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Abstract: Stone (hardened endocarp) has a very important role in the continuity of plant life. Nature
has gifted plants with various seed protection and dispersal strategies. Stone-fruit-bearing species
have evolved a unique adaptation in which the seed is encased in an extremely hard wood-like
shell called the stone. The lignification of the fruit endocarp layer produces the stone, a feature that
separates drupes from other plants. Stone cells emerge from parenchyma cells after programmed cell
death and the deposition of cellulose and lignin in the secondary cell wall. Generally, the deposition
of lignin in primary cell walls is followed by secondary thickening of cell walls to form stone cells.
This review article describes the molecular mechanisms and factors that influence the production of
stone in the fruit. This is the first review article that describes the molecular mechanisms regulating
stone (harden endocarp) formation in fruits. This article will help breeders understand the molecular
and genetic basis for the stone formation in fruit, and this could lead to new and innovative directions
to breed stoneless fruit cultivars in the future.
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1. Introduction

Stone fruits, also known as drupes, are a group of plants, the majority of which belong
to the genus Prunus L., which is a member of the Rosaceae family [1,2], that provide a
nutrient-rich source for the human body [3]. Stone fruits get their name from the woody
endocarp (stone or pit) that characterizes these species’ fruits. The fleshy epicarp and
mesocarp, which envelop the stony endocarp, are the edible parts of stone fruits, as shown
in Figure 1. Almonds and certain apricots, whose seeds are consumed, are exceptional cases.
These fruits include apricots, cherries, and numerous species of commercially important
plums, peaches, and nectarines [2,4].

This review article discusses the molecular mechanisms and factors that contribute
to stone formation in fruit. This is the first review article that explains the molecular
mechanisms that control stone formation (hardened endocarp) in fruits. This article will
aid breeders in recognizing the molecular and genetic basis for stone formation in fruit,
potentially leading to new and innovative breeding strategies for stoneless fruit cultivars in
the future.
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Figure 1. The fruit of loquat, cherry, and peach show their different parts: epicarp, endocarp,
and stone.

2. Development and Structural Features of the Stone Fruit

All stone fruits include a fruit wall (pericarp) that typically contains a single seed [2].
The fruit wall is formed from the ovary and is made up of three layers: the stone is enclosed
by the mesocarp, which is made up of flesh (endocarp) (Figure 1).

Generally, in all fruits, the pericarp is a group of tissue layers arising from the carpel
ovary [5]. Thus, the pericarp in fleshy fruits is frequently divided into three layers: the
endocarp (innermost layer), the mesocarp (middle layer), and the exocarp (skin or outer
layer) [5]. The mesocarp is the soft edible part among most fleshy fruits (Figure 1). In some
cases, the fleshy fraction is developed from tissues besides the ovary; these are sometimes
referred to as false fruits. Apple, for example, yields a pome fruit wherein the center reflects
the real ovary-derived fruit, and the edible portion arises from the hypanthium, which is
produced by the stitched base of petals and sepals [5]. The endocarp is the tissue layer
located close to the seed that is distinguished from the inner layer of the ovary. It has
a variety of functions in fruit and can be fleshy like watermelon, fibrous like mango, or
extremely hard and durable like a peach. Drupes are fruits with a hardened endocarp.
Ber, peach, cherry, plum, almond, coffee, mango, olive, coconut, pistachio, date, raspberry,
oil palm, and walnuts are examples of drupes [5,6]. Studies indicate that the evolution of
the endocarp’s woody structure is caused by straightforward genetic changes in a small
number of genes that regulate growth [2,5].

3. Molecular Basis for the Configuration of Endocarp

The characterization of the underpinning genes and signaling pathways that regulate
the differentiation of ovarian tissues into endocarp, mesocarp, and exocarp is being accel-
erated by breakthroughs in genetics and technological innovations in genomics. Studies
in Arabidopsis are leading the way, and the acquired knowledge is now being applied
to a variety of other plants [6,7]. Although our current understanding is still limited, it
is becoming clear that the same or closely related cellular programs make a significant
contribution to pericarp tissue differentiation across species.

The Prunus appears to contain only drupes, such as peaches, plums, apricots, almonds,
and cherries, which produce a large, lignified endocarp that envelops the seed and is
usually referred to as the stone. These fruits develop in a sigmoidal structure, with a pause
in growth that corresponds with endocarp strengthening and hardening [7,8]. This could be
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due to the enhanced carbon and energy requirements related to lignification [9]. Evidence
from some studies into the pattern and timing of endocarp lignification has revealed that it
is a great collaborative process that takes place over 2 to 3 weeks [7,10].

Whereas the duration varies by cultivar, lignin is usually perceptible 30–45 days after
bloom in a slender endocarp layer all along the fruit suture and the funiculus. However,
after a few days, the complete endocarp starts to lignify. Because the tissue in which lignin is
first distinguishable is also the first to harden, hardening appears to follow a similar pattern
as lignin accumulation [5]. Since molecular studies are still lacking, expression profiling
implies that many of the same genes that regulate endocarp progression in other species
also control endocarp development in Prunus persica [7]. The SHP (SHATTERPROOF)
and STK (SEEDSTICK) homologs in peaches were discovered to be upregulated in the
endocarp after pollination. SHP and STK expression was limited to the endocarp and seed
but began to decline near the initiation of lignin deposition. Similarly, FUL (FRUITFUL)
expression continued to remain higher in the mesocarp and exocarp but was low in the
endocarp [5,8]. This is consistent with a potential role in endocarp lignification margin
demarcation. Following the decline of SHP and STK expression, the expression of a peach
NST1 (NAC secondary wall thickening promoting factor1) homolog, as well as secondary
metabolism and cell wall biosynthesis genes, increased rapidly [6]. Although there were
no clear homologs of ALC (ALCATRAZ) and IND (INDEHISCENT) in peach, the two
most similar genes were not endocarp specific [7]. Tani et al. [11] demonstrated that the
expression profiles of peach SPT (streptomycin phosphotransferase) were consistent with a
role in endocarp margin specification [7]. These suggest that highly similar pathways likely
control pericarp development in Prunus [5].

Flavonoids, such as lignin, are produced through secondary metabolic pathways
that are considered to be able to compete with lignin because they both use the same
phenylpropanoid pathway precursors [8]. During early fruit development, the lignin and
flavonoid pathways are both activated in peach fruit [5,7,12]. Such actions are spatially or-
ganized, resulting in the induction of phenylpropanoid pathway genes in all three pericarp
layers: endocarp, mesocarp, and exocarp (though to a much greater degree in endocarp).
However, in the endocarp, this upregulation is preceded by lignin pathway induction and
flavonoid pathway repression, whereas in the mesocarp and exocarp, flavonoid pathway
genes are induced while lignin pathway genes are suppressed [5].

This coordination, it is assumed, allows the fruit to accrue defense compounds, flavor,
and color progression in the mesocarp and exocarp, while also allowing endocarp lignifi-
cation. Thus, endocarp lignification appears to be linked to the synthesis of compounds
required for defense, herbivore appeal, and seed dispersal [13]. Prunus endocarp traits that
have been chosen through the breeding show a great deal of variation. Almond shells, for
example, differ in terms of endocarp thickness, hardness, and fragility. These agronomic
characteristics are essential for the processing of almonds and other types of nuts. Some
peach varieties have a phenotype known as “split pit”, which occurs when the endocarp
fails to enclose along the suture, leaving the seed vulnerable to disease [5]. Split pits are
more common in peach cultivars which proceed with fast fruit growth before the stone has
fully solidified. Tani et al. [10] discovered that SHP expression is relatively low in a split
pit-resistant variety during the lignification stage, whereas FUL expression is significantly
higher in the sensitive variety later in fruit development [5].

Moreover, “Stoneless” is a naturally occurring phenotype discovered in Sans Noyau,
a wild-type plum species from France [9]. The endocarp layer of “Stoneless” does not
develop properly, resulting in a partially exposed, uncovered seed that sits within an empty
fruit aperture. Callahan et al. discovered that the “Stoneless” phenotype is highly affected
by the environment, as fruits in hot spring temperatures seem to have a more complete
stone, whereas fruits in cooler spring temperatures have very little stone [9]. The remaining
hardened tissue in “Stoneless” appears to correspond with the funiculus and a portion
of the placental endocarp wall [9]. Because secondary metabolic genes are still induced,
expression studies indicate that the lignification process is likely to function normally in
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“Stoneless.” The absence of endocarp tissue demonstrates that this mutant lacks a full
endocarp layer [5].

4. Molecular Regulation of Stone Formation in Fruits

The endocarp and lignin are the two main factors responsible for the stone formation
in fruit. The molecular mechanisms responsible for the endocarp and lignin deposition are
described as follows.

4.1. Lignin

The majority of the enzymes and regulating steps of the lignin biosynthesis route
(phenylpropanoid pathway), an aromatic polymer that is commonly found in the secondary
walls of plants, have been characterized [5,6]. Lignification is a complex process that occurs
primarily in higher plants and has the primary goal of strengthening the structural stability
of the plant’s vascular system and building a barrier against diseases and pests [14]. The
production, transfer, and deposition of lignin are all important in the growth of stone [15,16].
Lignin is a three-dimensional non-crystalline polymer with complex network architecture.
In various plants, and in different areas of the same plant, the dispersion, quantity, and
structure of lignin in the cell wall varies greatly [15,17]. In lignin, there are methoxy,
hydroxyl, carbonyl, and other groups. The presence and distribution of these functional
groups are determined by the type of lignin found in a plant [18]. Lilac (Syringyl) propane,
guaiacyl propane, and hydroxyphenyl propane are the three types of structural components
found in lignin [18]. Syringyl lignin (S-lignin) is made up of syringyl complexes, guaiacyl
lignin (G-lignin) is made up of guaiacyl units, and hydroxyphenyl lignin (H-lignin) is made
up of p-hydroxyphenylpropane unit cells. A multitude of random links joins these three
structural elements [15].

Several lignin architectures can be created by changing the chemical functional groups
and chemical bond properties of lignin [19,20]. Lignin’s main building block is phenyl
propane, which is linked together by ether and carbon-carbon bonds. Changes in important
bond pairings and variances in chemical functional groups affect lignin’s mechanical
qualities and chemical reactivity [18]. Chemical functional groups and chemical bond
properties can be studied utilizing spectroscopic techniques to learn more about the lignin
biosynthetic route and metabolic regulation of lignin formation [15,19].

The transcriptional regulatory network and endocarp lignification in Arabidopsis
have both been thoroughly explored in connection to dehiscence [21]. In the early 1960s,
Ryugo [22,23] observed the management of lignin synthesis and build-up in peach stones.
In the peach endocarp, lignification is a highly controlled process, as evidenced by follow-
ing developmental investigations [12]. Furthermore, a transcriptional network controlled
by the genes NAC (NO APICAL MERISTEM) and MYB (myeloblastosis) was discov-
ered in a well-preserved regulatory pathway, which induces the creation of peach endo-
carps or Arabidopsis dehiscence [6,7], and is crucial for the formation of secondary walls
and lignification.

4.2. Endocarp

All fruits, whether dry or fleshy, have tissue layers generated from the carpel ovary,
which are collectively known as the pericarp [5]. The pericarp is frequently divided
into three layers: the endocarp (innermost layer), the mesocarp (middle layer), and the
exocarp (outermost layer) (skin or surface layer), as shown in Figure 1. Dry fruit pericarp
differentiation can be difficult to spot because each layer has only a few rows of cells [5].
The endocarp is a tissue layer directly close to the seed that differs from the inner layer of
the ovary [5]. It can be soft, as in watermelon; fibrous, as in mango; or highly rigid and
resilient, as in a peach; and play a variety of roles in fruit functions. Drupes are fruits with
a hardened endocarp [5].

SHP1, SHP2, STK, and FUL were among the MADs-box genes (MCM1, AGAMOUS,
DEFICIENS, and SRF (serum response factor) discovered to play a role in fruit endocarp de-
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velopment [24]. These TFs work in concert with the IND, ALC, and RPL (Ribosomal Protein
Large subunit) to promote endocarp development [25,26]. Genes of the phenylpropanoid
pathway may be regulated by transcription factors, such as NST1 (NAC secondary wall
thickening promoting factor 1), which could have an impact on the endocarp’s growth and
lignification in apricot [27].

5. Molecular Mechanisms of Endocarp Lignification

The lignified endocarp is a unique characteristic of ripe drupe fruits, but it develops
early in fruit development and is lignified in phase II of the double helix fruit-growth curve
when mesocarp growth is halted [28]. This cycle of competition for nutrient uptake among
fruit tissues and seeds highlights the presence of cyclic activities [29–31]. The endosperm
expands fast during nucellus absorption during stage II when the endocarp is lignifying,
and metabolites stored in the endosperm subsequently stimulate embryo growth [4,31,32].

The endocarp is also important for maintaining and interacting with developing
seeds [5]. Consumers, on the other hand, tend to choose soft-kernel or seedless fruits due to
their superior quality and ease of use [33]. Apricots, and other common drupe-producing
plants (such as peach, plum, cherry, almond, date, and walnut), produce fleshy fruits with
only one carpel [33]. The growth stages of apricot fruit have been identified and classified
as follows: S1, the first exponential growth stage; S2, the slow-growing stage; S3, the second
exponentially growing state; and S4, the fruit ripening stage [6,33]. The growth pattern of
peach endocarp tissue is quite similar to that of apricot [5,33]. Endocarp hardening seems
to follow a similar pattern as lignin build-up, as the first tissue to harden is also the first
to recognize lignin [5]. As a result, the phenylpropanoid pathway is anticipated to play a
crucial role in endocarp lignification. The phenylpropanoid pathway involves several key
enzymes, including PAL (phenylalanine ammonia-lyase), C4H (cinnamate-4-hydroxylase),
CCoAOMT (caffeoyl-CoA O-methyltransferase), COMT (flavone 3′-O-methyltransferase),
C3′H (p-coumaroylshikimate/quinate 3′-hydrolxylase), F5H (ferulic acid 5-hydroxylase 1),
4CL (4-coumarate–CoA ligase), CCR (cinnamoyl-CoA reductase), and CAD (Cinnamyl
alcohol dehydrogenase) [33]. In a well-conserved regulatory pathway that has been linked
to both dehiscence (Arabidopsis) and endocarp development, a transcriptional system
characterized by NAC and MYB genes was discovered in peach [7]. By activating this route,
this network plays an important role in secondary wall development and lignification [21].
Fruit kernels come in a wide range of shapes. The endocarp of the “split pit” peach,
for example, does not enclose along the suture, leaving the seed vulnerable to pests and
disease [34], whereas the wild-type Prunus domestica ”stoneless” plum produces imprecisely
established endocarps that only incompletely encase the seed [9]. Likewise, the apricot
tree “Liehe” produces a thin, soft, and cleavable endocarp, making it a one-of-a-kind fruit
in China [6]. “Liehe” endocarp composition was much lower than ‘Jinxihong’ endocarp
lignin content. Furthermore, the co-expression network and expression pattern identified
the 34 genes involved in the phenylpropanoid pathway [33]. NST1 may impact the lignin
deposition of the “Liehe” apricot endocarp by regulating the expression of CAD [33]. The
role of different genes in lignin biosynthesis/endocarp development in fruits is shown in
Figure 2.

Based on phylogenetic, sequence, and expression profiling analyses, Qui et al. [4] stated
that peach laccase genes (PpLAC7, PpLAC19, PpLAC20, PpLAC21, PpLAC27, PpLAC28, and
PpLAC30) may be related to lignin biosynthesis and endocarp hardness in peach fruit.
Similarly, PpLAC20 and PpLAC30 are most likely important members involved in peach
lignin biosynthesis [4]. A peach MYB TF, PpMYB63, a homolog of AtMYB58 and AtMYB63,
can activate the PpLAC20 and PpLAC30 promoters. Thus, PpLAC20 and PpLAC30 are
candidates involved in peach lignin biosynthesis, hardening the peach endocarp [4].

Furthermore, laccase genes have a vital role in the lignification of the walnut endocarp,
and the walnut laccase gene JrLAC12–1 has a potential role in the lignification of the walnut
endocarp [8]. It is conjectured that IAA (Indole-3-Acetic Acid) has a significant regulatory
role in the process of walnut endocarp hardening. The AUX/IAA (Auxin/Indole-3-Acetic
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Acid) genes (JrIAA9, JrIAA16, and JrIAA27) were consistent with that IAA content and
could possibly play an important role in walnut endocarp hardening [35].
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Figure 2. Role of different genes in lignin biosynthesis/endocarp development in fruits. Apricot,
peach, plum, and walnut are taken as an example. The NST1 regulates the expression of PAL,
C4H, CCoAOMT, COMT, C3’H, F5H, 4CL, CCR, and CAD genes resulting in endocarp formation.
The TFs NAC and MYB activate the expression of PpLAC20, and PpLAC30 in peach resulting in
endocarp lignification. Similarly, in plum fruit, IND, FUL, ALK, and SHP regulate the production of
stone/endocarp, while PpMYB63 activates the expression of PpLAC20 and PpLAC30 genes regulating
endocarp development.

The differentially expressed genes involved in the phenylpropanoid pathway and
flavonoid pathway include COMT, C3′H, HCT, CAD, POD, C4H, CCoAOMT, CCR, and CHS.
These have a potential role in the endocarp development and lignification of walnut [36].
Similarly, the CCoAOMT gene plays a key role in regulating the rapid endocarp lignification
process in Davidia involucrata Baill. [37]. The expression levels of COMT, C3′H, HCT, CAD,
POD, and C4H genes were higher in walnut [36]. TFs (transcription factors) such as MYB,
NAC, and LBD (Lateral organ boundaries domain) also had significantly high expression
levels in endocarp development and lignification of walnut [36].

Ryugo discovered the presence of lignin in peach stones in the early 1960s [22,23].
Lignin is a plant-only chemical that plays a critical role in tree crops for pulp and paper
manufacturing, fodder crops for digestibility, and, more recently, biofuels [7]. Lignin
deposition inside specific fruit tissue layers is a common motif in seed preservation and
distribution, and it is especially noticeable in Prunus stones [7]. Lignification of fruiting
structures evolved in certain cases to preserve seeds from disease and stress [7,38]. The
SHATTERPROOF, SEEDSTCK, and NAC-SECONDARY WALL THICKENING PROMOT-
ING FACTOR 1 was discovered to be exclusively expressed in the endocarp, whereas
the negative regulator FRUITFUL predominated in the exocarp and mesocarp in peach
genes comparable to known endocarp-determinant genes in Arabidopsis [7]. The role of
phenylpropanoid/flavonoid biosynthetic genes involved in lignin synthesis and endocarp
hardening is shown in Figure 3.
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Figure 3. Role of phenylpropanoid/flavonoid biosynthetic genes involved in lignin synthesis and
endocarp hardening. The peach and apricot are shown as an example in this figure. The PpLAC20
and PpLAC30 are activated by the PpMYB63 transcription factor and are candidate genes involved in
peach lignin biosynthesis and hardening of the peach endocarp. The NST1 activates expression levels
of CAD (Cinnamyl alcohol dehydrogenase) genes resulting in the synthesis of lignin and endocarp
development in the apricot. The role of genes was described recently in peaches by Qui et al. [4] and
in apricot by Zhang et al. [33].

Similarly, TFs, such as the MYB genes, code for a broad group of transcription factors
involved in a variety of biological activities in plants, including lignin production [39,40].
MYB85, MYB58, MYB63, MYB46, MYB83, MYB20, MYB42, and MYB43 have been shown
to trigger the expression of monolignol genes in Arabidopsis [41–43]. AtMYB15 governs
defense-induced lignification and basal immunity by binding directly to the consensus
sequences of an MYB-responsive region found in secondary cell wall genes [44]. The
PtoMYB92/ PtrMYB3/PtrMYB20 are transcriptional promoters in poplar that promote lignin
accumulation during secondary cell wall development [45,46]. Bomal et al. [47] identified
PtMYB1 and PtMYB8 from Pinus taeda as inducers that regulate secondary cell wall de-
position in conifers. The EgMYB2 of Eucalyptus grandis co-localizes with a quantitative
trait locus for lignin concentration in transgenic tobacco plants, and its overexpression
promotes lignin production [48]. The MYBs can govern lignin biosynthesis in both veg-
etative and fruit parts, in addition to regulating lignin biosynthesis in vegetative tissues.
The EjMYB1 and EjMYB2 of Eriobotrya japonica, for example, are activators and repressors,
respectively, that regulate chilling-injury-induced fruit flesh lignification through potential
interaction with AC elements [ACC(T/A)ACC] in the promoter region of lignin biosyn-
thesis genes [49,50]. Various genes involved in the production of endocarp and lignin are
shown in Table 1.
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Table 1. Molecular regulation of endocarp and lignin formation in fruits.

S.No Plant Species Parts Genes TFs References

1 Apricots

En
do

ca
rp PAL, C4H, CCoAOMT,

COMT, C3’H, F5H,
4CLCCR, and CAD

NST1 [33]

2 Peach PpLAC20, PpLAC30 NAC and MYB [4,7]

3 E. japonica
Li

gn
in

----- EjMYB1 and EjMYB2 [40,49]
4 E. grandis ----- EgMYB2 [48]

5 Peach -----
SHATTERPROOF, SEEDSTCK, and NAC
SECONDARY WALL THICKENING
PROMOTING FACTOR 1

[45,46]

6 Poplar ----- PtoMYB92/ PtrMYB3/PtrMYB20
7 P. taeda ----- PtMYB1 and PtMYB8 [47]

6. History of Stoneless Fruit and an Attempt of Making Stoneless or Pitless Fruits

The popularity of fruits, such as grapes, sweet oranges, and watermelon, has risen
dramatically as a result of the emergence of seedless varieties of these fruits [9]. Given
the marketing value for cultivars without pits and the lower production costs for pro-
cessed and dried fruit, the economic possibility of doing the same for stone fruit seems
encouraging [6,9]. The seed and the stone, a tough, woody coating enclosing the seed,
would need to be removed in order to produce stone fruit without pits [9]. In the early
1900s, the pioneering breeder Luther Burbank used a wild-type plum that exhibited some
stonelessness to begin working toward the aim of producing stoneless plums [51]. Through
breeding, he was able to combine the stoneless characteristic with better fruit quality and
even discovered lines lacking seeds, but he was never successful in totally getting rid of the
stone or the seed [9,51]. Although Burbank’s quest to revolutionize plum production in this
way may have failed, he nevertheless made a significant contribution by proving that the
stone can be almost eradicated without compromising fruit quality or quantity. Burbank
bred this wild plum with cultivated varieties in California but, because of the inadequate
understanding of genetics at the time, he did not disclose segregation ratios, therefore it is
unclear if this feature is single- or multi-genic [9,51].

7. Advantages and Disadvantages of Stone in Fruits

The endocarp is the deepest layer of the pericarp, which grows from the ovary. Several sig-
nificant economic fruits, including peach, apricot, plum, almond, cherry, mango, olive, and
coffee, depending on the hardened endocarp for seed protection and dispersion [6,7,52–55].
The extensively lignified endocarp serves as a protective habitat for seed development in
plants [6]. A crucial characteristic of mature drupe fruits is the hardening of the endocarp.
The development of secondary walls and the accumulation of lignin are the main factors [6].
According to a biochemical study, olive and peach endocarps had significantly more lignin
than pine stems [6], indicating that the tissues of fruit endocarps undergo relatively intense
secondary wall development. Lignification, also known as lignin accumulation, in the
peach endocarp plays significant physiological and evolutionary responsibility in facilitat-
ing waterproof shelter against seed water loss during growth and development, avoiding
animal digestion of the seeds, and improving seed dispersal.

On the other hand, since fruit trees are vegetatively multiplied and the seeds are not
consumed, nuts are normally regarded by the processing sector as waste material and must
be removed, usually by burning. Stone clearance and discharge thus significantly increase
manufacturing costs and cause pollution [9]. Additionally, the existence of stones and pit
pieces in dried and processed fruit is a concern for processing units and may result in item
denial, consumer injury, and ensuing legal acts [7,9,27].
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8. Conclusions and Prospects

In this review article, we highlighted the mechanisms of stone (hardened endocarp)
formation in fruits, the history of pitless fruits, and the advantages and disadvantages
of the presence of stone in fruit. It is already known that plants have evolved a variety
of seed protection and dispersal strategies. Stone-fruit-bearing species have evolved a
one-of-a-kind adaptation in which the seed is encased in an extremely hard wood-like
shell known as the stone. The stone is produced by the lignification of the fruit endocarp
layer, which differentiates drupes from other plants. After programmed cell death and
the deposition of cellulose and lignin in the secondary cell wall, stone cells arise from
parenchyma cells.

Different genes have different roles in fruits [56]; therefore, it is very important to
fully understand the mechanism of stone or hardened endocarp formation in fruits. Un-
fortunately, this has not received much scientific attention in the past. Studies on stone
formation are very poorly elicited and there is little scientific information available about
the important processes of the endocarp, including anatomical observations. For a more
complete picture of gene expression, biochemical analyses are, therefore, required to be
performed. Furthermore, assessing the gene expression of multiple TFs (transcription
factors) participating in endocarp cell production should be used to establish the time
required for endocarp formation. According to some studies, fruit stones contain a high
amount of lignin, hence genes should be targeted by genetic engineering to minimize the
level of lignification. Finding out how they obtain so much more lignin could also lead to
new strategies to improve the quality of tree wood or produce energy-dense biofuel crops.

Author Contributions: M.K.U.K., N.M., Z.J., J.P. and M.L. wrote, reviewed, edited, and finalized the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Natural Science Foundation of Hebei Province (C2016204144;
C2011204122), the Key R&D funding of Hebei Province (20326337D).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Looney, N.; Jackson, D. Stonefruit. In Temperate and Subtropical Fruit Production; Jackson, D.I., Looney, N., Eds.; CABI Publishing:

Oxfordshire, UK, 2006; pp. 171–188.
2. Famiani, F.; Bonghi, C.; Chen, Z.H.; Drincovich, M.F.; Farinelli, D.; Lara, M.V.; Proietti, S.; Rosati, A.; Vizzotto, G.; Walker, R.P.

Stone fruits: Growth and nitrogen and organic acid metabolism in the fruits and seeds—A review. Front. Plant Sci. 2020, 11, 1427.
[CrossRef] [PubMed]

3. Zhao, X.; Muhammad, N.; Zhao, Z.; Yin, K.; Liu, Z.; Wang, L.; Luo, Z.; Wang, L.; Liu, M. Molecular regulation of fruit size in
horticultural plants: A review. Sci. Hortic. 2021, 288, 110353. [CrossRef]

4. Qui, K.; Zhou, H.; Pan, H.; Sheng, Y.; Yu, H.; Xie, Q.; Chen, H.; Cai, Y.; Zhang, J.; He, J. Genome-wide identification and functional
analysis of the peach (P. persica) laccase gene family reveal members potentially involved in endocarp lignification. Trees 2022, 36,
1477–1496. [CrossRef]

5. Dardick, C.; Callahan, A.M. Evolution of the fruit endocarp: Molecular mechanisms underlying adaptations in seed protection
and dispersal strategies. Front. Plant Sci. 2014, 5, 284. [CrossRef] [PubMed]

6. Zhang, J.; Cheng, X.; Jin, Q.; Su, X.; Li, M.; Yan, C.; Jiao, X.; Li, D.; Lin, Y.; Cai, Y. Comparison of the transcriptomic analysis
between two Chinese white pear (Pyrus bretschneideri Rehd.) genotypes of different stone cells contents. PLoS ONE 2017, 12, e0187114.
[CrossRef]

7. Dardick, C.D.; Callahan, A.M.; Chiozzotto, R.; Schafer, R.J.; Piagnani, M.C.; Scorza, R. Stone formation in peach fruit exhibits
spatial coordination of the lignin and flavonoid pathways and similarity to Arabidopsis dehiscence. BMC Biol. 2010, 8, 13.
[CrossRef]

8. Li, P.; Wang, H.; Liu, P.; Li, Y.; Liu, K.; An, X.; Zhang, Z.; Zhao, S. The role of JrLACs in the lignification of walnut endocarp. BMC
Plant Biol. 2021, 21, 511. [CrossRef]

http://doi.org/10.3389/fpls.2020.572601
http://www.ncbi.nlm.nih.gov/pubmed/33101339
http://doi.org/10.1016/j.scienta.2021.110353
http://doi.org/10.1007/s00468-022-02296-y
http://doi.org/10.3389/fpls.2014.00284
http://www.ncbi.nlm.nih.gov/pubmed/25009543
http://doi.org/10.1371/journal.pone.0187114
http://doi.org/10.1186/1741-7007-8-13
http://doi.org/10.1186/s12870-021-03280-3


Genes 2022, 13, 2123 10 of 11

9. Callahan, A.M.; Dardick, C.; Scorza, R. Characterization of ‘Stoneless’: A naturally occurring, partially stoneless plum cultivar.
J. Am. Soc. Hortic. Sci. 2009, 134, 120–125. [CrossRef]

10. Tani, E.A.; Polidoros, A.S. Tsaftaris, Characterization and expression analysis of FRUITFULL- and SHATTERPROOF-like genes
from peach (Prunus persica) and their role in split-pit formation. Tree Physiol. 2007, 27, 649–659. [CrossRef]

11. Tani, E.; Tsaballa, A.; Stedel, C.; Kalloniati, C.; Papaefthimiou, D.; Polidoros, A.; Darzentas, N.; Ganopoulos, I.; Flemetakis, E.;
Katinakis, P.; et al. The study of a SPATULA-like bHLH transcription factor expressed during peach (Prunus persica) fruit
development. Plant Physiol. Biochem. 2011, 49, 654–663. [CrossRef]

12. Hu, H.; Liu, Y.; Shi, G.L.; Liu, Y.P.; Wu, R.J.; Yang, A.Z.; Wang, Y.M.; Hua, B.G.; Wang, Y.N. Proteomic analysis of peach endocarp
and mesocarp during early fruit development. Physiol. Plant. 2011, 142, 390–406. [CrossRef] [PubMed]

13. Liu, J.; Hu, X.; Yu, J.; Yang, A.; Liu, Y. caffeoyl shikimate esterase has a role in endocarp lignification in peach (Prunus persica L.)
fruit. Hortic. Sci. Technol. 2017, 35, 59–68.

14. Zhu, X.; Jiang, L.; Cai, Y.; Cao, Y. Functional analysis of four Class III peroxidases from Chinese pear fruit: A critical role in lignin
polymerization. Physiol. Mol. Biol. Plants 2021, 27, 515–522. [CrossRef] [PubMed]

15. Jin, Q.; Yan, C.; Qiu, J.; Zhang, N.; Lin, Y.; Cai, Y. Structural characterization and deposition of stone cell lignin in Dangshan Su
pear. Sci. Hortic. 2013, 155, 123–130. [CrossRef]

16. Wang, H.B.; Zhu, J.; Wang, D.Y. Analysis of the content of pear pulp stone cells. J. Jiangsu Agric. Sci. 2013, 46, 173–176. (In Chinese)
17. Wang, Y.R.; Xing, X.T.; Ren, H.Q.; Yu, Y.; Fei, B.H. Distribution of lignin in Chinese Fir branches determined by ultraviolet

microspectrometer. Spectrosc. Spect. Anal. 2012, 6, 1685–1688.
18. Jiang, T.-D. Lignin; Chemical Industry Press: Beijing, China, 2008.
19. Vazquez, G.; Antorrena, G.; Gonzalez, J.; Freire, S. FTR 1H and 13C NMR characterization of acetosolv-solubilized Pine and

Eucalyptu lignin. Holzforschung 1997, 51, 158–166. [CrossRef]
20. Wang, X.; Liu, S.; Liu, C.; Liu, Y.; Lu, X.; Du, G.; Lyu, D. Biochemical characterization and expression analysis of lignification in

two pear (Pyrus ussuriensis Maxim.) varieties with contrasting stone cell content. Protoplasma 2020, 257, 261–274. [CrossRef]
21. Taylor-Teeples, M.; Lin, L.; de Lucas, M.; Turco, G.; Toal, T.W.; Gaudinier, A.; Young, N.F.; Trabucco, G.M.; Veling, M.T.;

Lamothe, R.; et al. An Arabidopsis gene regulatory network for secondary cell wall synthesis. Nature 2015, 517, 571–575.
[CrossRef]

22. Ryugo, K. The rate of dry weight accumulation by the peach pit during the hardening process. J. Am. Soc. Hortic. Sci. 1961, 78, 132–137.
23. Ryugo, K. Changes in methoxyl content in the peach endocarp and some of its soluble phenolic constituents during lignification.

J. Am. Soc. Hortic. Sci. 1963, 84, 110–115.
24. Ferrándiz, C.; Fourquin, C. Role of the FUL-SHP network in the evolution of fruit morphology and function. J. Exp. Bot. 2014, 65,

4505–4513. [CrossRef] [PubMed]
25. Roeder, A.H.K.; Ferrándiz, C.; Yanofsky, M.F. The role of the REPLUMLESS Homeodomain protein in patterning the Arabidopsis

fruit. Curr. Biol. 2003, 13, 1630–1635. [CrossRef] [PubMed]
26. Anders, S.; Huber, W. Differential expression analysis for sequence count data. Genom. Biol. 2010, 11, R106. [CrossRef] [PubMed]
27. Zhang, X.; Zhang, L.; Zhang, Q.; Xu, J.; Liu, W.; Dong, W. Comparative transcriptome profiling and morphology provide insights

into endocarp cleaving of apricot cultivar (Prunus armeniaca L.). BMC Plant Biol. 2017, 17, 72. [CrossRef]
28. Rapoport, H.F.; Pérez-López, D.; Hammami, S.B.M.; Agüera, J.; Moriana, A. Fruit pit hardening: Physical measurement during

olive fruit growth. Ann. Appl. Biol. 2013, 163, 200–208. [CrossRef]
29. Bollard, E.G. The physiology and nutrition of developing fruits. In The Biochemistry of Fruits and Their Products; Hulme, A.C., Ed.;

Academic Press: New York, NY, USA, 1970; Volume 1, pp. 387–425.
30. Opara, L. Fruit growth measurement and analysis. Hortic. Rev. 2000, 24, 373–431. [CrossRef]
31. Canton, M.; Drincovich, M.F.; Lara, M.V.; Vizzotto, G.; Walker, R.P.; Famiani, F.; Bonghi, C. Metabolism of stone fruits: Reciprocal

contribution between primary metabolism and cell wall. Front. Plant Sci. 2020, 11, 1054. [CrossRef]
32. Famiani, F.; Casulli, V.; Baldicchi, A.; Battistelli, A.; Moscatello, S.; Walker, R.P. Development and metabolism of the fruit and seed

of the Japanese plum Ozark premier (Rosaceae). J. Plant Physiol. 2012, 169, 551–560. [CrossRef]
33. Zhang, X.; Zhang, Q.; Sun, X.; Du, X.; Liu, W.; Dong, W. Differential expression of genes encoding phenylpropanoid enzymes in

an apricot cultivar (Prunus armeniaca L.) with cleavable endocarp. Trees 2019, 33, 1695–1710. [CrossRef]
34. Tani, E.; Polidoros, A.N.; Flemetakis, E.; Stedel, C.; Kalloniati, C.; Demetriou, K.; Katinakis, P.; Tsaftaris, A.S. Characterization and

expression analysis of AGAMOUS-like, SEEDSTICK-like, and SEPALLATA-like MADS-box genes in peach (Prunus persica) fruit.
Plant Physiol. Biochem. 2009, 47, 690–700. [CrossRef] [PubMed]

35. Shangqi, Y.U.; Rui, Z.H.A.N.G.; Zhongzhong, G.U.O.; Yan, S.O.N.G.; Jiazhi, F.U.; Pengyu, W.U.; Zhihao, M.A. Dynamic changes
of auxin and analysis of differentially expressed genes in walnut endocarp during hardening. Acta Hortic. Sin. 2021, 48, 487.

36. Wu, X.; Zhang, Z.; Sun, M.; An, X.; Qi, Y.; Zhao, S.; Zhang, Z.; Wang, H. Comparative transcriptome profiling provides insights
into endocarp lignification of walnut (Juglans regia L.). Sci. Hortic. 2021, 282, 110030. [CrossRef]

37. Wu, X.; Yan, Z.; Dong, X.; Cao, F.; Peng, J.; Li, M. Cloning and characterization of a CCoAOMT gene involved in rapid lignification
of endocarp in dove tree (Davidia involucrata Baill.). Biotechnol. Biotechnol. Equip. 2018, 32, 1398–1406. [CrossRef]

38. Doster, M.A.; Michailides, T.J. Relationship between shell discoloration of pistachio nuts and incidence of fungal decay and insect
infestation. Plant Dis. 1999, 83, 259–264. [CrossRef] [PubMed]

http://doi.org/10.21273/JASHS.134.1.120
http://doi.org/10.1093/treephys/27.5.649
http://doi.org/10.1016/j.plaphy.2011.01.020
http://doi.org/10.1111/j.1399-3054.2011.01479.x
http://www.ncbi.nlm.nih.gov/pubmed/21496031
http://doi.org/10.1007/s12298-021-00949-9
http://www.ncbi.nlm.nih.gov/pubmed/33854280
http://doi.org/10.1016/j.scienta.2013.03.020
http://doi.org/10.1515/hfsg.1997.51.2.158
http://doi.org/10.1007/s00709-019-01434-7
http://doi.org/10.1038/nature14099
http://doi.org/10.1093/jxb/ert479
http://www.ncbi.nlm.nih.gov/pubmed/24482369
http://doi.org/10.1016/j.cub.2003.08.027
http://www.ncbi.nlm.nih.gov/pubmed/13678595
http://doi.org/10.1186/gb-2010-11-10-r106
http://www.ncbi.nlm.nih.gov/pubmed/20979621
http://doi.org/10.1186/s12870-017-1023-5
http://doi.org/10.1111/aab.12046
http://doi.org/10.1002/9780470650776.ch8
http://doi.org/10.3389/fpls.2020.01054
http://doi.org/10.1016/j.jplph.2011.11.020
http://doi.org/10.1007/s00468-019-01890-x
http://doi.org/10.1016/j.plaphy.2009.03.013
http://www.ncbi.nlm.nih.gov/pubmed/19409800
http://doi.org/10.1016/j.scienta.2021.110030
http://doi.org/10.1080/13102818.2018.1525324
http://doi.org/10.1094/PDIS.1999.83.3.259
http://www.ncbi.nlm.nih.gov/pubmed/30845504


Genes 2022, 13, 2123 11 of 11

39. Dubos, C.; Stracke, R.; Grotewold, E.; Weisshaar, B.; Martin, C.; Lepiniec, L. MYB transcription factors in Arabidopsis. Trends
Plant Sci. 2010, 15, 573–581. [CrossRef] [PubMed]

40. Xue, C.; Yao, J.L.; Qin, M.F.; Zhang, M.Y.; Allan, A.C.; Wang, D.F.; Wu, J. PbrmiR397a regulates lignification during stone cell
development in pear fruit. Plant Biotechnol. J. 2019, 17, 103–117. [CrossRef]

41. Zhong, R.; Lee, C.; Zhou, J.; McCarthy, R.L.; Ye, Z.H. A battery of transcription factors involved in the regulation of secondary cell
wall biosynthesis in Arabidopsis. Plant Cell 2008, 20, 2763–2782. [CrossRef]

42. Zhong, R.; Richardson, E.A.; Ye, Z.H. Two NAC domain transcription factors, SND1, and NST1, function redundantly in
regulation of secondary wall synthesis in fibers of Arabidopsis. Planta 2007, 225, 1603–1611. [CrossRef]

43. Zhou, J.; Lee, C.; Zhong, R.; Ye, Z.H. MYB58 and MYB63 are transcriptional activators of the lignin biosynthetic pathway during
secondary cell wall formation in Arabidopsis. Plant Cell 2009, 21, 248–266. [CrossRef]

44. Chezem, W.R.; Memon, A.; Li, F.S.; Weng, J.K.; Clay, N.K. SG2-type R2R3-MYB transcription factor MYB15 controls defense-
induced lignification and basal immunity in Arabidopsis. Plant Cell 2017, 29, 1907–1926. [CrossRef] [PubMed]

45. Li, C.; Wang, X.; Ran, L.; Tian, Q.; Fan, D.; Luo, K. PtoMYB92 is a transcriptional activator of the lignin biosynthetic pathway
during secondary cell wall formation in Populus tomentosa. Plant Cell Physiol. 2015, 56, 2436–2446. [CrossRef] [PubMed]

46. McCarthy, R.L.; Zhong, R.; Fowler, S.; Lyskowski, D.; Piyasena, H.; Carleton, K.; Spicer, C.; Ye, Z.-H. The poplar MYB transcription
factors, PtrMYB3 and PtrMYB20, are involved in the regulation of secondary wall biosynthesis. Plant Cell Physiol. 2010, 51,
1084–1090. [CrossRef]

47. Bomal, C.; Bedon, F.; Caron, S.; Mansfield, S.D.; Levasseur, C.; Cooke, J.E.; Blais, S.; Tremblay, L.; Morency, M.-J.; Pavy, N.; et al.
Involvement of Pinus taeda MYB1 and MYB8 in phenylpropanoid metabolism and secondary cell wall biogenesis: A comparative
in planta analysis. J. Exp. Bot. 2008, 59, 3925–3939. [CrossRef] [PubMed]

48. Goicoechea, M.; Lacombe, E.; Legay, S.; Mihaljevic, S.; Rech, P.; Jauneau, A.; Lapierre, C.; Pollet, B.; Verhaegen, D.; Chaubet-Gigot,
N.; et al. EgMYB2, a new transcriptional activator from Eucalyptus xylem, regulates secondary cell wall formation and lignin
biosynthesis. Plant J. 2005, 43, 553–567. [CrossRef]

49. Xu, Q.; Yin, X.R.; Zeng, J.K.; Ge, H.; Song, M.; Xu, C.J.; Li, X.; Ferguson, I.B.; Chen, K.S. Activator- and repressor-type
MYB transcription factors are involved in chilling injury induced flesh lignification in loquat via their interactions with the
phenylpropanoid pathway. J. Exp. Bot. 2014, 65, 4349–4359. [CrossRef]

50. Xue, C.; Yao, J.L.; Xue, Y.S.; Su, G.Q.; Wang, L.; Lin, L.K.; Allan, A.C.; Zhang, S.L.; Wu, J. PbrMYB169 positively regulates
lignification of stone cells in pear fruit. J. Exp. Bot. 2019, 70, 1801–1814. [CrossRef]

51. Burbank, L. The Stoneless Plum: An Experiment in Teaching a Plant Economy; The Minerva Group, Inc.: Madison, WI, USA, 1914;
Available online: http://digicoll.library.wisc.edu/cgi-bin/HistSciTech/HistSciTech-idx?type=article&did=HISTSCITECH.00
11.0029.0009&isize=M (accessed on 21 August 2022).

52. Zhang, B.; Gao, Y.; Zhang, L.; Zhou, Y. The plant cell wall: Biosynthesis, construction, and functions. J. Integr. Plant Biol. 2021, 63, 251–272.
[CrossRef]

53. Wang, Q.; Hu, J.; Yang, T.; Chang, S. Anatomy and lignin deposition of stone cell in Camellia oleifera shell during the young stage.
Protoplasma 2021, 258, 361–370. [CrossRef]

54. Cheng, X.; Li, G.; Muhammad, A.; Zhang, J.; Jiang, T.; Jin, Q.; Zhao, H.; Cai, Y.; Lin, Y. Molecular identification, phylogenomic
characterization and expression patterns analysis of the LIM (LIN-11, Isl1 and MEC-3 domains) gene family in pear (Pyrus
bretschneideri) reveal its potential role in lignin metabolism. Gene 2019, 686, 237–249. [CrossRef]

55. Nikhontha, K.; Krisanapook, K.; Imsabai, W. Fruit growth, endocarp lignification, and boron and calcium concentrations in Nam
Hom (aromatic) coconut during fruit development. J. ISSAAS 2019, 25, 21–31.

56. Muhammad, N.; Luo, Z.; Yang, M.; Li, X.; Liu, Z.; Liu, M. The joint role of the late anthocyanin biosynthetic UFGT-encoding
genes in the flowers and fruits coloration of horticultural plants. Sci. Hortic. 2022, 301, 111110. [CrossRef]

http://doi.org/10.1016/j.tplants.2010.06.005
http://www.ncbi.nlm.nih.gov/pubmed/20674465
http://doi.org/10.1111/pbi.12950
http://doi.org/10.1105/tpc.108.061325
http://doi.org/10.1007/s00425-007-0498-y
http://doi.org/10.1105/tpc.108.063321
http://doi.org/10.1105/tpc.16.00954
http://www.ncbi.nlm.nih.gov/pubmed/28733420
http://doi.org/10.1093/pcp/pcv157
http://www.ncbi.nlm.nih.gov/pubmed/26508520
http://doi.org/10.1093/pcp/pcq064
http://doi.org/10.1093/jxb/ern234
http://www.ncbi.nlm.nih.gov/pubmed/18805909
http://doi.org/10.1111/j.1365-313X.2005.02480.x
http://doi.org/10.1093/jxb/eru208
http://doi.org/10.1093/jxb/erz039
http://digicoll.library.wisc.edu/cgi-bin/HistSciTech/HistSciTech-idx?type=article&did=HISTSCITECH.0011.0029.0009&isize=M
http://digicoll.library.wisc.edu/cgi-bin/HistSciTech/HistSciTech-idx?type=article&did=HISTSCITECH.0011.0029.0009&isize=M
http://doi.org/10.1111/jipb.13055
http://doi.org/10.1007/s00709-020-01568-z
http://doi.org/10.1016/j.gene.2018.11.064
http://doi.org/10.1016/j.scienta.2022.111110

	Introduction 
	Development and Structural Features of the Stone Fruit 
	Molecular Basis for the Configuration of Endocarp 
	Molecular Regulation of Stone Formation in Fruits 
	Lignin 
	Endocarp 

	Molecular Mechanisms of Endocarp Lignification 
	History of Stoneless Fruit and an Attempt of Making Stoneless or Pitless Fruits 
	Advantages and Disadvantages of Stone in Fruits 
	Conclusions and Prospects 
	References

