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1. Introduction

With more than 2500 species belonging to 90 different genera, the Rosaceae family is a very extended group, which

comprises ornamental to edible crops. Within the latter, fleshy fruits have an economic importance given their nutritional

contribution to a healthy diet; hence, there is high consumer demand . Among the fleshy fruits belonging to the

Rosaceae family, there are accessory fruits such as strawberry, stone fruits such as cherries, plums, apricots, or peaches,

berries such as raspberries, and pomes such as apples and pears .

Apples (Malus domestica L. Borkh.) have an important economic impact worldwide. It is known that almost five million

hectares of the worldwide area is harvested for apples, with approximately 17 million metric tons stemming from European

production, representing 20% of the global production, which was approximately 90 million metric tons in 2019, becoming

the fruit with the third largest production, behind citrus and bananas . During their development, apples accumulate

several compounds that are deemed valuable by consumers, such as sugars, organic acids, vitamins, fibers, and

antioxidants . The concentration of these compounds may vary depending on factors such as climate, genotype (i.e.,

cultivar), orchard management, harvest and storage conditions, and processing .

Due to its high importance, many studies have focused on developing new agricultural and biotechnological tools that may

improve apple quality and maintain its freshness after harvest. Moreover, in the last few years, climate change has been a

significant concern, causing production loss around the world. The use of different rootstocks, the exogenous application

of agrochemicals during tree vegetation or reproduction, agronomic handling, edible coatings, and the employment of

genetic resources are some examples of research topics currently studied .

The objective of this review was to summarize the main physiological aspects of primary metabolism in apple, such as

photosynthesis and metabolite accumulation processes, as well as how they are affected by the application of

agrochemicals during the first stages of apple development, when most of the final fruit’s quality at harvest is determined.

2. Fruit as a Photosynthetic Organ

Photosynthesis in leaves is one of the most studied processes in plant science, considering that it is a key mechanism

allowing the growth and development of different organs, whereby plants convert sunlight energy into biochemical energy

; however, photosynthesis is not only specific to foliar organs. Several studies have reported potential carbon

assimilation in other tissues, such as seeds, petioles, stems, or fruits . Concerning fleshy fruit, photosynthesis may

be limited to the first stages of fruit development, when the fruit is still green and immature .

Similar to leaves, young apples have a photosynthetic system with active chloroplasts, which are located at the level of

the hypodermal and inner perivascular green tissues, exhibiting a flat and elongated structure with stacked thylakoids

forming a hypergranum, but which are smaller and fewer than those found in leaves . Photosynthetic pigments

(chlorophyll a and b and carotenoids β-carotene, lutein, violaxanthin, and neoxanthin) are also found in both the skin

(peel) and the cortex (pulp) of apples, but they are less concentrated and irregularly distributed . Although chlorophyll

content gradually decreases as the apple develops, these pigments may accept light energy for photosynthesis, as shown

in chlorophyll fluorescence images of young apples where the operating efficiency of photosystem II (Fq’/Fm’) indicates

functional photosynthetic electron transport .
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However, young apples not only have a determined number of stomata per fruit that remains constant since flower

development, but they are fewer than the stomata that can be found in leaves . The downregulation of chlorophyll

biosynthesis genes in tomato was correlated with a reduction in photosynthetic rate, but fruit size and metabolite levels

remained unaltered, suggesting that fruit photosynthesis is not essential for growth and development, as the main source

of photoassimilates is leaves. However, a delay in seed development was observed, which suggests an important role of

CO  (re)fixation from fruit photosynthesis . Similarly to tomato, this suggests that apple photosynthesis may be mainly

used to support seed development and accumulate malate via the malate-CO  shuttle.

3. Accumulation of Carbohydrates and Other Primary Metabolites

To reach the optimal commercial quality, fruits on the tree must be able to increase their size, especially during the first

stages of development, as well as accumulate sugars and other metabolites important to consumers. Throughout its

development, apple experiences different stages from a physiological point of view, in which can be categorized as (1) cell

division, (2) cell expansion that partially overlaps with cell division and is continuous until the harvest time, (3) maturation,

and (4) fruit ripening, representing important stages where the fruit undergoes structural and biochemical changes that

result in the conversion of a green and nonpalatable fruit into a high quality and nutritional fruit (Figure 1A) .

Figure 1. Apple growth curve (dashed line), highlighting main

processes and primary metabolites. (A) Simple sigmoid growth pattern based on an expolinear equation for apple. The

main physiological processes and events accompanying apple development are indicated. (B) Heatmap showing the time

course progression of the levels of some of the most important sugars, organic acids, and amino acids found in apple at

four developmental stages (27, 84, 125, and 165 DAFB). Levels were elaborated from references  and are reported

as log  of the foldchange, keeping the first value equal to 1. GLU, glucose; FRU, fructose; SUC, sucrose; SOR, sorbitol;

G6P, glucose-6-phosphate; T6P, trehalose-6-phosphate; MA, malic acid; CA, citric acid; SA, succinic acid; TA, tartaric

acid; AA, ascorbic acid.

Apples show a simple sigmoid curve growth pattern with an exponential initial growth phase, followed by linear growth,

based on an expolinear equation that involves fruit diameter  (Figure 1A). During the early developmental stages

of apple, sugars are essential to provide the energy needed by the fruitlets in order to endure cell division and subsequent

cell expansion; therefore, apple fruitlets become a strong sink organ . However, during the reproductive season, young
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growing shoots are stronger sinks than fruits, causing an extreme competition for tree resources; as a consequence, the

tree is not able to support all growing fruitlets, thus inducing the natural abscission of weaker ones . This

phenomenon, often called “June drop” or simply “physiological fruit drop”, is not sufficient to achieve a suitable fruit load,

thus leading to two main issues: (i) poor fruit quality at harvest, and (ii) alternate bearing (reviewed by Costa et al. ).

Outside of mechanical thinning and the use of some caustic agents (i.e., ATS, ammonium thiosulphate), most thinning

agents make use of active ingredients with hormone-like activity, such as ethephon (an ethylene releaser),

naphthaleneacetic acid (NAA), naphthaleneacetamide (NAD), and the cytokinin-like 6-benzyladenine (BA). Metamitron, a

photosynthesis inhibitor, has also been recently released as a thinning agent , thus providing growers with new

chemical tools that can be applied according to their thinning strategy, i.e., using several thinners at different times in

order to achieve an optimal fruit load.

The physiological mechanisms on which the different thinners rely have been deeply investigated, especially with respect

to BA and metamitron. While the former stimulates shoot growth and bud outbreak with little direct effect on the fruitlets,

metamitron inhibits photosystem II, causing nutritional stress in both cases, thereby enhancing the strong competition for

assimilates between the vegetative and reproductive sinks. This new condition is perceived by the weaker fruitlets and, as

a result, a complex network is activated at the cortex and seeds of apple fruitlets, in which sugars, mainly sucrose and

trehalose, work as the primary signaling molecules. During sugar starvation, there is an accumulation of reactive oxygen

species (ROS) molecules, especially hydrogen peroxide (H O ), which interact with the phytohormones involved in this

process, including ethylene and abscisic acid (ABA), thus inducing seed abortion and a subsequent activation of the

abscission zone .

Even though the application of agrochemicals is a common practice, there are no health concerns with respect to their

usage due to the following reasons: (i) they are mainly applied shortly after full bloom, and the preharvest interval (PHI) is

largely respected, as, in most cases, apples are picked after at least 3 months following treatment; (ii) most of the active

ingredients are closely similar to endogenous hormones and, consequently, are easily metabolized by both the target

trees and the surrounding environment, thus also ruling out any environmental concerns .

In apples, cell division is generally completed 3–4 weeks after pollination . During this short period of time, the

carbohydrates produced in the leaf mesophyll and translocated to the immature fruits are sorbitol and sucrose. The

loading of both sugars into a complex formed between the companion cell and the sieve element (SE–CC) follows the

symplasmic pathway (Figure 2) 36]. To meet the energy requirements for cell division, sorbitol, the major carbohydrate

transported into young apples and other fruits from the Rosaceae family , is converted into fructose by sorbitol

dehydrogenase (SDH) . On the other hand, sucrose conversion into fructose and glucose has two different routes: (1)

regulated by the sucrose synthase (SUSY) enzyme, located in the cytoplasm, and (2) regulated by cell-wall invertase

(CWINV), situated at the cell-wall space, where hexose transporters (HT) transfer the products from the conversion into

the cytosol 41]. G6P transmembrane transporters located at the plastid membrane were found to show a high expression

around 40 days after full bloom (DAFB), facilitating G6P import from the cytosol into plastids, where synthesis and

accumulation of starch takes place, as several enzymes involved in starch formation, such as starch synthase, starch

branching enzyme, and ADP glucose pyrophosphorylase were also co-expressed with G6P transporters . In

addition, cell vacuoles also store sugars that have not been metabolized, such as fructose, glucose, and sucrose, by

transporting them into the vacuole space through some tonoplast transporters, e.g., MdSUT4.1, which is significantly

associated with sucrose accumulation in apple vacuoles .
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Figure 2. Sugar metabolism in

apple. Sorbitol and sucrose are the photoassimilates unloaded to cell fruits via apoplasmic unloading from the sieve

element–companion cell complex (SE-CC). With their respective cell-wall transporter, these compounds enter the

parenchyma cell where they are converted into hexoses (fructose and glucose), which are phosphorylated by fructokinase

and hexokinase, respectively, to enter glycolysis/TCA cycle, with the objective of satisfying the energetic requirements for

apple growth. The cytoplasm is divided according to (A) high sugar metabolism that produces energy, starch for storage,

and malate used to (re)fix the mitochondrial CO  via the malate-CO  shuttle, as well as for accumulation, and (B) slower

sugar metabolism that starts to accumulate sucrose, fructose, and glucose inside the vacuoles. In red letters, the

enzymes are abbreviated as follows: SDH, sorbitol dehydrogenase; SUSY, sucrose synthase; FK, fructokinase; HK,

hexokinase. Sugar transporters are abbreviated as follows: SOT, sorbitol transporter; SUT, sucrose transporter; HT,

hexose transporter.

As fruit development progresses over time, apples continue to accumulate a high amount of sugars within vacuoles, thus

generating an osmotic pressure that stimulates a high influx of water. Previous studies have shown that isolated vacuoles

from immature apple flesh presented a higher turgor pressure than vacuoles from mature apples, as vacuoles from

immature fruits contained 706 mM of total sugars (mostly fructose and glucose) in comparison to 67 mM of total sugars

accumulated in the apoplast , while the content of total sugars in vacuoles from mature fruits was 937 mM compared to

440 mM of total sugars in the apoplast . Therefore, this indicates that, during the early development of apples, there is

active cell division that requires a high input of energy from the photoassimilates, sorbitol and sucrose, produced by leaf

photosynthesis, which are translocated and rapidly metabolized in immature apple fruits, as a high expression of the

enzymes SDH, CWINV, SUSY, FK, and HK was observed on “Greensleeves” apples . Afterward, fruits start to

accumulate sugars (Figure 1B) into vacuoles, causing a high turgor pressure that is translated into active cell enlargement

and, consequently, an increase in fruit growth that continues over time throughout the development of apples.

In addition to the major sugars present in apple primary metabolism, trehalose 6-phosphate (T6P), which is a precursor

product of trehalose biosynthesis and a promoter of plant growth , has been found in “Gala” apple . T6P showed low

concentration levels during apple development, but it was positively correlated with sorbitol, suggesting the possible

regulation of a different starch accumulation pathway. However, further investigation is needed to unravel the role of T6P

in sugar metabolism .

Organic acids are also accumulated into apple cell vacuoles, playing an important role in fruit acidity and its final

organoleptic quality . Around 85–90% of total organic acids in apples are represented by malic acid, while acetic acid,

oxalic acid, fumaric acid, and citric acid are also found but in minor proportions inside the cell vacuole . There are two

pathways used to synthesize malate, the predominant form of malic acid (Figure 3). It has been suggested that cytosolic

conversion of OAA into malate is the most likely route for its synthesis, as PEPc is highly expressed during

“Greensleeves” apple development .
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Figure 3. A general description

of organic acid and amino-acid metabolism pathway during apple development, which involves glycolysis and the TCA

cycle. Red arrows indicate the expected route of malate formation, accumulation, and degradation in apples. Blue boxes

and arrows mark the diverse biosynthesis pathways of the different amino acids. In red letters, the enzymes are

abbreviated as follows: PEPc, phosphoenolpyruvate carboxylase; cMDH, NAD-dependent malate dehydrogenase; NADP-

ME, NADP-dependent malic enzymes; FK, fructokinase; HK, hexokinase

As the fruit continues to metabolize sugars, the malate level is increased and accumulates in the vacuole thanks to the

malate transporters localized at the tonoplast, activated by the MYB transcription factors MdMYB1/10 and MdMYB73,

which also regulate the activation of the two primary proton pumps, the vacuolar H -ATPase and the vacuolar

pyrophosphatase, both playing an important role in determining fruit acidity . The highest levels of malate were

observed 60 days after bloom in low-acid and high-acid apple genotypes from a cross population of “Toko” and “Fuji”. As

the apple continues to grow, malate levels subsequently decrease (Figure 1B) and the activity of NADP-dependent malic

enzyme increases, which is in charge of malate degradation . By the end of apple development, there is an

accumulation of soluble sugars not only due to the decrease in malate content, but also due to the hydrolyzation of the

accumulated starch, which provides fructose, glucose, and sucrose .

Alongside malate, other organic acids from the TCA cycle such as succinic acid, fumaric acid, and citric acid (Figure 3)

also present higher concentrations in immature apples; however, as cell expansion begins, their levels decrease

throughout apple development . In contrast, ascorbic acid is accumulated at a mature stage, as well as tartaric acid

(Figure 1B) . Although the concentration of ascorbic acid in apples is low, compared with other fruits such as kiwifruits

or blackcurrant , it has been reported that apple peel contains more ascorbic acid than the flesh in “Gala” apples, and

that it is synthesized from the galactose pathway . Ascorbic acid is a well-known antioxidant and cofactor for several

enzymes, and a higher concentration of this organic acid may suggest an antioxidant role during the last stages of apple

development, as a response to the increased production of ROS due to high light and high temperature, possibly causing

a disorder on apple peel called sunburn 60] 61].

Primary metabolism also comprises the accumulation of amino acids which are the constituents of many key proteins

associated with fruit development. Amino-acid biosynthesis is linked to carbohydrate metabolism (Figure 3); thus,

aromatic amino acids such as phenylalanine, tyrosine and tryptophan are obtained from the shikimate pathway, in which

PEP from glycolysis is the main substrate, while F6P is the initial precursor for histidine, formed after a series of reactions

starting from phosphoribosylpyrophosphate 62] 63]. Moreover, pyruvate is the substrate of branched-chain amino acids

valine and leucine, as well as for alanine biosynthesis, while glycine, cysteine, and serine are formed from 3-

phosphoglycerate, also from the glycolysis process 64]. Intermediates from the TCA cycle are also involved in the

synthesis of amino acids (Figure 3), mainly OAA, which is the precursor of aspartic acid and all its derived amino acids,

such as lysine, threonine, methionine, isoleucine, and asparagine, whereas 2-oxo-glutarate is the precursor for glutamic

acid, the base for the synthesis of glutamine, arginine, and proline . During the early stages of apple development,

tyrosine, methionine, phenylalanine, and arginine show a higher accumulation after 84 DAFB, while fruit cells are

expanding; however, after reaching their maximum, their levels decrease as the fruit continues to develop. On the other

hand, amino acids such as asparagine, threonine, cysteine, glutamine, lysine, aspartic acid, histidine, and glutamic acid

exhibit an increasing accumulation trend throughout apple development, reaching their peak at a mature stage. Lastly, the

quantification of leucine, alanine, proline, serine, valine, tryptophan, isoleucine, and other amino acids showed minimum

levels and a tendency to decrease during the developmental cycle.
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4. Future Perspectives and Conclusions

In this review, we aimed to describe the most important pathways and compounds either involved in or derived from

primary metabolism, which is important for many developing fruits, as it provides the basis of final fruit size and quality.

Considering its importance, research is focused on improving fruit quality and extending shelf-life to fulfil consumers’ high

standards, as apples are one of the most produced fruits worldwide. With the release of the apple genome sequence in

2010 , many molecular advances have been achieved in recent years, improving apple breeding programs and the

comprehension of the most important physiological processes, with relevant positive effects in terms of knowledge

transfer to the productive sector, especially with regard to agronomic practices (i.e., thinning and optimization of harvest

date). Many studies have demonstrated the effect of these agronomic practices on final fruit quality in terms of primary

metabolite content, even though these positive effects are most likely achieved through indirect mechanisms.

The literature is not very exhaustive when it comes to fruit physiology during apple development on the tree, as most

studies have sectorially focused on the very beginning of development, i.e., flowering, fruit set, and fruitlet stage, on the

later stages, i.e., ripening, or on the postharvest phase, without any semblance of continuity. As an example, we found

that the latest review on apple photosynthesis was about 30 years ago , despite photosynthesis being a key process

not only for fruit development but also for the ignition of primary metabolism. Considering the technological improvements

made in the last decades (e.g., in measuring gas exchanges at the orchard, tree, and single organ level), this topic

deserves more detailed investigations, as several questions are still unanswered.

It is during the early stages of development, when primary metabolites such as sugars, organic acids, and amino acids

play an important role, that most of the final fruit quality is determined, as many significant secondary metabolites are

produced by primary metabolites that are the main substrate for many reactions. Within secondary metabolism, plant

hormones play a crucial role in apple final quality. In addition to ethylene, the main phytohormone involved in the ripening

process for climacteric fruits such as apples, many other hormones are involved such as auxins, cytokinins, or

gibberellins, which are common plant growth regulators, or even jasmonates. Therefore, the interplay between different

hormones and primary metabolism should be further investigated, representing an important advance in the research of

apple physiology, from which future agronomical practices can be inspired.

In conclusion, apple development is a complex process that requires further research focusing on physiological aspects

for a full understanding, involving subprocesses ranging from cellular modifications to genetic reprogramming, as well as

fruit photosynthesis and climate sensory, sugar, and hormonal signaling.
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