and have a smooth skin, fleshy-gelatinous and trans-
lucent pulp, with a sweet flavor and latex, involving 1 to 4 seeds. It ripens from April
to June and is mainly consumed iz natura [1]. According to Canuto [9]; Marques [10],
and Monteiro [11], abiu fruits are rich in tryptophan; threonine; lysine; vitamin C;
vitamin B3; phenolic compounds; minerals such calcium, phosphorus, and potas-
sium; as well as lipids; proteins; and carbohydrates.

2.2 Acerola (Malpighia emarginata Sessé & Moc. Ex DC.)

The acerola is a 2 to 4 m-high little tree from the Malpighiaceae family. It is native
to several countries in the Antilles, Central America, and northern South America.
The fruits are globose, measuring 1 to 3 cm in diameter and weighing in average 3
to 5 g, drupe-type, with thin and smooth skin, red in color turning to wine color
when ripe, juicy yellow pulp, with a sour flavor. The acerola tree produces about 3 to
4 harvests a year, with peak production from October to April. The fruits are con-
sumed in natura, mainly as juice but also as ice cream, jams, and sweets [1]. Previous
studies report that acerola is rich in vitamin C, about 8 times more than orange or
lemon. Studies carried out by Canuto [9] detected 378.5 mg/100 g of vitamin C in
the acerola pulp. Batista [12] evaluated the vitamin C content in 5 acerola varieties:
Sertaneja, Okinawa, Costa Rica, and Flor Branca and found 2075.13, 2337.18, 1454.85,
and 1713.28 mg/100 g, respectively. Rufino [13] found 1357.0 mg/100 g of vitamin
C,20.1 + 4.4 mg/100 g of anthocyanins, and 9.6 + 1.4 mg/100 g of yellow flavonoids.
Several studies also report that acerola contains vitamins A and B, calcium, iron, and
phosphorus, in addition to anthocyanins and flavonoids [14, 15].

2.3 Acai (Euterpe oleraceae Mart)

The agai is a 3 to 20 m-high palm tree that forms clumps with a stem measuring in
average 7 to 18 cm in diameter. It belongs to the Arecaceae family and is native to the
Brazilian states of Pard, Tocantins, Maranhdo, and Amapa. It occurs in humid or dry
floodplain forests. It is widely cultivated in all tropical regions of Brazil. Its smooth,
globose fruits, measuring 1.2 to 1.3 cm in diameter, are blackish-purple in color when
ripe and have thin, flavorless pulp [1, 16]. Its fruiting occurs throughout the year,
most frequently from July to December, and is consumed in the Amazon mainly in
natura, in the form of a juice called “agai wine” with tapioca flour. In other regions
of Brazil, agai is consumed as a frozen pulp blended with guarana syrup and added
fruits and cereals. Agai is considered an energy food, with a higher caloric value than
milk (285.06 kcal/100 g) [17]. Studies reveal that agaf is rich in anthocyanins, mainly
cyanidin-3-glucoside and cyanidin-3-rutinoside; minerals like potassium, calcium,
magnesium, phosphorus, and iron; in addition to being a source of lipids, proteins,
and carbohydrates [17-21]. In addition to the use of fruits, industrialized hearts of
palm are also widely used as food named palmito.
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2.4 Araga-boi (Eugenia stipitata McVaugh)

The araga-boi is a 3.5 m-tall shrub from the Myrtaceae family. It is native to the
Amazon and found in dry land forests. Its large, globose fruits weigh 30 to 300 g, are
yellow in color, and have a thin, velvety skin, with a juicy and aromatic pulp with a
high acidic flavor, containing 4 to 10 seeds measuring 1 cm in length. It ripens from
December to May and is consumed mainly in the form of juices, ice creams, creams,
and jellies [1]. Studies report that araga-boi is rich in phenolic acids such as chloro-
genic acid, caffeic acid, and gallic acid; flavonoids such as quercetin and kaempferol;
as well as vitamin C; cinnamic acid; and minerals potassium, sodium, calcium, and
magnesium; in addition to proteins; lipids; and fibers [9, 22-25].

2.5 Araticum (Annona crassiflova Mart)

The araticum is a 4 to 8 m-high tree with a trunk measuring 20 to 30 cm in diam-
eter from the Annonaceae family. It is native to savannah from the Brazilian states of
Bahia, Mato Grosso, Mato Grosso do Sul, and Tocantins up to Sdo Paulo. The fruits
are syncarpous, with a papillose surface, weighing up to 4 kg, with fibrous, juicy
pulp and with a strong aroma and a sweet and very pleasant flavor. They ripen from
January to March and are consumed in natura, or in the form of juices, ice cream,
jellies, sweets, and liqueurs, in addition to being used to prepare typical desserts [1,
5]. Cardoso [26] reports that araticum fruits contain vitamins C and E (5.23 mg 100/g
and 494.04 pg/100 g, respectively), in addition to « and f-carotene. Schiassi [27]
detected high content of phenolic compounds (728.17 mg GAEs/100 g), minerals like
potassium (378.26 mg/100 g) and magnesium (31.78 mg/100 g), as well as fiber and
carbohydrates.

2.6 Bacaba (Oenocarpus bacaba Mart)

The bacaba is a 7 to 20 m-high solitary palm tree, with a trunk measuring 15
to 25 cm in diameter, from the Arecaceae family. It is native to the Brazilian states
of Acre, Amazonas, and Pard, occurring in dryland forests. Its fruits are globose,
smooth, measuring 1.3 to 1.5 cm in diameter, dark purple in color when ripe, with a
thin skin and fleshy and yellowish-white pulp. Its fruiting occurs in the months of July
to November and is consumed mainly iz natura in the form of bacaba wine, a brown
liquid, similar to acai wine but oilier [1, 16]. Bacaba wine is also quite nutritious and
energetic. Studies report that bacaba has high levels of unsaturated fatty acids such as
oleic and linoleic. A greenish oil with a pleasant taste and odorless is extracted from
the almond, similar to olive oil.

2.7 Bacuri (Platonia insignis Mart)

The bacuri is a 15 to 30 m-high tree, with a trunk measuring 50 to 80 cm in
diameter, from the Clusiaceae family. It is native to the Amazon Rainforest, which
is periodically flooded, and is common in the Lower Amazon and on Marajé Island,
in the Brazilian state of Para. The fruits are large, ovoid, smooth and yellowish, with
a thick, berry-like skin, with 2 to 5 seeds inside, and the pulp is thin, white, and
aromatic and has a sweet-sour flavor. It ripens in the summer and is consumed both
in natura and in the form of ice cream, juices, and sweets [1]. According to Teixeira
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[28], the pulp of the bacuri is rich in potassium, phosphorus, and calcium and has a
reasonable iron content.

2.8 Buriti (Mauritia flexuosa L. £.)

The buriti is a 4 to 25 m-high solitary palm tree, with a trunk measuring 23
to 80 cm in diameter, from the Arecaceae family. It is native to northern South
America, found throughout the Amazon, as well as in the Brazilian states of
Maranhio, Piaui, Ceard, Goias, Minas Gerais, and S3o Paulo. It is found in humid
floodplain forests, near rivers and streams, and in periodically flooded areas. Its fruits
are globose or short-ellipsoid, measuring 4 to 5 cm in diameter, with a hard skin
formed by small reddish-brown scales when ripe, like dragon eggs, with thin, fleshy
orange pulp. Its fruiting occurs throughout the year but depends on the region. In the
Amazon, its fruits ripen from March to August and are consumed mainly in natura in
the form of “buriti wine” with sugar and cassava flour. However, they are also con-
sumed in the form of popsicles, ice cream, and sweets [1, 5, 16, 29]. Buriti pulp is rich
in carotenoids, mainly f-carotene (9098 ug/100 g) and a-carotene (1008 pg/100 g),
precursors of vitamin A. It also contains vitamins B, C, and E, as well as minerals like
calcium, iron, and fatty acids. It is one of the fruits that has a higher concentration of
pro-vitamin A, about 20 times more than carrots [29]. It has an edible oil with a pleas-
ant flavor and aroma, extracted from the pulp, with high pro-vitamin A potential,
with applications in the food industry as a natural colorant for margarines, cheeses,
and some pasta.

2.9 Caja (Spondias mombin L.)

The cajd, or taperebd as it is known in the Brazilian North, is a fruit tree with
a 18 to 25 m height, with a trunk measuring 40 to 60 cm in diameter, from the
Anacardiaceae family. It is native to the Amazon region and Atlantic Forest from the
Brazilian states of Ceara to Rio de Janeiro. Is has globose or elliptical drupe-type fruits
measuring 3 to 5 cm in length and 2 to 4 cm in diameter, with a thin, smooth skin,
juicy, fibrous pulp of yellow-orange color with a large seed inside, with a sweet-
sour flavor and a very pleasant aroma. Its ripening depends on the region; in the
Northeast, it occurs from January to June, and in the North from August to December
[1]. The fruits are consumed iz natura or in the form of juices, ice cream, popsicles,
jams, sweets, and liqueurs. Studies indicate that cajd fruits are rich in vitamin C and
carotenes, phosphorus, iron, calcium, and fiber [9, 30, 31].

2.10 Camu-camu (Myrciaria dubia (Kunth) McVaugh)

The camu-camu is a 2 to 4 m-high shrub or small tree from the Myrtaceae family.
It is native to the northwestern Amazon, found in flooded areas with black water. Its
globose fruits measure 2 to 3 cm in diameter, with a thin, glossy skin that is red to
purple-black in color, weighing about 10 g, and has a very juicy, yellow-orange pulp
that is very acidic and very rich in vitamin C. It ripens from December to January and
is consumed in the form of juices, jellies, ice creams, and liqueurs [1]. Several studies
reveal that camu-camu is one of the fruits with the highest levels of vitamin C in the
world, which is twice that of acerola, in addition to being a source of minerals like
potassium, calcium, magnesium, and iron, as well as phenolic compounds and carot-
enoids [32, 33]. Chirinos [33] found in ripe camu-camu fruits (2010.01 mg/100 g)
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of vitamin C and (2280.00 mg/100 g) in unripe fruits. These authors show that the
vitamin C content depends on the stage of fruit ripeness. Rufino [13] detected in
fresh camu-camu fruits 1882.0 + 43.2 mg/100 g of vitamin C, 42.2 + 17.0 mg/100 g of
anthocyanins, and 20.1 + 4.4 mg/100 g of yellow flavonoids.

2.11 Cashew (Anacardium occidentale L.)

The cashew is a 2 to 10 m-high tree from the Anacardiaceae family. It is native
to the fields and dunes of the Brazilian northern coast, and it is very common in
the North and Northeast regions. The fruits are nuts, but the thickened peduncle
(pseudofruit), which is considered the fruit, is very juicy, with a sweet-sour and
astringent flavor. It ripens from August to November and is consumed iz natura or
in the form of juices, industrialized sweets, and liqueurs [1, 5]. Cashews are rich
in vitamin C and have reasonable amounts of vitamin A and vitamins B, as well as
proteins, lipids, carbohydrates, fiber, and minerals like calcium, phosphorus, iron,
and magnesium [5].

2.12 Ciriguela (Spondias purpurea L.)

The ciriguela or seriguela is a fruit of a 4 to 7 m-high tree, from the Anacardiaceae
family. It is native to tropical forests of Central America, been very common in the
Brazilian northeast region. Its fruits are ellipsoidal, of the drupe type, with a thin and
smooth skin and its color varying from yellow to red, with thin, yellow, and juicy pulp
with a large seed surrounded, with a sweet-sour and tasty flavor. Its ripening occurs in
the months of December to March, with peak production in December and January,
and it is consumed iz natura or in the form of juices, jams, ice creams, and liqueurs
[1]. The ciriguela is rich in vitamin C, minerals, and fiber [34, 35].

2.13 Cupuagu (Theobroma grandiflora (Willd. Ex Spreng.) K. Scum.)

The cupuagu is a 4-8 m-high tree from the Malvaceae family. It is native to the dry
land forests of the Amazon region, found mainly in the Brazilian states of Amazonas,
Amapad, and Pard. Its large fruits, weighing up to 2 kg and measuring up to 25 cm
in length, are berry-like, with a thick, hard brown skin, juicy-fibrous pulp, very
aromatic, with an acidic flavor and containing many large seeds around it. It ripens
from February to April, and its pulp is consumed iz natura in the form of juices or
processed into popsicles, ice cream, sweets, and liqueurs [1]. Studies carried out by
Canuto [9], Silva [36], and Onias [37] indicate that cupuagu fruits are rich in phenolic
compounds, vitamin C, potassium, sodium, as well as carbohydrates and proteins.

2.14 Guava (Psidium guajava L.)

The guava is a 3 to 6 m-high small tree, from the Myrtaceae family. Its origin is
unknown, and it is found in all tropical regions of the planet. The fruits are globose,
ovoid, or pyriform, 4 to 10 cm in diameter, of the gaba type, with a thick yellow or
light green skin when ripe, depending on the cultivar, weighing from 100 to 480 g,
juicy and fleshy pulp, white, yellow, red, or pink in color, depending on the cultivar,
with a sweet-sour flavor. Its fruiting occurs all year round, but with peak production
in the months of January to March, and they are consumed in natura or in the form of
juices, sweets, jellies, ice creams, popsicles, and preserves [1]. Several studies report
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that guava contains vitamins A, C, and B complex; minerals like calcium, phospho-
rus, and potassium; in addition to carbohydrates and proteins [12, 38, 39].

2.15 Soursop (Annona muricata L.)

The soursop is a 4 to 6 m-high tree, with a smooth trunk measuring 25 to 35 cm in
diameter, from the Annonaceae family. It is native to the Antilles but widely culti-
vated in almost all tropical regions of Brazil, the Americas, and the Caribbean. The
fruits are composed of the syncarpous type, weighing up to 5 kg and reaching up to
30 cm in length, with a green and spiny skin, white, mucous-succulent and fibrous
pulp, with an acidic and aromatic flavor, and containing many black seeds. It ripens
from May to October and is consumed iz natura in the form of juices or processed
in the form of ice cream, sweets, jellies, and yogurts [1]. Analysis of the chemical
composition of soursop pulp carried out by Nunes [40] showed the presence of vita-
mins A, C, and the B complex, in addition to flavonoids, mainly quercetin and rutin.
Studies carried out by Sacramento [41] found 37.25 mg/100 g of vitamin C. According
to Almeida [34, 35], soursop is rich in minerals like potassium, magnesium, phospho-
rus, zinc, iron, and calcium, as well as phenolic compounds and vitamin C.

2.16 Jaboticaba (Plinia cauliflova (DC.) Kausel)

The jaboticaba is a 3 to 6 m-high tree from the Myrtaceae family. It is native to
the Atlantic Forest and can be found in Brazilian states from Bahia to Sdo Paulo. Its
subglobose fruits measure 2 to 3 cm in diameter, with smooth, black skin, juicy white
pulp containing a seed, and are generally sweet in flavor. They ripen in the months
of January and February and from August to September and are mainly consumed iz
natura or transformed into jams, sweets, fermented beverages, spirits, and liqueurs
[1]. Studies indicate that jaboticaba fruits contain high levels of anthocyanins and
flavonoids (367 to 1420 mg/100 g and 196 to 571 mg/100 g, respectively), compounds
with antioxidant activity capable of fighting free radicals [42, 43].

2.17 Jenipapo (Genipa americana L.)

The jenipapo is an 8 to 14 m-high tree, from the Rubiaceae family. It is native to
America. In Brazil, it is found in humid floodplain forests or near rivers. It has globose
fruits, of the berry type, measuring 6 to 10 cm in length and 4 to 7 cm in diameter,
weighing 90 to 180 g, greenish-brown in color, with fleshy brownish pulp containing
many seeds, aromatic, and with a sour flavor. It ripens in the months of November
and December and is consumed in natura or in the form of sweets and liqueurs [1, 5].
Chaves [44], Costa [45], and Pacheco [46] detected vitamin C, phenolic compounds,
carotenoids, tannins, as well as minerals like iron and calcium in the pulp of ripe
jenipapo.

2.18 Mango (Mangifera indica L.)

The mango is an 8 to 18 m-high tree from the Anacardiaceae family. It is native to
India and Myanmar, where there are over 100 varieties. However, it was introduced to
Brazil in the sixteenth century by the Portuguese, where it is cultivated in all regions,
especially in the Northeast. The fruits are drupe-type, weighing 70 to 1200 g, with a
smooth, yellowish, greenish, or pinkish skin, depending on the cultivar, and a large
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seed inside. The pulp is juicy, in some cases fibrous, and yellow or orange, depending
on the cultivar, with a sweet-sour flavor. It ripens between November and February
and is consumed mainly iz natura or in the form of juices, ice cream, jellies, and
sweets [1]. Studies indicate that mango contains vitamins A, C, and B complex; min-
erals like calcium, magnesium, phosphorus, and potassium; as well as carbohydrates
and fiber [47, 48].

2.19 Mangaba (Hancornia speciosa Gomes)

The mangaba is a 3 to 5 m-high small tree, from the Apocynaceae family. It is
native to the coastal sandbanks and plateaus from the north of the Brazilian state
of Espirito Santo to Pard and quite common in the northeastern Brazilian states. Its
fruits are berry-like, ellipsoidal or rounded, measuring 2.5 to 6 cm in diameter, with
yellowish skins with red dots, and a yellow, fleshy-viscous pulp with a sweet-acidic
flavor and latex containing 2 to 30 seeds. It ripens from October to March and is
consumed in natura or in the form of juices, ice cream, sweets, and liqueurs [1, 5].
Studies carried out by Almeida [34] and Ref. [35] indicate that mangaba is mainly
a source of potassium and magnesium (240.42 and 70.27 mg/100 g), respectively,
as well as sodium, calcium, and phosphorus, in addition to phenolic compounds
(98.80 mg/100 g) and vitamin C (93.30 mg/100 g).

2.20 Murici (Byrsonima crassifolia)

The murici is a 2 to 6 m-high small tree, from the Malpighiaceae family. It is native
to the North, Northeast, and the Brazilian states of Goids, Mato, Grosso, Mato Grosso
do Sul, Minas Gerais, and Sdo Paulo, occurring in savannah fields and capoeiras in
sandy soils. It has globose-depressed fruits, measuring 1.5 to 2 cm in diameter, with
smooth, yellow, drupe-type skin, with yellowish fleshy pulp with a very characteristic
flavor and aroma, containing a surrounding seed. It ripens in the months of April
and May and is consumed iz natura or in the form of juices, ice cream, sweets, and
liqueurs [1, 5, 49]. Murici is a source of vitamin C and minerals such as phosphorus,
potassium, calcium, magnesium, and sodium, as well as lipids, fibers, proteins, and
carbohydrates [34, 35, 49-52].

2.21 Pequi (Caryocar brasiliense Aamb)

The pequi tree is a 6 to 8 m-high tree from the Caryocaraceae family. It is native
to the Brazilian savannah, found in almost all states of the Central-West region; in
the northeast region in the states of Piaui, Maranhio and Cear4; and in the southeast
region in the north of Minas Gerais. The fruits are drupe-type, measuring 6 to 20 cm
in diameter, weighing 100 to 300 g, with a yellowish-green skin when ripe, a thick,
fleshy yellowish pulp, and a hard, spiny stone around it. It ripens from October to
March and is consumed cooked or in the preparation of typical dishes such as rice
with pequi, chicken with pequi, and guariroba with pequi [1, 5]. An oil is extracted
from the pulp of the pequi, which is widely used for frying and as a condiment.
According to Aratjo [50] and Cordeiro [53], pequi pulp is rich in monounsaturated
fatty acids (about 50%), mainly oleic; phenolic compounds; carotenoids; minerals
like phosphorus, potassium, calcium, and magnesium; as well as lipids, proteins,
carbohydrates, and fibers.
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2.22 Pitanga (Eugenia uniflora L.)

The Surinam cherry is a of 4 to 9 m-high small tree, from the Myrtaceae family.
It is native to the Atlantic Forest, in semideciduous forests of the plateau and the
Brazilian states of Parand basin from Minas Gerais to Rio Grande do Sul and in the
sandbanks along the entire Brazilian coast. Its fruits are globose-flat, measuring 1
to 3 cm in diameter, with eight deep grooves, thin skin that is red to purplish when
ripe, depending on the variety, and juicy pulp with a sweet-acidic flavor. It ripens
from October to January and is consumed in natura or in the form of juices, ice
cream, jellies, sweets, and liqueurs [1, 5]. Studies carried out by Pereira [54] found
in the fruits of red and purple pitanga varieties the presence of anthocyanins and
flavonoids (2.14 mg/100 mL, 14.46 mg/100 mL, red variety and 34.90 mg/100 mL,
4.48 mg/100 mL, purple variety, respectively). Aratjo [55] detected the presence of
anthocyanins (delphinidin-3-hexoside, cyanidin-3-hexoside) and flavonoids (myric-
etin-galloyl-hexoside, myricetin-hexoside, myricetinpentoside, quercetin galloyl
hexoside and myricetin-rhamnoside), carotenoids, and vitamins A, C, and B com-
plex, in addition to minerals like potassium, calcium, magnesium, and phosphorus.
Bagetti [56] studied the pulps with peel of purple pitanga and red pitanga. The red
pitanga was studied in two stages of ripening (orange and red), and it was observed
that purple pitanga is rich in anthocyanins (136.0 mg/100 g), while red pitanga has
a high content of carotenoids, mainly $-Cryptoxanthin (34.0 ug/g) and p-Carotene
(5.1 ug/g) in the orange color and Lycopene (166.0 ug/g) in the red color.

2.23 Tucuma (Astrocaryum aculeatum G. Mey.)

The tucumad is a solitary 8 to 20 m-high palm tree, measuring between 30 to 50 cm
in diameter, with nodes covered in black spines measuring 10 to 15 cm in length, from
the Arecaceae family. It is native to the Amazon Rainforest, occurring on dry land in
the Brazilian states of Amazonas, Acre, Pard, Rondénia, and Mato Grosso. Its fruits
vary between globose, subglobose, and ovoid, measuring 3 to 5 cm in length and 2 to
5 cm in diameter, with a thin, hard skin, yellow-orange pulp with a large seed, and
a slightly sweet flavor, very rich in pro-vitamin A and high in calories. It bears fruit
all year round, but peak production occurs from January to June [1, 16]. The pulp is
consumed iz natura or in sandwiches known as x-caboquinho in Manaus and in tapi-
oca beiju or processed into popsicles, ice cream, and sweets. Several studies show that
tucuma pulp is rich in carotenes, mainly -carotene, and unsaturated fatty acids such
as oleic and linolenic; phenolic compounds such as caffeic acid, ellagic acid, and gallic
acid, rutin, catechin and quercetin; minerals like calcium, potassium, iron, and zinc;
as well as proteins, lipids, and carbohydrates [22, 57-60].

2.24 Umbu (Spondias tuberosa Arruda)

The umbu is a 4 to 7 m-high tree with a low, dense crown and a short trunk, from
the Anacardiacea family. It is native to the semiarid region of Northeastern Brazil,
in caatinga vegetation, from Ceara to northern Minas Gerais. Its fruits are globose
or ovoid, measuring 3 to 4 cm in diameter, with juicy, fibreless pulp and a pleas-
ant, sweet-sour flavor. It ripens in January and February and can be consumed in
natura, in the form of juices, popsicles, ice cream, sweets, and jellies [1]. According
to Almeida [34] and Ref. [35], umbu is a source of minerals like potassium, calcium,
phosphorus, and magnesium, in addition to phenolic compounds and vitamin C.
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3. Antioxidant activities of these fruits reported in the literature in recent
years using different methods

Batista [12] evaluated the antioxidant activity of five mango varieties, four acerola
varieties, and three guava varieties using the ABTS method. Among the three fruits
studied, acerola presented the highest antioxidant activity, with emphasis on the
Okinawa cultivar; followed by guava, with emphasis on the Pedro Sato cultivar; and
finally mango, where the Palmer cultivar presented the highest antioxidant activity,
as shown in (Table 1). All these varieties also presented the highest values of ascorbic
acid as well as total phenolic contents. The antioxidant activity of different acerola
varieties in decreasing order was: Okinawa > Flor Branca > Sertaneja > Costa Rica. For
guava, it was: Pedro Sato > Paluma > Rica, while for mango, it was: Palmer > Rosa >
Haden > Espada > Tommy.

Canuto [9] analyzed the antioxidant activity of 12 fruits using the ABTS
method and found that acerola and agai pulps presented the highest values (12.1
and 10.0 ymol Trolox/L, respectively), as shown in Table 2, indicating a probable
relationship between the levels of total phenols and the antioxidant potential of the
fruit. Meanwhile, abiu, bacuri, and cupuagu pulps presented the lowest antioxidant
activity. The antioxidant activity of these fruits in decreasing order was: Acerola
> Acai >Buriti > Bacaba > Araga-boi > soursop > Caja > Cashew = Murici > Abiu >
Bacuri = Cupuagu.

Rufino and co-workers [13] analyzed the antioxidant activity of ten fruits using
the ABTS, DPPH, and FRAP methods (Table 3). They found that camu-camu,
acerola, jaboticaba, and agai were the fruits that presented the highest activities by the
ABTS and FRAP methods; camu-camu, acerola, jaboticaba, and mangaba presented
the highest activities by the DPPH method. Based on the results, it can be concluded
that camu-camu and acerola are the fruits with the highest antioxidant capacities in
all methods, indicating an association with the high content of vitamin C and the
content of phenolic compounds since these fruits presented the highest levels of these
constituents. The antioxidant activity of these fruits in decreasing order by the ABTS
method was: Camu-camu > Acerola > Jaboticaba > Agai > Mangaba > Cashew > Cajd >

Fruits Varieties AA (mg/100 g) Total phenolics (mg GAE/100 g) ABTS (uM Trolox/g)

Acerola Sertaneja 207513 + 9.95 1101 + 10.75 115.82 + 4.7
Okinawa 233718 + 82.73 1345.21 + 5.24 144.8 + 87

Costa Rica 1454.85 + 39.16 850.3+134 783+0.77
Flor Branca 1713.28 + 136.18 949.25 + 11.0 12272+ 48

Guava Paluma 78.80 + 4.32 120.21+0.76 13.3+0.98
Rica 10740 + 798 108.05 + 6.01 847+ 0.31
Pedro Sato 81.08 + 6.81 149.97 £ 8.20 1531+ 0.81

Mango Tommy 31.97£3.71 17.26 +2.19 1.0+ 0.07
Haden 2971+ 4.58 2345+ 0.52 2.0+ 012

Palmer 51.39 + 6.84 36.04 + 343 3.0+£0.18

Espada 34.27 £2.63 30.32+3.08 1.9+0.06

Rosa 34.26 + 2.63 3217 £2.14 27+0.10

"Mean value + standard deviation; n = 3.
AA: Ascorbic acid. ABTS: 2,2'-azino-bis (3-ethylbenzthaazoline-6-sulphonic acid). GAE: Gallic acid equivalent.

Table 1.
Total phenolics, Ascovbic acid content and antioxidant capacity of different varieties of fruits in fresh mass’.
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Fruits AA (mg/100 g) Total phenolics (mg GAE/100 g) ABTS (uM Trolox/L)
Abiu 2.0+0.0 04+0.0 08:0.1
Acerola 3785+ 0.0 35+0.2 121+ 0.0
Acai 10.1+ 0.0 24+0.2 10.0£0.3
Araga-boi 0.2+0.0 06+0.0 3.0+01
Bacaba 09+0.2 03+01 31+21
Bacuri 0.2+£0.0 04+0.0 06+0.3
Buriti 01+£0.0 1.0+ 0.0 54+0.2
Caja 03+0.0 06+0.0 1.8+04
Cashew 124+ 0.0 0.6+0.0 1.5+0.2
Cupuagu 33+0.0 04+0.0 0.6+0.2
Murici 03:01 0.6+0.0 15+15
Soursop 01+£0.0 06+0.0 22+01

Mean value + standard deviation; n = 2.
AA: Ascorbic acid. ABTS: 2,2'-azino-bis (3-ethylbenzthaazoline-6-sulphonic acid); DPPH:
1,1-diphenyl-2-picryhydrazyl.

Table 2.
Total phenolics, Ascorbic acid content and antioxidant capacity of frozen fruits pulp .

Fruits Total phenolics ABTS DPPHIC50 FRAP
(mg GAE/100 g) (uM Trolox/g) (g/g DPPH) (uM Fe, S0, /g)

Acai 454 + 44.6 151+ 41 4264 + 1381 321:65
Acerola 1063 + 531 96.6 + 6.1 670 + 64.5 148 + 16
Bacuri 238+0.7 nd n.d n.d
Caja 72.0 £ 44 78+0.2 9397 + 64.8 11.8 + 0.2
Cashew 118 +37 11.2+0.04 7142 + 205 229:07
Camu-camu 1176 + 3.7 153+26 478 +1.2 279+ 15
Jaboticaba 440+99 375+14 1472 £ 16.9 87919
Mangaba 169 + 21.5 146 + 1.8 3385 + 349 183+ 16
Murici nd nd n.d n.d
Umbu 904 £2.2 63+0.2 7074 + 218 172+ 0.3

"Mean value + standard deviation; n = 3; n.d = not detected.
IC50: Concentration of antioxidant required to reduce the original amount of free vadicals by 50%. ABTS: 2,2'-azino-
bis(3-ethylbenzthaazoline-6-sulphonic acid); DPPH: 1,1-diphenyl-2-picryhydrazyl.

Table 3.
Total phenolics and antioxidant capacity of different fruits in fresh mass ™.

Umbu. While by using the FRAP method, it was: Camu-camu > Acerola > Jaboticaba >
Agai > Cashew > Mangaba > Umbu > Caja. For the DPPH method, it was: Camu-camu
> Acerola > Jaboticaba > Mangaba > Agai > Umbu > Cashew > Caja.

Almeida [35] evaluated the antioxidant capacity of ciriguela, mangaba, murici,
soursop, and umbu using the ABTS and DPPH methods and found that mangaba
and murici were the fruits that presented the best results in both methods (Table 4).
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Fruits AA (mg/100 g) Total phenolics ABTS DPPH
(mg GAE/100 g) (uM Trolox/g) (uM Trolox/g)
Ciriguela 296+ 0.9 55.0 2.1 6.25+0.04 15+0.24
Mangaba 96317 98.8 5.6 10.84 £ 0.13 527+0.34
Murici 11.8+0.0 1599 + 5.6 1573 + 0.01 6.46+ 0.31
Soursop 33+0.9 54.8 +27 6.09+0.13 136 + 0.01
Umbu 121+ 04 446 +2.7 1.07 £ 0.00 0.73+0.16

IMean value + standard deviation; n = 3.
AA: Ascorbic acid. ABTS: 2,2'-agino-bis(3-ethylbenzgthaazoline-6-sulphonic acid); DPPH: 1,1-diphenyl-2-

picryhydrazyl; FRAP: ferric reducing antioxidant power.

Table 4.
Total phenolics, Ascorbic acid content and antioxidant capacity of different fruits in fresh mass'.

These fruits also presented the highest levels of phenolic compounds. The antioxidant
activity of these fruits in decreasing order in both ABTS and DPPH methods was:
Murici > Mangaba > Ciriguela > Soursop > Umbu.

Bagetti [56] evaluated the antioxidant capacity of the pulp of purple and red
pitanga using DPPH and FRAP methods and found that purple pitanga presented the
highest antioxidant activity in both methods, as well as the highest content of total
phenolics and anthocyanins as shown in Table 5, while for the red pitanga, there was
no significant difference in antioxidant activity at the two stages of ripening.

Chaves [44] and Pacheco [46] analyzed the antioxidant activity by the DPPH
method and the total content of phenolics and ascorbic acid in the pulp of ripe
jenipapo. The antioxidant activity obtained was proportional of the phenolic content,
with Pacheco [46] obtaining the best results (Table 6).

Roesler [61] evaluated the antioxidant capacity of pequi fruits (peel and seed) and
araticum using the DPPH method. Pequi presented the highest antioxidant activity

Samples Anthocyanin Total phenolics FRAP (mM DPPH
(mg/100 g) (mg GAE/100 g) Trolox/100 g) (mM Trolox/100 g)

Purple 136+ 6 463+ 16 3106 3107

Red 69+3 210 +3 1403 14+01

Orange 25+1 1795 11+01 1.4+ 0.0

IMean value + standard deviation; n = 3.
DPPH: 1,1-diphenyl-2-picryhydrazyl; FRAP: ferric reducing antioxidant power.

Tables.
Total phenolics, Anthocyanin content and antioxidant capacity of purple and red pitanga fruits'.

Ascorbic acid (mg/100 g) Total phenolics (mg GAE/100 g) DPPH (% O.I) Reference
3333+ 0.05 1417 + 0.57 2911+ 321 Chaves [44]
225+ 693 176.3 + 3.84 702 +1.27 Pacheco [46]

Mean value + standard deviation; n = 3.
% O.I: Oxidation inhibition.

Table 6.
Total phenolics, Ascorbic acid content and antioxidant capacity of pulp of ripe jenipapo fruits'.
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and also the highest content of phenolic compounds with IC50 298.75 yg/mL and
2719 mg GAE/Kg of total phenolics.

Santos Filho [62] evaluated the antioxidant activity of bacaba pulp using three
different methods: ABTS, DPPH, and FRAP and found that bacaba presented good
antioxidant capacity in all methods evaluated, with values 85.31 4M Trolox/g in ABTS
method; 61.67 ymol Fe,SO,/g in the FRAP method and 226.4 g/g DPPH in the DPPH
method.

Khairiyah [39] evaluated the antioxidant activity of fresh fruit juice and commer-
cial fruit juice (plastic packaging) of red guava using ABTS methods and found that
both juices presented good antioxidant activity with IC50 values 39.87 and 19.00 ug/
mL, respectively.

Vieira [63] evaluated the antioxidant capacity of fresh and stored pulp for 15 days
at —18°C of tucuma fruits using the free radical scavenging method (DPPH) and
found that there was a loss in antioxidant activity in the frozen pulp after 15 days of
storage with an IC50 value of 320.40 ug/mL, while in fresh pulp, the IC50 value was
228.90 ug/mL.

Barreiros and co-workers [64] evaluated the antioxidant capacity of eight fruits
(abiu, biriba, cajd, caji-umbu, ciriguela, cubiu, soursop, and mangaba) using the
DPPH methods and found that soursop, mangaba, and ciriguela were the fruits
that presented the highest activities with ICsy values of 1.77, 2.00, and 2.35 mg/mL,
respectively, as well showed the most significant results of total phenolics 150.08,
144.00, and 123.84 mg/100 g. The antioxidant activity of the fruits in decreasing
order was: Soursop > Mangaba > Siriguela > Caja-umbu > Umbu > Cubiu > Abiu >
Biriba.

4., Final considerations

The large majority of authors correlates antioxidant capacity to the total phenolic
content. However, according to the results observed, the capacity of scavenging free
radicals is not directly correlated with the concentration of total phenolics. Phenolic
compounds are important contributors to antioxidant activity, but their chemical
composition is diverse, and their structure is an important factor in their effectiveness
as antioxidants. Substances such as vitamins C and E, in addition to carotenoids, also
have antioxidant activity and should be taken into consideration. On the other hand,
antioxidant capacity depends on the method used, since each method has a different
approach, which often makes comparison of results unfeasible. Some antioxidants
can donate hydrogen radical and scavenging free radicals, as exemplified in the DPPH
and ABTs method. Others can be oxidized first, protecting the molecules from being
oxidized, as exemplified in the $-carotene method. We also can measure the oxidation
potential as a measure of antioxidant capacity as in the FRAP method. Other methods
are based on chelate transition metals to prevent the Fenton reaction, absorption of
energy to deactivate singlet oxygen, and modulation membrane fluidity to prevent
the entry of free radicals.

Fruits are important sources of natural antioxidants that protect the body against
oxidative damage, as they contain good amounts of vitamins C and E, carotenoids
and phenolic compounds such as flavonoids, caffeic, ferulic and chlorogenic acids,
which are essential for the proper functioning of the body. It is known that eating
foods rich in these compounds can bring several health benefits, such as preventing
cardiovascular diseases, diabetes, cancer, and Alzheimer’s, among others. All fruits
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in this work showed antioxidant activity. Among them, camu-camu, acerola, and
acai stood out. It is noteworthy that some of these fruits are eaten only by the people
of north and northeast of Brazil, and its consumption should be encouraged in other
regions of the country.
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Chapter 9

Increasing Fruit Set and Yield of
Apple Trees Using Plant Growth
Regulators

José Luiz Petri and Caroline Esperanga

Abstract

One of the main factors for the abscission of flowers/fruits is lack of pollination
(fertilization); however, numerous other factors contribute to low effective fruitings,
such as environment, genetics, and orchard management. Some cultivars are more
likely to have a low fruit set than others, especially when an adverse factor occurs. The
spraying of growth regulators in flowering stages can increase the effective fruiting
in adverse conditions. A treatment with a low dose of growth regulators can improve
fruit set. After bloom, an initial increase in fruit set can be observed after treatment
with Thiadizuron (TDZ), Proexadiona calcica (Pca), and Aminoetoxyvinylglycine
(AVG). TDZ combined with PCa + AVG increases the fruit set of “Monalisa” apple
trees and does not cause alternate bearing, however, it reduces the average fruit mass.

Keywords: Malus domestica, climate variability, increase fruit size, growth regulators,
fruit set

1. Introduction

The flowering period, which defines the fruit set in the apple tree, is when pro-
ductivity is also defined. The biological process of flower formation in the apple trees
starts in the spring and continues until the next spring when the plants bloom and
bear fruit. Therefore, the fruits are developing at the same time as the flowers for
the next cycle. In general, apple plants produce many more flowers than necessary;
between 5 and 10% of fertilized flowers are enough for satisfactory commercial yield.
However, abundant flowering does not mean good productivity since there may be a
high percentage of flower or fruit abscission, which occurs from flowering to 4 weeks
after flowering. For the setting of the fruits, it is necessary to have enough compatible
pollen, an agent to transfer that pollen (mainly bees), the germination of the pollen,
the growth of the pollen tube through the style, the fertilization of the ovule, and the
formation of the seed.

Also, the relationship between vegetative growth, flowering, and fruit set is one
of the most complex processes. The quality of flower buds and the environmental
conditions before, during, and after flowering are also extremely important fac-
tors. Fruit set can be severely impaired by insufficient chilling during the winter,
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resulting in the asynchrony of the flowering period between cultivars [1], by
rains and frosts during the flowering period. Consequently, the grower needs to
explore all the possibilities that can contribute to a good fruit set, especially in
years of adverse pollination conditions or with low flowering intensity [2]. These
problems increase in mild winter conditions, mainly due to the great variability
in temperatures during the period of effective fruiting. Under these conditions,
flowering can occur along with vegetative growth, leading to competition for
carbohydrates.

Several theories are formulated to explain the abscission of flowers and small
fruits, such as the polar transport of auxins [3] and carbohydrate supplementation
[4]. The polar transport of auxins theory suggests that auxins produced by seeds
fertilized recently are transported outside the seed and, in the case of the apple tree,
along the stem of the fruit. The continuous supplementation of auxin along the
peduncle inhibits the activation of genes that induce the formation of the abscission
zone, setting the fruit [3]. The carbohydrate supplementation theory of the growing
fruit suggests that the growing fruit, after fertilization, requires continuous carbo-
hydrate supplementation, supplied by photosynthetic production [4, 5]. In case of
a carbohydrate deficit during this period, flowers/fruits fall. However, many other
factors are associated with inducing fruit abscission, such as the auxin and ethylene
interaction [6, 7]. In addition, the abscission process occurs together with an increase
in abscisic acid [8].

Excessive flowering is a common feature of modern apple production systems.
Orchards are planted with rootstocks that control the vigor of the plant in high-den-
sity systems, producing from 2000 to 2500 flowers, in addition to producing excessive
flowering in the axillary buds, such as the cultivar Gala, making commercial produc-
tion challenging, as 90% of flowers or fruits should be removed.

Among the environmental factors, the occurrence of negative temperatures dur-
ing the flowering period favors the abscission of flowers and fruits. During flower-
ing, the optimum temperature is 21-27°C; the temperature can also influence the
growth of the pollen tube and consequently the abscission of flowers. Temperature
variations can often explain why differences in the abscission of flowers and fruits
occur between different places and years. Sudden variations in temperatures can
cause stress and increase ethylene production even when temperatures do not
reach the freezing level. Rainy periods during flowering that affect bee activity can
also lower fruit set. The abscission of flowers and fruits varies between different
orchards with different climatic conditions in the same year and also different in
the same orchard in different years [9]. Conditions that vary between years and
locations include winds, temperature, nutrients, water, insolation, and disease
pressure [10].

Some cultivars are more likely to have a low fruit set than others, especially when
an adverse factor occurs. Heo et al. [11] classify apple genotypes into three groups:
those in which abscission does not occur, those in which abscission occurs after
30 days of flowering, and those in which only the central flower remains in abscis-
sion. In southern Brazil, problems of low fruit set are more frequent in “Monalisa”
and “Gala” than in “Fuji,” in which, under normal conditions, 5 fruits are maintained
by inflorescence.

The spraying of growth regulators in flowering stages can increase the effective
fruiting in adverse conditions. According to Amarante et al. [12] and Petri et al. [13],
in the last decades, several studies have demonstrated the effectiveness of using
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plant growth regulators to improve fruit set and fruit growth in temperate fruit

trees. Synthetic cytokinins are known to have a remarkable ability to stimulate
growth in tissue culture and, more recently, organs in the entire plant system

[14]. Petri et al. [15] also observed that the application of Tidiazuron (TDZ) and
Aminoetoxyvinylglycine (AVG) increases the fruit set in cultivars Monalisa and Gala.

2. Materials and methods

The experiments were carried out in southern Brazil, municipality of Cacador/
SC (latitude 26°82’S, longitude 50°99'W, altitude 960 meters), during the cycle
2016/2017-2019/2020 in the “Monalisa”/M9 and another experiment with cultivars
Gala/M9 and Monalisa/M9, in 2018/2019 and 2019/2020. The experimental design
used was randomized blocks with five replications, the experimental unit being
composed of one plant. The treatments and the application periods are shown in
Tables 1 and 2 and Figure 1.

Active ingredient Products Concentration Time of application
1. Control 0.0 mg/L —
2. Naftaleno acetico acid ANA TECNIC 15mg/L Full bloom (FB)
3. Benziladenina (BA) Maxcel 4000 mg/L FB
4. Ethefon Ethrel 240 1.50 ml/L FB
5. Thidiazuron (TDZ) + Dropp+ViViful+Retain 20 mg/ L + 400 mg/L L + FB
Proexadiona calcica (Pca) + 600 mg/L
Aminoetoxyvinylglycine
(AVG)
6. Giberelic 4cid +Benzil Promalin 50 mg/L FB +7 + 7 days
adenina (GA + BA)
7. ammonium thiosulfate ATS 1.500 mg/L FB
8. Thidiazuron (TDZ) DROPP 40 mg/L FB
9. Thidiazuron (TDZ) DROPP 60 mg/L FB
Table 1.
Treatments, products, concentration, and time of application in Monalisa apple tree.
Active ingredient Products Doses Time of application
1. Control 0.0 mg/L —
2. Amino toxivinilglicina (AVG) Retain®" 103.7 mg/L Between the phenological stage F2 and H
3. Amino toxivinilglicina Retain®” 207.5 mg/L Between the phenological stage F2 and H
4. Amino toxivinilglicina Retain®? 311.2 mg/L Between the phenological stage F2 and H
5. Amino toxivinilglicina Retain® 415.0 mg/L Between the phenological stage F2 and H
6. Amino toxivinilglicina Retain® 622.5mg/L Between the phenological stage F2 and H

Table 2.
Treatments, products, concentration, and time of application in Monalisa and Gala apple trees.
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8. Petal Fall

7. Bloom

Figure 1.
Phenological stages of apple; 1. Dormant; 2. Silver; 3. Green tip; 4. Half-inch green; 5. Tight cluster; 6. Pink;
7. Bloom; 8. Petal fall; 9. Fruit set.
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The following evaluations were carried out:

* Fruit set: the relationship between the number of floral clusters counted dur-
ing full bloom and the number of fruits, counted on a side branch previously
selected on each plant.

* Fruit yield per plant: when the harvest date is reached, the fruits of each plant
are harvested, and then the mass of the fruits per plant in kg.plant " and ha is
determined.

* Number of fruits per plant: the fruits harvested per plant were counted.

* Average fruit mass: obtained through the relationship between fruit production
per plant and the number of fruits harvested, expressed in g.fruit ™.

The red skin color of fruits, the degree of russeting on fruits, and the classification
of fruits by size.

The results obtained were subjected to analysis of variance, and the variables whose
results revealed significance at a 5% probability of error had the means compared by the
Scott-Knott test at 5% significance. Polynomial regression equations were also adjusted.

3. Results and discussion

The treatments TDZ 10 ppm + PCa 110 ppm + AVG 90 ppm, TDZ 20 ppm, and
TDZ 30 ppm increased the fruit set of “Monalisa” apple trees in the 2016/2017
and 2018/2019 cycles compared to the other treatments, and in 2016/2017, the
TDZ 30 ppm treatment showed the highest fruit set among all treatments, and in
2018/2019, there were no differences (Table 3 and Figure 2). TDZ is a phenylurea
that shows cytokinetic activity and is capable of increasing the fruit set of apple
trees, especially when applied in full bloom [16]. In 2017/2018, the treatments TDZ
10 ppm + PCa 110 ppm + AVG 90 ppm, TDZ 30 ppm, and BA 80 ppm showed
greater fruit sets compared to the others. In the following harvest, the ANA 15 ppm,
BA 80 ppm, ethephon 360 ppm, and (BA + AG) 28.2 ppm treatments reduced the
fruit set compared to the control and the other treatments. ANA, etefon, and BA are
growth regulators frequently used in the chemical thinning of fruit trees [17], and the
reduction of fruit set in their plants may be a result of the abscission caused by the
products; the purpose of using these products was to reduce the flowering intensity
for less competition for carbohydrates.

TDZ treatments reduced the return bloom of apple trees in the 2017/2018 cycle
(Table 3). The alternating productive behavior is a problem of many cultivars and
may have occurred due to the high fruit set of the plants in the previous harvest, as
it is a consequence of an excessive number of fruits in the plant. In the 2018/2019
harvest, there were no differences in return bloom between treatments.

In the 2016/2017 and 2018/2019 crops, TDZ treatments with 20 and 30 ppm
increased yield per plant compared to the other treatments (Table 4). In 2016/2017,
TDZ treatments of 10 ppm + PCa 110 ppm + AVG 90 ppm did not differ from TDZ
treatment alone, and, in 2018/2019, the treatment (BA + AG) of 28.2 ppm obtained a
lower yield than the others. In 2017/2018, the ANA 15 ppm and BA 80 ppm treatments

213



Fruit Crops Science — Ecophysiological and Horticultural Perspectives

Treatments Fruit set (%) Return bloom (%)
2016/17 2017/18 2018/19 2017/18 2018/19
1. Control 108 ¢ 12.0b 486b 972a 672"
2. ANA 15ml/L 43c 133b 174 c 973a 843
3.BA 400 mg/L 1ilc 36.2a 251c 972a 77.0
4. Etefon 1.5 ml/L 79¢ 75b 216¢ 95.8a 974
5.TDZ 20 mg/L + PCa 54.7b 233a 80.8a 855a 924
400 mg/L + AVG 600 mg/L
6. (BA + AG) 50 mg/L 6.6c 169b 19.2¢c 98.8a 88.1
7. ATS 1.500 mg/L 96¢ 12.2b 426b 949a 93.0
8.TDZ 40 mg/L 63.2b 111b 651a 633b 93.0
9.TDZ 60 mg/L 882a 209a 76.0a 413c 80.5
Mean 28.5 17.0 44.0 85.7 85.9
CV (%) 36.7 46.2 338 132 22.7

Means followed by the same letter in the columns do not differ by the Scott-Knott test at 5% probability. ns = not
significant (p > 0.05). *Fractional dose in 3 applications of 9.4 ppm.

Table 3.
Fruit set and return bloom of “Monalisa” apple trees depending on the application of growth regulators during
the PF stage, in three cycles.

Figure 2.
Effect of thidiazuron on the fruiting of apple Cv. Monalisa, left Thidiazuron 10 ppm, right control.

showed the highest yield per plant, and the others showed no differences. TDZ
applied in full bloom increases the productivity of apple trees [16]. However, the high
productivity of plants treated with TDZ in the 2016/2017 harvest induced greater
alternate bearing, verified by the higher IAP in these treatments (Table 4).

The treatments TDZ 10 ppm + PCa 110 ppm + AVG 90 ppm, TDZ 20 ppm, and
TDZ 30 ppm, which showed higher productivity in 2016/2017, reduced the average
fruit mass in this cycle by more than 15%. In 2017/2018, Etefon 360 ppm treatment
increased the average fruit mass by 14%. In the 2018/2019 harvest, TDZ 10 ppm + PCa
110 ppm + AVG 90 ppm treatment reduced the average fruit mass by 28%. TDZ
applied at full bloom can delay fruit ripening [16] and consequently its growth.
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Treatments Yield per plant (kg) PAI
2016/17 2017/18 2018/19
1. Control 113b 129b 182b 0.14b
2. ANA 15ml/L 14.0b 164a 196b 0.26b
3.BA 400 mg/L 14.1b 143a 151b 0.10b
4. Etefon 1.5 ml/L 8.7b 11.6b 17.0b 0.24b
5.TDZ 20 mg/L + PCa 400 mg/L + AVG 600 mg/L 161a 95b 163b 033b
6. (BA + AG) 50 mg/L 73b 114b 93¢ 0.25b
7. ATS 1.500 mg/L 116b 109b 176 b 0.24b
8.TDZ 40 mg/L 192a 91b 232a 0.45a
9. TDZ 60 mg/L 225a 63b 253a 0.63a
Mean 139 114 18.0 0.29
CV (%) 36.8 20.5 399 52.9

Means followed by the same letter in the columns do not differ by the Scott-Knott test at 5% probability. *Fractional
dose in 3 applications of 9.4 ppm.

Table 4.
Yield by plant and productive alternation index (PAI) in “Monalisa” apple trees as a function of the application
of growth vegulators during the PF stage, in three cycles.

Even with higher rates of alternative bearing, treatments with TDZ 20 and 30 ppm
showed higher accumulated productivity over the three cycles evaluated, not differ-
ing from the ANA treatment of 15 ppm, while the treatment (BA + AG) 28.2 ppm
showed the lowest accumulated productivity (Figure 3). The thinning caused by
BA + GA applications during the flowering and post-bloom periods may have reduced
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Figure 3.

Accumulated yield of “Monalisa” apples as a function of the application of growth regulators during the PF
stage, in three cycles. 1. Control; 2. ANA 15 mg/L; 3. BA 4.000 mg/L; 4. Etefon 1.50 ml/L; 5. TDZ 20 mg/L + PCa
400 mg/L + AVG 600 mg/L; 6. (BA + AG) 50 mg/L; 7. ATS 1.500 mg/L; 8. TDZ 40 mg/L; 9. TDZ 60 mg/L.
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apple productivity. ANA can increase fruit sets in several species when applied at full
bloom [18], ensuring good productivity.

The fruit set on Cv. Monalisa increased significantly with Retain treatments of
207.5, 415, and 622.5 mg/L, which represented an increase of 89.1, 85.7, and 133.9%,
respectively, compared to the control treatment. In Cvs., Gala and Daiane did not
show any significant differences, showing an upward trend because in the best
treatment, it was 575 and 371%, respectively, in comparison to the control treatment,
which demonstrates the effect of Retain in the increase of the effective fruiting of the
apple tree (Table 5 and Figure 4).

The yield per plant and number of fruits per plant in Cv. Monalisa, with the excep-
tion of Retain’s 207.5 mg/L treatment and all other treatments, were significantly
superior to the control treatment (Figure 5 and Table 6). At Cv. Gala, there were no

Treatments Fruit set (%)

Monalisa Gala
1. Control 20.3b 5.8™
2. Retain 103.7 mg/L (F2-H) 18.2b 18.8
3. Retain 207.5 mg/L (F2-H) 384a 13.5
4. Retain 311.2 mg/L (F2-H) 25.7b 22.7
5. Retain 415.0 mg/L (F2-H) 377a 20.8
6. Retain 622.5 mg/L (F2-H) 475a 334
Mean 313 19.2
CV (%) 243 511

Means followed by the same letter in the column do not differ from each other by the Scott-Knott test (P < 0.05).
* ns: not significant (P = 0.05).

Table 5.
Fruit set (%) of “Monalisa” and “Gala” apple trees subjected to different concentrations of Retain.
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Figure 4.

Effect of Retain doses on the fruit set of the Cv apple tree Cv. Monalisa.
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Figures.
Trend lines for yield (kg and fruits plant-1) of “Monalisa” apple trees, submitted to diffevent treatments to
increase fruit set, 2018/2019 cycle.

Treatments Yield Average fresh Estimated
Kgplant™ Fruits per plant™ fruit mass (g) productivity t/ha

1. Control 134b 131.0 b 103.3™ 335

2. Retain 103.7 mg/L (F2-H) 293a 300.8a 981 732

3. Retain 207.5 mg/L (F2-H) 164 b 179.8b 91.8 41.0

4. Retain 311.2 mg/L (F2-H) 275a 2782a 98.2 68.7

5. Retain 415.0 mg/L (F2-H) 344a 321.8a 109.1 86.0

6. Retain 622.5 mg/L (F2-H) 269a 2554a 108.0 67.2

Mean 24.6 244.5 1014

CV (%) 36.0 35.5 13.0

Means followed by the same letter in the column do not differ from each other by the Scott-Knott test (P < 0.05).
*ns: not significant (P = 0.05).

Table 6.

Yield (kg and fruits plant-1), number of fruits per plant, average fresh fruit mass, and estimated productivity
from “Monalisa” apple trees, submitted to different treatments to increase fruit set.

significant differences, but all Retain treatments were numerically superior to the
control treatment (Table 7). Regression analysis shows an increase in yield in both
cultivars with an increase in Retain dosage (Figure 3). In the Cv;, Gala the estimated
yield (ton/ha) varied from 29.9 to 40.1 t/ha in the different concentrations of Retain,
while the control treatment presented 20.8 t/ha. In the Cv. Monalisa, the estimated
yield (ton/ha) varied from 41.0 to 86.0 t/ha among Retain treatments, with 33.5 t/ha
in the control treatment (Table 6). The average fruit mass of the fruits did not present
significant differences for the cultivars Monalisa and Gala even in the treatment of
Retain with the highest productivity.

The classification of fruits in Cv. Monalisa showed significant differences. The per-
centage of fruits with larger caliber (+ 70 mm) in the control treatment and Retain,
415 and 622.5 mg/L, were superior to the other treatments, the same occurring in
the class of smaller caliber (—55 mm) but with the same treatments having a lower
percentage (Table 8 and Figure 6). At Cv. Gala, there were no significant differences
in the fruit size (Table 9). The russeting incidence did not present significant differ-
ences comparing cultivars Monalisa and Gala, which demonstrates that Retain applied
in the flowering does not cause russeting (Tables 10 and 11).
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Treatments Yield per plant Average Estimated productivity
Mass (kg) N° of fruits mass (g) (tha™

1. Control 8.3 ns 73.0 ns 115.0 ns 20.8 ns

2. Retain 103.7 mg/L (F2-H) 16.0 1374 116.9 401

3. Retain 207.5 mg/L (F2-H) 12.0 1074 111.9 299

4. Retain 311.2 mg/L (F2-H) 155 145.6 106.5 38.9

5. Retain 415.0 mg/L (F2-H) 14.3 124.6 1135 35.7

6. Retain 622.5 mg/L (F2-H) 159 155.8 102.7 39.8

Mean 13.7 124.0 1111 34.2

CV (%) 36.8 35.8 9.5 36.8

Means followed by the same letter in the column do not differ from each other by the Scott-Knott test (P < 0.05).
*ns: not significant (P = 0.05).

Table 7.

Yield (kg and fruits plant™), number of fruits per plant, average fresh fruit mass, and estimated productivity
from “Gala” apple trees, submitted to different treatments to increase fruit set.

Treatments Caliber (%)
>70 mm 65 mm <55mm

1. Control 15.0a 46.2% 388b
2. Retain 103.7 mg/L (F2-H) 59b 447 493 a
3. Retain 207.5 mg/L (F2-H) 23b 355 62.2a
4. Retain 311.2 mg/L (F2-H) 6.7b 45.7 476 a
5. Retain 415.0 mg/L (F2-H) 93a 52.0 38.7b
6. Retain 622.5 mg/L (F2-H) 121a 55.1 32.8b
Mean 8.5 46.5 449
CV (%) 675 24.6 26.6

Means followed by the same letter in the column do not differ from each other by the Scott-Knott test (P < 0.05).
*ns: not significant (P = 0.05).

Table 8.

Caliber of fruits (%) (> 70 mm, 65 mm, and < 55 mm) from “Monalisa” apple trees, submitted to different
treatments to increase fruit set.
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Figure 6.

Trend lines for fruit distribution in categories of fruit caliber and color (%), of “Monalisa” apple trees, submitted
to different treatments to increase fruit set, 2018/2019 cycle.
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Treatments Caliber (%)
55mm 50-80 mm +70 mm

1. Control 279 ns 399 ns 321ns
2. Retain 103.7 mg/L (F2-H) 20.5 499 296

3. Retain 2075 mg/L (F2-H) 258 40.8 334
4. Retain 311.2 mg/L (F2-H) 22 55.6 221

5. Retain 415.0 mg/L (F2-H) 269 54.6 185

6. Retain 622.5 mg/L (F2-H) 311 48.8 20.2
Mean 25.8 483 26.0
CV (%) 14.3 13.7 25.0

Means followed by the same letter in the column do not differ from each other by the Scott-Knott test (P < 0.05).
* ns: not significant (P > 0.05).

Tableg.
Caliber of fruits (%) (> 70 mm, 65 mm, and < 55 mm) from “Gala” apple trees, submitted to different
treatments to increase fruit set.

Treatments Severity classes of “russeting”
1 2 3 4

1. Control 51.0 18.0 28.2 2.8
2. Retain 103.7 mg/L (F2-H) 55.1 19.5 229 2.5
3. Retain 207.5 mg/L (F2-H) 47.8 235 232 56
4. Retain 311.2 mg/L (F2-H) 50.5 196 26.9 3.0
5. Retain 415.0 mg/L (F2-H) 46.9 193 26.8 7.0
6. Retain 622.5 mg/L (F2-H) 472 18.1 294 54
Mean 49.7 19.7 26.2 44
CV (%) 16.0 25.5 204 932

Means followed by the same letter in the column do not differ from each other by the Scott-Knott test (P < 0.05).
*ns: not significant (P = 0.05).

Table 10.
Severity classes of russeting (1, 2, 3, and 4) of fruits from “Monalisa” apple trees, subjected to different treatments
to increase fruit set, 2018/2019 harvest.

The red color of the fruits did not show significant differences in Cv. Gala.
In Cv. Monalisa, in the class of higher coloration, only Retain’s treatment with
103.7 mg/L ha showed a lower percentage of fruits in comparison to the other treat-
ments. In the class of lower coloration, Retain’s treatment presented a higher per-
centage, 207.5 mg/L (Tables 12 and 13 and Figure 6). These results show that Retain
applied in the flowering period does not interfere with the color of the fruits of Cvs.
Gala and Monalisa.

The analysis of the set of variables showed that Retain had a strong effect in
increasing the effective fruiting of the apple trees Gala, Monalisa, and Daiane, with
a consequent increase in productivity, but did not influence the other variables that
may interfere with the quality of the fruit (Table 14).
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Treatments Severity classes of “russeting” (%)
0 1 2 3

1. Control 21.5ns 24.5ns 30.2ns 238 ns
2. Retain 103.7 mg/L (F2-H) 13.3 28.3 36.1 224
3. Retain 207.5 mg/L (F2-H) 19.6 344 292 16.8
4. Retain 311.2 mg/L (F2-H) 20.6 234 334 226
5. Retain 415.0 mg/L (F2-H) 16.6 271 34.0 223
6. Retain 622.5 mg/L (F2-H) 174 25.8 327 24.0
Mean 18.2 272 326 22.0
CV (%) 23.0 17.2 134 221

Means followed by the same letter in the column do not differ from each other by the Scott-Knott test (P < 0.05).
*ns: not significant (P = 0.05).

Table 11.
Severity classes of russeting (1, 2, 3, and 4) of fruits from “Gala” apple trees, submitted to different treatments to
increase effective fruiting, 2018/2019 harvest.

Treatments Red color of fruits (%)

>80 50-80 <50
1. Control 394 a 424 ns 18.2b
2. Retain 103.7 mg/L (F2-H) 286a 50.6 20.8b
3. Retain 207.5 mg/L (F2-H) 15.7b 51.8 326a
4. Retain 311.2 mg/L (F2-H) 26.1a 55.1 18.7b
5. Retain 415.0 mg/L (F2-H) 252a 50.3 246b
6. Retain 622.5 mg/L (F2-H) 289a 50.2 209b
Mean 273 50.1 226
CV (%) 309 17.0 292

Means followed by the same letter in the column do not differ from each other by the Scott-Knott test (P < 0.05).
*ns: not significant (P = 0.05).

Table 12.
Red color of fruits (%) (> 80; 50—80; <50) of fruits from “Monalisa” apple trees, submitted to different treatments
to increase fruit set, 2018/2019 harvest.

Treatments Red color of fruits (%)

>80% 50-80% <50%
1. Control 40.2ns 40.0 ns 19.8 ns
2. Retain 103.7 mg/L (F2-H) 39.8 494 109
3. Retain 207.5 mg/L (F2-H) 39.9 425 176
4. Retain 311.2 mg/L (F2-H) 26.1 56.5 174
5. Retain 415.0 mg/L (F2-H) 27.0 48.0 25.0
6. Retain 622.5 mg/L (F2-H) 35.0 458 19.2
Mean 34.7 47.0 18.3
CV (%) 21.0 20.6 222

Means followed by the same letter in the column do not differ from each other by the Scott-Knott test (P < 0.05).
*ns: not significant (P = 0.05).

Table 13.
Red color of fruits from “Gala” apple trees submitted to different treatments to increase fruit set, 2018/2019 harvest.
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4, Conclusion

TDZ increases the fruit set and productivity of “Monalisa” apple trees when
applied in full bloom; however, it reduces return bloom and induces greater alternate
bearing.

Applied in full bloom, ANA increases the productivity of “Monalisa” apple trees,
while BA + GA reduces it.

TDZ combined with PCa + AVG increases the fruit set of “Monalisa” apple trees,
and does not cause alternate bearing; however, it reduces the average fruit mass.
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Chapter 10

Current Challenges of Strawberry
Production in Spain

José Angel Mercado-Hornos and Sara Posé

Abstract

Strawberry production in Spain is especially exposed to hotter summers and
warmer autumns as part of climate change. In addition, most strawberry crop areas
share water resources at the basin level with Guadalquivir marshes, a wetland of inter-
national importance, including the Dofiana National Park, which is also threatened
by along drought period and the extensive use of its resources. Additionally, stricter
regulations and consumer demands for eco-friendly and high-quality products are
additional challenges for the sector. This scenario entails a serious risk for the future
of strawberry production in the region and claims for the obtention of new varieties
more resistant to abiotic stress, including extreme temperatures and water deficit. In
response to this, current breeding programmes are pursuing “rustic” varieties defined
by greater resilience to abiotic stress in general and less water demand in particular.
This chapter will sum up the particular features of the cultivation of strawberries
in Spain, as an example of a highly profitable fruit crop, evaluating impacts and
challenges at the global and local levels. Finally, biotechnological approaches will
be discussed as alternatives to fulfilling more sustainable strawberry production in
Spain, as well as other producing countries worldwide.

Keywords: strawberry, production, climate change, water stress, sustainability,
resilience, biotechnology

1. Introduction

Strawberry is a highly appreciated fruit for its flavour, fragrant aroma and health
benefits [1], with a wide distribution in tropical, subtropical and temperate areas. The
economic value of this crop, based on gross yield per hectare, is among the highest of
all agricultural products. As a result, this seasonal fruit is a globally important crop,
with production increasing steadily from 0.75 Mt (million tonnes) in 1965 to more
than 9 Mt in 2021 [2], as shown during the last period from 2011 to 2021 (Figure 1).

Strawberry is a crop of great economic importance for Spain, being the sixth
largest producer, only behind China, the USA, Turkey, Mexico and Egypt. In Spain,
around 320,000 tonnes were produced on a cropping area of more than 7200 hectares
in the last season of 2023/2024, and both values have remained stable over the last
20 years [3].
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Figure 1.

World strawberry production in the period between 2010 and 2023. The crop area in hectares (ha) is shown with
a blue line, and fruit production in tonnes is shown with a red line [2].

Almost the entire Spanish strawberry production comes from Andalusia, with the
largest area devoted to strawberry production in Huelva province (SW Spain). During
the 2021-2022 harvest season, Andalusia produced 97.3% of the Spanish strawberries
and almost 30% of the strawberries in Europe (EU-27). This makes Spain the lead-
ing European producer (exporter) of strawberries, with an export value of around
587,000 euros in 2021/2022, with Germany, France and the United Kingdom among
their main markets [4].

Strawberry production in Huelva began in the 1960s of the last century, thanks
to the innovative initiative of founders such as Antonio Medina, whose farm ‘Las
Madres’ served as a learning nucleus for other pioneers to become entrepreneurs
in the cultivation and marketing of strawberries [5]. A few years later, in the
1980s-1990s, this crop began to expand nationally and internationally, with a pro-
duction peak in the 1999/2000 season exceeding 8500 ha. Since then, the Spanish
cropping area has stabilised at around 7000 ha at present and has been concentrated
in Huelva. The latest data showed an estimated value of 407.83 million euros for the
Huelva strawberry production, representing 3.5% of the vegetable production and
2.9% of Andalusia’s agricultural production [6].

Strawberry is a seasonal crop, with its maximum production between March and
April, localised in Huelva. From May onwards, Spanish strawberry production drops
drastically because of the high temperatures in Andalusia, affecting the quality of the
fruit and the competition from other Central European countries where the harvest
season starts in May. Despite the good results of recent harvests, strawberry cultiva-
tion in Spain is under pressure due to the competition with other producing countries
at certain times of the year. In fact, in the latest data published [3], there was a
generalised drop in exports to our main destinations at the Intra-EU level compared
t02021/2022, such as Italy or Germany, with the Netherlands being the only market
that increased. Extra-EU markets also recorded lower figures compared to the previ-
ous season, in particular, due to the anomalous behaviour of the United Kingdom as
aresult of BREXIT. In spite of this, the unit value (prices €/kg) of the Spanish straw-
berry increased in the 2021/2022 harvest, especially in Germany (+18.5%) and in the
United Kingdom (+10.6%), which shows the competitiveness and relevance of this
crop for Spain.

The advantages of Huelva for strawberry cultivation are based on its geographical
location in the south of Spain, which determines the soil and climate conditions, as
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well as the availability of good-quality water, which has led to a large expansion of
this crop. The core of strawberry production and intensive horticulture in Huelva

is located in the coastal area, which extends between the rivers Guadalquivir and
Guadiana, with a length of more than 100 km. The province has a continental
Mediterranean climate with Atlantic influences, classified as warm temperate, more
continental towards the north areas and with maritime influences on the coast. The
average annual temperature is 18.2°C, with monthly averages varying between 25.8°C
for the warmest month and 11°C for the coldest. Minimum temperatures exception-
ally fall below 0°C, which means that there is an almost total absence of frost. Huelva
has more than 3000 hours of sunshine per year, which makes it the Spanish peninsu-
lar province with the highest annual sunshine index, together with Almerfa. Rainfall,
although highly variable from year to year, can be estimated at between 500 and

700 mm per year, with an average of 525 mm in the period 1984-2010 [7].

1.1 Types of strawberry cultivation systems

Strawberry cultivation in Huelva has also been accompanied by a high level of
technical expertise and management, with well-organised distribution structures and
commercial dynamism, which have made strawberries a profitable crop for the prov-
ince. In its beginnings during the 1960s, the development of this crop led to the take-
off of a very economically depressed region. Today, its cultivation is highly technical,
although it is still very labour-intensive. Currently, the cultivation systems adopted
by farmers fall into three categories: conventional, organic (biological or ecological)
and integrated [8-11]. The most relevant factors that distinguish these three systems
are the use of agrochemicals (mineral fertilisers and pesticides), the implementation
of organic matter as a source of nutrients and the impact on the environment of the
cultivation practices employed.

The conventional system’s main objective is to obtain the highest yield through
the extensive use of chemical fertilisers, pesticides and intensive tillage practices to
ensure the highest possible production [10]. In contrast, the organic farming system
focuses on respect for the environment and is governed by the sustainability of the
entire production system (use of organic materials and sustainability of the entire
farming system, called agroecosystem) through the implementation of practices such
as direct seeding (cultivation without ploughing to avoid disturbing the soil), crop
rotation, the use of organic materials (e.g., compost) as a source of nutrients and soil
amendment and biological methods for pest and disease control [8-11]. Finally, the
integrated system is a compromise between the two cultivation practices described
above, as it is based on both mineral and organic nutrient sources, as well as limited
use of pesticides, fertilisers and water, which are implemented thanks to integrated
management guidelines [12] based on previous knowledge. Integrated systems aim to
achieve high production yields with good-quality products and generate the minimum
amount of pesticide and agrochemical residues. Thus, the integrated farming system
combines the structural elements of conventional farming, together with a more bal-
anced and sustainable use of pesticides and fertilisers, minimum tillage practices and
organic farming fundamentals (soil, ecosystem and human health), resulting in crops
that are productive and more environmentally sustainable [9, 11].

The majority of strawberry production at Huelva (almost 80% of its surface area)
follows a conventional and integrated production system, with a smaller percentage
of production based on soilless cultivation (hydroponic) and barely 4% dedicated
to organic production [6], thanks to the development and innovation that the sector
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invests in this crop, which has resulted in a very profitable crop with low environmen-
tal impact. As we have indicated, the most widespread is the conventional integrated
system, which is governed according to the legal obligations established in Spain (RD
1311/2012, 14 September, BOE-A-2012-11605), which include microclimatic adapta-
tion using land that is structured in raised beds under tunnels, intensive cultivation in
an annual cycle that starts with fresh plants from the nursery, and short-day varieties,
as described later.

1.2 Annual cycle of intensive cultivation

Most of the strawberry crops in Spain are based on the use of new, fresh plants,
mainly short-day varieties, following an annual cycle divided into two main stages:
first, the production and propagation of new plants in high-altitude (800-1000 m)
nurseries (north central Spain) and second, transplantation to the fruit production
areas in southwest Spain. Strawberry plants are renewed every cropping season,
beginning their vegetative development and propagation in high-altitude nurser-
ies between April and October, where they accumulate the appropriate cold hours,
known as vernalisation or ‘winter requirements’, which are crucial to induce flowering
and promote a stronger development of plants. Nurseries, mainly located in Segovia
(46%) and Avila (42%) (Castilla Le6n, NW Spain), produce the fresh plants, and at
the beginning of autumn, the strawberry plants are transplanted from the northern
nurseries to the fields of Huelva (SW Spain) to complete the fructification period
between October and June [13].

There are 35 strawberry nurseries in Castillay Leén (NW Spain), with a surface
area of more than 1500 ha and a production of more than 900 million plants in 2023,
according to data from the Castilla y Le6n Regional Ministry of Agriculture, Livestock
and Rural Development (Figure 2A). This sector generates around 120 to 130 million
euros for the rural areas of the region and employs around 4500 people, both directly
and indirectly. Most of the plants produced are sold in Huelva but also in other agro-
environments with mild winters and sunny springs, including Greece, Italy, Portugal,

A Cultivation of mother plants !—. e

in high-altitude nurseries L o

Fruit growing in Huelva

Figure 2.

Angnual cycle of strawberry production in Spain. (A) Geographical distribution of strawberry cultivation

in Spain begins with the production of mother plants in nurseries in northwestern regions of Castillay Ledn
(marked in ved) and the transfer of plants to the southwest region at Huelva (marked in yellow) for the fruit
production stage. First stages at high-altitude nurseries: (B) Soil preparation at the beginning of the cycle; (C)
nurseries with mother plants starting to set new stolons and seedlings; (D) final phase of nurseries with uprooting
the plants between September and October. The second stage of fruit production takes place in Huelva with fresh
plants rooted over raised beds of sandy soil covered by plastic mulches and protected under systems of macro-
tunnels (E) and micro-tunnels (F). (G) Images of fruiting strawberry plants on top of raised beds covered by
black plastic mulch, under macro-tunnels. Sources: [14-17].
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Morocco, Algeria, Brazil and Tunisia, making Castilla y Leén the European leader in
the production of mother plants of strawberries and Spain the second country after
the US in the world ranking.

Planting in the high-altitude nurseries is carried out mechanised between April
and May, using between 12,000 and 24,000 mother plants/ha, which until then
have been kept in cold stores on previously disinfected soil (Figure 2B). Irrigation is
started immediately to encourage rooting and is increased as the plant develops until
maximum watering is achieved during July and August. During their development in
these nurseries, the plants require many phytosanitary controls to prevent and treat
diseases, nutritional deficiencies and weed growth. In addition, emerging flowers and
dry leaves are removed manually to keep them free of decaying material that favours
the appearance of diseases and pests. The production of daughter plants by stolons
started with the long-day photoperiod at the beginning of summer (June) until they
reach their maximum vegetative development in September (Figure 2C). By mid-
October and early November, each mother plant gives rise to 15-30 daughter plants
per stolon, physiologically mature and suitable for uprooting and planting in the
fruiting fields of Huelva. Harvesting of the plants is mechanised (Figure 2D), with
yields ranging between 650,000 and 700,000 commercial plants/ha.

As described above, the strawberry is a plant with complex handling and cultiva-
tion needs, and Castilla y Leén offers the best agro-climatic conditions for the devel-
opment of mother plants. For the mother plants to achieve the desired physiological
maturity and stolonate, the daughter plants need to accumulate certain hours of cold,
known as vernalisation, to be taken to a different southern production area where
they will be planted and bear fruit. This is achieved with temperatures below 7°C. The
climate of the region meets the temperature and light requirements that the straw-
berry plant needs, as it is located between the 40° and 42° N parallels. Regarding the
photoperiod, at the end of summer, there is a reduction in the hours of light, which
induces their propagation by stolons [18]. Thus, low temperatures contribute to the
first induction of flower buds and an earlier and more concentrated fruit set, so that
in autumn planting in Huelva (September-October), the fruit harvest is early and
more competitive in the export market [19]. In high-altitude nurseries, many tasks
are carried out until the plants are uprooted in the nursery and transferred to Huelva
(e.g., the development of the mother plant, the thinning of flowering, the pricking
out of stolons and daughter plants, etc.). Each mother plant propagated by stolons
produces 15-30 daughter plants.

The current challenge for high-altitude nurseries, as producers of mother plants,
is to maintain the phytosanitary level of their plants due to the implementation
of the Montreal Protocol on Ozone Depleting Substances in 1989, where many
countries worldwide agreed on several control actions, including a reduction in
the release of halogenated substances to mitigate global warming effects. Shortly
after, the withdrawal of methyl bromide (MB) as a halogenated pesticide for soil
disinfection (Reg. (EC) 1272/2008) led to a decline in yields in the strawberry sector,
which was forced to increase cultivated area and plant higher densities to maintain
productivity. Pesticide alternatives to methyl bromide, including 1,3-dichloropro-
pene (1,3-D), chloropicrin (CP), dazomet (DAZ) and metam sodium (MS), were the
main solutions to replace 100% of MB in strawberry crops since 2005 [19]. But the
recent withdrawal of 1,3D and CP in 2022 (Reg. (EU) 2022/751), included in the list
of chemical substances and their legal status at the ‘EU pesticides database’ (https://
ec.europa.eu/food/plant/pesticides/eu-pesticides-database/start/screen/active-
substances), imposes a new challenge to the sector in order to find treatments and/
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or technologies that effectively replace them to guarantee their survival. At present,
soil disinfection is essential to maintain the production levels of strawberry nurseries
in Spain, by far the most important in Europe and the Mediterranean basin, with
high levels of export of plants of high sanitary quality. The production of strawberry
nursery plants is under strict EU and Spanish regulations on certification and control
of nursery plants, where the requirements to obtain the phytosanitary certificate

of the marketed plant include a very low tolerable percentage of infected plants,
between 0.5% and 1%, depending on the pathogenic organism. The plant protection
system is currently insufficient, and the sector is working to find effective alterna-
tives for soil fumigation [20].

Once the new plants arrive in Huelva, one of their peculiarities is that they are cul-
tivated on soil structured in mulched raised beds and protected under plastic micro
or macro-tunnels (Figure 2E-G). Cultivation under tunnels offers protection against
heavy rain and cold and creates a microclimate that favours early production in winter
and its maintenance until spring [15, 21]. On the other hand, mulching with opaque
plastic sheeting of the raised beds in autumn, just before planting new fresh plants,
ensures a good winter survival percentage and optimal yield because it contributes to
regulating soil temperature, preserving moisture by restricting evaporation losses,
suppressing weed growth (being black/opaque), reducing the number of rotten fruits
and increasing nutrient uptake and efficient water use [22, 23].

Strawberry roots develop better with soil temperatures above 12°C. Taking into
account that soil temperature depends on its conductivity and thermal capacity,
mulch of raised beds contributes to maintaining humidity in an optimal range for the
development of the root system. Therefore, mulching is essential for the crop because
it increases vegetative growth, plant flowering, yield and fruit quality [15, 24, 25].

Controlled irrigation management with fertirrigation systems is widespread in
the strawberry crop yields in Huelva. In a large part of the province, strawberries
are irrigated with very low salinity water and are grown in sandy soils with 90-95%
sand, poor in organic matter (0.5%), low electrical conductivity (less than 0.8 dS/m),
and therefore with low water and nutrient retention capacity. Therefore, although
strawberries are irrigated with high frequency, the volumes of water applied can cause
nutrients to be washed out due to the low retention capacity of the soils, so that, to
a certain extent, strawberry cultivation in Huelva can almost be considered a ‘soil
hydroponic crop’ Therefore, it is considered a fertigated crop in which fertilisers are
applied through the irrigation water, which allows the dosage control of the different
nutrients to be adapted to the requirements of the crop during their different develop-
mental stages [26], as is done in hydroponic cultivation.

The description of this conventional and integrated production system involves
various techniques (high-altitude nurseries, short-day varieties, tunnels, mulched
raised beds, sandy soils, fertirrigation...), showing the unique ways in which straw-
berries are cultivated in the most important area on the European continent. This
conventional system is carried out in a continuous model year after year, with hardly
any rotation with other crops, beginning in June-July with the removal of the remains
of the previous crop and the preparation of the soil for a new crop, while the propaga-
tion, vegetative growth and first flower bud induction of the new plants takes place
in high-altitude nurseries. Subsequently, planting in Huelva takes place between
September and October to start production in November-December, which is main-
tained thanks to mulching and tunnels throughout the winter, to end the annual cycle
in spring with the last harvests of the campaign, which usually coincides with the first
week of June [13, 21].
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1.3 Strawberry commercial cultivars in Spain

Most of the strawberry commercial varieties, also known as cultivars, grown in
Huelva are short-day varieties, which require photoperiods of less than 14-15 hours
of light to induce the development of their flower buds, with a facultative type of
flowering, so that regardless of the short-day photoperiod, low temperatures (ver-
nalisation) also induce the formation of flower buds. Thus, the inducing effect of the
short-day photoperiod is optimal at 18-20°C, and flowering decreases progressively
when temperatures are below 12°C and above 21°C [27, 28]. These short-day varieties
are well suited for the mild winters of Huelva, but there are also some moderate or
remontant day-neutral varieties, which have little need for cold in the greenhouse and
are very early fruit producers, which makes them perfect complementary varieties
capable of adapting to the markets of short-day varieties, as in the case of Huelva.
Although Spanish strawberry cultivation in its first decades was dominated by a single
main variety that covered more than 80-90% of the area, served by varieties coming
from the breeding programmes of the University of California (cv ‘Chandler’ and
‘Camarosa’) and the University of Florida (cv ‘Florida Fortuna’) (Figure 3), cultiva-
tion has become more professional in Spain, and nowadays it has gone from 1 or 2
main varieties in the first decades to the 11 different varieties in the harvest season
22/23, which together represent more than 75% of the cultivated area. It should also
be noted that breeding programmes have increased enormously, and today there are
many varieties on the market obtained by Spanish companies or consortiums such as
Fresas Nuevos Materiales (FNM) with ‘Rociera’ or ‘Marisma’ varieties or Masid Ciscar
with ‘Palmerita’ or ‘Leticia’ varieties (Figure 3) [29].

Specifically, the varietal composition of the 2022/2023 season is the most diverse,
with 6 main varieties representing more than 50% of the total and another 16 variet-
ies of low representativeness (between 5% and 1%) including many new varieties

‘Chandler’ ‘Camarosa’

‘Florida Fortuna’ ‘San Andreas’
e -

Figure 3.

Cfmmercial varieties cultivated in Huelva, including some of the classical cultivays: ‘Chandler’, ‘Camarosa’ or
‘San Andreas’ from the University of California and ‘Flovida Fortuna’ from the University of Florida; and more
recent cultivars considered “rustic”: ‘Rociera’ and ‘Marisma’ from Fresas Nuevos Materiales (FMN), ‘Palmerita’
from Masid Ciscar, or ‘Red Sayra’ from Planasa. Strawberry plants shown here are part of the “Fragaria

Germplasm Bank” located at the IFAPA centre in Mdlaga, Spain (Photographs by Sara Posé).
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in their first season, such as Planasa’s latest variety (cv ‘Red Sayra’) (Figure 3), in
addition to 7% made up of varieties with less than 1% representativeness. There is an
increasing number of breeding companies interested in developing varieties adapted
to Huelva, with up to 15 different breeders in the 2022-2023 harvest (e.g., University
of Florida, Fresas Nuevos Materiales S.A., Masia Ciscar S.A. and Fresh Forward Inc.),
as is the fact that each of them is participating with a greater number of varieties
registered or in the process of registration [29]. In terms of photoperiod, at least 17 of
the 22 representative varieties in the 22/23 season were short-day, except for the ‘San
Andreas’ variety from the University of California as the only one being day-neutral
(Figure 3). Despite the release of new varieties from breeding programmes, classic
varieties such as ‘Florida Fortuna’ are still being cultivated in Huelva in the current
2024/2025 season, with excellent yields.

2. Climate change as a global context

Today, climate change has become the most urgent global environmental prob-
lem as the concentration of greenhouse gases (GHGs) in the atmosphere increases.
According to the 6th Assessment Report (AR6) of the Intergovernmental Panel
on Climate Change (IPCC) [30], human activities, mainly due to emissions of
GHGs, have unequivocally caused global warming, with global surface temperature
increasing in just 10 years (2011-2020) by 1.1°C more than in the period 1850-1900.
Depending on decisions and actions taken in the short term, future generations will
face a world that will be warmer, but to a different degree.

According to the latest IPCC report [30], continued increases in emissions will
further affect the main drivers of the climate system (temperature, precipitation, and
soil moisture), and with each additional increase in global warming, extreme weather
events will become more common. Global warming is projected to further alter the
global water cycle, including its variability, global monsoon precipitation, wet or dry
seasons and extreme weather events. With further warming, forecasts indicate that all
regions will experience more frequent simultaneous changes in climatic factors, such
as compound heatwaves and drought events. Moreover, Mediterranean countries are
predicted to be especially affected by water stress in the future (Figure 4).

Global net anthropogenic GHG emissions in 2020 have been estimated to be
12% higher than in 2010 and 54% higher than in 1990 [30]. It is notable to note that
historically, CO, emissions contributions vary substantially between regions in terms
of total magnitude. While the top 10% of households with the highest per capita
emissions contribute 34-45% of global consumption-based GHG emissions, the
bottom 50% of countries contribute only 13-15%. Today, human-induced climate
change is already affecting many extreme weather and climate events in all regions
of the world, but the most vulnerable communities in the least developed countries,
which have contributed the least to climate change, are disproportionately affected.
The effects of climate change are therefore projected to increase the severity of its
impact on natural and human systems in the future and to further accentuate regional
differences [30].

2.1Impact of agriculture on climate change: Options for improvement

In 2019, approximately 22% of global GHG emissions came from agriculture,
forestry and other land use [30]. In turn, economic losses from climate change have
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Water Stress

Low Low-medium Modium-high High Extremely-high
©1) 1-2) 23) (34) @-5)

I No data

Figure 4.

Prediction of water stress risk in a scenario of business as usual’ with temperatures increasing by 2.8—4.6°C by
2100. Meditervanean countries, where strawberry production has great importance, are predicted to be especially
affected by water stress [31].

been detected in climate-exposed sectors such as agriculture, whereby climate change
has reduced food security and affected water security, hampering efforts to achieve
the Sustainable Development Goals. Although global agricultural productivity has
increased, climate change has slowed this growth over the past 50 years worldwide,
with related negative effects mainly in mid- and low-latitude regions, although posi-
tive in some high-latitude regions. Currently, almost half of the world’s population
suffers from severe water scarcity for at least part of the year due to a combination of
climatic and non-climatic factors. Figure 5 shows the uneven effect of climate change

% Yield losses % Yield gains

+10  +15 +20 +25 +30

1.6 - 2.4°C 3.3-4.8°C 3.9-6.0°C

Figure 5.

Im%ﬂl:zct of climate change on global food production in different regions, taking as an example its effect on changes
in % maize production (purple colours for losses and green colours for increases; areas with oblique stripes show
areas with discordant data according to different models). Regional impacts are projected under three possible
temperature increase scenavios, veflecting biophysical responses to changes in temperature, precipitation, solar
radiation, humidity, wind, CO, increase and water scarcity in curvent cropping areas. The models assume that
irrigated areas have no water scarcity. These models do not include the effects of diseases, pests, agro-technological
developments and some extreme weather responses (modified from Ref. [30] ).
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on global food production, and it can be seen how the predictions for Spain show
losses in production, taking maize as an example, which becomes more pronounced
the greater the projected increase in global temperature.

Although the adverse impact of human-induced changes intensifies water scarcity
and reduces food production, there is still some margin to try to reverse the negative
effects, so all actions taken during this decade will have an impact not only now, but
in the long term [30]. Although public opinion and political discussions often focus
on the negative contributions of agriculture to global warming, agriculture also offers
great potential for tackling climate change that is not possible in other systems or
industries. One example is the ability of agriculture to sequester atmospheric carbon
and act as a sink that stably stores CO, [32]. But for this to happen, development mod-
els must be applied that are resilient to climate change, that integrate both adaptation
and mitigation measures, that ensure sustainable development based on international
cooperation, whose policies make an economic effort commensurate with the prob-
lem, taking into account the most vulnerable regions, sectors and groups.

2.2 Climate change implications for agriculture: Food and water security

Food and water security implies that nutritious food and clean water are available
regularly and accessible in sufficient quantities to enable them to lead a healthy and
active life [33]. Climate change affects many food system processes directly and
indirectly [34], but the primary effect is often associated with decreases in crop
production, putting food security at risk (Figure 5).

Plants use environmental cues to regulate their growth, and their life cycles are
seasonal [35]; therefore, climatic changes can have a large effect on many aspects
of plant growth and development. Evidence from many crops (maize, raspberry,
blackberry, strawberry, melon, tomato, potato, apple,...) shows how warm tempera-
tures accelerate reproductive development, especially with less effect on vegetative
development (leaf area, biomass, ...) [28, 36, 37]. Among the seasonally controlled
developmental processes, known as phenological development, are the regulation of
dormancy, pollination, flowering, and thus crop production, which are particularly
sensitive to these changes. But the increase in temperature will not only affect produc-
tion but will also negatively affect fruit quality by altering organoleptic characteristics
such as size, colour, chemical composition or firmness [37].

Effects from global temperature rise, known as global warming, will be exac-
erbated when coupled with alterations in water availability (through deficiency or
excess) due to climate change. Thus, it is crucial to understand the interaction of both
variables, temperature and water, in plant development in order to investigate new
biotechnological alternatives that produce resilient crops capable of facing the impact
of extreme events associated with climate change [28], since forecasts point to an
increase in the frequency of extreme weather events, aggravated by heat waves and
droughts.

The IPCC’s AR6 [30] showed a warmer and wetter climate in the future, but those
changes will vary across geographic regions (Figure 5). For example, models indicate
that temperature and precipitation will rise more in higher latitudes (e.g., northern
Europe), while the Mediterranean region could become more arid due to recurrent
periods of heat waves and drought, which would have a direct impact on several major
strawberry-producing countries, including Turkey, Egypt, Spain, Morocco and Italy.
It is therefore important to take into account the water resource in this crop, because
many models do not include it in irrigated crops such as strawberries. Strawberry
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production in the Mediterranean countries is already under pressure due to water
scarcity for irrigation, and climate change is predicted to worsen the water deficit
problem in these regions. It has also been highlighted above that among key solutions,
a more efficient water use in agriculture is one of the proposed adaptation measures
with great potential to combat climate change through better-managed, more envi-
ronmentally sustainable agricultural systems.

2.3 The environmental impact of strawberry production

According to several studies about the environmental impact of strawberry
production [38-42], this crop has a high impact on global warming (GWP100) due to
its high energy consumption (machinery, production and use of plastics for mulching
and protection systems by tunnels), high water demand, and the use of agrochemicals
for both fertirrigation and phytosanitary control. Strawberries can be produced under
low-input systems during their natural growing season (without tunnels, including
long rotations and suitable soil conditions); however, the conventional protected
system is the most profitable and productive method because it allows earlier and
sequential production, although it involves a higher environmental cost [42, 43].
Organic systems showed the lowest environmental impacts in most categories per
hectare, but their productivity was lower in comparison with protected systems, so
these systems still need to optimise the use of environmentally friendly inputs, such
as compost, to improve their profitability. Regarding the open-field strawberry pro-
duction system, its impact on the environment was higher compared to the integrated
and tunnel-protected systems, mainly due to the use of fertilisers, which turned out
to be the major source of impact in most of the environmental categories and farming
systems. Indeed, acidification, eutrophication and ecotoxicity were the categories
with the highest impacts in all strawberry production systems evaluated [16, 39].

In Spain, the comparison of several strawberry cultivation systems showed that the
integrated macro-tunnelling soilless (hydroponics) was the best system, offering the
lowest impact per tonne of strawberry produced for all environmental impact cat-
egories assessed. Thus, several studies have indicated that optimising fertirrigation,
using recycled and/or longer-lasting materials for mulching and protection, using
renewable energy for machinery, and improving the efficiency of renewable inputs
such as compost could reduce the environmental impacts of strawberry production
in Spain [16], highlighting significant opportunities for enhancement regarding its
environmental sustainability.

3. A sustainable future for Dofiana and the Spanish strawberry

As described above, strawberries are an important crop for the province of
Huelva, with Spain as the major exporter to European markets. However, most of the
strawberry fields in Huelva are located in the coastal area and vicinity of Guadalquivir
marshes (GM), which are protected wetlands, creating a problem between strawberry
crops and marshes’ sustainability in terms of resources, particularly water. Recently,
this has been the subject of debate and concern, generating conflicts at the territorial
and European levels.

Guadalquivir marshes are a wetland of international relevance that acts as a safe-
guarding water body for migratory waterbirds due to its strategic position between
Africa and Europe in the East Atlantic Flyway. The exceptional waterbird diversity
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and abundance of these marshes are well documented [44, 45] and recognised as a
Ramsar and UNESCO World Heritage Site, including at least 25 waterbird species
and more than 10% of the biogeographical population for six waterbird species at
Dofiana Natural Park [46, 47]. Dofiana National Park was declared a World Heritage
Site in 1994 for its variety of ecosystems and the great diversity of species that
inhabit it, making it a unique enclave in Europe. The climate of Dofiana is sub-humid
Mediterranean, with an average annual rainfall of around 550 mm (EBD-CSIC).

In recent years, precipitation levels have been below average, with the hydrological
year 21/22 being one of the driest in the entire historical series, which covers almost
50 years of records since 1978, with the lowest precipitation levels of the last 10 years
(283 mm), as can be observed by satellite images (Figure 6).

The rainfall situation has not improved during 2023, with a similar level (337 mm
up to August). Regarding temperature, the last few years have been slightly above
the reference temperature average, with the 21/22 and 22/23 seasons recording very
high maximum temperatures and the highest annual average temperature (18.53°C)
on record. However, climatic factors are not the only cause of the deterioration of the
Dofana lagoon system. The intensive development of agriculture and tourism in this
area has caused the degradation of its vegetation and soils, the drastic reduction of
its wetlands and a serious decline in its flora and fauna diversity. Regarding the use
of their natural water resources, their groundwater reserves have been overexploited
for agriculture and tourism, which are considered the causes for desiccation of water
bodies in Dofiana National Park [48].

In spite of Guadalquivir marshes being partially protected under Dofiana National
Park (c. 30,000 ha), during the last century more than 80% of its surface area was
converted into man-made wetlands dedicated to agriculture (mainly rice fields) and

Figure 6.
Images of Doviana on 12 March 2021 (left) and 2 March 2022 (right) taken by the European Union’s Copernicus
Sentinel-2 satellite.
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aquaculture ponds, and its natural hydrological regime transformed to an almost
entirely rain-dependent wetland.

Recent studies by the Dofiana Biological Station, using data from the last
40 years, show that 59% of the largest lagoons in Dofiana have disappeared. This
phenomenon is significantly related to the high temperatures and the long period
of low rainfall that Dofiana is suffering, partly due to climate change, but also to the
overexploitation of the aquifer that feeds this lagoon system [49]. Historically, the
system of lagoons at Dofiana has been a sanctuary for fauna, with only a few remain-
ing with water all summer, offering refuge to the first waders migrating south after
breeding in northern Europe and providing habitats for a good number of strictly
aquatic species of flora and fauna. However, around 80% of these lagoons dried up
earlier and were flooded less than would be expected with the last temperature and
rainfall records, which shows that human activity is altering the natural balance of
the lagoons and aggravating the problem. On this line, the drying up of Santa Olalla
lagoon in summer is one of the most significant examples of the lagoon system
deterioration (Figure 7) [50].

The decline of the Dofiana National Park natural marshes and the recent events
of the sudden disappearance of many of those natural and man-made wetlands
over the last years in consecutive seasons have raised international concern about
the uncertain future of these marshes and have damaged the Spanish strawberry
brand in the international market. Thus, revaluation of the extensive transforma-
tion and overutilisation of this crucial wetland is urgent in order to preserve its
outstanding and distinctive biodiversity and provide sustainable management of
its natural resources [51-53].

In response, initiatives have emerged to restore the natural ecological processes
of the marshes and to promote sustainable practices that ensure the valuable services
provided by the marshes in the long term. One example is the ‘Alianza Marismas del
Guadalquivir-Dofiana), an innovative coalition promoted by the NGO Fund for the
Custody and Recovery of the Salt Marshes (SALARTE), which brings together land-
owners, farmers, fishermen, scientists, universities, public administrations, employ-
ers and non-governmental organisations [54]. Regarding strawberry fields in Huelva,
this situation urges us to find solutions for a more sustainable and environmentally
friendly production of the strawberry crop that can be applied not only in Spain but in
other strawberry-producing areas, as climate change is a global challenge that affects
us worldwide.

S

Figure 7.

Aerial views of the Santa Olalla Lagoon. The images show the state of the lagoon in the summer of 2017 (A) and
the second consecutive complete drought of this lagoon, the last to be permanent, on 9 August 2023 (B). Source:
Héctor Garrido (A) and Carlos Ruiz (B) from EBD-CSIC.
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4. Current challenges and biotechnological alternatives

The relevance of the economic value of Spanish strawberries lies not only in their
quantitative production but also in their qualitative aspects, which are also very
important and have been decisive in maintaining their unit value despite market
tensions and competition with other producing countries. The most important
organoleptic quality parameters of the fruit are colour, aroma, flavour and texture. In
particular, in fleshy fruits, the texture is of vital importance [55-58], and the case of
strawberries is no exception because it softens a lot during ripening, and this results
in this fruit being highly perishable and having a short postharvest life [59, 60].

The delicate texture of strawberries has been recorded to cause losses of 5-25% of
production due to excessive softening, resulting in bruising and mechanical damage
and promoting fruit infections during postharvest. Considering that more than 80%
of the Spanish strawberry production is exported, control of premature or exces-
sive softening is critical in strawberries, so its integrity during transport is crucial to
reduce postharvest losses. An extensive body of research supports the relevance of
pectin degradation at the cell wall on strawberry fruit texture at the molecular and
genetic level. Transgenic and edited strawberry lines in pectinase genes have shown
firmer fruits and extended shelf life without affecting the rest of their organoleptic
features [61-64], and his transfer to a biotech crop in the market would contribute to
controlling strawberry fruit softening and increasing its quality with economic ben-
efits for producers, sellers and consumers, as well as contribute to reducing waste in
the food chain [55, 57]. The last step to putting this knowledge in the EU market will
be the production of these pectinase-edited strawberries through the use of editing
tools not supported by transformation via Agrobacterium.

Currently, the bottleneck for the production of edited plants is the efficient
delivery of CRISPR/Cas reagents to plant cells, because the rigid cell walls surround-
ing them are a physicochemical barrier. Several recent reviews about delivery mecha-
nisms include Agrobacterium, viral vectors, biobalistic, protoplast, nanotechnological
carriers or the new emerging morphogenetic tools [65-67].

Edited crops are a promising tool that will ease the translation of basic knowledge
to improve and obtain new commercial varieties by the latest genome editing tools
[68]. In this regard, the great potential of biotech crops produced using new genomic
techniques (NGTs) is near to being accepted under EU legislation with the recent
European Parliament legislative resolution of 24 April 2024 on the proposal for a
regulation of the European Parliament and of the Council on plants obtained by
certain new genomic techniques and their food and feed, and amending regulation
(EU) 2017/625 (COM(2023)0411-C9-0238/2023-2023/0226(COD)). The gene-edited
organisms are already exempt from GMO regulation in many countries as the US,
Canada, Argentina or Japan, to name a few, and the first CRISPR-edited food was
sold in Japan in 2021, being a gene-edited tomato containing higher levels of an amino
acid expected to help lower blood pressure. These new techniques include CRISPR/
Cas as the most successful approach that allows the modification at specific base pairs
of genes with a known function. These NGTs have already shown their potential to
improve crops and will help to improve not only fruit texture but also other inter-
esting crop traits related to the current challenges of agriculture to feed the world
under an unpredictable climate. Although the EU legislation is still in progress, the
Parliament voted favourably in February 2024 in support of a simplified registration
for plant varieties produced using NGTs similar to conventional varieties. The EU
Parliament supported NGTs produced plants with the objective of making the food
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system more sustainable and resilient by developing improved plant varieties that are
climate resilient, pest resistant, and give higher yields or that require fewer fertilisers
and pesticides.

On the other hand, conventional breeding techniques, although less precise
than NGTs, have the advantage that they are not subject to legal GMOs constraints.
Nowadays, in addition to the values of earliness, productivity, organoleptic quality
and shelf life, breeding programmes include a new factor, known as ‘rusticity’, which
refers to the ability of plants to adapt to different types of biotic and abiotic stress,
including limited water resources, extreme temperatures or greater resistance to
pathogens. Although fertirrigation is implemented in the case of Huelva strawberry
crops, any improvement on a more efficient use of water will be a crucial feature to
ensure the sustainability of this crop. Water use efficiency and resistance to water
stress are complex traits that have not been taken into account in strawberry breeding
programmes so far, so the range of improvement in this sense should be wide, espe-
cially if we compare the great resilience to water stress of wild species such as Fragaria
chiloensis, from which the current commercial varieties of Fragaria x ananassa are
derived (Figure 3) [69]. Biotic stress is also another source of pressure for this crop,
due to the definitive ban in Spain and at the EU level, on the most effective agrochem-
icals for soil disinfection, which has put on the table the obligation to have new ‘rustic’
varieties, adapted to each production area [70, 71].

Due to climate change, summers and autumns on the Iberian Peninsula are
getting hotter. Strawberry plants do not develop well because of this, both in
nurseries and in the plantations in Huelva. In addition, the lack of manpower and
restrictions in the application of phytosanitary products for disinfection tasks
further limit the profitability of the strawberry sector. On the one hand, the lack
of sustainable and effective alternatives for soil disinfection has increased the
costs of personnel dedicated to crop maintenance, as the presence of weeds that
must be removed manually has increased. Also, the poor management of water
resources in Dofiana and the high water demand for this crop jeopardise the

Climate Change Stricter EU
impacts regulations

Dofiana drought Soil disinfectant

concerns \ \ I / restrictions

STRAWBERRY Producti
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International
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Demand for
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Figure 8.
Current problems and demands of the strawberry sector in Spain.
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future sustainability of the sector in the region, as well as seriously damaging the
Spanish strawberry brand in the international market.

5. Conclusions

Therefore, due to the current challenges of the strawberry sector in Spain, the
future of this crop goes through edited plants by NGTs in the near future and con-
ventional breeding of rustic varieties at present to improve the resistance to biotic
and abiotic stress, with particular interest in water stress as a new breeding feature
(Figure 8). The lack of alternatives to soil disinfection and the need for resilience to
abiotic stress make these rustic varieties less demanding on water and more resistant
to diseases, an option that responds to current climate challenges in the immediate
future.
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