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Editorial on the Research Topic
Crop resistance mechanisms to alleviate climate change-related stress

Anthropogenic activities have aggravated the effects of global climate change on
ecosystems (IPCC, 2018). Plants are sessile organisms unable to escape from an adverse
environment and for this reason they suffer to a great extent from stresses, which can
negatively impact their growth and development (Aroca, 2012; Gull et al., 2019). Global
warming is increasingly causing extreme climatic situations such as very high or low
temperatures, drought and flooding events, hailstorms, wildfires, extreme precipitation
events, and the reduction of fertile soil through desertification and salinization (Comas
et al., 2013; FAO, 2016; Acosta-Motos et al., 2017; Franco-Navarro et al., 2021). In addition
to this, warmer temperatures and higher humidity related to climate change can also
increase pest and disease pressure on plants by altering the geographic range, population
size, and timing of pest and disease outbreaks. Taken together abiotic stress related with
climate change, such as drought or extreme temperature, may exacerbate the spread and
severity of various diseases associated with biotic stress, increasing the vulnerability of
plants to pathogens (some examples include insects, fungi, bacteria or viruses) (IPPC
Secretariat, 2021).

Biotic and abiotic stresses affect plant growth and development. Since the development
of a plant includes its vegetative and reproductive development, any stress that affects these
processes is important to consider as it could cause irreversible damage to the plant and
could ultimately lead to its death (Gull et al., 2019). The most relevant issue of climate
change’s related-stresses in plants is the decrease in crop production (Lobell & Gourdji,
2012). Considering that the growing world population is predicted to reach 9.7 billion in
2050, global efforts are being made to increase food resources, improving crop or
agronomic practices, especially in developing countries (Tilman et al, 2002; Godfray
et al, 2010; Jurado et al, 2024). However, there are other issues promoted by climate

5 frontiersin.org
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change, affecting native and ornamental plants (Alvarez et al,
2019), floricultural production (Kumar et al., 2013), among others.

This editorial introduces a Research Topic which collects
publications that study in detail the resilience mechanisms
(tolerance and/or resistance) developed by plants to successfully
cope with different biotic and abiotic stresses related to climate
change at morphological, physiological, biochemical, and molecular
levels (Figure 1). By promoting discussions on innovative farming
practices for environmental mitigation and sustainable food
production, it aims to provide a guide for resilient ecosystems
and empower researchers, farmers and policymakers to manage
climate change challenges.

Each publication compiled in this Research Topic is focused
on a specific sort of climate change’s related-stress (or a
combination of two, i.e., drought and salinity), and all of them
are presented below.

Drought or water scarcity is one of the major constraints
limiting crop production worldwide. Water deficit applied to
different plant species of the family Gramineae (Trichloris crinita,
Dominguez et al; Rice - Oryza sp., Hassan et al; Wheat - Triticum
aestivum, Shamloo-Dashtpagerdi et al.), or Solanaceae (Capsicum
annuum, Padilla et al.), revealed significant variation in
morphological, physiological, biochemical, and molecular levels.
Tolerant variants and specific markers were screened supporting
their integration into breeding programs to develop new plant
varieties tolerant to drought stress (Trichloris crinita, Dominguez
et al.; and Rice, Hassan et al.). Besides, Hassan et al. underscores the
role of Molecular Assisted Selection (MAS) in advancing varietal
development, emphasising the need for further exploration of genes
and Quantitative Trait Loci (QTLs). Other works study the effect of
changes in phytohormone modulation to enhance drought
tolerance in pepper plants (Padilla et al.,2023); reveal a drought-
responsive miRNA-target modules (miR1119-MYC2), which
emerges as a potential biomarker for assessing wheat genotypes’
drought tolerance levels (Shamloo-Dashtpagerdi et al.); or review

ABIOTIC STRESS

ﬁ:ught or Flood stresses due to changeN
precipitation patterns
(Alvarez et al.,, 2023; Dominguez et al., 2023; Hassan et al.,

2023; Moloi and Ngara, 2023; Padilla et al., 2023; Santos et al.,
2023; Shamloo-Dashtpagerdi et al. 2023; Xu et al. 2023)

Salinity and Salt Stress (Alvarez et al,, 2023; Fgaier et
al., 2023; Pascual et al., 2023; Vives-Peris et al., 2023)

Heat or Cold Stress due to change in

temperature patterns
(Alcantud et al., 2023; Xu et al., 2023)

—

Increase of troposheric pollutants (0; NO, :
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the critical role of protein degradation as a marker for the selection
of drought-tolerant genotypes (Moloi and Ngara).

Water deficit and salt stress were explored in the Mediterranean
Anacardiaceae Pistacia lentiscus by Alvarez et al. employing
moderate and severe deficit irrigation, along with using saline
water (around 4 dS m™ salinity). Under these conditions, Pistacia
exhibits favourable behaviour, making it suitable for landscaping in
arid and saline regions.

A review about the effect of water deficit in combination with
heat in plants highlights the changes of protein markers in both
treatments, and emphasises the decrease of protein abundance, and
its structure and stability, in addition to changes in the expression
pattern of post-translational modifications (PTMs) and
differentially expressed proteins (DEPs), which are also available
markers for plant breeding (Xu et al.).

Salinity and salt stress is one of the most important abiotic
stresses. Vives-Peris et al. focused on the selection of morphological,
physiological, and molecular markers to form the basis for future
breeding programs, guiding the selection of optimal rootstock-scion
combinations tailored to specific conditions.

Foaier et al. assayed salinity combined with seed priming effect
(seeds exposed to UV-C light) as a mitigation mechanism for the
effects of salt stress on Lettuce seeds (Lactuca sativa). Increased
concentrations of Salicylic acid (SA) and cytokinins are likely to
contribute to positive effects under high salinity.

The most important soil-associated abiotic stresses is due to the
excessive accumulation of herbicides along with the increase of
salinity in soils. Pascual et al. observed in tomato plants subjected to
salt-stress conditions and in the presence of the herbicide Paraquat,
a reduction in the oxidative damage, promoted by the protective
effect of the exogenous application of spermine.

Among the abiotic environmental factors, abrupt change in
temperature (heat and cold stress) is the most important factor which
significantly affects life processes of all organisms. Alcantud et al.
assayed, for 2 years, with the Veronicaceae Antirrhinum majus under

CLIMATE CHANGE

BIOTIC STRESS

Pests, Diseases and

Species competition
(Imran et al., 2023)

CO,, herbicides, etc.)
(Nowroz et al., 2024; Pascual et al., 2023)

FIGURE 1

This figure represents a brief outline/summary of the Research Topic including its references.
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three different temperature regimes: control (22/16°C), cold (15/5°C),
and hot (30/23°C), suggesting that short-term heat or cold exposure
induces changes in plant gene expression, affecting crucial plant life
processes (seed production, flower development, flower colour, etc.). It
emphasises ecological and economic implications of temperature-
induced changes in floriculture.

Anthropogenic activities of the last century have changed the
concentration of pollutants in the Troposphere (NO, CO,, O3, etc.).
All those contaminant gases are in contact with animals, plants, soil,
etc. Nowroz et al.(2024) gives light to the knowledge on plant
defensive responses against contamination of tropospheric Ozone
(O3), which levels are increasing mainly due to human activities. A
reduction in the stomatal conductance and in the carbon fixation
are the first symptoms of the interaction with Os, reducing the net
photosynthetic rate and plant growth.

Another of the great challenges that crops face is biotic stress.
Imran et al. highlight Trichoderma culture filtrates’ potent
antifungal effect on Alternalia solani mycelial growth,
demonstrating strong inhibitory potential. In greenhouses and
fields, these filtrates not only decrease early blight infection, but
also promote plant growth and fruit production, serving as effective
plant growth promoters. This practice contributes to sustainable
agricultural production by mitigating the risk of fungicide-resistant
early blight pathogens.

Finally, Santos et al. review the recurrent pressing issue of fruit
cracking and highlights its potential for molecular breeding
research, driven by genetic factors. Omics technologies offer
molecular-level insights into this disorder. While direct evidence
through mutations is lacking, the study identifies exocarp-specific
transcripts crucial for cracking development, involving cuticular
membrane, cell wall mechanisms, and wax biosynthesis. With
climate change on the horizon, understanding plant responses at
the transcriptomic level is deemed crucial for effective molecular
breeding and enhancing crop resilience
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Flower transcriptional
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hot and cold environments
in Antirrhinum majus
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Short term experiments have identified heat shock and cold response elements in
many biological systems. However, the effect of long-term low or high
temperatures is not well documented. To address this gap, we grew Antirrhinum
majus plants from two-weeks old until maturity under control (normal) (22/16°C),
cold (15/5°C), and hot (30/23°C) conditions for a period of two years. Flower size,
petal anthocyanin content and pollen viability obtained higher values in cold
conditions, decreasing in middle and high temperatures. Leaf chlorophyll
content was higher in cold conditions and stable in control and hot
temperatures, while pedicel length increased under hot conditions. The control
conditions were optimal for scent emission and seed production. Scent complexity
was low in cold temperatures. The transcriptomic analysis of mature flowers,
followed by gene enrichment analysis and CNET plot visualization, showed two
groups of genes. One group comprised genes controlling the affected traits, and a
second group appeared as long-term adaptation to non-optimal temperatures.
These included hypoxia, unsaturated fatty acid metabolism, ribosomal proteins,
carboxylic acid, sugar and organic ion transport, or protein folding. We found a
differential expression of floral organ identity functions, supporting the flower size
data. Pollinator-related traits such as scent and color followed opposite trends,
indicating an equilibrium for rendering the organs for pollination attractive under
changing climate conditions. Prolonged heat or cold cause structural adaptations
in protein synthesis and folding, membrane composition, and transport. Thus,
adaptations to cope with non-optimal temperatures occur in basic
cellular processes.

KEYWORDS

cold stress, heat stress, adaptation, transcriptome, flower development, ribosomal genes,
floral scent, phenylpropanoid metabolism
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1 Introduction

The response of organisms to high and low temperatures field of
study has very solid knowledge based on short-term lab and field
experiments. Many laboratory experiments have been performed with
short exposures to changing temperatures, from minutes to hours,
and up to several days. These experimental approaches, beginning in
the mid-seventies, have shown that rapid responses to heat are a
universal feature of bacteria, archeobacteria, fungi, plants, and
animals. This rapid response to increased temperature raised the
concept of heat shock, which coined the name of a complete set of
genes involved in response to high temperatures, known as heat shock
genes, which code for heat shock proteins (Lindquist and Craig,
1988). Experiments using cold stress in plants have identified the so-
called cold acclimation pathways, activated by short exposures to low
temperatures. After an initial period of heat or cold, plants adapt to
non-optimal temperatures (Thomashow, 1998). However, climate
change conditions, represented as hot or cold periods lasting longer
than a few days, are poorly represented by such short-term
experiments that explore the early players in adaptation processes,
but not the long-term effect on biological systems.

Plant vegetative growth is coupled to reproductive development
and success, and flower development is a highly conserved process
controlled by flower organ identity genes (Egea-Cortines et al., 1999;
Theissen and Saedler, 2001). A high expression of floral organ identity
genes is required to achieve completely functional flowers in terms of
size, color and scent emission (Manchado-Rojo et al., 2012). These
characters are known as floral traits (Ramos and Schiestl, 2019).
Flower color is one of the main floral traits used by pollinators to
locate flowers. Aside from pigment concentration within the petal
cells, petal color appearance relies on light reflectance by conical cells
typical of the petal surface (Dyer et al, 2006; Glover, 2011;
Brockington et al., 2013).

Together with color, floral volatiles function both as flower
attractants to pollinators, as well as deterrents of parasites
(Muhlemann et al., 2006). Floral volatile synthesis and emission is
coordinated by several factors. These include flower age, pollination
status, circadian regulation, and environmental conditions
(Schuurink et al., 2006; Cna’ani et al., 2014; Weiss et al., 2016a).

The orchestration of a response against non-optimal
temperatures occurs in several steps. The first genes identified as
heat response genes code for the so-called heat shock proteins (HSP),
and share the molecular function of dealing with protein misfolding
and aggregation (Wang et al., 2004). As previously mentioned, short
heat treatments lasting minutes in Arabidopsis, have an important
impact on plant survival, thus coining the concept of adaptation to
heat. The down regulation of HSP101 by interfering RNA decreases
heat adaptation, whereas its overexpression enhances performance at
high temperatures (Queitsch et al., 2000). The fast activation of heat
responsive genes is downstream of several transcription factors such
as HsfA2, DREB2A or bZIP28 (Sakuma et al., 2006; Schramm et al.,
2006). Heat and cold stress share some signaling and transcriptional
pathways, yet partially diverge in the output, as they activate differing
gene networks. Cold responses occur via DREB2 and other
transcription factors such as CBFs (Cook et al., 2004; Alonso-
Blanco et al., 2005; Maruyama et al., 2009). The studies mentioned
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above share short periods of exposure to high or low temperatures,
with the period of time under stress varying between one hour to a
maximum of four days (Sakuma et al., 2006; Schramm et al., 20065
Gao et al.,, 2008; Gutha and Reddy, 2008; Maruyama et al., 2009;
Bihani et al., 2011). Studies of cold acclimation usually comprise a
period of one to two weeks at a mild temperature, followed by a
period of freezing temperatures of up to six hours (Cook et al., 2004;
Alonso-Blanco et al., 2005).

In the present study, we performed a long-term experiment using
snapdragon as a model, as it is a semi-perennial ornamental plant
(Stubbe, 1966). The aim of the experiments described was to identify
the impact of long-term, non-optimal temperature, i.e. mild heat and
cold in flower development. We discuss our work considering the
current knowledge in the field of adaptation and survival under long-
term non-optimal temperatures.

2 Materials and methods
2.1 Plant material and growth conditions

We used seeds of Antirrhinum majus inbred line 165E (Schwarz-
Sommer et al,, 2010). The seeds were germinated on fine vermiculite.
The seedlings were transplanted to Nursery Plastic Pots (650 ml
volume) after two weeks. During the entire treatment period, plants
were watered as required. Plants were kept in Sanyo MRL350 growth
chambers with day/night temperatures of 22/16 °C at a regime of 16 h
fluorescent light at a photosynthetically active photon flux density of
250 UE s7' m™2 and 8 h darkness.

Traditionally, Antirrhinum plants have been grown in
greenhouses with temperatures ranging between 10°C at night and
28°C during the day. However, temperature effects have not been
recorded for this plant. We established the initial conditions to grow
Antirrhinum plants under long-term high and low temperatures.
Traditionally, Antirrhinum plants have been grown in greenhouses
with temperatures ranging between 10°C at night and 28°C during the
day. Plants were grown for two weeks at a thermoperiod of 22/16°C
and a photoperiod of 16/8 light/dark corresponding to long days.
These long day conditions induce flowering in Antirrhinum (Bradley
etal., 1996). After two weeks, the plants were transferred to their final
temperature growing regimes for the rest of their development.
Initially, the high temperatures were set at 34/28°C, but the plants
did not survive, and we could not obtain flowers for further work.
Thus, we decreased the temperature to 30/23°C where most plants
survived producing a few flowers. Plants grown in the cold were kept
at 15/5°C, and they developed slowly. The plants were kept under
control, heat, or cold conditions for a minimum of four months, with
some of them for over two years, as flowering was strongly delayed
(data not shown). During this period, we sampled flowers from the
different treatments.

Flower developmental stages were categorized as shown in
Figure 1: Flowering stage 0 coincided with day 0 or anthesis. The
sampling of flowers was performed on days 0, 3, and 5 days after
anthesis (DAA). Flower organ parameters were selected as described
previously (Weiss et al., 2016b) and were measured in flowers on day
3 (Figure 1).
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FIGURE 1

Flowering stages of Antirrhinum majus line 165E. Flowering stage range from -1V (before flower opening) until stage V (day 5 after flower opening).

2.2 Pigment measurements

We extracted total anthocyanins in flowers from 0.1 g of petal
tissue at day 3 after anthesis using a methanol-HCl method, and
spectrophotometric absorption measurement at 530 and 657 nm
(Zhang et al, 2019), using a UV-1600 spectrophotometer
(SHIMADZU, Kyoto, Japan). The extraction was performed on
nine flowers from three different plants per temperature regime.
Chlorophyll was measured in apical, median, and basal leaves with
a CM-500 Chlorophyll Meter, which determines the relative
chlorophyll content by measuring the light penetration coefficient
in a 2-wavelength range corresponding to red light (660nm) and IR
light (850 nm).

2.3 Scanning electron microscopy analysis

We sampled adaxial (upper) petal regions encompassing areas 6,
7 and 8 as described previously (Delgado-Benarroch et al., 2009b)
with a scalpel blade. Petal sections of approximately 0.75 cm” were
prepared for scanning electron microscopy. The cell size of flowers
from different temperature regimes were measured based on the cell
area of 40 cells per preparation using the program Image] (https://
imagej.nih.gov/ij).

2.4 VOC analysis

We sampled flowers at day 0, day 3 and day 5 from the control,
low and high temperature treatments. This resulted in nine
experimental groups.

We collected volatiles with polyvinyl siloxane coated bars
(Twister® Gerstel), as previously described (Ruiz-Hernandez et al.,
2018). Briefly, every snapdragon flower was cut, weighted, and placed
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in a glass beaker with 4 mL of a 4% sugar solution. We attached a
Twister to each beaker, after which it was placed in a glass desiccator.
We removed the Twister after 24 hours. The control consisted in a
beaker with the sugar solution without snapdragon flowers, which
was also placed in a desiccator. Once the Twisters were removed, they
were stored at 4°C until further analysis. For each flower stage and
temperature conditions, we sampled 8 flowers, except for the control
group and 5 DAA, which consisted of 7 samples. In total, we collected
volatiles from 71 snapdragon flowers.

The VOCs adsorbed by the Twisters were separated using a GC-
MS HP-6890N coupled to a 5975 mass-spectrometer (Agilent
Technologies, Palo Alto, CA, USA), combined with a TDU and
cooling injector system (CIS4) (Gerstel).

The Twisters were desorbed by heating, starting from an initial
temperature of 40°C to 250°C, at a ramping speed of 100°C min ",
with 5 min hold time on a splitless mode. The desorbed compounds
were captured in a cool trap at — 100°C. The process was automated
by using an MPS2XL multipurpose sampler (Gerstel).

The chromatograms were obtained with a HP5MS-UI column
(Agilent Technologies), with helium as the gas carrier, in constant
pressure mode and a 1:50 split ratio. The initial temperature was 50°C,
increasing at a ratio of 5°C min~' until 70°C, after which the
temperature was held for one min. In the following step, the

1 and

temperature was increased to 240°C at a rate of 10°C min~
held for 15 min.

The mass spectrometer operated at a 70 eV ionization voltage.
The source and quadrupole temperatures were 230 and 150°C,
respectively. The mass range was 30.0 to 450.0 uma at 4 scan/s. The
MSD transfer line was maintained at 280°C.

We used the ChemStation software (version E.02.02 SP1, Agilent
Technologies) to acquire chromatograms. The compounds were
qualitatively identified by comparison with the Wiley10th-NIST11b
mass spectral database (Agilent Technologies, Wilmington,
DE, USA).

frontiersin.org


https://imagej.nih.gov/ij
https://imagej.nih.gov/ij
https://doi.org/10.3389/fpls.2023.1120183
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Alcantud et al.

Once we integrated all the chromatograms, we used the R package
gcProfileMakeR to obtain the scent profile (Perez-Sanz et al., 2021). We
determined the VOCs that were present in all the samples of a given
treatment. We will refer to this first profile as “constitutive scent
profile”. Additionally, we evaluated the volatiles present in more than
70% of the samples. To obtain these profiles, we set the gcProfileMakeR
parameters as follows: pFreqCuttof = 1 (constitutive profile or volatiles
detected in all samples). In addition, we removed contaminating VOCs
such as PDMS-derived volatiles as hexamethylcyclotrisiloxane, with the
cas2rm function, and setting the minQuality to 80.

The volatile amounts, expressed as integrated peak area divided
by flower fresh weigh, were compared among snapdragon groups and
flower stages using Dunn test, implemented in the R package FSA.

2.5 Pollen viability analysis

Pollen viability was evaluated with pollen from seven to ten
flowers at day 3 after flower opening, grown under standard
conditions as well as high and low temperature regimes. The pollen
was tested for the presence of cytoplasm by aniline blue staining with
0.1% aniline blue in 0.1N K3;PO, at pH 8.5 (Kho and Baér, 1968).

2.6 Capsule development and
seed germinability

Flowers developing under the different temperature regimes were
hand self-pollinated, and total seed weight and seed number of 10
capsules from 3 plants were recorded. From each capsule, we
performed a germinability assay by placing 20 seeds on a filter
paper moistened with distilled water in a petri dish, which was kept
under darkness in a growth chamber at 22°C. The germinated seeds
were counted after two weeks.

2.7 Statistical analysis

To test differences in flower parameters, chlorophyll, and
anthocyanin content between the different temperature groups, we
used the non-parametric Wilcoxon test, implemented in R. Their
respective graphs were plotted by using the R package ggplot2
(Wickham, 2011, 2). A Principal Component Analysis (PCA) of the
VOCs was performed using log-transformed data and expressed as a
proportion of the total volatile amount (Tang et al., 2016).

2.8 Transcriptomic analysis

Total RNA was isolated from petal tissue using the NucleoSpin
RNA plant kit (MACHEREY-NAGEL, https://www.mn-net.com/)
which includes DNase. The quality and concentration of the RNA
was determined spectrophotometrically with a NanoDrop ONE
(Thermo-Fisher). First strand cDNA was synthesized using 500 ng of
total RNA with Maxima kits (Thermo-Fisher), according to the user’s
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manual. Due to differences in flower size resulting from the treatments,
we took five flowers per sample of cold, control and heat treatment for a
total of 15 samples. We used five samples per treatment corresponding
to five biological replicas to perform the transcriptomic analysis.

The quality and concentration of total RNA samples were
analyzed before the experiment to ensure sufficient integrity and
quantity. To achieve this, the RNA integrity number (RIN) of each
sample was investigated. The Kapa Stranded mRNA Library
Preparation Kit was used for the library construction of cDNA
molecules. Furthermore, the generated DNA fragments were
sequenced using the Illumina Hiseq 4000 platform with 150 bp
paired-end sequencing reads (Stabvida, Portugal). We obtained a
total of 992 million reads comprising 149 Gbp of DNA. The raw data
can be downloaded from the European Nucleotide Archive (ENA)
https://www.ebi.ac.uk/ena/browser/home (Study: PRJEB54068,
Samples: ERS12336218-ERS12336232, Experiments: ERX9450224-
ERX9450238, Runs: ERR9907396-ERR9907410)

HiSat2 (version 2.1.0) (Kim et al., 2019) was used to align the RNA-
seq reads to the genome assembly version 2 of Antirrhinum majus
available at http://bioinfo.sibs.ac.cn/Am (snapdragon.chrIGDBV1 fasta).
StringTie (Kovaka et al,, 2019) (version 2.0) was used for assembling the
transcripts and estimating abundances. We also used the gene annotation
of this assembly of the genome (snapdragon_IGDBV1.chr.gene.gff). The
NOISeq (Tarazona et al,, 2011) R package (version 2.31.0) was used for
the differential expression tests, accepting results with probability of
differential expression > 0.95. The data analysis and the graphical
representations were done using an in-house R script.

The enrichment analysis and the CNET plots were performed by
using the ClusterProfiler R package (version 3.16.1) (Yu et al., 2012),
using 0.05 as thresholds for the p-value and g-value. An in-house R
script was used for generating an annotation package for Antirrhinum
majus compatible with ClusterProfiler. The GO annotation for
biological processes and molecular functions for the genome
assembly version 2 of Antirrhinum majus was obtained from http://
bioinfo.sibs.ac.cn/Am. However, as the number of annotated genes was
20,820, we annotated further for a total of 26,109 genes (out of 37,234).
The description of this additional annotation process and the resulting
files are available at https://github.com/jesualdotomasfernandezbreis/

sn 21pdl"dg0ﬂ -annotation.

3 Results

3.1 Changes in flower size as a response to
temperature are organ specific

Flower size was significantly affected by temperature. Flowers
from plants grown under standard temperature conditions had an
average weight of 255 mg. Development at cooler temperatures
resulted in 15% heavier flowers, while higher temperatures
produced 32% lighter flowers (Figure 2, Table S1). We measured
eleven flower parameters: P1: petal tube length; P2: lower petal length;
P3: petal height; P4: sepal length; P5: tube width; P6: upper petal
length; P7: lower petal expansion; P8: upper petal expansion; P9:
stamen length; P10: gynoecium length; P11: palate expansion. All
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FIGURE 2

Images of (A) front, (B) back and (C) lateral view of flowers of Antirrhinum majus kept during inflorescence development at low, high and standard
temperatures. (D) Flower parameters (P) under standard, high and low temperatures. P1: petal tube length: P2: lower petal length; P3: petal height: P4
sepal length; P5: tube width; P6: upper petal length: P7: lower petal expansion; P8: upper petal expansion: P9: stamen length: P10: gynoecium length:
P11: pallate expansion. Different letters for each parameter indicate significant differences according to Fisher's F test or Wilcoxon test (see Supporting
Information Table S1) (Sepal length and upper petal expansion). (E) PCA of floral weight and flower parameters. Each point represents one of the flowers

analyzed. (F) Pedicel length (see Supporting Information Table S2)

flower parameters were significantly reduced at high temperatures as
compared to control conditions, except for petal tube length (P1),
which remained stable (Figure 2D, Supplementary Table S2). Lower
temperatures resulted in significantly increased values of the lower
and upper petal expansion (P7 and P8, Figure 2D). Gynoecium length
(P10) was significantly reduced, while other parameters were not
significantly different as compared to control conditions (Figure 2D).

To identify overall changes in flower parameters in plants under
the different conditions, we performed a PCA analysis (Figure 2E).
The first principal component explained 66.99% of the variance,
corresponding to upper petal length, and the second principal
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component explained 12.44% of the variance the data,
corresponding to sepal length. The data showed that the flower
structure was similar under low temperatures as compared to
control conditions, while heat drastically affected petal growth in
most parameters. Pedicel length doubled in flowers grown under high
temperature conditions, as compared to control conditions, while
flowers from control and low temperature conditions had a similar
pedicel length (Figure 2F, Supplementary Table S3).

As petal size showed significant differences under different
temperatures, we analyzed cell size by SEM. Cell area in the adaxial
petal region, encompassing regions of conical and flat cells, were not
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(A) From left to right, conical cells and (B) flat cells at control, low and, high temperatures. (C) Pollen viability at control (green) low (blue) and high
temperature (red), expressed as percentage. (D, E) Total anthocyanin content in petals of Antirrhinum majus flowers grown under control, low, and high
temperatures (see Supporting Information Table S3). Letters show significant differences between samples.

significantly different between temperature regimes for either cell type
(Figures 3A, B; Table 1). This indicates that the temperature effects on
flower size were the result of changes in cell division that translated
into larger or smaller flowers, while cell expansion was probably not
affected. We did not observe changes in flower opening, a process
requiring local cell expansion (Van Doorn and Kamdee, 2014; Sun
et al., 2016).

3.2 High and low temperatures significantly
influence pollen performance and seed set

The different temperature regimes also affected the quality of the
pollen (Figure 3C). While a higher temperature significantly reduced
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pollen viability from 74.5% under standard conditions to 45%, lower
temperatures increased viability to 93%. We hand-pollinated
autogamous A. majus flowers under the different temperature
regimes to evaluate the possible effects on fertility, capsule
development, and seed set. High and low temperatures did not
affect seed germinability significantly. However, while the average
percentage of seed germination was comparable between control and
low temperatures, this factor increased 1.5 times at higher
temperatures (Table 2). On the contrary, the number of seeds was
significantly reduced to 46% at a low temperature and was also
reduced by 16% at a high temperature, although this change was
not significant. No significant differences were observed concerning
seed weight. We can conclude that cold temperatures increased pollen
germination, while heat has a strong negative effect. However, seed
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TABLE 1 Cell area in flowers of A.majus under control, cold and hot
conditions.

Temperature Conical cells Flat cells
Control 849.09 + 131.89 1401.00 + 144.38
Cold 878.04 + 10.73 1397.53 + 98.79
Hot 770.85 + 106.52 159145 + 177.25

Total number of cells per treatment n= 40. Values represent average area (m?) and standard
deviation. Statistical differences with T-test show no differences between cell types.

number appeared to be at an optimum at control and high
temperatures, as cold treatments decreased seed numbers.

3.3 High and low temperature regimes
affect flower pigmentation but not petal
cell structure

Temperature had a significant effect on petal pigmentation
(Figures 2A-C; Figure 3D). As compared with the control temperature
condition, cooler temperatures resulted in visually darker pink to red
pigmentations. In contrast, higher temperatures produced flowers with a
paler color, sometimes appearing completely white. Petal color
appearance depends both on anthocyanin concentration and conical
cell structure due to light reflectance (Noda et al., 1994). We analyzed
total anthocyanin content and found that the apparent color change
coincided with a significantly higher total anthocyanin content in petal
tissue under cold temperatures, and a significantly lower total
anthocyanin content in petal tissue under higher temperatures, as
compared to standard conditions. (Figure 3E, Supplementary Table
S4). As conical cells that form the petal epidermis play a key role in
light reflectance, we studied the floral epidermal structure by SEM. We
did not observe any apparent difference in the structure of conical or flat
cells in petals from the different treatments (Figure 3A).

We also analyzed the effect of temperature regime on leaf
pigmentation (Supplementary Figure S1, Table S5). Just as the petal
anthocyanins, leaves kept under lower temperatures showed a
significantly higher relative chlorophyll content in apical, median,
and basal leaves. However, under high temperatures, we did not
observe significant differences in chlorophyll as compared to
control leaves.

Altogether, we can conclude that low and high temperatures have
opposite effects on flower anthocyanin concentrations, although the
temperatures used did not interfere with conical or flat cell
morphogenesis in petal epidermis. Chlorophyll concentrations are
affected by cold but not by heat.

TABLE 2 Effect of temperature on seed germination and size.

Temperature % N° of seeds/10 Seed
Germination capsules weight (gr)
Standard 29a 1404.00 + 59.34a 0.025 + 0.029a
Cold 25a 755 + 26,18b* 0.012 + 0.003a
Hot 46b* 1175.53 + 39.81c* 0.007 + 0.002b*

The asterisks refer to p values of 0.05 (*) and 0.01 (**).
Statistical differences with T-test are marked by letters.
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3.4 Temperature affects quantity and quality
of volatile compounds

We analyzed the effect of temperature on floral scent emission. We
observed significant differences in 1) total emission 2) changes in total
emission during aging, and 3) changes in the VOC profile during aging.

Flowers grown under control conditions showed increased VOC
emission after flower opening, which was significantly higher at day 5 as
compared to day 0 or day 3 (Figure 4A). In contrast, flowers grown at
low or high temperatures showed a stable VOC quantitative emission
throughout development, and did not display increased VOC emission
late in development (Figure 4A). When we compared the effect of
temperature on total emission within treatments, we found that flowers
grown under hot conditions emitted similar amounts as those grown
under control conditions at 0 DAA (Figure 4A, Supplementary Table
56). However, emission was significantly lower at 3 and 5 DAA, 53%
and 68% as compared to control flowers (Figure 4A, Supplementary
Table S7). Under cold conditions, VOC emission again started at
similar levels as control plants, but the reduction in emission was
more pronounced. VOC emission was significantly lower, amounting
to 25% and 29% at day 3, and 5 DAA, respectively, of the VOCs emitted
under control conditions.

We analyzed the VOC profile of the different temperature regimes
at days 0, 3 and 5. We identified a total of 111 different volatiles
comprising alcohols, aldehydes, phenylpropanoids, fatty acid
derivatives, and mono- and sesquiterpenes (Supplementary
Figure 2). We defined the volatile profile into two overlapping
datasets. The constitutive scent profile, i.e. the volatiles present in
all flowers of a given treatment at a given age (Figure 4B), and the
non-constitutive (Supplementary Figure 2), found in 70% of a given
temperature and age group. The constitutive profile consisted in a set
of 14 volatiles (Figure 4B). We found phenethyl alcohol,
acetophenone, 2’-hydroxyacetophenone, and myrcene present in all
flowers analyzed irrespective of age or temperature treatment. Thus,
these VOCs can be considered the basic or core volatilome of this
snapdragon line. We observed that the complexity, i.e. the number of
detected volatiles, varied across temperature and flower stages. Plants
grown under control conditions emitted a total of 11 constitutive
compounds. The number of VOCs increased from six up to ten
between day 0 and day 5. Under high temperature conditions, the
profile was more complex, with the emission of a total of 13 different
compounds. It started with 11 VOCS, and decreasing to eight and ten.
In contrast, the VOC profile under cold conditions was the poorest,
with a total emission of ten volatiles, starting with eight and
decreasing to only six. When we analyzed the non-constitutive
profile, it included 111 different compounds (Supplementary
Figure 2). We observed that at DAA 0, the control group had the
highest number of VOCs (52), decreasing progressively to 49 at day
three and 31 at day five. The complexity of cold grown flowers was
smaller, with 27 VOCs at day 0, 24 at day three and 16 at day five.
Under hot conditions, the VOCs showed an overall higher
complexity, starting with 44 at day 0, 51 at day three, and 45 at day
five. Overall, cold-grown plants produced a subset of the complete
volatilome found in normal conditions, while heat-grown plants
maintained a somewhat more complex volatilome at day five.

In addition, some volatiles were not affected by temperature, and
were emitted at the same flower stage. Thus, at 0 DAA, we identified
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(A) Total floral scent emitted by flowers. Letters over bars indicate differences across each group (see Supporting Information, Table S5) whereas asterisks

denote differences across flower stages (see Supporting Information, Table S6), (B) Constitutive scent profile of snapdragon flowers under three different
conditions (standard, low and high temperatures) and at three development stages, expressed as days after anthesis. This profile comprises those
volatiles that were present in all samples from each group. Black and white cells indicate constitutive and non-constitutive compounds, respectively

2’-hydroxyacetophenone and tetradecane. However, at 5 DAA, all
snapdragon flowers emitted methyl benzoate and ocimene.

Some volatiles were detected in 70% of the samples of a given
treatment and age (Supplementary Figure 2). This dataset showed
that some VOCs were produced at control and high temperatures, but
not at cold temperature. These included volatiles of different chemical
types, indicating a general inhibitory effect of cold temperatures on
floral scent complexity.

3.5 Transcriptomic signature of long-term
growth under low and high temperature

We used petals at day 3-5 to obtain a comprehensive

transcriptomic profile. We obtained a set of 2202 genes that were
differentially expressed between the cold and control conditions, 3994
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between hot and control conditions, and 5384 when we compared hot
vs cold conditions.

We performed a Gene Enrichment Analysis followed by CNET
plots depicting the GO terms and KEGG pathways. We found several
gene networks confirming the temperature phenotypes observed in
the control and treatment flowers. There were several categories in
biological processes found in hot vs cold (Supplementary Figure S3).
These included phenylpropanoid synthesis, sulfur compound
metabolic process, response to toxic processes, and response to
heat. A set of genes showed GO terms related to changes in
unsaturated fatty acid metabolism, and a second set to hypoxia (see
below). Cold showed two meaningful but unrelated CNET networks,
one was pollination, including terms such as unidimensional cell
growth or cell tip growth, and again, a second network with an
increased number of genes involved in response to hypoxia.
Additional related terms included response to oxygen levels or
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cellular response to decreased oxygen levels. When we analyzed hot vs
cold, we found basically the sum of terms, plus additional ones
including response to chitin, response to salicylic acid, or antibiotics.

Pollen viability followed a continuum from cold to heat
conditions. Amongst the 345 genes enriched with the GO term
pollen development, Am06¢26270 and Am04g06020 are two MADS-
box transcription factors orthologous to AGL65 and AGL66. The
AGL55 and AGL66 proteins interact in vitro and in vivo with the
ARID-HMG DNA-binding protein AtHMGBI15 (Xia et al.,, 2014).
The ortholog of AtHMGI5, Am01g14540, was also differentially
expressed, and this transcriptional complex is required for pollen
tip growth in Arabidopsis. Indeed, other genes such as Am05¢01300, a
WD40 transducin involved in pollen growth (Wang et al., 2008),
Am03g02130, an SRK lectin of the S-locus (Goubet et al., 2012),
several lectin receptors, and protein kinases, were differentially
expressed when comparing hot vs cold. Additional genes involved
in pollen development included Am01g51790, a calcium-dependent
protein kinase known to play a role in cell polarity required for pollen
growth in petunia (Yoon et al., 2006). Several Rho-encoding genes
involved in microtubule growth, and Am06¢24120, coding for an
Armadillo protein, were differentially expressed. Armadillo proteins
confine Rho to pollen tips, where they promote growth (Kulich et al,,
2020). This indicates that the impact of temperature on pollen
viability is the result of a major disruption of several
independent pathways.

An important question we had was what components are found
with GO terms related to stress under long-term temperature
changes. The largest sets of biological process (BP) genes were
related to response to toxic substances (322 genes), response to
antibiotics (311 genes), hypoxia (210), and response to salicylic acid
(SA) (188 genes). These four sets were largely overlapping. In fact, all
the SA response genes were found within the response to antibiotics
category and toxic substances. Furthermore, from the 245 transcripts
related to heat, all of them except 24 were found within the toxic
substance GO term. This indicates that long term non-optimal
temperatures cause a steady transcriptional signature related to
stress. We identified 245 transcripts with a heat enrichment term.
Amongst them, we found several bona fide heat shock genes. These
included 20 HSP20, 38 HSP70, four HSP90, 14 DNAJ type
chaperones, and 13 FKBP-type peptidyl-prolyl cis-trans isomerases
with chaperone activity. This revealed that the protein folding
machinery was activated by heat at early stages and maintained
throughout development.

While hypoxia occurs in plant roots under water logging (Huang
and Johnson, 1995), it also appears to play a role in the maintenance
of the stem cell niche in the shoot apical meristem (Weits et al., 2019).
Several transcription factors found in the transcriptional network,
which were activated during hypoxia, were differentially expressed.
These included AP2 transcription factors such as ATRAV1-EDF4, a
gene involved in response to hypoxia, activated by cold in a circadian
fashion and transported between cells (Thieme et al., 2015), ERF9,
DREB2 (Am01g12910, Am03¢34650, Am01g54280) and DREB2A
(Am07¢22160) (Mustroph et al,, 2009). Additional AP2 members
differentially expressed included Am07¢28230 and Am07g28230
(RAP2.2) Am42820 corresponding to DREB26 and Am08680
(ERF114). A second set of genes included four WRKY genes, three
with high homology to WRKY70, and one more closely related to
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WRKY22, a gene sharing a hairpin sequence acting as a thermo-
switch (Chung et al., 2020). At least ten independent genes coding for
alpha crystallin/HSP20 were enriched, coinciding with reports in a
variety of plants (Lasanthi-Kudahettige et al., 2007; Ji et al., 2019).
Amongst the enzymes responsive to hypoxia, we found an ortholog of
ADHI1 involved in alcohol metabolism (Loreti et al., 2005).

The molecular functions corresponding to the previous GO
biological function terms included several independent gene
networks that were enriched in heat vs control (Supplementary
Figure S4; Figure 6). These included terms related to stress such as
ribosome structure, glutathione transferase, unfolded protein binding,
and others related to metabolic processes including unsaturated fatty
acid and phenylpropanoid metabolism.

Protein synthesis is affected by cold in many plants (Cheong et al.,
2021), and indeed we found a large dataset of 284 genes coding for
ribosomal components that were differentially affected by cold
(Figures 5, Figure 6). These included genes coding for ribosomal
proteins S2, S3, $4, 89, L7, L11, L24, L27, or L32. The major changes
observed in ribosomal proteins were also accompanied by changes in
gene expression of genes involved in ribosomal biogenesis, such as
Am01g11680, orthologous to SMOG4. This homolog of yeast NOP53
is involved in maturation of 5.8rRNA, and has a strong effect in cell
proliferation in Arabidopsis (Micol-Ponce et al., 2020). The down
regulation of the genes coding for ribosomal genes appears to affect
most paralogs present in the genome. Indeed, there were four paralogs
of the $4/S9 terminal domain, three out of four $12/S23, and three out
of four S7p/S5e paralogs were down regulated, suggesting a major
reprogramming of the ribosomal structure.

We found that the molecular function (MF) enriched for
unsaturated fatty acid metabolism comprised 33 fatty acid
desaturases, three SnrK2-like proteins, and 13 fatty acid desaturases
involved in changes of fatty acids in the endoplasmic reticulum.
Changes in the membrane’s biophysical properties are associated to
modified fatty acid composition, indicating an adaptation to differing
temperatures (see discussion). Together with changes in unsaturated
fatty acid metabolism, we found MF related to transport of carboxylic
acids, amino acids, inorganic anions, and glutamine.

The transcriptional structure found in long-term cold and hot
growing conditions, thus showed a large set of enriched fractions
corresponding to the different phenotypes identified, such as pollen
growth, anthocyanin metabolism, or VOC synthesis. This apparent
coincidence is only partial, as we sampled petals, not pollen (see
discussion). In addition, we found hypoxia and a major reprograming
of the ribosomal machinery. Our results indicate that a long-term
exposure to non-optimal temperatures has a different transcriptional
signature, compared to the classic short-term heat/cold shocks.

3.6 Response of developmental and
signaling processes to temperature changes

While GEA/CNET identifies major changes in biological
pathways, some genes involved in development and signaling do
not appear in this type of analysis. Phytochrome B is a major gene
involved in both light and temperature signaling (Legris et al., 2016).
The Antirrhinum ortholog of PHYB Am01g64810.T01, was
differentially expressed between cold and heat. However, PIF4
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(Am02g50260) did not significantly changed in expression. It is
involved in the activation of auxin synthesis and cell expansion at
high temperature in Arabidopsis (Franklin et al., 2011) and we did not
find cell expansion changes. The ortholog of FT (Am01g05660), was
not differentially expressed. However, a phosphatidyl glycerol
phosphatase 1, controlling FT movement (Susila et al, 2021), and
its activator CO (Am03g06610), were differentially expressed,
indicating that the apparent differences in flowering time observed
in the different temperature treatments (unpublished results) were
caused via the conserved FT-CO signaling pathway.

Temperature had a stronger effect on perianth organs, i.e. sepals
and petals, than in stamens and carpels. We found that both B
function genes DEFICIENS (Am01g03890) and GLOBOSA
(Am04g30510) were differentially expressed, together with
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SQUAMOSA and DEFH200 (Amo06g13650). These results support
the phenotypes found after treatment with non-optimal temperatures,
as genes involved in perianth development were affected.

The so-called temperature compensation is thought to be a
mechanism where plants modify their metabolism to maintain an
internal pace irrespective of temperature. Circadian clock genes are
involved in temperature compensation (Gould et al., 2006). Although
our transcriptomic sampling was not performed in a circadian
fashion, we observed significant changes in expression of the core
clock genes AmLHY and AmTOCI. The genes coding for the evening
complex AmELF3 and AmGIGANTEA, involved in stabilization of
ZTL (Kim et al,, 2007), were also differentially expressed in cold
versus heat, and cold versus control, suggesting a modified circadian
transcriptome resulting from long-term temperature changes.
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4 Discussion

In this work, we analyzed the long-term effect of non-optimal
growing temperatures on flower development of Antirrhinum majus.
We chose two temperatures ranges that may correspond to a cold
spring with temperatures of 15°/5° C degrees day and night, and a
mild summer with temperatures of 30°/23°C. While both temperature
regimes are not extreme, they had a very strong impact on growth, as
compared to standard (control) 22°/16°C day/night temperatures.
This effect should be reflected in steady state transcriptomics after
long periods of non-optimal temperatures.

We found that flower development was affected in almost every
aspect, although some areas of robustness were identified. Floral
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organ development occurs from floral primordia, and just like
leaves, it is comprised of an initial growth process driven by cell
division, and a second part where cell expansion takes over (Reale
et al., 2002; Delgado-Benarroch et al., 2009a; Gonzalez et al., 2012).
Environmental changes, such as low or high temperatures, affect cell
division and expansion (Granier et al.,, 2000). The most noticeable
changes in floral organ size were observed in sepals and petals. Our
transcriptomic analysis showed that the major genes involved in petal
development i.e. DEF and GLO, were significantly affected by
temperature. The only floral organ that remained unchanged was
the petal tube. A number of studies have previously shown that the
petal tube and the petal limb may be considered different in terms of
regulatory networks related to growth or even pigment accumulation
(Wheldale and Bateson, 1907; Almeida et al., 1989; Manchado-Rojo
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et al,, 2014). Our work shows that the significant differences found in
petal size under different temperature growth regimes were mainly
due to changes in cell division. Similar results have been obtained
under shorter growth periods in heat in Petunia (Sood et al., 2021).
There are two mechanisms that render flowers with a lower or higher
total cell number that are not mutually exclusive. The first is a change
in the size of the flower meristem, and the second is a change in the
period or speed of petal cell division. As our results showed that
temperature only affected cell division, a differing floral size may be
the result from changes in meristem size and petal growth (see below).

As other tissues in which meiosis occurs, pollen production is
highly sensitive to temperatures. There is a large body of works that
describe the effects of non-optimal temperatures on pollen
development, including Antirrhinum species (Diers, 1971; Alaimo
et al., 1997). Non-optimal temperatures affect pollen development in
many plants. These include cold temperature in soja and tomato
(Fernandez-Munoz et al., 1995; Dominguez et al., 2005; Ohnishi et al.,
2010). High temperatures cause male sterility in rice (Endo et al,
2009), and again anther and pollen developmental defects in tomato
(Miiller et al., 2016). The defects in anther and pollen development in
tomato were traced back to the B function genes that we found to be
down-regulated (see below). Thus, it did not come as a surprise that
high temperatures caused decreased pollen viability. Sets of enriched
genes related to pollen and reproduction were identified despite using
petals as a tissue. This indicates that the genes that are down regulated
in petals, may be related, not only to pollen germination, growth, and
viability, but may also play additional roles in other organs.
Concerning seed germination, early studies have shown that
temperatures play a key role in the process (Morinaga, 1926). Seed
germination and viability is the result of developmental processes
affected by environmental conditions. Abiotic stresses such as salt,
cold and water stress negatively affect seed filling and impact seed
germination in rice (Schmidt et al., 2013; Liu et al., 2019). As we found
improved pollen germination at low temperatures. However, seed
germination and quantity are optimal under control conditions. We
conclude that fertilization and seed filling play key roles in
Antirrhinum seed viability. Probably each of these processes are
unequally affected by temperature but the optimal combination of
pollen germination, fertilization and seed filling occurs at
temperate temperatures.

The existence of both petal color and scent as cues for pollinators
have been studied in many systems. Both color and scent are
important for pollinator attraction in the genus Anthirrinum and
other species (Hoballah et al., 2007; Suchet et al., 2010; Amrad et al.,
2016; Ruiz-Hernandez et al., 2021). Our results show an interesting
coordination of both traits, as cold-grown plants showed a stronger
and brighter color, while heat-grown plants were paler but had a
richer scent profile, as compared to cold-grown flowers. Low
temperatures activate anthocyanin biosynthesis while high
temperatures have the opposite effect in apple fruits (Lin-Wang
et al, 2011; Bai et al, 2014). Furthermore, the accumulation of
anthocyanins in red oranges is controlled via a temperature
sensitive retrotransposon (Butelli et al., 2012). Under cold
conditions, having a bright color might be advantageous for
pollinator attraction. Studies in Antirrhinum have shown the
importance of anthocyanins for pollinator attraction (Dyer
et al., 2007).

Frontiers in Plant Science

19

10.3389/fpls.2023.1120183

Volatile emission is affected by temperatures in many plants. Indeed,
high temperatures modify scent profiles and emission in Petunia (Sagae
et al, 2008; Cna’ani et al, 2015). Work in Jasminun has shown a
maximum of emission at 25° with significantly lower levels at 20° or
30°C (Barman and Mitra, 2021).Similar to the results found for
Antirrhinum flowers, we found in a previous work that the scent
complexity of Narcissus cut flowers decreases when stored at cold
temperatures and increased at higher temperatures (Terry et al,, 2021).
This indicates that the multicomponent functionality of flowers to attract
pollinators may be advantageous given the climatic cycles observed
in nature.

Several BP and MF categories appeared as a response to long-term
temperature changes indicating basal adaptation. One was a major
reorganization of ribosomal protein paralogs comprising over 200
genes. The ribosome acts as a cryosensor in plants, as reducing
ribosomal activity induces cold signaling via CBF (Wigge et al.,, 2020).
Changes in ribosome structure in response to short-period temperature
changes have been recorded in E.coli, zebrafish and a variety of plants
(VanBogelen and Neidhardt, 1990; Long et al., 2013; Martinez-Seidel
et al, 2021). The number of paralogs coding for ribosomal proteins
appears to be between two and over 30 in plants (Martinez-Seidel et al.,
2020). Previous work describing modified ribosomal compositions
coined the concept of ribosomal heterogeneity (Horiguchi et al., 2012).
It appears that different ribosomal protein paralogs are not functionally
redundant, as mutations in single genes cause severe developmental
phenotypes such as altered leaf polarity or embryo lethality (Ma and
Dooner, 2004; Fujikura et al., 2009). Recent work has shown that single
amino acid changes in the ribosomal protein RPS23 have a strong impact
on protein quality and aging in yeast, worms and flies, making them heat
resistant (Martinez-Miguel et al., 2021). The Antirrhinum ortholog of
RPS23 (Am01g28590) was differentially expressed in the dataset. This
indicates that overall environmental impact may be channeled via
changes in the protein synthesis machinery. These ribosomal types
may be part of a basal adaptation to non-optimal temperatures.

Cellular membranes play a key role in every aspect of a cell’s
functions, including signaling and transport. The analysis shows that
unsaturated fatty acid biosynthesis may be part of long-term adaptation
to modified temperatures. The genes found indicate an adaptation of
plasma and endoplasmic membranes. Adaptation to cold at the
membrane level occurs in bacteria (Sakamoto and Murata, 2002), and
functional studies have shown a positive effect of desaturation in tobacco
(Kodama et al,, 1994). This indicates that long-term cold stress may cause
a reprograming of cell membranes as an adaptive step. Indeed, one group
of enriched genes was identified as transporters of amino acids, cations
etc. As these proteins are membrane bound, an emerging hypothesis is
that there is a major reprogramming of both membrane structure and
transporters. However, we do not have data to support changes at the
paralog level versus decreased/increased activity of some transporters that
may become limiting for growth and development.

Hypoxia has been extensively studied because of water logging in
roots (Drew, 1997). The response to hypoxia in flooded roots occurs via a
signal transduction pathway coordinated by type VII ETHYLENE
RESPONSE FACTORS and the ABA signaling pathway (Gonzalez-
Guzman et al,, 2021). However, we sampled petals, a tissue with only
three cell layers. We hypothesize that petals may be especially sensitive to
temperature, as they are non-photosynthetic organs. This may
compromise the equilibrium between sugar intake, photorespiration,
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and metabolism, making them vulnerable, and becoming hypoxic,
despite their vicinity to the atmosphere. Hypoxia causes changes in
protein degradation (Gibbs et al., 2011). Thus, the phenotypes observed
may be the result of modified cellular processes that include protein
synthesis and degradation. Due to the lengthy period required to flower
in the cold, and the reduced number of flowers produced under heat
conditions, we did not quantify floral number. However, considering the
importance of the hypoxia niche in the shoot apical meristem (Weits
et al, 2019), it could be that the observed changes in growth could be
partly due to a modified state of hypoxia. This may cause changes in the
speed of lateral organ formation, resulting in modified speeds of flower
formation and changes in flower size due to differing size in primordia.

The hypoxia molecular footprint was different from that described
for roots in other species such as tomato (Safavi-Rizi et al., 2020) or
Arabidopsis (Gasch et al,, 2016; Tang et al, 2021). Indeed, we found
several AP2 transcription factors such as RAP2.2, DREB2 and DREB2A
that respond to low oxygen levels. The ADH gene is a direct target of
RAP2.2 in Arabidopsis in response to low oxygen levels (Papdi et al.,
2015). As AmADHI was differentially expressed we infer that despite the
sampling of petals, there is a hypoxic niche in this tissue occurring
because of non-optimal temperatures. Although ABA is an inherent part
of the hypoxia signaling response (Gonzalez-Guzman et al., 2021), only
one paralog of PYL4 Am07g22130, showed differential expression
indicating that the hypoxia signaling may vary between tissues. Indeed,
hypoxia plays a role in root architecture via modification of the auxin
signaling (Shukla et al,, 2019). We did not find differential expression of
auxin signaling genes. As petals do not undergo further growth, we
conclude that the effects of hypoxia on auxin signaling could have
occurred early in petal development but are absent at late stages
of development.

While the GE analysis showed major pathways, small pathways with
a few genes or unannotated components are difficult to find. We found
two major players in flower development i.e. floral organ identity and
circadian clock genes, and both showed differential expressions. Floral
organ identity genes encoding the B -function involved in petal
development have a major impact in floral organ size in Antirrhinum
and petunia (Bey et al., 2004; Rijpkema et al., 2006). We indeed found
differential expressions of DEF and GLO, involved in promoting flower
size and scent emission (Manchado-Rojo et al, 2012). The plant’s
circadian clock coordinates cell division (Fung-Uceda et al., 2018), and
AmLHY is a positive regulator of flower development (Terry et al,, 2019).
Furthermore, flower scent is misregulated in knockdown lines of
Antirrhinum and petunia ZTL/CHL, GI1, or LHY (Fenske et al,, 2015;
Terry et al, 2019; Brandoli et al., 2020). While our sampling was at a
single point, the deregulation of clock genes suggests that the identified
changes in scent emission may be the result of a loss of both floral organ
identity and clock gene coordination.

5 Conclusions

Exposure to short term heat or cold temperatures causes changes
in gene expression, and our work showed that some of these

Frontiers in Plant Science

10.3389/fpls.2023.1120183

processes, such as protein folding related to heat, ribosomal
structure, or membrane fatty acid composition, are inherent to the
process of adaptation. We propose that climate change has two levels
of action in plants, one via the adaptation of basic cellular functions,
and a second one related to tissue or development-specific processes.
Differing genetic capacities in launching these processes may underlie
the observed differences in resilience. Furthermore, not all biological
processes may be equally affected by non-optimal temperatures.
While Antirrhinum majus is an ornamental crop, the effects of
non-optimal temperatures in flower development are profound.
They affect all aspects including seed production. This indicates
that obtaining resilient flowers is part of the requirements to
provide food security. The effects on scent emission and flower
color open another front related to pollination, with both ecological
and economical implications for many crops.
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Several fleshy fruits are highly affected by cracking, a severe physiological
disorder that compromises their quality and causes high economical losses to
the producers. Cracking can occur due to physiological, genetic or
environmental factors and may happen during fruit growth, development and
ripening. Moreover, in fleshy fruits, exocarp plays an important role, acting as a
mechanical protective barrier, defending against biotic or abiotic factors. Thus,
when biochemical properties of the cuticle + epidermis + hypodermis are
affected, cracks appear in the fruit skin. The identification of genes involved in
development such as cell wall modifications, biosynthesis and transport of
cuticular waxes, cuticular membrane deposition and associated transcription
factors provides new insights to better understand how fruit cracking is affected
by genetic factors. Amongst the major environmental stresses causing cracking
are excessive water during fruit development, leading to imbalances in cations
such as Ca. This review focus on expression of key genes in these pathways, in
their influence in affected fruits and the potential for molecular breeding
programs, aiming to develop cultivars more resistant to cracking under
adverse environmental conditions.

KEYWORDS

environmental stress, exocarp-specific genes, fruit cracking, gene expression,
molecular mechanisms

Introduction

Fruit cracking is a severe physiological disorder, common to many fruit crops. It affects
fruit quality in numerous species of fleshy fruits (Briiggenwirth and Knoche, 2017; Butani
etal, 2019; Lara et al,, 2019; Schumann et al., 2019; Wang et al., 2021b).These include sweet
cherry, plum, apricot, apple, litchi, pomegranate, citrus, banana, avocado, grape,
persimmon, peach, tomato, and pistachio (Simon, 2006; Khadivi-Khub, 2015; Correia
et al., 2018; Butani et al., 2019). However, sweet cherry, grape and tomato are the crops
most affected by cracking due to their susceptibility to damage associated to the large scale
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of these industries (Briiggenwirth and Knoche, 2017; Schumann
et al.,, 2019). Cracks on the fruit surface reduce the fruit
marketability as they cause negative effects in fruit quality such as
poor appearance, shelf life diminution and increased susceptibility
to infections by fungi and other pathogens causing significant losses
in the fresh market (Khadivi-Khub, 2015; Butani et al., 2019; Wang
et al., 2021b). So, the cracked fruits can only be used in processing
industries (especially for fruit juice) if they aren’t infected by fungi
(Simon, 2006; Khadivi-Khub, 2015).

In fruits, the skin, also designed as exocarp, supports the
internal cell layers, being considered an essential element in fruits
which provides a protective barrier against water loss and pathogen
attack (Macnee et al,, 2020). The fruit skin comprises three main
layers, namely cuticle, epidermis and hypodermis (Knoche and
Winkler, 2019). Among them, the hypodermis comprises one to
several layers of hypodermal cells while the epidermis is located
outside the hypodermis, consisting of in just one cell layer.
Epidermis and hypodermis comprise the fruit skin (Knoche and
Lang, 2017). The arrangement of hypodermal and epidermal cell
layers as well as their thickness highly affect the fruit cracking
(Wang et al,, 2021b). Outside the epidermis, there is a cuticle or
cuticular membrane consisting in lipid polymer that covers the fruit
surface, acting as a primary barrier for transport of substances into
and out of fruits (Weichert and Knoche, 2006). It also plays an
important role in the mechanical properties of the skin (Knoche
and Lang, 2017). Thus, the exocarp is a key target in many breeding
programs related to cracking (Macnee et al., 2020).

Cracking index (CI) refers to the percentage of cracked fruits in
the orchard (Correia et al., 2018). Determining the total number of
cracked fruits according the orchards conditions is the most reliable
method to access the CI (Christensen, 1972). However, this
determination depends on climate conditions as well as the fruit
stage development or cultivar, which compromises the method
accuracy (Christensen, 1972). Considering the sweet cherry, in the
lab, CI can be determined as Cl= (Ba+3b+ 100

250
indicate the number of cracked fruits after 2, 4 and 6h of fruits

, where a, b and ¢

immersion in distilled water (Christensen, 1972; Correia et al,
2018). Concerning to the position of cracks, there are three main
types of fruit cracking: (1) deep cracks in the side of fruits, also called
as lateral cracking; (2) small/fine cracks at the fruit apical end, also
called as pistillar end and (3) circular or semicircular cracks around
the stem end in the cavity region (Simon, 2006; Khadivi-Khub,
2015; Rehman et al., 2015; Correia et al., 2018).

The combination of genetic and environmental factors makes
fruit cracking difficult to study, even in controlled conditions. Thus,
the basic mechanisms involved in cracking remain unclear.
However, researchers have suggested that the high occurrence of
fruit cracking can be influenced by several factors, namely
physiological, biochemical, environmental, agronomical cultural,
anatomical, genetic and postharvest storage factors (Simon, 2006;
Khadivi-Khub, 2015; Rehman et al., 2015; Correia et al., 2018; Wang
et al,, 2021b). Simon (2006) suggested that the species and cultivars
susceptibility to cracking is mainly genetic. The two main
environmental factors involved in cracking are the quantity of
rain and its distribution during the ripening period as well as the
soil type (Simon, 2006). Cracking may occur during fruit growth,
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development and ripening (Khadivi-Khub, 2015). However, it
mainly occurs during fruit ripening due to changes in the
biochemical properties of the exocarp (Petit et al., 2017; Lara
et al,, 2019). When fruit tissues are subjected to pressures higher
than the mechanical resistance of their cell walls and cuticle, the
cracks appear in fruit skin (Briiggenwirth and Knoche, 2017). This
mostly occurs when maturation and harvest time coincide with a
period of high humidity, causing water movement from the
branches and leaves to the fruits due to a large difference in their
water potentials (Lara et al., 2014; Petit et al., 2017). Moreover, the
combination of high temperatures and low humidity, which make
the fruit’s skin hard and inelastic, followed by heavy rains
accelerates the growth and expansion of the internal tissues at a
faster rate. Once the fruit’s skin remains inelastic and their growth
doesn’t coup up with the internal tissues growth, cracks appears in
the fruit skin (Butani et al., 2019). This leads to a constant stress
supported by the fruit since, in most species, the fruit surface and
volume increase during fruit development (Knoche and Lang,
2017). Thus, an uncoordinated internal growth associated to an
external environment with high climatic variability results in the
appearance of cracks in the fruit surface (Wang et al., 2021b).
Using sweet cherry as a model, cracking is commonly associated
adverse environmental conditions. These include rain, wet weather
and excessive osmotic water uptake through the fruit surface and
skin, fruit peduncle cavity, and also fruit peduncle. Excessive water
leads to an increase of flesh turgor, fruit volume and surface. Cracks
develop when the limit of extensibility of its skin is exceeded
(Weichert and Knoche, 2006; Winkler et al., 2016; Knoche and
Lang, 2017). This possible explanation for cracking, known as a
critical turgor hypothesis, suggests that fruit peduncle, presence of
cracks and cuticle are potential pathways for water uptake in sweet
cherry (Knoche and Peschel, 2002; Knoche and Winkler, 2019).
Water uptake may occur during and after rainfall when water
remains in sweet cherry surface as it is retained in the peduncle
cavity and in the stylar end leading to a continuous water uptake
after rain (Beyer et al., 2005; Knoche and Winkler, 2019). Another
possible explanation for sweet cheery cracking, known as a zipper
hypothesis, suggests that a localized skin rupture occurs like a
zipper due to a local exposure of skin to water where a succession of
events leads to cracks development (Winkler et al., 2016). Strain in
the skin during the last stage of fruit growth occurs due to a down
regulation of genes involved in wax and cutin biosynthesis, leading
to a decrease in cuticle deposition (Alkio et al., 2012; Alkio et al.,
2014). A thinner cuticle may not withstand increase of strain in the
skin and, consequently, microcracks develop (Winkler et al., 2016).
Fruit cracking in sweet cheery can occur due to several additional
factors, because of different cracking susceptibilities of cultivars. These
include fruit size and firmness, fruit shape, skin and cuticular
properties, osmotic concentration and stomata in the fruit skin, stage
of fruit development, and water-retaining capacity of the fruit pulp
(Simon, 2006; Balbontin et al., 2013; Khadivi-Khub, 2015; Rehman
et al,, 2015; Correia et al., 2018). Moreover, Li et al. (2021a) proposed
that orchard management like irrigation, growth regulators or mineral
applications as well as gene expression related to fruit traits may have a
positive relationship with cracking. Simon et al. (2004) reported a
positive correlation between cracking and soluble solids content.
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Cuticle as an interface fruit-environment

The cuticle is very important in flesh fruits, as it acts as a
mechanical protective barrier against external or internal stresses,
either biotic or abiotic, and in defense against pathogens (Petit et al.,
2017; Lara et al., 2019; Trivedi et al., 2019). The cuticle is composed
of a lipophilic polymer of cutin, waxes, comprising a mixture of
very-long-chain fatty acids and their derivatives, and
polysaccharides (Knoche and Winkler, 2019; Trivedi et al., 2019).
It is a primary barrier in water transport and fruit rot pathogens,
responding to environmental conditions like water deficit, changes
in relative humidity, temperature or light intensity (Knoche and
Winkler, 2019; Lara et al, 2019). It also provides mechanical
support for fruit integrity (Zarrouk et al, 2018). So, the cuticle
weakening in ripe fruits can cause severe economic losses by
developing several visual cuticle-associated traits which are
dependent of the interaction among the cuticle and environment
and/or the development stage of the fruit (Petit et al., 2017; Lara
et al,, 2019). Among the several visual cuticle-associated traits can
be included fruit color in tomato (Gonzali and Perata, 2021), fruit
cracking in sweet cherry (Lane et al., 2000; Simon, 2006; Rehman
et al,, 2015), tomato (Dominguez et al., 2012), pomegranate (Singh
et al., 2020), grape (Sahadev et al.,, 2017) or litchi (Marboh et al,
2017), brightness in tomato (Petit et al., 2014), russeting in apple
(Knoche et al., 2011; Straube et al., 2021) and pear (Zhang et al,,
2020; Zhang et al., 2022), and browning in pear (Franck et al., 2007)
and litchi (Jiang et al, 2004). The thickness and chemical
composition of fruit cuticle is another factor in cuticle-associated
traits, presenting a high variability according fruit tree species,
cultivars, and fruit development (Knoche and Lang, 2017;
Zarrouk et al., 2018). Although the cuticle-associated traits have a
considerable phenotypic diversity, they can be linked to genotypic
variation (Petit et al., 2017). However, to understand the cuticle-
associated traits in crop species, it is essential to identify new
cuticle-related genes and the alleles involved in the trait-of-
interest to select beneficial cuticle-associated genetic variants for
genetic improvement (Petit et al., 2017; Lara et al., 2019). Thus, the
identification of genes that play a role in cuticle synthesis and
deposition is important to obtain a better knowledge of its function
and development (Lara et al., 2014; Lara et al., 2019; Wang et al,,
2021b). Identifying genes involved in cuticle development may
contribute to develop cracking resistant cultivars by maintaining
the cuticle barrier function, and, thus prevent microcracks
formation, keep low stomatal density and a thick cuticle (Peschel
and Knoche, 2012).

Molecular mechanisms associated
to cracking

Cracking susceptibility of cultivars is considerable among the
different species affected by this disorder. Different fruit cultivars
present different cracking phenotypes. It is interesting that a cultivar
totally tolerant to the disorder has not been described (Balbontin
et al,, 2013; Butani et al., 2019), this maybe due to a quantitative
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gene effect based on multiple genes (Khadivi-Khub, 2015; Wang
etal,, 2021b). So, understanding the genetic factors involved in fruit
cracking is essential to select and develop crack-resistant cultivars,
which has been one of the major goals in most of the breeding
programs (Balbontin et al., 2013; Khadivi-Khub, 2015).

One aim of sweet cherry breeding strategies is to develop more
cracking resistant cultivars. Resistance may be associated with
genotypes that present low cuticle strain and thick cuticle,
maintaining an intact cuticle throughout fruit development. A
second type may be genotypes that maintain cutin and wax
deposition along fruit growth, especially in the last stage of fruit
development (Peschel and Knoche, 2012) Indeed, the
characterization of genes related to fruit cuticle development can
provide more knowledge about the cuticle functions (Lara et al,
2014). Transcriptomic analyses, shows changes in the expression
level of some genes, potentially involved in wax biosynthesis,
consistent with wax concentrations (Lara et al, 2019). These
include genes related to waxes and cutin biosynthesis and
cuticular lipid transporters, whose downregulation leads to a
cessation of cuticle deposition (Alkio et al., 2012; Alkio et al,
2014). The cuticular waxes composition varies among fruit
species and cultivars (Trivedi et al, 2019).The major plant
cuticular waxes components are derived from very-long-chain
fatty acids (VLCFAs) and their derivatives like primary and
secondary alcohols, alkanes, aldehydes, ketones, and esters
(Samuels et al., 2008; Zarrouk et al., 2018; Trivedi et al., 2019).
These biomolecules are generated by the de novo fatty acid
biosynthesis in the plastid followed by fatty acid elongation in the
endoplasmic reticulum of the epidermal cells (Zarrouk et al., 2018).

Genes involved in cell wall metabolism affect fruit cracking
(Wang et al, 2021b). Cracking rate is influenced by cell wall
protopectin and cellulose contents and cell wall thickness (Jiang
et al, 2019a). Moreover, the mechanical characteristics of the
pericarp, determined by cell wall disassembly, modification, and
composition can also contribute to cracking susceptibility
(Briiggenwirth and Knoche, 2017). Plant cell wall metabolism
regulates the cell wall extensibility, determining cell size and
shape (Le Gall et al, 2015). Cell wall degradation and
modification has been linked to fruit ripening and softening (Tch
et al, 2014). Cell wall-modifying enzymes designated as non-
pectolytic enzymes are involved in cell enlargement and
expansion by hemicellulose modifications. These include endo-
1,4-B-glucanases (EGase), xyloglucan endotransglycosylase/
hydrolases (XET/XTH) and expansins (Goulao and Oliveira,
2008; Le Gall et al, 2015). Other cell wall-modifying enzymes,
including polygalacturonases (PG), pectin methylesterases (PME),
pectin acetylesterases (PAE), pectin/pectate lyases (PL) and S-
galactosidases (B-Gal), are involved in cell wall plasticity by
cleavage or modification of the polysaccharide backbone. Thus,
they act as pectolytic enzyme expansins (Goulao and Oliveira, 2008;
Le Gall et al., 2015). The properties and structure of cell walls are
affected by modifications on the cell wall polysaccharides during
ripening (Brummell, 2006). These have been associated to the
development of fruit cracking as a result of combined action of
cell wall modifying enzymes during fruit ripening and softening
(Brummell and Harpster, 2001). Xyloglucan endotransglycosylase is
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involved in cell wall expansion and re-modelling (Stratilova et al.,
2020) by hydrolyzing and re-ligating xyloglucan to other
polysaccharides, especially with cellulose. It may control the cell
wall relaxation, as the interaction among xyloglucan and cellulose
affects plant cells growth control and fruit softening (Kaur, 2019).

Plant growth, both in cell size and number drive fruit expansion
and must overcome resistance from the protective cell wall
(Marowa et al, 2016). The expansins are involved in cell wall
extension acting as regulators of plant cell elongation. Expansins
contribute to fruit ripening and softening (Li et al., 2003; Marowa
et al,, 2016). Expansins, act as zippers to break the hydrogen bonds
and unlink cell wall polysaccharides (Marowa et al., 2016).
Expansins have been associated with a decrease in cracking index,
as they promote the fruit growth by cell walls extensibility and cell
expansion (Marowa et al., 2016).

Plant cell wall-modifying enzymes play a key role in fruit
ripening, being encoded by multigene families, highlighting their
complexity (Brummell, 2006; Goulao and Oliveira, 2008).
Moreover, there are increases in expression as well as de novo
synthesis and activity of cell wall-modifying enzymes, promoting
significant modifications in cell wall during ripening (Goulao and
Oliveira, 2008).

Transcription factors (TFs) regulate gene expression acting as
molecular switches of their target genes binding to different cis-
regulatory elements (Franco-Zorrilla et al., 2014; Joshi et al., 2016;
Javed et al., 2020). They control all developmental aspects in living
cells (Javed et al,, 2020). TFs present an important role in plant
tolerance/resistance to both biotic and abiotic stresses (Shahzad
etal., 2021), by suppressing or activating genes at the transcriptional
level (Javed et al., 2020). Some TFs are crucial in biotic and abiotic
stresses simultaneously, and also a single TF has the capacity to
answer to several stresses (Shahzad et al., 2021). In plants, there are
more than 50 TFs families, being WRKY, MYB, NAC (Javed et al.,
2020; Shahzad et al,, 2021), AP2/ERF (Javed et al., 2020), DREB,
bZIP, Zinc-finger, HSF, Dof and NF-Y (Shahzad et al., 2021) the
most important involved in biotic and abiotic stresses. So, a better
knowledge about TF genes expressed under multiple stresses, may
be useful in new crop breeding programs to develop climate-
resilient cultivars as well as improve plants yield and health, since
an upregulation of TFs is closely related to an increase of tolerance
against biotic and abiotic stresses (Shahzad et al., 2021).

In this context, the review will focus on the main cuticle and cell
wall related genes potentially involved in fruit cracking (Figure 1).
The potentially cracking-related genes in the several fruits highly
affected by cracking, such as sweet cherry (Prunus avium), apple
(Malus domestica), watermelon (Citrullus lanatus), litchi (Litchi
chinensis), tomato (Solanum lycopersicum), atemoya (A. cherimolax
A. squamosa), grape (Vitis vinifera) and jujube (Zizyphus jujuba),
are summarized in Tables 1-6 according their putatively role,
namely cuticular membrane and cell wall metabolisms (Table 1),
cutin biosynthesis and deposition (Table 2), cuticular waxes
biosynthesis (Table 3), water transport, calcium transport and
signaling, and starch and sucrose metabolism (Table 4), fruit
hormone metabolisms (Table 5) and transcription factors (Table 6).
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Cracking-related genes involved in
cuticular membrane, cell wall, suberin and
lignin biosynthesis

The first work about genes involved in the cuticle formation in
sweet cherry was published by Alkio et al. (2012). Based on
sequence similarity with Arabidopsis, they used the cultivar
Regina to identify genes potentially relevant for cuticular
membrane (CM) formation. Among the 18 CM target genes
identified by Alkio et al. (2012), 15 of them were only detected in
the exocarp, meaning that these genes are exocarp-specific.
Moreover, 13 of the exocarp-specific genes present a positive
correlation with CM deposition, that is, their transcription levels
are high when the CM deposition rate is high and low when CM
deposition is low. Generally, these genes have higher expression
during the first stage of fruit development, when CM deposition is
high (Alkio et al., 2012). In sweet cherry, the maximum -
galactosidase activity occurs in the early stages of active growth
and then decrease abruptly during ripening (Kovacs et al., 2008).
Similarly, the results provided by Balbontin et al. (2014) also refer
that transcript levels of B-galactosidase gene vary during fruit
development, showing their highest transcript levels in the fruit
set stage, declining as ripening advances (Table 1). Likewise, Correia
et al. (2020b) found different expression levels during fruit
development and under different applied compounds, like
gibberellic acid, salicylic acid or calcium, in Sweetheart, a cultivar
with moderate resistance to cracking. The expansin, EXPI, has
higher expression in the ripening stage in Kordia, a cracking-
resistant cultivar, while in Bing, a cracking-susceptible cultivar,
has higher expression in the fruit setting and fruit color change
stage (Balbontin et al, 2014). This data has been confirmed by
Correia et al. (2020b). There is an increase in expression levels of
EXPI during fruit development in a cracking-moderate resistant
cultivar Sweetheart. Moreover, the expression of the most abundant
expansins in sweet cherry (A1.1, A8-like, A10.2) are upregulated in a
moderately resistant cultivar Regina compared to the cracking-
susceptible cultivar Early Bigi (Table 1) (Michailidis et al., 2021).
These findings are in agreement with Balbontin et al. (2014) when
attested that the more cracking-resistant cultivar present higher
gene expression in all stages as well as Correia et al. (2020b) who
verified that cherries treated with biostimulant (Ascophyllum
nodosum) and growth regulators (eg. abscisic acid, glycine betaine
or salicylic acid) have lower cracking index, presenting higher
transcripts levels of the studied genes, which increase their
expression during fruit development. The gene related to pectin
metabolism, PEL.4, has higher expression levels in the skin of a
cracking-susceptible cultivar Early Bigi (Michailidis et al., 2021).

Expansins also play a role in apple fruit development. Wakasa
et al. (2003) identified six expansin genes and studied their
expression patterns during fruit growth, being EXPA3 mainly
expressed during the fruit enlargement phase. The same was later
described by Joshi et al. (2018) for EXPA4 gene. Moreover, EXPA3
transcripts in the mesocarp are higher at the fruit color change
stage. In the pericarp, EXPA3 expression is higher at the begin of
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FIGURE 1

Main gene classes potentially involved in fruit cracking. The genes described belong to the molecular functions of cutin biosynthesis and deposition,
cuticular waxes biosynthesis, cuticular membrane and cell wall metabolisms, suberin and lignin biosynthesis, hormone metabolism, water transport,
Ca transport and signaling, starch and sucrose metabolisms and transcription factors. Cutin biosynthesis and deposition - ABCG11 (ATP binding
cassette transporter), ATT1 (Cytochrome P450 oxidase CYP86A2), CUSI (cutin synthase 1), DHDDS (ditrans,polycis-polypreny!l diphosphate synthase),
GPAT (Glycerol-3-phosphate acyltransferase), LCR (Cytochrome P450 oxidase CYP86AS8), LACS (Long chain fatty acid—CoA synthetase), SULTR3
(sulfate transporter 3); Cuticular waxes biosynthesis - ACCIL (acetyl-CoA carboxylase 1-like), accC2 (biotin carboxylase 2, chloroplastic), ACP (Acy!
carrier protein), ALD (aminotransferase ALD, chloroplastic-like), AOC (oxide cyclase), AOS (allene oxide synthase), ASFT (Aliphatic suberin feruloyl-
transferase), BAS (Beta-amyrin synthase), BCCPZ2 (biotin carboxyl carrier protein of acetyl-CoA carboxylase 2, chloroplastic), CD3 (cutin deficient 3),
CER (Eceriferum family), Cwpl (cuticular water permeability), CYP (cytochrome-P450 family), fabZ (3-hydroxyacyl-[acyl-carrier-protein] dehydratase
FabZ-like), FAR (fatty acyl reductase), FATB (Fatty acyl-ACP-thioesterase B), GDSL (GDSL lipase), KCR1 (b-Ketoacy!-CoA reductase 1), KCS (-
ketoacyl-CoA synthase), LOX (lipoxygenase), LTPG (glycosylphosphatidylinositol-anchored lipid protein), LTP5 (lipid transfer protein 5), MOD
(Microsomal oleate desnaturase), OPR3 (12-oxophytodienoate reductase 3), OSC (oxidosqualene cyclase), PXG4 (Putative peroxygenase 4), SMT (24-
methylenesterol C-methyltransferase), TTS2 (triterpene synthase 2), WBC11 (ABC-transporter WBC11), WS (wax synthase); Cuticular membrane and
cell wall metabolisms - a-Gal (a- galactosidase), B-Gal (B-galactosidase), B-Glu (B-glucosidase), AFase (alpha-L-arabinofuranosidase), ARF
(arabinofuranosidase), CesA3 (cellulose synthase), CYP15 (cytochrome P450 monooxygenase/hydrolase), COBL4 (COBRA-like gene 4), CSL
(Cellulose synthase-like), DHCR24 (Delta24-sterol reductase), EG (endoglucanase), EXP (Expansin), FNC (Fruit netted-cracking gene), GAE6 (UDP-
glucuronate 4-epimerase), GAUT (alpha-1,4-galacturonosyltransferase), GCS (Gamma-glutamylcysteine synthetase, gamma-GCS), GMD1 (GDP-
mannose 4,6-dehydratase 1), MAN (Beta-mannanendohydrolase), PE (pectinesterase), PG (polygalacturonase), PEL/PL (pectate lyase), PME (pectin
methylesterase), POD (Peroxidase), SKS3 (Pectinesterase-like), SKU5 (Pectinesterase-like), TBG (tomato B-galactosidase), XET (xyloglucan:
xyloglucosyl transferase), XTH (Xyloglucan endotransglycosylase/hydrolase); Suberin and lignin biosynthesis - 4CL (4-coumaric acid, CoA ligase),
ABCGZ20 (ATP-Binding cassette G20), ASFT (aliphatic suberin feruloyl-transferase), CAD9 (cinnamy! alcohol dehydrogenase9), CCR1 (cinnamoy! CoA
reductase), CYP86B1 (Cytochrome P450), NAC (NAC domain containing protein), OMT1 (O-methyltransferasel), PAL (phenylalanine ammonia lyase),
PO/POD (Peroxidase); Hormone metabolism - GA2ox (Gibberellin 2-oxidase), GID1 (GA insensitive DWARF1), GPR (Gibberellin-regulated protein), KS
(ent-kaurene synthase), ABI (ABA insensitive), ABF (ABRE-binding factors), ABO5 (ABA overly-sensitive 5), B-Glu (B-glucosidase), CYP707A (ABA 8'-
hydroxylase), FCA (Flowering time control protein A), GT (ABA glycosyltransferase), NAC058 (ABA signaling gene - NAC Domain containing
protein58), PP2C (Protein phosphatase 2C), ZEP (Zeaxanthin epoxidase), ARF (Auxin response Factor), IAA (indole-3-acetic acid), ILR (IAA-amino acid
hydrolase), GH3 (IAA-amido synthetase), OR (Oxidoreductase) (NAD+ oxidoreductase), SAUR (Small Auxin Up-Regulated genes), oA (alpha-amylase),
ACCS (Aminocyclopropanecarboxylate synthase), ACO (1-aminocyclopropane-1-carboxylic acid oxidase), ACS (1-aminocyclopropane-1-carboxylic
acid synthase), ER (Ethylene receptor), H1 (Hydrolase), SS (sucrose synthase), TLP (Thaumatin-like protein), TC/M (terpene cyclase/mutase); Water
transport - AQP (Aquaporin), NIP (Aquaporin), PIP (Plasma membrane intrinsic protein), SIP (Aquaporin); Ca transport and signalling - CALM
(Calmodulin), CALR (Calreticulin), CBL (calcineurin B-like protein), CDPK (Ca®*-dependent protein kinases), CIPK (CBL-interacting serine/threonine-
protein kinase), CML (Calmodulin-like protein), CNGC (Cyclic nucleotide-gated ion Channel), TPC (putative voltage-gated Ca®*); Starch and sucrose
metabolism - AMY (alpha-amylase), AMYG (glucoamylase), BAM (beta-amylase), GBSS (granule-bound starch synthase), glgX (glycogen debranching
enzyme), PUL (pullulanase); Transcription factors - bHLH (bHLH transcription factor), bZYP (bZIP transcription factor), DOF (DOF transcription factor),
ERF4 (ethylene-responsive transcription factor 4), HD-ZIP (homeobox-leucine zipper protein), MDP (MADS box transcription factor), MYB (MYB
domain protein), SHN3 (ethylene response subfamily member), WIN (AP2/EREBP-type transcription factor), WRKY (WRKY family transcription factor).

10.3389/fpls.2023.1130857

fruit development and in the ripening stage (Wakasa et al., 2003).
This indicates that an accumulation of EXPA3 mRNA in pericarp
reduces the susceptibility of fruit cracking. Early symptoms of fruit
cracking coincide with situations in which EXPA3 gene expression
in the mesocarp exceeds the expression in the pericarp (Table 1)
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(Kasai et al., 2008). Expression levels of B-Gal genes increase during
apple fruit growth and are higher in the mature fruits of cultivar
Fuji, a softer and crisper apple, than in fruits of cultivar Qinguan, a
firmer and tougher apple (Yang et al,, 2018). Among them, -Gall,
B-Gal2, and B-Gal5 genes are highly expressed in fruits, presenting a
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TABLE 1 Potentially cracking-related genes involved in metabolisms of cuticular membrane, cell wall, suberin and lignin biosynthesis.

Genes

ABCG20, CADY, CCR1,
CYP86B1, NAC038,
NAC058, OMT1

AFase, CesA3

ARF, COBL4, CSLAY,
CSL12, GAE6, GMDI,
SKS3, SKU5

Species

Apple

Grape

Jujube

Reference

Joshi et al. (2018); Straube et al. (2021)

Martins et al. (2020); Yu et al. (2020)

Hou et al. (2018)

ASFT, 4CL, Laccase-13, PAL

Tomato

Zhang et al. (2021b)

o-GAL, AGAL2, AGALI

Atemoya, Jujube

Hou et al. (2018); Li et al. (2019)

B-D-Xylanase

B-Gal (1, 2,5, 8)

Litchi

Apple, Atemoya,
Grape, Jujube, Litchi,
Sweet Cherry

Wang et al. (2021a)

Kovacs et al. (2008); Balbontin et al. (2014); Li et al. (2014); Hou et al. (2018); Joshi et al. (2018); Yang et al.
(2018); Li et al. (2019); Correia et al. (2020b); Yu et al. (2020)

B-Glu, BGLUI7

CYPI5

Apple, Atemoya,
Grape

Grape

Joshi et al. (2018); Chen et al. (2019a); Yu et al. (2020)

Martins et al. (2020)

EG

EXP, EXP1, EXP2, EXP6,
EXPA3, EXPA4, EXPAII,
EXPAIS5, Al.1, A8-like,

Atemoya, Grape,
Litchi

Apple, Atemoya,
Grape, Jujube, Litchi,
Sweet Cherry,

Li et al. (2014); Li et al. (2019); Yu et al. (2020); Zhu et al. (2020)

Brummell et al. (1999); Moctezuma et al. (2003); Yong et al. (2006); Kasai et al. (2008); Balbontin et al. (2014);
Li et al. (2014); Hou et al. (2018); Joshi et al. (2018); Jiang et al. (2019a); Li et al. (2019); Correia et al. (2020b);
Martins et al. (2020); Xue et al. (2020); Michailidis et al. (2021); Wang et al. (2021a); Zhang et al. (2021b)

Al0.2 Tomato
ENC, GCS, TBG4, TBG6 Tomato Smith et al. (2002); Moctezuma et al. (2003); Xue et al. (2020); Zhang et al. (2021b)
DHCR24 Watermelon Jiang et al. (2019b)
GAUT Atemoya Chen et al. (2019a)
MAN, MAN5 Jujube, Tomato Hou et al. (2018); Xue et al. (2020)

Atemoya, Grape,
PE, PEL, PEL.4 Litchi, Sweet Cherry, Li et al. (2014); Chen et al. (2019a); Li et al. (2019); Xue et al. (2020); Zhu et al. (2020); Michailidis et al. (2021)

Tomato

Atemoya, Grape, . . . .

R T Li et al. (2014); Hou et al. (2018); Chen et al. (2019a); Li et al. (2019); Jiang et al. (2019a); Martins et al. (2020);
PG, PG1, PG2 Jujube, Litchi,
Xue et al. (2020); Yu et al. (2020); Zhu et al. (2020); Zhang et al. (2021b)

Tomato

PL, PLI1, PL2 Grape, Jujube Hou et al. (2018); Yu et al. (2020)

PME, PME1, PMEI, PME3

PO1, PO2

Atemoya, Grape,
Jujube

Litchi

Li et al. (2019); Martins et al. (2020); Yu et al. (2020)

Wang et al. (2019a)

POD, PODI, POD2

XET, XET1, XET2, XET3

Grape, Tomato,
Watermelon

Atemoya, Grape,
Litchi, Watermelon

Jiang et al. (2019b); Xue et al. (2020); Zhu et al. (2020)

Lu et al. (2006); Li et al. (2014); Jiang et al. (2019b); Li et al. (2019); Zhu et al. (2020)

XTH, XTH7, XTH9
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Jujube, Tomato

Hou et al. (2018); Xue et al. (2020)
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TABLE 2 Potentially cracking-related genes involved in cutin biosynthesis and deposition.

Genes Species Reference
ABCG11 Apple Straube et al. (2021)
ATTI Sweet Cherry Alkio et al. (2012); Declercq et al. (2014)
CUSI Tomato Zhang et al. (2021b)
DHDDS, SULTR3 ‘Watermelon Jiang et al. (2019b)
GPAT ‘Watermelon Jiang et al. (2019b)
GPAT4 Romero and Rose (2019)
Tomato
GPAT5 Zhang et al. (2021b)
GPAT6 Apple Straube et al. (2021)

GPAT4/8, LCR

LACS1

Sweet Cherry Alkio et al. (2012)

Sweet Cherry Alkio et al. (2012)

Tomato Romero and Rose (2019)

LACS2

Sweet Cherry Alkio et al. (2012); Declercq et al. (2014)

significant increase of expression patterns until fruit ripening,
which suggest that these genes can affect the fruit texture in both
types of apple cultivars (Yang et al., 2018). Similarly, there is an
upregulation during apples development for BGAL8 and BGLU17
cell wall related genes (Table 1) (Joshi et al., 2018). Furthermore, an
upregulation of genes involved in suberin and lignin synthesis,
namely ABCG20, CYP86B1, NAC038 and NACO058, leads to an
increase in suberin content and periderm formation, and thus, to

the microcracks development and russet apples (Table 1) (Straube
et al,, 2021). In contrast, an upregulation of the lignin-biosynthesis
genes, CAD9, CCRI and OMTI can prevent crack initiation
(Table 1) (Joshi et al., 2018).

Regarding to suberin and lignin related genes in watermelon,
PODI gene is upregulated in the cracking-resistant watermelon, while
POD2 is downregulated in cracking-susceptible watermelon.
Similarly, the genes involved in cell wall mechanisms, XETI, XET2

TABLE 3 Potentially cracking-related genes involved in cuticular waxes biosynthesis.

Genes

ACCIL, accC2, BCCP2, fabZ, PXG4

Species Reference

Jujube

Li et al. (2020); Li et al. (2021c)

ACP, MOD Litchi Wang et al. (2019a); Wang et al. (2021a)
ALDI1, ALD4, ALDH3FI, AOC, FAR2, OPR3 Jujube Li et al. (2020); Liu et al. (2020)
Jujube Liu et al. (2020)
AOS
Litchi Wang et al. (2019a); Wang et al. (2019b)
ASFT, BAS, OSC (1, 3, 4, 5) Apple Joshi et al. (2018); Falginella et al. (2021)
CD3, Cwpl, FAR, TTS2 Tomato Hovav et al. (2007); Romero and Rose (2019); Zhang et al. (2021b)
Jujube Li et al. (2020); Li et al. (2021b)
CERI
Sweet Cherry Alkio et al. (2012)
Apple Joshi et al. (2018)
CER3 Jujube Li et al. (2021b)
Sweet Cherry Alkio et al. (2012)
Jujube Li et al. (2021b)
CER5
Sweet Cherry Alkio et al. (2012)
Apple Straube et al. (2021)
CER6
Tomato Vogg et al. (2004); Romero and Rose (2019)
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TABLE 3 Continued

10.3389/fpls.2023.1130857

Genes Species Reference
CER9 Grape Martins et al. (2020)

CER (4,7, 8, 14, 15, 6, 18, 26, 29) Jujube Li et al. (2021b)

CERILI Jujube Li et al. (2021c¢)

CYP716A1 Apple Joshi et al. (2018)

CYP (86A, 86A22, 86B1,94A2) Jujube Li et al. (2020); Li et al. (2021¢)

FATB, KCRI, WBCI11, WS

Sweet Cherry

Alkio et al. (2012); Balbontin et al. (2014); Correia et al. (2020b)

Jujube Liu et al. (2020)
KCS Tomato Zhang et al. (2021b)
Watermelon Jiang et al. (2019b)
Jujube Li et al. (2020)
KCS1
Sweet Cherry Alkio et al. (2012)
KCS6 Sweet Cherry Alkio et al. (2012); Balbontin et al. (2014)
KCS10 Apple Straube et al. (2021)
KCS12 Jujube Li et al. (2020)
LOX Litchi Wang et al. (2019a)
LOX2 Jujube Liu et al. (2020)
LTPGI Sweet Cherry Alkio et al. (2012); Balbontin et al. (2014)

LTPG (2, 3,5,6,7,8, 11, 15) Apple Joshi et al. (2018); Gao et al. (2021)
LTP5, GDSL, NLTP9 Tomato Zhang et al. (2021b)

SMT Watermelon Jiang et al. (2019b)

WSD1 Apple Straube et al. (2021)

and DHCR24 (Table 1) are downregulated in cracking-susceptible

watermelon (Jiang et al., 2019b).

Concerning to cell wall related genes in litchi, the analysis of XET1,
XET2 and XET3 genes has different expression patterns among a
cracking-resistant cultivar Huaizhi and a cracking-susceptible cultivar

Nuomici, but only XETI is fruit-specific, once XETI transcripts

accumulation appeared in pericarp while XET2 and XET3 transcripts

accumulation enhanced in aril tissues, suggesting that they may play
different roles in litchi aril and pericarp growth, and thus, XET1 is more
likely to play a role in reducing litchi fruit cracking than XET2 and

TABLE 4 Potentially cracking-related genes involved in water transport, calcium transport and signaling, and starch and sucrose metabolisms.

Genes Species Reference
AQP, NIP, SIP Litchi Li et al. (2014)
Jujube Ren et al. (2017)
PIP
Litchi Li et al. (2014); Wang et al. (2021a)
Water Transport
PIPI1;4 Breia et al. (2020)
Sweet Cherry
PIP2;1 Michailidis et al. (2021)
PIP2A Apple Joshi et al. (2018)
Ca®*/H'exchanger, Ca’*-ATPase, CBL, CDPK, TPC Litchi Li et al. (2014)
Calcium transport and signaling CALM, CALR Jujube Ren et al. (2017)
CIPK, CML, CNGC Litchi Wang et al. (2021a)
AMY, AMYG, BAM, GBSS, PUL
Starch and sucrose metabolisms Atemoya Chen et al. (2019a)
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TABLE 5 Potentially cracking-related genes involved in fruit hormone metabolisms.

Genes
GID1b
Gibberellins metabolic pathway GPR
GA2o0x, GID1, KS

ABI, ABF2, ABF3, ABO5, FCA

Species Reference
Apple Joshi et al. (2018)
Wang et al. (2021a)
Litchi

Li et al. (2014)

Sweet Cherry Michailidis et al. (2021)

ABII, ABI5, B-Glu, GT Li et al. (2014)
Litchi
CYP707A Li et al. (2014); Wang et al. (2019a); Wang et al. (2019b)
ABA metabolic pathway
NACO058 Apple Joshi et al. (2018)
PP2C Li et al. (2014); Wang et al. (2021a)
Litchi
ZEP Wang et al. (2021a)
ARF, IAA, ILR, SAUR Wang et al. (2021a)
Auxin metabolic pathway GH3 Litchi Wang et al. (2019a); Wang et al. (2019b); Wang et al. (2021a)
ORI, OR3 Wang et al. (2019a); Wang et al. (2019b)
aA, SS, TLP Wang et al. (2019b)
Litchi
ACCS, H1 Wang et al. (2019a); Wang et al. (2019b)
Ethylene metabolic pathway Litchi Wang et al. (2021a)
ACO, ACS
Sweet Cherry Michailidis et al. (2021)
ER Tomato Xue et al. (2020)
Brassinosteroid metabolic pathway TC/M Litchi Wang et al. (2019a); Wang et al. (2019b)

XET3 (Table 1) (Lu et al., 2006). Additionally, the expression of a XET'
gene is upregulated in fruits without cracks compared to cracked fruits
(Li et al,, 2014). The expression of two genes encoding expansins in
litchi pericarp, Expl and Exp2, appear to have a closely association with
fruit growth and cracking, since the expression of both genes is detected
from the early stage of fruit rapid growth and then increase and reach
to the highest level at the end of the growth phase in pericarp of the
cracking-resistant cultivar Huaizhi, while ExpI gene is detected at the
stage of rapid fruit growth, and then increase slightly and finally kept
almost constant in pericarp of the cracking-susceptible cultivar
Nuomici, not being detected expression of Exp2 in this cultivar
(Yong et al, 2006). Similar results were obtained by Wang et al.
(2021a), whose an upregulation of cell wall related genes (EXP and f3-

TABLE 6 Transcription factors genes potentially involved in fruit cracking.

D-Xylanase) leads to a low mechanical strength and by Li et al. (2014),
who found an upregulation of five EXP in fruits without cracks
compared to cracked fruits. The same is observed on nine [-Gal
genes, which are upregulated in fruits without cracks compared to
cracked fruits, while five PG, one EG and three PE genes are
upregulated in cracked fruits compared to fruits without cracks
(Table 1) (Li et al, 2014). Regarding to suberin and lignin related
genes, an upregulation of POI and PO2 genes leads to an increase of
lignin biosynthesis, resulting in differences in cuticle structure of litchi
fruits pericarps with different susceptibilities to cracking compared to
cracked pericarps (Wang et al., 2019a).

Bargel and Neinhuis (2005) studied the biomechanics of tomato
fruit skin and isolated cuticles, from three cultivars differing in

Genes Species Reference
bHLH, bZIP, DOF, WRKY Litchi Wang et al. (2021a)
Tomato Xue et al. (2020)

ERF4

‘Watermelon Liao et al. (2020)
HD-ZIP, MDP Watermelon Jiang et al. (2019b)
MYB Litchi Wang et al. (2021a)
MYB93, MYB42 Apple Falginella et al. (2021); Straube et al. (2021)
SHN3 Apple Falginella et al. (2021); Straube et al. (2021)
WINA, WINB Sweet Cherry Alkio et al. (2012); Balbontin et al. (2014)
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cracking susceptibility and fruit shape, concluding that the cuticle is
a mechanically important component of the tomato fruit. Other
important contribution to understand the multiple metabolic and
genetic phenomena that occur in the fruit skin during ripening was
made in tomato by. Mintz-Oron et al. (2008), which describes the
differential gene expression at different fruit developmental stages
and in different tissues of the fruit and allowed to identify genes
expressed specifically in the skin at ripening, such as genes involved
in cell wall modification. Also in tomato, a higher expression of FCN
gene also increase the expression of other genes involved in different
metabolic pathways such as suberin metabolism genes (ASFT and
GPATS5), lignin metabolism genes (4CL, PAL and Laccase-13), and
cell wall metabolism genes (EXPAII and PG), which affects the cell
wall extensibility, fruit softening, pericarp firmness leading to the
appearance of cracks in all fruit surface (Table 1) (Zhang et al,
2021b). The simultaneous suppression of PG and EXPI in ripening
fruits reduces cell wall disassembly since pg/exp fruits are more firm,
present more protopectin and thicker cell walls, concluding that a
ripe fruit with more intact pectins in its primary walls is more
resistant to cracking (Jiang et al., 2019a). Likewise, antisense
inhibition of PE and PG activity affects the level of fruit cracking,
while suppression of the ripening related expansin gene (Expl)
(Brummell et al, 1999) and tomato [-galactosidase 4 (TBG4)
(Smith et al., 2002) increases fruit firmness. On the other hand,
the relationship between activity of cell wall enzymes and cuticular
layer was demonstrated in tomato by Moctezuma et al. (2003) as a
result of antisense suppression of a f3-galactosidase gene (TBG6),
observing a positive correlation between cracked fruit number with
low levels of B-galactosidase transcripts. The results suggest that the
TBG6 product may have an important function in cell wall
galactosyl residue metabolism during cell elongation, so the
various altered phenotypes observed as a result of TBG6 gene
down-regulation in tomato fruit are further evidence that f3-
galactosidases have important functions in the overall growth and
development of tomato fruit (Table 1) (Moctezuma et al., 2003).
Additionally, the main genes involved in tomato cracking are
associated with different metabolic pathways such as cell wall
organization, oxidoreductase activity and catalytic activity, which
included genes as MAN, PE, POD, EXP, XTH7, XTH9, PG2, ER,
ERF4 and gamma-GCS (Xue et al,, 2020). The genes involved in cell
wall loosening and expansion, namely XTH7, XTH9, PE and POD,
are downregulated in a cracking-resistant cultivar and upregulated
in a cracking-susceptible cultivar. Likewise, cell-wall degrading
enzyme-associated genes are also upregulated, namely GCS, MAN
and PG genes as well as ethylene and auxin responsive genes such as
PG, PE, EXP and XTH7 which can be related to cell wall regulation
once ethylene influences fruit development and ripening (Xue
et al., 2020).

In atemoya, several genes related to cell wall mechanisms were
identified, namely 34 PGs, 21 PEs, 19 EXPs, 17 B-GALs, 13 EGs, 6 o
GALs, 6 PME, 4 PELs, 4 XETs and 3 cellulases, which, in general,
present higher expression levels in cracked fruits than fruits without
cracks, that leads to a reduction in skin elasticity and, consequently,
fruits cracking (Li et al., 2019). In addition, GAUT gene, involved in
pectin synthesis, is upregulated as well as the genes involved in
pectin degradation, namely PE, PG and PEL. Likewise, [-
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glucosidase gene, responsible for cellulose degradation, also is
upregulated (Table 1) (Chen et al., 2019a).

The effect of calcium in genes involved in cell modifications was
studied by Yu et al. (2020) using a cracking-susceptible cultivar
Xiangfei, whose expression was analyzed in grape berry skins after
1, 2 and 3 weeks of the calcium applications comparing to fruits
without calcium application (as a control). Among then, five
polygalacturonases (PG) and three endoglucanases (EG) were
studied, showing a downregulation of almost all PG genes by
calcium at all weeks as well as a downregulation of two EG genes
in the first and second weeks, and then an upregulation of these
genes in the third week (Table 1) (Yu et al., 2020). Similar results
were obtained by Zhu et al. (2020) using grapes of the same cultivar,
Xiangfei, during the ripening stage, finding an upregulation of two
EGs and one PG along the fruit maturation. Other genes involved in
cell modifications namely one pectin methylesterase (PMEI), two
polygalacturonases (PGI and PG2), one expansin (EXP6) and one
cellulose synthase (CesA3) as well as a cuticle biosynthesis gene,
cytochrome P450 monooxygenase/hydrolase (CYPI5), were studied
at pulp and skin of grape berry, also with and without calcium
treatment in the cultivar Vinhao, showing a downregulation of the
genes PMEI, PG1, PG2, EXP6 and CYPI5 promoted by calcium in
skin and pulp, while CesA3 gene is not significantly affected by
calcium in the skin and pulp (Table 1) (Martins et al., 2020). This
suggest a regulation by calcium at transcriptional level and also that
calcium can inhibit additional enzymatic pathways involved in cell
wall mechanisms (Martins et al., 2020). The work performed by Yu
et al. (2020) also analyzed four pectate lyases (PL), ten pectin
methylesterase (PME), two PME inhibitors (PMEI), one alpha-L-
arabinofuranosidase (AFase), four f-galactosidase (3-Gal), and one
B-glucosidase (f-Glu), all involved in cell wall modifications, in
grape berry skins after 1, 2 and 3 weeks of the calcium applications.
Among the analyzed genes, the AFase, the 3-Glu, almost all -Gal
genes and one PME are downregulated by calcium at all weeks,
while two PME genes are downregulated in the first week after
calcium application, four PME genes are downregulated in the
second week and three PME genes are downregulated in the third
week (Yu et al., 2020). Regarding PL genes, two are downregulated
by calcium at first and second weeks and upregulated at third week,
while the other two PL genes are upregulated during the three
weeks. Moreover, there is also one PMEI gene continuously and
significantly upregulated by calcium and another PMEI gene
downregulated in the first week (Table 1) (Yu et al., 2020). Based
in the results, calcium applications in grape berry appear to induce
specific modifications both in skin and in pulp, inhibiting pectin
degradation and cell wall loosening, and changing the cuticle
structure (Martins et al., 2020) as well as leading to cell wall
disassembly inhibition, and promoting cell wall strengthening (Yu
et al., 2020), playing an important role in preventing cracking. In
order to analyze the transcriptome and identify important
metabolisms related to grape berry cracking, Zhu et al. (2020)
made a RNA-Seq analysis to assess the expression of pericarp genes
during the ripening stage, namely at 1 (W1), 2 (W2) and 3 (W3)
weeks after veraison in cultivar Xiangfei. The three groups (W1, W2
and W3) presented a similar number of expressed genes, however
with different expression in each group (some genes express in all
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groups, but some genes only express in one unique group) (Zhang
etal, 2021a). Comparing W1, W2 and W3, the authors detected an
increase of cracking during repining highlighting great changes in
gene expression during this period, which can be correlated with
303 DEGs up-regulated and 354 DEGs down-regulated in W2 and
W3 relatively to W1 (Zhu et al, 2020). During the fruit
development, the cell wall mechanical properties have an
important role (Briiggenwirth and Knoche, 2017), so Zhu et al.
(2020) validated the RNA-Seq results with a qRT-PCR analysis of
genes involved in cell mechanisms, obtaining highly consistent
results for both analysis. Among the DEGs involved in cell wall
mechanisms, one peroxidase (POD), one pectinesterase (PE) and
eleven xyloglucan endotransglycosylase (XET), beyond two EGs and
one PG, were identified (Table 1). These genes have differential
expression when W2 and W3 groups are compared to W1, showing
an up-regulated expression along fruit maturation, which suggested
that cell wall related genes play important roles in grape berry
cracking regulation (Zhu et al., 2020).

By a transcriptomic analysis of jujube using young and mature
fruit, Hou et al. (2018) found several differentially expressed genes,
19 of them related to cell wall mechanisms and fruit ripening. The
analysis of gene expression revealed that AGAL2, BGAL, EXP2,
EXPA15, PL2, SKU5, GAE6 and XTH genes are upregulated in
young fruit stage while ARF, CSL12, CSLA9, COBL4, GMDI, PLI
and PGI genes are upregulated in ripe fruit stage. However, AGALI,
MANS5, PME3 and SKS3 genes, don’t present significant expression
differences among the two ripening fruit stages (Table 1) (Hou et al,
2018). Thus, these differences in gene expression during fruit
development leads to important changes in cell wall metabolisms
playing important roles in preventing or enhancing jujube cracking
(Hou et al., 2018).

Cracking-related genes involved in cutin
biosynthesis and deposition, and in
cuticular waxes biosynthesis

In sweet cherry, the expression of genes involved in cutin
biosynthesis and deposition, namely LCR and LACSI genes, is
detected in the beginning of fruit development, while expression of
ATTI and LACS2 (Table 2) have higher expression at later fruit stages
(Alkio et al., 2012). The previous data was confirmed by Declercq et al.
(2014) for LACS2 and ATT1 genes, concluding that the expression of
these genes increase cutin deposition and decrease cuticle permeability.
They may be involved in the molecular mechanisms of sweet cherry
cracking. Additionally, expression of GPAT4/8 is detected in the
beginning of fruit development and increase again in the final phase
of fruit development (Alkio et al., 2012). Concerning cuticular waxes
related genes, more specifically involved in biosynthesis of VLCFAS,
KCS6 and KCSI present higher expression in the beginning of fruit
development and increased again in the final phase of fruit
development as well as the expression of Lipase (Table 3) (Alkio
et al,, 2012). Likewise, Balbontin et al. (2014) found higher expression
of KCS6 at fruit setting (begin of fruit development) and fruit color
change stage in a cracking-susceptible cultivar Bing, and higher
expression in a cracking-resistant cultivar Kordia, coinciding with the
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ripening of fruits. Additionally, the wax synthase gene, WS, presents
similar expression levels to KCS6 (Balbontin et al., 2014). These results
have been again corroborated by Correia et al. (2020b) analyzing the
expression patterns of WS gene in a cracking-moderate resistant
cultivar Sweetheart. WS increases during fruit development, leading
to higher wax content (Correia et al., 2020b). The genes involved in
lipid transport, LTPGI, WBCI1 and CERI show higher expression in
the begin of fruit development and, again, in the fruit ripening stage
(Table 3) (Alkio et al., 2012). The expression of KCRI and FATB genes
is higher in the exocarp in the beginning of fruit development and again
in the final fruit development phase. The expression of CER5 and CER3
genes is also exocarp-specific at all developmental stages but do not
correlate with the CM deposition rate (Alkio et al., 2012).

In apples, the presence of microcracks can lead to russeting (rough
and brownish patches on the fruit skin) which can occur due to water
uptake on the fruit’s surface (Khadivi-Khub, 2015; Straube et al., 2021).
Straube et al. (2021) studied the effect of moisture exposure in apples
verifying a decrease in cutin and wax contents due to a down-
regulation of genes involved in cutin and wax synthesis (ABCGI1,
GPATé6, KCS10, WSDI and CER6 genes) (Table 2 and Table 3). This
leads to a decrease in cuticle formation and, consequently, to
microcracks formation. The LTPG genes codify proteins involved in
lipid transport. Studies performed by Joshi et al. (2018) show a
significant upregulation of LTPG5 gene as well as of CER3 and ASFT
during apple fruit development. The expression of LTPG genes is
responsive to abiotic stresses and stress hormones such as drought,
cold, salt, salicylic acid and jasmonate (Gao et al, 2021). Among 26
potential LTPG genes, 9 of them are highly expressed in fruits,
including LTPG2, LTPG3, LTPG5, LTPG6, LTPG7, LTPGS, LTPGI1,
LTPGI5, and LTPGIS, highlighting the function of this gene family in
wax biosynthesis and cracking prevention (Table 3) (Gao et al,, 2021).
Triterpenes are components of surface waxes (Thimmappa et al,
2014). There is a close relationship between the expression of
oxidosqualene cyclase (OSC) genes and russeting level in apples.
OSCI and OSC3 genes present low expression in cultivar Rugiada
that generally shows fully russeted skin. In contrast, OSCI and OSC3
are highly expressed in cultivars Smoothee and Golden Delicious with
low and moderate russeting, respectively (Falginella et al,, 2021). OSC4
and OSC5 genes are downregulated in cultivars Smoothee and Golden
Delicious and upregulated in Rugiada, correlating with high russeting
level in this cultivar (Table 3) (Falginella et al., 2021). Likewise, the 3
amyrin biosynthesis-related genes, BAS and CYP7I6AI, are
upregulated during fruit development (Joshi et al,, 2018).

The watermelon rind has an important role in fruit cracking, being
the rind hardness positively correlated with cracking resistance of this
fruit (Liao et al,, 2020). The expression of genes related to cracking was
studied in watermelon (Citrullus lanatus), namely cutin related genes,
GPAT, DHDDS and SULTR3 (T'able 2) and genes involved in cuticular
waxes biosynthesis, SMT and KCS (Table 3), using a cracking-resistant
and a cracking-susceptible watermelon cultivars (Jiang et al,, 2019b).
The results show that the DHDDS and SULTR3 genes are upregulated
in the cracking-resistant watermelon, while GPAT, SMT and KCS
genes are downregulated in cracking-susceptible watermelon (Jiang
et al., 2019b).

In litchi (Litchi chinensis), the pericarps of fruits without cracks
from cultivars with different cracking susceptibilities and cracked fruits
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present differences in cuticle structure as a result of an upregulation of
genes related to fatty acids such as LOX, MOD and AOS (Table 3)
(Wang et al, 2019a) as well as a downregulation of lipid synthesis
genes, like ACP, which is responsible by a low pericarp mechanical
strength (Wang et al., 2021a). Moreover, the upregulation of AOS gene
is found in cracked fruits (Wang et al,, 2019b).

The expression of genes related to cutin in tomato, like LACSI
(long-chain acyl-CoA synthase 1), CUSI (cutin synthase) and GPAT4
(glycerol-3-phosphate acyltransferase 4), decreases during the fruit
development and is higher in fruits under water stress, being
consistent with the developmental regulation of cuticle (Table 2)
(Romero and Rose, 2019). Further evidence of the relationship
between fruit cracking and properties and composition of the cuticle
in tomato is provided by Vogg et al. (2004), where the mutation of the
CERG6 gene (fB-ketoacyl-CoA synthase) leads to an alteration of the
cuticular wax composition and increases water permeability (Hovav
et al,, 2007). Additionally, the genes TTS2 (triterpene synthase 2) and
CD3 (cutin deficient 3) beyond CERG6 (eceriferum 6), all involved in
wax biosynthesis, transport, deposition and regulation, decrease their
expression during the fruit development and are higher in fruits under
water stress, suggesting that water availability affects the cuticle
properties (Table 3) (Romero and Rose, 2019). Moreover, the Cwpl
gene (cuticular water permeability) when expressed leads to fruit
dehydration and consequently causes microcracks in tomato cuticle
(Hovav et al,, 2007). The higher expression of FNC gene is responsible
by cracking all over the tomato pericarp, whose expression affects other
cracking related genes, namely by increasing the expression of genes
involved in lipid metabolism such as GDSL, KCS and FAR, and lipid
transport like NLTP9 and LTP5, affecting the cuticle elasticity and wax
content and thud, cracks appear in fruit surface (Table 3) (Zhang
et al.,, 2021b).

Concerning to genes related to wax formation in grape, Martins
et al. (2020) verified a downregulation of one E3 ubiquitin ligase
(CERY) when calcium was applied in the cultivar Vinhao (Table 3).

In last years, several studies related to biosynthesis of cuticular
waxes and related genes in jujube have been developed (Li et al., 2020;
Liu et al,, 20205 Li et al,, 2021b; Li et al., 2021¢c). A RNA-Seq analysis,
using fruits with and without cracking, to analyze the genes differentially
expressed in cracked and non-cracked jujube fruits, allowed to find 785
up-regulated and 251 down-regulated genes in cracked fruits, which are
involved in several metabolic processes, namely surface wax production
in cracked fruits (Liu et al,, 2020). The expression of genes involved in
fatty acid biosynthesis (FAR2) and fatty acid elongation (KCSI and
KCS12) was studied in jujube fruits at different maturation stages,
namely white-ripe, coloring, and full-red development stages, collected
from cultivars with different cracking susceptibilities (a highly cracking-
resistant cultivar Popozao, a cracking-resistant cultivar Banzao, and a
cracking-susceptible cultivar Hupingzao), showing higher expression for
FAR2 and KCSI12 genes in coloring stage, being higher in the more
resistant cultivar, and lower in the more susceptible cultivar while KCS1
gene presents similar expression during fruit development and for all
cultivars (Li et al., 2020). Moreover, the 3-ketoacyl-CoA synthase (KCS)
gene, related to the synthetic pathway of cutin, is highly upregulated in
cracked fruits, which leads to alterations in biosynthesis in cuticle wax
and, consequently, jujube cracking (Table 3) (Liu et al, 2020).
Furthermore, Li et al. (2020) also analyzed the genes involved in fatty
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acid degradation, namely ALDI1, ALD4 and ALDH3FI genes, whose
expression of ALDI and ALDH3FI genes is upregulated in coloring
stage in cracking-resistant cultivar while the expression of ALD4 gene is
upregulated in cracking-susceptible cultivar at the same stage (Table 3).
Likewise, a transcriptomic analysis carried out by Li et al. (2021¢) to
access the wax metabolism pathways in jujube using RNA from fruit
pericarp at different maturation stages of a cracking-resistant cultivar
and a cracking-susceptible cultivar allowed to identify different
metabolic pathways related to wax metabolism, namely fatty acid
biosynthesis, fatty acid metabolism and cutin, suberin and wax
biosynthesis. All identified genes, in general, increase their expression
during fruit development; however, genes CERILI (eceriferum 1-like),
BCCP2 (biotin carboxyl carrier protein of acetyl-CoA carboxylase 2,
chloroplastic), ACCIL (acetyl-CoA carboxylase 1-like) and CYP86A22
(cytochrome-P450 86A22) have more expression in cracking-resistant
cultivar, while genes accC2 (biotin carboxylase 2, chloroplastic) and fabZ
(3-hydroxyacyl-[acyl-carrier-protein] dehydratase FabZ-like) present
higher expression in cracking-susceptible cultivar (Table 3) (Li et al,
2021c). Concerning to genes involved in jujube wax biosynthesis
(CYP94A2, PXG4, CYP86A, CERI and CYP86BI), in general, are
higher in white-ripe period, however PXG4, CYP86A, CERI and
CYP86BI genes maintain higher expression in the cracking-resistant
cultivar than in the other cultivars in coloring stage (Table 3) (Li et al,,
2020). CER genes represent a family of genes with an important role in
waxes biosynthesis in jujube, being identified 29 candidate genes
(named CERI to CER29), twelve of them present differences in
expression among two cultivars with different susceptibilities to
cracking (Li et al, 2021b). Among them, CER7, CERI4, CERI5 and
CERI6 genes have higher expression in cracking-susceptible cultivar,
while CER29 has more expression in cracking-resistant cultivar. In
addition, CER26 only has expression in cracking-resistant cultivar
(Table 3) (Li et al, 2021b). In the biosynthesis of cuticular waxes, in
general, the highly cracking-resistant cultivar present higher gene
expression in coloring period while cracking-susceptible cultivars have
higher expression in white-ripe, decreasing during fruit development
and, thus, during the wax formation, the cracking-resistant cultivar
synthesize more very-long-chain alkanes and aldehydes, accompanying
the fruit surface enlargement, which reduces the jujube cracking (Li
et al,, 2020). The biosynthesis of jasmonic acid (JA) associated with o
linolenic metabolism (as the precursor of JA) is the main associated to
cracking in which the allene oxide cyclase (AOC), allene oxide synthase
(AOS) and 12-oxophytodienoate reductase 3 (OPR3) genes are
upregulated, while lipoxygenase 2 (LOX2) gene is downregulated in
cracked jujube fruits when compared with non-cracked jujube fruits
(Table 3) (Liu et al., 2020).

Cracking-related genes involved in water
transport, calcium transport and signaling,
and starch and sucrose metabolisms

Aquaporins (AQPs) transport water, and water uptake is
associated to rain-induced cracking in sweet cherries. A better
knowledge about these proteins in exocarp and the involvement of
AQPs in water penetration through microcracks as well as the
transcriptional profile of the genes that codify AQPs can provide
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new finds about sweet cherry cracking (Chen et al,, 2019b). Chen et al.
(2019b) identified 25 putative aquaporins genes in sweet cherry, 16 of
them express in fruit. An example of the aquaporin role in sweet cherry
cracking was provided by Michailidis et al. (2021), who verified that the
expression of aquaporin gene, PIP2;1, is upregulated in the skin of Early
Bigi cultivar (Table 4). Moreover, Breia et al. (2020) found an
upregulation of PIPI;4 gene under pre-harvest application of CaCl,
in cultivar Skeena, suggesting that this AQP is involved in water
transport and, possibly, in crack prevention. Likewise, the aquaporin
gene PIP2A (Table 4) is upregulated during apple development, which
may prevent crack initiation (Joshi et al., 2018).

By a high-throughput RNA sequencing (RNA-Seq), the
transcriptome of litchi pericarp revealed four genes (AQP, 1; PIP, 1;
NIP, 1; SIP, 1) involved in water transport and 13 genes (TPC, 1; Ca®
*/H* exchanger, 3; Ca®*-ATPase, 4; CDPK, 2; CBL, 3) involved in Ca
transport (Table 4), whose expression present significant differences
among cracked fruits and fruits without cracks (Li et al, 2014).
Furthermore, a downregulation of calcium transport and signaling
genes, like CIPK, CML and CNGC provoke a decrease of the
mechanical strength of pericarp of a cracking-susceptible cultivar
Nuomici (Wang et al,, 2021a).

The genes involved in starch and sucrose metabolism pathways
also appear to have an important role in atemoya cracking, since
genes involved in starch synthesis such as glgA, glgB, glgC and GBSS
are mainly downregulated in cracked fruits, while genes involved in
starch degradation like AMYG, PUL, AMY, BAM, glgX and glgP are
mainly upregulated in cracked fruits (Table 4) (Chen et al., 2019a).

By a transcriptomic analysis, a set of 12 cracking-resistant fruits
and 12 cracking-susceptible fruits were analyzed to study the gene
expression in both types of fruits, finding 218 upregulated genes and
173 downregulated genes, being the aquaporin PIP (involved in
water absorption), CALM and CALR (both involved in calcium
transport and regulation) genes (Table 4), the most related to jujube
cracking (Ren et al,, 2017). All these genes have higher expression in
cracking-resistant fruits than in cracking-susceptible fruits, playing
an important role in preventing cracking (Ren et al., 2017).

Cracking-related genes involved in fruit
hormone metabolism

In sweet cherry, the ABF2, ABF3, ABO5, ABI and FCA genes,
involved in abscisic acid metabolism, are downregulated in the
cracking-susceptible-cultivar Early Bigi, while ACS and ACO genes,
involved in ethylene biosynthesis, are upregulated in a cracking-
moderate resistant cultivar Regina (Table 5) (Michailidis et al., 2021).
As these plant growth regulators are directly involved in abiotic stress
signaling they may pose a mechanistic mode of action to understand
the environmental effects on fruit cracking in cherry.

During apple fruit development, the ABA signaling gene,
NACO058 (Table 5), is upregulated, and may prevent the cracking
initiation (Joshi et al., 2018).

In watermelon, CHDH and GST genes (Table 5) are possibly
related to hormone metabolism, whose expression of GST gene is
upregulated in the cracking-resistant watermelon, while CHDH gene is
downregulated in cracking-susceptible watermelon (Jiang et al., 2019b).
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A balance among pericarp strength and aril expanding pressure
can be responsible by litchi cracking, which can occur due an
unbalance of plant hormone metabolisms (Wang et al,, 2019b; Wang
et al, 2021a). Different expression levels of genes related to hormone
metabolism was described by Li et al. (2014), namely in five genes (KS,
2; GA2o0x, 2; GIDI, 1) involved in GA metabolism and 21 genes
(CYP707A, 2; GT, 9; -Glu, 6; PP2C, 2; ABII, 1; ABI5, 1) involved in
ABA metabolism in fruits with and without cracks (Table 5).
Moreover, genes related to auxins (GH3, JAA and ARF), gibberellins
(GPRs), and ethylene (ACO and ACS) are downregulated in litchi
pericarp, while genes involved in auxin metabolism (ILR, SAUR and
ARF) and ABA metabolism (ZEP and PP2C) are upregulated in litchi
aril, leading to differences in fruit development and pericarp
mechanical strength (Table 5) (Wang et al, 2021a). Using the
transcriptomic and metabolomics analysis, Wang et al. (2019a);
Wang et al. (2019b) and Wang et al. (2021a) suggested that the
susceptibility to litchi cracking may be associated with the difference
in hormone balance of the two analyzed cultivars, that is, differences in
metabolism of IAA (indoleacetic acid, natural auxin), ABA (abscisic
acid), ethylene, BR (brassinosteroid) and JA (jasmonic acid) once the
different metabolites generated by different hormone metabolism are
cultivar specific and have distinct expression patterns in the three types
of litchi pericarps. Thus, changes in gene expression and metabolites
can explain the cracking susceptibility, namely a downregulation of
ORI and OR3 genes, and ACCS and HI genes, involved in IAA and
ethylene metabolisms, respectively, and an upregulation of CYP707A
and TC/M genes involved in ABA and BR metabolisms, respectively, in
cracking-resistant cultivar Feizixiao; in contrast, AOS (BR metabolism)
gene present highest expression in cracked fruits from cracking-
susceptible cultivar Baitangying (Table 5) (Wang et al., 2019a; Wang
et al,, 2019b). Also, in the ethylene metabolism associated to sucrose
synthesis and sweetness increase, aA and SS genes are downregulated
in a cracking-resistant cultivar while TLP gene is upregulated in
cracked fruits from cracking-susceptible cultivar (Wang et al., 2019a;
Wang et al, 2019b). Additionally, GH3 gene, involved in IAA, is
upregulated in cracking-resistant cultivar (Wang et al,, 2019a; Wang
et al., 2019b; Wang et al., 2021a).

Cracking in atemoya seems to have a close relation with
phytohormones, so, several hormones related genes has been
identified. The majority is related to auxin and ABA pathways, with
18 and 12 genes, respectively, while cytokinin pathway presented 6
genes, salicylic acid pathway comprised 5 genes, gibberellin and
jasmonic acid pathways included 3 genes and ethylene pathway only
presented one gene. Comparing with fruits without cracks, the auxin
and jasmonic acid related genes were downregulated in cracked fruits,
while ABA, cytokinin, gibberellin, ethylene and salicylic acid related
genes were upregulated, showing that these genes can have an
important role in cracking (Li et al., 2019).

Transcription factors genes involved in
fruit cracking

It’s known that different final products can be generated due to

differential regulation by transcription factors according to
environmental or development stimuli (Falginella et al., 2021).
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In sweet cherry, WINA and WINB genes encode AP2/EREBP-
type transcription factors, regulating several genes involved in cutin
and wax biosynthesis (Table 6) (Alkio et al., 2012; Balbontin et al.,
2014). According to Alkio et al. (2012), these genes present higher
expression in the initial stage of fruit development. Balbontin et al.
(2014) obtained similar results for WINB, finding higher expression
levels in the beginning of fruit development in a cracking-resistant
cultivar Kordia. This indicates that WINB can influence the
expression of other cuticular waxes related genes during the
fruit growth.

Likewise, a down-regulation of SHN3 leads to low cutin and wax
contents and, consequently, to microcracks development in apple
(Table 6) (Straube et al., 2021). SHN3 expression compromises
cuticle formation, being considered an essential regulator of apple
cuticle biosynthesis (Lashbrooke et al., 2015). Similar results were
obtained by Falginella et al. (2021) in which high levels of SHN3, are
related to high cutin and wax contents, and low russet development,
while low levels of SHN3 transcripts leads to a decrease in cutin and
wax contents as well as microcracks development and consequently,
high russet development. In contrast, a lower expression of
transcription factor MYB93, related to suberin and lignin
synthesis, leads to low suberin content, resulting in low russet
development, while a higher gene expression promotes an increase
in suberin, allowing the microcracks development and,
consequently, high russet development (Falginella et al., 2021) as
also described by Straube et al. (2021) for the MYB93 and MYB42
genes (Table 6).

The ethylene-responsive transcription factor 4, ERF4, is
considered the major gene underlying watermelon rind hardness
regulation and thus an important factor in cracking resistance.
However, beyond the function of ERF4 in rind hardness variability
and consequently in cracking resistance, their expression can be
affected by the regulation of other genes such as genes involved in
cell wall modification and/or degradation as well as genes related to
lignin biosynthesis (Liao et al, 2020). Moreover, MDP gene is
upregulated in the cracking-resistant watermelon, while the
expression level of HD-ZIP in cracking-resistant watermelon is
lower than in cracking-susceptible watermelon (Jiang et al., 2019b).

In litchi, a decrease of the pericarp mechanical strength can
occur due a downregulation of transcription factor genes, such as
WRKY, bZIP, bHLH and MYB causing a development retardation
in fruit and (Table 6) (Wang et al, 2021a). In contrast, an
upregulation of transcription factor genes, like WRKY, bHLH,
DOF and MYB cause an upregulation of starch/sucrose
metabolism related genes and sugar/water transport and, thus,
differences in mechanical strength of pericarp (Wang et al., 2021a).

Other potential genes/pathways involved
in fruit cracking

During apple development, Joshi et al. (2018) found a
significant upregulation in the majority of the genes during fruit
development, suggesting that a high expression of cuticle-related
genes can prevent crack initiation and possibly enhancing cuticular
cracking repair.
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Atemoya cracking can occur due to an unbalance among genes
involved in hormone metabolisms (Li et al., 2019) as well as genes
involved in starch metabolism and genes related to cell wall,
whereby the transformation of starch into soluble sugars leads to
an increase in turgor pressure and, consequently, in cells and tissues
rupture. At the same time, the pectin and cellulose degradation
decreases cell wall toughness, which together with starch
metabolism leads to cracking development in the fruit pericarp
(Chen et al., 2019a).

Furthermore, Zhang et al. (2021a) carried out an enrichment
analysis during veraison and maturity stages using grapes that were
treated with calcium as cracking mitigation strategy, to analyze the
transcriptome and secondary metabolites in grape berry cracking.
The enrichment analysis under the application of calcium sprays
revealed that the main DEGs are related to flavone and flavonol
biosynthesis pathway and also to flavonoid metabolism pathway,
meaning that the balance of up and down regulation of genes
involved in both pathways determine the grape berry cracking rate,
and thus, allowing to identify new pathways and genes involved in
grape berry cracking and also explain the role of calcium sprays in
modulating these pathways and their effect in reducing cracking
rate (Zhang et al., 2021a). However, Zhang et al. (2021a) suggest
that other metabolic pathways can be involved in grape
berry cracking.

In jujube, Hou et al. (2022) used cracked and non-cracked fruits of
two cracking-susceptible cultivars, and non-cracked fruits of a
cracking-resistant cultivar to elucidate cracking-related molecular
mechanisms. Comparing samples from the cracking-resistant cultivar
to samples with and without cracking of each cracking-susceptible
cultivar, the authors found several cracking related genes which are
involved in different metabolic pathways, namely in water transport,
cell wall metabolism, starch and sucrose metabolism, cuticle structure,
calcium transport, ABA metabolism, indoleacetic acid metabolism,
jasmonic acid metabolism, gibberellic acid metabolism and
transcription factors (Hou et al, 2022). In general, all cracking
related genes involved in these pathways are upregulated in cracked
fruits, compared to the non-cracked fruits and, thus, the authors
propose that the high expression levels in cracked fruits leads to an
increase in the turgor pressure and a decrease in the exocarp
mechanical strength, which can lead to the fruit cracking
development (Hou et al.,, 2022).

Importance for new
molecular breeding

Genomics with the development of complete reference
genomes, allows to find interesting molecular opportunities for
the identification of candidate genes linked to agronomic traits
(Bianchi et al., 2015; Soundararajan et al., 2019). Moreover, by the
development of omics, such as metabolomics and transcriptomics,
associated with whole-genome sequences provides great
information about the molecular mechanisms in fruits (Zhang
and Hao, 2020; Wang et al, 2021b). Thus, the combination of

genomic, transcriptomic and metabolomic analyses can reveal
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important knowledge and genetic basis for crop’s molecular
breeding (Zhang and Hao, 2020). Although the gene expression
can be affected by internal and external factors, by the combined
information provided by different omics, it is possible to identify
transcription factors and key genes of different biosynthesis
pathways as well as to understand how environmental conditions
affects the traits of interest at molecular level, and consequently
improve fruit quality and molecular breeding programs (Garcia-
Gomez et al., 2020).

Fruit trees are economically important, but the lengthy life
cycles of several years slow the study at the genetic level. However,
molecular tools represent a good strategy to understand adaptation
to abiotic stresses and environmental conditions (Licciardello et al.,
2021). So, it’s important to understand how thousands of genes can
interact with each other as well as how the related metabolic
pathways contribute to plant development and adaptation to the
environment (Licciardello et al., 2021). Thus, the identification and
characterization of genes controlling agricultural traits and tagging
molecular markers constitutes advances for development of new
breeding techniques (Soundararajan et al., 2019). In this follow up,
the functional genomics in fruit trees has deployed several
methodologies to improve the molecular breeding techniques in
fruit crops, such as gene expression-based biomarkers,
transcriptomic and metabolomics, whole-genome variations and
sequence, among others (Licciardello et al, 2021). With the
available information, several fruit quality traits can be improved,
namely the development of new cultivars with small/larger size,
good-flavored fruits, attractive color, sugar and acid levels, reduced
juvenile phase, massive and constant yields, reduced susceptibility
to fruit cracking, self-compatibility, and improved resistance or
tolerance to disease as well as resistance to abiotic stresses like
adverse environmental conditions (Soundararajan et al., 2019).

Regarding cracking, it’s known that there are several factors that
affect fruit cracking, such as physiological, genetics, environmental and
postharvest storage (Khadivi-Khub, 2015; Wang et al., 2021b). Among
the several mitigation strategies to prevent cracking, calcium is a key
mineral in plant physiology (Winkler and Knoche, 2021). It plays an
important role in the pre- and postharvest physiology of most plant
and particularly of fruit, being considered a critical nutrient in
determining fruit quality (Winkler and Knoche, 2019). For example,
calcium application in grape berry appears to induce specific
modifications both in skin and in pulp, changing the cuticle
structure, playing an important role in preventing cracking (Martins
et al,, 2020) as well as the inhibition of cell wall disassembly promoting
cell wall strengthening and, thus, calcium can prevent grape cracking
(Yuetal, 2020). Likewise, the use of calcium to mitigate the risk of pre-
harvest rain-cracking of sweet cherry increases the fruit quality,
firmness and shelf-life, reducing the cracking susceptibly (Correia
et al., 2019; Winkler and Knoche, 2019; Breia et al., 2020; Winkler
et al., 2020; Correia et al., 2020a; Matteo et al., 2022). Furthermore, in
sweet cherry, the combination of calcium with growth regulators highly
reduce the cracking incidence, promoting differential gene expression
of some exocarp related genes (Correia et al,, 2020b). Thus, a better
knowledge about the cuticle related genes can provide new insights
about molecular mechanisms involved in cracking of flesh fruits. For
example, the understanding of exocarp development in sweet cherry as
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well as the expression of exocarp-specific genes during fruit growth,
maturation, softening, cuticle deposition and sugar transport, can
provide great information about their role in conferring cracking
resistance (Alkio et al., 2014). Likewise, in watermelon, the
identification of genes related to rind hardness and the associated
molecular markers can help to understand rind hardness and fruit
cracking resistance and, thus, used in future breeding programs, by
CRISPR-Cas9 or marker-assisted selection, to create more resistant
cultivars (Liao et al., 2020). Moreover, in jujube, the knowledge about
the differences in the cuticular wax and the expression of related genes,
using cultivars with different susceptibilities to cracking, may provide
new insights about prevent cracking (Li et al., 2014), which coupled by
possible enhancing or silencing of related genes by gene modification
technology, can change the cell wall structure and arrangement, and,
thus, help in fruit cracking prevention (Hou et al,, 2018).

Actually, the effects of climate changes, like excessive rains, leads to
different physiological responses of the crops, affecting fruit growth,
development and quality (Hirpo and Gebeyehu, 2019). The fruit
ripening, that is, from a green fruit to a ripe fruit, represents a
synchronized process with changes in physiological structure and
biochemical composition according to interactions among fruits and
their environment (Garcia-Gomez et al., 2020). Fruit cracking emerges
as a physiological disorder during fruit development as response to
genetic or environmental factors (Wang et al, 2021b). The fruit
development is controlled by expression of several genes (polygenic
expression regulated by hundreds to thousands of genes), with different
associated molecular mechanisms. These include biochemical,
transcriptional, hormonal or metabolites levels. Thus, when
physiological disorders appear, like cracking, the different underlying
mechanisms make it challenging to study (Garcia-Gomez et al., 2020).
However, in general, an increase of expression of genes related to cell
wall mechanisms arises in cracking-resistant cultivars of sweet cherry
(Balbontin et al., 2014; Michailidis et al., 2021), apple (Kasai et al., 2008;
Joshi et al., 2018) or watermelon (Jiang et al., 2019b). This indicates a
common mechanism causing cracking. Likewise, an upregulation of
cuticular waxes related genes in apple (Gao et al., 2021; Straube et al,,
2021), watermelon (Jiang et al., 2019b) or jujube (Li et al,, 2021c) is also
correlated with a decrease of cracking index. Moreover, an unbalance of
genes related to hormone metabolisms can increase the cracking
susceptibility in litchi (Wang et al., 2019a; Wang et al., 2019b; Wang
etal, 2021a) and in atemoya (Li et al,, 2019). Hou et al. (2022) reported
several metabolic pathways involved in cracking jujube fruits,
highlighting the complexity of this disorder.

Thus, the combination of genomic, transcriptomic and
metabolomic analyses can reveal important knowledge and
genetic basis for crops molecular breeding (Zhang and Hao,
2020). Moreover, the understanding about the differences in gene
expression during fruit development elucidates the molecular
mechanisms of cuticle related genes, playing important roles in
preventing or enhancing fruit cracking (Hou et al., 2018).

Conclusion

Although fruit cracking remains a great challenge to the
producers, it is known that the genetic factors play a crucial role
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in its development. The genetic component makes cracking an
attractive field for researchers who work with molecular breeding.
The development of different omics technologies, open news
perspectives to understand how this disorder occurs at molecular
level. The molecular mechanisms involved in cracking are based on
correlations as direct proof of concept based on mutations or
reverse genetics are still missing. It is known that exocarp-specific
transcripts play a crucial role in cracking development, namely
genes involved in cuticular membrane cuticular, cell wall
mechanisms or cuticular wax biosynthesis. Additionally, by the
analysis of the metabolome, which is closely related to phenotype,
the regulation of several metabolic pathways can affect the
expression of exocarp-specific genes and, consequently, affects the
development of fruit cracking. This physiological disorder is
enhanced by environmental conditions, such as high
temperatures and heavy rain. The scenario of climate change,
foreseen for the future, makes it even more urgent to understand
the responses of plants to stress (simple or combined), at various
levels, especially at the transcriptomic level. Many genes are
repressed or induced in stress response, involving a precise
regulation of complex stress-gene networks. It is therefore crucial
to understand the function of the genes involved, to determine the
functional relationships between genes and how they are affected by
biotic or abiotic factors. Obtaining a set of candidate genes for
molecular breeding programs by genome editing technologies
should bring forward crop performance under changing
environmental conditions.
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