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ABSTRACT

Fruit growth and development are processes of primary biological importance 
and of considerable commercial significance. In apple, the fleshy fruit is derived 
largely from non‐ovarian tissue. Regulation of fruit growth in apple is therefore 
likely distinct from that in other model fleshy fruit species. Fruit growth is 
an integration of multiple processes that are regulated through developmental 
factors, phytohormones, and availability of metabolic resources. These factors 
differentially influence growth during diverse stages of development, and 
across different tissues within the fruit. In recent years, substantial progress has 
been made in identifying some of the major molecular components and mech-
anisms involved in the regulation of apple fruit growth. This review presents a 
comprehensive analysis of our current knowledge of the molecular physiology 
of fruit growth in apple and identifies gaps where future research is needed to 
expand our knowledge of the regulation of this trait.

KEYWORDS: cell division; cell expansion; fruit development; fruit size; organ 
growth

Molecular Physiology of Fruit 
Growth in Apple

Anish Malladi
Department of Horticulture, University of Georgia, Athens, GA, USA

I.	 INTRODUCTION
II.	 MORPHOLOGY AND ANATOMY OF THE APPLE FRUIT

III.	 FLOWER GROWTH BEFORE BLOOM
IV.	 FRUIT SET
V.	 FRUIT GROWTH

A.	 Components of Fruit Growth: Cell Production, Expansion, and Void Spaces
B.	 Fruit Growth and its Regulation

0004430753.INDD   1 11-10-2019   06:56:21

CO
PYRIG

HTED
 M

ATERIA
L



2	 Anish Malladi

I.  INTRODUCTION

Apple (Malus × domestica) is one of the most widely grown temperate 
fruit crops in the world. Fruit growth and development are not only 
of botanical significance but are also of vast economic significance in 
apple production. In this review, growth is defined as the increase in 
size of the organ, while development is defined as the progression of 
the organ through various phenological stages. The main emphasis 
of this review is on the processes and factors mediating fruit growth. 
However, often, growth of an organ and the processes that mediate it 
are intimately associated with its development. Hence, where applicable, 
these inter‐relationships will also be discussed.

II.  MORPHOLOGY AND ANATOMY OF THE APPLE FRUIT

The apple fruit is botanically a “pome.” Fruits of this class are charac-
terized by the presence of fleshy exocarp and mesocarp tissues and a 
cartilaginous endocarp. The majority of the fruit tissue is comprised of 
accessory tissue (Pratt 1988). The central region of an apple fruit is typ-
ically constituted by five locules that are derived from five carpels from 
a syncarpous ovary. Each of these carpels may contain up to four ovules 
which upon fertilization can yield one to four seeds (Pratt 1988). The 
seeds are surrounded by the cartilaginous endocarp tissue at maturity. 
A ring of five sepal and five petal vascular traces occurs towards the 
periphery of the locules and is often referred to as being the core‐line. 
Tissue outside of this core‐line develops into the major fleshy and eco-
nomically significant part of the apple fruit (Figure 1.1). At maturity, 
this tissue may constitute over 80% of the fruit volume (Tukey and 
Young 1942; Goffinet et al. 1995).

Ontogeny of the fleshy region of the fruit outside of the core‐line and 
the precise localization of ovarian tissue inside of it have been debated 
extensively and reviewed previously (Pratt 1988). Briefly, two conflicting 
hypotheses have been proposed to explain the ontogeny of fruit tissues. 
According to MacDaniels (1940), the receptacular hypothesis indicates 
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that the major fleshy region of the fruit is derived from axial tissues. 
The central region of the fruit extends from the pedicel into the fruit 
and the outer fleshy tissue represents an extension of the cortical region 
peripheral to the vascular tissue within the stem. Hence, this tissue is 
referred to as the cortex (Figure 1.1). As an extension of this terminol-
ogy, tissue inside of the core‐line (vascular tissue) is referred to as the 
pith. The location of the ovarian tissues is within the pith region and 
restricted to cell layers immediately surrounding the locules (Figure 1.1). 
Further, the true fruit is composed of five drupe‐like structures charac-
terized by a cartilaginous endocarp. As the cell layers constituted by 
the exocarp and mesocarp tissues are few, most of the pith is comprised 
of parenchymatous cells of non‐ovarian origin. The alternative appen-
dicular hypothesis presents a divergent view. In this context, the tissue 
peripheral to the core‐line originates from the fusion of the basal tis-
sues of appendages: multiple floral organs including the petals, sepals, 
and stamens (MacDaniels 1940). Hence, this tissue is often described 
as a floral tube or a hypanthium derived from fused basal regions of 
floral appendages. Tissue inside of the core‐line is considered of ovar-
ian origin, such that the innermost layer of this tissue is the endocarp 
while the rest is constituted by fleshy exocarp and mesocarp tissues. 
The core‐line is regarded as the line of fusion between the floral tube 

Fleshy pericarp*
Dorsal carpellary trace
Pith

Core-line
Locule

Sepal vascular trace

Petal vascular trace

Fruit skin

Cortex

Figure 1.1  Transverse section of the apple fruit displaying the primary tissues. 
*: The fleshy pericarp here is shown to indicate interpretation of the fruit morphology 
according to the receptacular hypothesis. According to this interpretation, tissue imme-
diately surrounding the locule constitutes the pericarp. The appendicular hypothesis 
considers tissue inside of the core‐line to be of ovarian origin as described in the text.
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and the ovary. The relative merits of each of these theories have been 
evaluated with many recent authors preferring the appendicular hypo-
thesis (Pratt 1988), largely owing to interpretations from comparative 
vascular anatomies across Rosaceae family fruits, as elegantly described 
by MacDaniels (1940), as well as data from cytochimeras summarized 
by Pratt (1988). Very few studies since the 1950s have addressed the ori-
gin of these tissues, despite its botanical significance.

An effective way to determine the origin of these tissues in the apple 
fruit is through the application of specific tissue‐based markers for 
development. As the fruit and some of its constituent parts are derived 
from specific floral organs, identification of markers defining these floral 
organs in the fruit tissues, especially during early fruit development, can 
provide clues to the origin of these tissues. The ABC model describes 
development of floral organ identity (Bowman et  al. 1991; Coen and 
Meyerowitz 1991) and has been extensively validated across many plant 
systems (Bowman et  al. 2012; Irish 2017). According to this model, 
members of the A class of gene products determine sepal identity, and 
in interaction with those of the B class gene products, the identity of 
petals. Interaction of the B and C class gene products influences sta-
men development, while the C class gene products regulate gynoecium 
development (Irish 2017). Putative homologs of these classes of genes, 
many of which are MADS box transcription factors, have been identi-
fied in apple. The apple APETALA2 (AP2) is a putative A class gene, 
the transcripts for which were shown to be abundant in sepal tissues 
(Kotoda et al. 2000) and in the cortex/floral tube region during early fruit 
development (Yao et al. 1999). This suggested that the fleshy region of 
the apple fruit was likely derived at least from sepal tissues. Further, fac-
ultatively parthenocarpic spontaneous mutants of apple, ‘Rae Ime’ and 
‘Spencer Seedless’ were identified to be defective in one type of B class 
genes, PISTILLATA (PI; Yao et al. 2001). Transcript accumulation of the 
PI gene was abundant within the petals but could not be observed in 
the cortex/floral tube region of the developing apple fruit at four weeks 
after bloom (Yao et al. 2001, 2018). These data suggested that petal and 
stamen tissues did not likely contribute substantially to development of 
the cortex/floral tube region of the fruit. The A class gene defining sepal 
identity, AP2, is regulated post‐transcriptionally by microRNA 172 
(miR172). In apple, miR172 has been associated recently with regulation 
of fruit growth and final size (Yao et al. 2015). Higher levels of miR172 
were associated with a reduction in fruit growth while the opposite was 
true under lower levels of miR172. Overexpression of miR172p (one of 
several active miR172) in transgenic ‘Royal Gala’ plants resulted in a 
dramatic reduction in fruit size (Yao et al. 2015). The authors proposed 
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that the cortex/floral tube was largely derived from the base of the sepals 
and post‐transcriptional alteration of the A class gene product, AP2, in 
these transgenic plants leads to altered growth of tissue derived from this 
floral organ. Together, these data strongly support the appendicular the-
ory of apple fruit development and suggest that the basal regions of the 
floral organs, particularly the sepals, contribute greatly to development 
of the major fleshy tissue of the apple fruit. There are, however, a few 
limitations to the above approaches. Many of the genes described above 
have been identified and described in apple as floral organ identity 
genes that have clearly defined roles during flower development, but 
their roles in post‐flowering fruit development are not as well character-
ized (Yao et al. 2016). While their transcript and protein accumulation 
in specific parts of the flower would be clearly indicative of organ iden-
tity, the significance of such accumulation at later stages and during 
fruit growth may need to be interpreted with caution. Further, in case 
of miR172, substantial growth and development of the fruit cortex/floral 
tube tissue was still noted as the hypanthium in transgenic lines, where 
it was overexpressed, was reduced by only about 25% during early fruit 
development (Yao et al. 2015). Presumably, basal regions of the petals 
and stamens may still contribute to the growth and development of this 
tissue. The current availability of additional floral tissue identity genes 
and newer approaches that aid in isolating specific tissues of the devel-
oping flower/fruit, such as laser capture micro‐dissection, need to be 
applied to clearly identify the origin of this tissue.

III.  FLOWER GROWTH BEFORE BLOOM

Apple flower buds are induced and initiated in the previous season and 
display substantial growth and development prior to dormancy (Buban 
and Faust 1982). Eight stages of progression in apical meristem morphol-
ogy prior to winter dormancy have been described (Foster et al. 2003). 
Broadening of the apex of the meristem was identified as a key morpho-
logical feature signaling commitment to floral induction. This transition 
to floral induction peaked around 53 days after full bloom (DAFB) but 
continued until 127 DAFB. Similarly, broadening of the apex was also 
considered as a signal committing the meristem to inflorescence initi-
ation (Pratt et al. 1959; Pratt 1988). Doming of the apex was rapid and 
occurred largely between 96 and 109 DAFB. Lateral floral meristem ini-
tiation and terminal floral meristem initiation followed this induction. 
By winter dormancy (~280 DAFB), floral meristems have clearly dis-
cernable initiation of sepals. At least in the terminal flower, further 
differentiation of floral organs and their development is also evident 
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before endo‐dormancy (Pratt 1988). During the period of endo‐dor-
mancy and subsequent eco‐dormancy, little growth and development 
are observed. Further flower development including microsporogenesis 
and macrosporogenesis is completed following bud break (Pratt 1988).

The period from bud break to anthesis/bloom is associated with sub-
stantial growth of the floral tube (Smith 1950; Malladi and Johnson 
2011):  a substantial increase in floral tube diameter from around three 
weeks before, until full bloom was reported (Smith 1950; Malladi and 
Johnson 2011). However, growth during this period was not uniform 
and involved rapid growth during the early part of this period followed 
by a cessation in growth before bloom (Malladi and Johnson 2011). A 
similar temporary reduction in growth around bloom was noted previ-
ously in several cultivars (Smith 1950), indicating that this may be an 
important feature of pre‐bloom growth in apple. Reductions in growth 
prior to pollination and fertilization have also been reported previously 
in tomato (Vriezen et al. 2008; de Jong et al. 2009). Growth during the 
period from bud‐break to bloom was largely associated with an increase 
in cell number, indicating that the majority of this growth was support-
ed by an increase in the extent of cell production, although cell size 
also increased slightly during this period. The cessation in growth prior 
to bloom was associated with a quiescence in cell production (Malladi 
and Johnson 2011). Transcript accumulation of multiple positive regula-
tors of cell production, such as the CYCLIN DEPENDENT KINASE B1;2 
(CDKB1;2), was reduced by greater than twofold during this period. Con-
versely, transcript accumulation of two KIP RELATED PROTEINS (KRP4 
and KRP5), which function as negative regulators of cell production by 
inhibiting progression of the cell cycle, were enhanced by over four-
fold. Together, these data suggest coordinated transcriptional regulation 
to decrease cell production prior to bloom. Such reduction in growth 
may serve to restrict further nutrient investment in this organ until after 
successful pollination and fertilization. Alternatively, this reduction in 
growth may be reflective of extensive competition for limited resources 
during this period. Early growth, including flower growth after bud‐
break and before bloom, is largely supported by carbohydrate and nutri-
ent resources remobilized from stored reserves (Hansen 1971; Titus and 
Kang 1982). Flower growth and development likely competes with veg-
etative growth for these resources, including that of spur leaves during 
the pre‐bloom period. It may be hypothesized that such competition 
for resources leads to reduced allocation of these reserves for further 
growth of the flower before bloom. However, growth cessation during 
this period is temporary and resumes after successful pollination and 
fertilization, indicating that internal factors beyond the availability 
of resources may also temporarily limit growth during the pre‐bloom 

0004430753.INDD   6 11-10-2019   06:56:22



1.  Molecular Physiology of Fruit Growth in Apple	 7

period. There is a general paucity of information regarding the role(s) of 
such internal factors prior to bloom. It is possible that changes in phy-
tohormone content, transport, or signaling play important roles in regu-
lating growth during this period. In unpollinated ovaries of garden pea, 
abscisic acid (ABA) concentration was found to be generally higher (Ro-
drigo and Garcia‐Martinez 1998). Similarly, transcripts of genes associ-
ated with ABA and ethylene biosynthesis and signaling were generally 
upregulated in unpollinated tomato ovaries (Vriezen et al. 2008), sug-
gesting these phytohormones, particularly ABA, may serve as negative 
regulators of cell production to limit growth during this period. Inter-
estingly, KRPs are known to be positively regulated by ABA (Wang et al. 
1998; Vergara et al. 2017). It may be speculated that similar regulation 
may occur in apple flowers before bloom to alter cell cycle progression 
and allow for quiescence in cell production. However, this needs to be 
experimentally verified. Measurement of phytohormone concentrations 
during the pre‐bloom and bloom stages would be insightful in this con-
text. Further, analysis of transcriptome changes during the pre‐bloom 
period and in relation to cessation of growth is likely to provide further 
insights into its regulation.

IV.  FRUIT SET

The term “fruit set” has different implications in apple botany and pro-
duction. Botanically, fruit set refers to the transition from a flower to 
fruit upon successful pollination and fertilization. The alternative, and 
a common use of the term in apple literature, is in reference to the total 
amount of fruit retained on the tree after bloom (“initial set;” Lakso 
and Goffinet 2017) or after subsequent events of young fruit abscission 
(“final set”). In this review, the term is used to refer to the botanical 
interpretation of fruit formation associated with seed formation.

Pollination and fertilization lead to seed set. In other fruits such as 
tomato, seed set is thought to alter phytohormone synthesis and signal-
ing, such as that of auxin, resulting in the resumption of ovary growth 
and the initiation of fruit development. Similarly, pollination, fertiliza-
tion, and/or seed set may result in the generation of signals that trigger 
the resumption of growth within the fleshy regions of the apple fruit. 
Malladi and Johnson (2011) studied growth of the floral tube region and 
associated cell production and expansion in pollinated and unpollinated 
flowers. Growth of the floral tube region resumed between 3 to 10 DAFB 
in pollinated flowers but not in unpollinated flowers. This resump-
tion in growth was associated with a rapid increase in cell produc-
tion. Re‐initiation of growth and cell production following pollination 
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was further associated with coordinated changes in accumulation of 
multiple transcripts associated with the regulation of cell production 
(Malladi and Johnson 2011). Many of the positive regulators of the cell 
cycle such as the A and B‐type CYCLINS and several CDKBs displayed 
a clear increase in transcript abundance during the fruit set period 
(8–11 DAFB). Further, their abundance was dramatically reduced in 
unpollinated flowers consistent with a reduction in cell production and 
growth in these flowers. Negative regulators such as the CDK inhibitor, 
KRP4, displayed severely reduced transcript accumulation during the 
initial phases of fruit set and enhanced accumulation in unpollinated 
flowers. Together, these data indicate a coordinated transcriptional reg-
ulation of fruit set. Factors that coordinate such a response are not well 
understood in apple. In other fruits such as tomato, auxins and gibber-
ellins (GAs) are known to regulate fruit set. Exogenous applications of 
auxin can induce parthenocarpic fruit growth in tomato (Serrani et al. 
2007) and other fruits. Transcriptome analysis of pollinated tomato 
flowers during fruit set indicated alteration of multiple auxin signaling‐
related components (Vriezen et al. 2008). One set of these are the AUXIN 
RESPONSE FACTOR genes, ARF7 and ARF9, which are transcription 
factors that coordinate auxin‐dependent transcriptional responses (de 
Jong et al. 2009, 2015). ARF7 transcript abundance is reduced during the 
fruit set period in pollinated tomato flowers. Downregulation of ARF7 
in transgenic tomato plants results in parthenocarpic fruit development 
(de Jong et al. 2009), indicating that it is involved in downregulating 
growth until pollination and fertilization occur in tomato flowers. ARF9 
overexpression in transgenic tomato lines decreased fruit size through 
negative regulation of cell production during early fruit development (de 
Jong et al. 2015). Its downregulation enhanced final fruit size in a com-
plementary way, further implicating it in regulating early fruit growth. 
These data illustrate the important role of auxin in fruit development.

Exogenous applications of GA also induced parthenocarpic fruit 
development in tomato and multiple other fruits (Bukovac 1963; 
Serrani et al. 2007; Watanabe et al. 2008; Liu et al. 2018). The mode 
of GA action in inducing fruit set may differ from that of auxins with 
GAs promoting cell expansion while auxins promote cell division dur-
ing early fruit development, at least in tomato (Serrani et  al. 2007). 
In apple, unlike in tomato, auxin applications do not always induce 
parthenocarpic fruit development (Hayashi et al. 1968; Watanabe et al. 
2008), while GA applications have been demonstrated to be effective 
in inducing parthenocarpy (Bukovac 1963; Bukovac and Nakagawa 
1967). Among the various GAs, GA4 and GA7 were likely more effec-
tive in initiating parthenocarpic fruit set than GA3 (Bukovac 1963; Bu-
kovac and Nakagawa 1967). An interesting feature of GA applications 
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in inducing parthenocarpic fruit set in apple is an associated change in 
fruit shape. GA treated fruit often tend to display greater growth along 
the polar diameter and similar or lesser growth along the transverse 
diameter (Nakagawa et al. 1967). Increase in growth along the polar 
diameter is associated with a larger cortex width at the distal end of 
the fruit through an increase in cell number and size (Nakagawa et al. 
1967). Such an inducible system for fruit set and parthenocarpic fruit 
growth offers an excellent system to investigate molecular components 
associated with quiescence in fruit growth at bloom, in fruit set, and in 
early fruit growth. However, this has not yet been explored in apple.

In the closely related fruit, pear, similar induction of parthenocarpic 
fruit growth in response to GAs has been reported and has been used 
to understand transcriptional processes involved in the regulation of 
fruit set (Liu et al. 2018). These data indicated an increase in transcript 
abundance of auxin transport‐related genes in pollinated and partheno-
carpic fruit and a corresponding decrease in abundance of transcripts 
associated with ABA biosynthesis. Further, the abundance of positive 
regulators of cell production and expansion related transcripts was up‐
regulated in pollinated and GA‐treated fruit. Together, coordinated tran-
scriptional re‐programming of the developing flower/fruit appears to 
regulate the progression of fruit set. The data in pear are consistent with 
similar changes in the abundance of cell production‐related gene prod-
ucts in apple during the fruit set period (Malladi and Johnson 2011).

A recent study has investigated changes in the transcriptome, in 
relation to early flower growth and development, associated with 
differential chilling accumulation in apple (Kumar et al. 2017). Genes 
associated with post‐embryonic development were substantially 
enriched in transcript abundance during bud break and subsequent 
flower development leading to fruit set, suggesting coordinated regu-
lation of this stage of fruit development. Further application of such 
transcriptomics and proteomics approaches to study fruit set using 
the inducible/parthenocarpic system is likely to provide important 
insights into the molecular factors that regulate this key transition in 
fruit growth and development.

V.  FRUIT GROWTH

A. � Components of Fruit Growth: Cell Production, Expansion, 
and Void Spaces

Organ growth is mediated by three main processes: cell production; 
cell expansion; and void space development. The relative contribu-
tion of these three processes to growth is highly variable depending 
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on the organ and the plant species under consideration. However, in 
many organs including apple fruit, final size is often correlated with cell 
number rather than cell size (Harada et al. 2005; Johnson et al. 2011). 
However, it is important to emphasize that both factors contribute 
greatly to the final size of the fruit and that cell production and expan-
sion are closely inter‐related processes (Harada et  al. 2005; Malladi 
and Hirst 2010). While regulation of cell production and expansion 
have been studied in detail in many plant systems, including in apple, 
development of void space remains a poorly understood process in spite 
of its relatively significant contribution to the final size of the organ. Cell 
production in this review refers to the generation of new cells through 
the process of cell division. It is distinguishable from cell division itself 
owing to the non‐synchronous nature of the population of cells in the 
organ. Cell division refers to the process of new cell generation at the 
level of an individual cell. In this context, an existing cell undergoes 
growth, duplication of the genome, and subsequently mitosis to gener-
ate a daughter cell. However, in a population of cells, as in organs such 
as the fruit or even within a specific tissue of the fruit, not all cells are 
involved in division. Further, even among those cells that are involved 
in the division process, not all are at the same stage of the cell division 
cycle. These factors together influence the rate at which new cells are 
produced from an existing population of cells. As measurements of cell 
number within a tissue over time typically do not account for the above 
factors, it is more appropriate to use the term cell production rather than 
cell division (Beemster and Baskin 1998; Baskin 2000). The use of these 
terms is more than just semantics. A change in cell production rate can 
be achieved due to an increase in the proportion of cells dividing in 
the population. This would involve acquisition of competency to divide 
by more cells. Alternatively, cell production rate could increase due to 
an increase in the cell division rate: the rate at which individual cells 
within the population complete their cell cycle. These two processes 
are likely regulated through different mechanisms and their relative 
contribution to changes in cell production rates may vary depending 
on the tissue type. One approach to determining the average cell divi-
sion rate is to divide the relative cell production rate (RCPR) by the 
proportion of dividing cells, when the latter information is available. 
During the early period of fruit growth in apple, RCPR peaks around 
0.26 cells per cell per day (Dash and Malladi 2012). During this period, 
flow cytometry analysis indicates that around 15% of the cells display 
nuclear DNA content of 4C, indicating that they are involved in cell 
division (Malladi and Hirst 2010). Further, a small proportion of cells 
displays nuclear DNA content between 2C and 4C, likely representing 
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nuclei in the process of DNA replication. Hence, around 25% of cells 
may be estimated to be involved in active cell division through flow cy-
tometry analyses. Together, these data suggest a peak cell division rate 
of around 1.0 cell per cell per day, indicating a cell doubling time of 
approximately 24 h. This duration is broadly consistent with previous 
reports of cell division rates across other types of plant cells (Baskin 
et al. 1995; Beemster and Baskin 1998). However, it should be noted that 
flow cytometry provides only a snapshot and likely underestimates the 
proportion of dividing cells. Hence, the average cell division rate and 
the cell doubling time may, in fact, be lower and higher, respectively.

An important but often underappreciated aspect of cell production is 
the need for cell growth prior to cell division. The typical plant cell cycle 
involves four stages: G1: an initial gap phase associated with growth of 
the new cell; S: a synthesis phase for DNA replication and doubling 
of nuclear DNA content; G2: a second gap phase associated with more 
growth and correction of errors in DNA replication; and M: a mitotic 
phase where cell division occurs. Between the two M phases, the cell 
at least doubles its volume so that the two daughter cells formed at the 
end of a division cycle are at least of the same size as the original cell. 
Measurement of cell size during periods of active cell production gen-
erally indicates little change in size, further suggesting that cells are at 
least doubling in volume prior to their division. This implies that rapid 
cell growth occurs such that the volume of the cell doubles prior to its 
division. Under active cell production, as in the example of the apple 
fruit described above, this may occur within a 24 h period. Increase 
in cell volume during this short period is associated with synthesis of 
new organelles, membranes, cytoplasmic content, and cell wall. Hence, 
cell production requires a large input of carbon (C), nitrogen (N), and 
other resources to support this rapid growth of the cell (Verbancic et al. 
2018). Further, cell growth and associated high metabolic activity dur-
ing this period are likely to incur substantial energy demands. This 
aspect of growth and rapid doubling of cell volume associated with cell 
division is defined here as cell growth. The rate of cell growth asso-
ciated with the cell production period may, in fact, be substantially 
higher than the rate of cell expansion observed at later stages of growth. 
This is an important consideration that explains the high demand for 
resources during growth phases mediated by cell production.

An increase in cell size during later stages of fruit growth following 
the cell production period is referred to in this review as post‐mitotic 
cell expansion or simply as cell expansion. The relative cell expansion 
rate (RCER) is initially high immediately following the cell production 
period until around 40 DAFB (from Dash and Malladi 2012). Following 
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this period, RCER appears to substantially decline before increasing 
again slightly during the late stages of fruit development (Dash and 
Malladi 2012; Dash et al. 2013). These data suggest several phases of 
cell expansion rather than a uniform increase in cell size during fruit 
development. Post‐mitotic cell expansion immediately following the 
cell production period may involve an increase in cellular content and 
organelles, as well as substantial alteration of the cell wall material. Fol-
lowing this period, cell expansion may be driven largely by an increase 
in vacuolar volume facilitated by uptake of water into the organelle. 
Such expansion may be metabolically less intensive than that during 
cell production or in the rapid early cell expansion period.

B.    Fruit Growth and its Regulation

During fruit set and immediately thereafter, a rapid increase in the 
size of the organ is observed (Tukey and Young 1942; Smith 1950; 
Malladi and Johnson 2011). This pattern continues for several weeks, 
after which growth occurs at a more linear rate throughout the rest of 
fruit development. The increase in fruit size may continue until later 
stages of fruit development, sometimes into maturity and ripening, and 
may depend on environmental factors (Lakso and Goffinet 2017). Fruit 
growth in apple has been typically described as displaying a sigmoid 
growth pattern (Pratt 1988; Ryugo 1988). Increase in size is initially low 
around bloom, is rapid during fruit set and immediately thereafter, pro-
ceeds at a linear rate until later stages of fruit development, and tapers 
off at late stages. However, studies where growth was monitored on 
individual fruit suggested a double‐sigmoid fruit growth pattern similar 
to that observed in some other Rosaceae members such as peach (Magein 
1989). This has been questioned due to the relatively short lag period 
in apple which could potentially be attributed to adverse environmen-
tal conditions (Lakso et al. 1995). Schechter et al. (1993) suggested two 
linear phases of fruit growth in apple coincident with the cell production 
and expansion phases. However, while growth during later stages does 
often suggest a more linear pattern, initial growth deviates substantially 
from this. Hence, Lakso et al. (1995) proposed an expolinear model to 
describe apple fruit growth. Such a model appears to fit measured fruit 
growth, especially under non‐limiting conditions such as when seed set 
is optimal, crop load on the tree is non‐limiting, and when environmen-
tal conditions are favorable: a set of conditions that allow for inherent 
growth characteristics to manifest. In the expolinear model, the early 
period of fruit growth is considered exponential and associated pri-
marily with the cell production period. The rest of fruit development 
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displays a linear growth and is largely associated with cell expansion. 
This suggests a nearly constant rate of cell expansion throughout most 
of fruit development and an associated constant demand for C and other 
resources during this period (Lakso et al. 1995). Using the model param-
eter, a nearly constant rate of cell expansion was estimated across differ-
ent crop load reduction treatments (Lakso et al. 1995).

Early fruit growth in apple is largely associated with intensive cell 
production. A review of previous studies across multiple genotypes sug-
gests that this duration typically lasts until 3–4 weeks after full bloom 
(WAFB; Blanpied and Wilde 1968; Malladi and Hirst 2010; Dash and 
Malladi 2012), but may continue until around 7 WAFB (Denne 1960). 
This duration may vary depending on several factors. Genotypic differ-
ences in the duration of the cell production period have been reported 
(Blanpied and Wilde 1968; Hirst and Malladi 2008). Duration of the cell 
production phase may be affected by environmental factors such as tem-
perature. Warrington et al. (1999) conducted a series of experiments sub-
jecting potted apple trees to various temperature regimes during differ-
ent stages of early‐ to mid‐fruit development. They indirectly assessed 
the duration of cell production and reported an inverse relationship bet-
ween this factor and mean temperature. Additionally, the duration of 
cell production may potentially be affected by availability of resources 
(Dash and Malladi 2012; Dash et al. 2013). Together, these results sug-
gest some plasticity in the duration of the cell production period in 
apple. Such plasticity may allow for fine‐tuning fruit growth responses 
to external environmental factors and availability of resources.

C.    Cell Production Related Genes and Regulation of Fruit Growth

Progression of cell production during early fruit growth involves sev-
eral cycles of cell division. The plant cell cycle involves progression of 
the cell through multiple phases leading up to the division of the cell 
and generation of daughter cells. As discussed above, the plant cell 
cycle consists of four phases: 1. G1 phase – a gap phase immediately 
following the generation of a new cell, and associated with intensive 
cell growth; 2. S phase – a synthesis phase involving DNA replication 
and doubling of the nuclear genome; 3. G2 phase – another gap phase 
involving cell growth and DNA repair; and 4. M phase – a phase involv-
ing mitosis and generation of daughter cells (Inze and De Veylder 2006; 
Francis 2007). Key transitions in progression of the cell cycle are from 
G1 to the S phase and another from G2 to the M phase (Inze and De 
Veylder 2006; Francis 2007). Multiple gene products are associated with 
the regulation of the cell cycle. In the model plant Arabidopsis thaliana, 
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around 70–80 genes are reported to be closely associated with cell cycle 
regulation and are considered to constitute the core cell cycle machin-
ery (Menges et al. 2005). Although there are multiple components to 
this machinery, the key units are the CYCLINS (CYC) and CYCLIN 
DEPENDENT KINASES (CDKs). CYCs accumulate and are degraded 
during specific phases of the cell cycle. They associate with CDKs to 
regulate downstream targets through phosphorylation. Multiple CYCs 
have been identified in plants, generally more than those identified in 
other eukaryotes (Inze and De Veylder 2006). Similarly, multiple types 
of CDKs have been identified in plants, some of which – such as the 
B‐type CDKs (CDKBs) – are considered plant specific. Specific interac-
tions of CYCs with CDKs control progression of the cell cycle through 
its phases and through the key transitions. For example, an association 
of D‐type CYCs (CYCDs) with A‐type CDKs (CDKAs) regulates G1–S 
phase transition while CYCA and CDKA interactions regulate progres-
sion through the S phase and transition to the M phase (Scofield et al. 
2014). CYCB associations with CDKAs and CDKBs regulate progres-
sion through G2, transition from G2–M, and progression through the 
M phase during the cell cycle (Inze and De Veylder 2006). Knowledge 
of the downstream targets of the core cell cycle machinery is rather 
poorly developed in plants. Some estimates suggest that over a thou-
sand gene products display cell cycle modulated changes in transcript 
accumulation (Breyne et al. 2002; Menges et al. 2002). It is likely that 
many of these are downstream targets of the core cell cycle machinery. 
For example, phosphorylation of two downstream targets (mitotic  
kinesin‐like protein and a MAP kinase kinase kinase) by CDKA regulates 
transition to cytokinesis in plants (Sasabe et al. 2011). Several regula-
tors of the cell cycle are included within the core cell cycle machinery. 
Plant CDKs are negatively regulated by KINASE INHIBITOR PROTEIN 
(KIP) RELATED PROTEINS (KRPs). KRPs can bind to and negatively 
regulate the activity of CDK/CYCLIN complexes (Verkest et  al. 2005; 
Inze and De Veylder 2006; Van Leene et al. 2010). In Arabidopsis, KRP2 
inhibited CDKA;1 activity and was itself regulated through phosphor-
ylation by CDKB1;1 and subsequent proteasome mediated degradation 
(Verkest et al. 2005). Such regulation allows for fine‐tuning of the cell 
cycle. The core cell cycle regulators can alter competency for cell divi-
sion of individual cells. Further, the rate of progression through the cell 
cycle can also be affected by the activities of the cell cycle machinery. 
Together, these two processes can have a strong impact on the extent 
of cell production and can thereby influence growth rates of organs. 
However, multiple studies involving direct manipulation of the cell 
cycle machinery components have indicated that growth may not be 
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directly altered by their mis‐expression in part due to “compensation” 
mechanisms (Hemerly et al. 1995; De Veylder et al. 2001; Dewitte et al. 
2003; Verkest et  al. 2005). Compensation refers to an active process 
where alteration in the extent of cell production is countered at least 
in part by a complementary change in the extent of cell expansion 
(Horiguchi and Tsukaya 2011). Nevertheless, as cell cycle regulators 
are key components controlling progression through the cell division 
process, it is likely that they are the key downstream effectors facilitat-
ing organ growth.

In apple, multiple members of the cell cycle machinery were 
identified and their transcript accumulation patterns during different 
stages of fruit growth and development were characterized (Malladi and 
Johnson 2011). Based on pre‐bloom, fruit set, and fruit developmental 
patterns of transcript abundance, 14 genes were identified as being pos-
itively associated with cell production. Transcripts of these genes accu-
mulated in response to fruit set and during early stages of fruit growth 
(3–4 WAFB). Several CDKBs and multiple A‐ and B‐type CYCLINS were 
included within this group, suggesting that availability of these G2/M 
phase‐related factors may be limiting for cell production during apple 
fruit growth. Similar results were reported in one of the earliest micro-
array‐based transcriptome studies of fruit development in apple which 
evaluated eight stages of fruit growth and development (Janssen et al. 
2008), and in another study describing impaired fruit growth responses 
to elevated temperature (Flaishman et  al. 2015). Further, proteomics 
studies of fruit development also indicate similar changes in cell pro-
duction regulator abundance (Li et al. 2016). Transcript abundance of 
several of these genes (CYCAs) was altered by severe shading during 
early fruit development, a treatment which reduces the extent of cell 
production (Dash et al. 2012). Conversely, many of the CDKBs and CY-
CAs displayed higher transcript abundance in response to a reduction 
in fruit load, a treatment that enhances growth through cell produc-
tion (Dash et  al. 2013). Duan et  al. (2017) suggested a potential role 
for several CYC genes in evolution of fruit size during domestication 
as they were co‐localized to regions associated with selective sweeps. 
Five genes were also identified as potential negative regulators of cell 
production by Malladi and Johnson (2011), two of which were KRPs 
(KRP4 and KRP5). These KRPs displayed transcript accumulation 
patterns complementary to those of the positive regulators; generally 
declining during early fruit development and increasing in abundance 
during transition from cell production to expansion (Malladi and 
Johnson 2011). Further, both these KRPs displayed increased transcript 
abundance in unpollinated fruit and in response to severe shading, 
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instances associated with reduced cell production (Malladi and Johnson 
2011; Dash et  al. 2012). Together, these data suggest important roles 
for these genes in regulating cell production and growth during early 
stages of fruit development.

D.  Organ Size Related Genes and Regulation of Fruit Growth

While the core cell cycle machinery facilitates cell production, addi-
tional factors may also be involved in regulating this process. Many organ 
growth‐related genes have been identified in other plant systems such 
as Arabidopsis and tomato. Some of these genes affect cell production 
and their orthologs in apple are likely to perform similar functions. For 
example, the FRUIT WEIGHT 2.2 (FW2.2)/ CELL NUMBER REGULATOR 
(CNR) gene was initially identified in tomato as being associated with fruit 
weight (Frary et al. 2000). Differential temporal transcript accumulation 
of this gene during fruit development is thought to negatively regulate 
cell production and thereby influence fruit size across tomato geno-
types (Nesbitt and Tanksley 2001; Cong et  al. 2002). Multiple putative 
CNR homologs were identified in peach and cherry (Franceschi et  al. 
2013). The genomic position of two of these co‐localized with that of two 
quantitative trait loci (QTLs) associated with fruit size in cherry (France-
schi et al. 2013). Hence, these genes may play similar roles in Rosaceae 
family members as well. No reports on the roles of these genes in regulat-
ing apple fruit growth are yet available.

Transcription factors that can modulate the transcript abundance 
of downstream targets associated with cell division are potential can-
didates associated with the regulation of fruit growth. One such tran-
scription factor belonging to the plant specific APETALA2 (AP2) 
domain family is AINTEGUMENTA (ANT). In Arabidopsis, ANTs pos-
itively regulate cell production and thereby influence organ growth 
(Mizukami and Fisher 2000), although in a different Arabidopsis eco-
type, they were reported to affect cell size (Krizek 1999). Loss of its 
function reduces overall organ size while its overexpression enhances 
shoot organ size in Arabidopsis (Krizek 1999; Mizukami and Fisher 
2000). ANTs are thought to regulate the duration of cell production 
and its overexpression can affect cell cycle progression by enhancing 
CYCD3 transcript abundance (Mizukami and Fisher 2000). However, 
such a direct relationship to CYCD3 expression and the cell cycle has 
recently been questioned (Randall et al. 2015), and it may be likely that 
alternative mechanisms are involved. Putative homologs of ANT, ANT1 
and ANT2, and ANT‐like (AIL) genes were identified and characterized 
in apple (Dash and Malladi 2012). The two genes, ANT1 and ANT2, 
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share high sequence similarity and are likely duplicated forms of the 
apple ANT gene. Expression of ANT1 and ANT2 in apple is coincident 
with transcript accumulation of many positive regulators of cell pro-
duction (Dash and Malladi 2012). Transcript abundance of both these 
genes increases during early fruit growth during the period of cell pro-
duction and dramatically declines during exit from this phase (Dash 
and Malladi 2012). Reduction in fruit load enhances cell production in 
apple and this is associated with an increase in transcript abundance 
of at least ANT1. Further, comparison of two genotypes differing in 
final fruit size potential through differences in cell number, indicated 
substantial differences in transcript abundance profiles of these ANT 
genes. These data are consistent with a role for the apple ANT genes in 
regulating cell production during early fruit growth. Further analysis 
of their function and their downstream targets is necessary to clearly 
determine their specific roles in promoting cell production during early 
fruit growth.

Daccord et al. (2017) performed re‐sequencing of the apple genome 
and genome‐wide DNA methylation analysis in apple. In their study of 
fruit development, they utilized a double haploid ‘Golden Delicious’ 
apple genotype (GDDH13) and compared it to an isogenic line (GDDH18) 
derived from the same haploid. While these two genotypes were phe-
notypically largely similar, they differed primarily in their fruit size, 
with GDDH18 displaying smaller fruit owing to reduced cortex cell 
number. Multiple single nucleotide polymorphisms (SNPs), with a few 
resulting in potential amino acid changes, were identified through the 
comparison of these genotypes. Further, comparison of DNA methyl-
ation across these two genotypes over different developmental stages 
identified 22 differentially methylated genes including several tran-
scription factors, and a gene associated with ethylene biosynthesis 
(Daccord et al. 2017). Several of these genes are homologous to genes 
with potential organ‐growth regulating roles in other plants. Functional 
characterization of these genes may provide useful insights into regu-
lation of cell production during early fruit growth in apple. This study 
also implicates DNA methylation as a potential fruit growth regulatory 
mechanism in apple (Daccord et al., 2017).

E.  Floral Homeotic Genes and Regulation of Fruit Growth

Multiple floral organ identity genes have been defined in studies on 
apple and many of these genes appear to have functions beyond regula-
tion of flower development, such as in fruit growth and ripening. In fact, 
several of these studies are examples of the clearest genetic case studies 
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for regulation of apple fruit growth. Potential changes in tissue and 
cell layer specifications during flower development can have profound 
effects on organ growth at later stages and may explain some of these 
effects on growth. The microRNA, miR172, was recently described as 
being associated with regulation of fruit size in apple (Yao et al. 2015). 
Overexpression of miR172p in apple resulted in multiple phenotypic 
changes in floral and fruit morphology, some of which were associated 
with the intensity of its overexpression. A transgenic apple line over-
expressing miR172p by 15‐fold displayed a dramatic reduction in fruit 
size, reducing ‘Royal Gala’ fruit size to that of a crabapple fruit. This 
was associated with a reduction in the size of the hypanthium at bloom 
and during early fruit development. During this period, cell size was 
similar in wild‐type and transgenic lines indicating that a reduction 
in cell production capacity during early fruit growth may contribute 
partially to the reduced fruit size phenotype in these plants (Yao et al. 
2015). An allele of miR172 displaying a transposon insertion and poten-
tially reduced expression was associated with larger fruit size across 
multiple Malus accessions and a segregating population. The wild 
type allele was named as the CRAB APPLE FRUIT SIZE (CAFS) locus 
(Yao et al. 2015). The miR172 may regulate expression or translation 
of AP2 genes which are floral homeotic genes regulating floral organ 
identity. This work in apple is somewhat contrary to a fruit growth pro-
moting role proposed for miR172 in Arabidopsis (Ripoll et al. 2015). 
However, this apparent discrepancy has been attributed to the funda-
mentally different origins of the fruit tissue in these two species with 
Arabidopsis forming a silique derived primarily from the ovary (Yao 
et al. 2015; 2016). In the proposed model, AP2 may function to promote 
sepal identity and growth and its downregulated activity in genotypes 
with higher miRNA172p expression results in reduced fruit size as this 
cortex tissue is largely derived from the fused basal regions of floral 
appendages including sepals. In addition to miRNA172p, Duan et al. 
(2017) identified two other miR172 genes that may also be associated 
with fruit size evolution in apple.

Another floral homeotic gene belonging to the class B of organ iden-
tity genes, PI, has also been associated with regulation of localized 
fruit growth in apple (Yao et al. 2018). Alteration of PI expression was 
previously reported to be associated with parthenocarpic apple fruit 
development (Yao et  al. 2001). Over and ectopic expression of PI in 
‘Bolero’ apple resulted in the conversion of sepals to petals and altered 
fruit morphology by altering fruit shape (Yao et  al. 2018). Beginning 
from early stages of fruit growth (eight days after pollination), transgenic 
lines overexpressing the PI gene displayed characteristic longitudinal 
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grooves on the fruit and a temporary transverse groove. By maturity, 
the fruit displayed a reduced height to width ratio and a flattened fruit 
shape. While cell size was reduced within the groove regions, cell pro-
duction may also have been potentially altered in this region resulting 
in the observed changes in fruit morphology. The authors hypothesized 
that PI may heterodimerize with another homeotic gene product AP3 to 
suppress growth in the fruit and that the localized accumulation of AP3 
may contribute to such spatial growth regulation. However, the local-
ized accumulation of AP3 transcripts or the protein remains to be char-
acterized. A potentially conserved role for PI in regulating fleshy fruit 
growth is supported by work in grape where a fleshless berry (flb) mutant 
was found to contain a transposon insertion within the promoter region 
of PI resulting in its ectopic expression during early fruit development 
and an associated loss of fleshy tissue growth due to reduced cell divi-
sion and expansion (Fernandez et al. 2006, 2007, 2013).

A MADS box gene belonging to the class E floral homeotic gene fam-
ily (SEPALLATA1/2; SEP1/2), a class of gene products that function 
along with other floral homeotic gene products to determine floral organ 
identity, has also been associated with regulation of fruit growth and 
development in apple (Ireland et al. 2013). Antisense suppression of one 
of these genes (MADS8) in apple also affected transcript accumulation 
of several closely related genes: MADS9 and MADS7. Transgenic apple 
lines displaying reduced expression of these genes displayed floral, 
fruit growth, and ripening related phenotypes. Floral morphology was 
altered through the development of sepalloid petals and reduced post‐
bloom petal abscission. Histological analysis revealed that in these 
transgenic lines, the outer hypanthium tissue development was already 
affected at bloom. Further, fruit from these transgenic lines displayed 
reduced growth primarily due to a reduction in growth within the cor-
tex tissue. Cells within the cortex were substantially reduced at matu-
rity, indicating that cortex cell expansion was altered in these lines 
resulting in a dramatically reduced fruit size phenotype. Interestingly, 
reduced expression of a closely related MADS9 genes appears to simi-
larly alter fleshy fruit growth in strawberry, at least in some severe phe-
notype lines (Seymour et al. 2011), suggesting a more general role for 
these genes in the growth of fleshy fruits.

F.  Cell Wall Modifying Genes and Regulation of Fruit Growth

Multiple cell wall modifying genes have been investigated in apple in 
relation to their potential roles in regulating fruit growth. Cell expansion 
is primarily driven by turgor within cells (Cosgrove 2018). Increase in 
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volume of cells, either in relation to cell growth or in relation to post‐
mitotic cell expansion, is associated with loosening of the cell wall 
and the associated relaxation of wall stress resulting in an irreversible 
increase in the surface area (Cosgrove 2016, 2018). Multiple enzymes 
such as expansins, endoglucanases, endotransglucosylases, and pec-
tin‐modifying enzymes such as pectinmethylesterases and polygalac-
turonases, have been associated with cell wall loosening in relation to 
growth and other responses (Cosgrove 2016). Only a few of these have 
been systematically evaluated in apple in relation to cell expansion dur-
ing fruit growth. An initial study evaluated the transcript abundance of 
six EXPA (α‐EXPANSIN) genes in apple and identified at least one for 
which the expression pattern coincided with the cell expansion period 
of fruit growth (Wakasa et al. 2003). Dash et al. (2013) also evaluated 
the transcript accumulation patterns of several EXPA genes during fruit 
development and in relation to reduction in fruit load. These EXPAs 
displayed varying transcript abundance during fruit development but 
at least two of them displayed an increase in abundance during mid‐
fruit development coincident with the post‐mitotic cell expansion 
phase of fruit growth. One of these, EXPA10;1, displayed a reduction in 
transcript abundance in response to severe shading, a treatment associ-
ated with a reduction in cell expansion (Dash et al. 2012). A systematic 
genome‐wide analysis of EXPANSINs in apple identified 41 such genes 
that could be classified into four sub‐groups (Zhang et al. 2014). While 
the transcripts of many of these genes were identified within the fruit, 
a detailed analysis of abundance was performed primarily in relation to 
ripening (Zhang et al. 2014).

While many putative endoglucanase, endotransglucosylase, and pec-
tin modification‐associated genes have been identified in transcrip-
tome studies and other studies in apple (Atkinson et al. 2012; S. Jing 
and others, unpubl.), analysis of their expression profiles and their 
responses to factors that alter growth is still lacking, although they have 
been studied in relation to fruit ripening (e.g., Atkinson et al. 2012). 
A proteomic study indicated higher expression of several endotransglu-
cosylase and pectin modification‐associated gene products during mid‐
fruit development coincident with the period of cell expansion (Li et al. 
2016). Additionally, two beta‐galactosidase genes were co‐localized to a 
locus associated with fruit size evolution during domestication (Duan 
et al. 2017). The potential roles of these genes in regulating apple fruit 
growth is unclear. In strawberry, downregulation of the expression of 
these genes reduced fruit weight likely due to impaired pollen tube 
growth, fertilization, and reduced achene numbers, but not by altering 
fruit growth processes directly (Paniagua et al. 2016).
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An additional set of cell wall modifying factors are the gene products 
of the COBRA (COB) and COBRA‐LIKE gene families. COB was iden-
tified in Arabidopsis as a gene associated with oriented cell expan-
sion (Schindelman et al. 2001). Further analysis suggested crystalline 
cellulose and microfibril orientation were significantly impacted in the 
cob mutant. These data indicated a role for COB in regulating the depo-
sition of cellulose microfibrils during cell elongation (Roudier et  al. 
2005). A putative COB homolog, COB1, was identified in apple and 
its transcript accumulation during fruit development was character-
ized (Dash et al. 2012, 2013). COB1 transcript abundance was relatively 
constant during the cell production period but rapidly increased by 
over fourfold following exit from this phase and remained high and 
stable during the rest of fruit development. Interestingly, the period 
of rapid increase in COB1 transcript abundance in apple coincides 
with the period of highest RCER during fruit growth (Dash et al. 2013). 
Further, its transcript abundance was slightly but significantly reduced 
in response to severe shading which induced a reduction in cell pro-
duction and expansion (Dash et al. 2012). Together, these data suggest a 
potential role for the COB1 gene product in facilitating rapid cell expan-
sion during fruit development. In tomato, a putative homolog of COB 
was identified and functionally characterized (Cao et  al. 2012). The 
tomato COB displays higher transcript abundance during early fruit 
development coincident with the period of rapid cell expansion and 
declines towards ripening, a period where no additional cell expansion 
occurs in tomato. Fruit‐specific downregulation of the tomato COB due 
to co‐suppression leads to reduced crystalline cellulose content and 
fruit cracking. Further, pericarp cell walls appeared to be compromised 
in these lines, leading to the collapse of some cells. Its overexpression 
resulted in increased cellulose content, fruit firmness, and shelf‐life 
(Cao et al. 2012). Together, these data suggest an important role for COB 
in regulating cell wall remodeling during cell expansion mediated fruit 
growth. In apple, much of the information on regulation of cell expan-
sion remains to be functionally analyzed. A systematic functional anal-
ysis of some of the above described genes in relation to cell expansion 
during fruit growth is necessary to determine the key components asso-
ciated with cell wall loosening in relation to fruit growth.

G.  Metabolism and Regulation of Fruit Growth

Fruit metabolism is an integral component of fruit development and 
plays primary roles in determining the rate of growth and final fruit 
quality. Integration of molecular regulation of fruit metabolism with 
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regulation of growth in the organ is only recently being achieved in 
model fruit systems. In apple, further work is necessary to achieve a 
better understanding of the role of fruit metabolism in the molecular 
physiology of fruit growth. A brief discussion of apple fruit metabolism 
in presented below to allow for an appreciation of the inter‐dependence 
of these processes.

The apple fruit possesses significant photosynthetic ability (Blanke 
and Lenz 1989), but it also functions as a heterotrophic organ. Blanke and 
Lenz (1989) proposed that apple fruit photosynthesis was intermediate 
between that of C3 and C4/CAM. Such photosynthetic activity allows 
for the fruit to partially meet (5–20%) its carbohydrate demands for 
growth, at least during early fruit development (Blanke and Lenz 1989; 
Lakso and Goffinet 2017). Hence, the apple fruit still functions as a 
major sink and is greatly dependent on resource import to meet its 
metabolic demands. Much of the carbohydrate and other nutritional 
requirements before bloom are supported by remobilized reserves from 
the previous season in roots and stems (Hansen 1971; Titus and Kang 
1982). Around bloom or slightly after, there appears to be a transition 
such that current photosynthesis from newly emerged and photosyn-
thetically established leaves begins to support the majority of growth 
of the fruit (Hansen 1967, 1971; Quinlan, 1969; Oliviera and Priestley 
1988; Forshey and Elfving 1989). The cell production phase of growth 
creates intensive demands for carbohydrates and other nutrients. Cell 
growth requires additional cytoplasmic material, cell wall components, 
membranes, and organelles. Subsequently, there is also an increased 
energy demand to facilitate the high metabolic activity during this 
period. In fact, the rate of respiration during fruit development is high-
est during this growth period (Blanke and Lenz 1989; Beshir et al. 2017). 
Post‐mitotic cell expansion involves multiple metabolic changes which 
allow for some cytoplasmic growth of the cell but also allow for a large 
increase in vacuolar volume through the intake of water, a process 
mediated by the accumulation of osmoticum within these organelles. 
Further, this period of growth also involves transitory accumulation 
of carbohydrate in the form of starch (Berüter 1985). This is subse-
quently metabolized during later stages to support accumulation of 
other sugars and to meet the respiratory demands of ripening. These 
aspects of carbohydrate and nutrient requirement clearly demonstrate 
the dependence of the fruit cells on resource import to sustain growth. 
Further, a reduction of fruit load often leads to enhanced fruit growth, 
especially if performed early in the season (Auchter 1920; Denne 1960; 
Westwood et al. 1967; Dennis 2000). This increase in fruit growth is 
mediated by an increase in cell production but can also involve an 

0004430753.INDD   22 11-10-2019   06:56:22



1.  Molecular Physiology of Fruit Growth in Apple	 23

increase in cell expansion (Denne 1960; Westwood et al. 1967; Goffinet 
et al. 1995; Dash et al. 2013). Such an increase in growth is one of the 
main reasons for application of extensive crop load management prac-
tices in apple (Wunsche and Ferguson 2005; Kon and Schupp 2019).

Carbon may enter apple fruit primarily in the form of sorbitol (Sor) 
or sucrose (Suc), with the extent of carbon in the form of Sor being 
several‐fold higher than that in the form of Suc (Webb and Burley 1962; 
Berüter and Droz 1991). Phloem unloading in apple occurs apoplasti-
cally during early fruit development (Zhang et al. 2004), requiring the 
function of transporters to allow for its intake into fruit cells. Several 
putative sugar transporters have been identified and their transcript 
abundance characterized in apple, some of which may be involved in 
the entry of Sor and Suc into fruit cells (Gao et al. 2005; Li et al. 2012; 
Wei et al. 2014). Although Sor serves as one of the main forms of car-
bon entry into the fruit, it does not typically accumulate during fruit 
development (Berüter 1985; Yamaki and Ishikawa 1986; Zhang et al. 
2010). Instead, Sor is rapidly converted to fructose (Fru) by sorbitol 
dehydrogenase (SDH) (Yamaki and Ishikawa 1986; Archbold 1999). 
Multiple genes coding for SDH have been identified in apple and the 
expression patterns of some of them are consistent with changes in Sor 
concentration, especially during early fruit development, indicating 
that SDH activity can affect sink strength of apple fruit (Nosarszewski 
et al. 2004).

Sucrose concentration increases during most of fruit development 
(Berüter 1985; Yamaki and Ishikawa, 1986), mediated by the entry of Suc 
into the fruit cells, and extensive interconversions during Suc metabo-
lism. Sucrose metabolism in apple fruit may occur through the activity 
of multiple enzymes. Invertases convert Suc into Fru and glucose 
(Glc). Cell wall invertases may metabolize Suc following its apoplastic 
unloading, but such invertase content was found to be low in the fruit 
cortex (Li et al. 2016). In tomato, a cell wall invertase gene (LIN5) was 
identified as the underlying gene for a major QTL for fruit sugar content 
and yield, and its downregulation resulted in reduced fruit size (Frid-
man et al. 2004; Zanor et al. 2009), supporting a substantial role for these 
genes in regulating fruit growth. Neutral invertases (NINV) function in 
the cytoplasm and one of the genes coding for an NINV, NINV5, was 
postulated to be associated with Suc unloading in apple (Li et al. 2012, 
2016). Vacuolar invertases (VINV) may also metabolize Suc leading to 
the production and potential accumulation of Fru and Glc in the vacu-
ole. Acid invertase activity is generally higher during early fruit growth 
(Berüter 1985) and may therefore serve as an important mechanism for 
Suc metabolism during this period. Sucrose may also be metabolized 
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by sucrose synthase (Susy), yielding Fru and UDP‐Glc. Potentially, 
such Susy activity can feed into cellulose synthesis to support the new 
cell wall growth requirements associated with rapid early fruit growth 
(Verbancic et al. 2018). In fact, Susy activity was generally higher dur-
ing early fruit development and subsequently declined at later stages 
(Li et al. 2012). Further, Suc metabolism in the apple fruit also involves 
a Suc–Suc cycle contributing to the accumulation of Suc during fruit 
development through the activity of sucrose phosphate synthase (SPS; 
Li et al. 2012). Starch breakdown during late fruit development may 
also contribute to Suc accumulation (Berüter and Feusi 1997).

Fructose and Glc generated from the metabolism of carbon imported 
into the fruit can have multiple metabolic fates. Fru and Glc can enter 
glycolysis following their phosphorylation by fructokinase and hexoki-
nase, respectively. Fructokinase protein content and activity are higher 
during early fruit growth (Li et al. 2012, 2016). Similarly, hexokinase 
activity and transcript abundance of hexokinase genes was greater dur-
ing early fruit growth (Li et al. 2012; S. Jing and A. Malladi, unpubl.). 
Such flux into glycolysis and subsequent respiration is critical to meet 
energy and carbon skeleton demands of early fruit growth. Glycolytic 
flux was in fact reported to be high during early fruit development 
(Beshir et  al. 2017) and to decline at later stages (Li et  al. 2016). In 
tomato, overexpression of an Arabidopsis hexokinase gene reduced 
fruit growth underlining the important role of these genes in support-
ing organ growth (Menu et al. 2004). Hexose phosphates can also be 
converted to nucleotide‐sugars which then serve as precursors for the 
synthesis of non‐cellulosic cell wall material (Verbancic et al. 2018). 
Another metabolic fate for these sugars is their accumulation in the 
vacuoles during early fruit development (Berüter 1985; Zhang et  al. 
2010; S. Jing and A. Malladi, unpubl.). This may serve multiple pur-
poses, including that of increasing osmoticum to allow for cell expan-
sion at later stages. Fructose, in fact, continues to accumulate during 
mid and late stages of fruit development at levels higher than that of 
Glc such that it is typically the most abundant simple sugar at matu-
rity (Berüter 1985; Zhang et al. 2010). These sugars may also contrib-
ute to transitory starch biosynthesis and accumulation that occurs dur-
ing mid stages of fruit development, coincident with the period of cell 
expansion. This metabolic transition away from glycolysis during mid 
fruit development may reflect lower demands for carbon skeletons and 
energy to facilitate cell expansion‐mediated growth.

Malic acid (malate) accumulates during fruit development in apple 
and is the most abundant organic acid in apple fruit (Ulrich 1970; 
Berüter 2004; Walker and Famiani 2018). Fixation of CO2 (HCO3

−) by 
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phosphoenolpyruvate carboxylase (PEPC) with PEP serving as the other 
substrate to generate oxaloacetic acid (OAA) has been reported in apple 
(Blanke and Lenz 1989). Malate dehydrogenase (MDH) activity may 
subsequently convert OAA to malate (Blanke and Lenz 1989). In fact, 
such a pathway for malate synthesis appears to be common across mul-
tiple fruits and may serve as the major route for its synthesis (Etienne 
et al. 2013; Walker and Famiani 2018). Malate concentration increases 
gradually during early fruit development reaching a peak towards the 
end of the cell production period of fruit growth (Zhang et al. 2010; S. 
Jing and A. Malladi, unpubl.). Putative PEPC genes and MDH genes 
have been isolated from apple and partially characterized (Yao et al. 
2009, 2011). Transcript abundance of some PEPC genes increases dur-
ing early fruit growth and development, while that of some MDH genes 
is also high during this period, consistent with a role for PEPC and 
MDH in generating malate during early fruit development (Yao et al. 
2009, 2011; S. Jing and A. Malladi, unpubl.). Malate generated through 
such metabolism or through the tricarboxylic acid (TCA) cycle may be 
transported into vacuoles for storage allowing for its accumulation. The 
capacity for storage may determine the ability of a given apple cultivar 
to accumulate malate (Berüter 2004). Further, a potential gene respon-
sible for a low fruit acidity phenotype was found to be an aluminum 
activated malate transporter (Bai et  al. 2012). The physiological sig-
nificance for such accumulation of malate is not entirely clear. One 
hypothesis is that malate accumulation in the vacuole during early fruit 
growth may serve as an osmoticum that allows for cell expansion at later 
stages, as has been proposed for tomato (Guillet et al. 2002), indicating 
direct implications for cell expansion‐mediated fruit growth. Alterna-
tively, malate may serve as a storage form of carbon that can re‐enter 
respiration (TCA cycle) at later stages such as during the respiratory 
climacteric. Overall, malate accumulation influences fruit growth and 
development, and contributes to final fruit quality.

An area that has had relatively little study is N metabolism during 
fruit growth. Much of the N required to support pre‐bloom growth until 
full bloom is likely to be supported by remobilization of N reserves 
(Titus and Kang 1982; Malaguti et al. 2001; Guak et al. 2003). Remobi-
lization of N continues to support early fruit growth, although current 
N acquisition also contributes to growth during this period (Titus and 
Kang 1982; Malaguti et al. 2001; Guak et al. 2003). The entry of N into 
the fruit is likely in the form of amino acids during this period, pre-
dominantly in the form of asparagine (Asn), aspartate (Asp), glutamine 
(Gln), and arginine (Tromp and Ovaa 1971; Malaguti et al. 2001). In fact, 
within the fruit tissue, Asn is the most abundant amino acid during 

0004430753.INDD   25 11-10-2019   06:56:22



26	 Anish Malladi

early fruit development (Zhang et  al. 2010; Beshir et  al. 2017). How 
these forms of N imported into the fruit are metabolized to support 
N demands during early fruit growth remains unclear. It is likely that 
Asn is metabolized by asparaginase to yield Asp and ammonium (NH4

+; 
Gaufichon et  al. 2016). Aspartate may have several metabolic fates 
including conversion to OAA, and as the N source for the biosynthesis 
of other amino acids. The NH4

+ released may be re‐assimilated through 
the glutamine synthetase–glutamine 2‐oxo‐glutarate aminotransferase 
(GS–GOGAT) pathway leading to the synthesis of glutamate. Owing 
to higher N demand during cell production, it may be speculated that 
such N metabolism is substantially higher during early fruit growth. 
Nitrogen availability does in fact limit fruit growth and increased N 
availability increases cell production and fruit size (Xia et  al. 2009). 
Future studies should evaluate the contribution of N metabolism and 
its molecular regulation to fruit growth and development as this repre-
sents a major gap in knowledge.

H.  Phytohormones and the Regulation of Fruit Growth

Phytohormones are key factors that coordinate cell production and 
expansion and may therefore have profound effects on fruit growth 
in apple. Multiple phytohormones are thought to regulate apple fruit 
growth. Auxins have been implicated in the regulation of various aspects 
of fruit growth and development including cell production, expan-
sion, and ripening (Srivastava and Handa 2005). In apple, synthetic 
auxins such as naphthalene acetic acid (NAA) are regularly used for 
crop load management and can therefore influence fruit growth indi-
rectly (Dennis 2000; Zhu et al. 2011). It is likely that endogenous auxins 
play significant roles in regulating fruit growth as well. Consequently, 
detailed genomic analysis of the potential role of auxins, their metab-
olism, transport, and signaling, has been reported in apple (Devogha-
laere et al. 2012). Free auxin (indole‐3‐acetic acid; IAA) concentration 
increased in the fruit cortex during mid‐fruit growth coincident with the 
period of post‐mitotic cell expansion. Interestingly, IAA concentration 
in the seeds was substantially higher and continued to increase during 
fruit development. Injection of IAA into the fruit at 30 DAFB enhanced 
growth, resulting in larger fruit. This was primarily achieved through 
an increase in cell size indicating a role for IAA in promoting cell wall 
loosening and facilitating cell expansion (Devoghalaere et  al. 2012). 
Transcript abundance of six classes of auxin‐related genes – including 
those coding for putative receptors, signaling proteins, and transport 
proteins – were evaluated during fruit development and found to be 
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dynamically altered. One such class evaluated included auxin metab-
olism‐related genes (GH3) involved in its conjugation. Transcript 
abundance of several of these genes declined during cell expansion, 
suggesting a decrease in IAA conjugation during this period allowing 
for a larger pool of free and active auxin (Devoghalaere et  al. 2012). 
A key aspect of that study was the identification of several fruit size‐
related QTLs using two mapping populations. One of the auxin sig-
naling‐related genes, ARF106, was co‐localized to a QTL associated 
with fruit size. ARFs are transcription factors involved in mediating 
auxin responses through binding to auxin response elements within 
promoters of auxin‐inducible genes. Modulation of gene expression 
by ARFs is repressed by their interaction with AUX/IAA proteins. 
Once auxin binds to the TIR1–AUX/IAA co‐receptor complex, AUX/
IAA is degraded and its repression of ARF activity is released. Sub-
sequently, the ARFs dimerize and, by binding to promoter regions of 
auxin‐inducible genes, regulate downstream transcription of those 
genes (Leyser 2018). ARF106 transcript abundance was higher dur-
ing cell production and expansion phases, consistent with a potential 
role in promoting growth through both processes (Devoghalaere et al. 
2012; Dash et  al. 2013). These data implicate endogenous auxins in 
regulating fruit growth, but further studies are clearly needed to deter-
mine mechanisms mediating this response. For example, identification 
of ARF targets may provide mechanistic explanations for the roles of 
auxins in regulating apple fruit growth.

Cytokinins are known to promote cell production in a range of plant 
systems by potentially altering cell cycle progression (Schaller et  al. 
2014). CYCD3 transcript abundance has in fact been demonstrated to be 
affected by cytokinin availability (Riou‐Khamlichi et al. 2000). Hence, 
cytokinins may also regulate cell production during early fruit growth 
(Srivastava and Handa 2005). The plant growth regulators (PGRs), 
6‐benzyl adenine (6‐BA) and N‐(2‐chloro‐4‐pyridyl); N’‐phenylurea 
(CPPU) have been studied in reference to crop load management and 
enhancement of fruit size in apple (Greene 2001; Stern et  al. 2003, 
2006). Applications of 6‐BA can result in a reduction in fruit load 
which can indirectly allow for enhanced fruit growth of remaining fruit 
(Greene et al. 2016). However, a more direct effect of 6‐BA on cell divi-
sion within apple fruit has also been suggested (Wismer and Procter 
1995). Stern et  al. (2003, 2006) reported an increase in fruit size by 
early applications of 6‐BA and CPPU at lower rates than those used 
for crop load reduction. The molecular components facilitating such 
an increase in cell production in relation to these PGR applications 
remain to be identified. Analysis of changes in cell production, and 
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changes in the transcript abundance of genes associated with regulating 
cell production, would be an initial step in this direction. Owing to its 
importance in regulating cell production, it is essential to characterize 
spatial and temporal changes in cytokinin metabolism and changes in 
associated transcript abundance during the cell production phase of 
fruit growth. A related study in tomato indicated high cytokinin metab-
olism during the cell production phase of fruit growth and high cytoki-
nin biosynthesis and signaling‐related transcript accumulation during 
this period (Matsuo et al. 2012).

Endogenous abscisic acid (ABA) concentration in the fruit cortex 
appears to decline during fruit development, although this was studied 
during only a short period spanning four days (Giulia et al. 2013). Tran-
scriptomics analysis of shaded, 6‐BA treated, and NAA treated fruit 
in relation to fruit abscission revealed substantial alteration in ABA 
biosynthesis and signaling suggesting a role for this phytohormone in 
mediating this response (Botton et al. 2011; Zhu et al. 2011). In fact, 
exogenous ABA applications are able increase fruit drop (Giulia et al. 
2013). However, whether endogenous ABA contributes to fruit abscis-
sion by altering growth characteristics directly remains to be evaluated.

Ethylene is a gaseous phytohormone with well‐defined roles in 
fruit ripening and mature fruit drop in apple (Li et al. 2015). Ethylene 
concentration and emission are often affected by PGRs and other 
chemical agents functioning as chemical thinners in apple (Zhu 
et al. 2011), but the role of ethylene in regulating apple fruit growth 
remains unexplored. Endogenous ethylene emission decreases during 
the first few weeks of fruit development following petal fall (Walsh 
and Solomos 1987). Large variability in ethylene emission charac-
teristics during this period were noted, but this was not necessarily 
correlated with abscission potential. Whether this is related to the 
growth potential of the fruit remains to be established. This is a poten-
tially important aspect considering that emerging evidence in model 
plant systems suggests that ethylene signaling can regulate organ 
growth by altering cell production (via the cell cycle) and expansion 
(via cell wall loosening agents) in a context‐specific manner (Dubois 
et al. 2018). For example, while ethylene inhibits young leaf growth in 
Arabidopsis, it can promote cell expansion in grape berries (Chervin 
et al. 2008; Dubois et al. 2018).

Jasmonates are another class of phytohormones with potential roles 
in regulating apple fruit growth and development. The concentrations 
of jasmonates, jasmonic acid (JA), and methyl‐jasmonate (MeJA) were 
high during early fruit development coincident with the period of cell 
production, declined at later stages, and increased during ripening 
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(Kondo et al. 2000). A clear role for jasmonates in regulating fruit rip-
ening in apple by alteration of ethylene biosynthesis has recently been 
demonstrated (Li et al. 2017). However, the role of jasmonates during 
early fruit growth and development remains unclear. Jasmonates are 
generally associated with negative regulation of cell cycle progres-
sion (Pauwels et al. 2008; Noir et al. 2013). The spatial and temporal 
context of elevated concentrations of jasmonates during early fruit 
growth needs to be better characterized to understand their roles in 
regulating fruit growth. Further, the molecular mechanisms associ-
ated with jasmonate metabolism and signaling need to be explored to 
better understand their roles in fruit growth and development.

I.  A Note on the Measurement of Growth

Future research on understanding molecular regulation of fruit growth 
should aim to integrate spatial and temporal characteristics of growth 
with molecular mechanisms of their regulation. Hence, it is important 
that fruit growth and its contributing components are measured accu-
rately and with high spatiotemporal resolution. Diverse methods of 
growth measurement have been used in apple and other fruits. One of 
the most effective methods to monitor growth is through measurement 
of increase in dry weight over time. However, this method is not widely 
used owing to the destructive nature of sampling. Growth is most fre-
quently measured by monitoring changes in fruit diameter over time, 
a relatively simple and non‐destructive method that can allow for 
repeated measurements of individual fruit. However, fruit diameter is 
a one‐dimensional measure of a three‐dimensional organ and is there-
fore limited in the information it provides, especially if growth is mon-
itored over the entire fruit developmental period as this can involve 
substantial changes in fruit shape. An approach often used by multiple 
authors is to establish a relationship between fruit diameter and weight 
for the genotype under consideration (e.g., Warrington et al. 1999). Esti-
mations of fruit weight from these data can be used to monitor growth. 
An alternative is the estimation of fruit volume using fruit diameter 
data. However, this can also be complicated by changes in fruit shape 
over development and the fact that the typical apple fruit often deviates 
from a simple sphere. In this context, measurement of fruit diameter 
and length can provide better estimates of volume, which can then be 
related to fruit weight. Advances in the application of imaging tools are 
necessary to non‐destructively measure fruit growth parameters. One 
such approach is the use of three‐dimensional imaging methods such 
as light detection and ranging (LiDAR) to obtain dense‐point clouds 
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from which fruit morphology metrics can be extracted. A recent study 
demonstrated such an application of multiview stereovision to obtain 
fruit height, width, volume, and other metrics from mature strawberry 
fruit (He et al. 2017). Similar tools are also being employed in other 
types of fruit such as peach (D. Chavez, pers. commun.). Some limita-
tions of current technology are low spatial resolution and issues with 
interference from alternative light sources making their application 
more challenging on younger fruit and under field conditions. How-
ever, further improvements in these imaging technologies and their 
decreasing costs should allow for their application to non‐destructively 
monitor individual fruit growth under field conditions. Such devel-
opments are essential to improve high throughput fruit growth phe-
notypic characterization, an essential metric in studies of molecular 
regulation of fruit growth.

An inherent issue with all of the above methods of growth 
measurement is that they limit monitoring to growth across the entire 
organ. However, the apple fruit is not homogenous and is constituted by 
multiple tissue types. It is likely that growth across all of these tissues is 
not uniform (Tukey and Young 1942; Herremans et al. 2015; S. Jing and 
A. Malladi, unpubl.). Better characterization of fruit growth, therefore, 
requires spatial resolution in measurement and integration with over-
all organ growth. Emerging imaging technologies need to be employed 
to make progress in this area. Such tools have recently been employed 
in some initial efforts to obtain information on void space and vascular 
tissue development within the fruit. Three‐dimensional imaging anal-
ysis through X‐ray micro‐tomography was used to determine and com-
pare void spaces in apple and pear fruits and was effective in providing 
micro‐meter resolution of some internal features of the fruit (Mendoza 
et al. 2007; Verboven et al. 2008). These studies indicated a higher void 
fraction within the cortex of mature apple fruit (~23%) than in pear 
fruit (~5%; Verboven et al. 2008). The estimate for apple is consistent 
with previous studies that used light microscopy‐based estimates of 
void space (Goffinet et  al. 1995). These tools were further employed 
to determine temporal and spatial growth and development of void 
fractions within the fruit (Herremans et al. 2015). Two key aspects of 
growth in void space emerged from these analyses. Firstly, there was a 
progressive increase in porosity within the fruit cortex from around 5 
to around 22 WAFB (from about 10% to around 25% of the fruit vol-
ume). Secondly, spatial differences in the development of these voids 
were identified. The pith of the fruit displayed clearly lower porosity 
at maturity (<15%) and this was associated with a lack of change in 
porosity during later stages of fruit growth, unlike that observed in the 
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cortex. Also, the pore spaces were found to be more fragmented and 
smaller in the pith than in the cortex, from relatively early stages of fruit 
growth. This technology was also used to determine the development 
of vasculature within the fruit, especially at later stages of growth. Total 
vascular length increased during fruit development, although initially 
at a rate lower than that of fruit growth (Herremans et al. 2015). Further, 
much of the increase in vascular length during later stages was associ-
ated with increased branching, especially near the peripheral regions of 
the fruit. Tools such as X‐ray micro‐tomography have some limitations 
in terms of their application to younger fruit but are still very promis-
ing in providing deep insights into internal fruit growth and develop-
mental characteristics. Such tools need to be integrated with molecular 
and physiological measurements to develop a better understanding of 
fruit growth (Cieslak et al. 2016). An example of such an application is 
the integration of fruit porosity and pore space connectivity measure-
ments with the development of post‐harvest physiological disorders 
(Herremans et  al. 2013, 2014). A further advantage of such methods 
could be the ability to automate measurements of cell number and size 
which would greatly aid in generating key information on fruit growth. 
Substantial limitations of this approach currently are high cost, low 
throughput, and limited data processing tools, many of which could 
potentially become smaller barriers for their application in the future.

VI.  CONCLUSIONS

Considerable progress has been made in recent years in identifying 
the molecular mechanisms and components regulating fruit growth 
in apple. Genes associated with floral organ development, phytohor-
mone biosynthesis or signaling, and regulation of cell production and 
expansion have been some of the key components identified to date. 
A summary of some of that current understanding is presented in 
Figure 1.2. Future efforts should be aimed at gaining a deeper under-
standing of molecular mechanisms and at integration of knowledge 
to develop a comprehensive model(s) for regulation of fruit growth. 
Wider approaches  –  such as transcriptome, proteome, and methy-
lome analyses – are being increasing applied to study fruit growth and 
development (Janssen et al. 2008; Li et al. 2016; Daccord et al. 2017). 
Insights provided by such studies will be critical in the identification 
of molecular components involved in the regulation of fruit growth. An 
aspect of great importance here is spatial resolution. The fruit is not 
homogenous and is comprised of multiple tissue types, as described 
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earlier. Detailed analyses of growth with high spatiotemporal resolu-
tion is required to further our understanding of its regulation. Effective 
coupling of growth analysis, using high resolution and high throughput 
options, with the “omics” approaches indicated above will be required 
to make meaningful advances in our understanding of fruit growth reg-
ulation. In this context, comparison of multiple genotypes with diverse 
spatiotemporal growth patterns presents a useful approach. An addi-
tional key component is the integration of fruit metabolism with fruit 
growth. Metabolomics approaches are beginning to be applied to study 
fruit growth in apple (Li et al. 2012; Beshir et al. 2017). These need to be 
performed at higher spatiotemporal resolution and should be integrated 
with growth analyses to better understand features of metabolic regula-
tion of fruit growth.

Several QTLs associated with fruit size have been identified in apple 
(Devoghalaere et  al. 2012; Potts et  al. 2014). Identification of genes 
underlying these QTLs can lead to great insights into fruit growth regu-
lation. Additionally, genetic approaches such as those involving large 
scale genome re‐sequencing followed by association analyses (e.g., Duan 
et  al. 2017) will also be critical in identifying loci and genes associ-
ated with fruit growth regulation. An approach that needs to be explored 
further is the use of mutants with altered fruit growth phenotypes. 
Molecular, genetic, and physiological characterization of such mutants 
can be an effective approach to identifying key molecular players 
and  processes regulating fruit growth (e.g., Malladi and Hirst 2010). 
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Figure 1.2  A summary of the currently known potential regulators of flower and fruit 
growth in apple. The various stages during which these regulators are functional are 
indicated. Arrows indicate positive regulation while the dashed line with a perpendicu-
lar line at the end indicates negative regulation.
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A potential approach here may be the development of mutant (induced 
and natural) collection resources for apple, as has been done previously 
for other species such as Arabidopsis and tomato. This presents an 
opportunity for collaborative efforts of molecular geneticists, breeders, 
and fruit physiologists. Together, these efforts can help fill current gaps 
in knowledge of fruit growth regulation in apple and provide tools to 
optimize this critical trait.

LITERATURE CITED

Archbold, D.D. 1999. Carbohydrate availability modifies sorbitol dehydrogenase activity 
of apple fruit. Physiol. Plant. 105:391–395.

Atkinson, R.G., P.W. Sutherland, S.L. Johnston, K. Gunaseelan, I.C. Hallett, D. Mitra, 
D.A. Brummell, R. Schröder, J.W. Johnston, and R.J. Schaffer. 2012. Down‐regulation 
of POLYGALACTURONASE1 alters firmness, tensile strength and water loss in apple 
(Malus x domestica) fruit. BMC Plant Biol. 12:129.

Auchter, E.C. 1920. Some influences of thinning, pollination and fruit‐spur growth on 
yearly performance record of fruit‐spurs and on the size of fruit produced. Proc. Am. 
Soc. Hortic. Sci. 16:118–131.

Bai, Y., L. Dougherty, M. Li, G. Fazio, L. Cheng, and K. Xu. 2012. A natural mutation‐
led truncation in one of the two aluminum‐activated malate transporter‐like genes 
at the Ma locus is associated with low fruit acidity in apple. Mol. Genet. Genomics 
287:663–678.

Baskin, T.I. 2000. On the constancy of cell division rate in the root meristem. Plant Mol. 
Biol. 43:545–554.

Baskin, T.I., A. Cork, R.E. Williamson, and J.R. Gorst. 1995. STUNTED PLANT 1, a gene 
required for expansion in rapidly elongating but not in dividing cells and mediating 
root growth responses to applied cytokinin. Plant Physiol. 107:233–243.

Beemster, G.T.S. and T.I. Baskin. 1998. Analysis of cell division and elongation under-
lying the developmental acceleration of root growth in Arabidopsis thaliana. Plant 
Physiol. 116:1515–1526.

Berüter, J. 1985. Sugar accumulation and changes in the activities of related enzymes dur-
ing development of the apple fruit. J. Plant Physiol. 121:331–341.

Berüter, J. 2004. Carbohydrate metabolism in two apple genotypes that differ in malate 
accumulation. J. Plant Physiol. 161:1011–1029.

Berüter, J. and P. Droz. 1991. Studies on locating the signal for fruit abscission in the 
apple tree. Scientia Hortic. 46:201–214.

Berüter, J. and M.E.S. Feusi. 1997. The effect of girdling on carbohydrate partitioning in 
the growing apple fruit. J. Plant Physiol. 151:277–285.

Beshir, W.F., V.B.M. Mbong, M.L.A.T.M. Hertog, A.H. Geeraerd, W. Van den Ende, and 
B.M. Nicolaï. 2017. Dynamic labeling reveals temporal changes in carbon re‐allocation 
within the central metabolism of developing apple fruit. Front. Plant Sci. 8:1–16.

Blanke, M.M. and F. Lenz. 1989. Fruit photosynthesis. Plant Cell Environ. 12:31–46.
Blanpied, G.D. and M.H. Wilde. 1968. A study of the cells in the outer flesh of developing 

McIntosh apple fruits. Bot. Gaz. 129:173–183.
Botton, A., G. Eccher, C. Forcato, A. Ferrarini, M. Begheldo, M. Zermiani, S. Moscatello, 

A. Battistelli, R. Velasco, B. Ruperti, and A. Ramina. 2011. Signaling pathways mediat-
ing the induction of apple fruitlet abscission. Plant Physiol. 155:185–208.

0004430753.INDD   33 11-10-2019   06:56:24



34	 Anish Malladi

Bowman, J.L., D.R. Smyth, and E.M. Meyerowitz. 1991. Genetic interactions among floral 
homeotic genes of Arabidopsis. Development 112:1–20.

Bowman, J.L., D.R. Smyth, and E.M. Meyerowitz. 2012. The ABC model of flower 
development: then and now. Development 139:4095–4098.

Breyne, P., R. Dreesen, K. Vandepoele, L. De Veylder, F. Van Breusegem, L. Callewaert, 
S. Rombauts, J. Raes, B. Cannoot, G. Engler, D. Inze, and M. Zabeau. 2002. Transcriptome 
analysis during cell division in plants. Proc. Natl. Acad. Sci. USA. 99:14825–14830.

Buban, T. and M. Faust. 1982. Flower bud induction in apple trees. Hortic. Rev. 4:174–203.
Bukovac, M.J. 1963. Induction of parthenocarpic growth of apple fruits with gibberellins 

A3 and A4. Bot. Gaz. 124:191–195.
Bukovac, M.J. and S. Nakagawa. 1967. Comparative potency of gibberellins in inducing 

parthenocarpic fruit growth in Malus sylvestris Mill. Experientia 23:865.
Cao, Y., X. Tang, J. Giovannoni, F. Xiao, and Y. Liu. 2012. Functional characterization of 

a tomato COBRA‐like gene functioning in fruit development and ripening. BMC Plant 
Biol. 12:211.

Chervin, C., A. Tira‐Umphon, N. Terrier, M. Zouine, D. Severac, and J.P. Roustan. 2008. 
Stimulation of the grape berry expansion by ethylene and effects on related gene tran-
scripts, over the ripening phase. Physiol. Plant. 134:534–546.

Cieslak, M., I. Cheddadi, F. Boudon, V. Baldazzi, M. Génard, C. Godin, and N. Bertin. 
2016. Integrating physiology and architecture in models of fruit expansion. Front. Plant 
Sci. 7:1–19.

Coen, E. and E.M. Meyerowitz. 1991. The war of the whorls: genetic interactions 
controlling flower development. Nature 353:31–37.

Cong, B., J. Liu, and S.D. Tanksley. 2002. Natural alleles at a tomato fruit size quantitative 
trait locus differ by heterochronic regulatory mutations. Proc. Natl. Acad. Sci. USA. 
99:13606–13611.

Cosgrove, D.J. 2016. Catalysts of plant cell wall loosening. F1000Research 5:1–13.
Cosgrove, D.J. 2018. Diffuse growth of plant cell walls. Plant Physiol. 176:16–27.
Daccord, N., J.M. Celton, G. Linsmith, C. Becker, N. Choisne, E. Schijlen, H. Van De Geest, 

L. Bianco, D. Micheletti, R. Velasco, E.A. Di Pierro, J. Gouzy, D.J.G. Rees, P. Guérif, H. 
Muranty, C.E. Durel, F. Laurens, Y. Lespinasse, S. Gaillard, S. Aubourg, H. Quesneville, 
D. Weigel, E. Van De Weg, M. Troggio, and E. Bucher. 2017. High‐quality de novo as-
sembly of the apple genome and methylome dynamics of early fruit development. Nat. 
Genet. 49:1099–1106.

Dash, M. and A. Malladi. 2012. The AINTEGUMENTA genes, MdANT1 and MdANT2, are 
associated with the regulation of cell production during fruit growth in apple (Malus × 
domestica Borkh.). BMC Plant Biol. 12:98.

Dash, M., L.K. Johnson, and A. Malladi. 2012. Severe shading reduces early fruit 
growth in apple by decreasing cell production and expansion. J. Am. Soc. Hortic. Sci. 
137:275–282.

Dash, M., L.K. Johnson, and A. Malladi. 2013. Reduction of fruit load affects early fruit 
growth in apple by enhancing carbohydrate availability, altering the expression of 
cell production‐related genes, and increasing cell production. J. Am. Soc. Hortic. Sci. 
138:253–262.

Denne, M.P. 1960. The growth of apple fruitlets and the effect of early thinning on fruit 
development. Ann. Bot. 24:397–406.

Dennis, F.G. 2000. The history of fruit thinning. Plant Growth Regul. 31:1–16.
Dewitte, W., C. Riou‐Khamlichi, S. Scofield, J.M.S. Healy, A. Jacqmard, N.J. Kilby, 

and J.A.H. Murray. 2003. Altered cell cycle distribution, hyperplasia, and inhibited 
differentiation in arabidopsis caused by the D‐type cyclin CYCD3. Plant Cell 15:79–92.

0004430753.INDD   34 11-10-2019   06:56:24



1.  Molecular Physiology of Fruit Growth in Apple	 35

De Jong, M., C. Mariani, and W.H. Vriezen. 2009. The role of auxin and gibberellin in 
tomato fruit set. J. Expt. Bot. 60:1523–1532.

De Jong, M., M. Wolters‐Arts, B.C.J. Schimmel, C.L.M. Stultiens, P.F.M. De Groot, 
S.J.  Powers, Y.M. Tikunov, A.G. Bovy, C. Mariani, W.H. Vriezen, and I. Rieu. 2015. 
Solanum lycopersicum AUXIN RESPONSE FACTOR 9 regulates cell division activity 
during early tomato fruit development. J. Expt. Bot. 66: 3405–3416.

De Veylder, L., T. Beeckman, G.T.S. Beemster, L. Krols, F. Terras, I. Landrieu, E.V.D. 
Schueren, S. Maes, M. Naudts, and D. Inze. 2001. Functional analysis of cyclin‐
dependent kinase inhibitors of arabidopsis. Plant Cell 13:1653–1667.

Devoghalaere, F., T. Doucen, B. Guitton, J. Keeling, W. Payne, T.J. Ling, J.J. Ross, 
I.C.  Hallett, K. Gunaseelan, G.A. Dayatilake, R. Diak, K.C. Breen, D.S. Tustin, 
E.  Costes, D. Chagné, R.J. Schaffer, and K.M. David. 2012. A genomics approach 
to understanding the role of auxin in apple (Malus x domestica) fruit size control. 
BMC Plant Biol. 12:7.

Duan, N., Y. Bai, H. Sun, N. Wang, Y. Ma, M. Li, X. Wang, C. Jiao, N. Legall, L. Mao, S. Wan, 
K. Wang, T. He, S. Feng, Z. Zhang, Z. Mao, X. Shen, X. Chen, Y. Jiang, S. Wu, C. Yin, 
S. Ge, L. Yang, S. Jiang, H. Xu, J. Liu, D. Wang, C. Qu, Y. Wang, W. Zuo, L. Xiang, C. Liu, 
D. Zhang, Y. Gao, Y. Xu, K. Xu, T. Chao, G. Fazio, H. Shu, G.‐Y. Zhong, L. Cheng, Z. Fei, 
and X. Chen. 2017. Genome re‐sequencing reveals the history of apple and supports a 
two‐stage model for fruit enlargement. Nat. Commun. 8:249.

Dubois, M., L. Van den Broeck, and D. Inzé. 2018. The pivotal role of ethylene in plant 
growth. Trends Plant Sci. 23:311–323.

Etienne, A., M. Génard, P. Lobit, D. Mbeguié‐A‐Mbéguié, and C. Bugaud. 2013. What 
controls fleshy fruit acidity? A review of malate and citrate accumulation in fruit cells. 
J. Expt. Bot. 64:1451–1469.

Fernandez, L., J. Chäib, J.M. Martinez‐Zapater, M.R. Thomas, and L. Torregrosa. 2013. 
Mis‐expression of a PISTILLATA‐like MADS box gene prevents fruit development in 
grapevine. Plant J. 73:918–928.

Fernandez, L., C. Romieu, A. Moing, A. Bouquet, M. Maucourt, M.R. Thomas, and 
L.  Torregrosa. 2006. The grapevine fleshless berry mutation. A unique genotype to 
investigate differences between fleshy and nonfleshy fruit. Plant Physiol. 140:537–547.

Fernandez, L., L. Torregrosa, N. Terrier, L. Sreekantan, J. Grimplet, C. Davies, M.R. Thomas, C. 
Romieu, and A. Ageorges. 2007. Identification of genes associated with flesh morphogenesis 
during grapevine fruit development. Plant Mol. Biol. 63:307–323.

Flaishman, M.A., Y. Peles, Y. Dahan, S. Milo‐Cochavi, A. Frieman, and A. Naor. 2015. 
Differential response of cell‐cycle and cell‐expansion regulators to heat stress in apple 
(Malus domestica) fruitlets. Plant Sci. 233:82–94.

Forshey, C.G. and D.C. Elfving. 1989. The relationship between vegetative growth and 
fruiting in apple trees. Hortic. Rev. 11:229–287.

Foster, T., R. Johnston, and A. Seleznyova. 2003. A morphological and quantitative 
characterization of early floral development in apple (Malus x domestica Borkh.). Ann. 
Bot. 92:199–206.

Franceschi, D.P., T. Stegmeir, A. Cabrera, E. van der Knaap, U.R. Rosyara, A.M. Sebolt, 
L. Dondini, E. Dirlewanger, J. Quero‐Garcia, J.A. Campoy, and A.F. Iezzoni. 2013. Cell 
number regulator genes in Prunus provide candidate genes for the control of fruit size 
in sweet and sour cherry. Mol. Breed. 32:311–326.

Francis, D. 2007. The plant cell cycle – 15 years on. New Phytol. 174:261–278.
Frary, A., T.C. Nesbiit, S. Grandillo, E. Knaap, B. Cong, J. Liu, J. Meller, R. Elber, K.B. 

Alpert, and S.D. Tanksley. 2000. fw2.2: A quantitative trait locus key to the evolution 
of tomato fruit size. Science 289:85–88.

0004430753.INDD   35 11-10-2019   06:56:24



36	 Anish Malladi

Fridman, E., F. Carrari, Y.S. Liu, A.R. Fernie, and D. Zamir. 2004. Zooming in on a 
quantitative trait for tomato yield using interspecific introgressions. Science 
305:1786–1789.

Gao, Z., S. Jayanty, R.M. Beaudry, and W. Loescher. 2005. Sorbitol transporter expres-
sion in apple sink tissues: implications for fruit sugar accumulation and watercore 
development. J. Am. Soc. Hortic. Sci. 130:261–268.

Gaufichon, L., S.J. Rothstein, and A. Suzuki. 2016. Asparagine metabolic pathways in 
arabidopsis. Plant Cell Physiol. 57:675–689.

Giulia, E., B. Alessandro, D. Mariano, B. Andrea, R. Benedetto, and R. Angelo. 2013. Early 
induction of apple fruitlet abscission is characterized by an increase of both isoprene 
emission and abscisic acid content. Plant Physiol. 161:1952–1969.

Goffinet, M.C., T.L. Robinson, and A.N. Lakso. 1995. A comparison of ‘Empire’ apple 
fruit size and anatomy in unthinned and hand‐thinned trees. J. Hortic. Sci. 70:375–387.

Greene, D.W. 2001. CPPU influences fruit quality and fruit abscission of ‘McIntosh’ 
apples. HortScience 36:1292–1295.

Greene, D.W., A.J. Crovetti, and J. Pienaar. 2016. Development of 6‐benzyladenine as an 
apple thinner. HortScience 51:1448–1451.

Guak, S., D. Neilsen, P. Millard, R. Wendler, and G.H. Neilsen. 2003. Determining the role 
of N remobilization for growth of apple (Malus domestica Borkh.) trees by measuring 
xylem‐sap N flux. J. Expt. Bot. 54:2121–2131.

Guillet, C., D. Just, N. Bénard, A. Destrac‐Irvine, P. Baldet, M. Hernould, M. Causse, 
P. Raymond, and C. Rothan. 2002. A fruit‐specific phosphoenolpyruvate carboxylase is 
related to rapid growth of tomato fruit. Planta 214:717–726.

Hansen, P. 1967. 14C‐studies on apple trees. I. The effect of the fruit on the translocation 
and distribution of photosynthates. Physiol. Plant. 20:383–391.

Hansen, P. 1971. 14C‐studies on apple trees. VII. The early seasonal growth in leaves, 
flowers and shoots as dependent upon current photosynthesis and existing reserves. 
Physiol. Plant. 25:469–473.

Harada, T., W. Kurahashi, M. Yanai, Y. Wakasa, and T. Satoh. 2005. Involvement of cell 
proliferation and cell enlargement in increasing the fruit size of Malus species. Scientia 
Hortic. 105:447–456.

Hayashi, F., R. Naito, M.J. Bukovac, and H.M. Sell. 1968. Occurrence of gibberellin A3 in 
parthenocarpic apple fruit. Plant Physiol. 43:448–450.

He, J.Q., R.J. Harrison, and B. Li. 2017. A novel 3D imaging system for strawberry pheno-
typing. Plant Meth. 13:1–8.

Hemerly, A., J. De, A. Engler, C. Bergounioux, M. Van Montagu, G. Engler, D. Inze, and 
P. Ferreira. 1995. Dominant negative mutants of the Cdc2 kinase uncouple cell division 
from iterative plant development. EMBO J. 14:3925–3936.

Herremans, E., A. Melado‐Herreros, T. Defraeye, B. Verlinden, M. Hertog, P. Verboven, 
J. Val, M.E. Fernández‐Valle, E. Bongaers, P. Estrade, M. Wevers, P. Barreiro, and 
B.M. Nicolaï. 2014. Comparison of X‐ray CT and MRI of watercore disorder of different 
apple cultivars. Postharvest Biol. Tech. 87:42–50.

Herremans, E., P. Verboven, E. Bongaers, P. Estrade, B.E. Verlinden, M. Wevers, M.L.A.T.M. 
Hertog, and B.M. Nicolai. 2013. Characterisation of ‘Braeburn’ browning disorder by 
means of X‐ray micro‐CT. Postharvest Biol. Tech. 75:114–124.

Herremans, E., P. Verboven, M.L.A.T.M. Hertog, D. Cantre, M. van Dael, T. De Schryver, 
L. Van Hoorebeke, and B.M. Nicolaï. 2015. Spatial development of transport structures 
in apple (Malus × domestica Borkh.) fruit. Front. Plant Sci. 6:1–14.

Hirst, P. and A. Malladi. 2008. A new understanding of fruit size. Comp. Fruit Tree. 
41:15–16.

0004430753.INDD   36 11-10-2019   06:56:24



1.  Molecular Physiology of Fruit Growth in Apple	 37

Horiguchi, G. and H. Tsukaya. 2011. Organ size regulation in plants: insights from 
compensation. Front. Plant Sci. 2:1–6.

Ireland, H.S., J.L. Yao, S. Tomes, P.W. Sutherland, N. Nieuwenhuizen, K. Gunaseelan, 
R.A. Winz, K.M. David, and R.J. Schaffer. 2013. Apple SEPALLATA1/2‐like genes con-
trol fruit flesh development and ripening. Plant J. 73:1044–1056.

Inze, D. and L. De Veylder. 2006. Cell cycle regulation in plant development. Ann. Rev. 
Gen. 40:77–105.

Irish, V. 2017. The ABC model of floral development. Curr. Biol. 27:R887–R890.
Janssen, B.J., K. Thodey, R.J. Schaffer, R. Alba, L. Balakrishnan, R. Bishop, J.H. Bowen, 

R.N. Crowhurst, A.P. Gleave, S. Ledger, S. McArtney, F.B. Pichler, K.C. Snowden, and 
S. Ward. 2008. Global gene expression analysis of apple fruit development from the 
floral bud to ripe fruit. BMC Plant Biol. 8:16.

Johnson, L.K., A. Malladi, and D.S. NeSmith. 2011. Differences in cell number facilitate 
fruit size variation in rabbiteye blueberry genotypes. J. Am. Soc. Hortic. Sci. 136:10–15.

Kon, T.M. and J.R. Schupp. 2019. Apple crop load management with special focus on 
early thinning strategies: A US perspective. Hortic. Rev. 46:255–298.

Kondo, S., A. Tomiyama, and H. Seto. 2000. Changes in endogenous jasmonic acid and 
methyl jasmonate in apples and sweet cherries during fruit development. J. Am. Soc. 
Hortic. Sci. 125:282–287.

Kotoda, N., M. Wada, S. Komori, S. Kidou, K. Abe, T. Msuda, and J. Soejima. 2000. 
Expression pattern of homologues of floral meristem identity genes LFY and AP1 dur-
ing flower development in apple. J. Am. Soc. Hortic. Sci. 125:398–403.

Krizek, B.A. 1999. Ectopic expression of AINTEGUMENTA in Arabidopsis plants results 
in increased growth of floral organs. Dev. Gen. 25:224–236.

Kumar, G., K. Gupta, S. Pathania, M.K. Swarnkar, U.K. Rattan, G. Singh, R.K. Sharma, and 
A.K. Singh. 2017. Chilling affects phytohormone and post‐embryonic development path-
ways during bud break and fruit set in apple (Malus domestica Borkh.). Sci. Rep. 7:1–15.

Lakso, A.N. and M.C. Goffinet. 2017. Advances in understanding apple fruit development. 
p.104–133. In: K. Evans (ed.), Achieving Sustainable Cultivation of Apples. Burleigh 
Dodds Science Publishing, Cambridge, UK.

Lakso, A.N., L.C. Grappadelli, J. Barnard, and M.C. Goffinet. 1995. An expolinear model 
of the growth pattern of the apple fruit. J. Hortic. Sci. 70:389–394.

Leyser, O. 2018. Auxin signaling. Plant Physiol. 176:465–479.
Li, M., F. Feng, and L. Cheng. 2012. Expression patterns of genes involved in sugar metab-

olism and accumulation during apple fruit development. PLoS One 7:e33055.
Li, M., D. Li, F. Feng, S. Zhang, F. Ma, and L. Cheng. 2016. Proteomic analysis reveals 

dynamic regulation of fruit development and sugar and acid accumulation in apple. J. 
Expt. Bot. 67:5145–5157.

Li, T., D. Tan, Z. Liu, Z. Jiang, Y. Wei, L. Zhang, X. Li, H. Yuan, and A. Wang. 2015. Apple 
MdACS6 regulates ethylene biosynthesis during fruit development involving ethylene‐
responsive factor. Plant Cell Physiol. 56:1909–1917.

Li, T., Y. Xu, L. Zhang, Y. Ji, D. Tan, H. Yuan, and A. Wang. 2017. The jasmonate‐activated 
transcription factor MdMYC2 regulates ETHYLENE RESPONSE FACTOR and ethylene 
biosynthetic genes to promote ethylene biosynthesis during apple fruit ripening. Plant 
Cell 29:1316–1334.

Liu, L., Z. Wang, J. Liu, F. Liu, R. Zhai, C. Zhu, H. Wang, F. Ma, and L. Xu. 2018. His-
tological, hormonal and transcriptomic reveal the changes upon gibberellin‐induced 
parthenocarpy in pear fruit. Hortic. Res. 5:1.

MacDaniels, L.H. 1940. The morphology of the apple and other pome fruit. New York 
(Cornell University) Agr. Expt. Sta. Mem. 230:3–30.

0004430753.INDD   37 11-10-2019   06:56:24



38	 Anish Malladi

Magein, H. 1989. Growth and abscission dynamics of ‘Cox’s Orange Pippin’ and ‘Golden 
Delicious’ apple fruits. J. Hortic. Sci. 64:265–273.

Malaguti, D., P. Millard, R. Wendler, A. Hepburn, and M. Tagliavini. 2001. Transloca-
tion of amino acids in the xylem of apple (Malus domestica Borkh.) trees in spring as 
a consequence of both N remobilization and root uptake. J. Expt. Bot. 52:1665–1671.

Malladi, A. and P.M. Hirst. 2010. Increase in fruit size of a spontaneous mutant of ‘Gala’ 
apple (Malus × domestica Borkh.) is facilitated by altered cell production and enhanced 
cell size. J. Expt. Bot. 61:3003–3013.

Malladi, A. and L.K. Johnson. 2011. Expression profiling of cell cycle genes reveals key 
facilitators of cell production during carpel development, fruit set, and fruit growth in 
apple (Malus × domestica Borkh.). J. Expt. Bot. 62:205–219.

Matsuo, S., K. Kikuchi, M. Fukuda, I. Honda, and S. Imanishi. 2012. Roles and regulation 
of cytokinins in tomato fruit development. J. Expt. Bot. 63:5569–5579.

Mendoza, F., P. Verboven, H.K. Mebatsion, G. Kerckhofs, M. Wevers, and B. Nicolaï. 2007. 
Three‐dimensional pore space quantification of apple tissue using X‐ray computed mi-
crotomography. Planta 226:559–570.

Menges, M., L. Hennig, W. Gruissem, and J.A.H. Murray. 2002. Cell cycle‐regulated gene 
expression in Arabidopsis. J. Biol. Chem. 277:41987–42002.

Menges, M., S.M. De Jager, W. Gruissem, and J.A.H. Murray. 2005. Global analysis of the 
core cell cycle regulators of Arabidopsis identifies novel genes, reveals multiple and 
highly specific profiles of expression and provides a coherent model for plant cell cycle 
control. Plant J. 41:546–566.

Menu, T., P. Saglio, D. Granot, N. Dai, P. Raymond, and B. Ricard. 2004. High hexokinase 
activity in tomato fruit perturbs carbon and energy metabolism and reduces fruit and 
seed size. Plant Cell Environ. 27:89–98.

Mizukami, Y. and R.L. Fischer. 2000. Plant organ size control: AINTEGUMENTA regulates 
growth and cell numbers during organogenesis. Proc. Natl. Acad. Sci. USA. 97:942–947.

Nakagawa, S., M.J. Bukovac, N. Hiratai, and H. Kurooka. 1967. Morphological studies of 
gibberellin‐induced and asymmetric growth in apple and Japanese pear fruits. J. Japan. 
Soc. Hortic. Sci. 37:9–19.

Nesbitt, T.C. and S.D. Tanksley. 2001. fw2.2 directly affects the size of developing tomato 
fruit, with secondary effects on fruit number and photosynthate distribution. Plant 
Physiol. 127:575–583.

Noir, S., M. Bomer, N. Takahashi, T. Ishida, T.‐L. Tsui, V. Balbi, H. Shanahan, K. Sugi-
moto, and A. Devoto. 2013. Jasmonate controls leaf growth by repressing cell prolifera-
tion and the onset of endoreduplication while maintaining a potential stand‐by mode. 
Plant Physiol. 161:1930–1951.

Nosarszewski, M., A.M. Clements, A.B. Downie, and D.D. Archbold. 2004. Sorbitol 
dehydrogenase expression and activity during apple fruit set and early development. 
Physiol. Plant. 121:391–398.

Oliviera, C.M. and C.A. Priestley. 1988. Carbohydrate reserves in deciduous fruit trees. 
Hortic. Rev. 10:403–430.

Paniagua, C., R. Blanco‐Portales, M. Barceló‐Muñoz, J.A. García‐Gago, K.W. Waldron, 
M.A. Quesada, J. Muñoz‐Blanco, and J.A. Mercado. 2016. Antisense down‐regulation 
of the strawberry β‐galactosidase gene FaβGal4 increases cell wall galactose levels and 
reduces fruit softening. J. Expt. Bot. 67:619–631.

Pauwels, L., K. Morreel, E. De Witte, F. Lammertyn, M. Van Montagu, W. Boerjan, D. Inze, 
and A. Goossens. 2008. Mapping methyl jasmonate‐mediated transcriptional repro-
gramming of metabolism and cell cycle progression in cultured Arabidopsis cells. Proc. 
Natl. Acad. Sci. USA 105:1380–1385.

0004430753.INDD   38 11-10-2019   06:56:24



1.  Molecular Physiology of Fruit Growth in Apple	 39

Potts, S.M., M.A. Khan, Y. Han, M.M. Kushad, and S. Korban. 2014. Identification of 
quantitative trait loci (QTLs) for fruit quality traits in apple. Plant Mol. Biol. Rep. 
32:109–116.

Pratt, C. 1988. Apple flower and fruit: morphology and anatomy. Hortic. Rev. 10:273–308.
Pratt, C., J. Einset, and M. Zahur. 1959. Radiation damage in apple shoot apices. Am. J. 

Bot. 48:537–544.
Quinlan, J.D. 1969. Mobilization of 14C in the spring following autumn assimilation of 

14CO2 by an apple rootstock. J. Hortic. Sci. 44:107–100.
Randall, R.S., S. Miyashima, T. Blomster, J. Zhang, A. Elo, A. Karlberg, J. Immanen, K. 

Nieminen, J.‐Y. Lee, T. Kakimoto, K. Blajecka, C.W. Melnyk, A. Alcasabas, C. Forzani, 
M. Matsumoto‐Kitano, A.P. Mahonen, R. Bhalerao, W. Dewitte, Y. Helariutta, and 
J.A.H. Murray. 2015. AINTEGUMENTA and the D‐type cyclin CYCD3;1 regulate root 
secondary growth and respond to cytokinins. Biol. Open 4:1229–1236.

Ripoll, J., L.J. Bailey, Q.A. Mai, S.L. Wu, C.T. Hon, E.J. Chapman, G.S. Ditta, M. Estelle, 
and M.F. Yanofsky. 2015. MicroRNA regulation of fruit growth. Nat. Plants 1:1–9.

Riou‐Khamlichi, C., M. Menges, J.M.S. Healy, and J.A.H. Murray. 2000. Sugar control of 
the plant cell cycle: differential regulation of Arabidopsis D‐type cyclin gene expres-
sion. Mol. Cell. Biol. 20:4513–4521.

Rodrigo, M.J. and J.L. García‐Martínez. 1998. Hormonal control of parthenocarpic ovary 
growth by the apical shoot in pea. Plant Physiol. 116:511–518.

Roudier, F., A.G. Fernandez, M. Fujita, R. Himmelspach, G.H.H. Borner, G. Schindelman, 
S. Song, T.I. Baskin, P. Dupree, G.O. Wasteneys, and P.N. Benfey. 2005. COBRA, an 
arabidopsis extracellular glycosyl‐phosphatidyl inositol‐anchored protein, specifically 
controls highly anisotropic expansion through its involvement in cellulose microfibril 
orientation. Plant Cell 17:1749–1763.

Ryugo, K. 1988. Fruit growth and development. P.107–168. In: Fruit Culture: Its Art and 
Science. Wiley, New York.

Sasabe, M., V. Boudolf, L. De Veylder, D. Inze, P. Genschik, and Y. Machida. 2011. Phos-
phorylation of a mitotic kinesin‐like protein and a MAPKKK by cyclin‐dependent 
kinases (CDKs) is involved in the transition to cytokinesis in plants. Proc. Natl. Acad. 
Sci. USA 108:17844–17849.

Scofield, S., A. Jones, and J.A.H. Murray. 2014. The plant cell cycle in context. J. Expt. 
Bot. 66:2557–2562.

Schaller, G.E., I.H. Street, and J.J. Kieber. 2014. Cytokinin and the cell cycle. Curr. Opin. 
Plant Biol. 21:7–15.

Schechter, I., J.T.A. Proctor, and D.C. Elfving. 1993. Reappraisal of seasonal apple fruit 
growth. Can. J. Plant Sci. 73:549–556.

Schindelman, G., A. Morikami, J. Jung, T.I. Baskin, N.C. Carpita, P. Derbyshire, M.C. 
McCann, and P.N. Benfey. 2001. COBRA encodes a putative GPI anchored protein, 
which is polarly localized and necessary for oriented cell expansion in Arabidopsis. 
Gen. Dev. 15:1115–1127.

Serrani, J.C., M. Fos, A. Atarés, and J.L. García‐Martínez. 2007. Effect of gibberellin and 
auxin on parthenocarpic fruit growth induction in the cv Micro‐Tom of tomato. J. Plant 
Growth Regul. 26:211–221.

Seymour, G.B., C.D. Ryder, V. Cevik, J.P. Hammond, A. Popovich, G.J. King, J. Vreba-
lov, J.J. Giovannoni, and K. Manning. 2011. A SEPALLATA gene is involved in the 
development and ripening of strawberry (Fragaria × ananassa Duch.) fruit, a non‐cli-
macteric tissue. J. Expt. Bot. 62:1179–1188.

Smith, W.H. 1950. Cell‐multiplication and cell‐enlargement in the development of the 
flesh of the apple fruit. Ann. Bot. 14:23–38.

0004430753.INDD   39 11-10-2019   06:56:24



40	 Anish Malladi

Srivastava, A. and A.K. Handa. 2005. Hormonal regulation of tomato fruit development: 
A molecular perspective. J. Plant Growth Regul. 24:67–82.

Stern, R.A., R. Ben‐Arie, S. Applebaum, and M. Flaishman. 2006. Cytokinins increase 
fruit size of ‘Delicious’ and ‘Golden Delicious’ (Malus domestica) apple in a warm cli-
mate. J. Hortic. Sci. Biotech. 81:51–56.

Stern, R.A., R. Ben‐Arie, O. Neria, and M. Flaishman. 2003. CPPU and BA increase fruit 
size of ‘Royal Gala’ (Malus domestica) apple in a warm climate. J. Hort. Sci. Biotech. 
78:297–302.

Titus, J.S., and S. Kang. 1982. Nitrogen metabolism, translocation, and recycling in apple 
trees. Hortic. Rev. 4:204–246.

Tromp, J. and J.C. Ovaa. 1971. Phloem translocation of storage nitrogen in apple. Physiol. 
Plant. 25:407–413.

Tukey, H.B. and J.O. Young. 1942. Gross morphology and histology of developing fruit of 
the apple. Bot. Gaz. 104:3–25.

Ulrich, R. 1970. Organic acids. p. 89–118. In: A.C. Hutme (ed.). The Biochemistry of Fruit 
and their Products. Academic Press, London.

Van Leene, J., J. Hollunder, D. Eeckhout, G. Persiau, E. Van De Slijke, H. Stals, G. Van 
Isterdael, A. Verkest, S. Neirynck, Y. Buffel, S. De Bodt, S. Maere, K. Laukens, A. Phara-
zyn, P.C.G. Ferreira, N. Eloy, C. Renne, C. Meyer, J.D. Faure, J. Steinbrenner, J. Beynon, 
J.C. Larkin, Y. Van De Peer, P. Hilson, M. Kuiper, L. De Veylder, H. Van Onckelen, D. 
InzÉ, E. Witters, and G. De Jaeger. 2010. Targeted interactomics reveals a complex core 
cell cycle machinery in Arabidopsis thaliana. Mol. Syst. Biol. 6:397.

Verbančič, J., J.E. Lunn, M. Stitt, and S. Persson. 2018. Carbon supply and the regulation 
of cell wall synthesis. Mol. Plant. 11:75–94.

Verboven, P., G. Kerckhofs, H.K. Mebatsion, Q.T. Ho, K. Temst, M. Wevers, P. Clo-
etens, and B.M. Nicolai. 2008. Three‐dimensional gas exchange pathways in pome 
fruit characterized by synchrotron x‐ray computed tomography. Plant Physiol. 
147:518–527.

Vergara, R., X. Noriega, K. Aravena, H. Prieto, and F.J. Pérez.2017. ABA represses the 
expression of cell cycle genes and may modulate the development of endodormancy in 
grapevine buds. Front. Plant Sci. 8:1–10.

Verkest, A., C.L. Manes, S. Vercruysse, S. Maes, E. Van Der Schueren, T. Beeckman, P. 
Genschik, M. Kuiper, D. Inzé, and L. De Veylder. 2005. The cyclin‐dependent kinase 
inhibitor KRP2 controls the onset of the endoreduplication cycle during arabidopsis 
leaf development through inhibition of mitotic CDKA;1 kinase complexes. Plant Cell 
17:1723–1736.

Vriezen, W.H., R. Feron, F. Maretto, J. Keijman, and C. Mariani, C. 2008. Changes in 
tomato ovary transcriptome demonstrate complex hormonal regulation of fruit set. 
New Phytol. 177:60–76.

Wakasa, Y., Y. Hatsuyama, A. Takahashi, T. Sato, M. Niizeki, and T. Harada, T. 2003. 
Divergent expression of six expansin genes during apple fruit ontogeny. Eur. J. Hortic. 
Sci. 68:253–259.

Walker, R.P. and F. Famiani. 2018. Organic acids in fruits: metabolism, functions and con-
tents. Hortic. Rev. 46:371–430.

Walsh, C.S. and T. Solomos. 1987. Ethylene evolution by apple fruits during their early‐
season growth and development. Scientia Hortic. 32:203–211.

Wang, H., Q. Qi, P. Schorr, A.J. Cutler, W.L. Crosby, and L.C. Fowke. 1998. ICK1, a cy-
clin‐dependent protein kinase inhibitor from Arabidopsis thaliana interacts with both 
Cdc2a and CycD3, and its expression is induced by abscisic acid. Plant J. 15:501–510.

0004430753.INDD   40 11-10-2019   06:56:24



1.  Molecular Physiology of Fruit Growth in Apple	 41

Warrington, I.J., T. Fulton, E. Halligan, and H.N. De Silva. 1999. Apple fruit growth 
and maturity are affected by early season temperatures. J. Am. Soc. Hortic. Sci. 
124:468–477.

Watanabe, M., H. Segawa, M. Murakami, S. Sagawa, and S. Komori. 2008. Effects of plant 
growth regulators on fruit set and fruit shape of parthenocarpic apple fruits. J. Japan. 
Soc. Hortic. Sci. 77:350–357.

Webb, K.L. and J.W.A. Burley. 1962. Sorbitol translocation in apple. Science 137:766.
Wei, X., F. Liu, C. Chen, F. Ma, and M. Li. 2014. The Malus domestica sugar transporter 

gene family: identifications based on genome and expression profiling related to the 
accumulation of fruit sugars. Front. Plant Sci. 5:1–15.

Westwood, M.N., L.P. Batjer, and H.S. Billingsly. 1967. Cell size, cell number, and fruit 
density of apples as related to fruit size, position in cluster, and thinning method. Proc. 
Am. Soc. Hortic. Sci. 91:51–62.

Wismer, P.T. and J.T. Proctor. 1995. Benzyladenine affects cell division and cell size dur-
ing apple fruit thinning. J. Am. Soc. Hortic. Sci. 120:802–807.

Wunsche, J.N. and I.B. Ferguson. 2005. Crop load interactions in apple. Hortic. Rev. 
31:231–290.

Xia, G., L. Cheng, A. Lakso, and M. Goffinet. 2009. Effects of nitrogen supply on source‐
sink balance and fruit size of ‘Gala’ apple trees. J. Am. Soc. Hortic. Sci. 134:126–133.

Yamaki, S. and K. Ishikawa. 1986. Roles of four sorbitol related enzymes and invertase 
in the seasonal alteration of sugar metabolism in apple tissue. J. Am. Soc. Hortic. Sci. 
111:134–137.

Yao, J.‐L., Y.‐H. Dong, and B.A.M. Morris. 2001. Parthenocarpic apple fruit production 
conferred by transposon insertion mutations in a MADS‐box transcription factor. Proc. 
Natl. Acad. Sci. USA. 98:1306–1311.

Yao, J.L., Y.H. Dong, A. Kvarnheden, and B. Morris. 1999. Seven MADS‐box genes in 
apple are expressed in different parts of the fruit. J. Am. Soc. Hortic. Sci. 124:8–13.

Yao, J.L., S. Tomes, J. Xu, and A.P. Gleave. 2016. How microRNA172 affects fruit growth 
in different species is dependent on fruit type. Plant Signal. Behav. 11:1–3.

Yao, J.‐L., J. Xu, S. Tomes, W. Cui, Z. Luo, C. Deng, H.S. Ireland, R.J. Schaffer, and A.P. 
Gleave. 2018. Ectopic expression of the PISTILLATA homologous MdPI inhibits fruit 
tissue growth and changes fruit shape in apple. Plant Direct. 2:e00051.

Yao, J.L., J. Xu, A. Cornille, S. Tomes, S. Karunairetnam, Z. Luo, H. Bassett, C. Whitworth, 
J. Rees‐George, C. Ranatunga, A. Snirc, R. Crowhurst, N. De Silva, B. Warren, C. Deng, 
S. Kumar, D. Chagné, V.G.M. Bus, R.K. Volz, E.H.A. Rikkerink, S.E. Gardiner, T. Giraud, 
R. MacDiarmid, and A.P. Gleave. 2015. A microRNA allele that emerged prior to apple 
domestication may underlie fruit size evolution. Plant J. 84:417–427.

Yao, Y.X., M. Li, Z. Liu, C.X. You, D.M. Wang, H. Zhai, and Y.J. Hao. 2009. Molecu-
lar cloning of three malic acid related genes MdPEPC, MdVHA‐A, MdcyME and their 
expression analysis in apple fruits. Scientia Hortic. 122:404–408.

Yao, Y.X., M. Li, H. Zhai, C.X. You, and Y.J. Hao. 2011. Isolation and characterization of 
an apple cytosolic malate dehydrogenase gene reveal its function in malate synthesis. 
J. Plant Physiol. 168:474–480.

Zanor, M.I., S. Osorio, A. Nunes‐Nesi, F. Carrari, M. Lohse, B. Usadel, C. Kuhn, W. Ble-
iss, P. Giavalisco, L. Willmitzer, R. Sulpice, Y.‐H. Zhou, and A.R. Fernie. 2009. RNA 
interference of LIN5 in tomato confirms its role in controlling brix content, uncovers 
the influence of sugars on the levels of fruit hormones, and demonstrates the impor-
tance of sucrose cleavage for normal fruit development and fertility. Plant Physiol. 
150:1204–1218.

0004430753.INDD   41 11-10-2019   06:56:24



42	 Anish Malladi

Zhang, L.Y., Y.B. Peng, S. Pelleschi‐Travier, Y. Fan, Y.F. Lu, Y.M. Lu, X.P. Gao, Y.Y. Shen, 
S. Delrot, and D.P. Zhang. 2004. Evidence for apoplasmic phloem unloading in devel-
oping apple fruit. Plant Physiol. 135:574–586.

Zhang, S., R. Xu, Z. Gao, C. Chen, Z. Jiang, and H. Shu. 2014. A genome‐wide analysis of 
the expansin genes in Malus × domestica. Mol. Genet. Genom. 289:225–236.

Zhang, Y., P. Li, and L. Cheng. 2010. Developmental changes of carbohydrates, organic 
acids, amino acids, and phenolic compounds in ‘Honeycrisp’ apple flesh. Food Chem. 
123:1013–1018.

Zhu, H., C.D. Dardick, E.P. Beers, A.M. Callanhan, R. Xia, and R. Yuan. 2011. Transcrip-
tomics of shading‐induced and NAA‐induced abscission in apple (Malus domestica) 
reveals a shared pathway involving reduced photosynthesis, alterations in carbohy-
drate transport and signaling and hormone crosstalk. BMC Plant Biol. 11:138.

0004430753.INDD   42 11-10-2019   06:56:24




