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Vegetables are of critical importance to the human diet, providing the essential vita-
mins, minerals, and dietary fiber necessary for sustaining health [1]. In light of the rising
global population and increasing demand for nutritious vegetables, there is an urgent need
to enhance vegetable production, quality, and resilience to environmental challenges. Ge-
nomics and breeding research have emerged as powerful tools in achieving these objectives
by unraveling the genetic bases of important traits and developing novel technologies and
applications to breed new vegetable varieties with desirable characteristics.

This Special Issue, entitled “Vegetable Genomics and Breeding Research”, comprises
nine insightful and original research and review articles that aspire to shed light on recent
advances in understanding the genetic mechanisms behind quality and stress resistance
traits in vegetables and the application of cutting-edge breeding methodologies for veg-
etable crops.

A key topic in this collection is the advance of modern vegetable breeding technologies,
with a focus on ploidy manipulation, haploid technology, and male sterility, as well as
their applications in vegetable breeding. Fomicheva et al. (2025) thoroughly reviewed
genome doubling in vegetable crops and its potential use in obtaining doubled haploids,
which have the potential to be used to produce polyploids and helping to overcome
interspecific hybrid sterility and improve agricultural traits [2]. Deng et al. (2025) performed
whole-genome identification of DMP-family genes in Solanaceous vegetables, identifying
CaDMP8 (pepper) and SmDMP8 (eggplant) as potential targets for developing haploid
induction lines, which is critical to accelerating the genetic improvement of Solanaceous
crops [3]. Addressing the practical challenges of polyploidization in vegetable breeding,
El-Mahrouk et al. (2025) investigated and validated effective morphological markers for
the early identification of diploid and tetraploid black cumin (Nigella sativa) seedlings,
which offers a cost-effective and accessible tool for polyploid breeding [4]. The use of male
sterility has been recognized as an effective strategy for controlling cross-pollination and
accelerating the development of hybrids. Chikh-Rouhou et al. (2025) reviewed the current
status of molecular markers linked with male sterility and their regulation of genetic and
molecular mechanisms in onions, and highlighted the significant role male sterility plays
as a transformative tool facilitating efficient hybrid seed production [5].

Due to increasing consumer demand for high-quality, nutrient-dense fresh vegetables,
improving the quality of vegetables is of great importance. Yang et al. (2025) identified
BrC4H3, BrF3H1, and BrCHS1 as the key genes controlling the biosynthesis of purple leaf
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traits in pak choi, which provided the genetic basis for breeding anthocyanin-enhanced
pak choi cultivars [6]. Moreover, increasing the resilience of vegetables to biotic and abiotic
stress is another major focus due to growing demand from growers. For instance, Zhao
et al. (2025) performed pan-genome analysis to identify the CsTRM gene family and
analyze its expression patterns in response to abiotic and biotic stresses in cucumber. Their
results indicate that CsTRM14 responds to salt stress, powdery mildew, gray mold, and
downy mildew, while CsTRM21 plays a significant role in regulating abiotic and biotic stress
resistance; findings that provide a foundation for the further exploration of the potential role
TRMs may play in stress resistance in cucumbers [7]. Oble et al. (2025) revealed that SmPTI6
plays a significant role in the resistance of eggplant to Phytophthora capsica attacks, which
insights will assist in the development of resistant eggplant cultivars [8]. Zhang et al. (2025)
identified five hub regulatory genes that coordinate the defense response of watermelon
against Fusarium oxysporum f. sp. niveum, which provided novel disease-resistant genes
for breeding cultivars of watermelon resistant to Fusarium wilt [9]. In addition, Yuan et al.
(2025) found that the transcription factor BrNAC19 positively regulates the heat stress
response in Chinese cabbage by activating the antioxidant genes BrCSD1 and BrCAT2,
thereby mitigating the accumulation of reactive oxygen species (ROS) under heat stress,
which exhibited potential as target genes for increasing heat stress tolerance [10].

In conclusion, this Special Issue provides valuable insights into the molecular bases of
important quality and resistance traits in vegetables, which underpin the implementation of
new breeding technologies to facilitate the development of new cultivars. The development
of multi-omics approaches, artificial intelligence, speed breeding, and molecular breeding
technologies, along with their applications in vegetable breeding, will enhance the efficiency,
precision, and adaptability of vegetable breeding in the future, which promises address the
needs of consumers, growers, and the global climate challenge.
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Abstract: Plant ploidy manipulation is often required for breeding purposes. However, there is
no comprehensive review covering genome doubling in vegetable crops despite the abundance
of data for a large number of vegetable species. Similar to other species, genome doubling is
required in vegetable crops to obtain doubled haploids (DHs). It is also utilized for the production of
polyploids to overcome interspecific hybrid sterility and improve agricultural traits. Spontaneous
haploid genome duplication (SHGD) occurs in many Apiaceae, Brassicaceae, Cucurbitaceae, and
Solanaceae crops, allowing for the laborious treatment with antimitotic agents to be bypassed. SHGD
mechanisms are not fully understood, but existing data suggest that SHGD can occur via nuclear
fusion, endoreduplication, or other mechanisms during microspore or ovule early embryogenic
development. Other studies show that SHGD can occur at later developmental stages during
extended plant growth in vitro or ex vitro, possibly due to the presence of phytohormones in the
medium and/or diploid cell competitive advantage. For unresponsive accessions and species with
rare SHGD, such as onion (Allium cepa L.) and beet cultivars (Beta vulgaris subsp. vulgaris L.),
antimitotic agent treatment has to be applied. Antimitotic agent application efficiency depends
on the treatment conditions, especially the agent concentration and exposure time. Also, plant
developmental stage is critical for agent accessibility and plant survival. The existing methods can be
used to further improve genome doubling methodology for major vegetable crops and other species.

Keywords: doubled haploid; DH technology; polyploidy; antimitotic compound; colchicine

1. Introduction

Plant breeding aims to improve cultivar yield and valuable compound abundance, for
instance, sugar, antioxidant, and essential oil content. Another important goal of breeding
is developing cultivars resistant to diseases, pests, and abiotic stressors, such as extreme
temperature, salinity, and drought. Genome doubling is one of the tools required to speed
up breeding process and increase genetic diversity. It is required for doubled haploid (DH)
production. It is also utilized for doubling genome in interspecific hybrids and obtaining
polyploids with improved agricultural traits. The methods of chromosome doubling are
covered in many reviews for cereal and industrial, medicinal, and ornamental crops, but
vegetable crops have not been discussed extensively so far [1–8].

Conventional breeding requires self-pollination for multiple generations, which makes
this method extremely time-consuming. Many species have severe inbreeding depres-
sion [9] or self-incompatibility [10], which additionally complicates the generation of
pure lines.

DH technologies allow for the production of fully homozygous pure lines in one
generation, which immensely accelerates breeding. DH lines are produced when haploid
cells, microspores, or ovules are stimulated to switch toward a sporophytic developmental
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route. The resulting haploid regenerants need to double their genome to become diploid
plants with two identical copies of genetic material [11,12]. SHGD induction or doubling
with antimitotic agents are required for the successful inclusion of regenerant plants in
a breeding program because haploid plants are sterile or have low seed productivity [5].
Similarly, if mixoploids or polyploids are generated, they can be of limited value for
breeding. Therefore, SHGD induction methods or antimitotic treatment protocols are
crucial for DH technology’s successful implementation. Detailed reviews provide protocol
development guidelines for haploid genome doubling in many species [4–6]. However,
there is no comprehensive review covering genome doubling in vegetable crops.

Vegetables play a crucial role in human nutrition, providing dietary fibers, vitamins,
minerals, and other essential nutrients [13–15]. DH technologies are being developed and
improved to facilitate vegetable crop breeding. Vegetable crops are less responsive to DH
technologies compared to cereals and rapeseed (Brassica napus L.). Therefore, a lot of data
on doubled haploids, including the putative mechanisms of SHGD, were obtained in cereals
and rapeseed [6]. Recently, a large degree of progress was made in the development of DH
technologies for vegetables [15]. However, problems with the induction of embryogenic
growth in many vegetable crops, especially Solanaceae, and the limited SHGD, especially
in Amaranthaceae and Amaryllidaceae, limited the production of sufficient numbers of
DH plants for breeding programs [9,16,17].

Another problem faced by breeders is introducing new valuable traits. Polyploidiza-
tion produces varieties with new characteristics that could not be achieved by other means.
This method is exploited in ornamental crops [1,7,8], medicinal plants [1,2], and industrial
crops [3] because polyploids often have increased plant size and vigor, improved deco-
rative traits, or increased secondary metabolite synthesis. Polyploidization is used for
vegetable breeding to improve agricultural traits as well. One of the commercial successes
of this method is seedless watermelon hybrids produced from diploid and tetraploid parent
lines [18]. Genome doubling is also applied to overcome interspecific hybrid sterility [19].
Broadening the genetic diversity of breeding material can be achieved via hybridization
with related species. This method is commonly used to introduce disease, herbicide, and
abiotic stress resistance, as well as cytoplasmic sterility genes and other traits from other
species. However, the obtained hybrids are often sterile, but genome duplication with
antimitotic compounds can restore fertility.

SHGD and colchicine treatments exert stress on the genome of treated plants. The skim
sequencing of wheat (Triticum aestivum L.) showed that various chromosomal aberrations,
including deletions, duplications, and aneuploidy, can happen due to genomic shock during
DH production [20]. These alterations can affect plant fitness and agronomic performance.
In addition, DNA methylation patterns change as a result of spontaneous and artificial
doubling. Most differential DNA methylation occurred at random sites [21]. Colchicine
treatment changed the expression of genes involved in hormone signal transduction,
metabolism, cytoskeleton control, and others [22]. More studies are needed to identify how
long these changes last and what their consequences are. Possibly, the development of
less-stressful protocols of spontaneous and artificial genome doubling will be beneficial.

Genome doubling is an indispensable tool for a multitude of applications in plant
breeding. In this review, we discuss SHGD incidence and mechanisms, as well as antimitotic
treatment protocols for different vegetable crops. Emphasis was placed on the most recent
papers and literature sources that provided well-described and statistically tested data with
controls and a large number of tested plants. Very limited data were available for some
species; therefore, any available information was analyzed for them. The critical treatment
information was unified (concentrations in g/L, doubling rate in %) and summarized in a
table (Table 1).
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2. Spontaneous Genome Doubling

The term “spontaneous doubling” is used to differentiate from doubling induced by
chemical treatment. SHGD is extremely advantageous for DH production as it allows for
the laborious and costly genome doubling with antimitotic compounds to be omitted.

2.1. Spontaneous Haploid Genome Doubling in Vegetable Crops

SHGD occurs at different frequencies in different species. Moreover, it can vary greatly
within a species between different cultivars. For instance, in cereal crops, the percentage of
doubling in barley (Hordeum vulgare L.) is up to 87% [23], in rice (Oryza sativa L.) it is up to
72% [24], in wheat (T. aestivum L.) it is up to 50% [25], and in maize (Zea mays L.) genotypes
it is up to 0–21.4% [26,27].

SHGD can be documented in vegetable crop plants generated by DH technologies
(Figure 1). For the Amaranthaceae vegetable crop red beet (Beta vulgaris subsp. vulgaris L.),
the SHGD rate varied in different studies. Some authors observed no incidence of SHGD [28],
while others obtained up to 70% diploid plants [29] or tetraploid regenerants [30]. The close
relative of red beet, sugar beet (B. vulgaris subsp. vulgaris (var. saccharifera)), had gynogenic
regenerants with a haploid chromosome set, but the root tips had endopolyploid cells [31]. In
another study, a 10% SHGD rate was observed for sugar beet [32].

For the Amaryllidaceae family, SHGD was reported in onion (Allium cepa L.) during
gynogenesis in vitro, but the doubling efficiency was relatively low. When a large number
of regenerants (about 100) were obtained, the doubling efficiency could be more accu-
rately assessed, and it was determined to be about 10% [33–35].Various SHGD rates were
reported in the Apiaceae family. In some studies, no doubling occurred, as reported by
Hu et al., who showed that among 18 carrot (Daucus carota L.) plants obtained from the em-
bryoids and calli, 16 plants were haploid (2n = 9), and the other 2 plants were aneuploids
(2n = 10 and 11) [36]. In another study, regenerants obtained in a culture of isolated
microspores had an SHGD rate ranging from 17.5% to 63.6% depending on carrot ac-
cession [37]. A total of 90% of carrot regenerants obtained from another culture were
diploid [38]. The flow cytometric analysis of carrot plants obtained in an in vitro culture of
unfertilized ovules in carrot showed that 97.7% of the regenerants were diploid [39].

About 50% of the dill (Anethum graveolens L.), caraway (Carum carvi L.), carrot
(D. carota L.), fennel (Foeniculum vulgare Mill.), lovage (Levisticum officinale Koch.), and
parsnip (Pastinaca sativa L.) regenerants obtained from microspore culture spontaneously
doubled their genome. However, regenerant images and ploidy evaluation [40].

SHGD is widely observed in the Brassicaceae family. For instance, besides haploid
plants, mixoploid, diploid, and tetraploid cabbage (Brassica oleracea var. capitata L.) re-
generants produced from microspores can be observed as assessed by flow cytometry,
guard cell chloroplast, and chromosome counting (Figure 1). SHGD occurred in 0–76.9% of
cabbage (Brassica oleracea var. capitata L.) regenerants, in 52.2–100% of broccoli (B. oleracea
var. italica L.) [41], in 50–70% plants of different B. rapa L. accessions [42–45], and in more
than 60% of rapeseed (B. napus L.) regenerants [46].

In Cucurbitaceae species, for instance, in a summer squash (Cucurbita pepo L.) ovary/
ovule culture, most regenerants doubled their genome. Although, occasional haploid,
mixoploid, or polyploid regenerants were observed as well [47]. In styrian oil pumpkin
(Cucurbita pepo ssp. pepo var. styriaca), most plants were also diploid, with rare occurrences
of n, 3n, and 4n plants [48].
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Figure 1. Obtaining cabbage (B. oleracea var. capitata L.) doubled haploids in microspore culture
in vitro with subsequent regenerant ploidy analysis. (A) Microspores were isolated from the collected
flower buds under sterile conditions. (B) Embryoids growing from microspores in liquid NLN
medium. (C) Embryoids were transferred to solid MS medium. (D) Embryoids regenerated into
plants. (E) Rooted plants were adapted to ex vitro conditions. (F) The adapted plantlets were
grown under field conditions. (G–G′′) The ploidy was analyzed with a flow cytometer (Beckman
Coulter, USA). Nuclei were isolated from plant leaves in Galbraith lysis buffer and stained with
propidium iodide. The analyzed sample (green peaks) was compared with a control diploid cabbage
(red peaks). Mixoploid (G), spontaneously doubled diploid (G′), and tetraploid (G′′) plants were
observed. (H–H′′) The ploidy estimation by counting the chloroplast number in stomatal guard cells.
Stomatal guard cells in phase contrast (top images) and chloroplast red autofluorescence (bottom
images) were imaged. Haploid (H), spontaneously doubled diploid (H′), and tetraploid (H′′) plants
can be distinguished by the number of chloroplasts that is higher in higher ploidy plants. (I) The
direct counting of chromosomes in DAPI-stained spontaneously doubled diploid (2n = 2x = 18) and
tetraploid (2n = 4x = 36) samples.

Solanaceae crops also demonstrate genome doubling in DH regenerants, although
the doubling rate often differs greatly not only between different species but also within
the same species between different genotypes or even between different plants within the
same genotype [49]. The frequency of SHGD in bell pepper (Capsicum annuum L.) plants
was 14%–51% [50], 14.3–65.8% [51], 30–55% [52,53], 32.6% [54], 33% [55], and 65% [56].
In hot pepper (C. annuum L.), the SHGD rate was 16.3% [57]. In Indonesian hot pepper
(C. annuum L.), spontaneous doubling was 14–33% in four accessions and 47% and 51%
in the other two pepper accessions [50]. The analysis of cayenne pepper (C. frutescens L.)
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regenerants showed that about 40% of plants were diploids and 8% were mixoploids [58].
Interspecific hybrids, C. frutescens × C. annuum and C. frutescens × C. chinense had a lower
haploid embryoid regeneration rate compared to C. annuum, but the SHGD was 50% and
80%, respectively [49]. In the genus Physalis, a high level of spontaneous diploidization
(up to 72%) was observed in tomatillo (Physalis ixocarpa Brot.) (2n = 2x = 24) [10,59]. At the
same time, for the tetraploid species cape gooseberry (Physalis peruviana L.) (2n = 4x = 48),
a fairly low doubling level was documented (28%), and antimitotic treatment was required
to double the genome in haploid regenerants [60].

Tomato (Solanum lycopersicum L.) is one of the most recalcitrant crops for DH tech-
nologies. Unlike most other members of the Solanaceae family, tomato is unresponsive to
all the existing DH methods available in the literature. Therefore, it is difficult to make
conclusions about SHGD for tomato. The largest number of plants was obtained in the
work of Zagorska et al., 2003, who analyzed ploidy in 700 androgenic regenerants. They
concluded that 21,5% were haploid, 11.3% were diploid, and the rest were mixoploid [61].

Diploid plants obtained from the anther or ovule cultures can originate from surround-
ing somatic tissues. In addition, some regenerant plants can come from unreduced gametes
that formed via meiotic restitution [62]. Therefore, regenerant origin has to be validated by
molecular markers to select only true DHs. The reported SHGD rate may be affected by the
erroneous inclusion of plants obtained via the abovementioned mechanisms.

A large number of vegetable species described above undergo spontaneous genome
doubling. However, some accessions have an insufficient SHGD rate, and some species,
including onion and beet, are recalcitrant to spontaneous doubling induction. Despite
the challenges of the DH technologies in vegetable crops, doubled DH lines are included
in breeding programs. Examples of the successful use of spontaneously doubled DH
lines include the F1 hybrid of cabbage ‘Nataly’, kohlrabi ‘Dobryniya’, sweet pepper ‘Mila’,
‘Nataly’ and ‘Gusar’, pumkin ‘Vega’, and a carrot variety ‘Sonata’ [63].

2.2. SHGD Mechanisms

A list of factors influence spontaneous doubling induction, including genetic factors
and microspore or anther temperature stress treatments. In cereal crops, mannitol or
2-hydroxynicotinic acid can also be used as a stress treatment [62]. In addition, spontaneous
doubling can occur after a long-term regenerant subculturing in vitro or ex vitro.

Four possible mechanisms of genome doubling were proposed: nuclear fusion, en-
doreduplication, C-mitosis, and endomitosis [6,27,62]. Endoreduplication is a process
when one or several rounds of DNA replication happen without mitosis. It is widely
observed in angiosperms at different stages of development [64]. One of the critiques to
this plausible mechanism is that endoreduplication is generally seen as a terminal stage of
cell differentiation served to obtain higher metabolic competences and/or cell size, which
differs from the processes observed in developing haploids [27].

The nuclear fusion of two haploid nuclei is another possible mechanism. Nuclear
fusion was experimentally documented in a barley microspore culture (H. vulgare L.) by
live cell imaging [65]. More studies in different taxa are needed to further confirm this
mechanism’s applicability for SHGD.

Endomitosis happens when mitotic stages occur inside the nuclear membrane without
spindle formation and daughter cell separation. However, endomitosis is rarely observed
in angiosperms. C-mitosis is an artificially aborted cell division via the disruption of mitotic
spindle by colchicine or other antimitotic agents [27,62], which is discussed in Section 2 of
this review.

Besides haploid and doubled haploid plants, triploid and polyploid regenerants can
often be observed in many crops, including Brassica species, C. annuum L., D. carota L. [4],
and C. pepo L. [47,48]. Possibly, triploid plants can form due to the fusion of diploid and
haploid nuclei. Tetraploid and higher ploidy plants are likely to result from more than
one round of doubling [6]. As it was mentioned before, different cultivars can have a big
difference in the incidence of SHGD. The genetic mechanisms that make some cultivars
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more prone to SHGD are not clear, but the research conducted on maize showed one
major and a few minor QTLs that are associated with spontaneous genome doubling.
The possible candidate gene associated with the reported QTLs is the absence of the first
division (afd1) gene that affects the first meiotic division, resulting in a single equational
division. Another candidate is the formin-like protein 5 that affects actin cytoskeleton [66].
Studies of other species, including vegetable cultivars, are required for the elucidation of
the genetic mechanisms controlling SHGD. The development of SHGD-associated markers
would simplify the introgression of this valuable trait into elite germplasm and increase
DH production efficiency.

2.3. SHGD Timing during Development

Spontaneous genome doubling can occur at different stages of microspore develop-
ment [6,62]. The applied stress pretreatment leads to cytoskeleton perturbation. It disrupts
mitotic spindle or cell wall formation that results in SHGD. It was demonstrated that to
obtain the best results, the stress treatment has to be applied specifically at late uninucleate
to early binucleate stages. Microspores isolated at early uninucleate stages predominantly
resulted in haploid regenerants, while the binucleate microspores produced more doubled
haploid and polyploid regenerants [6]. Stress application at later stages can increase the
incidence of triploid and polyploid regenerants [62].

Spontaneous chromosome doubling can occur at later developmental stages as well.
Yuan et al. reported that the long-term subculturing of cabbage or broccoli haploids on
MS-2 medium with 0.1 mg/L NAA and 0.2 mg/L 6-BAP led to a gradual increase in the
number of plants with a doubled chromosome set. After one or more years in tissue culture,
most of the cabbage or broccoli haploids turned into DHs or mixoploid plants [41]. Similar
results were observed in haploid pepper (C. annuum L.) plants grown ex vitro for 6 years.
The plants were rejuvenated by cutting off the shoots and allowing young shoots to regrow.
The authors reported that out of 12 plants, 1 plant had all diploid shoots, 7 plants had both
haploid and diploid shoots, 2 plants remained haploid, and 2 plants died [67]. For plants
that change their ploidy after long-term growth in vitro or ex vitro, it can be speculated that
spontaneous endoreduplication or doubling via other mechanisms can happen in some
cells. Subsequently, doubled haploid cells could outcompete haploid cells. However, this
hypothesis requires experimental testing. Possibly, culture media hormones can affect the
doubling rate. For instance, auxins are involved in the transition from the mitotic cycle to
endoreduplication [68]. For instance, it was shown that NAA caused genome duplication
in sugar beet [69]. 2,4-D is also known to increase plant ploidy, as shown, for example, in
an orchid tissue culture [70]. The cucumber embryogenic callus established from immature
embryos on media supplemented with 6-BAP, NAA, and 2,4-D regenerated not only into
diploid (57%) but also tetraploid (18%), octoploid (4%), and mixoploid (2n/4n—4% and
4n/8n—17%) regenerants, as tested by flow cytometry [71].

Currently, the SHGD mechanisms are not fully understood. More research is needed
to definitively demonstrate how SHGD occurs and what molecular mechanisms underlie
these processes. Understanding the mechanisms of spontaneous doubling can vastly
improve the genome doubling rate and the efficiency of DH technology.

3. Chemically Induced Genome Doubling Protocols

When SHGD does not occur or happens at a low frequency, genome doubling can
be induced with antimitotic compounds. Currently, a number of antimitotic agents are
used to induce genome duplication, including a natural alkaloid colchicine (C22H25NO6)
and herbicides, such as trifluralin (C13H16F3N3O4), oryzalin (C12H18N4O6S), pron-
amide (C12H11Cl2NO), and amiprofosmethyl (APM) (C11H17N2O4PS). Alcohol n-butanol
(C4H9OH) is also utilized as an antimitotic agent. The listed antimitotic compounds have
a similar mechanism of action. They perturb the microtubule cytoskeleton that prevents
mitotic spindle formation and chromosome separation. As a result, the cell receives a
doubled chromosome set [4,72,73].
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The antimitotic compound choice, concentration and treatment time, supplementary
compounds, and the explants used for treatment are critical for successful genome doubling.
Different approaches for chemically induced genome doubling are covered below.

3.1. Antimitotic Agent Choice

Colchicine is one of the most widely used antimitotic agents (Table 1). Colchicine is
typically applied at concentrations of 0.05 to 5 g/L, but in some cases, it may be outside this
range. For example, Gurel S. et al. (2021) treated sugar beet (B. vulgaris subsp. vulgaris (var.
saccharifera)) with 20 g/L colchicine, while Vasilchenko et al. (2018) used it at a 4000 times
smaller concentration (0.005 g/L) on the same crop [16,74]. Hence, the antimitotic agent
should be tested in a wide range of concentrations to determine the most effective and
cost-efficient treatment protocol. Colchicine must be handled with caution with the use
of protective clothing and gloves due to its toxicity [75]. In addition, colchicine is a light-
sensitive compound; therefore, it has to be used under limited or no light conditions [76].
For instance, plant apices with applied cotton balls soaked in colchicine should be covered
with foil to prevent colchicine degradation.

Trifluralin is another common substance used to increase the ploidy level. It is a
pre-emergence herbicide that prevents seed germination. Trifluralin has low acute toxicity,
but it has been classified as a group C, possible human carcinogen [77]. Similar to colchicine,
it has to be protected from light due to its light sensitivity [72]. Trifluralin is typically used
at 3.35 × 10−4 [78] to a 0.1 g/L concentration. However, concentrations close to 0.1 g/L or
above have led to plantlet death [79,80]. Trifluralin was successfully used in a list of species,
including onion (A. cepa L.) [81], rapeseed (B. napus L.) [78,82], sugar beet (B. vulgaris subsp.
vulgaris (var. saccharifera)) [79,83], rice (O. sativa L.) [5], maize (Z. mays L.) [84], and others
(Table 1).

Oryzalin is used to increase ploidy in many horticultural and ornamental species. For
genome doubling purposes, oryzalin is used at concentrations ranging from 4 × 10−4 [79]
to 0.1 g/L. Similar to trifluralin, high oryzalin concentrations (0.1 g/L or above) are also
detrimental for plant survival [79,85]. Oryzalin was tested in rapeseed (B. napus L.) [82],
sugar beet (B. vulgaris subsp. vulgaris (var. saccharifera)) [79], onion (A. cepa L.) [34,81,86],
maize (Z. mays L.) [84], and other species (Table 1).

Amiprofos-methyl (APM) is an antimitotic agent that destroys mitotic spindle or induces
multipolar spindle division [4]. Successful genome doubling using APM was reported for
a list of species, including rapeseed (B. napus L.) [82], wheat (T. aestivum L.) [87], and maize
(Z. mays L.) [84,88,89]. For vegetable crops, it shows promising results in onion (A. cepa
L.) [81,86,90–93].

The use of herbicide pronamide is limited to a small number of studies. In maize,
0.0026 g/L pronamide resulted in about a 60% doubling rate [84]. In sugar beet and fodder
beet, 0.004 g/L pronamide induced 2% doubling [79]. Rapeseed treatment with pronamide
increased the number of plants with doubled genome (52%) compared to untreated control
(36.4%), but it was less effective than colchicine treatment (69.6%) [94] (Table 1).

N-butanol is a primary 4-carbon alcohol that induces cortical microtubule depoly-
merization [95,96]. A drastic increase in the microspore embryogenesis rate after n-
butanol treatment was observed in wheat (T. aestivum L.) [97] and certain barley cultivars
(Hordeum vulgare L.) [98]. N-butanol has some positive effect on embryogenesis in maize
(Z. mays L.) [95,99,100] and pepper (C. annuum L.) [101]. A further improvement in the
n-butanol treatment regimen and testing of this compound in other species is still needed.

The efficacy of an antimitotic agent treatment critically depends on a number of factors
that determine the toxic effect of the antimitotic compound, as well as the duplication
and the aberrant ploidy rate. The agent concentration, supplementary components, the
application method, and other contributing factors are discussed below.
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3.2. Antimitotic Agent Application Method

Various modifications of antimitotic agent treatment were used in the literature. An-
timitotic agents can be added at different stages of plant development that can affect plant
survival and the efficiency of genome doubling (Table 1). Antimitotic agents can be added
to isolated microspores [78,82,94,101,140,141] and ovules [79,83,102,103] with subsequent
transfer to antimitotic free medium. If doubling occurs at one of the first of the microspore
mitotic divisions, mixoploids may not form [6,141]. However, antimitotic treatment can
negatively affect microspore survival and normal development [4]. Regenerated embry-
oids [81,142,143] or entire plantlets [17,92,122,144], apices [91,122], or roots [41,91,113,116]
of regenerated plants can be used for treatment too.

Alternatively, plants can be treated via the injection of antimitotic agents into the
plantlet stems. However, this protocol is laborious and can lead to the formation of
mixoploids, low survival, and seed production [41,140,145–147].

For polyploidy induction from diploid plants, the antimitotic treatment of seeds,
especially pre-germinated seeds with emerging roots, can be the most effective way to
double the genome [7,112,117].

3.3. Antimitotic Agent Supplementary Compounds

Antimitotic treatment efficiency can be improved with the addition of supplementary
compounds. For instance, to increase the antimitotic compound solubility, stock solutions
are prepared in different solvents. Trifluralin is dissolved in acetone, APM is dissolved in
methanol, and oryzalin is dissolved in 1 M NaOH, 70% ethanol, or acetone. Colchicine can be
dissolved in 96% ethanol, water, culture medium, or 2% dimethyl sulfoxide (DMSO) [1,148].
DMSO is used to increase cell permeability for antimitotic compounds. However, it also exerts
a toxic effect on the cells. The application of colchicine with the addition of 2 or 4% DMSO
decreased the survival rate compared to colchicine dissolved in water, but the doubling rate
increased [144,149]. The addition of surfactants such as Tween 20, Teepol, or other detergents
also increases cell penetration by antimitotic compounds [1,144,150].

Cotton balls, lanolin paste, glycerol, or agar can be used to localize the antimitotic
solution [7,151]. Caffeine can be a promising supplement to reduce the number of albino
regenerants, as shown in wheat. A 0.5 mM caffeine treatment for 24 h significantly increased
the fraction of normal regenerants in two of the six spring wheat crosses [152]. Caffeine
could be tested in other species, including vegetable crops, to study if it can improve
survival or reduce the number of albino plants.

3.4. Antimitotic Agent Exposure Time

Antimitotic exposure time is one of the key factors determining the success of genome
doubling. It depends on the cell cycle length and the accessibility of the compound. If
the treatment is too short, only a small fraction of cells that enter cell division during the
treatment will double their genome. As a result, no ploidy changes occur or mixoploid
plants form. For better results, actively growing plants [6] and the sufficient treatment time
to have most cells enter mitosis must be used. On the other hand, an excessive antimitotic
treatment is toxic and leads to cell death [123]. Since the cell cycle time and sensitivity
to the antimitotic compound depend on genotype and a number or external factors, the
treatment time is determined empirically in different studies. The most commonly used
exposure time range is 3–72 h (Table 1). After the treatment, the plant material is transferred
to antimitotic-free medium, or the antimitotic is washed off from the roots or apices.

4. Chemically Induced Haploid Genome Doubling in Vegetable Crops

The successful genome doubling protocol depends on multiple factors and has to be
adjusted for the species and genotype of interest (Figure 2). However, published data can
be a good starting point for the experimental design (Table 1). Genome doubling protocols
for vegetable crops are discussed below.
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Figure 2. Carrot (D. carota L.) haploid regenerant artificial genome doubling with colchicine.
(A) Carrot embryoids growing from microspores in liquid MSm medium. (B) Plants regenerated
from embryoids were treated with 0.5 g/L colchicine for 48 h. Untreated haploid control tubes
are shown on the left, the colchicine-treated plants that underwent one or two rounds of genome
duplication are shown in the center and on the right, respectively. (C–F) The cytometric analysis of
nuclei isolated from carrot leaves and stained with propidium iodide. The analyzed sample (green
peak) was compared with a control diploid plant (red peak) or a control haploid plant (purple peak).
(C,D) Haploid plants (C) were used for colchicine treatment; aneuploid plants (D) were discarded.
(E,F) The colchicine-treated plants were analyzed by flow cytometry 6 weeks after treatment. Out of
8 treated plants, 2 (25%) became diploid (E) and 6 (75%) became tetraploid (F).

There are no data on the efficiency of red beet (B. vulgaris subsp. vulgaris) (the Amaran-
thaceae family) colchicine treatment. However, there are a number of papers on sugar beet
(B. vulgaris subsp. vulgaris (var. saccharifera)) genome doubling. APM treatment yielded 64%
genome doubling [103]. In other studies, treatment with different antimitotic compounds
produced 2–4.7% doubling [79], 8.4% doubling [105], 19% [104], or doubling efficiency was
not reported [16,74,83,102].

Low rates of spontaneous doubling in onion (A. cepa L.) (the Amaryllidaceae family)
make an antimitotic treatment a necessary step. The application of an antimitotic agent
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was attempted at different stages of development, including embryos [81,93], plantlets
in vitro [34,86,90,92], shoot apices, and root tips [91]. The least laborious approach was the
antimitotic treatment of embryos [153]. Trifluralin, oryzalin, and amiprofos-methyl (APM)
were used successfully in many studies [34,81,86,90,92,93] (Table 1). Genome doubling
efficiency was ranging from over 30% [81,86,90,93], 46% [91], 57.1%, and 65.7% [34] to
100% [92].

To date, there are few studies on the efficiency of induced chromosome doubling in
the Apiaceae family. The most commonly used method for genome doubling in Apiaceae
species is colchicine treatment (Table 1). For carrot (D. carota L.), a 0.5 g/L colchicine
treatment was used for the in vitro culture of isolated microspores for 24 h [114] or
48 h [115]. In caraway (Carum carvi) [113], fennel (Foeniculum vulgare) and dill (Anethum
graveolens) roots were treated with colchicine [116]. No data on the doubling efficiency
were presented by the authors. In our preliminary studies, we treated eight carrot haploid
plants produced from microspores with 0.5 g/L colchicine for 48 h (Figure 2A,B). Two
plants (25%) became diploid, and six regenerants became tetraploid, as assessed by flow
cytometry (Figure 2C–F).

Brassicaceae crops often have a high spontaneous doubling rate and do not need
antimitotic treatment. If needed, antimitotic treatment can be applied. For instance, an over
50% doubling rate was observed when the haploid seedling roots of cabbage (B. oleracea
var. capitata) and broccoli (B. oleracea var. italica) were treated with colchicine. However,
colchicine negatively affected plant survival [41].

In Cucurbita spp., Kurtar (2018) doubled winter squash (Cucurbita maxima Duch.)
and pumpkin (Cucurbita moschata Duch.) haploid regenerants obtained in the anther
culture using repeated 1% colchicine one-hour treatments of ex vitro shoot tips. The best
reported efficiency was 93.3%. However, the actual data showing plant regeneration from
microspores and ploidy measurement data were not shown [154]. Colchicine doubling
protocols were tested in melon [121], pumpkin [122], and cucumber [120], but the doubling
efficiency was not reported.

In Solanaceae crops, antimitotic treatment protocols were tested in a number of species.
In pepper (C. annuum L.), the colchicine treatment of anther culture increased the doubling
rate by 14.1–17.3% compared to SHGD. In addition, in the presence of colchicine, the
embryo formation increased by 36.8% or 89.5%, depending on the media, compared to
the control [55]. In another study, pepper (C. annuum L.) haploid plant treatment with
colchicine led to a 25–27% incidence of diploids and 29–55% rate of mixoploids [136]. The
obtained DH lines are successfully used for breeding. For instance, DH pepper (C. annuum
L.) lines resistant to bacterial spot (Xanthomonas campestris pv. vesicatoria) [155], Verticillium
dahliae Kleb. [156], or carrying nematode resistance genes (Me1, Me3, N, and Me7) [139]
were obtained. Elite homozygous sweet pepper [156,157], long sweet pepper [158], and
four minipaprika [159] lines recommended for variety testing or new approved varieties
with improved fruit qualities and productivity were created using DH technology.

In eggplant (Solanum melongena L.), an in vitro antimitotic treatment was more ef-
fective, yielding from 35% [107] to 100% plants with doubled genome [128,129]. In vitro
treatment also saved time, allowing for earlier doubled haploid plant development and
blooming [128]. The colchicine treatment of ex vitro plants in eggplant was also used in
some studies. Axillary bud ex vitro treatment increased the doubling rate by 25% compared
to SHGD in the untreated control [17]. In another study, eggplant ex vitro plant axillary
buds were treated with colchicine in lanolin paste to minimize the evaporation of the
antimitotic compound. A total of 50–70% of treated plants became diploid [128]. However,
a similar treatment of tomatillo (P. ixocarpa Brot.) was considered unsuccessful. The best
protocol was to excise the apical or axillary buds from the regenerants and place them on
MS medium with 0.05 or 0.1% colchicine. The treatment yielded 50% diploids and 50%
tetraploids [59].
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5. Artificial Polyploidization for Breeding Purposes

Polyploidization is a common event in the evolutionary history of angiosperms. Poly-
ploidy was documented in over 80% of plant species. It is attributed to 2–4% of angiosperm
speciation [160]. The mechanisms of how polyploidy affects phenotype are not fully un-
derstood, but it is likely to be a multitude of factors, including a larger cell size, increased
heterozygosity level, gene dosage, and new epigenetic and genetic interactions [7].

Polyploidy can give an evolutionary advantage to a species. It can also be useful for
plant breeders since polyploidy can improve plant agronomic traits. Many domesticated
crops, including durum wheat (Triticum turgidum subsp. durum), oat (Avena sativa L.),
millet (Panicum miliaceum), potatoes (Solanum tuberosum L.), cotton (Gossypium hirsutum),
and sweet potato (Ipomoea batatas), are polyploid organisms [160]. Polyploidy can occur
naturally due to cell division failure or the fusion of unreduced gametes or via artificial
polyploidization by antimitotic agents. Polyploidy can increase the organ size, useful
substance content, tolerance to stressors, diseases, insects, and other traits [7].

5.1. Chemically Induced Polyploidization in Vegetable Crops

Polyploidization is often utilized in vegetable crops. Polyploidy induction in Cucur-
bitaceae crops plays a major role in obtaining varieties with superior qualities. Triploid
hybrids are produced by crossing diploid and tetraploid watermelons. This method was
first developed by Kihara in 1951. Triploid watermelons produce seedless fruits with an
increased yield and other favorable traits [161]. The colchicine, oryzalin, or ethalfluralin
treatment of watermelon in vitro shoots yielded over 60% tetraploids [123].

In other species, polyploidization is also attempted with the goal of improving the
agricultural value. Colchicine treatment of Katokkon pepper (C. annuum L.) seeds produced
50% of mixoploid plants [162]. Genome doubling in Apiaceae species was performed
with the goal of increasing the size and improving the essential oil content. Parsley
(Petroselinum crispum L.) [117] and ajowan (Trachyspermum ammi) [112] treatment with
colchicine produced 100% and 11.53% tetraploids, respectively. Tetraploid parsley and
ajowan had larger plant size (1.4 and 2 times larger, respectively). The stomata size was
increased, while the stomata density decreased in both studies [112,117]. Tetraploid ajowan
had a 39% larger thymol content in essential oil [112].

Garlic and shallot are propagated vegetatively; therefore, breeders have a high need
to increase the genetic diversity of these crops. One of the approaches that is being taken
into account is the production of tetraploids. Persian shallot (Allium hirtifolium) tetraploids
produced with colchicine or oryzalin treatment had increased the total phenolic compound
and allicin content by 27 and 15%, respectively [111]. Garlic (Allium sativum L.) tetraploid
plants obtained by colchicine treatment had a three times larger leaf area, and their allicin
content increased by 30% [106].

5.2. Chemically Induced Polyploidization in Interspecific Hybrids

Chromosome doubling is also used to restore the fertility of interspecific hybrids. Inter-
specific hybridization is widely used for the introgression of valuable traits, including resis-
tance to diseases, herbicides, salinity, extreme temperature, and others. Interspecific hybrids
are obtained by embryo rescue or natural seed setting [19]. However, most interspecific hy-
brids are sterile, and overcoming their sterility can be a non-trivial task. However, this is a
necessary step to reproduce hybrid forms and perform backcrossing. One of the approaches
to overcome sterility is genome doubling [163]. For example, colchicine treatment was used
to restore fertility in Japanese bunching onion (Allium fistulosum) × onion (A. cepa L.) inter-
specific hybrids [110,164]. The genome doubling in Allium cepa × A. fistulosum hybrids was
necessary for those plants to produce seeds. Plants grown from those seeds demonstrated
robust shoots and inflorescences that were larger than their parent plants. They tolerated
adverse environmental conditions well. They also produced 1.5 times more green mass
that contained more sugars and vitamin C than A. fistulosum samples [110].
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Interspecific onion hybrids (A. cepa L. (2n = 2x = 16) × A. vavilovii (2n = 4x = 32), A. cepa
L. (2n = 2x = 16) × A. nutans (2n = 4x = 32), and A. cepa L. (2n = 2x = 16) × A. schoenoprasum
(2n = 4x = 32)) meristems were treated with 0.01 g/L colchicine, which recovered fertility
in over 60% of hybrid onion plants. By doubling the chromosome set of triploid forms
(2n = 3x = 24), hexaploids (2n = 6x = 48) with fertile pollen were obtained. Hexaploid plants
A. cepa L.× A. nutans (6x) were subsequently used as a mother plant for crossing with
A. cepa L. (2x) to obtain fertile tetraploid interspecific hybrids. The resulting hybrid forms
were perennial, wintered well, had an increased vegetative mass, and were resistant to
downy mildew [110]. A similar approach was utilized in Brassicaceae crops. , crosses
were treated with colchicine by soaking the axillary meristems, and resulting plants with a
doubled genome were able to set seeds in contrast to the original plants. The best outcome
was observed for the 1.5–2 g/L colchicine treatment. As a result, allohexaploid (AABBCC)
crosses that do not exist in nature were obtained. These plants can be useful for combining
valuable traits from A, B, and C Brassica genomes [118]. In another study, Chinese cab-
bage (B. rapa subsp. pekinensis) × white cabbage (B. oleracea var. capitata) and rapeseed
(B. napus)/leaf mustard (B. juncea) × Chinese cabbage (Brassica rapa subsp. pekinensis)
crosses grown in vitro were submerged in 0.1 g/L colchicine for 4 h. The treated plants
were fertile and were used for subsequent backcrossing. This study allowed for plants
with new traits to be produced; the white cabbage with orange/yellow inner leaves trait
(probably due to increased β-carotene levels) was transferred from Chinese cabbage. Also,
Chinese cabbage with increased anthocyanin content (4.7 mg/g) was obtained by interspe-
cific hybridization with rapeseed or leaf mustard [119].

Interspecific hybridization in Solanaceae also allows for the transfer of valuable traits.
For instance, C. annuum L. × C. chinense crosses allowed for the transfer of the Tomato
spotted wilt virus (TSWV) resistance gene from C. chinense. In total, 40 DH regenerants
were obtained from both donor plants. F2 C. annuum L. (variety Zdorovye) × C. chinense
and BC2 C. annuum L. (variety Zdorovye) × C. chinense × Zdorovye × Zdorovye were
generated. The colchicine treatment recovered fertility. The fruit shape was intermediate
between the two species. The weight of fruits in plants obtained from F2 C. annuum L.
(Zdorovye) × C. chinense was three times larger than in the parental form of C. chinense and
almost two times smaller than the fruits of the parental form of C. annuum L. (Zdorovye).
Plants obtained from BC2 C. annuum L. (Zdorovye) × C. chinense × Zdorovye × Zdorovye
had fruits with a weight that was equal or slightly inferior to the fruits of the Zdorovye
variety [138].

Altogether, polyploidization can be a useful tool to tackle a list of problems faced
by a breeder, including improving cultivar characteristics and overcoming interspecific
hybrid sterility.

6. Ploidy Determination Methods

The analysis of ploidy is essential for genome doubling experiments and for the deter-
mination of spontaneously doubled haploid regenerants. Plants with different ploidy often
differ in terms of size and morphology, as well as the development of reproductive organs.
Haploid plants usually have smaller flowers, abnormal ovary development, irregular and
uneven anther development, as well as smaller leaves. Seed setting is used as a marker to
distinguish DHs from haploid plants since the latter ones are mostly sterile [4].

The most accurate ploidy determination methods are chromosome counting and
the flow cytometry of isolated and stained nuclei since they allow for a direct genome
size assessment.

The flow cytometry of cell nuclei is one of the best options for ploidy assessment
since it allows for the fast and precise examination of samples. Tens and even hundreds of
samples per day can be tested, which is advantageous for large-scale breeding programs.
Also, this method allows for ploidy determination at any stage of plant development
in vitro and ex vitro. Flow cytometry is the only method that provides information about
thousands of cells in the sample, allowing for mixoploid plant documentation [165].
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For flow cytometric analysis, plant tissue (mostly leaves) is minced with a razor
blade. The releasing nuclei are filtered to remove debris. Then, they are stained with
a DNA-specific fluorescent dye, such as propidium iodide. The cytometer detects the
fluorescence brightness of the nuclei. Since the dye stoichiometrically binds DNA, it allows
for the differences in the DNA content between the standard and the analyzed sample to be
distinguished (Figure 1G–G′′, Figure 2C–F). Although rapid processing samples have made
flow cytometry the most efficient approach for determining the ploidy, its use in many
laboratories is still limited due to the high cost of equipment and challenges in mastering
quality sample preparation and instrument management [165,166].

The classical method of ploidy determination is chromosome counting in stained
cytological preparations (Figure 1I). The root tips or developing flower buds are fixed,
macerated with enzymes, and stained with DNA dyes for chromosome visualization. Direct
chromosome counting is a very reliable method for ploidy determination, but this method
is extremely time-consuming and technically challenging [166,167].

Also, the number of stomata guard cells in the field of view, the size of the stomata, and
the number of chloroplasts in the guard cells of the stomata can be used to distinguish plants
with different ploidy. The smaller the number of stomata, the larger the stomata, and the
larger the number of chloroplasts in stomatal guard cells, the more they are associated with
higher ploidy (Figure 1H–H′′). This method is widely used since it is fast and inexpensive,
but it can be applied only to ex vitro plants raised under the same conditions [166,167].

7. Conclusions

Increasing plant ploidy is a critical step for many biotechnological methods used
for new breeding material production. In this review, we discussed genome doubling in
vegetable crops for different applications, including DH technologies, obtaining polyploids
and overcoming interspecific hybrid sterility.

Vegetable crops are a challenging subject for DH technologies. During DH production,
microspores or ovules switch their development to sporophytic growth. At the second step,
genome doubling is induced in haploid regenerants. Vegetable crops often pose difficulties at
one or both stages of DH production. Brassicaceae crops can produce a largely varying number
of haploid embryoids depending on a genotype, but SHGD is very common for them [41].
As a result, spontaneously doubled regenerants from responsive genotypes can be included
in breeding programs. In Apiaceae, Brassicaceae, Cucurbitaceae, and Solanaceae crops, one
or both stages of DH technologies are still challenging [9,17,113,116,122]. Improving both
stages would allow for the implementation of DH technologies in vegetable crop breeding on
a routine basis.

Multiple factors have to be adjusted to maximize the genome doubling rate. The
published protocols can be used as a basis for experimental design, but different treatment
regimens should be tested for the best results. The antimitotic agent and supplementary
compound choice and concentration, exposure time, and the method of application should
be tested on a small population of the plants of interest or on plants that are readily available.
For instance, plants from a similar cultivar grown from seeds or micropropagated in vitro
can be used. If no doubling occurs, the increased antimitotic agent concentration, exposure
time, or a different application method can be tested. If mixoploidy or higher-than-needed
ploidy is achieved, the plants can be unusable for future breeding purposes. To avoid
this, the antimitotic agent concentration or exposure time should be adjusted. Excessive
concentrations of antimitotic agents or DMSO can lead to plant death. The genotype, the
quality of the reagents, and the researcher technique can also affect the genome doubling
results. When the best regimen is found, it can be applied to the limited breeding material.

Unfortunately, many published DH protocols do not report the antimitotic agent
application details and the efficiency of the treatment (Table 1). Interspecific hybrid genome
doubling protocols are also often omitted or not covered in full. The assessment of the
chemically induced genome doubling efficiency can be complicated by spontaneously
doubled plants. The best design for experiments targeted to determine the best antimi-
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totic doubling protocols should include an untreated control, but this is often lacking in
published studies. In addition, the number of treated plants is often insufficient for the
protocol efficiency statistical assessment or comparison with other treatment regimens.
This can happen because researchers often have a practical goal of obtaining plants with
a doubled genome from a limited amount of breeding material. Well-designed genome
doubling experiments would provide valuable information for other researchers for the
use and further development of genome doubling protocols.
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Abstract: Onion, belonging to the Allium genus, is an essential and versatile vegetable crop
that plays a pivotal role in culinary traditions worldwide. Renowned for its distinctive flavor
and nutritional value, onion is an indispensable ingredient in countless dishes. As the global
demand for onion continues to surge, securing a stable supply of high-quality, high-yielding
onion varieties becomes ever more pressing. The onion umbel bears numerous tiny flowers
that are protandrous in nature. Hybrid breeding is limited in onion due to high inbreeding
depression, tedious emasculation and lack of elite inbreds. In this quest for crop improvement,
the phenomenon of male sterility stands out as a key tool in modern onion breeding. Male
sterility, which is recognized as the incapacity to produce viable pollen grains, inhibition of
anther dehiscence and production of non-functional male gametes, has been harnessed as a
mechanism to control cross-pollination and escalating hybrid development. The successful
utilization of stable male sterile lines in onion holds the promise of producing uniform, high-
yielding and disease-resistant hybrids. In recent decades, scientific advances have illuminated
the molecular intricacies underlying male sterility systems in onion. Much progress has
been made in elucidating the regulation of male sterility systems in the post-genomics era.
This review highlights the current status of molecular markers linked with male sterility and
provides genetic and molecular insights into its regulation. Additionally, it discusses the role
of male sterility as a transformative tool in onion breeding in the genomics era.

Keywords: Allium cepa; male sterility systems; cytoplasmic-genic male sterility; hybrids;
breeding

1. Introduction

Onion (Allium cepa L.) belongs to the genus Allium, which encompasses over
1100 species with ethno medicinal value including various other well-known members
such as garlic (A. sativum), leeks (A. ampeloprasum var. porrum), chives (A. cepa var. aggre-
gatum) and shallots (A. schoenoprasum) [1]. Onion is diploid, with a chromosome num-
ber of 2n = 2x = 16 and boasts a notably extensive genome size, approximately 16 Gbp
(16,400 Mb/1C) [2]. This genome size ranks it as one of the largest cultivated diploid
crops, surpassing the genome sizes of Arabidopsis and tomato by a factor of 100 and 18,
respectively, which is also comparable to size of cultivated staple cereal, wheat [3].
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Onion is a biennial cross-pollinated crop, but grown as an annual plant for bulb
production. It produces a distinctive bulb composed of fleshy leaves designed to store
carbohydrates and water for the plant’s sustenance. Onions can be propagated through
various means, including seeds, sets (small bulbs) or transplants. They are categorized
into long-day or short-day cultivars based on their response to day length. A day length of
14–16 h is required to initiate bulbing in long-day type cultivars, while a shorter day-length
of 10–12 h is sufficient in short-day type cultivars for bulb formation [4,5]. On the other
hand, the day-neutral types exhibit flexibility in bulb formation across a wide range of
day lengths. The onion inflorescence is known as umbel that bears numerous perfect and
protandrous flowers [6]. Self-pollination is infrequent, as onions are entomophilous and
primarily pollinated by insects. Honeybees are the principal pollinators, and it is a common
practice to place beehives in the fields to enhance seed yield.

Beyond its culinary appeal, onion holds a promising position in production and
export value globally, ranking second only to tomatoes (http://www.fao.org/faostat/en/,
accessed on 1 December 2024). Notably, China and India collectively contribute 47.49% of
the world’s onion production. Onions are cherished for their versatility, being consumed in
both immature and mature bulb stages, either raw or cooked. In addition to their culinary
application, these plants have served as medicinal resources for over 5000 years. Their
nutritional and medicinal properties make them a valuable commodity [7]. Onions are rich
in bioactive compounds like quercetin and rutin [8]; hence, the regular intake is associated
with reduction in different types of cancer, skin and heart ailments and control generation
of ROS (reactive oxygen species) [9]. Onions are considered as low-calorie food and are
abundant in mineral nutrients, vitamins and flavonoid compounds. Moreover, they contain
sulfur compounds known for their anti-inflammatory and anti-cancer properties.

Wide variation is present in onions with respect to bulb shape, bulb color and flavor, bulb
size and quality attributes [8,10]. This inherent diversity in onion cultivars led to extensive
efforts in onion breeding to enhance desirable traits for both commercial and consumer prefer-
ences. Breeders focus on developing cultivars with improved disease resistance, higher yield
and adaptability to different growing conditions. One key aspect of onion breeding involves
the selection and manipulation of genetic traits to achieve desired outcomes. Traditional
breeding methods often rely on controlled pollination to cross plants with specific characteris-
tics, followed by rigorous selection of the resulting progeny. Modern breeding techniques,
including MAS (marker-assisted selection), genomics assisted breeding, genome engineering
via CRISPR/Cas9 and RNAi tools, have expedited the breeding process by allowing breeders
to identify and introduce desired traits more efficiently [11]. Moreover, advancements in
molecular biology have facilitated the elucidation of genetics of important commercial traits in
onion. The molecular markers linked with desirable traits have been identified which further
facilitates for more precise and accelerated breeding programs [12].

In this context, hybrid breeding has become a valuable strategy. Hybrid onions,
derived from the cross-breeding of distinct parental lines, often exhibit improved vigor, uni-
formity and yield compared to their non-hybrid counterparts [13,14]. Male sterility, which
refers to a condition wherein plants do not produce viable pollen or are devoid of anthers,
have a lack of anther dehiscence, or produce malformed and shriveled anthers, is often
exploited in hybrid onion seed production [13]. The advantages of male sterility include
preventing self-pollination, assurance of hybrid purity and facilitating the production of F1

hybrid onions with desirable characteristics [14–16]. The cytoplasmic genic male sterility
(CGMS) system, which is the result of interaction of sterile cytoplasm and nuclear genes,
has been exploited commercially in onion breeding [13]. Since the inception of the CGMS
system by Jones and Emsweller [17], a substantial improvement in onion productivity has
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been recorded [18]. Male sterility has emerged as a pivotal factor in revolutionizing onion
crop improvement. Male sterility systems play a crucial role in crop improvement, offering
significant advantages in the realm of agricultural productivity and breeding programs to
escalate hybrid breeding and overall crop performance [13,19,20].

Male sterility in onions opens a pathway for controlled hybrid seed production,
providing breeders with a powerful tool to regulate the pollination process [15]. In onion,
CMS-S, CMS-R and CMS-T types of cytoplasm have been reported for the production of
elite male sterile parents and enhancing hybrid onion breeding [13,17,21]. This carefully
orchestrated breeding approach, involving the strategic crossing of male sterile female
parents with fertile lines, has demonstrated remarkable success in boosting onion yields
and improving overall crop quality [22].

This review aims at shedding light on the current status of understanding molecular
mechanisms of male sterility systems in onion, their utilization in onion breeding and
future prospects. Understanding the intricacies of CGMS in onion holds great promise
for improving the efficiency and effectiveness of onion breeding programs. This review
also highlights the progress of genomic insights and scope of genome editing in onion
breeding based on male sterility systems. As we explore the multifaceted role of male
sterility in onion breeding programs, we uncover a transformative tool that holds the key
to addressing the evolving challenges of modern agriculture.

2. Male Sterility in Onion

2.1. Types of Male Sterility Systems in Onion

Male sterility is widespread in angiosperms and is vital in hybrid breeding of crops
like onion, cole vegetables and solanaceae vegetables where flowers are tiny and hand
emasculation is cumbersome [13]. Male sterility can be defined as the condition where
plants are devoid of male reproductive organs, i.e., stamens, and if anthers are formed,
they are deformed or non-dehiscent in nature, the male gametes are non-viable and the
female organ is viable [13,19,20,23–25]. Hence, male sterility avoids self-pollination and
ensures increase in genetic diversity through cross-pollination [26]. Although male sterility
rarely occurs in nature, as these plants are eliminated by natural selection forces, it has
been maintained during the domestication process, because it could be a valuable tool
for onion breeding. In that way, male sterility provides a natural and effective mean for
genetic emasculation of plants facilitating hybrid breeding in onion [11]. The maternally
inherited sterility controlled by the mitochondrial genome is designated as cytoplasmic
male sterility. The sterility encoded by nuclear genes is regarded as nuclear or genic male
sterility. Meanwhile, the cytoplasmic-genic male sterility (CGMS) is a type of CMS where
sterility is caused by interaction of nuclear genes and sterile cytoplasm [20,27–29]. The
CGMS system is widespread in onion and has been exploited commercially [13].

The effect of cytoplasmic genes can be masked by dominant fertility restorer genes (Rf
genes) [30]. In onion, the CGMS system has been proved instrumental, where male sterility
is regulated by the interaction of different sterile cytoplasms (CMS-S, CMS-T, CMS-R) and
recessive nuclear genes (Table 1). The first documentation of male sterility in onion was
made in the material of Italian Red cultivar by Jones during 1925 [31]. The male sterility
in this material was reported to be associated with the interaction of sterile cytoplasm “S”
(CMS-S) and recessive nuclear genes, which was recognized as the CGMS system [17,31].
The nuclear gene, when present in dominant form (Ms), leads to the fertile phenotype, while
in recessive homozygous state (msms) with sterile cytoplasm it leads to the male sterile
phenotype (Figure 1). The male sterile gene can be present in three different genotypes in
diploid onion, i.e., dominant homozygous with MsMs genotype, heterozygous as Msms
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and recessive homozygous state with msms genotype (Figure 1). These genotypes may
occur with either sterile “S” or normal “N” cytoplasm, and interaction with nuclear genes
and cytoplasm yields respective phenotypes [26]. The male sterile (S msms) lines can be
maintained by crossing with maintainer (N msms) [32].

Table 1. Characteristics of sterile cytoplasm types governing CGMS in onion.

Features CMS-S CMS-T CMS-R CMS-Y

Description
First identified in the

material of Italian-Red
in 1925

Discovered in the
French variety “Jaune
Paille Des Vertus” in

1965

Originated from the
onion cultivar
“Rijnsburge”

Reported in two onion
accessions, PI273626 and

PI236025

Male sterility
mechanism

Increased genomic shift
of the mitochondrial

gene orf725 along with
a reduction in the copy

number of coxI gene

Enhanced genomic
shift of orf725 gene

along with an increase
in the copy number of

coxI gene

Male sterility is linked
to a specific

mitochondrial gene,
orf725

Male sterility is linked to
the mitochondrial gene,

orf725 with the cox1 gene

Fertility restoration
(Nuclear Rf gene)

Fertility is restored by a
single nuclear

dominant locus Ms

Three independent
nuclear loci are

involved in fertility
restoration (A, C, D)

Restored by a nuclear
dominant Ms locus

Potentially restored by an
Rf gene (not fully

characterized)

Utility Stable and widely
exploited Not used commercially

Less common as
compared to CMS-S

cytoplasm
Unstable and rarerly used

Figure 1. Different progenies generated through pollination of male sterile plants in cytoplasmic-genic
male sterility (CGMS) system.

Another cytoplasmic source in the CGMS system of onion, CMS-T, was discovered in
France in the material of Jaune-Paille Des-Vertus cultivar by Berninger [33]. This cytoplasm
has been used in breeding hybrid cultivars of onion in Europe and Japan [34]. The male
sterile phenotype in CMS-T is conditioned by the “T” cytoplasm with three male fertile
loci [35]. Plants carrying the “T” cytoplasm along with dominant fertile loci “A” or
two complementary dominant fertility restoring loci “C” and “D” are male fertile in
nature [35,36]. Among CMS-S and CMS-T sources of sterile cytoplasms in the CGMS
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system of onion, the CMS-S has been widely exploited widely in onion hybrid breeding
due to its greater stability under varying environments and simple inheritance [21,37,38].
Another type of cytoplasm, identified as CMS-R, has been reported in the Rijnsburger
cultivar in the Netherlands [39]. The CMS-R can be reverted to male fertility by fertile locus
“Ms” [39–42]. However, recently Kim et al. [43] reported another CMS type in onion, i.e.,
“CMS-Y”, which was discovered in the “PI273626” accession of onion (Table 1).

2.2. Utility of Male Sterile Lines in Onion Hybrid Breeding

Onion hybrid breeding is limited by lack of stable male sterile lines particularly in
the tropical environments. Onion flowers are tiny and protandrous, which favours cross-
pollination [6], but this does not completely rule out chances of self-pollination, as a single
onion umbel may bear numerous flowers and the anther dehiscence may coincide with
stigma receptivity of adjacent flowers of same umbel. Therefore, it is necessary to use
methodologies like male sterility systems to ensure hybrid seed production. Heterosis
breeding in onion was initiated with the discovery of male sterility in onion [17] that
was exploited for developing high yielding hybrids [31]. The CGMS system, governed
by interactions between, sterile cytoplasms and nuclear genes, has been instrumental in
accelerating hybrid development in onions [44–46]. The higher production and productivity
of onion in the current scenario is due to the exploitation of heterosis breeding via male
sterility. Hence, much progress has been made in onion with respect to generation and
utilization of male sterile lines along with identification of suitable maintainers [47,48].

Realizing the value of male sterility, Kazakova and Yakovlev [49] initiated the heterosis
breeding in onion by generating twenty male sterile lines. The male sterile lines like
Oriental S61, Oriental S 57, Valencia S1, etc., were utilized in the development of 98 hybrid
progenies, which depicted heterotic performance for yield and quality traits. Sharma [50]
isolated eight different male sterile lines (MS20-MS23, MS34, MS35, MS37 and MS40) and
maintainer lines in the material of Hisar-2. Based on combining ability analysis, they
identified MS34 and MS40 as best general combiner lines and Pusa Red as best tester for
average bulb size and weight. Male sterile plants have been recognized in the material of
Nasik White Globe, IIHR-20 and Pusa Red genotypes in India [51]. Their work led to the
identification of male sterile S-cytoplasm in Arka Pragti and Red Coral [51]. ICAR-IIHR
released two hybrids based on the male sterility system in onion, namely Arka Kirthiman
and Arka Lalima [52]; however, these hybrids did not meet much popularity among Indian
onion farmers. Recently, in quest of identification of novel male sterile lines in short-day
type onion genotypes in India, Manjunathagowda and Anjanappa [47] identified male
sterile and maintainer lines using the black card assay (a visual method to assess pollen
dispersal) and a pollen viability test employing aceto-carmine dye (used to stain the nuclei
of viable pollen). The male sterility was confirmed using the molecular markers which
were designed based on the orf725 gene. Development of ideal male sterile lines in onion is
of significant value for escalating hybrid breeding in onion.

Onion is highly cross-pollinated crop and suffers from high inbreeding depression
in the process of development of inbred lines through continuous inbreeding. Hence,
identification and isolation of stable male sterile systems is a boon for onion breeders.
Some of the breeding lines of onion carrying different cytoplasms reported from different
geographical locations are B1750A (CMS-S), B1750B (CMS-N), RJ70A (CMS-T), RJ70B (CMS-N),
OM113, M1111 (Male sterile lines isolated from the material of Nasik White Globe), and CMS-
ga614A, CMS-ga8111A and CMS-8152A (ga-cytoplasm from A. galanthum) [31,53,54]. The
male sterile lines with the genotype “S msms” can be maintained by repeated backcrossing
with maintainer (B line) with genotype, “N msms”, and subsequent cross-pollination of

37



Horticulturae 2025, 11, 539

male sterile line with ideal pollen parent [11] (Figure 2). Thus, the CGMS system requires
maintenance of three breeding lines in onion: A line (male sterile parent), B line (male
fertile maintainer) and R line (fertility restorer) [22].

Figure 2. Maintaining male sterility through hybridization: The first lane depicts maintenance of
male sterile line (S msms) by crossing with maintainer line (N msms). The second lane depicts hybrid
breeding by crossing male sterile line as female parent with homozygous pollen parent.

3. Genetic and Molecular Basis of Male Sterility in Onion

3.1. Genetics of Male Fertility and Sterility in Onion

The critical understanding of genetic and molecular basis of male sterility in variable male
sterile lines of onion carrying variable cytoplasms is crucial for enhancing an onion hybrid
breeding program. The CMS-S cytoplasm (S msms) has been widely exploited in onion [13] and
is investigated extensively using different populations. The inheritance of fertility restoration in
onion was investigated using the F2 mapping population derived from a cross of BYG15–13
(N MsMs) × AC43 (N msms). The results fitted well in the estimated segregation of ratio
of 1 (14 N MsMs): 2 (28 N Msms): 1 (13 N msms) and testcross progenies segregated in 1
N MsMs: 1 N msms ratio [55]. Bang et al. [56] developed a F2 mapping population of 188
plants from a cross of 506L (male sterile parent) × H6 (DH based male fertile parent), and
the results fitted well in a segregation ratio of 3 (male fertile): 1 (male sterile), indicating the
dominance of fertility locus. Huo et al. [57] derived a backcross population from a three-
way cross combination [118 (S msms) × {118 × 12-10 (S MsMs)}] and studied the segregation
pattern, which fitted in a ratio of 1:1 with 112 male fertile individuals and 128 male sterile
individuals having a differential gene expression for the AcPME gene that was expressed in
male fertile lines at the flower bud stage. To verify the inheritance of fertility restoration in
CMS-S type male sterility in onion, two backcross populations derived from 118 (S msms) ×
12-12 (S MsMs) and 110 (S msms) × 12-12 were investigated [58]. The genotyping of backcross
populations with SCAR markers linked with dominant locus “Ms” (DNF-567) and recessive
locus “ms” (RNS-375) indicated the segregation ratio of 1:1. These results revealed that fertility
restoration in CMS-S types is under the genetic control of the dominant gene [58]. The degree of
fertility restoration varies with the source of fertile Ms locus in onion germplasm. The testcross
progenies based on three different sources of Ms locus, viz. Sapporo-Ki (Ski), Ailsa Craig (AC)
and B2354B, were screened for male fertility through visual phenotyping and acetocarmine
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staining technique [59]. The results revealed variable degrees of fertility restoration in these
three different sources of Ms locus. The segregation ratio fitted in 1:1 proportion for male
fertility and male sterility in the testcross progenies derived from AC and Ski sources [59]. The
genotyping with molecular marker “AcPms1” confirmed the segregation ratio of 1:1 [59].

The CMS-T cytoplasm exhibits maternal inheritance and fertility restoration in CMS-T
cytoplasm depicts a complex inheritance pattern governed by interaction of three Rf genes,
while only one Rf gene is required in case of CMS-S cytoplasm [33,35]. The findings revealed
by Kim [60], based on the analysis of four F2 populations developed using CMS-T-like male
sterile lines and male fertile lines, suggested perfect co-segregation of the “jnurf13” marker for
male fertile phenotypes and genotypes. The segregation ratio based on analysis of these F2

populations fitted in 3:1 ratio, indicating single dominant inheritance of fertility restoration.
These results contradicted earlier findings of inheritance of fertility restoration in the CMS-T
cytoplasm by three Rf genes.

CMS-Y, also referred as “cytotype-Y”, is a novel maternally inherited CMS type in
onion (PI273626 and PI236025) containing unique combination of mitochondrial genes,
“coxI” and “orf725” [43,61]. The inheritance studies based on segregation generation of a
single plant from the accession “PI273626” indicated a single dominant gene, “Ms”, for
fertility restoration in CMS-Y type male sterility.

3.2. Utility of Molecular Markers in Onion Male Sterility

The cytoplasmic male sterility (CMS) phenomenon is triggered in the crop plants if there
is duplication or increase in the copy number of specific regions within the mitochondrial
genome containing CMS-linked genes. The higher proportion of copy number of mitochon-
drial genes is associated with more chances of occurrence of male sterility [62–64]. The majority
of CMS-linked genes are chimeric in nature [20,28,65–68] and the ATP synthase encoding
genes are mainly responsible for the generation of CMS causing chimeric genes [28]. The fre-
quent recombinations in plant mitochondrial genomes are mediated by short repeat sequences
of less than 100 bp, that ultimately leads to the development of chimeric genes inducing
CMS [69–73]. However, the CMS-causing genes may be masked by fertility restorer genes
(Rf ) [27]. These “Rf” genes mainly encode PPR (pentatrico peptide repeat) proteins [20,74],
although some of the “Rf” genes encode other proteins like aldehyde dehydrogenase proteins,
acyl-carrier proteins, glycine-rich proteins and peptidases [75–78].

The three main CMS types, CMS-S, CMS-T and CMS-R, are mainly involved in onion
hybrid breeding programs. The comparative mitochondrial genome sequence analysis of
these CMS types recognized “orf725” as a common CMS-causing gene in onion [61,79–81].
The restoration of fertility in CMS-R type is conditioned by Ms and Ms2 loci [41,60,82]. The
dominant Ms2 locus with CMS-R confers restoration of male fertility despite Ms locus being
in homozygous recessive state [41]. On the other hand, a genomic region located at the 3′

end of the “orf725” gene that exhibits high homology with “orfA501” has been detected in
the CMS-T cytoplasm [83]. The genome walking PCR analysis using homologous sequences
of “orfA501” followed by sequencing of 5′ PCR products indicated the association of 128-bp
of atp1 exon1 sequences with orfA501-homolog sequences. Furthermore, the close linkage
of 5′ partial sequences of the nad7 gene with orf725 was revealed via sequencing of 3′

genome walking PCR products. Thus, a novel candidate gene, “orf219”, was suggested to
be involved in conferring male sterility by the CMS-T cytoplasm [83].

To facilitate the fast identification of male sterile and fertile lines for enhancing onion
hybrid breeding, molecular markers are playing a crucial role. Molecular markers have
been designed for discriminating mitotypes in onions [60,79,84]. The development of
PCR-based markers such as RFLP, CAPS, SCAR and SNP markers has facilitated the
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marker-assisted selection of Ms locus in onion [56,85,86]. The other markers reported for
identification of Ms locus in onion germplasm of India are cob (PCR marker), MKFR (PCR
marker), accD (InDel marker), Jnurf13 (InDel marker) and AcPMS1 (PCR marker) [85,86].
Initially, a molecular marker linked with mitochondrial “cob” gene was developed, which
was capable of distinguishing CMS-S and -N cytoplasms in onion [87]. However, this
marker was not able to differentiate between CMS-T and -N cytoplasms. A remarkable
success was achieved by Engelke et al. [88] who developed a molecular marker, that was
a combination of cob and orfA501, to distinguish CMS-S, -T and -N cytoplasms in onion
breeding material. Later on, Kim et al. [79] reported another mitochondrial marker “orf725”
based on sequences of the “cox1” gene and chimeric “orf725” gene to distinguish CMS-S,
-T and -N cytoplasms in onion. However, mitochondrial “orf725” marker was not able to
distinguish bona fide T cytoplasm (RJ70A) and N cytoplasm (B1750B), both producing
amplicon of 833 bp. The cytoplasm-producing amplicon of both 833 bp and 628 bp was
referred to as “R” cytoplasm, tracing its origin from the “Rijnsburger” onion cultivar [79].

Havey [21] stated that the dominant “Ms” locus does not restore male fertility of
CMS-T, while Kim [60] documented that fertility in CMS-T is restored by dominant “Ms”
locus. This contradiction can be explained by the fact that CMS-R and CMS-S cytoplasms
generate 628 bp amplicon of mitochondrial “orf725” marker, and here the dominant “Ms”
locus restores the male fertility in both cytoplasms. On the other hand, a 628 bp amplicon of
“orf725” is not generated by the CMS-T cytoplasm, and hence the “Ms” locus fails to restore
the male fertility [21,39]. A dominant marker “orfA501” was reported to distinguish CMS-T
cytoplasm type by Havey and Kim [39]. However, being dominant in nature, “orfA501” is
not ideal for screening large numbers of male sterile lines in onion. Hence, a novel molecu-
lar marker was developed based on the orf219 candidate gene [83]. In addition, three HRM
(high-resolution melting) markers (accD-HRM, orf725-HRM, orf219-HRM) were generated
to screen the large breeding material [83,89]. Recently, a two-step technique was devised
to distinguish CMS-N, CMS-T, CMS-S and CMS-R cytoplasms based on HRM markers
(AcM-HRM-F1, AcM-HRM-R1 and AcM-HRM-R2) [90]. Firstly, a forward primer and
two reverse primers based on both cox1 and orf725 gene sequences was designed to differ-
entiate CMS-N, CMS-R and CMS-S cytoplasms. In the second step, to distinguish CMS-N
and CMS-T cytoplasms, screening of breeding lines carrying -N cytoplasm was performed
using molecular markers developed based on the sequence of the orfA501 gene [90]. The
genetic linkage mapping of Ms locus using F2 mapping population derived from a cross of
male sterile and doubled haploid line (506L × H6) located the Ms locus on chromosome
2 linked with CAPS markers (jnurf05 and jnurf17) [86]. Previously, Martin et al. [67] also
located the Ms locus on chromosome 2 using genetic linkage mapping of F2 population
(BYG15−23 × AC43) and depicted the role of SNPs, InDel and SSR markers [67].

Onion hybrid breeding using CGMS requires A (male sterile), B (maintainer) and R
lines (restorer), where Ms/ms alleles are used in restorer and maintainer lines [15]. Thus,
development and identification of R (N MsMs) and B (N msms) lines is crucial in onion hy-
bridization. In line with this, the molecular markers linked with the Ms locus are instrumental
in accelerating onion hybrid breeding [15]. Gökçe et al. [55] identified RFLP-based allelic
diversity in the Ms locus, which facilitated the determination of maintainer lines in onion
germplasm [55]. Furthermore, PCR-based co-dominant oligopeptide-transporter (OPT) mark-
ers specific to the Ms locus were reported by Gökçe and Havey [38]. Another PCR-based
marker “WHR240” linked with the “AcPME” gene was reported to identify fertility restorer
lines [57]. Yang et al. [58] reported SCAR markers (DNF-566 and RNS-357) linked with Ms
locus to differentiate between homozygous dominant (MsMs), homozygous recessive (msms)
and heterozygous (Msms) phenotypes among varieties, hybrids and OP populations.
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4. Phenotypic Features

Male sterility is a crucial trait in onion breeding programs due to its pivotal role
in hybrid seed production, ensuring uniformity, vigor and yield stability. Phenotypic
observation of stamen morphology and pollen viability remains a traditional yet effective
method for identifying male sterility. Indeed, the overall appearance of the inflorescence
can be indicative of fertility or sterility (Figure 3).

Figure 3. Onion inflorescence and breeding. (a) Onion umbel in the initial stage of dehiscence;
(b) male fertile onion umbel; (c) bagging with microperforated bags of onion umbels of individual
plants for selfing to maintain male fertile parent or pollen parent in the Mediterranean region;
(d) bagging of individual plants for selfing to maintain male fertile parent or pollen parent in the
temperate Region of Himachal Pradesh, India.

The phenotype of male sterile plants can be distinguished from their male fertile coun-
terparts based on floral, morphological, reproductive and seed-related traits [24]. The male
sterile plants often exhibit deformed flowers, malformed or shriveled anthers (Figure 4), or
failure to produce functional pollen grains, anther indehiscence or failure of male reproductive
success [13,73,91]. In onion, the plants with the male sterile cytoplasm may exhibits light
green, dark green or yellow anthers [92]. In contrast to that, Saini et al. [93] did not record any
association between male sterility and color of anthers in onion breeding material; instead,
they noticed erratic production of pollen grains in male sterile plants. This could be explained
by the influence of environmental conditions, particularly high temperature. Recently, Singh
and Khar [94] documented significant phenotypic differences between male sterile and male
fertile counterparts in short-day Indian onion lines. The phenotypic observations were made
by examining male sterile and fertile flowers, anthers and pollen grains.
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Figure 4. Onion inflorescence: (A) fertile and (B) sterile inflorescences exhibiting differences in their
overall architecture (malformed or shriveled anthers, the arrangement of flowers, the presence or absence
of certain structures). The overall appearance of the inflorescence can be indicative of fertility or sterility.

However, advancements in molecular techniques have enabled the development of
molecular markers linked with cytoplasm types in onion, that revolutionized an onion
breeding program [18,21]. As discussed, these markers enable precise identification and se-
lection of sterile lines, facilitating the creation of superior hybrid varieties with desired traits.
By integrating both phenotypic and molecular approaches, onion breeders can accelerate
the development of high-performing cultivars, ultimately enhancing crop productivity and
achieving the goals of food security.

5. Genomic and Transcriptomic Insights into Onion Male Sterility

In the post-genomics era, the increase in availability of genomic resources such as
reference genomes, molecular markers, transcriptome data and genomic databases across
the crop plants has accelerated plant breeding [95,96]. In the case of onion, the first draft
genome assembly of a doubled haploid line “DHCU066619” was of 14.9 Gb genome
size [97]. The gene prediction analysis based on ab initio estimated 540,925 genes. The
availability of onion genome assembly has significantly facilitated onion breeding. The
male sterility in onion is vital for escalating hybrid breeding.

The CMS is governed by mitochondrial genome and, in this context, Kim et al. [80] pro-
vided the complete mitochondrial genome sequence of a breeding line carrying S- cytoplasm.
Furthermore, the structure of mitochondrial genome and analysis of DNA rearrangements
linked with male sterility in onion has been studied extensively [61,81,98]. The next-generation
sequencing (NGS) platform was used to sequence the mitochondrial genome of CMS-S type
onion cultivar “Momiji-3” [81]. The results indicated that the mitochondrial genome of
“Momiji-3” is represented by three circles due to high recombination frequency via repeated
sequences. The transcriptome data analysis of mitochondrial genome revealed the presence of
635 RNA-editing positions in the coding regions of the gene. The RNA editing positions indi-
cated the start and stop codons in six genes, viz. nad1, nad4L, atp6, atp9, ccmFC and orf725 [81].
The study did not report any presence of novel orf transcripts and indicated “orf725” as
candidate gene for CMS in “Momiji-3” variety [81]. The comparative mitochondrial genome
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sequence of CMS-T and male fertile counterpart in onion was provided by Kim et al. [61].
They also reported high genomic similarity between CMS-T and normal cytoplasm except for
the presence of “orf725” along with “cox1” sequences in CMS-T mitochondrial genome.

Recently, Bishnoi et al. [98] reported mitochondrial genome sequence of a short-day trop-
ical onion CMS line “97A“ and its maintainer line “97B”. The mitochondrial genome of CMS
line “97A” was of 3,16,321 bp, while the mitochondrial genome of “97B” was comparatively
15 scaffolds due to repetitive genomic regions. Both male sterile and fertile genomes contained
13 and 20 chloroplast-derived fragments, respectively. Further genome analysis depicted
24 protein coding genes in the mitochondrial genome. The comparative genome analysis
revealed high genome similarity between male sterile and fertile mitochondrial genomes,
except for the presence of chimeric orf725 gene in CMS 97A line [98].

Various studies employing RNA sequencing and transcriptomic analysis have con-
tributed significantly to the identification of genes exhibiting differential expression be-
tween male sterile lines and their male fertile counterparts, thereby shedding light on the
intricate physiological and molecular pathways responsible for male sterility. Although
limited in number, research specifically conducted on onion has played a crucial role in this
regard. In this context, Yuan et al. [99] analyzed the microscopic structure of the anthers
in CMS plants (SA2) and their male-fertile maintainers (SB2) in onion. They discovered
that, in male sterile plants, pollen production was disrupted at a specific stage called the
tetrad stage, which is different from what happens in male-fertile plants. To understand
the genetic basis of this differential expression, comparative RNA sequencing of anthers
collected from both SA2 and SB2 plants was performed using Illumina HiSeq platform and
a large number of 146,413 unique genetic sequences, termed all-unigenes, were identified.
Further genomic analysis revealed the role of two cytoplasmic genes, atp9 and cox1, in con-
trolling male sterility. Three nuclear genes, viz. SERK1, AG and AMS, exhibited differential
expression between CMS and male-fertile plants. They confirmed these findings using a
method called fluorescence quantitative PCR.

In another study, Liu et al. [100] used RNA-seq analysis to determine the differential
expression of genes between CMS line “64-2” and its maintainer line “64-1”, in Welsh onion.
The study revealed significant differences between two lines demonstrating differential
expression of 1504 unigenes in 2013 and 2928 unigenes in 2014. The validation of CMS
genes (F-type ATPase, NADH dehydrogenase and cytochrome c oxidase) was performed
with qPCR analysis. The study revealed the role of both mitochondrial and nuclear genes
in regulating CMS in Welsh onion. Despite differences in species, onion (A. cepa L.) and
Welsh onion (A. fistulosum L.) share genetic similarities and physiological traits, suggesting
that conclusions drawn from Welsh onion studies could be relevant and informative for
understanding aspects including cytoplasmic male sterility.

The transcriptome analysis and the investigation of MADS-box genes in onion male
sterility revealed the downregulation of class-B and class-C MADS-box genes, leading to
stamen developmental failure and male sterility in onion [101].

Figure 5 integrates genomic and transcriptomic insights to illustrate the complex
regulatory network governing male sterility in onion. It provides an overview of the
molecular mechanisms underlying this process, highlighting the role of mitochondrial
genes (orf725) in mitochondrial dysfunction. Additionally, it emphasizes the differential
expression of nuclear genes associated with floral organ identity, particularly the downreg-
ulation of MADS-box genes, which leads to stamen developmental failure in male sterile
anthers [101]. It also illustrates the interactions between mitochondrial and nuclear genes,
detailing functional consequences such as tapetal cell degeneration and pollen abortion.
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6. Conclusions

Research on male sterility in onion holds great promise for enhancing crop improve-
ment efforts in the future. Male sterility systems serve as a powerful tool for hybrid seed
production, enabling the development of high-performing onion hybrids. Male sterility, pri-
marily governed by mitochondrial genes, plays a crucial role in hybrid breeding. With the
advances in molecular tools and genomics, the complete mitochondrial genome has been
sequenced, shedding light on the genetic basis of male sterility in onion. This knowledge
has opened new opportunities for harnessing male sterility in onion breeding programs,
allowing breeders to exploit male sterility mechanisms to develop hybrid onion varieties
with enhanced yield potential and improved agronomic traits. Genomic studies have
facilitated the development and identification of molecular markers linked to male sterility,
particularly the mitochondrial genes orf725, orf219 and cox1, enabling marker-assisted
selection of male-sterile lines in onion. Furthermore, transcriptomic studies have revealed
the differential expression of nuclear genes, which plays a role in the regulation of male
sterility in onion. These findings highlight the complex mitochondrial–nuclear interactions
underlying this trait.

By exploiting male sterility mechanisms, breeders can overcome the limitations of
intensive manual emasculation, facilitating efficient hybrid seed production. This approach
also helps mitigate inbreeding depression and achieve hybrid vigor, resulting in increased
yield potential and improved uniformity in onion crops. Continued research on male
sterility will be essential for advancing onion hybrid breeding strategies and addressing
challenges in sustainable agriculture.
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Abstract: Cucumber (Cucumis sativus L.) is a vital economic vegetable crop, and the TONNEAU1
Recruiting Motif (TRM) gene plays a key role in cucumber organ growth. However, the pan-genomic
characteristics of the TRM gene family and their expression patterns under different stresses have
not been reported in cucumber. In this study, we identified 29 CsTRMs from the pan-genomes of
13 cucumber accessions, with CsTRM29 existing only in PI183967. Most CsTRM proteins exhibited
differences in sequence length, except five CsTRMs having consistent protein sequence lengths
among the 13 accessions. All CsTRM proteins showed amino acid variations. An analysis of CsTRM
gene expression patterns revealed that six CsTRM genes strongly changed in short-fruited lines
compared with long-fruited lines. And four CsTRM genes strongly responded to salt and heat stress,
while CsTRM14 showed responses to salt stress, powdery mildew, gray mold, and downy mildew.
Some CsTRM genes were induced or suppressed at different treatment timepoints, suggesting that
cucumber TRM genes may play different roles in responses to different stresses, with expression
patterns varying with stress changes. Remarkably, the expression of CsTRM21 showed considerable
change between long and short fruits and in responses to abiotic stresses (salt stress and heat stress),
as well as biotic stresses (powdery mildew and gray mold), suggesting a dual role of CsTRM21 in
both fruit shape determination and stress resistance. Collectively, this study provided a base for the
further functional identification of CsTRM genes in cucumber plant growth and stress resistance.

Keywords: cucumber; pan-genome; TRM gene; fruit shape; abiotic stress response; biotic stress
response

1. Introduction

TONNEAU1 Recruiting Motif (TRM) family genes are crucial for the growth and de-
velopment of plants, exerting significant functions in various plant species. In Arabidopsis,
34 TRM proteins were identified, and half of them are putative microtubule-associated
proteins [1]. AtTRM1 and AtTRM2 regulate leaf morphology by positively promoting
longitudinal polar cell elongation [2]. The Attrm5 mutant causes slow leaf growth, delayed
flowering, and shortened root length [3]. AtTRM61 has a conserved functional structure
and possesses conserved binding motifs for cofactor S-adenosyl-L-methionine (AdoMet),
affecting embryo arrest and seed abortion [4]. Additionally, TRMs can interact with TON-
NEAU1 (TON1) and Protein Phosphatase 2A (PP2A) through their M2 and M3 domains,
respectively, forming the TTP (TON1-TRM-PP2A) protein complex. This complex is tar-
geted to microtubules (MTs) [1], regulating microtubule organization and preprophase
band (PPB) formation, thus influencing cell division and/or growth. This regulation ulti-
mately affects the size and shape of plant organs [1,5–9]. In tomatoes, TRMs can interact
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with OVATE FAMILY PROTEINS (OFP) through their M8 domain. The OFP-TRM protein
complex undergoes relocalization between the cytoplasm and microtubules, maintaining
a dynamic balance to regulate cell division and organ growth, ultimately affecting fruit
shape [10,11]. SlTRM5 enhances fruit elongation by influencing cell division [12]. In the
LA1589 genetic background, although SlTRM3/4 minimally influenced the fruit shape, the
absence of SlTRM5 led to a slight flattening of the fruit [13]. The fruit shape of the double
mutant lacking both SlTRM3/4 and SlTRM5 closely resembles that of the single mutant
lacking only SlTRM5 [13]. Introducing the non-functional versions of either SlTRM3/4
or SlTRM5 into ovate/sov1 near-isogenic lines (NILs) partially restored the pear shape of
the fruit. Moreover, when both non-functional alleles of SlTRM3/4 and SlTRM5 were
combined in ovate/sov1 NILs, the fruit shape index (FSI) was similar to wild-type (WT)
fruits [11,13], suggesting that SlTRM3/4 and SlTRM5 have additive effects in regulating
fruit elongation. The fruit shape analyses of the SlTRM17/20a, SlTRM19, or SlTRM26a
null mutants in the LA1589 genetic background, generated using CRISPR/Cas9, revealed
an interesting finding, indicating that SlTRM17/20a and SlTRM19 act synergistically to
regulate fruit elongation, whereas SlTRM26a has a limited impact on fruit shape. The null
alleles of SlTRM5 and SlTRM19, in both the LA1589 and ovate/sov1 backgrounds, were
observed to mutually balance their effects on fruit elongation. This suggests that SlTRM5
and SlTRM19 have opposing effects on fruit elongation [13]. In rice, the TRM homologous
genes OsGW7/GL7/SLG7 interact with TON1 and PP2A through their M2 and M3 domains,
respectively, and target them to the cortical microtubules. By influencing the cell length and
width, they regulate the grain size and quality [14–16]. In cucumber, CsTRM5 plays a role
in shaping fruits by influencing the direction of cell division and expansion. Additionally,
ABA was involved in regulating cucumber fruit elongation through CsTRM5-mediated cell
expansion [17].

TRM gene family members are often localized to microtubules [1,2,12]. Microtubules
are crucial components of the plant cell skeleton, and they play vital roles in maintaining
cell shape, adapting to growth, development, and environmental changes, as well as in
processes such as cell division, intracellular transport, immune responses, and stress toler-
ance [18–27]. MICROTUBULE-DESTABILIZING PROTEIN 25 (MDP25) is a hydrophilic
cation-binding protein of the plant-specific developmentally regulated plasma membrane
polypeptide (DREPP) family [28]. It is postulated that AtMDP25 similarly modulates
stomatal closure, root hydrotropic response, and immune responses by influencing micro-
tubule dynamics [29–31]. OsDREPP2 exhibits an affinity for microtubules and, in vitro,
it inhibits microtubule polymerization [32], and MtDREPP induces the fragmentation of
microtubules within membrane nanodomains during rhizobial infections [33]. Ethylene sig-
naling regulates microtubule reassembly by upregulating microtubule-stabilizing protein
WAVE-DAMPENED2-LIKE5 (WDL5) expression in response to salt stress [34]. Katanin1
(KTN1) acts as a microtubule-severing protein. It aids in maintaining the organized micro-
tubule structure. Under hypersalinity, the microtubule-associated protein KTN1 regulates
hypersalinity-induced microtubule disassembly/assembly, thereby enhancing salinity tol-
erance [35]. Microtubules under high temperature stress undergo depolymerization [36].
High temperature stress (35–37 ◦C) disrupts the formation of microtubule-organizing
centers, leading to changes in microtubule dynamics, including their elongation and the
shortening of microtubule arrays [37]. The changes in microtubule dynamics impact vesic-
ular transport, protein trafficking, and cell wall deposition [38–41]. Currently, there are no
reports on the involvement of cucumber TRM family genes in biotic or abiotic stress.

Pan-genomics aims to encompass the entire range of genetic diversity within a species
by assembling and comparing genome sequences from multiple individuals and displayed
a powerful potential in discovering novel genes or gene novel function [42,43]. Pan-
genomes have been constructed for major crops like maize, rice, wheat, and soybean,
utilizing high-quality genomes from various samples, leading to significant advances in the
study of plant genome evolution and the identification of key genes linked to important
agronomic traits [44–48]. In 2014, a pan-genome for wild soybean was developed, offering
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a valuable potential resource for enhancing the genetic diversity of cultivated soybean,
which was reduced during domestication. This effort also identified numerous variations
associated with agronomic traits, including seed composition, flowering, maturity time, and
biotic resistance [49]. The most comprehensive rice graph-based pan-genome constructed
was based on the high-quality genomes of 33 genetically diverse rice accessions [47], which
not only provide detailed insights into genomic variations and their mechanisms, but
also systematically assessed their effects on genome evolution, gene expression, crop
domestication, and environmental adaptability for the first time. Pan-genomes have also
been developed for several key vegetable crops, including tomato, cucumber, eggplant,
and rapeseed, and have also been released, providing a valuable foundation for future
biological studies and breeding programs [50–54]. The first cucumber pan-genome was
constructed using genome data from 12 representative accessions, employing PacBio
sequencing technology and a graph-based assembly strategy. This study elucidated the
karyotype evolution of cucumber during domestication and identified several potentially
significant genes associated with agronomic traits. These findings provide a foundation for
key gene discovery, breeding, and the improvement of cucumber.

In this study, we identified 29 CsTRM genes in the cucumber pan-genome and discov-
ered that the majority exhibit variations in protein length across the 13 accessions, and all
CsTRM proteins showed amino acid variations. Additionally, we analyzed the expression
patterns of the CsTRM genes with RNA sequencing (RNA-seq) data in fruit and under
different stresses, which may have distinct roles in response to these stresses. Consequently,
our study offers a basis for exploring the potential role of TRMs for fruit shape and stress
tolerance in cucumber.

2. Materials and Method

2.1. Identification of TRM Genes in Cucumber

The cucumber pan-genome assembly and annotation files were download from https:
//www.ncbi.nlm.nih.gov/ (accessed on 3 March 2024), and the ‘PI183967’ genome assembly
from http://www.cucurbitgenomics.org/ (accessed on 3 March 2024). CDS sequences
were extracted and we translated them into protein sequences using TBtools software
(v2.031). The AtTRM family members were retrieved from https://www.arabidopsis.org/
(accessed on 20 March 2024), and these sequences were employed as queries in TBtools to
predicted TRM family members in cucumber. A conserved motif analysis was performed
using MEME (https://www.omicsclass.com/article/432) (accessed on 20 March 2024). The
results were visualized with TBtools, and the final CsTRM family members were screened
based on the conserved M2 motif.

2.2. Protein Length, Motif Composition, and Gene Structure Analysis Amino Acid Variations

The protein sequences of CsTRMs from various cucumber accessions were obtained,
and their lengths were measured with TBtools. The amino acid variations were assessed
with the DNAman6.0 program. The conserved motifs were characterized with TBtools.
The locations of CDSs and UTRs were retrieved from the genomic annotation database and
visualized with TBtools [55].

2.3. Gene Duplication and Synteny Analysis

The genomic databases for cucumber, maize, rice, Arabidopsis, and tomato were
obtained from http://cucurbitgenomics.org/organism/20 (accessed on 25 March 2024) and
http://plants.ensembl.org/index.html (accessed on 25 March 2024). The gene duplication
events and the syntenic relationships were identified using the Multiple Collinearity Scan
toolkit (MCScan X) [56] employing the standard settings. The results were visualized and
constructed used by TBtools [55].
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2.4. Transcriptome Profiling of CsTRMs in Fruit

The publicly available transcriptomic data of cucumber fruit at anthesis from inbred
lines 32X and Gui Fei Cui carpel numbers (SPR182933) [57], long fruit 408 and short fruit
409 (SPR045470) [58], and fruit of WT and CsFUL1A-OX-29 (SPR117025) [59] were acquired
from NCBI (https://www.ncbi.nlm.nih.gov/geo/browse) (accessed on 25 May 2024) to
analyze the expression patterns of CsTRMs in fruit. The genome-wide expression patterns
of the CsTRM gene were displayed on a heatmap generated with TBtools [55]. For analyzing
the transcriptome of the CsTRMs, a threshold of p-value (or FDR) ≤ 0.05, and a value of
log2 (fold-change) ≤ −1 or log2 (fold-change) ≥ 1 were employed to define DEGs.

2.5. Transcriptome Profiling of CsTRMs in Response to Abiotic and Biotic Stresses

We used the publicly accessible transcriptomic data of cucumber seedlings exposed
to salt under 75 mM NaCl and 0.3 mM Si (GSE116265) [60], heated at 42 ◦C in Chinese
Long 9930 (GSE151055) [61], and cucumber leaves were inoculated by powdery mildew
(PM), Pm5.1 (GSE81234) [62], and gray mold (GM) (SRP062592) [63]; and powdery mildew
(DM) (SRP009350) [64] were acquired from https://www.ncbi.nlm.nih.gov/ (accessed on
25 May 2024) to investigate CsTRM expression profiles in response to different stresses.
After aligning the gene IDs to the cucumber genome, the genome-wide expression of the
CsTRM gene was displayed on a heatmap generated with TBtools [55]. For analyzing
the transcriptome of the CsTRMs, a level of p-value (or FDR) ≤ 0.05, and a value of log2
(fold-change) ≤ −1 or log2 (fold-change) ≥ 1 were employed to define DEGs.

2.6. RNA Isolation and Quantitative Real-Time PCR (qRT-PCR) Analysis

To acquire samples for the purpose of expression analysis, the ovary was collected
from cucumber plants 4 days before anthesis (4 DBA) and 0 day after anthesis (0 DAA)
of the long fruit line CSSL2-7 and the round fruit line RNS7 [65], and the cotyledons of
cucumber seedlings inoculated with GM 0 h, 6 h, 24 h, and 72 h for RNA extraction. Total
RNA was extracted using TRIzol (Accurate Biotechnology, AG21102, Changsha, China),
and then we verified quality and measured concentration. And, for cDNA Synthesis
with the Evo M-MLV RT Mix Kit with gDNA Clean for qPCR (Accurate Biotechnology,
AG11728, Changsha, China), qRT-PCR was performed using the 2X SYBR Green Pro Taq HS
Premix (Accurate Biotechnology, AG11718) with CFX Opus 96 real-time PCR system (BIO-
RAD). The gene of cucumber Actin served as reference gene. Three biological replicates
were included in the expression analysis. The relative expression levels of CsTRMs were
calculated using the 2−ΔΔCt approach. Primers were listed in Table S5.

3. Result

3.1. Identification of CsTRM Genes Based on the Cucumber Pan-Genome

To investigate the variation of the TRM genes across cucumber accessions, we identi-
fied CsTRM genes from the pan-genome, which includes 13 cucumber accessions [43]. A
total of 29 putative TRM genes were identified among the genomes of the 13 cucumber
accessions (Table 1, Table S1). We renamed them CsTRM01–CsTRM29 according to their
chromosomal order to avoid confusion in this study (Table 1). Additionally, CsTRM04
exhibits multiple copies in W4. There were 28 CsTRM genes identified from ‘9930’, be-
ing consistent with the previous study [54], and from PI183967, lacking CsTRM03 and
possessing a unique CsTRM29 (Table 1); 27 from ‘Cu2’, ‘Cuc64’, ‘W4’, ‘Hx14’, ‘Hx17’
‘Cuc37’, ‘Gy14’, and ‘9110gt’; 26 from ‘XTMC’; and 25 from ‘Cuc80’ and ‘W8’ (Table 1).
For CsTRM01, 02, 05, 07, 09, 11, 12, 13, 14, 15, 17, 18, 19, 21, 23, 24, 25, 26, 27, and 28, all
are present in the 13 cucumber accessions. CsTRM3 is absent in Cuc80 and PI; CsTRM04
is absent in Cuc80 and W8; CsTRM05 is absent in XTMC and W8; CsTRM08 is absent in
XTMC; CsTRM10 is absent in Cu2 and Cuc80; CsTRM16 is absent in Cuc64, W4, W8, Hx14,
Hx17, and Cuc37; CsTRM20 is absent in Gy14; CsTRM22 is absent in 9110gt. CsTRM29
only existing in PI183967 is identified as a new member of the CsTRM gene family in the
13 cucumber accessions.
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3.2. Analysis of Protein Length and Amino Acid Variations in the CsTRM Proteins

To further understand the protein length variation of CsTRMs among the cucumber
accessions, the lengths of the identified CsTRM proteins are presented in Table 2. Five
CsTRMs showed the same protein lengths across 13 cucumber accessions, CsTRM04, 11, 14,
15, and 21, respectively. The length of CsTRM01, 02, 05, 06, 13, 18, 22, 24, and 26 varied by
just one of the accessions. And others exhibited variations in protein length across different
accessions. The data highlighting these length differences are shown in red in Table 2.

Table 2. The predicted lengths of TRM proteins (amino acid residues) in the 13 cucumber accessions.

Protein Number 9930 XTMC Cu2 Cuc80 PI Cuc64 W4 W8 Hx14 Hx117 Cuc37 Gy14 9110gt

CsTRM01 1048 1048 1048 1048 1048 1048 1043 1048 1048 1048 1048 1063 1048
CsTRM02 1040 1067 1067 1067 1067 1067 1067 1067 1067 1067 1067 1067 1067
CsTRM03 780 788 788 788 781 781 781 781 781 788 781
CsTRM04 402 402 402 402 402 402/402 402 402 402 402 402
CsTRM05 776 803 803 803 803 803 803 803 803 803 803 803 803
CsTRM06 722 722 722 722 722 722 722 750 722 722 722
CsTRM07 893 478 893 891 891 893 893 899 893 891 891 922 891
CsTRM08 893 879 879 893 879 879 879 893 879 879 904 879
CsTRM09 930 933 933 933 932 933 933 933 933 933 933 932 933
CsTRM10 346 346 344 344 344 344 346 344 346 305 346
CsTRM11 616 616 616 616 616 616 616 616 616 616 616 616 616
CsTRM12 953 953 954 954 953 953 953 953 953 952 953 954 953
CsTRM13 963 963 963 963 963 963 963 963 963 963 963 927 963
CsTRM14 353 353 353 353 353 353 353 353 353 353 353 353 353
CsTRM15 888 888 888 888 888 888 888 888 888 888 888 888 888
CsTRM16 472 472 550 550 472 472 550
CsTRM17 1091 1038 1091 1091 1091 1091 210 353 440 600 1091 1058 357
CsTRM18 961 961 961 961 961 922 961 961 961 961 961 961 961
CsTRM19 903 903 987 987 906 987 906 906 906 906 906 906 906
CsTRM20 785 785 785 785 781 781 781 781 785 785 745 785
CsTRM21 476 476 476 476 476 476 476 476 476 476 476 476 476
CsTRM22 495 495 495 495 495 495 495 495 495 495 495 449
CsTRM23 794 794 794 848 795 795 794 795 794 794 795 794 736
CsTRM24 1049 1049 1049 1049 1049 1049 1049 1049 1049 1049 1049 1049 958
CsTRM25 1011 1011 1011 1011 902 959 1009 1011 1022 1009 1011 940 1011
CsTRM26 936 936 936 936 936 936 938 936 936 936 936 936 936
CsTRM27 505 505 505 505 505 505 505 736 505 473 505 505 505
CsTRM28 960 960 960 959 959 994 995 1047 895 995 995 976 978
CsTRM29 788

Note: PI represent cucumber accession PI183967.

Among the proteins differing in lengths, CsTRM01 in ‘W4’; CsTRM02 in ‘9930’;
CsTRM03 in ‘9930’; CsTRM05 in ‘9930’; CsTRM07 in ‘XTMC’; CsTRM09 in ‘9930’; CsTRM13
in ‘Gy14’; CsTRM18 in ‘Cuc64’; CsTRM19 in ‘9930’ and ‘XTMC’; CsTRM20 in ‘Cuc37’;
CsTRM22 in ‘Gy14’; CsTRM23 and CsTRM24 in ‘9110gt’; CsTRM25 in ‘PI183967’; CsTRM27
in ‘Hx117’; and CsTRM28 in ‘Hx14’ were shorter in length compared to those in other
accessions, whereas CsTRM16 in ‘Cu2’, ‘Cuc80’, and ‘Gy14’; CsTRM19 in ‘Cu2’, ‘Cuc80’,
and ‘Cuc64’; and CsTRM26 in ‘W4’ were longer compared to those in other accessions. Fur-
thermore, the lengths of certain proteins exhibited multiple instances of polymorphism. For
example, the protein length of CsTRM17 showed no difference in ‘9930’, ‘Cu2’, ‘Cuc80’, ‘PI’,
‘Cuc64’, and ‘Cuc37’, but was totally different in other accessions, furthermore, dramatically
shortened in ‘W4’, ‘W8’, ‘Hx14’, ‘Hx117’, and ‘9110gt’ (Table 2).

Aside from changes in protein length, amino acid substitutions can also impact a
protein’s function [66]. The analysis focused on the amino acid variations in CsTRMs across
various cucumber accessions (Table S1). Amino acid variations were annotated using the
CsTRM protein sequence of 9930 as reference, and all CsTRM proteins exhibit amino acid
variations. CsTRM04, 11, 14, 15, and 21 have six, five, three, seven, and two amino acid
variations, respectively, but these do not lead to changes in protein length (Table 2). Some
CsTRMs exhibit amino acid insertions leading to an increase in protein length. For example,
CsTRM02 has 27 amino acid insertions in accessions other than 9930. In CsTRM06, 17,
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26, 27, and 28, there are frame shifts leading to amino acid variations. Some amino acid
variations are quite significant, such as CsTRM07, 17, and 24.

Some amino acid variations are quite significant, such as CsTRM07, 17, and 24 (Table 2).
Further comparisons of the CsTRM07, 17, and 24 gene structures and gene conservative
motifs are conducted (Figure 1). CsTRM07 in XTMC has only 478 amino acids, which is
significantly shorter than that in the other 12 accessions (Table 2), and its gene structure
underwent changes along with alterations in some conserved motifs, experiencing an
increase in gene length, but not leading to the loss of conserved motifs in Gy14 and
PI183967 (Figure 1A). For CsTRM17, the protein length varied from 210 amino acids to
1091 amino acids across the 13 accessions (Table 2), with corresponding changes in the gene
structure and some conserved motifs; especially in W4, there are only two conserved motifs
(Figure 1B). In CsTRM24 of 9110gt, alterations in the gene structure caused the decreased
protein length, but without a reduction in conserved motifs.

Figure 1. Comparison of the conserved motifs and gene structures of CsTRM07 (A), CsTRM17 (B),
and CsTRM24 (C) in the 13 cucumber accessions.

3.3. Synteny Analysis of CsTRM Genes

The phylogenetic relationship of the cucumber TRM family was further examined
by creating comparative syntenic maps of cucumber and comparing them with four rep-
resentative species, containing two dicots (Arabidopsis and tomato) and two monocots
(rice and maize) (Figure 2). One, three, eight, and nineteen CsTRM genes showed syntenic
relationships with those in the other four species: maize, rice, Arabidopsis, and tomato,
respectively (Figure 2). Only one TRM collinear gene pair was found between cucumber
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and maize, followed by cucumber and rice (four), cucumber and Arabidopsis (nine), and
cucumber and tomato (twenty) (Table S2). It is evident that dicotyledonous plants exhibit a
notably higher number of homologous genes compared to those shared between dicotyle-
donous and monocotyledonous plants. This observation aligns with the patterns expected
in biological evolution. CsTRM18 and its collinear gene pairs with maize are observed in
rice and tomato, but not in Arabidopsis, indicating differences in the evolutionary process
of CsTRM18. Additionally, collinear gene pairs between cucumber and rice, maize, and
Arabidopsis are observed in cucumber and tomato, suggesting that cucumber and tomato
may have undergone a common evolutionary history.

Figure 2. Synteny analysis of TRMs among cucumber and other plant species: Gray lines indicate the
collinear blocks, while red lines highlight the collinear gene pairs involving TRM genes. ‘C. sativus’,
‘Z. mays’, ‘O. sativa’, ‘A. thaliana’, and ‘S. lycopersicum’ indicate Cucumis sativus, Zea mays, Oryza sativa,
Arabidopsis thaliana, and Solanum lycopersicum, respectively.
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3.4. Expression Profiles of CsTRM Genes in the Fruit

In cucumber and tomato, some TRM genes can regulate the fruit shape [11,13,18]. To
investigate the function of CsTRMs in fruit shape, we conducted the expression analysis
of CsTRMs using published RNA-seq data on fruits with different carpel numbers and
lengths [57–59]. Relative to the South China-type cucumber 32X (carpel number = 3), the
transcription levels of CsTRMs in the mutant Gui Fei Cui (GFC, carpel number = 5) from
32X showed no significant changes (Figure 3A, Table S3), indicating that CsTRMs might
not play a crucial role in regulating the cucumber fruit carpel number. Compared to long
fruit 408, there were eight genes downregulated in short fruit 409, namely, CsTRM5, 6, 10,
11, 14, 21, 26, and 27 (Figure 3B). Compared to empty vector/control transgenic plants WT,
CsFUL1A-OX-29 had a total of 12 genes downregulated, namely, CsTRM1, 2, 5, 6, 7, 10, 12,
13, 16, 20, 21, and 27; and 4 genes upregulated, namely, CsTRM8, 17, 25, and 26 (Figure 3C).
In CsFUL1A-OX-29 versus empty vector/control plants and 409 versus 408, CsTRM5, 6, 10,
21, and 27 were significantly downregulated (Figure 3B,C), indicating that these genes play
a crucial role in regulating the fruit shape. However, the expression trend of CsTRM26 in
the two groups of long and short fruit materials is opposite (Figure 3B,C), which may be
due to the different genetic backgrounds of the materials.

Figure 3. Expression analysis of CsTRMs in the fruit: The transcriptional levels of CsTRM genes in
GFC (carpel number = 5) and 32X (carpel number = 3) (A), 408 (long fruit) and 409 (short fruit) (B),
and WT and CsFUL1A-OX (C) are shown on the heatmaps. A color scale range of −2.0 to 2.0 and −1.5
to 1.5 was applied, based on the normalized values. The color gradient, from blue to red, represents
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increasing expression levels. GFC, mutant Gui Fei Cui (GFC) from South China-type cucumber 32X.
The carpel number changed from 3 in 32X to 5 in GFC, despite the number of other floral organs,
such as sepal, petal, and stamen, remaining unchanged. WT, empty vector/control transgenic plants.
FC, fold-change. (D) qRT-PCR analysis of CsTRM expression of the cucumber ovary at 4 days before
anthesis (4 DBA) and 0 days after anthesis (0 DAA) at the long fruit CSSL2-7 and the round fruit RNS7.
The gene of cucumber Actin served as reference gene. The standard error of the mean is represented
by the error bars (n = 3). Significance analysis was performed with the two-tailed Student’s t-test
(ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001).

To further verify the reliability of the RNA-seq results, we conducted qRT-PCR anal-
yses of CsTRM gene expression in the ovary of the long-fruited line CSSL2-7 and the
round-fruited line RNS7 at 4 days before anthesis (4DBA) and on the day of anthesis
(0DAA). Collectively, the qRT-PCR results corresponded well with the transcriptomic data,
confirming the accuracy of the datasets (Figure 3D). In RNS7, the expression levels of
CsTRM5, CsTRM6, and CsTRM21 were consistently lower than those in CSSL2-7 at both
4DBA and 0DAA. The CsTRM27 expression in RNS7 was lower than in CSSL2-7 at 4DBA
but showed no significant difference at 0DAA, suggesting that gene expression levels
change during fruit development.

3.5. Expression Patterns of CsTRM Genes under Abiotic and Biotic Stresses

TRM gene family members are often localized to microtubules; microtubules are
involved in immune responses and stress tolerance. To further investigate the roles of
CsTRM genes under various stresses, we analyzed their comprehensive expression patterns
in response to various stresses, including salt, heat, downy mildew (DM, Pseudoperonospora
cubensis), gray mold (GM, Botrytis cinerea), and powdery mildew (PM, Podosphaera fusca)
based on public RNA-seq data [60–64].

Initially, we examined the roles of CsTRM genes in response to salt stress (Table S4).
The transcriptomic data were visualized using a heatmap (Figure 4A). We observed that
the expression levels of CsTRM4, 8, and 14 considerably increased in response to NaCl
stress, and four genes exhibited the opposite trend with exposure to NaCl stress: they
are CsTRM5, 11, 21, and 24 (Figure 4A). Under the conditions treated with Silicon (Si)
only, the expression of CsTRM3 and CsTRM14 was upregulated, whereas the expression of
CsTRM11, 21, and 24 was downregulated. The expression of CsTRM14 was upregulated
under both individual NaCl treatment and individual Si treatment, while the expression of
CsTRM11, 21, and 24 was downregulated. Previous research has demonstrated that the
application of Silicon (Si) can enhance plant growth when subjected to salt stress. After
treatment with Si, the gene expression levels of CsTRM11, 14, and 24, which exhibited
significant changes under salt stress, returned to normal levels; CsTRM5, 8, and 21 showed
only slight regression, while the expression level of upregulated CsTRM4 showed a slight
increase. We also investigated the responses of CsTRM genes to heat tolerance (Figure 4B,
Table S4). At three hours after high-temperature treatment, CsTRM1, 11, 16, 18, 21, 22,
and 26 were downregulated, while CsTRM3, 8, and 20 were upregulated. The expression
of CsTRM16 and CsTRM22 at six hours after heat stress showed no significant difference
compared to the 0 h heat treatment, while the changes in other differentially expressed
genes were consistent with the 3 h heat treatment. Specifically, at three and six hours
after heat stress, the genes upregulated were nearly identical (Figure 4B), indicating their
potential significant roles in conferring thermostolerance. Additionally, CsTRM3, 8, 11, and
21 were differentially expressed in responding to heat and NaCl treatments, with consistent
trends.
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Figure 4. Expression patterns of CsTRM genes in response to abiotic stress: The heatmap displays the
gene expression levels of CsTRM genes in response to salt (A) and heat (B) tolerance. A color scale
range of –3.0 to 3.0 was applied, based on the normalized values. The color gradient, from blue to
red, represents increasing expression levels. Abbreviations include CT for control treatment; HT for
heat treatment; HT0h for HT at 0 h; HT3h for HT at 3 h; and HT6h for HT at 6 h. FC, fold-change.

To investigate the possible roles of CsTRMs in resisting biotic stresses, we analyzed the
expression of CsTRMs using RNA-Seq data from cucumber seedlings infected with PM for
48 h, GM for 96 h, and DM for 8 days [62–64]. Four genes were found to be differentially
expressed after PM inoculation in the susceptible cucumber line D8 leaves compared with
the control. The expression of CsTRM14, 21, and 27 were upregulated, while CsTRM20 were
downregulated; and four genes were differentially expressed in the resistant cucumber line
SSL508-28 leaves compared with the control. The expression of CsTRM4, 14, and 27 were
upregulated, while CsTRM21 were downregulated (Figure 5A). In the susceptible and the
resistant cucumber line affected by PM, CsTRM14, and CsTRM27 had similar expression
trends, while CsTRM21 had opposite expression trends (Figure 5A). After 96 h of GM
inoculation, cucumber seedlings showed a significant downregulation of 14 CsTRM genes
compared to the uninoculated control, namely, CsTRM1, 2, 5, 6, 7, 10, 11, 13, 14, 16, 20, 21, 27,
and 28, and significant upregulation of three genes, namely, CsTRM3, 18, and 26 (Figure 5B).
In the transcriptomic analysis of cucumber seedlings infected with DM, only five TRMs
genes exhibited significant changes in expression (Figure 5C). CsTRM1, 7, 14, and 28 were
upregulated at least at one time point during treatment, while CsTRM8 was downregulated
at 6 days post inoculation (dpi) and 8 dpi. CsTRM28 was upregulated at 2 dpi, 3 dpi, 4 dpi,
6 dpi, and 8 dpi (Figure 5C), indicating its significant role in responding to the DM. In
summary, the expression of CsTRM14 was significantly upregulated in cucumber seedlings
inoculated with PM, BC, and DM, indicating its broad-spectrum role in responding to
biotic stress.

To further confirm the reliability of the RNA-seq results, we conducted qRT-PCR
analyses of the CsTRM gene expression of the cotyledons of cucumber seedlings inoculated
with gray mold (GM) at 0 h, 6 h, 24 h, and 72 h, and maintaining environmental humidity
after inoculation was necessary. Collectively, the qRT-PCR results corresponded well with
the RNA-seq data, confirming the accuracy of the datasets (Figure 5D). The expression of
CsTRM5 gradually decreased after inoculation. In contrast, the expression of CsTRM18 and
CsTRM26 increased after inoculation at 6 h and remained at elevated levels. The expression
of CsTRM21 showed a rapid increased after inoculation at 6 h, but the expression decreased
at 24 h and 72 h to below that observed at 0 h post inoculation. This indicates that CsTRMs
exhibit different response mechanisms to gray mold infection.
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Figure 5. Expression analysis of CsTRMs under biotic stresses: The heatmaps displays the transcrip-
tional levels of CsTRM genes in response to powdery mildew (PM) for 48 h (A), gray mold (GM) for
96 h (B), and downy mildew (DM) for 1–8 days post inoculation (C). A color scale range of –3.0 to
3.0 was applied, based on the normalized values. The color gradient, from blue to red, represents
increasing expression levels. Abbreviations include ID for PM-inoculated susceptible cucumber line
D8 leaves; NID for non-inoculated D8 leaves; IS for PM-inoculated resistant cucumber line SSL508-28
leaves; NIS for non-inoculated SSL508-28 leaves; CT for without inoculation; DPI for days post
inoculation; and FC for fold-change. (D) qRT-PCR analysis of CsTRM expression of the cotyledons
of cucumber seedlings inoculated with gray mold (GM) at 0 h, 6 h, 24 h, and 72 h, and maintaining
environmental humidity after inoculation was necessary. The gene of cucumber Actin served as
reference gene. The standard error of the mean is represented by the error bars (n = 3). Significance
analysis was performed with the two-tailed Student’s t-test (* p < 0.05, ** p < 0.01, *** p < 0.001).

4. Discussion

Studies have shown that a single reference genome is insufficient for capturing the full
diversity within a species [67]. Therefore, we carried out a thorough analysis to identify and
characterize the TRM family in 13 different cucumber varieties. Although, in the previous
study, 28 members of the TRM family were identified [54], in this study, a novel member,
CsTRM29, which is only present in PI183967, was discovered (Table 1). Moreover, only five
CsTRMs show a uniform protein length in all 13 cucumber accessions, and all the identified
TRM proteins have amino acid variations including insertions, deletions, single amino acid
changes, and frame shifts (Table S1). Some CsTRMs underwent changes not only in gene
structure but also in conserved motifs (Figure 1). Therefore, in this study, we found rich
variations occurred in CsTRMs from the pan-genomes of 13 cucumber accessions, and these
variations will provide a base for discovering TRM genes with novel functions, which will
accelerate the breeding of new cucumber varieties [44].
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It is widely recognized that there exists a correlation between gene expression and
gene function. The cucumber fruit typically have three fused carpels [68]; the carpel number
is an important fruit trait that affects the fruit shape, size, and internal quality [57]. In the
lines with different carpel numbers, there were no significant differences observed in the
expression of CsTRMs (Figure 3A), suggesting that CsTRMs might not play a critical role in
regulating the number of carpels in cucumber fruits. However, in the short-fruited lines
(409 and CsFUL1A-OX-29), CsTRM5, 6, 10, 21, and 27 were significantly downregulated
(Figure 3B,C), indicating that these genes might play crucial roles in regulating cucumber
fruit length. Interestingly, the expression of CsTRM26 is lower in the short-fruited line 409
than in the long-fruited line 408, but higher in the short-fruited line CsFUL1A-OX-29 than
in the wild type. This could be due to differing genetic backgrounds or the possibility that
CsTRM26 does not regulate cucumber fruit length.

Thus far, TRMs have been reported to be functional in plant organ growth, but not in
plant response to stresses. But an increasing number of works of research suggested that,
apart from their crucial roles in mechanical architecture and cell division, microtubules are
also implicated in plants’ adaptation to severe environmental conditions [69]. Since some
TRMs are microtubule-binding proteins, they might participate in stress responses. There-
fore, we analyzed the expression patterns of CsTRMs under certain stress conditions in this
study. Many CsTRM genes showed expression changes at varying degrees under different
stress conditions (Figures 4 and 5). Under salt and heat stress conditions, the expression of
CsTRM3 and CsTRM8 was significantly upregulated, while CsTRM11 and CsTRM21 were
significantly downregulated (Figure 4); however, under inoculation with PM, BC, or DM,
the expression of CsTRM14 was significantly increased, while the expression of CsTRM21
showed significant changes after inoculation with PM and BC (Figure 5). These results
might indicate that different CsTRMs respond to abiotic or biotic stresses. Remarkably,
CsTRM21 plays a crucial role in regulating the fruit shape (Figure 3B,C) and in responding
to biotic stresses (Figures 4 and 5). Therefore, this study provided not only a base for the
function of CsTRMs in stress tolerance, but also a cross-talk point between organ growth
and biotic stresses.

5. Conclusions

In this study, we conducted a pan-genome analysis to identify the TRM gene family in
cucumber, identifying a total of 29 members, including a novel member, CsTRM29, which
is exclusively present in PI183967. Only five of the CsTRMs have consistent protein lengths
among the 13 accessions. All CsTRM proteins showed amino acid variations. Furthermore,
the transcriptomic data of fruits with different shapes indicate that CsTRMs play a sig-
nificant role in regulating the fruit length but not in controlling the carpel number. And
transcriptomic data from various stress conditions highlighted the comparative analysis of
the CsTRM expression in response to abiotic and biotic stressors, and CsTRM14 was identi-
fied as responding to salt stress, powdery mildew, gray mold, and downy mildew. Notably,
CsTRM21 plays a role in regulating both the fruit shape and resistance. In summary, this
study offers a reference for exploring the potential role of TRMs for fruit shape and stress
resistance in cucumber.
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Abstract: Purple Pak-choi is rich in anthocyanins, which have both ornamental and edible health
functions, and has been used more and more widely in facility cultivation. In order to further clarify
the molecular mechanism of purple Pak-choi, two Pak-choi inbred lines (‘PQC’ and ‘HYYTC’) were
selected for the determination of pigment content and transcriptome analysis, and the key genes
controlling the formation of purple character in leaves of Pak-choi were discovered. The results
of pigment determination showed that the anthocyanin content of ‘PQC’ was 0.29 mg/g, which
was about 100 times than ‘HYYTC’; The chlorophyll content of ‘HYYTC’ was 2.25 mg/g, while
‘PQC’ only contained 1.05 mg/g. A total of 20 structural genes related to anthocyanin biosynthesis
and 28 transcriptional regulatory genes were identified by transcriptome analysis. Weighted gene
co-expression network analysis (WGCNA) was used to construct the weight network analysis map
of 14 genes. The results showed that the cinnamate hydroxylase gene (BraA04002213, BrC4H3),
flavanone-3- hydroxylase (BraA09004531, BrF3H1), and chalcone synthetase (BraA10002265, BrCHS1)
were the core genes involved in the anthocyanin synthesis pathway of purple Pak-choi. The results
identified the key genes controlling the formation of purple leaf traits, which laid a foundation for
further analysis of the molecular mechanism of anthocyanin accumulation in purple Pak-choi and
provided a theoretical basis for leaf color regulation.

Keywords: Pak-choi; purple; phenotypic physiology; transcriptome; anthocyanin accumulation

1. Introduction

Pak-choi (Brassica campestris ssp. Chinensis) is an important cruciferous leaf vegetable
crop, which is widely cultivated in the middle and lower reaches of the Yangtze River in
China, because of its rich germplasm resources, short growth cycle, and easy cultivation.
As a main type of Pak-choi, purple Pak-choi is rich in anthocyanins and has the functions of
both ornamental and edible health care, it is increasingly favored by people. However, in the
production and cultivation, the purple character is often affected by external environment
such as temperature and light, resulting in uneven leaf coloring and dull color, which is
mainly due to the influence of environmental conditions on the expression of key genes of
anthocyanin metabolism pathway [1–4]. Effective leaf color regulation was performed on
the DFR gene of sweet potato and the PAP1 gene of tobacco by means of RNAi and gene
overexpression, respectively, indicating that leaf color metabolic engineering improvement
through the regulation of key anthocyanin genes is feasible [5].

Horticulturae 2024, 10, 1018. https://doi.org/10.3390/horticulturae10101018 https://www.mdpi.com/journal/horticulturae



Horticulturae 2024, 10, 1018

Anthocyanin is an important category of secondary metabolic substances in plants,
belonging to a kind of flavonoid [6]. Anthocyanin biosynthesis originated from the branch
of the flavonoid pathway. These enzymes are encoded by biosynthetic structural genes
which include early biosynthetic genes (EBGs) and late biosynthetic genes (LBGs). The
EDGs including CHS (encoding chalcone synthase), CHI (encoding chalcone isomerase),
and F3H (encoding flavanone 3-hydroxylase) are involved in the production of precur-
sors. The LBGs are involved in the production of colored anthocyanins, such as DFR
(encoding dihydroflavonol 4-reductase) and UFGT (encoding UDP-glucose: flavonoid-
3-O-glucosyltransferase). Although the anthocyanin biosynthesis pathway is relatively
conserved and well-studied in model plants such as Arabidopsis, and many genes related
to the synthesis pathway have been cloned, there are few tudies on the mining and expres-
sion of related genes in Chinese cabbage vegetables. Previous research was conducted for
the transcriptomic analysis of green and purple Chinese cabbage in which 36 genes were
screened for up-regulated expression [7]. Late anthocyanin synthesis genes DFR, ANS, and
UFGT may play a more critical role in the anthocyanin biosynthesis of purple Pak-choi
concluded by transcriptome analysis [8].

Despite some beneficial attempts made by predecessors, the regulatory mechanism
and regulatory network of anthocyanin synthesis related to the formation of purple leaf
traits in Pak-choi are still unclear, and the key genes controlling anthocyanin synthesis
and accumulation in purple Pak-choi need to be further studied and confirmed. In this
study, the purple leaf line ‘PQC’ and green leaf line ‘HYYTC’ were selected to analyze
gene differential expression at the transcriptional level. Weighted gene co-expression
network analysis (WGCNA) and weighted network analysis were used to identify gene
modules closely related to anthocyanin synthesis. The aim was to dig out the key genes
involved in anthocyanin biosynthesis and regulation of Pak-choi, and initially construct
the anthocyanin molecular regulatory network related to purple leaf character formation,
which laid a foundation for in-depth analysis of the molecular mechanism of anthocyanin
accumulation in purple Pak-choi and provided a theoretical basis for the color regulation
in facility cultivation.

2. Materials and Methods

2.1. Experimental Material

After seeding, the two materials ‘PQC’ and ‘HYYTC’ were placed in an incubator at
25 ◦C for germination promotion. After the germination, the seedlings were cultivated in
plate substrate using Pindstrup Mosebrug A/S, Denmark. After sowing, they were placed
in a light incubator. The following procedure was carried out: light culture at 22 ◦C for
12 h and dark culture at 18 ◦C for 12 h. The cotyledon extension stage (T1), cotyledon
flattening stage (T2), and two true leaf stages (T3) were sampled, respectively. Cotyledon
was selected at T1 and T2, and the second true leaf was selected as the sample at T3. Each
sample was randomly collected from five seedlings, and six samples were collected. All
samples were repeated three times, totaling eighteen samples. All samples were frozen in
liquid nitrogen at −80 ◦C for RNA extraction (Figure 1).

2.2. Determination of Pigment

The two materials were sown separately in the plastic greenhouse and transplanted
into the insect-proof net room at the seedling age of 30 d. After the transplantation for
45 d, the largest leaf free from disease and insect infestation was selected and placed in the
refrigerator at 4 ◦C for subsequent tests.

Anthocyanin content determination: 0.1 g of leaf tissue was weighted and placed in
Erlenmeyer flasks then 10 mL, 0.1 mol/L hydrochloric alcohol solution was added and soaked
in a water bath at 60 ◦C for 30 min then poured into a 25 mL volumetric bottle, and the volume
was fixed to 25 mL. With 0.1 mol/L hydrochloric ethanol solution as the control, the optical
density of the extracted solution at 530 nm, 620 nm, and 650 nm was determined. The optical
density of anthocyanins ODλ = (OD530 − OD620) − 0.1 (OD650 − OD620); Anthocyanin
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content (nmol/g) = ODλ/ε× V/m × 106, anthocyanin content (mg/g) = anthocyanin content
(nmol/g) × M × 10−3 [9].

Figure 1. Three growth periods of two lines for transcriptome analysis. (A) The cotyledon expanded
stage (PQC-T1); (B) the cotyledon flattening stage of ‘PQC′ (PQC-T2); (C) the two true leaf stage
of ‘PQC′ (PQC-T3); (D) the cotyledon expanded stage of ‘HYYTC′ (HYYTC-T1); (E) the cotyledon
flattening stage of ‘HYYTC’ (HYYTC-T2); (F) the two true leaf stage of ‘HYYTC′ (HYYTC-T3).

Determination of chlorophyll content: 0.2 g of leaf tissue was weighted into a mortar,
5 mL 95% ethanol was added into the mortar, the mixture was ground into a homogenate,
filtered into a 25 mL volumetric bottle, and 95% ethanol was used to set the volume to 25 mL.
The absorbance was measured by spectrophotometer at 649 nm and 665 nm with 95% ethanol
as the control. Chlorophyll a content Ca = 13.95A665 − 6.88A649, chlorophyll b content
Cb = 24.96A649 − 7.32A665. Chlorophyll content (mg/g) = (C × V × N)/(W × 1000) [10].

2.3. RNA Extraction, cDNA Library Construction and Quality Control

Trizol kit (Invitrogen Company, Waltham, MA, USA) was used to extract total RNA
from samples, and Qiaquick kit (Qiagen, Shanghai, China) was used to purify cDNA.
RNA concentration and integrity were evaluated using a NanoDrop 2000 (Thermo Fisher
Scientific, Waltham, MA, USA) spectrophotometer and polyacrylamide gel electrophoresis,
respectively. mRNA was divided into fragments by fragmentation buffer and amplified
by PCR to build a fragment sequencing library. The library was sequenced using Illumina
Hi-Seq™ 2000. The original image data files obtained by Illumina Hi-Seq™ 2000 were
converted into raw reads by base recognition analysis. Clean reads were obtained from the
sequenced raw reads after the removal of splices and low-quality duplicate reads.

2.4. Screening Differentially Expressed Genes

Gene expression was obtained by calculating FPKM [11]. In the screening process,
FC (log2 fold change) > 2 and FDR (false discovery rate) < 0.05 were used as the selection
criteria for differential genes. Differential expressions between samples were analyzed by
DEG-Seq [12].

2.5. Enrichment Analysis of Differentially Expressed Genes GO and KEGG

The GO annotation was carried out by a specific perl script using the TopGo R 2.5
software package to perform Fisher significance enrichment tests with the assembled
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transcript as the background. Kobas 3.0 software was used for KEGG enrichment analysis,
and the R 2.10 software package ggplot was used for visualization of the enrichment
analysis point plot.

2.6. Functional Annotation of Differentially Expressed Genes

The obtained clean reads were compared to the Chinese cabbage reference genome
(http://brassicadb.cn/#/Download/, accessed on 6 May 2023). Differentially expressed
genes were identified by BLAST (BLAST: Basic Local Alignment Search Tool nih.gov,
accessed on 6 May 2023). The sequence was compared with the protein database to obtain
annotation information. TMM was used to standardize read count data [13].

2.7. Weighted Gene Co-Expression Network Analysis

The association network of all differentially expressed genes was constructed using
WGCNA in R language. The adjacency matrix is generated by calculating the correlation
between all the genes, and the soft threshold β is chosen according to the scale-free topolog-
ical criteria, using the adjacency matrix to calculate the topological overlap matrix (TOM).
The dynamic cutting algorithm was used for gene clustering and module division, and the
truncation height of 0.25 was used to merge the branches into the final module. The value
of the module characteristic gene (ME) was calculated, and the correlation degree between
the module and anthocyanin was estimated by ME value.

2.8. Quantitative RT-qPCR Verification

Nine differentially expressed anthocyanin structural genes and transcription factor
genes (BrPAL, BrC4H3, BrF3H, BrCHS, BrCHI, BrDFR, BrUFGT, BrANS, BrMYB44, and
BrTT8) were selected for RT-qPCR verification. The sequence of primers used for the above
gene expression is shown in Table 1. The qPCR amplification reaction system was based
on the SYBR Premix Ex Taq kit with single-strand cDNA as the template. The system was
20.0 μL, including Taq 10.0 μL, template 2.0 μL, positive and negative primes 1.0 μL and
ddH2O 6.0 μL. The qPCR reaction condition was set at 95 ◦C for 5 min; 95 ◦C 10 s; 60 ◦C
for 30 s; and 72 ◦C for 15 s, a total of 40 cycles. The 2−��Ct method was used for relative
quantitative analysis of the data [14].

Table 1. The primer sequences used for RT-qPCR.

No Gene ID Gene Name Forward Primer (5′–3′) Reverse Primer (5′–3′)

1 BraA04000661 BrPAL AGCAACATAACCAAGATG TCTCAGATTCTCCTCAAG
2 BraA04002213 BrC4H3 TGAGGAAACGCTTGCAGT GGCCTGAGGATAGGGATG
3 BraA05002651 Br4CL4 ATCTTTCCTCGCCGTGGTTT CTCCGGCGAAATCTTAGGCT
4 BraA09004531 BrF3H ATTCATTGTCTCTAGTCATCTTC CCGTGAGTAGTCTCTGTT
5 BraA10002265 BrCHS TATCCTGACTACTACTTC CTCCTTTAGAAACTCTTC
6 BraA03005399 BrANS TCCTGATTCCATTGTGAT TCCTAACCTTCTCCTTATTC
7 BraA06000554 BrUFGT GTAATGTATCCGTGGTTAG GGTAGAGGTTAAGAGGTT
8 BraA08002374 BrMYB44 TTATGAGACGGAGAATGT TACCTCTTCCTTCCTAAC
9 BraA09002835 BrTT8 AGACGAAGAAGAAGTAGA CCTCCATTAGATTCATCAT

10 - BrActin GTTGCTATCCAGGCTGTTC AGCGTGAGGAAGAGCATAAC

3. Results

3.1. Observation of Leaf Color

In the cotyledon flattening stage, the color of the cotyledon of ‘PQC’ began to appear,
and the distribution was uneven. The purple pigment mainly accumulated on the true
leaves at the stage of two true leaves. In the adult stage, the adult plants of ‘PQC’ are more
colorful, with dark purple on the front of the leaves and slightly purple on the back, while
the leaves of ‘HYYTC’ are green on the front and back of the leaves at all stages (Figure 2).
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Figure 2. Individual plant and leaf traits of two lines (A,F): The cotyledon flattening stage (T2);
(B,G): The two true leaf stage (T3); (C,H): The adult stage; (D,I): The front side of leaves; (E,J): The
opposite side of the leave.

3.2. Determination of Pigment Content in Leaves

The results showed that the anthocyanin content of the two materials was significantly
different. The anthocyanin content of ‘PQC’ was 0.29 mg/g, and that of ‘HYYTC’ was
only 0.002 mg/g. The chlorophyll content in ‘HYYTC’ was as high as 2.25 mg/g, while the
chlorophyll content in ‘PQC’ was significantly lower than that in ‘HYYTC’ (Figure 3).

Figure 3. The content of anthocyanin and chlorophyll for two lines.

3.3. Sequencing Results and Comparison Statistics

Total RNA from leaves was extracted and used to construct 18 cDNA libraries. A total
of 155.04 Gb of Clean Data were obtained from 18 samples sequenced. After removing low-
quality reads and connectors, 337,561,131 pairs of clean reads were obtained, and between
22 million and 33 million pairs of clean reads were obtained for each library. The Q30 of
each sample used for assembly was higher than 92.71%, indicating that the sequencing
results met the quality requirements for subsequent assembly analysis (Table S1). Using the
V2.5 version of the Chinese cabbage genome as the reference genome, the comparison rate
between the reads of each sample and the reference genome ranged from 87.48 to 90.29%,
among which the ratio of ‘PQC’ was 89.22–90.04%, and that of ‘HYYTC’ was 87.48–90.29%
(Table 2).
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Table 2. Overview of the transcriptome sequencing.

Samples Clean Reads Clean Bases
GC Content

(%)
≥Q30

(%)

PQC-T1-1 26,549,215 7,928,202,428 48.92% 92.83%
PQC-T1-2 26,180,713 7,829,647,066 48.76% 93.19%
PQC-T1-3 34,780,519 10,381,289,642 48.64% 93.28%
PQC-T2-1 27,200,992 8,115,863,242 48.72% 93.43%
PQC-T2-2 26,021,139 7,764,834,504 48.67% 93.38%
PQC-T2-3 22,706,919 6,782,398,766 48.59% 93.38%
PQC-T3-1 22,221,865 6,636,130,982 48.23% 92.71%
PQC-T3-2 27,585,040 8,220,152,954 48.90% 93.62%
PQC-T3-3 28,884,210 8,615,366,610 48.63% 93.46%

HYYTC-T1-1 33,792,919 10,064,723,406 48.75% 93.10%
HYYTC-T1-2 27,771,004 8,285,974,048 48.88% 93.08%
HYYTC-T1-3 32,973,684 9,829,969,670 49.10% 92.72%
HYYTC-T2-1 27,844,329 8,323,582,204 48.66% 93.43%
HYYTC-T2-2 31,916,361 9,526,775,132 48.57% 93.13%
HYYTC-T2-3 32,197,152 9,602,692,572 49.28% 93.10%
HYYTC-T3-1 29,935,983 8,932,854,782 48.45% 93.06%
HYYTC-T3-2 28,258,874 8,433,086,514 48.74% 93.16%
HYYTC-T3-3 32,788,267 9,761,637,592 48.49% 93.07%

3.4. Identification of Differentially Expressed Genes

By comparing the FPKM values of ‘PQC’ and ‘HYYTC’ in three different leaf growth
stages, the expression patterns of differential genes (DEGs) were determined. 2632 (up-
regulation 1098, down-regulation 1534), 3147 (up-regulation 1427, down-regulation 1720),
and 1920 (up-regulation 697, down-regulation 1223) DEGs were identified in the three com-
parison groups of HYYTC-T1 vs. PQC-T1 (G1), HYYTC-T2 vs. PQC-T2 (G2), and HYYTC-
T3 vs. PQC-T3 (G3), respectively (Figure 4A). Through Wayne plot analysis, out of a total
of 5070 DEGs, a total of 738 (308 up-regulation, 427 down-regulation) were identified.
Three of the genes had inconsistent expression patterns in each of the three comparison
groups, which may be the result of specific expression at different reproductive periods
(Figure 4B–D).

3.5. Clustering Analysis

A cluster analysis of 738 gene expression profiles from purple material ‘PQC’ and green
material ‘HYYTC’ at three different periods showed that compared with green material,
the up-regulated gene expression of purple material was less than that of down-regulated
gene expression (Figure 5A). According to trend expression analysis, DEG was divided into
nine gene clusters, with significant differences in gene expression between cluster 0 and
cluster 8 (Figure 5B). In cluster 0, there are 264 genes in total. With the growth process, the
expression of related genes in purple material ‘PQC’ is higher than that in green material
‘HYYTC’, and these genes are mainly concentrated in transcription, ribosomal structure, and
biotransformation (BraA03005834, BraA04002715, and BraA05001180). Amino acid transport
and metabolism (BraA09005771, BraA05000655, and BraA06001513) and post-translational
modification, protein turnover, companion (BraA01001595, BraA01003552 and BraA05001325).
Cluster 8 contains a total of 400 genes. With the development of the growth period, the
green material ‘HYYTC’ showed a higher transcription level than the purple material ‘PQC’.
These genes are mainly involved in post-translational modification, protein turnover, chaper-
ones (BraA01002075, BraA03000073, and BraA08002394), and signal transduction mechanisms
(BraA05004531, BraA07002138 and BraA09003227). In addition, carbohydrate transport and
metabolism (BraA02003506, BraA03000585, and BraA03000676) were found to be highly ex-
pressed in ‘HYYTC’. Other DEGs are grouped into clusters 1–7 according to their expression
patterns.
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Figure 4. Number of DEGs between ‘PQC’ and ‘HYYTC’ at the cotyledon expanded stage, cotyledon
flattening stage, and two true leaf stages, respectively. (A) The total number of upregulated and
down-regulated DEGs. (B) Venn diagram of all DEGs. (C) Venn diagram of up-regulated genes.
(D) Venn diagram of down-regulated genes. G1, G2, and G3 represent the DEGs between ‘PQC’ and
‘HYYTC’ lines at the Cotyledon expanded stage, cotyledon flattening stage, and two true leaf stages,
respectively.

Figure 5. Clustering analysis of 738 DEGs. (A) Hierarchical clustering of the 738 DEGs. (B) Expression
patterns of the 738 DEGs in the nine clusters.
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3.6. GO Analysis and KEGG Enrichment Pathway Analysis

738 common DEGs were enriched in the single-organism biosynthesis process (GO:0044711),
organonitrogen compound metabolic process (GO:1901564), and phosphorus metabolic process
(GO: 0006793) (Figure 6). In addition, we found that some genes were also enriched in the
anthocyanin-containing compound biosynthetic process (GO:009718, GO:0046283), flavonoid
metabolic process (GO:0009812), and flavonoid biosynthetic process (GO:0009812); these results
indicate that the purple formation of purple Pak-choi may be related to some genes of the specific
GO pathway.

Figure 6. Analysis of GO enrichment for 738 DEGs.

KEGG pathways in G1, G2, and G3 were analyzed. There were 528, 694, and 386
DEGs annotated by KEGG pathways, while 87 pathway classes were enriched from 738
common DEGs. As shown in Figure 7, the flavonoid biosynthesis pathway (ko00941),
anthocyanin biosynthesis (ko00942), phenylalanine metabolism (ko00940), and glutathione
metabolism (ko00480) were the four pathways with the most significant differences. Song
(2020) pointed out anthocyanin accumulation is the main reason for the formation of the
purple leaf of Pak-choi, and the above four pathways are closely related to anthocyanin
synthesis [15]. There were 6 DEGs related to the phenylalanine metabolic pathway, 10
DEGs related to flavonoid biosynthesis, 2 DEGs related to anthocyanin biosynthesis, and 8
DEGs related to glutathione metabolism.

The phenylalanine biosynthesis pathway is the precursor of the anthocyanin metabolism
pathway. Phenylalanine synthetase gene BraA04000661 (BrPAL2.2) and Cinnamate hydroxy-
lase genes BraA04002213 (BrC4H3) and BraA03001710 (BrC4H5) were up-regulated in these
three comparison groups. These differential genes may promote anthocyanin synthesis and
accumulation by producing more anthocyanin biosynthesis precursors. Although the expres-
sion of the ligase gene BraA05002651 (Br4CL4), which is used to synthesize 4-coumaryl CoA,
is down-regulated in purple materials, BraA05001886 (Br4CL1), BraA05002646 (Br4CL2), and
BraA07003006 (Br4CL3) were expressed normally in the two materials. The expressions of early
anthocyanin biosynthesis genes such as hydroxylase gene BraA09004531 (BrF3H), chalcone
isomase gene BraA09004891 (BrCHI1), and chalcone synthase gene (BraA10002265, BrCHS1;
BraA03000633, BrCHS2) were up-regulated in the three phases of purple material. Late antho-
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cyanin biosynthesis genes such as anthocyanin dioxygenase genes (BraA0100144, BrANS1;
BraA03005399, BrANS2), the dihydroflavonol-4-reductase gene BraA09002044 (BrDFR), and
the flavonoid 3-O-glucosidtransferase gene (BraA10000963, BrUGT79B1.1; BraA06000554,
BrUGT79B1.2) were significantly up-regulated in the three comparison groups. The expres-
sion patterns of anthocyanin transport genes such as BraA01003440 (BrTT12), BraA10002029
(BrTT19.1), BraA02000754 (BrTT19.2), BraA08004000 (BrGSTF6), BraA09000406 (Br5MAT), and
BraA08003959 (Br3AT1) are all up-regulated (Table 3).

 

Figure 7. Analysis of KEGG pathway for 738 common DEGs.

3.7. Transcription Factor Identification

Several transcription factors (TFs) have been found to be closely related to anthocyanin
synthesis in Arabidopsis. In the previous analysis, we found that some DEGs belong to genes
that encode transcription factors. To better understand which transcription factors are
involved in regulating anthocyanin biosynthesis, the differentially expressed transcription
factors were analyzed in this study. By comparing 738 DEG sequences with PlantTFDB, a
total of 28 transcription factors belonging to 18 transcription factor families were identified.
Among them, MYB-related, bHLH, and NAC types are the main transcription factor
families, each containing three or more DEGs (Table 4).
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For the three types of transcription factors, MYB, bHLH, and WD40, a total of
eight MYBs and three bHLHs were detected in this study. Of the eight DEGs that code
MYB, BraA08002374 (MYB44), BraA05004112 (REVEILLE 8), BraA05001641 (REVEILLE
2), BraA02002130 (MYB1R1), and BraA01004300 (TRIHELIX) were down-regulated in the
three comparison groups, while BraA05003486 (FLA10), BraA10003119 (ABCG29), and
BraA08002359 (GARP-G2-like) were the opposite. Among the three DEGs encoding bHLH,
BraA09002835 (TT8) and BraA01002210 (bHLH3) were up-regulated in the three comparison
groups, while BraA03006442 (BEE 2) was the opposite. In addition, no differential genes
annotated as the WD40 family were found.

In addition to MYB and bHLH transcription factors, 17 transcription factors were
identified in this study. Only BraA02004460 (MADS) and BraA04002035 (C2H2) were up-
regulated in three phases of purple material, while other genes were down-regulated. In
particular, BraA03002344 (bZIP34) and BraA08001844 (WRKY18) are more down-regulated.

3.8. Identification of WGCNA Modules of Genes Related to Anthocyanin Metabolism

The weighted gene co-expression network analysis (WGCNA) is a method to analyze
target genes at the network level, which mainly constructs weighted association networks
with differentially expressed genes and further screens for target genes. In this study, eight
modules were identified from the RNA-seq data (Figure 8A), and correlation analysis was
conducted between the module feature genes of the eight modules and different samples.
Correlation analysis between modules and traits showed that the absolute value of the
correlation coefficient between module ‘MEblack’ and two true leaf stages of purple material
(PQC-T3) was the highest (r = 0.98), and the correlation was significant p = 7 × 10−4, while
the other modules were weakly correlated or not correlated with the treatment relationships
(Figure 8B). Since purple material has the most purple leaf color and the highest anthocyanin
content in the two true leaf stages, it is believed that the gene in the module “black” has
a high correlation with the anthocyanin metabolism pathway. KEGG enrichment analysis
was performed on 784 genes contained in module “Black”. The enrichment was mainly in
physiological metabolism, and a total of 50 pathway categories were enriched, among which
phenylalanine metabolism and flavonoid biosynthesis were the most important pathways,
and 16 and 13 genes were enriched, respectively (Figure 9). In order to further investigate
whether the 784 genes discovered by WGCNA share differential genes with the previous
738 genes, it was found through Venn diagram analysis that there were 76 common DEGs and
these genes were up-regulated in three comparison groups (Table S2). Interestingly, 76 genes
contain all previously identified anthocyanin synthesis structure genes and transport genes,
including two transcription factors BraA09002835 (TT8) and BraA02004460 (MADS-MIKC). In
addition, 784 genes were newly identified that may be involved in anthocyanin biosynthesis.
Genes such as BraA04002675 (BrPAL1), BraA09004715 (BrPAL2.1), BraA02000559 (BrCHS3),
BraA05001212 (Peroxidase 19), BraA10000387 (Peroxidase 3), BraA10002815 (Cytochrome P450),
and BraA07003905 (BrCOMT) were up-regulated in the two comparison groups (G2 and G3).
The anthocyanin accumulation-related gene enriched in module ‘black’ was identified by
WGCNA, which confirms the accuracy of WGCNA data analysis.

In order to further evaluate the importance of 76 shared genes in the anthocyanin
metabolism pathway, association nodes with connectivity (weight value) >0.60 were se-
lected. Import data into Cytoscape software (version 3.10.2), co-expression network con-
struction, and core gene mining were carried out, and the weight network analysis dia-
gram of 14 genes was constructed. Cinnamate hydroxylase gene (BraA04002213, BrC4H3),
flavanone-3-hydroxylase (BraA09004531, BrF3H1), and Chalcone synthetase (BraA10002265,
BrCHS1) were selected as the core genes of anthocyanin biosynthesis pathway of purple
Pak-choi (Figure 10).
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Figure 8. Weighted correlation network analysis of anthocyanin-related genes. (A) Hierarchical
clustering tree showing co-expression modules. Each leaf in the tree represents one gene. The major
tree branches constitute 8 modules labeled by different colors. (B) Module–trait relationship. The left
lane indicates 8 module eigengenes. The right lane indicates the module–trait correlation from −1
to 1.

Figure 9. Analysis of KEGG pathway for 784 common DEGs.
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Figure 10. The gene network map of 14 genes from the MEblack module.

3.9. RT-qPCR Verification

To verify the results of RNA-seq sequencing, nine differentially expressed genes
related to anthocyanin biosynthesis and regulation were selected for quantitative RT-qPCR
detection in purple material ‘PQC’ and green material ‘HYYTC’. The quantitative RT-qPCR
results of the nine genes were similar to the expression patterns of transcriptome data. The
results of transcriptome analysis were reliable (Figure 11).

Figure 11. Relative expression of nine differentially expressed genes involved in the regulation of
anthocyanin biosynthesis during different leaf growth stages in two lines. A: cotyledon flattening
stage (PQC-T2); B: two true leaf stage (PQC-T3); C: cotyledon flattening stage (HYYTC-T2); D: two
true leaf stage (HYYTC-T3).
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4. Discussion

4.1. Structural Genes and Transport Genes Affecting Anthocyanin Synthesis in Purple Pak-Choi

A previous study showed the anthocyanin synthesis structural genes (BrPAL1.2, BrPAL2.2,
BrC4H5, BrFLS1, BrFLS3, BrDFR, BrANS1, BrANS2, BrCOMT1, BrCCoAOMT, BrUGT75C1,
Brugt79B1.1, and BrUGT79B1.2) and anthocyanin transport genes (BrTT12, BrTT19.1, BrTT19.2,
BrATPase 1, and BrATPase 10) were differentially expressed in purple Pak-choi variety ‘Zi
Zuan’ and green Pak-choi variety ‘Jing Guan’ in their five leaf stage [8]. However, in our study,
BrFLS3, BrCOMT1, BrUGT75C1, and BrATPase 1 were not differentially expressed, and BrFLS1
was not even expressed in T1, T2, and T3. Meanwhile, eight differentially expressed genes,
including early anthocyanin synthesis genes (BrC4H3, BrF3H1, BrCHI1, BrCHS1, and BrCHS2)
and anthocyanin transport genes (BrGSTF6, Br5MAT, and Br3AT1), were newly identified.
Although the expression of BraA05002651 (Br4CL4) is down-regulated in purple materials,
there was no differential expression of Br4CL1, Br4CL2, and Br4CL3 in the two materials.
BraA05001886 (Br4CL1), BraA05002646 (Br4CL2), and BraA07003006 (Br4CL3) were expressed
normally in the two materials. This indicates that the Br4CL4 gene is not the rate-limiting
enzyme gene for anthocyanin accumulation in purple materials. The stable expression of
other genes can provide sufficient substrates for the synthesis of subsequent anthocyanin
precursors. On this basis, the cinnamate hydroxylase gene (BraA04002213, BrC4H3), flavanone-
3-hydroxylase gene (BraA09004531 and BrF3H1), and chalcone synthetase gene (BraA10002265
and BrCHS1) are the core genes in the module significantly related to anthocyanin biosynthesis
by WGCNA and weight network analysis. BraA10002265 was a candidate gene for the
purple-red trait gene in purple-red Chinese cabbage by transcriptome sequencing and gene
mapping [7]. In four purple Pak-choi materials with different anthocyanin content, the
expression of the above two genes was significantly correlated with anthocyanin content.
The correlation coefficients between gene expression of BraA09004531, BraA10002265, and
anthocyanin content reached 0.9234 and 0.6904, which further indicated that BrF3H1 plays a
more critical role in anthocyanin metabolism [15].

4.2. Transcription Factors Affecting Anthocyanin Accumulation in Purple Pak-Choi

Five transcription factors related to anthocyanin synthesis and regulation were found
in Pak-choi, including MYB08, MYB12, CPC, TT8, and LBD39 in their five-leaf stage [8]. But
only BraA09002835 (BrTT8) was identified in this study, and the other four genes were not
differentially expressed in three treatments. BrTT8 was significantly up-regulated in purple
Pak-choi material ‘Zi He’, and the allogenic expression promoted the transcription of some
anthocyanin biosynthesis genes in tomato regenerated buds, further proving that BrTT8
played an important role in anthocyanin biosynthesis [16]. bHLH often forms complexes
with MYB and WD40 to coordinate the biosynthesis of anthocyanins, among the 8 MYB-
related DEGs identified, especially the expression level of BraA08002374 (BrMYB44) was
significantly down-regulated in purple Pak-choi. The increase in the StMYB44 expression
level may down-regulate the expression of DFR promoter activity, suggesting that the
transcription level of BrMYB44 may play a similar role in the anthocyanin metabolism
pathway of Pak-choi. Therefore, whether BrTT8 and BrMYB44 form a ternary complex to
jointly regulate anthocyanin metabolism is worthy of further study.

In addition to being directly controlled by MBW, it has been reported that anthocyanin
synthesis is also regulated by other transcription factors and regulatory genes, such as
PIF3, HY5, COP1, WRKY, WIP, MADS, JAZ, SPL, and bZIP domains, which affect antho-
cyanin biosynthesis [17,18]. In this study, with the exception of BraA02004460 (MADS)
and BraA04002035 (C2H2), the remaining transcription factors were identified as negative
regulatory factors, and their expression was inhibited in purple materials. In particular,
BraA03002344 (bZIP34) and BraA08001844 (WRKY18) were less expressed in purple ma-
terials. Studies have shown that the bZIP family acts primarily as positive regulators of
anthocyanin biosynthesis. But in Tu’s report, it was mentioned that that knocking out one
allele of VvbZIP36 promotes the accumulation of anthocyanins in grapevine [19]. Addi-
tionally, BraA03002344 (bZIP34) may be involved in anthocyanin biosynthesis as a negative
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regulatory gene. WRKY is one of the most characteristic of plant TF, which regulates
various plant processes related to development, physiology, metabolism, and plant defense.
The overexpression of MdWRKY11 in apple callus could significantly promote anthocyanin
accumulation [20]. However, there are currently no studies on WRKY18 in anthocyanins
accumulation, which is worth investigating. This study shows that all of the above genes
are potential transcription factors regulating anthocyanin biosynthesis.

5. Conclusions

In this study, via RNA-seq analysis of two Pak-choi materials with different an-
thocyanin contents, a total of 20 anthocyanin biosynthesis-related structural genes and
28 transcriptional regulatory genes were identified, and the weight network analysis
of 14 genes was constructed. The results showed that the cinnamate hydroxylase gene
(BraA04002213 and BrC4H3), flavanone-3-hydroxylase (BraA09004531 and BrF3H1), and
chalcone synthetase (BraA10002265 and BrCHS1) were the core genes involved in the antho-
cyanin synthesis pathway of purple Pak-choi. The above results identified the key genes
and metabolic pathways controlling the purple character of leaves, laid a foundation for
further in-depth analysis of the molecular mechanism of anthocyanin accumulation in
purple Pak-choi, and provided theoretical support for its application in facility cultivation
and breeding.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
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Abstract: The frequent occurrence of excessive heat events driven by global warming poses a
great threat to plant growth and food security. To survive in heat stress (HS) environments, plants
have evolved sophisticated response mechanisms, and the transcriptional network that controls
the expression levels of HS-inducible genes serves as an essential component of this process. NAC
(NAM, ATAF1/2, and CUC2) transcription factors (TFs) play key regulatory roles in the abiotic stress
responses of plants. However, the functional roles of NAC TFs in the heat stress response of Chinese
cabbage remain elusive. In the present study, we identified the Brassica rapa NAC family transcription
factor BrNAC19 as a close homologue of Arabidopsis NAC019 and found that it serves as a positive
regulator of the HS response. BrNAC19 displayed inducible gene expression in response to HS, and
its subcellular localization showed that it was localized in the nucleus. Heterologous expression
of BrNAC19 significantly enhanced the heat tolerance of plants and reduced the accumulation of
reactive oxygen species (ROS) under HS conditions. Furthermore, our results demonstrated that
BrNAC19 directly targeted and promoted the expression of superoxide dismutase 1 (CSD1) and
catalase 2 (CAT2), two antioxidant-enzyme coding genes in Chinese cabbage. Altogether, our results
suggest that BrNAC19 enhances heat stress tolerance by positively regulating the expression of genes
involved in the HS response and ROS scavenging and exhibits potential as a target gene in Chinese
cabbage breeding to increase heat stress tolerance.

Keywords: heat stress; BrNAC19; transcriptional regulation; ROS scavenging

1. Introduction

The frequent occurrence of excessive heat events caused by global warming has be-
come a global problem, seriously affecting crop production and food security [1]. Therefore,
studying the molecular mechanisms of the heat stress response (HS) will provide theoretical
guidance for molecular breeding and cultivation of heat-resistant plants and is also an im-
portant issue that needs to be addressed in response to HS [2]. As sessile organisms, plants
have evolved complex and diverse systems to cope with HS. These heat stress responses
are divided into two types, namely, basal thermotolerance and acquired thermotolerance.
Basal thermotolerance reflects the natural capacity of the plant to defend itself against
extreme heat attacks, while acquired thermotolerance (also called thermopriming) involves
the ability to remember and form conditioned reflexes to avoid danger, which is actually
an adaptive response that occurs after a priori exposure to sublethal HS [3].
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Heat stress disrupts protein folding and denatures correctly folded proteins, which
activates molecular chaperones such as heat shock proteins (HSPs) to assist in protein
folding. During this process, heat shock transcription factors (HSFs) are required to bind
to heat shock element sequences of HSP promoters to enhance the expression of HSPs [4].
Constitutively expressed HSFA1s, including HSFA1a, HSFA1b, and HSFA1d, are activated
under HS conditions, which enables HSFA1s to activate the expression of HSFA2 [5]. On
the other hand, HS causes the accumulation of reactive oxygen species (ROS), which causes
damage to plant tissues [6]. When high temperatures trigger the heat stress response of
plants, plant antioxidants including superoxide dismutase (SOD), ascorbate peroxidase
(APX), and catalase (CAT) are activated and are responsible for the scavenging of ROS [7].

Recent studies in Arabidopsis thaliana (L.) Heynh elucidated complex transcriptional
networks during HS comprising many transcriptional regulators, and portions of transcrip-
tion factors from different families jointly construct a transcriptional cascade in response
to heat stress [5]. These transcription factor families include No apical meristem, Ara-
bidopsis thaliana-activating factor 1/2, Cup-shaped cotyledon 2 (NAC), WRKY, MYB, basic
region/leucine zipper motif (bZIP), basic-Helix-Loop-Helix (bHLH), ethylene response
factors (ERF), dehydration-responsive element binding (DREB), and more [8,9]. As plant-
specific transcriptional factors, NACs widely modulate essential aspects of plant function,
including responses to HS [10]. Several NACs have been implicated in stress responses,
and these genes are associated with enhanced tolerance in crop plants, such as rice, peach,
pepper, and maize [11–14]. In the model plant Arabidopsis, AtNAC019 interacts with
regulators of C-repeat binding factors (RCFs) and undergoes dephosphorylation by RCF2.
Dephosphorylated NAC019 binds to the promoters of HSFA1b, HSFA6b, HSFA7, and HSFC1
to positively regulate the heat stress response [15]. The other three NAC members, JUNG-
BRUNNEN1 (JUB1), Arabidopsis thaliana-activating factor 1 (ATAF1), and NAC055, are
involved in the heat stress memory response [16,17]. Therefore, precise modulation of NAC
proteins is expected to enhance thermotolerance in plants. However, further investigation
is required to elucidate the molecular mechanisms by which NAC regulates heat stress
responses in crops and vegetables.

Chinese cabbage (Brassica rapa L. ssp. pekinensis), a member of the cruciferae family,
is highly favored by consumers due to its nutritional value, high yield, and storage and
transport resilience [18]. As a cool-season vegetable [19], it thrives at optimal temperatures
ranging from 15 ◦C to 25 ◦C and exhibits sensitivity to elevated heat conditions. Particularly,
temperatures exceeding 30 ◦C can adversely affect the quality of the vegetable [20,21].
Consequently, investigating the mechanisms of heat tolerance in Chinese cabbage is of
significant importance to the agricultural industry.

In this study, we revealed a positive role for the Chinese cabbage NAC transcription
factor BrNAC19 in plant basal thermotolerance. Overexpression of BrNAC19 in Arabidopsis
enhanced plant thermotolerance and promoted the expression of HS-response-related genes.
In addition, overexpression of BrNAC19 decreased ROS accumulation under heat stress
conditions. Correspondingly, BrNAC19 also directly bound to the promoter of Chinese
cabbage antioxidant enzyme-coding genes for transcriptional activation, including BrCSD1
and BrCAT2. Collectively, the findings from our study provide valuable information for
genetic manipulation to cultivate heat-tolerant cabbage in future plant breeding programs.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

The A. thaliana plants used in this study were on a Col-0 ecotype background. BrNAC19-
OE was obtained via Agrobacterium tumefaciens-mediated floral transformation. Homozy-
gotes were screened for hygromycin B resistance in the T2 population. The Chinese cabbage
species used in this study is B. rapa ssp. Pekinensis.

Arabidopsis and Chinese cabbage seeds were sterilized with 70% ethanol, sown on
Murashige and Skoog medium (MS; Phyto Technology Laboratories, Lenexa, KS, USA)
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supplemented with 1.5% sucrose and 0.8% agar, and incubated at 4 ◦C in the dark for 3 days.
The seedlings were then grown on LD (16/8) at 22 ◦C under white light (100 μmol/m2/s).

2.2. RNA Extraction and RT-qPCR

Total RNA was extracted from Chinese cabbage or Arabidopsis seedlings using a TaKaRa
MiniBEST Universal RNA Extraction Kit (TaKaRa, Kyoto, Japan) according to the manufac-
turer’s protocol. The concentration of RNA was measured by a microspectrophotometer
(Thermo Scientific NanoDrop, Waltham, MA, USA), and 2 μg of RNA was reverse-transcribed
using M-MLV Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA). RT-qPCR was per-
formed using a Hieff® qPCR SYBR Green Master Mix (YEASEN, Shanghai, China) with a
CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). A two-step PCR
amplification program was adopted, which included a holding stage (95 ◦C 30 s), a cycling
stage (step1: 95 ◦C 30 sec, step2: 95 ◦C 30 s, number of cycles: 40), and a melt curve stage.
Gene expression was measured in three independent biological replicates, and each biological
replicate contained three technical replicates. Transcript expression levels were normalized to
those of ACTIN2 (AT3G18780) for Arabidopsis and BrEF-1α (Bra031602) for Chinese cabbage.
The specific primer sequences are listed in Supplemental Table S1.

2.3. Phylogenetic Analysis and Sequence Alignment

The BrNAC19 protein sequence was downloaded from the Brassicaceae Database
(BRAD), and the phylogenetic tree was constructed using MEGA 11 software with the
neighbor-joining method and 1000 bootstrap replicates. The protein alignment was per-
formed using DNAMAN (version 5.2.2) software.

2.4. Subcellular Localization

The coding sequence (CDS) of BrNAC19 was amplified and cloned into the pCambia1302-
GFP vector, then transformed into A. tumefaciens GV3101 and infiltrated into the leaves of
Nicotiana benthamiana. After incubation for 2–3 d, GFP fluorescence was detected under
a fluorescence microscope (Leica, Wetzlar, Germany) with an argon laser at an excitation
wavelength of 488 nm using a 500–520 nm band-pass filter.

2.5. Thermotolerance Assay

The basal thermotolerance assay for Arabidopsis was performed as previously de-
scribed [22]. Briefly, seedlings grown in a chamber for 7 days were subjected to 44 ◦C for
90 min in a constant-temperature incubator for HS triggering. After triggering, seedlings
were transferred to normal growth conditions for 5 days for recovery.

2.6. Physiological Phenotype Assay

For measurement of chlorophyll contents, Arabidopsis seedlings were soaked in 80%
acetone and placed in darkness for 16 h at 4 ◦C, then the absorbance of the supernatant
was measured at 647 and 663 nm. Chlorophyll quantification was performed as previously
described [23].

For electrolyte leakage detection, seedlings were harvested and rinsed twice with
deionized water. After incubation at room temperature for 24 h, the conductivity was
measured using an electroconductivity meter (DDSJ-308A; Lei-ci, Shanghai, China). Sam-
ples were then boiled at 100 ◦C for 15 min and shaken at room temperature for another
1 h before the electrical conductivity was measured again. The relative ion leakage was
calculated based on the ratio of electrical conductivity before and after boiling.

Histochemical staining with DAB and NBT was performed as previously described [24].
Briefly, Arabidopsis seedlings were vacuum-infiltrated with NBT (0.5 mg/mL) solutions
for 2 h or DAB (2 mg/mL) solutions for 8 h. Samples were then decolorized in ethanol
(95%) on the heater until the leaves’ blading faded. H2O2 and O2

− levels were analyzed by
specific detection kits following the manufacturer’s instructions (Beyotime Biotechnology
Co., Ltd., Shanghai, China).
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2.7. EMSA Assay

EMSA assays were performed as previously described [25]. The full-length CDS
of BrNAC19 was cloned into pGEX-4T-1 to express the glutathione S-transferase (GST)-
BrNAC19 recombinant protein. GST-BrNAC19 was purified using glutathione agarose (Cat
no. G4510; MERCK, Darmstadt, Germany). Purified GST-BrNAC19 was incubated with
the DNA probe, and the mixture was reacted in binding buffer (25 mM HEPES-KOH, pH
8.0, 50 mM KCl, 1 mM dithiothreitol and 10% glycerol) for 30 min and then separated on
a polyacrylamide gel. The probe and protein were detected using an EMSA Kit (Thermo
Fisher, Waltham, MA, USA).

2.8. Y1H Assays

Y1H assays were performed as previously described [26]. The full-length CDS of
BrNAC19 was cloned into the PGAD-T7 vector, and the promoters of BrCSD1 and BrCAT2
were cloned into the pHIS2 vector. The constructs and empty vector controls were trans-
formed in the yeast strain AH109, which were grown on SD/-Leu-Trp-His dropout plates
for interaction analysis. 3-Amino-1,2,4-triazole (3-AT) was applied to inhibit self-activation.

2.9. Dual-Luciferase Assay

The promoters of BrCSD1 and BrCAT2 were amplified from Chinese cabbage DNA and
cloned into the pGreenII 0800-LUC vector. The reporters and effectors were transformed
into Agrobacterium and infiltrated into the leaves of N. benthamiana. Luciferase and
Renilla activities were quantified using a Dual-Luciferase Reporter Assay System (Promega,
Madison, WI, USA) and detected with a GloMax 20–20 luminometer (Promega).

Transformation of Cabbage protoplasts was performed as described in a recent re-
port [27]. Briefly, true leaves of Chinese Cabbage were digested for 6 h in an enzyme
solution containing 1.5% cellulose R-10, 0.4% macerozyme R-10, 20 mmol/L KCl, 20
mmol/L MES (pH 5.7), 0.6 mol/L mannitol, 10 mmol/L CaCl2, and 0.1% bovine serum
albumin (BSA). Then, W5 (154 mmol/L NaCl, 125 mmol/L CaCl2, 5 mmol/L KCl, and 2
mmol/L MES; pH 5.7) solution was added. After filtration and precipitation, the proto-
plasts were resuspended in MMG solution (0.3 mol/L mannitol, 15 mmol/L MgCl2, and 4
mmol/L MES, pH 5.7). Lastly, protoplasts were subjected to PEG-mediated transfection.
After incubation for 24–36 h, Luciferase and Renilla activities were quantified.

2.10. Statistical Analysis

One-way analysis of variance (ANOVA), two-way ANOVA, Student’s t test, and
Tukey’s post hoc test were performed using SPSS_26.0 software. The band intensity of
Western blot bands was measured with ImageJ (version 1.51j8) software.

3. Results

3.1. BrNAC19 Plays a Positive Role in Plant Basal Thermotolerance

To identify the Chinese cabbage NAC transcription factor involved in HS, we analyzed
the gene expression pattern of cabbage NACs under heat stress, especially homologous genes
of NAC members which have been reported to regulate HS in other species (Figure S1).
Among the NAC members we tested, Bra018998 was identified as a candidate with highly
inducible gene expression in response to high temperature shock, and especially was greatly
induced in the leaves of Chinese cabbage, suggesting that Bra018998 may play regulatory
roles in mediating the HS response in cabbage leaves (Figure 1A). The phylogenetic tree of
NAC proteins in rapeseed, Arabidopsis, Camelina sativa, rice, wheat, and maize revealed that
the Bra018998 protein shares a close evolutionary relationship with rapeseed BanC06g05930D,
Arabidopsis AtNAC019, and Camelina sativa CsNAC55. Despite the phylogenetic tree
showing that Bra018998 is most closely related to BanC06g05930D, a protein homology search
showed that Bra018998 shared the highest identity with AtNAC019, and therefore we named
Bra018998 BrNAC19 (Figure 1B). Subcellular localization showed that the fluorescence signal
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of BrNAC19 appeared in the nucleus, whether at room temperature or high temperature,
suggesting its function as a transcription factor (Figure 1D).

Figure 1. Heat-induced gene expression, homology analysis, and subcellular localization of Bra018998.
(A) RT-qPCR detected the expression levels of Bra018998 in the root, shoot apical meristems (SAM),
and leaf of Chinese cabbage after high temperature exposure. Two-week-old Chinese cabbage
seedlings grown under normal conditions were transferred to high temperature (43 ◦C) for the
indicated time and then harvested for RNA extraction. The expression level of Bra018998 in the roots
at 0 h was set to one. Data are represented as the mean ± standard deviation (SD) of three biological
replicates. (B) Phylogenetic analysis of Bra018998 with its orthologous genes based on their amino
acid sequences. (C) Protein sequence multiple alignment of Bra018998 with its orthologous genes
in other plant species. (D) Subcellular localization of Bra018998 in N. benthamiana leaf epidermis
cells. Scale bars, 50 μm. The letters ‘a’ to ‘e’ above the bars indicate statistically significant differences
between samples, and the presence of same letters between two groups indicates no significant
differences (two-way ANOVA with Tukey’s post hoc test; p < 0.05).

In Arabidopsis, NAC019 binds to the promoters of HSFA1b, HSFA6b, HSFA7a, and
HSFC1 for transcriptional activation, thus enhancing the thermotolerance of plants [15].
Since studies on NACs in crops have further confirmed the findings in Arabidopsis and
supported the conserved function of stress response regulation [28,29], we speculated
that BrNAC19 regulates heat tolerance similarly to AtNAC019. To explore its biological
function, BrNAC19 was cloned and transformed in Arabidopsis under the control of the
35S promoter to generate the overexpression transgenic plants BrNAC19-OE (Figure S2).
We employed a basal thermotolerance assay to elucidate the role of BrNAC19 in the heat
stress response of Arabidopsis. First, 7-day-old seedlings were subjected to 44 ◦C for 90 min
in a constant-temperature incubator and then allowed to recover in a growth chamber
at 22 ◦C for 5 days before the survival rate of the plants was assessed. Seven-day-old
BrNAC19-OE showed a similar phenotype to wild type Col-0 under normal conditions
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(Figure 2A). However, after heat stress treatment and recovery, BrNAC19-OE exhibited
enhanced thermotolerance, accompanied by an elevated survival rate, increased total
chlorophyll content, and decreased electrolyte leakage (Figure 2B–D). Together, these
results indicate that BrNAC19 positively confers basal thermotolerance in plants.

Figure 2. Overexpression of BrNAC19 enhances plants thermotolerance in Arabidopsis. (A) Phe-
notypes of wild type (Col-0) and BrNAC19-OE seedlings in the basal thermotolerance assay (43 ◦C
for 22 min and recovery at 22 ◦C for 5 days). The scale bar indicates 2 mm. 1# and 3# represent the
numbering of different transgenic lines. (B) Survival rates of Col-0 and BrNAC19-OE seedlings in
the basal thermotolerance assay. (C) Chlorophyll contents of the seedlings indicated in (A). (D) Elec-
trolyte leakage assay of the seedlings indicated in (A). Data are presented as the mean ± standard
deviation (SD) of three biological replicates. Significant differences compared with the wild type at
same condition are noted (student’s t-test, *** p < 0.001; ns indicates no significance).

3.2. BrNAC19 Activates HS-Response Gene Expression

Next, we investigated whether BrNAC19 modulates thermotolerance by transcrip-
tionally regulating the key factors involved in the heat stress response. The HS response
genes CSD1/2, CAT1/2, HSF3, and HSFA1d were selected for gene expression analysis in
the wild type and overexpression lines of BrNAC19 [5,30,31]. Levels of these genes were
upregulated in BrNAC19-OE plants after heat shock treatment (Figure 3A–F), indicating
that BrNAC19 induces these genes to positively mediate the heat stress response.
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Figure 3. BrNAC19 promotes the expression of key regulators of HS response. (A–F) RT-qPCR
detected the expression levels of CSD1, CSD2, CAT1, CAT2, HSF3, and HSFA1d in the indicated
genotypes under different conditions. The expression level of each gene in Col-0 at 22 ◦C was set to
one. All data are presented as means ± SD from three biological replicates. Significant differences
compared with the wild type under the same conditions are noted (student’s t-test, * p < 0.05,
** p < 0.01, *** p < 0.001).

3.3. Overexpression of BrNAC19 Decreases ROS Accumulation Under Heat Stress Conditions

Given that BrNAC19 activates the expression of transcription levels of genes encoding
ROS-scavenging enzymes (Figure 3A–D), we supposed that BrNAC19-mediated heat stress
tolerance was closely related to ROS scavenging. The production of ROS such as H2O2 and
the superoxide anion (O2

−) increases under heat stress [31], so we investigated the levels
of H2O2 and O2

− via diaminobenzidine (DAB) staining and nitroblue tetrazolium (NBT)
staining. Under normal conditions, the accumulation of H2O2 and O2

− in the wild type plants
was only slightly higher than in the BrNAC19-OE plants. Conversely, significantly weakened
staining was detected in BrNAC19-OE compared with WT under HS conditions (Figure 4A,B).
To verify the histochemical staining, we quantified the accumulation of H2O2 and O2

− in the
wild type and BrNAC19-OE lines. Consistent with the histochemical staining results, H2O2
and O2

− exhibited lower accumulation in the BrNAC19-OE plants (Figure 4C,D).

3.4. BrNAC19 Targets BrCSD1 and BrCAT2 for Activation

Since BrNAC19 promotes the expression of CSD1/2 and CAT1/2, as well as decreasing
the accumulation of ROS, in Arabidopsis under HS, we hypothesized that BrNAC19 may
also play a role in H2O2 and O2

− scavenging by transcriptionally regulated genes encoding
ROS-scavenging enzymes in Chinese cabbage. Analysis of the promoter sequences of
BrCSD1/2 and BrCAT1/2 revealed that the NAC-binding site (TNCGTG/A) to which NAC
members bind was present 1000 bp upstream of the translation initiation site of BrCSD1
and BrCAT2 (Figure 5A). Therefore, we hypothesized that BrNAC19 activates BrCSD1
and BrCAT2 by interacting with its promoters, at least partially. Electrophoretic mobility
shifts assay (EMSA) revealed that BrNAC19 bound to the fragments of the BrCSD1 and
BrCAT2 promoters containing a binding site, whereas the binding was abolished when
mutant probes were used (Figure 5B). Furthermore, we tested whether BrNAC19 activates
BrCSD1 and BrCAT2 transcription via a yeast-one hybrid assay, and the results indicated
that BrNAC19 directly interacted with the promoters of BrCSD1 and BrCAT2 (Figure 5C).
Lastly, we performed transient expression in tobacco leaves to analyze direct transcriptional
activation of BrCSD1 and BrCAT2 by BrNAC19 using a dual-luciferase experiment. When

89



Horticulturae 2024, 10, 1236

tobacco leaves were at 22 ◦C, BrNAC19 only mildly activated these two genes. However,
when tobacco leaves were subjected to 43 ◦C heat shock, BrNAC19 strongly induced
the expression of these two genes, indicating that BrNAC19 promotes the expression of
BrCSD1 and BrCAT2 under thermal stimulation (Figure S3A,B). We further confirmed
the transcriptional activation of BrCSD1 and BrCAT2 by BrNAC19 in Chinese cabbage
protoplasts. When co-transfecting the reporter vector and BrNAC19-GFP, transcription
of BrCSD1 and BrCAT2 was greatly induced (Figure 5D). In addition, we also detected
the expression of BrCSD1 and BrCAT2 in Chinese cabbage, and the results indicated that
the expression levels of BrCSD1 and BrCAT2 increased after heat treatment (Figure S4).
All together, these results suggest that BrNAC19 directly targets BrCSD1 and BrCAT2 for
transcriptional activation under heat stress.

Figure 4. BrNAC19-OE rescues the ROS accumulation caused by HS. (A,B) Histochemical analysis
of the generation of H2O2 and O2

− by staining with DAB and NBT in WT and BrNAC19-OE plants.
Brown precipitation and blue spots represent the presence of H2O2 (A) and O2

− (B), respectively.
(C,D) The levels of H2O2 (C) and O2

− (D) in WT and BrNAC19-OE plants. Data are presented as the
mean ± standard deviation (SD) of three biological replicates. The letters ‘a’ to ‘d’ above the bars
indicate statistically significant differences between samples, and the presence of the same letters
between two groups indicates no significant differences (two-way ANOVA with Tukey’s post hoc
test; p < 0.05).
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Figure 5. BrNAC19 directly induces the expression of BrCSD1 and BrCAT2. (A) Schematic diagram of
the binding sites in the BrCSD1 and BrCAT2 promoters, with the electrophoretic mobility shift assay
(EMSA) probe sequences shown below the diagram. Red letters represent the NAC-binding site and
mutation site. (B) EMSA revealed that BrNAC19 bound to the NAC-binding sites of the BrCSD1
and BrCAT2 promoters. The notation 2X indicates a twofold amount of glutathione S-transferase
(GST)-BrNAC19 protein, and the probe sequence is shown in panel A. (C) Yeast one-hybrid (Y1H)
assay revealed that BrNAC19 activates the BrCSD1 and BrCAT2 promoters. (D) Dual-luciferase
assays indicated that BrNAC19 positively modulates transcription of BrCSD1 and BrCAT2 after
heat shock. Data are presented as the mean ± standard deviation (SD) of three biological replicates
(student’s t-test, *** p < 0.001; ns indicates no significance).

4. Discussion

Heat shock poses a great threat to the growth, development, and production of crops
and vegetables, thereby escalating as a serious challenge for food security as global warming
progresses [32]. Plants enhance their tolerance through endogenous regulatory substances
and heat-responsive transcriptional cascades [5,33]. In recent years, studies have elucidated
the complex transcriptional regulatory networks involved in heat stress [5]. As plant-
specific transcription factors, NAC family members play an important role in regulating
plant growth, development, and stress response, including the heat stress response in
multiple species [28]. In maize, a NAC transcription factor designated ZmNAC074 was
identified that confers heat stress tolerance in transgenic Arabidopsis [14]. In cowpeas,
overexpression of VuNAC1/2 obviously enhance tolerance to drought, salinity, cold, and
heat stress [34]. Upon analyzing the expression patterns of peach NAC56 under abiotic
stress, it was found that PpNAC56 responds to high-temperature stress, and overexpression
of the PpNAC56 gene in tomato plants conferred elevated heat tolerance [12]. ONAC127
and ONAC129 are responsive to heat stress and involved in the grain filling process of
rice [35]. Using the CRISPR-Cas9 system, knockout of the OsNAC006 transcription factor
caused drought and heat sensitivity [36]. The membrane-associated NAC transcription
factor OsNTL3 is involved in thermotolerance in rice, and inducible expression of the
truncated form of OsNTL3 without the transmembrane domain increases heat tolerance
in rice seedlings [11]. In Arabidopsis, ANAC019 positively regulates plant heat stress
response by activating HSFs [15]. However, it is still unclear how NAC transcription factors
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regulate the heat stress response in Chinese cabbage. In this study, we found that BrNAC19
responds to heat stimuli and positively modulates the heat stress response by promoting
the expression of HSFs and genes encoding ROS scavengers (Figures 1–3). Additionally,
we identified BrCSD1 and BrCAT2 as direct targets of BrNAC19 (Figure 5), suggesting
that Chinese cabbage enhances thermotolerance through BrNAC19-enhanced antioxidant
enzyme synthesis. Further genetic analysis in Chinese cabbage will more thoroughly reveal
the role that NAC transcription factors played in regulating heat stress tolerance in Chinese
cabbage [37].

ROS typically act as major signaling molecules in the stress response of plants; among
them, H2O2 and O2

− usually participate in the response to abiotic stresses such as heat
stress to facilitate the transmission of stress signals [38]. However, the excessive accumula-
tion of ROS causes lipid peroxidation, DNA damage, protein oxidation, and cell apoptosis,
inflicting severe harm upon plants [7]. To eliminate the damage caused by ROS, plants
have evolved an antioxidant defense system including diverse antioxidants like APX, SOD,
and CAT [39]. To date, how ROS accumulation is regulated in Chinese cabbage during heat
stress responses has remained poorly studied. In this study, we discovered that BrNAC19
promotes the expression of CSD1 and CAT2 both in Arabidopsis and Chinese cabbage,
offering valuable insights into the mechanism by which Chinese cabbage utilizes NACs
to regulate its adaptation to heat stress (Figures 3–5). Further investigation is needed to
elucidate whether BrNAC19 contributes to the ROS scavenging system in Chinese cabbage
under heat stress. In addition, whether BrNAC19 enhances antioxidant enzyme activity
remains to be addressed.

5. Conclusions

Our results suggest that BrNAC19 plays a positive role in conferring thermotolerance in
plants. When plants encounter high temperature stress, BrNAC19 induces the transcription
of heat stress responsive genes and antioxidant enzyme-coding genes, thereby enhancing
heat response intensity and preventing excessive accumulation of ROS (Figures 2–4). Impor-
tantly, our further molecular studies revealed the BrNAC19 targeted BrCSD1 and BrCAT2
for transcriptional activation (Figures 5 and S3). Overall, our study suggests that BrNAC19
induces the expression of heat stress response genes and ROS scavenging genes to enhance
plant thermotolerance. Our data will help to develop detailed models of heat stress responses
and clarify the roles that NAC transcription factors play in plants, which will facilitate the
design of more heat stress-resilient crops and vegetables in response to global warming.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae10121236/s1. Figure S1: RT-qPCR detected the ex-
pression of partial NACs tested under normal and high temperature conditions. Figure S2: Molecular
characterization of BrNAC19-OE transgenic seedlings. Figure S3: BrNAC19 activated BrCSD1 and
BrCAT2 transcription under heat. Figure S4: Heat treatment induced the expression of BrCSD1 and
BrCAT2 in Chinese cabbage. Table S1. Primers used for RT-qPCR.
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Abstract: Watermelon (Citrullus lanatus), a vital economic crop, is severely threatened by Fusarium
wilt (FW), which is caused by the soil-borne fungal pathogen Fusarium oxysporum f. sp. niveum
(Fon). To elucidate the molecular mechanisms underlying FW resistance in watermelon, we
tracked the infection process via microscopy, identifying three critical time points (1, 6, and 8 days
post-inoculation) corresponding to spore germination, hyphal invasion of the xylem vascular sys-
tem, and symptom onset, respectively. Transcriptional profiling at these stages revealed six disease-
resistance-associated gene modules through differential expression analysis, expression pattern
clustering, weighted gene co-expression network analysis, and functional enrichment. These
modules exhibited strong correlations with distinct infection phases. Protein–protein interaction
networks identified 35 hub genes, including receptor-like kinases; WRKY and ethylene-responsive
factor transcription factors; and genes involved in cell wall reinforcement, hormone signaling, de-
fense metabolism/detoxification, programmed cell death regulation, and antimicrobial compound
biosynthesis. Differential expressions of these genes across infection stages likely underpin the ob-
served phenotypic disparities. Five hub regulatory genes were identified by quantitative real-time
PCR in the SRgreen and SRblack modules, namely, Cla97C01G014990 (WRKY transcription factor
42), Cla97C02G042360 (calcium-transporting ATPase), Cla97C08G155710 (AIG2), Cla97C09G170380
(ethylene-responsive factor 1B-like), and Cla97C06G121810 (receptor kinase, putative). These genes
mediate early rapid defense responses via SRgreen and sustain long-term resistance through
SRblack. By validating the expression patterns of hub genes, the study elucidated the watermelon
resistance response and provided insights into transcriptional regulation during different stages
of Fon–watermelon interactions. Additionally, it identified candidate genes that could enhance
watermelon resistance to wilt disease.

Keywords: watermelon; Fusarium wilt; transcriptome analysis; WGCNA; hub gene

1. Introduction

Watermelon (Citrullus lanatus) is a globally important cucurbit crop, with China dominat-
ing its production and consumption, generating more than 60 million metric tons annually [1].
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A critical constraint to watermelon cultivation is Fusarium wilt (FW), caused by the soil-borne
pathogen Fusarium oxysporum f. sp. niveum (Fon), which reduces yields by 30–80% through
vascular system colonization and water transport disruption [2]. Fon persists as chlamy-
dospores for more than a decade in soil, germinating upon detecting host root exudates to
develop infection hyphae that penetrate root tissues [3]. Comparative studies using confocal
laser scanning microscopy revealed that both resistant and susceptible watermelon varieties
permit initial root colonization by Fon, but defense mechanisms in resistant varieties restrict
pathogen progression beyond cortical layers, preventing vascular invasion [4,5]. In susceptible
plants, xylem occlusion by fungal hyphae, gums, and tyloses triggers hydraulic failure and
wilting, underscoring the critical role of transcriptional reprogramming in vascular defense.

Recent genetic mapping efforts have identified key quantitative trait loci (QTLs) under-
lying Fon resistance in watermelon. Fon-1, a major QTL, was mapped to chromosome 1 in
a recombinant inbred line (RIL) population derived from the cultivated variety 97103 and
wild accession PI296341-FR, and this QTL explained 48.1% of the phenotypic variance (LOD
= 13.2). This locus contains candidate genes, including a receptor kinase, glucan endo-1,3-β-
glucosidase precursors, and three acidic chitinases, suggesting roles in pathogen recognition
and cell wall remodeling [6]. A QTL mapping analysis was performed using F2:3 and RIL
populations derived from the Fon race 1-resistant donor Citrullus amarus USVL246-FR2 and
susceptible parent USVL114. This study identified a major QTL (qFon1-9) on chromosome 9 of
USVL246-FR2 that confers resistance to Fon race 1 and represents an uncharacterized genetic
resource for enhancing FW resistance in watermelon. Notably, seven receptor-like kinase
(RLK) genes mapped within the 1.5-LOD confidence interval of qFon1-9 emerged as strong
candidates for broad-spectrum resistance. These RLKs might function as pattern recognition
receptors to perceive conserved pathogen-associated molecular patterns (PAMPs), thereby
activating basal defense responses independent of pathogen race specialization [7].

Transcription factors (TFs) are essential DNA-binding proteins that regulate gene ex-
pression by modulating transcriptional dynamics through interactions with cis-regulatory
elements in the promoters of stress-responsive genes. These proteins act as central regulators
of plant defenses by controlling the expression of stress-induced genes critical for activating
host defense mechanisms [8]. Among plant TF families, the WRKY superfamily is a prominent
regulator of immunity. Its members are characterized by a conserved WRKY domain that
mediates DNA recognition, and they are widely distributed across plant species [9]. WRKY
TFs govern diverse immune responses, functioning as both activators and repressors of de-
fense pathways. They are integral to the regulation of PAMP-triggered immunity (PTI) and
effector-triggered immunity (ETI). In cotton, group IIc WRKY TFs enhanced resistance to F.
oxysporum f. sp. vasinfectum by activating the GhMKK2–GhNTF6 signaling cascade, which
increases the GhMYC2-mediated expression of flavonoid biosynthesis genes. This pathway
increased the levels of antimicrobial secondary metabolites, thereby restricting pathogen
colonization [10]. PdpapWRKY28 overexpression significantly suppressed reactive oxygen
species (ROS) accumulation in Populus davidiana and enhanced antioxidant enzyme activity,
thereby conferring robust tolerance to environmental stresses [11]. In addition to WRKY TFs,
APETALA2/ethylene-responsive factor (AP2/ERF) TFs also play central roles in regulating
plant responses to diverse biotic and abiotic stresses, including salinity, drought, tempera-
ture extremes, and pathogenic infections [12]. AP2/ERF family members modulate defense
responses through intricate molecular mechanisms, such as the transcriptional activation
of stress-responsive genes and crosstalk with phytohormone signaling pathways. MPK-
mediated phosphorylation of Glycine max ERF113 (GmERF113) enhances its transcriptional
activity, thereby increasing the expression of defense-related genes and augmenting immunity
against the oomycete pathogen Phytophthora sojae [13]. In Gossypium hirsutum, GbERF1 overex-
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pression significantly increased lignin biosynthesis gene transcription, resulting in increased
lignin deposition and enhanced resistance to the wilt pathogen Verticillium dahliae [14]. The
Arabidopsis ERF protein ORA59 directly binds to the PDF1.2 promoter to activate jasmonic
acid/ethylene (JA/ET)-dependent defense responses, thereby improving resistance to the
necrotrophic fungus Botrytis cinerea [15].

Weighted gene co-expression network analysis (WGCNA), a method for identifying
trait-related modules [16], has been widely applied to dissect hub genes associated with
disease resistance [17–19]. In this study, we employed WGCNA to characterize genome-
wide transcriptomic responses in two watermelon varieties, namely, the FW-resistant
variety PI 296341 (R) and FW-susceptible variety W1-1 (S), following infection with Fon.
This study performed a comprehensive analysis of compatible (susceptible interaction) and
incompatible (resistant interaction) molecular mechanisms between Fon and watermelon,
thereby generating genome-wide expression profiles of disease resistance-related genes. By
integrating co-expression networks and pathogen challenge dynamics, our work provides
a systems-level framework for unraveling genetic determinants of FW resistance.

Expression pattern analysis of selected hub genes was conducted to elucidate their
potential roles in disease resistance mechanisms. These findings provide critical molecular
insights into plant–pathogen interactions, establishing a robust framework for further
exploration of Fusarium oxysporum defense mechanisms in host plants.

2. Materials and Methods

2.1. Plant Materials

FW-resistant variety PI 296341 (R) and FW-susceptible variety W1-1 (S) were obtained
from the molecular genetic breeding research group for watermelons and melons of Northeast
Agricultural University, China. Seeds were germinated and grown under controlled conditions
(light/dark = 16 h/8 h, light intensity of 120 μmol m−2 s−1, 28 ◦C, 70% relative humidity).

2.2. Fungal Transformation with GFP

The Fon (Fusarium oxysporum f. sp. niveum race 1) isolate was laboratory-preserved and
maintained on potato dextrose agar (PDA) at 25 ◦C. Fon was transformed as previously de-
scribed [20]. Briefly, Agrobacterium tumefaciens strain AGL1 (Coolaber Science & Technology
Co., Ltd., Beijing, China) harboring pCAMBIA1303-GFP was resuscitated in lysogeny broth
(LB) medium supplemented with 50 μg/mL kanamycin (Beijing Solarbio Science & Technology
Co., Ltd., Beijing, China) and 50 μg/mL rifampicin (Beijing Solarbio Science & Technology Co.,
Ltd., Beijing, China) under standard incubation conditions (28 ◦C, 180 rpm). AGL1 (OD600 =
0.15) was mixed with Fon microconidia (1 × 106 conidia/mL) in equal volumes (100 μL each).
The mixture (200 μL) was plated onto nitrocellulose membranes (Beijing Solarbio Science &
Technology Co., Ltd., Beijing, China) and incubated in a co-cultivation medium supplemented
with 5 mM glucose at 25◦C for 48 h. Membranes were then transferred to PDA containing 120
μg/mL hygromycin B (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) and
300 μg/mL cefotaxime (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) for
7–10 days at 25 ◦C to permit transformant growth. Hygromycin-resistant transformants were
isolated and maintained on PDA supplemented with hygromycin B (120 μg/mL).

2.3. Inoculation of Watermelon Plants

Fungal conidia were produced by culturing Fon in a 250 mL conical flask containing
150 mL of potato dextrose broth at 28 ◦C on a rotary shaker (150 rpm) for 5–7 days. The
conidial suspension was adjusted to a final concentration of 1 × 106 conidia/mL using
sterile distilled water for subsequent plant inoculation. Fifteen-day-old watermelon seedlings
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grown in a controlled growth chamber (16 h/8 h light/dark photoperiod, 28 ◦C, 70% relative
humidity) were carefully removed from vermiculite substrate and gently rinsed with tap
water to remove residual particles. Seedling roots were then immersed in freshly prepared
spore suspensions (1 × 106 conidia/mL) for 20 min. Inoculated seedlings were replanted into
fresh vermiculite, whereas control plants were subjected to identical procedures except they
were immersed in sterile distilled water instead of the spore suspension.

2.4. Microscopic Analysis

Watermelon roots were sampled at 24 h intervals up to 8 days post-inoculation (dpi).
At each time point, five plants were harvested, rinsed to remove the growth medium, and
dissected to isolate the taproot and lower hypocotyl. Root segments adjacent to the root base
were excised and sectioned into 5 mm pieces, whereas hypocotyl segments (0–1 cm above
the main root) were hand-sectioned into 2–3 mm pieces. To determine the critical time points
of Fon infection in watermelon roots, the colonization process of Fon-GFP was observed
in watermelon roots at different time points, with five biological replicates per time point.
Samples were mounted in water droplets on glass slides under coverslips for microscopic
examination using a confocal laser scanning microscope (TCS SP8, Leica, Berlin, Germany)
with a 10× objective. Roots treated with non-GFP-labeled Fon served as control samples to
ensure that the observed fluorescence was attributable solely to the colonization of Fon-GFP.
Fluorescence was excited at 488 nm, and emitted light was recorded between 520 and 540 nm.

2.5. RNA Sequencing (RNA-Seq) and Data Analysis

Root samples were collected from Fon-inoculated plants (S and R) and water-treated
controls at 0, 1, 6, and 8 dpi. To explore nonspecific immune responses in the plants,
they were exposed to killed pathogens (autoclaved at 121 ◦C for 5 min) at 1 dpi. In
total, 48 samples (10–12 roots per time point) were rapidly frozen in liquid nitrogen for
RNA extraction and subsequent RNA-seq. Raw sequencing data were processed using
fastp v0.20.1 to trim low-quality bases and remove adapter sequences [21], yielding clean
reads. Clean reads were then aligned to the reference genome (http://cucurbitgenomics.
org/organism/21, accessed on 19 January 2024) using HISAT2 v2.1.1 [22]. StringTie was
subsequently employed to assemble transcript isoforms from mapped reads for each
sample, generating gene expression quantification matrices [23].

2.6. Data Integration and Network Construction

Differentially expressed genes (DEGs, log2 fold change > 1 and false discovery rate
< 0.05) were clustered and visualized using the ClusterGVis package (https://github.
com/junjunlab/ClusterGVis, accessed on 24 March 2024). Co-expression networks were
constructed using the R package WGCNA (version 1.73). Subsequently, Cytoscape v3.9.1
was employed to visualize intramodule gene networks and highlight biological interactions
among hub genes [24]. Networks were filtered to retain the top 100 edges with the highest
weights. Hub genes were prioritized by degree, with the top 10 genes with the highest
degrees designated as critical nodes and visualized as red vertices in the network.

2.7. Quantitative Real-Time PCR

qRT-PCR was used to verify the expression of select DEGs. Root samples were collected
from Fon-inoculated plants (S and R) and water-treated controls at 0, 1, 6, and 8 dpi. Total
RNA was extracted from watermelon root samples using the Spin Column Plant Total RNA
Purification Kit (Sangon Biotech, Shanghai, China). Approximately 1 μg of the total RNA was
used as a template to synthesize the cDNA with HiScript® II Q RT SuperMix for qPCR (+gDNA
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wiper) (Vazyme, Nanjing, China). qRT-PCR was performed using ChamQ™ Universal
SYBR® qPCR Master Mix (Vazyme, Nanjing, China) and a LightCycler® 480 II Real-time PCR
instrument (Roche, Basel, Switzerland). The relative mRNA level of each candidate gene was
evaluated against watermelon ClACTIN (Gene Accession Number Cla97C02G038590) as a
reference gene. The qPrimerDB website (https://biodb.swu.edu.cn/qprimerdb/, accessed on
1 April 2024) was used to design qRT-PCR-specific primers (Table S1). The gene expression
level was calculated using the 2−ΔΔCT method with three biological replicates.

2.8. Statistical Analysis

Data came from three biological replications and were analyzed using Graphpad software
(version 10.4.0) for statistical analysis. Statistically significant differences were assessed using
one-way ANOVA, followed by a post hoc Tukey test at a significance level of p < 0.05.

3. Results

3.1. Analysis by Confocal Laser Scanning Microscopy

Following inoculation with Fon, S exhibited pronounced leaf drooping and chlorosis
at 8 dpi (Figure 1A,B). In contrast, R displayed no discernible phenotypic alterations under
identical infection conditions (Figure 1C,D). Within 1 dpi, most Fon-GFP spores germinated
on the root surface, forming initial hyphae (green fluorescence; Figure 1E). By 2 dpi, the
fungal hyphae developed densely across the root surface, indicating robust colonization
(Figure 1F). Between 4 and 5 dpi, Fon-GFP hyphae penetrated the intercellular spaces along
the edges of root cells (Figure 1G and Figure S1). At 6 dpi, Fon-GFP hyphae entered the
root vascular system, as evidenced by their presence within xylem vessels (Figure 1H,I).
By 8 dpi, extensive colonization of the root vascular system by Fon-GFP was observed,
coinciding with the onset of wilt symptoms in watermelon seedlings (Figure 1B,J).

Combining observations of the infection process with phenotypic responses in S inocu-
lated with Fon-GFP, we identified 1, 6, and 8 dpi as critical time points. Spore germination
occurred at 1 dpi, initiating the formation of hyphae, which likely marks the early recognition
phase of plant defense against fungal pathogens (Figure 1E). By 6 dpi, hyphae had invaded
the root vascular system, as evidenced by their presence within xylem vessels (Figure 1H,I),
suggesting a transition to necrotrophic growth and triggering a moderate defense response
in the host. Extensive colonization of the vascular system at 8 dpi coincided with the onset
of wilt symptoms in watermelon seedlings (Figure 1B,J), indicating an advanced stage of
infection in which the pathogen disrupts cellular integrity. These key time points (1, 6, and 8
dpi) were pivotal for subsequent experiments aimed at elucidating the molecular mechanisms
underlying plant–pathogen interactions during these critical phases of infection.

3.2. Identification of DEGs

To identify DEGs associated with Fon infection, mRNA libraries were constructed
and divided into 16 groups, which comprised samples from two genotypes of infected
plants and water-treated controls at 0, 1, 6, and 8 dpi, with three biological replicates per
group (n = 3). In total, 2,397,660,805 raw reads were generated, and after quality control,
2,357,983,183 clean reads were obtained for downstream analysis (Table S2).

Comparative analysis of pathogen-treated and water-treated samples revealed distinct
transcriptional patterns. In cultivar S, 1, 1, 1197, and 1250 upregulated DEGs were identified
at 0, 1, 6, and 8 dpi, whereas 13, 18, 1561, and 1713 downregulated DEGs, respectively, were
identified at these time points (Figure 2A). In cultivar R, pathogen-challenged plants exhibited
0, 219, 200, and 754 upregulated DEGs and 0, 365, 31, and 1171 downregulated DEGs at 0, 1, 6,
and 8 dpi, respectively (Figure 2B).
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Figure 1. Phenotypes of watermelon seedlings (S: susceptible, FW-susceptible watermelon variety
W1-1, and R: resistant, FW-resistant watermelon variety PI 296341) after 8 days of Fon (Fusarium
oxysporum f. sp. niveum race 1) and water treatment and confocal laser scanning microscopic analysis
of Fon-GFP colonization in S. (A) S seedlings after 8 days of water treatment. (B) S seedlings after
8 days of Fon inoculation. (C) R seedlings after 8 days of water treatment. (D) R seedlings after 8 days
of Fon inoculation. Scale bar = 1.5 cm. (E) At 1 dpi, Fon-GFP attached to the surface of watermelon
roots began to germinate. (F) At 2 dpi, Fon-GFP on the surface of watermelon roots began to exhibit
dense hyphal proliferation. (G) Between 4 and 5 dpi, Fon-GFP hyphae penetrated the intercellular
spaces along the edges of root cells. (H,I) Longitudinal section of the root. At 6 dpi, hyphae were
observed to extend into the xylem vessels. (J) In transverse sections of the root, extensive colonization
of hyphae in the xylem vessels was observed at 8 dpi. Fluorescence was excited at 488 nm and
emitted light between 520 and 540 nm. Scale bar = 50 μm.

Figure 2. Graphical representation of gene expression changes following inoculation with Fusarium
oxysporum f.sp. niveum (Fon). (A) DEGs between different treatments at each time point in susceptible
watermelon (S). (B) DEGs between different treatments at each time point in resistant watermelon (R).
(C) Venn diagram of overlapped genes in S. (D) Venn diagram of overlapped genes in R. R: FW-resistant
watermelon variety PI 296341; S: FW-susceptible watermelon variety W1-1; w: water treatment; p: pathogen
treatment (Fusarium oxysporum f. sp. niveum race 1); kp: killed pathogen treatment; S1: Sp1d vs. Sw1d; S6:
Sp6d vs. Sw6d; S8: Sp8d vs. Sw8d; R1: Rp1d vs. Rw1d; R6: Rp6d vs. Rw6d; R8: Rp8d vs. Rw8d.

Given the minimal differential expression observed between water-treated and killed
pathogen-treated samples at 1 dpi in both cultivars, data from killed pathogen-treated samples
at this time point were excluded from subsequent analyses. A comparative overlap analysis
was conducted across three critical infection stages (1, 6, and 8 dpi) in R and S. In R, 411, 183,
and 1711 DEGs were uniquely expressed at 1, 6, and 8 dpi, respectively. Conversely, cultivar
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S exhibited 8, 1354, and 1558 uniquely expressed DEGs, respectively, at these time points
(Figure 2C). Notably, cultivar R displayed the temporal conservation of two DEGs across all
stages, whereas cultivar S retained four persistently expressed DEGs (Figure 2D).

3.3. Determination of Key Clusters

To systematically characterize cultivar-specific defense responses, DEGs upregulated
by pathogen exposure in the S and R cultivars were clustered using the ClusterGVis pack-
age (Version 0.1.2), yielding 12 distinct clusters in each cultivar. Subsequent functional
annotation prioritized defense-associated clusters by integrating expression dynamics with
functional enrichment analyses of Gene Ontology (GO) terms and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways. In R, 1058 upregulated DEGs were grouped
into 12 clusters, five of which (R1, R5, R7, R9, R12) exhibited potential associations with
disease resistance. DEGs in R1 (contained 59 genes) and R5 (contained 96 genes) were
upregulated at 6 dpi, whereas those in R7 (contained 74 genes) displayed sustained upreg-
ulation at both 6 and 8 dpi. Genes in R9 (contained 132 genes) and R12 (contained 91 genes)
were specifically activated at 8 and 1 dpi, respectively. Functional enrichment analysis
revealed that these clusters were significantly associated with immune system processes,
defense responses, phenylpropanoid biosynthesis, responses to biotic stimuli, glutathione
metabolism, salicylic acid (SA) signaling, and NOD-like receptor pathways (Figure 3). In S,
four clusters (S5, S6, S7, S10) displayed putative roles in disease resistance. Genes in S5 (con-
tained 106 genes) were upregulated at 6 and 8 dpi, those in S6 (contained 136 genes) were
upregulated at 8 dpi, and those in S7 (contained 123 genes) and S10 (contained 213 genes)
were upregulated at 6 dpi. The enriched functions included immune system processes,
responses to biotic stimuli, glutathione metabolism, defense responses, plant–pathogen
interactions, hormone signaling, and phenylpropanoid biosynthesis (Figure 4). Merging
these key clusters yielded 941 DEGs involved in various aspects of disease resistance.

3.4. Determination of Key Modules Associated with Fon Resistance Through Co-Expression
Network Analysis

To systematically characterize the expression divergence of defense-related DEGs be-
tween S and R, WGCNA was performed on 941 defense-associated DEGs from key clusters
(R1, R5, R7, R9, R12, S5, S6, S7, S10). A soft threshold power of β = 17 was selected to construct
hierarchical clustering trees based on scale-free topology criteria (Figure S2). Following this,
genes were partitioned into 10 distinct co-expression modules using dynamic tree cutting
(mergeCutHeight = 0.25; Figure 5A). To delineate key modules linked to disease resistance,
we analyzed correlations between co-expression modules and phenotypic traits associated
with specific infection stages. In R, three modules demonstrated robust associations with
pathogen responses. Specifically, SRgreen exhibited a significant positive correlation with
Rp1d (r2 = 0.85, p = 3 × 10−12), SRyellow exhibited a significant positive correlation with Rp6d
(r2 = 0.64, p = 7 × 10−6), and SRblue exhibited a significant positive correlation with Rp8d
(r2 = 0.83, p = 2 ×10−11). In S, two modules displayed strong pathogen-responsive patterns,
with SRbrown being positively correlated with Sp8d (r2 = 0.66, p = 2 × 10−6) and SRturquoise
being positively correlated with Sp6d (r2 = 0.93, p = 2 × 10−18). SRred and SRblack exhibited
conserved expression trajectories in both S and R, suggesting shared regulatory mechanisms
underlying basal pathogen responses (Figure 5B). Conversely, SRmagenta displayed divergent
transcriptional dynamics between the two genotypes, with antagonistic expression patterns
in S versus R, indicative of the cultivar-specific modulation of defense-related pathways. The
SRpurple and SRpink modules exhibited strong correlations with the water treatment group,
and thus, they were excluded from further analysis.
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Figure 3. Co-expression cluster identification and functional annotation of DEGs in resistant (R) wa-
termelon upregulated upon inoculation with Fusarium oxysporum f.sp. niveum (Fon). The Rw0d data
are the same as the Rp0d data. From left to right are expression calorimetric maps, expression trend
maps and the number of genes contained, GO enrichment results, and KEGG pathway enrichment
results. R: FW-resistant watermelon variety PI 296341, w: water treatment, p: pathogen treatment
(Fusarium oxysporum f. sp. niveum race 1). In expression calorimetric maps, red indicates upregulation
and blue indicates downregulation, with white representing baseline expression (z-score normalized),
and R1–R12 denote the 12 gene clusters obtained. In expression trend maps, the red line represents
data from the pathogen treatment, the blue line represents data from the water treatment, and trend
lines denote mean expression values per cluster. In the GO enrichment results, the top 5 enriched
terms in Biological Process (BP) are shown. In the KEGG pathway enrichment results, the top 5 most
significant terms from the KEGG enrichment analysis are shown.
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Figure 4. Co-expression cluster identification and functional annotation of DEGs in susceptible
(S) watermelon upregulated upon inoculation with Fusarium oxysporum f.sp. niveum (Fon). The
Sw0d data are the same as the Sp0d data. From left to right are expression calorimetric maps,
expression trend maps and the number of genes contained, GO enrichment results, and KEGG
pathway enrichment results. S: FW-susceptible watermelon variety W1-1, w: water treatment, p:
pathogen treatment (Fusarium oxysporum f. sp. niveum race 1). In expression calorimetric maps,
red indicates upregulation and blue indicates downregulation, with white representing baseline
expression (z-score normalized), and S1–S12 denote the 12 gene clusters obtained. In expression
trend maps, the red line represents data from the pathogen treatment, the blue line represents data
from the water treatment, and trend lines denote mean expression values per cluster. In the GO
enrichment results, the top 5 enriched terms in Biological Process (BP) are shown. In the KEGG
pathway enrichment results, the top 5 most significant terms from the KEGG enrichment analysis are
shown.
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Figure 5. Co-expression network analysis of DEGs and the module–trait relationship in response to
Fusarium oxysporum f.sp. niveum (Fon) infection of watermelon. (A) Cluster dendrogram of different
genes in co-expression modules. Dynamic tree cut (minimum module size = 30 genes, merge cut
height = 0.25). Color bars below the dendrogram represent assigned modules. SR denotes the data
used in WGCNA from susceptible (S) and resistant (R) watermelon. (B) Heat map of the correlation
between templates and groups. Each row represents a module eigengene, and each column represents
a different characteristic. Each cell contains the corresponding correlation and p-value, and the table
is color coded by correlation according to the color legend. The number below each module name
denotes the number of genes within the module. Excluding the gray module, a total of 10 gene
modules were identified.

3.5. GO and KEGG Enrichment Analyses of Key Modules

GO and KEGG pathway enrichment analyses were performed to delineate the bio-
logical significance of the identified modules. The SRgreen module exhibited significant
enrichment for plant-specific signaling pathways, including the mitogen-activated pro-
tein kinase (MAPK) signaling pathway and plant and plant hormone signal transduction
(Figure 6A). SRyellow was associated with metabolic reprogramming, particularly the
amine metabolic process and tryptophan biosynthetic process (Figure S3). SRblue dis-
played enrichment in stress-responsive functions, such as cytokinin metabolic process
and responses to toxic substances (Figure S4). In the S cultivar, SRbrown was asso-
ciated with structural and interactive pathways, including cellulose biosynthetic pro-
cesses and plant–pathogen interactions (Figure S5), whereas SRturquoise was linked to
defense-related processes, including external encapsulating structure organization and
phenylpropanoid biosynthesis (Figure S6). The conserved modules SRred and SRblack
demonstrated significant enrichment for pathways associated with stress adaptation and
secondary metabolism. SRred was specifically linked to cellular responses to abiotic stimuli
and beta-alanine metabolism (Figure S7), whereas SRblack encoded functions critical to
phytohormone dynamics and structural defense, including brassinosteroid biosynthesis
and phenylpropanoid biosynthesis (Figure 6B). In stark contrast, the divergent SRma-
genta module exhibited a unique enrichment of glutamine metabolic processes, reflecting
genotype-specific metabolic reprogramming during pathogen challenge (Figure S8). Based
on module correlation and GO and KEGG enrichment analyses, six key modules, namely,
SRgreen, SRblue, SRbrown, SRturquoise, SRblack, and SRmagenta, were identified as being
associated with disease resistance responses.
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Figure 6. Functional enrichment analysis of key co-expression modules in pathogen-responsive
genes in the Fusarium oxysporum f.sp. niveum–watermelon pathosystem. (A) GO and KEGG pathway
enrichment analyses of SRgreen module genes. (B) GO and KEGG pathway enrichment analyses of
SRblack module genes.

3.6. Identification of Hub Genes Involved in FW Resistance Through WGCNA

To identify hub genes within the defense-related modules, gene co-expression net-
works were constructed and analyzed using Cytoscape (Figure 7). Networks were filtered
to retain the top 100 edges with the highest weights. Hub genes were prioritized according
to the degree, with the top 10 highest-degree genes designated as critical nodes and visu-
alized as red vertices in the network (Table S3). Based on the annotated functions in the
reference genome, 35 hub genes were selected (Table 1).

The SRblack module encompassed key regulatory and metabolic components, including
WRKY TF 42, calcium-transporting ATPase, 1-deoxy-d-xylulose-5-phosphate synthase 2a,
and benzyl alcohol O-benzoyltransferase-like. The SRgreen module featured signaling and
hormone-related elements: basic-leucine zipper (bZIP) TF family, ethylene-responsive TF 1B-
like, putative receptor kinase, expansin-like B1, patatin, and gibberellin receptor GID1B-like.

SRblue contained genes associated with cell wall dynamics and defense signaling,
notably cellulose synthase-like protein H1, SA-binding protein 2-like, gibberellin 2-beta-
dioxygenase 8, cellulose synthase-like protein B3, xylose isomerase, and detoxification-
related proteins. SRbrown is enriched for structural remodeling and stress-responsive
factors, including mannan endo-1,4-beta-mannosidase 1-like, receptor-like protein kinase
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4, NINJA family transcriptional repressor, and bZIP TF 53. The SRturquoise module
comprised defense execution machinery: metacaspase-9, FAD-binding berberine family
protein, peroxidase, MADS-box TF, endo-1,4-beta-xylanase A-like, NAC domain-containing
protein, thaumatin-like protein, and pectinesterase inhibitor. Conversely, SRmagenta
encoded glutathione S-transferase and MADS-box TFs.

Figure 7. Identification of hub genes in the protein–protein interaction (PPI) networks following
inoculation of watermelon with Fusarium oxysporum f.sp. niveum. (A) PPI network of SRmagenta.
(B) PPI network of SRturquoise. (C) PPI network of SRbrown. (D) PPI network of SRblack. (E) PPI
network of SRblue. (F) PPI network of SRgreen.

Table 1. Hub genes associated with watermelon resistance to Fusarium oxysporum f.sp. niveum.

ID Degree Description Module

Cla97C07G140960 15 Cytochrome P450

SRblack

Cla97C01G014990 15 WRKY transcription factor 42
Cla97C02G042360 11 Calcium-transporting ATPase
Cla97C11G216240 9 Dynamin-related protein 4C
Cla97C01G007750 8 Basic leucine zipper 43
Cla97C02G034580 8 Benzyl alcohol O-benzoyltransferase-like
Cla97C08G155710 20 Protein AIG2

SRgreen

Cla97C05G105320 7 Basic-leucine zipper (BZIP) transcription factor family
Cla97C09G170380 7 Ethylene-responsive transcription factor 1B-like
Cla97C06G121810 7 Receptor kinase, putative
Cla97C09G175480 7 Expansin-like B1
Cla97C08G159250 6 Patatin
Cla97C11G215260 6 Gibberellin receptor GID1B-like
Cla97C02G035430 28 Cellulose synthase-like protein H1

SRblue

Cla97C03G057720 19 Salicylic acid-binding protein 2-like
Cla97C07G132770 15 Gibberellin 2-beta-dioxygenase 8
Cla97C02G035420 13 Cellulose synthase-like protein B3
Cla97C11G218300 5 Xylose isomerase
Cla97C09G173070 4 Protein detoxification
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Table 1. Cont.

ID Degree Description Module

Cla97C08G145130 8 Mannan endo-1,4-beta-mannosidase 1-like

SRbrown
Cla97C03G057380 8 Receptor-like protein kinase 4
Cla97C07G130430 8 NINJA family protein AFP2-like
Cla97C08G158320 8 bZIP transcription factor 53
Cla97C04G071580 22 Metacaspase-9

SRturquoise

Cla97C01G025380 20 FAD-binding berberine family protein
Cla97C05G089640 18 Peroxidase
Cla97C05G099940 14 MADS-box transcription factor
Cla97C05G098940 9 Endo-1,4-beta-xylanase 1
Cla97C11G225100 8 NAC domain
Cla97C10G197610 6 Thaumatin-like protein
Cla97C06G125610 6 PMEI domain-containing protein
Cla97C06G110100 6 Pectin methylesterase inhibitor superfamily protein
Cla97C04G074260 16 Glutathione S-transferase U8-like

SRmagentaCla97C07G136250 9 MADS-box protein, putative
Cla97C04G079260 7 Glutathione S-transferase

3.7. qRT-PCR Validation of RNA-Seq Data

To validate the reliability of RNA-seq data and differential expression profiles, 15 hub
genes were selected for analysis by qRT-PCR (Figure 8). These genes represented diverse ex-
pression patterns observed in the transcriptomic dataset. Among them, in the SRblack mod-
ule, Cla97C01G014990 (WRKY TF 42) and Cla97C02G042360 (calcium-transporting ATPase)
were upregulated at 6 and 8 dpi. By contrast, Cla97C08G155710 (AIG2), Cla97C09G170380
(ethylene-responsive TF 1B-like), and Cla97C06G121810 (receptor kinase, putative) in the
SRgreen module were upregulated at 1 dpi.

Figure 8. qRT-PCR analysis of 15 hub genes following inoculation of resistant (R) and susceptible (S)
watermelon with Fusarium oxysporum f.sp. niveum. Error bars indicate the mean ± standard deviation,
and the three data points in each column indicate three biological replicates. * p < 0.05, ** p < 0.01,
*** p < 0.001.
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4. Discussion

The interaction between Fon and watermelon involves distinct infection phases, in-
cluding a biotrophic stage during which the pathogen obtains nutrients from living host
cells and a necrotrophic stage characterized by cell death and tissue collapse. Our time-
course microscopic observations revealed that Fon-GFP spores initiated germination and
root colonization at 1 dpi, followed by hyphal penetration into xylem vessels at 6 dpi, cul-
minating in wilt symptoms at 8 dpi (Figure 1). This progression aligns with the biotrophy-
to-necrotrophy transition described in previous studies [4,5,25–27], establishing 1, 6, and
8 dpi as critical infection milestones for dissecting host defense mechanisms.

Transcriptomic profiling has emerged as a cornerstone for dissecting the molecular
underpinnings of plant–F. oxysporum interactions, particularly in unraveling the dynamic
interplay between host defense mechanisms and pathogen virulence strategies [11,28,29].
Differential expression analysis revealed distinct transcriptional strategies between R and S
during Fon infection. In S, the majority of DEGs were observed at 6 and 8 dpi, coinciding
with xylem colonization and symptom onset. Conversely, the R genotype exhibited high
numbers of DEGs at all three critical infection stages (1, 6, and 8 dpi), suggesting an
earlier and more dynamic defense response. This early transcriptional activation (1 dpi)
in R likely reflects rapid pathogen recognition and signaling, which might suppress Fon
development during the biotrophic phase [5]. Venn diagram analysis further highlighted
stage-specific defense mechanisms (Figure 2). In R, the minimal overlap of DEGs across
time points indicated distinct transcriptional programs tailored to each infection phase
[early recognition (1 dpi), xylem defense (6 dpi), and necrosis-associated resistance (8 dpi)].
As the infection process progresses, F. oxysporum secretes different proteins to facilitate
its progression [30]. This phased response likely enhances the ability to counter Fon
progression at multiple stages [31]. By contrast, the S genotype displayed significant overlap
in DEGs between 6 and 8 dpi, suggesting a delayed and generalized defensive response.
The lack of early (1 dpi) DEGs in S might have permitted Fon to proliferate unchecked
during the biotrophic phase, leading to uncontrolled xylem invasion and subsequent
necrotrophic expansion [4].

The application of ClusterGVis for transcriptomic clustering and functional enrich-
ment analysis provided a systematic framework to identify biologically meaningful gene
sets underlying host–pathogen interactions [32]. Expression clustering analysis revealed
distinct transcriptional strategies in the R and S cultivars during Fon infection. Using
ClusterGVis, we identified nine clusters (R1, R5, R7, R9, R12, S5, S6, S7, S10) enriched
for upregulated defense-related genes in Fon-treated samples. Notably, R8, R11, and R12
exhibited pronounced upregulation on 1 dpi in R, whereas S lacked significant upregulation
at this stage, highlighting a critical temporal divergence in defense initiation.

The R8 cluster was enriched for pathways related to valine, leucine, and isoleucine
degradation and cellular catabolic processes. Concurrently, upregulated genes in cluster
R11 were involved in the generation of precursor metabolites and energy, sulfur compound
biosynthetic processes, and carbohydrate catabolic processes. This metabolic rewiring
likely provides precursors and energy for defense responses [33]. Cluster R12, activated
at 1 dpi, was enriched for transcription factors (e.g., WRKY) and the MAPK signaling
pathway. The MAPK cascade is a conserved regulator of PTI and ETI in plants [34]. The
early upregulation of MAPK components in R aligned with rapid pathogen recognition and
signal amplification, which are critical for deploying localized defense barriers (e.g., callose
deposition, ROS bursts) to restrict Fon proliferation [35,36]. Contrasting these findings, S
displayed minimal early transcriptional activation (1 dpi), with significant upregulation de-
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layed until 6 and 8 dpi. This delay likely permitted Fon to establish biotrophic colonization
unimpeded, leading to unchecked xylem invasion and eventual necrosis.

Integrating our findings, the SRblue module coordinated late-stage defense (8 dpi)
against Fon through synergistic cell wall reinforcement and hormonal regulation. Hub
genes, such as Cla97C02G035430 (cellulose synthase-like H1) and Cla97C02G035420 (cellu-
lose synthase-like B3), likely enhance structural resistance by promoting cellulose depo-
sition in papillae, analogous to barley, in which silencing a cellulose synthase-like gene
(HvCslD2) increased fungal penetration because of reduced epidermal cellulose content [37].
Additionally, Cla97C03G057720 (SA-binding protein 2-like) is implicated in SA transport,
which is crucial for priming defenses, as demonstrated in Arabidopsis, where exogenous SA
treatment increased PR1 expression and reduced F. oxysporum-induced necrosis [38]. The
SRturquoise module established a robust immune barrier during late infection (6 dpi) by
coordinating ROS signaling, programmed cell death (PCD), and antimicrobial metabolic
pathways. For instance, Cla97C04G071580 (metacaspase-9) regulates post-mortem cellular
clearance, similar to Arabidopsis AtMC9, which facilitates the autolysis of xylem vessel
contents post-vacuolar rupture, thereby restricting F. oxysporum spread by eliminating
compromised host tissues [39]. Furthermore, Cla97C10G197610 (thaumatin-like protein) ex-
hibits direct antifungal activity, akin to ClTLP27 in watermelon, which inhibits Fo mycelial
growth through conserved cysteine-rich domains, thereby disrupting fungal cell wall in-
tegrity [40]. The SRbrown module, which was positively correlated with late-stage Fon
infection (8 dpi), might orchestrate immune responses against Fon through the synergistic
regulation of JA signaling. Cla97C07G130430 (NINJA-family protein AFP2-like) potentially
suppresses JA hyperproduction by recruiting TOPLESS/TPR corepressors to JAZ–MYC2
complexes, as demonstrated in Arabidopsis, in which NINJA-mediated repression fine-tunes
defense–growth trade-offs [41]. The SRmagenta module, which was associated with the
responses of the S cultivar to Fon infection, might coordinate oxidative stress management
and transcriptional reprogramming to mitigate pathogenic impact. Cla97C04G074260 (glu-
tathione S-transferase U8-like) and Cla97C04G079260 (glutathione S-transferase) potentially
enhance ROS detoxification, as demonstrated in Lilium regale, in which LrGSTU5 overex-
pression upregulated PR1b, chitinase, and antioxidant enzymes (GST, SOD, APX), thereby
reducing superoxide anion accumulation and improving Fo resistance [42].

The SRgreen module coordinated early transcriptional defense responses in water-
melon during F, oxysporum (Fo) infection, potentially through synergistic interactions of
its constituent genes. Cla97C08G155710 (protein AIG2) can fine-tune and balance SA
and tryptophan-derived secondary metabolite chemical defense systems in response to
nonpathogenic and pathogenic microbes [43]. Cla97C09G170380 (ethylene-responsive TF
1B-like) might enhance peroxidase activity and ROS scavenging, as demonstrated by PdPa-
pERF109 overexpression in Populus, which improved F. oxysporum resistance by reducing
oxidative damage [44]. Cla97C05G105320 (bZIP TF) likely upregulates antioxidant enzymes
(e.g., SOD, CAT) and pathogenesis-related genes, as supported by studies demonstrating
that LrbZIP1 in Lilium amplified defense responses against F. oxysporum through stress
signaling pathways [45]. Cla97C06G121810 (receptor kinase, putative) could initiate PTI by
suppressing Fo-induced ROS bursts, paralleling findings in which VfLRR–RLK1 in Vernicia
enhanced root architecture and Fo resistance via ROS detoxification [46]. Cla97C09G175480
(expansin-like B1) might regulate structural defenses by modifying cell wall dynamics,
as sugarcane Expansin genes were found to limit fungal entry by modulating stomatal
apertures [47]. Cla97C08G159250 (patatin) might balance localized cell death and defense
through oxylipin metabolism, akin to PLP2 in Arabidopsis, which controls lipid signal-
ing to restrict pathogen spread [48]. Cla97C11G215260 (gibberellin receptor GID1B-like)
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potentially prioritizes defense over growth by stabilizing DELLA proteins, consistent
with SA-mediated GID1 degradation mechanisms that reallocate resources to promote Fo
resistance [49].

The SRblack module, which was positively correlated with both the S and R geno-
types during late-stage Fon infection, likely orchestrates multifaceted defense mechanisms
through coordinated hormonal signaling, calcium dynamics, and metabolic reprogram-
ming. Cla97C07G140960 (cytochrome P450) might enhance SA/ET-dependent defenses,
as demonstrated in cucumber, in which CYP82D47 overexpression increased PR1, PR2,
and EIN3 expression, improving resistance to F. oxysporum and powdery mildew [50].
Cla97C02G042360 (calcium-transporting ATPase) potentially regulates PCD by modulating
intracellular calcium fluxes, akin to NbCA1 in Nicotiana, which delays pathogen-induced
cell death to balance immunity and tissue integrity [51]. Cla97C11G216240 (dynamin-
related protein 4C) might fine-tune callose deposition by regulating the vesicle trafficking
of callose synthases, as observed in Arabidopsis, in which DRP2B restricts excessive callose
accumulation to optimize pathogen containment [52]. Cla97C02G034580 (benzyl alcohol O-
benzoyltransferase-like) could contribute to SA biosynthesis via peroxisomal β-oxidation,
similar to HSR201 in tobacco, which cooperates with NtCNL and NtCHD to produce SA
precursors critical for defense priming [53].

The SRgreen and SRblack modules represent distinct sources of early- and late-phase
resistance, respectively. In the SRblack module, Cla97C01G014990 (WRKY TF 42) and
Cla97C02G042360 (calcium-transporting ATPase) exhibited high node degree values, sug-
gesting that sustained resistance is mediated through WRKY-dependent transcriptional
regulation and calcium signaling pathways. By contrast, the SRgreen module harbored the
high-degree genes Cla97C08G155710 (AIG2), Cla97C09G170380 (ethylene-responsive TF
1B-like), and Cla97C06G121810 (receptor kinase, putative), which likely recognize Fon via
receptor kinases and rapidly initiate defense responses through AIG2-mediated signaling
and ethylene-responsive hormonal pathways, enabling early-stage pathogen resistance.

5. Conclusions

In this study, we identified 1, 6, and 8 dpi as key infection stages of Fon. Through
the analysis of differential expression profiles, WGCNA, and functional enrichment,
we revealed six gene modules closely associated with disease resistance, which con-
tribute to resistance at different infection stages. Furthermore, PPI network analysis
combined with RT-qPCR identified five hub genes in the SRgreen and SRblack modules,
including Cla97C01G014990, Cla97C02G042360, Cla97C08G155710, Cla97C09G170380, and
Cla97C06G121810. The identified candidate genes provide rapid resistance during early
infection and long-term resistance during later infection stages. This study screens for hub
genes related to disease resistance in the Fon–watermelon interaction at different stages,
offering novel disease-resistant genes for breeding watermelon resistant to Fusarium wilt.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/horticulturae11060625/s1, Figure S1. Confocal laser scanning
microscopic analysis of Fon-GFP colonization in S (FW-susceptible watermelon variety W1-1). Be-
tween 4 and 5 dpi, Fon-GFP hyphae penetrated the intercellular spaces along the edges of root cells
and single frames; Figure S2: Analysis of network topology for various soft-thresholding powers.
The soft threshold was determined by the scale-free network index; R2 was set to 0. 8, and the best
soft threshold was 17; Figure S3: GO and KEGG pathway enrichment analysis of SRyellow module
genes; Figure S4: GO and KEGG pathway enrichment analysis of SRblue module genes; Figure S5:
GO and KEGG pathway enrichment analysis of SRbrown module genes; Figure S6: GO and KEGG
pathway enrichment analysis of SRturquoise module genes; Figure S7: GO and KEGG pathway
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enrichment analysis of SRred module genes; Figure S8: GO and KEGG pathway enrichment analysis
of SRmagenta module genes. Table S1: qRT-PCR-specific primers; Table S2: Quality control (QC)
analysis of transcriptome data; Table S3: The top 10 hub genes (highest degree) in the modules.

Author Contributions: Conceptualization, P.G.; data curation, C.Z.; formal analysis, X.F.; funding
acquisition, P.G.; investigation, C.Z.; methodology, X.F.; project administration, X.F.; resources, Z.L.,
S.L. and Z.S.; software, C.Z.; supervision, F.L.; validation, J.Z. and X.W.; visualization, X.F.; writing—
original draft preparation, C.Z.; writing—review and editing, P.G. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Science and Technology-based Small and Medium-
sized Enterprises Innovation Capacity Enhancement Project of Shandong Province (grant number
2023TSGC0804), the Weifang City Science and Technology-based Small and Medium-sized Enterprises
Innovation Capacity Enhancement Project (grant number 2023TS1072), the National Nature Science
Foundation of China (grant number U21A20229), the “Young Leading Talents” support program
of Northeast Agricultural University (grant number NEAU2023QNLJ-005), the major development
program of Heilongjiang Province (grant number GA23B007), and the Natural Science Foundation of
Heilongjiang Province (grant number ZL2024C011).

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: We appreciate all the people who have collaborated on this project.

Conflicts of Interest: Authors Zhao Liu, Shusen Liu and Zhengfeng Song were employed by the
Shandong Engineering Research Center for Watermelon and Melon Breeding Co., Ltd.

References

1. Food and Agriculture Organization of the United Nations. Available online: https://www.fao.org (accessed on 9 May 2025).
2. Martyn, R.D. Resistance to Races 0, 1, and 2 of Fusarium Wilt of Watermelon in Citrullus sp. PI-296341-FR. Hortscience 1991, 26, 429.

[CrossRef]
3. Yvonne Couteaudier, C.A. Survival and Inoculum Potential of Conidia and Chlamydospores of Fusarium oxysporum f. sp. Lini in

Soil. Dev. Agric. Manag. For. Ecol. 1991, 23, 551–556. [CrossRef]
4. Lu, G.; Guo, S.; Zhang, H.; Geng, L.; Martyn, R.D.; Xu, Y. Colonization of Fusarium Wilt-Resistant and Susceptible Watermelon

Roots by a Green-Fluorescent-Protein-Tagged Isolate of Fusarium oxysporum f. sp. Niveum. J. Phytopathol. 2014, 162, 228–237.
[CrossRef]

5. Zhang, M.; Xu, J.H.; Liu, G.; Yao, X.F.; Li, P.F.; Yang, X.P. Characterization of the Watermelon Seedling Infection Process by
Fusarium oxysporum f. sp. Niveum. Plant Pathol. 2015, 64, 1076–1084. [CrossRef]

6. Ren, Y.; Jiao, D.; Gong, G.; Zhang, H.; Guo, S.; Zhang, J.; Xu, Y. Genetic Analysis and Chromosome Mapping of Resistance
to Fusarium oxysporum f. sp. Niveum (FON) Race 1 and Race 2 in Watermelon (Citrullus lanatus L.). Mol. Breed. 2015, 35, 183.
[CrossRef]

7. Branham, S.E.; Levi, A.; Wechter, W.P. QTL Mapping Identifies Novel Source of Resistance to Fusarium Wilt Race 1 in Citrullus
amarus. Plant Dis. 2019, 103, 984–989. [CrossRef]

8. Xu, X.P.; Chen, C.H.; Fan, B.F.; Chen, Z.X. Physical and Functional Interactions between Pathogen-Induced Arabidopsis WRKY18,
WRKY40, and WRKY60 Transcription Factors. Plant Cell 2006, 18, 1310–1326. [CrossRef]

9. Agarwal, P.; Reddy, M.P.; Chikara, J. WRKY: Its Structure, Evolutionary Relationship, DNA-Binding Selectivity, Role in Stress
Tolerance and Development of Plants. Mol. Biol. Rep. 2011, 38, 3883–3896. [CrossRef]

10. Wang, L.; Guo, D.; Zhao, G.; Wang, J.; Zhang, S.; Wang, C.; Guo, X. Group IIc WRKY Transcription Factors Regulate Cotton
Resistance to Fusarium oxysporum by Promoting GhMKK2-Mediated Flavonoid Biosynthesis. New Phytol. 2022, 236, 249–265.
[CrossRef]

11. Diao, J.; Wang, J.; Zhang, P.; Hao, X.; Wang, Y.; Liang, L.; Zhang, Y.; Ma, W.; Ma, L. Transcriptome Analysis Reveals the Important
Role of WRKY28 in Fusarium oxysporum Resistance. Front. Plant Sci. 2021, 12, 720679. [CrossRef]

12. Zhang, G.; Chen, M.; Li, L.; Xu, Z.; Chen, X.; Guo, J.; Ma, Y. Overexpression of the Soybean GmERF3 Gene, an AP2/ERF Type
Transcription Factor for Increased Tolerances to Salt, Drought, and Diseases in Transgenic Tobacco. J. Exp. Bot. 2009, 60, 3781–3796.
[CrossRef] [PubMed]

111



Horticulturae 2025, 11, 625

13. Gao, H.; Jiang, L.; Du, B.; Ning, B.; Ding, X.; Zhang, C.; Song, B.; Liu, S.; Zhao, M.; Zhao, Y.; et al. GmMKK4-Activated GmMPK6
Stimulates GmERF113 to Trigger Resistance to Phytophthora sojae in Soybean. Plant J. 2022, 111, 473–495. [CrossRef] [PubMed]

14. Guo, W.; Jin, L.; Miao, Y.; He, X.; Hu, Q.; Guo, K.; Zhu, L.; Zhang, X. An Ethylene Response-Related Factor, GbERF1-like, from
Gossypium barbadense Improves Resistance to Verticillium dahliae via Activating Lignin Synthesis. Plant Mol. Biol. 2016, 91, 305–318.
[CrossRef] [PubMed]

15. Huang, L.-J.; Zhang, J.; Lin, Z.; Yu, P.; Lu, M.; Li, N. The AP2/ERF Transcription Factor ORA59 Regulates Ethylene-Induced
Phytoalexin Synthesis through Modulation of an Acyltransferase Gene Expression. J. Cell. Physiol. 2024, 239, e30935. [CrossRef]

16. Langfelder, P.; Horvath, S. WGCNA: An R Package for Weighted Correlation Network Analysis. BMC Bioinform. 2008, 9, 559.
[CrossRef]

17. Xu, X.; Lu, X.; Tang, Z.; Zhang, X.; Lei, F.; Hou, L.; Li, M. Combined Analysis of Carotenoid Metabolites and the Transcriptome to
Reveal the Molecular Mechanism Underlying Fruit Colouration in Zucchini (Cucurbita pepo L.). Food Chem. Mol. Sci. 2021, 2, 100021.
[CrossRef]

18. Anees, M.; Gao, L.; Umer, M.J.; Yuan, P.; Zhu, H.; Lu, X.; He, N.; Gong, C.; Kaseb, M.O.; Zhao, S.; et al. Identification of Key Gene
Networks Associated With Cell Wall Components Leading to Flesh Firmness in Watermelon. Front. Plant Sci. 2021, 12, 630243.
[CrossRef]

19. Shen, Q.; Wu, X.; Tao, Y.; Yan, G.; Wang, X.; Cao, S.; Wang, C.; He, W. Mining Candidate Genes Related to Heavy Metals in Mature
Melon (Cucumis melo L.) Peel and Pulp Using WGCNA. Genes 2022, 13, 1767. [CrossRef]

20. Mullins, E.D.; Chen, X.; Romaine, P.; Raina, R.; Geiser, D.M.; Kang, S. Agrobacterium-Mediated Transformation of Fusarium
oxysporum: An Efficient Tool for Insertional Mutagenesis and Gene Transfer. Phytopathology 2001, 91, 173–180. [CrossRef]

21. Chen, S. Ultrafast One-Pass FASTQ Data Preprocessing, Quality Control, and Deduplication Using Fastp. iMeta 2023, 2, e107.
[CrossRef]

22. Kim, D.; Paggi, J.M.; Park, C.; Bennett, C.; Salzberg, S.L. Graph-Based Genome Alignment and Genotyping with HISAT2 and
HISAT-Genotype. Nat. Biotechnol. 2019, 37, 907. [CrossRef] [PubMed]

23. Pertea, M.; Pertea, G.M.; Antonescu, C.M.; Chang, T.-C.; Mendell, J.T.; Salzberg, S.L. StringTie Enables Improved Reconstruction
of a Transcriptome from RNA-Seq Reads. Nat. Biotechnol. 2015, 33, 290. [CrossRef] [PubMed]

24. Lopes, C.T.; Franz, M.; Kazi, F.; Donaldson, S.L.; Morris, Q.; Bader, G.D. Cytoscape Web: An Interactive Web-Based Network
Browser. Bioinformatics 2010, 26, 2347–2348. [CrossRef] [PubMed]

25. Li, C.; Shao, J.; Wang, Y.; Li, W.; Guo, D.; Yan, B.; Xia, Y.; Peng, M. Analysis of Banana Transcriptome and Global Gene Expression
Profiles in Banana Roots in Response to Infection by Race 1 and Tropical Race 4 of Fusarium oxysporum f. sp. Cubense. BMC
Genom. 2013, 14, 851. [CrossRef]

26. Wang, X.; Zhu, Z.; Zhang, C.; Song, J.; Wang, Q.; Luan, F.; Gao, P. Evaluation of Differential miRNA Expression between Fusarium
Wilt-Resistant and -Susceptible Watermelon Varieties. Sci. Hortic. 2024, 332, 113189. [CrossRef]

27. Sun, Y.; Yang, H.; Li, J. Transcriptome Analysis Reveals the Response Mechanism of Frl-Mediated Resistance to Fusarium
oxysporum f. sp. Radicis-Lycopersici (FORL) Infection in Tomato. Int. J. Mol. Sci. 2022, 23, 7078. [CrossRef]

28. Kaushal, M.; Mahuku, G.; Swennen, R. Comparative Transcriptome and Expression Profiling of Resistant and Susceptible Banana
Cultivars during Infection by Fusarium oxysporum. Int. J. Mol. Sci. 2021, 22, 3002. [CrossRef]

29. Lu, G.; Guo, S.; Zhang, H.; Geng, L.; Song, F.; Fei, Z.; Xu, Y. Transcriptional Profiling of Watermelon during Its Incompatible
Interaction with Fusarium oxysporum f. sp. Niveum. Eur. J. Plant Pathol. 2011, 131, 585–601. [CrossRef]

30. Thatcher, L.F.; Williams, A.H.; Garg, G.; Buck, S.-A.G.; Singh, K.B. Transcriptome Analysis of the Fungal Pathogen Fusarium
oxysporum f. sp. Medicaginis during Colonisation of Resistant and Susceptible Medicago truncatula Hosts Identifies Differential
Pathogenicity Profiles and Novel Candidate Effectors. BMC Genom. 2016, 17, 860. [CrossRef]

31. Luo, J.; Zhang, A.; Tan, K.; Yang, S.; Ma, X.; Bai, X.; Hou, Y.; Bai, J. Study on the Interaction Mechanism between Crocus Sativus
and Fusarium oxysporum Based on Dual RNA-Seq. Plant Cell Rep. 2023, 42, 91–106. [CrossRef]

32. Kuang, W.; Huang, J.; Yang, Y.; Liao, Y.; Zhou, Z.; Liu, Q.; Wu, H. Identification of Markers Correlating with Mitochondrial
Function in Myocardial Infarction by Bioinformatics. PLoS ONE 2024, 19, e0316463. [CrossRef] [PubMed]

33. Manzo, D.; Ferriello, F.; Puopolo, G.; Zoina, A.; D’Esposito, D.; Tardella, L.; Ferrarini, A.; Ercolano, M.R. Fusarium oxysporum f. sp.
Radicis-Lycopersici Induces Distinct Transcriptome Reprogramming in Resistant and Susceptible Isogenic Tomato Lines. BMC
Plant Biol. 2016, 16, 53. [CrossRef] [PubMed]

34. Wang, D.; Wei, L.; Liu, T.; Ma, J.; Huang, K.; Guo, H.; Huang, Y.; Zhang, L.; Zhao, J.; Tsuda, K.; et al. Suppression of ETI by PTI
Priming to Balance Plant Growth and Defense through an MPK3/MPK6-WRKYs-PP2Cs Module. Mol. Plant 2023, 16, 903–918.
[CrossRef] [PubMed]

35. Pitzschke, A.; Djamei, A.; Bitton, F.; Hirt, H. A Major Role of the MEKK1-MKK1/2-MPK4 Pathway in ROS Signalling. Mol. Plant
2009, 2, 120–137. [CrossRef]

112



Horticulturae 2025, 11, 625

36. Shubchynskyy, V.; Boniecka, J.; Schweighofer, A.; Simulis, J.; Kvederaviciute, K.; Stumpe, M.; Mauch, F.; Balazadeh, S.; Mueller-
Roeber, B.; Boutrot, F.; et al. Protein Phosphatase AP2C1 Negatively Regulates Basal Resistance and Defense Responses to
Pseudomonas syringae. J. Exp. Bot. 2017, 68, 1169–1183. [CrossRef]

37. Douchkov, D.; Lueck, S.; Hensel, G.; Kumlehn, J.; Rajaraman, J.; Johrde, A.; Doblin, M.S.; Beahan, C.T.; Kopischke, M.; Fuchs, R.;
et al. The Barley (Hordeum vulgare) Cellulose Synthase-like D2 Gene (HvCslD2) Mediates Penetration Resistance to Host-Adapted
and Nonhost Isolates of the Powdery Mildew Fungus. New Phytol. 2016, 212, 421–433. [CrossRef]

38. Edgar, C.I.; McGrath, K.C.; Dombrecht, B.; Manners, J.M.; Maclean, D.C.; Schenk, P.M.; Kazan, K. Salicylic Acid Mediates
Resistance to the Vascular Wilt Pathogen Fusarium oxysporum in the Model Host Arabidopsis thaliana. Austral. Plant Pathol. 2006,
35, 581–591. [CrossRef]

39. Bollhoner, B.; Zhang, B.; Stael, S.; Denance, N.; Overmyer, K.; Goffner, D.; Van Breusegem, F.; Tuominen, H. Post mortem Function
of AtMC9 in Xylem Vessel Elements. New Phytol. 2013, 200, 498–510. [CrossRef]

40. Zhang, M.; Xu, J.; Liu, G.; Yang, X. Antifungal Properties of a Thaumatin-like Protein from Watermelon. Acta Physiol. Plant. 2018,
40, 186. [CrossRef]

41. Pauwels, L.; Barbero, G.F.; Geerinck, J.; Tilleman, S.; Grunewald, W.; Perez, A.C.; Chico, J.M.; Vanden Bossche, R.; Sewell, J.; Gil,
E.; et al. NINJA Connects the Co-Repressor TOPLESS to Jasmonate Signalling. Nature 2010, 464, 788–791. [CrossRef]

42. Han, Q.; Chen, R.; Yang, Y.; Cui, X.; Ge, F.; Chen, C.; Liu, D. A Glutathione S-Transferase Gene from Lilium regale Wilson Confers
Transgenic Tobacco Resistance to Fusarium oxysporum. Sci. Hortic. 2016, 198, 370–378. [CrossRef]

43. Wang, Z.; Yang, L.; Jander, G.; Bhawal, R.; Zhang, S.; Liu, Z.; Oakley, A.; Hua, J. AIG2A and AIG2B Limit the Activation of
Salicylic Acid-Regulated Defenses by Tryptophan-Derived Secondary Metabolism in Arabidopsis. Plant Cell 2022, 34, 4641–4660.
[CrossRef] [PubMed]

44. Diao, J.; Li, M.; Zhang, P.; Zong, C.; Ma, W.; Ma, L. Overexpression of the PdpapERF109 Gene Enhances Resistance of Populus
davidiana x P. alba Var. Pyramidalis to Fusarium oxysporum Infection. J. For. Res. 2022, 33, 1925–1937. [CrossRef]

45. Zhang, N.; Liu, D.; Zheng, W.; He, H.; Ji, B.; Han, Q.; Ge, F.; Chen, C. A bZIP Transcription Factor, LrbZIP1, Is Involved in Lilium
regale Wilson Defense Responses against Fusarium oxysporum f. sp. Lilii. Genes Genom. 2014, 36, 789–798. [CrossRef]

46. Yue, Z.-L.; Tian, Z.-J.; Zhang, J.-W.; Zhang, S.-W.; Li, Y.-D.; Wu, Z.-M. Overexpression of Lectin Receptor-Like Kinase 1 in Tomato
Confers Resistance to Fusarium oxysporum f. sp. Radicis-Lycopersici. Front. Plant Sci. 2022, 13, 836269. [CrossRef]

47. Liu, Z.; Yu, Z.; Li, X.; Cheng, Q.; Li, R. Two Sugarcane Expansin Protein-Coding Genes Contribute to Stomatal Aperture Associated
with Structural Resistance to Sugarcane Smut. J. Fungi 2024, 10, 631. [CrossRef]

48. La Camera, S.; Balague, C.; Goebel, C.; Geoffroy, P.; Legrand, M.; Feussner, I.; Roby, D.; Heitz, T. The Arabidopsis Patatin-Like
Protein 2 (PLP2) Plays an Essential Role in Cell Death Execution and Differentially Affects Biosynthesis of Oxylipins and
Resistance to Pathogens. Mol. Plant-Microbe Interact. 2009, 22, 469–481. [CrossRef]

49. Yu, X.; Cui, X.; Wu, C.; Shi, S.; Yan, S. Salicylic Acid Inhibits Gibberellin Signaling through Receptor Interactions. Mol. Plant 2022,
15, 1759–1771. [CrossRef]

50. Wang, H.; Li, P.; Wang, Y.; Chi, C.; Jin, X.; Ding, G. Overexpression of Cucumber CYP82D47 Enhances Resistance to Powdery
Mildew and Fusarium oxysporum f. sp. Cucumerinum. Funct. Integr. Genom. 2024, 24, 14. [CrossRef]

51. Zhu, X.; Caplan, J.; Mamillapalli, P.; Czymmek, K.; Dinesh-Kumar, S.P. Function of Endoplasmic Reticulum Calcium ATPase in
Innate Immunity-Mediated Programmed Cell Death. Embo J. 2010, 29, 1007–1018. [CrossRef]

52. Leslie, M.E.; Rogers, S.W.; Heese, A. Increased Callose Deposition in Plants Lacking DYNAMIN-RELATED PROTEIN 2B Is
Dependent upon POWDERY MILDEW RESISTANT 4. Plant Signal. Behav. 2016, 11, e1244594. [CrossRef]

53. Kotera, Y.; Komori, H.; Tasaki, K.; Takagi, K.; Imano, S.; Katou, S. The Peroxisomal β-Oxidative Pathway and Benzyl Alcohol
O-Benzoyltransferase HSR201 Cooperatively Contribute to the Biosynthesis of Salicylic Acid. Plant Cell Physiol. 2023, 64, 758–770.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

113



Article

Transcriptomic Analysis of Resistant and Susceptible Eggplant
Genotypes (Solanum melongena L.) Provides Insights into
Phytophthora capsici Infection Defense Mechanisms

Hesbon Ochieng Obel 1,2, Xiaohui Zhou 1,2, Songyu Liu 1,2, Yan Yang 1,2, Jun Liu 1,2 and Yong Zhuang 1,2,*

1 Institute of Vegetable Crops, Jiangsu Academy of Agricultural Sciences, Nanjing 210014, China;
20230024@jaas.ac.cn (H.O.O.); 20100029@jaas.ac.cn (X.Z.); 20180052@jaas.ac.cn (S.L.);
20170007@jaas.ac.cn (Y.Y.); 20110024@jaas.ac.cn (J.L.)

2 Jiangsu Key Laboratory for Horticultural Crop Genetic Improvement, Nanjing 210014, China
* Correspondence: 19960033@jaas.ac.cn; Tel.: +86-2584391752

Abstract: Phytophthora fruit rot caused by Phytophthora capsici is a devastating disease in
many solanaceous vegetables, resulting in tremendous yield and economic losses. However,
the underlying resistance or susceptibility to P. capsici in eggplant remains obscure. In
this study, the transcriptomic analysis was performed between the resistant (G42) and
susceptible (EP28) eggplant genotypes at 0, 1, 3 and 5 days post-inoculation (dpi). Taking
0 dpi as the control, a total of 4111, 7496 and 7325 DEGs were expressed at 1, 3 and 5 dpi,
respectively, in G42 and 5316, 12675 and 12048 DEGs were identified at 1, 3 and 5 dpi,
respectively, in EP28. P. capsici infection induced substantial transcriptional changes in the
inoculated fruits. The analysis of the Kyoto Encyclopedia of Genes and Genomes (KEGG)
identified defense-related pathways including ‘plant-pathogen interactions’, ‘mitogen-
activated protein kinase (MAPK)’ and ‘hormone biosynthesis and signal transduction’.
The hormone-related genes encompassing ethylene, abscisic acid, auxins and gibberellins
showed differential expression between G42 and EP28 eggplant genotypes, signifying their
important roles in plant disease resistance. P. capsici infection induced the expression of
major transcription factors such as MYB, NAC/NAM, bHLH, WRK, HSF, HD-ZIPAP2/ERF
and Mad-box. qRT-PCR validation of the selected genes corroborates with RNA-seq,
depicting the precision and consistency of the transcriptomic data. According to qRT-PCR
and RNA-seq analyses, the expression of the pathogenesis-related gene transcriptional
activator, SmPTI6 (Smechr0603020), is upregulated in G42 and downregulated in EP28. This
differential expression suggests a potential role in the resistance to P. capsici. Functional
analysis via a virus-induced gene silencing (VIGS) system found that silencing SmPTI6
in G42 enhanced infection by P. capsici, indicating that SmPTI6 performs a critical role in
response to pathogen attack. The comprehensive results obtained in this study provide
a valuable resource for understanding the molecular mechanisms underlying eggplant
resistance to P. capsici and for establishing breeding resistant eggplant genotypes to P. capsici.

Keywords: eggplant; disease-resistant; Phytophthora capsici; transcriptomics; virus-induced
gene silencing

1. Introduction

Eggplant (Solanum melongena L.) is an important solanaceous vegetable crop cultivated
worldwide [1]. China alone produces over 60 percent of the total eggplant produced
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globally annually [2]. There is a continuous increase each year in planting hectarage
and yield, and various commercial gains are experiencing steady growth. Eggplant fruit
contains multiple nutrients, such as vitamins, phenolics and antioxidants, which benefit
human health [3]. However, its potential yield is affected by environmental stresses and
biotic factors, including Phytophthora fruit rot [4,5]. Phytophthora fruit rot is a disease
caused by the pathogenic oomycete Phytophthora capsici, which is found worldwide [6,7].
P. capsici can occur and infect eggplant at any growth and developmental period and
affect different parts of the plant, causing damping off at the seedling stage, root rot,
stem rot, collar rot, fruit rot and blight on the foliage [8,9]. P. capsici fruit rot is the most
common and devastating disease in eggplant under suitable environmental conditions,
comprising temperatures of 25–28 ◦C and 90% relative humidity [10,11]. By studying
plant responses to pathogen infection, it is possible to gain insights into the mechanisms
by which plants interact with pathogens, thereby elucidating the functional dynamics
of plant immune systems, which are crucial for advancing disease-resistance breeding
efforts and variety improvement. The immune response in plants is typically divided
into two fundamental stages [12]. The primary layer of defense in plants is characterized
by the immune response elicited by pathogen-associated molecular patterns (PAMPs),
known as PAMP-triggered immunity (PTI). This phase consists of a range of immune
responses initiated by pattern recognition receptors (PRRs) located on the surface of plant
cells, which can detect PAMPs. In turn, pathogens utilize various tactics to undermine
PTI, including releasing harmful effectors. To counteract these strategies, plants have
developed nucleotide-binding leucine-rich repeat receptor (NLR) proteins that detect these
effectors and inhibit their function, thereby bolstering their resistance. Consequently,
this aspect of immunity is referred to as effector-triggered immunity (ETI) [12,13]. In
plants, proteins associated with disease resistance operate as key immune receptors, tasked
with detecting pathogens and activating strong defense responses [13]. For example,
pathogenesis-related (PR) proteins (such as chitinases and glucanases) degrade microbial
cell walls [14]. Nucleotide-binding leucine-rich repeat (NLR) proteins act as intracellular
immune receptors [15]. Antimicrobial peptides (AMPs) like defensins disrupt pathogen
membranes [16].

Significant yield losses occur in field production where conditions are suitable for P.
capsici to thrive [17]. Some cultivated germplasms of eggplant are susceptible to Phytoph-
thora fruit rot, highlighting the necessity for future breeding programs to develop eggplant
varieties that can resist this affliction. While there are cultivars susceptible to P. capsici,
there are also resistant cultivars, which need to be studied to understand their defense
mechanisms. Analyzing the complete gene expression can yield important information
regarding the molecular basis of the interactions between host plants and Phytophthora
pathogens [18,19]. This approach provides valuable insights into the complex mechanisms
that control resistance and basal defense responses, elucidating the complex interactions
between these two entities. Previous studies on transcriptomics have yielded significant
genes that have allowed the elucidation of plant–pathogen interactions. For example,
transcriptomic responses of two wild tomato germplasms to Phytophthora parasitica infec-
tion revealed that certain genes associated with protease inhibitors, chitinases, defensins
and PR-1 exhibited significant upregulation in the resistant germplasms [20]. In cucum-
ber, the genetic factors that contribute to age-related resistance against P. capsici were
investigated. The findings indicated that a significant number of genes associated with
flavonoid and terpenoid biosynthesis were upregulated in the peels of resistant fruit at
16 days post-pollination [21]. Tobacco leaves infected with P. parasitica identified genes
related to jasmonic acid and ethylene signaling pathways, as well as receptor-like kinases,
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pathogenesis-related (PR) genes, and various transcription factors [22]. In pepper, tran-
scriptomic analysis revealed a greater number of genes linked to the phenylpropanoid
biosynthesis pathway in the resistant Piper flaviflorum when compared to the susceptible
Piper nigrum cv. Reyin-1 during P. capsici infections [23]. The comparative transcriptome
and metabolome analysis of P. flaviflorum and P. nigrum in response to P. capsici infection
demonstrated that the altered genes showed significant enrichment in pathways related to
plant–pathogen interactions, phytohormone signal transduction, and secondary metabolic
pathways, notably phenylpropanoid biosynthesis [24]. Therefore, it is crucial to analyze the
responses of both resistant and susceptible plant lines to P. capsici infection to understand
the mechanisms of defense.

In this study, two eggplant genotypes, G42 resistant and EP28 susceptible to P. capsici,
were used. Phenotypic and transcriptomic analyses were conducted on the fruits of G42
and EP28 in response to P. capsici at 0, 1, 3 and 5 days post-inoculation (dpi). Our results
unveiled the key Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway that could
contribute to the resistance mechanism to P. capsici infections. Identifying pathways of
differentially expressed genes, expression patterns and functional analysis via VIGs of the
SmPTI6 gene involved in defense response will contribute to a deeper understanding of
the molecular mechanism underlying resistance to P. capsici in eggplant and contribute to
eggplant genotype improvement.

2. Materials and Methods

2.1. Plant Materials

The experimental plant materials comprised two contrasting eggplant genotypes in-
volving G42, which is a resistant, and EP28, a type susceptible to P. capsici. The resistant
genotype (G42) maintains green fruit coloration at all developmental stages, while the sus-
ceptible genotype (EP28) develops dark purple pigmentation. These eggplant germplasm
materials were obtained from the Vegetable Institute, Jiangsu Academy of Agricultural
Sciences, Nanjing, China. The plants were cultivated in a greenhouse during the spring–
summer period, with air temperatures of 28–33 ◦C during the day and 14–20 ◦C at night.
The fruits were collected at the commercial stage (30 days after anthesis). Eggplant fruits
without skin blemishes were collected for in vitro inoculation with P. capsici.

The G42 and EP28 fruits were inoculated following the previous protocols [25–27].
Briefly, the collected fruits were subjected to surface disinfection using a 10% bleach solution
for 5 min, followed by rinsing with distilled water. The fruits were arranged in plastic boxes
and then inoculated with a mycelium V8 agar plug (6 mm in diameter) containing actively
growing colonies of P. capsici on the fruit surface derived. The V8 Agar plug was placed
was upside down on the eggplant fruit surface to ensure the part with active P. capsici
mycelium was in direct contact with the fruit. The boxes were covered with polythene film
and additionally with the box cover. The eggplant fruits were maintained in the humidity
chambers under continuous light at room temperature (25 ◦C) (Figure S1). Evaluations
of the fruits were conducted at 0, 1, 3 and 5 days post-inoculation (dpi). The evaluation
time, 0–5 days, was based on the preliminary disease progression time of P. capsici and a
previous study protocol [25]. The samples were obtained from the inoculated fruit parts for
sequencing at each time point. Samples were referred herein as G42_0, G42_1, G42_3 and
G42_5 for the resistant line, and EP28_0, EP28_1, EP28_3 and EP28_5 for the susceptible line.
The sampled fruits were wrapped in tinfoil, immediately snap-frozen in liquid nitrogen,
and stored at −80 ◦C. Three biological replications, three fruits for each replicate, were
sampled and pooled for RNA extraction.
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2.2. Total RNA Isolation and Illumina Sequencing

RNA was isolated from a total of 24 samples, with three replicates for each treatment,
using Trizol reagent (Invitrogen, Waltham, MA, USA). RNA quantification was carried out
using the NanoDrop 2000 (Thermo Fisher Scientific, Wilmington, DE, USA) and evaluated
with the RNA Assay Kit (Nano 6000) on the Agilent Bioanalyzer 2100 System (Agilent
Technologies, Santa Clara, CA, USA). A sequencing library was then constructed using
the NEBNext Ultra-TM-RNA Library Preparation Kit (NEB, Ipswich, MA, USA). After
completing quality checks and inspections, sequencing was performed on an Illumina
sequencing platform (Beijing Baimaike Biotechnology Co., Ltd., Beijing, China).

2.3. Mapping of RNA Sequencing Reads and Differentially Expressed Genes

To obtain high-quality reads, raw fastQ data files were subjected to a cross-check
for quality, with a threshold set at ≤20. Inadequate raw reads were trimmed using
Trimmomatic-0.30 [28]. The resultant filtered reads were aligned to the eggplant genome
(http://www.eggplant-hq.cn/, accessed on 7 July 2024) utilizing HISAT2 software (V2.2.1),
and gene expression levels were quantified using FPKM (fragments per kb per million
fragments) [29]. DEGs were identified through the DESeq2 method [30]. The p-value thresh-
old was determined via the false discovery rate (FDR) control approach, with significance
criteria for DEGs established at an FDR < 0.01 and an absolute log2 ratio ≥ 1. Gene ontology
(GO) and KEGG pathway enrichment analyses were conducted using the topGO method
and KOBAS 2.0 (http://www.biostars.org/p/200126, accessed on 7 July 2024), respectively.

2.4. qRT-PCR Validation of DEGs Associated with P. capsici Infection

To validate the findings from the RNA-seq analysis, quantitative real-time PCR (qRT-PCR)
was performed on 12 DEGs potentially associated with resistance to P. capsici. First-strand
cDNA was synthesized from total RNA extracted from fruit samples of G42 and EP28 at
four distinct time points (0, 1, 3 and 5 days post-inoculation), utilizing the ReverTran Ace
qPCR RT kit (Toyobo, Shanghai Biotech Co., Ltd., Shanghai, China). Specific primers were
designed with the aid of Primer 3 (https://www.primer3plus.com/, accessed on 23 August
2024. The actin gene of eggplant served as an internal control. The qRT-PCR was executed
on the Roche LightCycler 960 II system employing a SYBR Green-based PCR assay. Each
sample underwent three independent biological replicates, with three technical replicates for
each biological sample included in the qRT-PCR analysis. The reaction mixture comprised
10 μL of diluted cDNAs (20 ng/reaction of cDNA) and 0.4 μL of each primer, adjusted to a
final volume of 20 μL. The PCR protocol involved an initial denaturation at 95 ◦C for 30 s,
followed by 40 cycles of 95 ◦C for 5 s and 60 ◦C for 30 s and PCR elongation at 72 ◦C for
10 min. Relative gene expression levels were determined using the 2−ΔΔCt method [31]. The
primer information of the genes used for qRT-PCR is listed in Table S1.

2.5. Virus-Induced Gene Silencing (VIGS)

The VIGS procedure was executed following the previously outlined protocols [32,33],
albeit with some alterations. In essence, a 300 bp cDNA fragment of SmPTI6 was inserted
into the pTRV2 vector and transformed into the Agrobacterium strain GV3101. Following this,
the Agrobacterium containing the pTRV2–SmPTI6 construct was mixed in equal volumes with
Agrobacterium that contained pTRV1. pTRV1 produces viral RNA1, which contains genes
for viral replication and movement, while pTRV2 encodes viral RNA2, which carries the
gene of interest (or a fragment of it) that will be silenced. The resulting bacterial mixture was
resuspended in an infiltration buffer consisting of 10 mM MgCl2, 200 mM acetosyringone and
10 mM MES (2-(N-morpholino) ethanesulfonic acid) at a pH of 5.6, and it was subsequently
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employed for VIGS. Eggplant fruits of G42 were collected for VIGS analysis 25 days post-
anthesis. After the fruits were surface sterilized with 75% ethanol, they were injected with the
previously described agrobacterial mixture. The fruits were then placed in a dark chamber
at 21 ◦C with 90% humidity for 24 h. This was followed by 5 days of photoperiod (16/8 h),
during which the temperature and humidity were kept stable. A control experiment was
executed using the pTRV2 empty vector instead of pTRV2–SmPTI6. P. capsici inoculation was
performed by applying a mycelium plug to the fruit’s surface 7 days post-VIGS silencing,
and the inoculated fruits were incubated at 25 ◦C under dark conditions with 90% humidity.
Using qRT-PCR, the expression of SmPTI6 was measured at 0, 3 and 5 dpi.

2.6. Data Analysis

The quantitative experimental data were conducted in triplicates to ensure both
accuracy and accountability. One-way ANOVA was used for data comparison, and the
least significant difference (LSD) test at p < 0.05 and 0.01 was used for multiple comparisons.

Figures were drawn using Excel, Origin 8.0 and SRplot (http://www.bioinformatics.
com.cn/en, accessed on 15 September 2024), and heatmaps were generated using TBtools-II
(Ver 2.326) [34].

3. Results

3.1. Phenotypic Observations of P. capsici-Infected Eggplant Plants

We initially conducted disease assays to confirm the response of the two eggplant
breeding lines (G42 and EP28) to P. capsici infection. The progression of the infection was
observed over a period of five days in both genotypes. Symptoms indicative of P. capsici
infection first manifested on the fruit surface at three days post-inoculation (dpi), presenting
as light brown lesions around the inoculation site, which expanded as the disease advanced
(Figure 1). By the fifth dpi, significant tissue colonization was evident on the fruit surface of
the EP28 and showed extensive girdling due to P. capsici infection. Conversely, the resistant
line (G42) exhibited only small, localized lesions with a reddish hue at the inoculation point
(Figure 1). By5 dpi, it was clear that the G42 line had effectively limited fungal proliferation
on the fruit surface (EP28) (Figure 1).

Figure 1. Disease symptoms in the genotypes G42 and EP28 at different times post-inoculation by
Phytophthora capsici. In G42, no symptoms were observed, while in EP28, brown necrosis enlarged
forming water-soaked lesions.
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3.2. Transcriptome Analysis of Eggplant Fruits Inoculated with P. capsici

Twenty-four cDNA libraries were constructed in our study, generating more than
976 million raw reads (approximately 146 GB of data), with each RNA-seq library producing
an average of 40 million raw reads (Table 1). The clean reads exhibited a proportion that
spanned from 98.05% to 98.72% and a total of 144 GB clean bases. The average data size for
each sample was up to 6.00 GB. The quality scores (Q30 were above 97%, and GC contents
ranged from 42 to 47% (Table 1). The total reads that were mapped to the reference genome
of the eggplant exhibited a percentage between 60.6% and 96.43%; uniquely mapped reads
to the reference genome ranged from 58.33% to 93.28% and 2.34% to 5.17% and were
aligned to multiple locations (Table S2). The proportion of reads aligned to exons ranged
from 89.37% to 92.03% (Table S3). Utilizing the FPKM values, the computed correlation
coefficients for each sample, derived from the three biological replicates of samples were
determined. The correlation coefficients for all comparisons exceeded 0.94, demonstrating
a high level of reproducibility (Figure S2). These findings suggest that the RNA sequencing
data is highly dependable and appropriate for subsequent analyses.

Table 1. Summary of RNA sequencing from resistant (G42) and susceptible (EP28) eggplant genotypes
inoculated with P. capsici.

Sample Rep
Raw Data Valid Data

Valid Ratio Q20% Q30% GC%
Read Base (GB) Read Base (GB)

G42_0
1 41,051,052 6.16 40,436,514 6.07 98.5 99.98 97.85 42
2 40,999,126 6.15 40,340,254 6.05 98.39 99.98 97.85 42
3 39,280,282 5.89 38,690,924 5.80 98.5 99.99 97.97 42

G42_1
1 39,052,176 5.86 38,398,142 5.76 98.33 99.98 97.42 42.5
2 38,639,304 5.80 37,957,974 5.69 98.24 99.98 97.57 42.5
3 36,404,544 5.46 35,741,318 5.36 98.18 99.98 97.42 42.5

G42_3
1 37,814,104 5.67 37,132,650 5.57 98.2 99.99 97.91 42.5
2 39,094,046 5.86 38,449,424 5.77 98.35 99.98 97.78 42.5
3 39,001,266 5.85 38,336,968 5.75 98.3 99.98 97.8 42.5

G42_5
1 40,394,562 6.06 39,606,844 5.94 98.05 99.98 97.53 43
2 43,639,846 6.55 42,898,002 6.43 98.3 99.98 97.66 43
3 40,953,524 6.14 40,237,462 6.04 98.25 99.98 97.64 43

EP28_0
1 41,697,682 6.25 41,002,602 6.15 98.33 99.98 97.85 42.5
2 41,118,736 6.17 40,498,054 6.07 98.49 99.98 97.4 42.5
3 37,345,316 5.60 36,784,428 5.52 98.5 99.98 97.29 42.5

EP28_1
1 43,245,042 6.49 42,493,762 6.37 98.26 99.98 97.74 43
2 42,040,238 6.31 41,303,792 6.20 98.25 99.98 97.74 43
3 41,146,058 6.17 40,476,920 6.07 98.37 99.98 97.76 43

EP28_3
1 39,956,998 5.99 39,330,384 5.90 98.43 99.98 97.63 44
2 40,799,306 6.12 40,093,008 6.01 98.27 99.98 97.59 45
3 41,843,078 6.28 41,097,570 6.16 98.22 99.98 97.65 44

EP28_5
1 43,525,606 6.53 42,887,580 6.43 98.53 99.97 97.84 47
2 41,692,496 6.25 41,159,808 6.17 98.72 99.99 98.18 47
3 45,737,468 6.86 45,111,530 6.77 98.63 99.98 98.14 46

3.3. Identification of DEGs in Response to Phytophthora capsici Infection

The gene expression profiles of healthy eggplant fruits of G42 and EP28 were utilized as
the control group. Any gene that exhibited a two-fold or higher change in expression levels
in infected fruits compared to the control group (p < 0.001) was identified as a differentially
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expressed gene (DEG). For G42 inoculated with P. capsici, there were a total of 4111 DEGs
(1761 upregulated and 2350 downregulated) at G42_1, and the number of DEGs increased
to 7496 (2701 upregulated and 4795 downregulated) at G42_3, then slightly decreased
to 7325 (2924 upregulated and 4401 downregulated) at G42_5. In comparison to EP28,
there were a total of 5316 DEGs (2241 upregulated and 3075 downregulated) at EP28_1,
and the number of DEGs increased to 12,675 (3866 upregulated and 8809 downregulated)
at EP28_3, then slightly decreased to 12,048 (3659 upregulated and 8389 downregulated)
at EP28_5 (Figure 2A). Throughout all time points, a fewer number of genes displayed
altered expression levels in resistant genotypes compared to susceptible genotypes. The
results imply the stress caused by the infection is more severe in the susceptible genotype
compared to the resistant genotype, and that this level of stress is accompanied by a greater
change in gene expression. The results indicated that 3 dpi corresponded to the peak
number of DEGs observed in the two genotypes. This suggests that the infection by P.
capsici at this specific time point is pivotal for examining the defense response mechanisms.

The Venn diagram representing the DEGs following the inoculation of P. capsici at
distinct point times effectively conveyed the unique and co-expressed DEGs among the
samples (Figure 2B). A cumulative count of 665 upregulated genes and 1,116 downregulated
genes was identified in the (G42) samples at the three time intervals relative to the control. A
total of 1420 genes exhibited upregulation, while 2272 genes demonstrated downregulation,
with co-expression observed at all time points in EP28. Intersection analysis of DEGs across
various time points revealed a greater number of DEGs at 3 days post-inoculation (dpi)
compared to 5 dpi in both genotypes. This finding aids in comprehending the persistent
DEGs resulting from pathogen infection over time, thereby facilitating a deeper analysis
of the dynamic responses associated with plant–pathogen interactions in eggplant. To
illustrate the evolving trends among the sample groups, all DEGs were categorized into
nine clusters utilizing the K-means method in MeV software (Figure 3). Genes classified
within clusters 1, 5 and 7 exhibited the highest expression levels in the G42 group across
various time points. Conversely, genes from clusters 2, 3, 4, 6 and 9 demonstrated peak
expression levels in the EP28 group at designated time intervals. The expression profiles
of genes in cluster 4, comprising 2304 DEGs, remained relatively stable before and after
the inoculation with P. capsici for both genotypes, with the exception of EP28_5. In cluster
5, which includes 2452 genes, most exhibited stability throughout all time points in both
genotypes, with the notable exception of G42-1. Cluster 7 maintained stability across
all time points in the EP28 genotype, while variations were observed in G42. Cluster 8,
consisting of 2388 DEGs, showed stability in both cultivars, except at G42-0. Lastly, cluster
9, containing 1689 DEGs, remained stable across all time points, although fluctuations were
noted among different time points, including both upregulated and downregulated genes
in EP28.

Because exposure to pathogens is known to involve the induction of defense-response
genes [25], emphasis was placed on identifying DEGs that are expressed to a higher degree
in the G42 and determining their expression in the EP28. A list of the top 25 of the highest-
scoring genes with increased expression in G42 and the relative expression, in EP28, at
the three time points in comparison to 0 dpi are shown in Table S4. Among the top DEGS
are transcription factor MYB92, protein PELKI, Cysteine-rich receptor-like protein kinase,
ethylene-responsive transcription factor_ERF098, probable glutathione S-transferase parA
and homeobox-leucine zipper protein, among others. Moreover, in this study, two E3
ubiquitin ligases were also found to be continuously expressed differentially in the two
cultivars after pathogen infection.
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Figure 2. DEGs involved in P. capsici inoculated eggplant materials G42 and EP28 at different post-
inoculation times. (A) Distribution of identified DEGS in all time points. (B). Venn diagrams of DEGs
in pairwise comparison with 0 dpi as the control.
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Figure 3. Cluster analysis of DEGs between the G42 and EP28 genotypes at time points based on
the K-means method or hierarchical clustering. G42_0 and EP28_0 are control samples. In all panels,
grey lines indicate the expression levels of individual genes, while blue and green lines indicate a
consensus of all the DEGs within a specific cluster.

3.4. Gene Ontology Enrichment Analysis of Differentially Expressed Genes

The Venn diagram established that 1190 DEGs were specifically expressed in G42,
while 4371 DEGs were expressed in EP28. A total of 13,649 DEGs were constitutively
co-expressed between G42 and EP28 at all time points (Figure 4A). The results demonstrate
that the inoculation of P. capsici induces significant changes in gene expression in eggplant
fruits, indicating considerable differences in the responses of the resistant and susceptible
eggplant lines utilized in this investigation. The DEGs at various time points for G42
and EP28 were analyzed using GOseq, with a corrected p-value cut-off of 10 (−log10

p-value). This analysis was conducted to discern the differences in gene ontology (GO)
term enrichment between the two genotypes post-inoculation. In total, 29 GO terms were
identified for G42, while EP28 revealed 34 GO terms (Figure 4B), which were categorized
into biological processes (BP), cellular components (CC) and molecular functions (MF).

In BP terms, expression of genes related to ‘response to chitin’, ‘glycolytic process’
and ‘response to cold’ were remarkably more significant in G42, while the expression of
‘intracellular signal transductions’, ‘microtubule-based movement’, ‘RNA splicing’ and
‘maturation of LSU-Rrna’ were prominent in EP28. ‘Photosynthesis’ and ‘defense response
to bacterium processes’ were present in both genotypes. In CC terms, ‘chloroplast’, ‘chloro-
plast thylakoid membrane’ and ‘chloroplast envelope’, were present in both genotypes.
EP28 expressed GO terms related to ‘kinesin complex’, ‘Golgi body’, ‘mitochondria’ and
‘peroxisomes’. In MF terms, ‘protein kinase activity’ and ‘ATP binding’ were remarkably
more significant in G42 than in EP28. In contrast, ‘molecular function’, ‘nucleotide bind-
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ing’, ‘peptidyl-protyl-cis trans isomerase’, and ‘guanosine triphosphate (GTP)’ were more
significant in G42 than in EP28.

Figure 4. Gene distribution and functional analysis of specifically regulated genes after inoculation
with P. capsici. (A) Venn diagram of DEGS in G42 and EP28. The figures in parentheses are the total
DEGs in each genotype, while shared DEGs are shown within the Venn diagram. (B) Enriched GO
terms associated with specifically regulated genes in G42 after P. capsici inoculation. (C) Enriched GO
terms associated with specifically regulated genes in EP28 after P. capsici inoculation. The GO terms
are categorized into biological processes (BP), cellular components (CC) and molecular functions
(MF). The abscissa represents the number of genes associated with each process.

3.5. Kyoto Encyclopedia of Genes and Genomes Enrichment (KEGG) Analysis of DEGS

We performed a KEGG pathway enrichment analysis of the DEGs to investigate the
response and resistance mechanism of eggplant in response to P. capsici inoculation. The top
20 enriched KEGG pathways were used to predict the biochemical pathways of eggplant
in reactions induced by P. capsici infections. In G42, we found that the DEGs that ap-
peared at G42_0 vs. _1 were significantly enriched in the photosynthetic antenna proteins,
MAPK signaling pathway–plant, porphyrin metabolism, alpha-linolenic acid metabolism,
plant–pathogen interactions and glycerophospholipid metabolism (Figure 5A). At 3 dpi
(Figure 5B), the eggplant exhibited DEGs significantly enriched in plant hormone signal
transduction, starch and sucrose metabolism, MAPK signaling pathway–plant and phenyl-
propanoid metabolism, among others. At the late stage, 5 dpi after P. capsici inoculation,
most DEGs were significantly enriched in phenylpropanoid biosynthesis, phenylalanine
biosynthesis, starch and sucrose metabolism, plant hormone signal transduction, ABC
transporters, isoquinoline and glutathione metabolism, among others (Figure 5C). Interest-
ingly, most of these pathways occur in all time points with varying intensity, thus signifying
their importance in disease infection responses.
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Figure 5. Scatterplot of KEGG pathways enrichment analysis for DEGs in genotype G42. (A) G42_0
vs. G42-1. (B) G42_0 vs. G42-3. (C) G42_0 vs. _5. The rich factor represents the proportion of
differentially expressed genes (DEGs) that are associated with a specific pathway term relative to the
total number of genes annotated within that pathway. An elevated rich factor signifies a higher level
of enrichment. The q value, which is the adjusted p value, varies between 0 and 1, where a smaller q
value reflects a higher degree of significance. The diameter of the circles corresponds to the quantity
of genes involved. The twenty most-enriched pathway terms from the KEGG database are presented.

In the susceptible genotype (EP28), the results showed that the DEGs during the
early stage of P. capsici inoculation (1 dpi) were significantly enriched in plant hormone
signaling transductions, phenylpropanoid biosynthesis, starch and sucrose metabolism,
MAPK signaling pathway and plant–pathogen interaction, among others (Figure 6A).
At 3 dpi, DEGs were significantly enriched in glutathione metabolism, Arachidonic acid
metabolism, glycosphingolipid metabolism, starch, sucrose metabolism and plant hormone
signal transductions, among others (Figure 6B). At 5 dpi in EP28, the DEGs were enriched
in glycosphingolipid biosynthesis, photosynthesis antenna proteins, porphyrin metabolism,
plant hormone signal transduction, sphingolipid metabolism, tyrosine metabolism, starch
and sucrose metabolism, among others (Figure 6C). In both genotypes, the rich factor of
the metabolic pathways varied considerably and was highest at late stage 5 dpi.
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Figure 6. Scatterplot of KEGG pathways enrichment analysis for DEGs in genotype EP28. (A) EP28_0
vs. _1 G42-1. (B) EP28_0 vs. _3. (C) EP28_0 vs. _5. The rich factor represents the proportion of DEGs
that are associated with a specific pathway term relative to the total number of genes annotated
within that pathway. An elevated rich factor signifies a higher level of enrichment. The q value,
which is the adjusted p value, varies between 0 and 1, where a smaller q value reflects a higher degree
of significance. The diameter of the circles corresponds to the quantity of genes involved. The twenty
most-enriched pathway terms from the KEGG database are presented.

3.6. Identification of DEGs Involved in Defense Response to P. capsici Infections

The integration of KEGG pathway and GO enrichment analyses revealed a varied
array of pathways associated with defense mechanisms following eggplant P. capsici in-
fections in G42 and susceptible EP28 eggplant genotypes. The plant–pathogen interac-
tion pathway plays a significant role in plant disease resistance. In this study, the plant–
pathogen interaction showed the expression of DEGs related to autophagy-related proteins,
18 calcium-binding proteins, 16 calcium-dependent protein kinase (CDPK) 3 calmodulin-
like proteins, 3 CBS-domain-containing proteins, 10 cyclic nucleotide-gated ion channels
(CNGC), 5 disease-resistance proteins, 8 ethylene-responsive transcription factor, 9 late
blight-resistance protein homolog, 2 LRR-receptor like serine, 10 WRKY transcription
factor, 4 respiratory burst oxidase homolog (Rboh) and pathogenesis-related genes tran-
scriptional activator (PTI6) (Figure 7; Table S5). In the plant–pathogen interaction pathway,

125



Horticulturae 2025, 11, 1026

one disease-resistance protein (Smechr0402283) was upregulated in EP28 compared to G42
(Table S5). In this pathway, some calcium-binding proteins such as CML15 (Smechr0103759),
CML49 (Smechr1002778), CML19 (Smechr1201626) and CML21 (Smechr0400107) were up-
regulated in EP28 at 3 and 5 dpi compared to G42. In G42, the calcium-binding pro-
teins CML16 (Smechr1102012), CML48 (Smechr1201717), CML50 (Smechr1102453) and
CML41 (Smechr300575) were upregulated, while CML18 (Smechr0200838) and CML19
(Smechr1201626) were downregulated at 3 and 5 dpi (Figure 7).

Figure 7. Differentially expressed genes (DEGs) linked to the plant–pathogen interaction pathway
were analyzed. A threshold for log2 FPKM values was established at ±2.0, with red indicating
upregulation and blue indicating downregulation. The gene IDs are displayed in horizontal rows,
while the vertical columns correspond to various time points.
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The MAPK signaling pathway plays a crucial role in plant signal transduction net-
works, through a tertiary kinase manner involving MAPKKK, MAPKK and MAPK sig-
naling cascades. Through transcription factors such as WRKY or directly, MAPK signal-
ing cascade induces pathogenesis-related protein 1 (PR1) and protein kinase-C-related
kinases (PRK). The analysis of DEGs identified 38 DEGs associated with the MAPK sig-
naling pathway (Table S5). The expression profiles of differential genes involved in the
MAPK signaling pathway post-pathogen infection were assessed (Figure 8A; Table S5),
highlighting significant upregulation of Smechr0101057 in G42 and downregulation in
EP28. Eight MAPK genes (Smechr0303698, Smechr0100663, Smechr0800498, Smechr1000008,
Smechr0101444, Smechr0500071, Smechr0302543 and Smechr0200932) were distinctively up-
regulated in EP28 at 3 and 5 dpi, hence depicting their significant role in eggplant suscepti-
bility to P. capsici infection.

Figure 8. Expression of MAPK signaling pathway and NBS-LRR genes in response to P.capsici
infection using a heatmap. Colors represent the log2 fold change values. (A) MAPK signaling
pathway genes. (B) NBS-LRR related genes.

Calcium-dependent protein kinase (CDPK) plays a significant role in plant de-
fense. CDPK DEGs showed significant differential expressions between G42 and EP28
at different time points. In G42, the expression of CDPK genes such as Smechr1200644
and Smechr0300182 were upregulated, while Smechr1102765 showed downregulation
upon P. capsici infection. In (EP28), the expressions of Smechr0302812, Smechr1200644,
Smechr0300187, Smechr1002846 and Smechr1200281 were upregulated, while Smechr0900732,
Smechr0800117, Smechr0100010 and Smechr1002342 were downregulated at 3 and 5 dpi. The
cyclic nucleotide-gated ion channels CNGCs such as Smechr0700086 and Smechr03024478
were upregulated in (G42) but showed downregulation in EP28 at 3 and 5 dpi. In EP28,
Smechr0700014, Smechr0203033 and Smechr0302178 and Smechr0202893 were upregulated at
3 and 5 dpi, thus suggesting the role in P. capsici defense. Rboh (respiratory burst oxidase
homologs, Smechr0101010, Smechr0303236 and Smechr0500887) were significantly upregu-
lated in the reactive oxygen species (ROS)-related pathway during the P. capsici infection,
especially at 3 and 5 dpi stages in EP28 more than G42 (Figure 7).

The plant–pathogen interaction pathway also presents WRKY and ERF transcription
factors. WRKY40 (Smechr0602281) was upregulated in EP28, while it was downregulated in
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G42. WRKY6 (Smechr0201953) and WRKY75 (Smechr0301211) were upregulated in both G42
and EP28 after P. capsici inoculation. WRKY20/1/41 and 44 (Smechr1200006, Smechr0701744,
Smechr0101371 and Smechr1002420) were specifically downregulated in EP28 at 3 and 5 dpi
(Figure 7). The ERF1 (Smechr0500241) and ERF119 (Smechr1000134) are upregulated in
both genotypes, but ERF1 is more upregulated in EP28. The ERF118 (Smechr1000134) is
downregulated in G42, while it shows upregulation at 1 dpi and downregulation at 3 and
5 dpi in EP28 (Table S5). The expression of the WRKY transcription factors induced the
downstream defense-related R genes, PTI (pattern-triggered immunity) and RPM (plant re-
sistance modulators)-interacting proteins. The pathogen-related gene PTI6 (Smechr0603020)
was highly expressed in the G42-resistant genotype but downregulated in EP28 at 3 and
5 dpi (Figure 7). Two of the RPM1-interacting protein 4 (Smechr0500762, and Smechr063080)
were significantly upregulated in EP28 at 3 and 5 dpi compared to G42, signifying their
importance in response to P. capsici infections in eggplant fruit.

The nucleotide-binding site (NBS) and leucine-rich repeat (LRR) domains form the most
important R genes in response to pathogen infection. The active R protein signaling induces
pattern-triggered immunity (PTI) and effector-triggered immunity (ETI). The analysis of NBS-
LRR yielded a total of 202 related genes in our study (Table S5). The expression of the selected
18 NBS-LRR genes (Figure 8B) shows that 13 genes were downregulated at 3 and 5 dpi in
EP28, while 5 were upregulated at later stages. In G42, NBS-LRR-related genes (Smechr0800015)
showed upregulation at 3 and 5 dpi in response to P. capsici infections but had a downregulation
in EP28, hence offering resistance by recognizing receptors within pathogens.

Plant hormone signal transduction plays an important role in plant growth, develop-
ment and defense systems. In this study, plant hormones including ethylene, abscisic acid,
auxin (Aux), cytokinin (CK) and gibberellins (GA) were the majority and showed differ-
ential expression between G42 and EP28 at different time points upon P. capsici infection
(Figure 9, Table S5). Auxin, in the tryptophan metabolic pathway, plays a significant role
in pathogen defense systems. Thirty-seven auxin-related genes comprising AUX, SAUR
and IAA showed differential expression in the two genotypes upon P. capsici infection.
Most of the auxin-related genes were highly downregulated in EP28 than in G42 at 3 and
5 dpi (Figure 9A), while only six genes (Smechr0901825, Smechr091897, Smechr0302266,
Smechr0302267, Smechr032402 and Smechr061419) showed upregulation in EP28. One auxin
gene (Smechr062826) showed significant upregulation at 5 dpi in G42. Gibberellin, synthe-
sized via the diterpenoid pathway, plays a crucial role in regulating plant disease resistance
by promoting the degradation of DELLAs, which are a group of nuclear proteins that inhibit
growth and serve as key suppressors of gibberellin signaling. In response to pathogen
attacks, plants develop a diverse array of defensive mechanisms. Here, 31 GA-related
genes were identified (Figure 9B), with 11 and 17 upregulated while 10 and 14 downregu-
lated in G42 and EP28, respectively, at 3 and 5 dpi. The ABA signaling pathway, derived
downstream of the carotenoid biosynthetic pathway, influences the synthesis of various
defense-related secondary metabolites to enhance plant disease resistance during pathogen
invasion. A total of 15 genes associated with the ABA signal transduction pathway were
identified, including PYL protein-related genes, abscisic acid-insensitive 5-like proteins and
abscisic acid 8′-hydroxylase 4-like (Table S5). The selected nine DEGs (Figure 9C) showed
two ABA-related genes (Smechr0103889 and Smechr0103890) were specifically upregulated
in EP28 at 3 and 5 dpi, signifying their response to P. capsici infections. The ethylene-related
genes, synthesized through the cysteine and methionine, were found to be present in
the plant–pathogen interaction pathway and the MAPK signaling cascade pathway, thus
signifying their critical role in response to pathogen defense. Most ethylene-related genes
were upregulated in G42, whereas many were downregulated in EP28 at the 3 and 5 dpi.
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Figure 9. Differentially expressed genes (DEGs) that participate in phytohormone signaling pathways
include those related to (A) Auxin, (B) Gibberellin, (C) Abscisic acid (ABA), (D) Ethylene (ETH) and
(E) Cytokinin (CK). A heat map illustrates the expression levels of these DEGs, with red indicating
upregulation and blue indicating downregulation of hormone-related genes. The blue boxes represent
divergent regulation, while the green boxes represent regulation of interest in this study.

3.7. Transcription Factors Involved in Eggplant Fruit P. capsici Infection

Transcription factors play a crucial role in regulating the plant immune defense sys-
tem in response to biotic and abiotic stresses, facilitating the activation or deactivation of
these protective mechanisms. A comprehensive analysis has identified 703 transcription
factors across 37 different families (Figure 10A, Table S6). The top 15 abundant transcription
factor families included ERF/ETH (Ethylene; 121), MYB (myeloblastosis-related proteins;
93), NAM/NAC 64, bHLH (Basic helix–loop–helix; 58), HSF (Heat shock TFs; 49, WRKY;
48), NTFY (nuclear transcription factor Y subunit; 34), HD-ZIP (homeobox-leucine zipper
protein; 32), GATA 30, bZIP (basic leucine zipper; 29), Mad-box (16), ASIL (Arabidopsis
6b-interacting protein 1-like; 15), Dof (Dof domain, zinc finger family protein; 13) and TCP
(Teosinte branched1/Cincinnata/proliferating cell factor; 9) (Figure 10A). After ethylene, MYB
genes form the second largest number of genes with 93 DEGs. In EP28, most of the MYB
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were downregulated at 3 and 5 dpi compared to their expression in G42 (Figure 10B). This
result indicated that MYB TFs significantly mediate plant defense responses against P. capsici
infection. A similar trend was observed in bHLH (Figure 10D) and HDZIP (Figure 10F).

Figure 10. Comparison of transcription factor-related genes expressed in the G42 and EP28 eggplant
genotypes in response to P. capsici infection. (A) Number of DEGs belonging to different transcription
factor (TF) families. (B) MYB. (C) NAM/NAC. (D) Basic helix-loop-helix (bHLH). (E) WRKY. (F) HD-
ZIP. (G) bZIP. Colors represent the log2 fold change values.
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NAM/NAC plays a significant role in plant immunity in response to pathogen attack.
Here, a significant number of NAC TFs were induced in EP28 compared to the G42 at 3
and 5 dpi (Figure 10C). Of the selected 34 NAM/NAC TFs, 26 genes were upregulated,
while 8 were downregulated in EP28 at 3 and 5 dpi. The result depicts the importance of
NAM/NAC transcription factors in response to P. capsici infection in eggplant fruits. WRKY
transcription factors are involved in abiotic and biotic stress responses. The WRKY TFs were
found to be present in the “plant-pathogen interaction pathway” and “MAPK signaling
cascade pathway”. Thirty-eight selected WRKY genes showed varied expression patterns
between G42 and EP28 eggplant genotypes (Figure 10E), with 21 and 23 upregulated while
15 and 17 WRKY genes were downregulated in G42 and EP28, respectively. Specifically,
4 WRKY genes (Smechr0801506, Smechr1100712, Smechr1002282 and Smechr0901238) showed
distinctive upregulation in G42 and downregulation in EP28 at 3 and 5 dpi. These suggest
their potential role in resistance to P. capsici infection.

3.8. qRT-PCR Validation of Differentially Expressed Genes

Twelve genes across the four stages of P. capsici infection were selected from the
RNA-Seq data for qRT-PCR analysis to verify the expression patterns. Among these, ex-
pression levels of DEGs involved in LRR (Smechr0202100, Smechr0502372, Smechr0201272,
Smechr01358, Smechr0801732, Smechro1102377 and Smechr0100358), WRKY7/29 (Smechr0402186
and Smechr0802419), pathogenesis-related genes transcriptional activator (PTI6,
Smechr0603020), membrane kinase regulator (MAKR1, Smechr0902144) and ethylene-
responsive TF (Smechr0802118) were analyzed. The results obtained from the qRT-PCR
analysis aligned with the RNA-Seq data, revealing similar patterns of gene expression,
whether upregulated or downregulated (Figure 11). This alignment suggests that both
analytical approaches, RNA-Seq and qRT-PCR, can provide consistent and trustworthy
insights into the molecular mechanisms underlying resistance to Phytophthora fruit rot.

Figure 11. Cont.
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Figure 11. qRT-PCR validation of DEGs related to disease resistance. The twelve genes included
members of LRR, WRKY, pathogenesis-related genes transcriptional activator (PTI6), membrane
kinase regulator (MAKR1) and ethylene-responsive TF. The error bars represent ± SE of three
replicates (p ≤ 0.05).

3.9. VIGS-Mediated Silencing of SmPTI6 Enhances Eggplant Fruit Susceptibility to
P. capsici Infestation

Several upregulated genes following P. capsici inoculation are promising candidates for
studying the resistance mechanism against this oomycete in eggplant fruit. Consequently,
we selected pathogenesis-related gene transcriptional activator (SmPTI6) for functional
analysis using VIGS following its upregulation in the resistant eggplant genotype and
downregulation in the susceptible genotype. Further, to justify the reason for choosing
SmPTI6 as our gene for VIGS analysis is the basis that Pti6 from tomato, when expressed
in Arabidopsis thaliana, induced the expression of a diverse range of pathogenesis-related
(PR) genes and served significant and unique functions in the defense mechanisms against
Pseudomonas syringae pv. tomato [35]. However, no reports of the role of PTI6 regarding
pathogen resistance have been reported in eggplant. Therefore, we conducted VIGs to
determine the feasibility of SmPTI6 involvement in P. capsici resistance. Seven days post-
silencing, the fruits were inoculated with a mycelium agar plug of actively growing P.
capsici colonies, and lesions were evaluated at 0, 3 and 5 dpi. The findings indicated that the
SmPTI6-silenced fruits of G42 eggplant genotype exhibited disease symptoms following
inoculation with P. capsici in contrast to the TRV2 empty vector plants (Figure 12A). In
the fruits of the SmPTI6-silenced plants, the lesions became more pronounced and severe
by 5 dpi. Conversely, the TRV2 empty vector plants showed no signs of disease. These
observations suggest that the silencing of the SmPTI6 gene in resistant eggplant fruit may
compromise its resistance to P. capsici. Quantitative reverse transcription polymerase chain
reaction (qRT-PCR) analysis demonstrated a significant downregulation of SmPTI6 in the
silenced fruits when compared to the TRV2:00 empty vector, with notable reductions in
SmPTI6 expression at both 3 and 5 dpi in the TRV:SmPTI6 samples (Figure 12B).
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Figure 12. Effect of virus-induced gene silencing of SmPTI6 on the resistance of G42 eggplant fruits
to Phytophthora capsici. (A) Eggplant fruits were inoculated with P. capsici 7 days after agrobacterial
infection, and infection progression was observed from 0 to 5 days dpi. TRV:00 is the control, injected
with a mixture of agrobacteria containing empty vectors. TRV:SmPTI6 are the VIGS fruits injected
with a mix of agrobacteria harboring pTRV1 or pTRV2-SmPTI6. (B) VIGS reduced SmPTI6 expression.
The data are presented as the mean ± SD (n = 3). Statistical significance was determined by one-way
ANOVA followed by Tukey’s test. Asterisks denote significant differences (** p < 0.01).

4. Discussion

Phytophthora fruit rot (Phytophthora capsici L.) is a disease that poses a significant threat
to various members of the solanaceous group, specifically crops like peppers, tomatoes
and eggplants [6]. A comprehensive transcriptomic analysis of eggplant fruits inoculated
with P. capsici generated a considerable dataset, which allowed for a detailed analysis
of the differences between the resistant variety (G42) and the susceptible variety (EP28).
This investigation focused on pinpointing the genes that contribute to resistance against P.
capsici infections. In both genotypes, a high number of DEGs were exhibited at 3 dpi and
then slightly reduced at 5 dpi, with EP28 showing the highest number of DEGs across all
time points (Figure 2A). The KEGG analysis revealed the expression of several pathways,
including the signal transduction pathways for plant hormones, the phenylpropanoid
synthesis and phenylalanine metabolic pathways, the pathways governing plant–pathogen
interactions and the mitogen-activated protein kinase (MAPK) pathway. Furthermore, we
discovered that disease-resistance genes (R genes) such as Smechr0500287, Smechr0500297
and Smechr0402283, among others, are linked to proteins related to specific courses such
as pathogen recognition, immune response activation transcription factors and protein
kinases. This suggests that these pathways contain genes contributing to disease resistance
during pathogen attacks, enhancing the plant’s ability to resist diseases. Plant disease
resistance is a multifaceted systemic response, characterized by varying reactions from
different resistance genes [36].

In response to pathogen stress, plants engage a sophisticated immune system char-
acterized by two primary layers: pattern-triggered immunity (PTI) and effector-triggered
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immunity (ETI). These immune mechanisms can trigger the expression of genes involved
in defensive responses, the hypersensitive response (HR) and programmed cell death
(PCD) [37,38]. The combined action of PTI and ETI fosters a robust resistance against
a variety of pathogens, mediated by calcium ion signaling, the production of reactive
oxygen species (ROS), the stimulation of mitogen-activated protein kinases (MAPKs) and
the reactivation of specific genes that respond to pathogen attacks. The infection induced
by P. capsici initiates the propagation of calcium ion signals downstream via the cyclic
nucleotide-gated channels known as CNGCs. Notably, there is a continuous upregulation
of certain CNGC members, including Smechr0700086 and Smechr03024478, particularly in
the G42 context, which enhances the transmission of calcium signals. In response to this
signaling, Rboh-related genes such as Smechr0101010, Smechr0303236 and Smechr0500887
were upregulated. This cascade of events results in alterations in ROS levels and ultimately
triggers the hypersensitive response (HR). These findings suggest that the genes exhibit-
ing marked upregulation could participate in mediating responses induced by P. capsici
infections in plants (Figure 7).

Calcium-binding proteins are integral to the plant’s response to pathogenic inva-
sions. In stressful environments, numerous Ca2+ sensors or binding proteins can perceive
changes in the cytoplasmic Ca2+ concentration, which regulates downstream gene expres-
sion to enhance plant resistance [39]. This study revealed that certain calcium-binding
proteins, such as Smechr1001819, CML15 (Smechr0103759), CML49 (Smechr1002778), CML19
(Smechr1201626) and CML21 (Smechr0400107), were significantly upregulated in EP28
at 3 and 5 days post-inoculation (dpi) compared to G42. In G42, the calcium-binding
proteins CML16 (Smechr1102012), CML48 (Smechr1201717), CML50 (Smechr1102453) and
CML41 (Smechr0300575) were upregulated, while CML18 (Smechr0200838) and CML19
(Smechr1201626) were downregulated 3 and 5 dpi. The difference in expression pattern
of calcium-binding protein between susceptible and resistant genotypes is likely from
the fact that, in the susceptible genotype, some genes may be overexpressed to suppress
or modulate immune responses, possibly to prevent excessive cell death or stress, while
the overexpressed in resistant genotype is to enhance pathogen recognition, defense gene
activation and cell wall reinforcement [40]. Previous studies demonstrated that in Irish
potatoes, the calcium-independent protein kinase StCDPK5 directly influences the forma-
tion of reactive oxygen species (ROS) by promoting the phosphorylation of respiratory
burst oxidase homologs (Rboh) [41]. In tea plants, however, it was observed that the up-
stream cyclic nucleotide-gated channel (CNGC) experiences a significant downregulation
during calcium transfer. At the same time, the majority of downstream Crassulacean
acid metabolism/Calmodulin-like proteins (CaM/CMLs) genes exhibit a pronounced
upregulation in expression during both the initial and later stages of the response to blis-
ter blight disease caused by Exobasidium vexans Massee [42]. In our study, CDPK genes
showed significant differential expression between G42 and EP28 at different times, sig-
nifying their important role in response to P. capsici infections. For instance, six CDPK
genes (Smechr0900732, Smechr1002959, Smechr0800117, Smechr0100010, Smchr10002342 and
Smechr1101287) were downregulated in EP28 compared to G42, signifying their role in
defense against P. capsici in the resistant genotype.

The synthesis and transmission of ROS signals are vital components of the plant’s
defensive response to pathogenic threats. The homologous protein Rboh, responsible for
modulating ROS levels, is regulated by calcium ions and the action of fungal effectors.
The expression of Rboh-related genes, Smechr0101010, Smechr0303236 and Smechr0500887,
were markedly increased in the ROS pathway during the infection caused by P. capsici,
particularly at the 3 and 5 dpi stages in EP28 compared to G42. The elevated synthesis and
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accumulation of ROS through the action of Rboh enable plant tissues to trigger their defense
responses when faced with pathogenic threats [43,44]. Alternatively, genes associated with
increased ROS are overexpressed in the susceptible genotype, which could suggest that
an accumulation of ROS favors the development of the pathogen. This is likely because
ROS can act as a signing molecule to pathogen growth by causing oxidative damage to
host cells, suppressing immune cell function, or ROS-induced host cell lysis can release
nutrients that pathogens scavenge for growth [45]. RPM1-induced protein kinase RIPK is
instrumental in regulating RbohD-mediated reactive oxygen species ROS signaling across a
range of immune responses, such as pathogen-triggered immunity (PTI), effector-triggered
immunity (ETI), disease resistance (DTI, and systemic acquired resistance (SAR) [46]. Clas-
sic genetic analyses have frequently indicated that resistance (R) genes are predominantly
found at single loci that confer resistance to various pathogens. The predominant category
of identified R proteins comprises those featuring a nucleotide binding site (NBS) along-
side leucine-rich repeat domains (LRR proteins) [47,48]. Proteins encoded by NBS-LRR
play a crucial role in plant resistance by identifying receptors present in the pathogens.
Certain R genes associated with specific diseases are capable of detecting the effectors
linked to pathogen-associated molecular patterns (PTI) and effector-triggered immunity
(ETI) [37,49]. The functional role of NBS-LRR-related genes has been previously elucidated
in some vegetable species in response to fungal pathogenic attacks. The expression of
RsTNL03 and RsTNL09 enhances the resistance of radish to Fusarium oxysporum, whereas
RsTNL06 plays a negative regulatory role [50]. Additionally, the transcriptional silencing of
MaNBS89 resulted in more severe leaf damage in banana plants (Musa acuminata) compared
to the control group [51]. In our study, the observed upregulated NBS-LRR genes in the
resistant genotype signify their potential roles in response to P. capsici infections. Their
overexpression suggests an attempt to recognize P. capsici effectors and trigger resistance
mechanisms in the resistant genotype compared to the susceptible type. The expression of
plant-resistance genes serves as a negative regulator of effector-triggered immunity (ETI)
while simultaneously having the capacity to genetically activate pattern-triggered immu-
nity (PTI) through mediator proteins [52]. In this study, PTI-related genes, Smechr0603020
(PTI6), were triggered in reaction to P. capsici infection showing its significance in response
to pathogenic attack (Figure 7).

The role of mitogen-activated protein kinases (MAPKs) is significant in numerous
(R)-mediated defense responses to pathogens affecting plants [53]. MAPK cascades are
integral to various signaling pathways that operate downstream of receptor kinases, partic-
ularly in the biosynthesis of phytoalexins within plant systems [54]. The StMKK5-StSIPK
module in potato (Solanum tuberosum) significantly contributes to the enhancement of resis-
tance against phytophthora pathogens by activating salicylic acid and ethylene signaling
pathways [55]. In rice (Oryza sativa), the regulatory mechanisms involving OsMAPKKK16,
OsMAPKKK18 and OsMAPKKK19 and the OsBSK1-2-OsMAPKKK16-18-19-OsMKK4-5 mod-
ule have been identified as critical for the plant’s response to rice blast [56]. Furthermore,
research indicates that HvMPK4 phosphorylates HvWRKY1, amplifying the suppression
of barley’s immune response to the powdery mildew pathogen, Blumeria graminis f. sp.
hordei. Additionally, the activation of the MAPK signaling pathway in maize in response to
Fusarium verticillioides has been documented [57]. It has been observed that OsMPK12 regu-
lates plant defense mechanisms against rice blast [58]. OsMPK6 regulates bacterial blight
resistance in rice [59]. Additionally, the MAPK signaling cascades (MsDef1 and MtDef4)
have been identified as regulators of host plant resistance to Fusarium graminearum [60]. In
soybeans, the GmMKK4–GmMPK6 and GmERF113 cascade has been shown to promote the
expression of genes associated with defense, thereby enhancing resistance to Phytophthora
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sojae [61]. In our study, most of the MAPK DEGs identified were upregulated in G42.
Moreover, this study revealed that the MAPK cascade reaction led to the expression of
downstream genes, resulting in the activation of PR proteins such as PRM1 (plant-resistant
modulators) (Smechr0502610, Smechr0500762 and Smechr0603080), PT0 (Smechr0502664),
PT1 (Smechr0502649 and Smechr0902695) and PTI6 (Smechr0603020) that could ultimately
contribute to the enhancement of resistance to pathogens.

Hormonal interactions are fundamental to the ability of plants to defend themselves
against various pathogens [62]. Several hormones signaling pathways, including ethylene,
abscisic, auxins and gibberellins expressed differently in both G42 and EP28 eggplant
genotypes after P. capsici infections. The role of auxin in the stress response of plants has
been recognized and displays complex plant–pathogen interaction patterns [63,64]. In
this study, three auxin-related genes (Smechr0602219, Smechr1201844 and Smechr0100147)
were significantly upregulated in G42 compared to EP28. The results imply that signaling
pathways linked to auxin mediate significant responses to P. capsici infections. The role of
abscisic acid (ABA) in plant pathology is characterized as a negative regulator of disease
resistance, where elevated levels of its expression are linked to an increased sensitivity to
various diseases [65]. In this study, the expression of ABA-related genes changed after
inoculation, showing upregulation in EP28, suggesting the relevance of ABA signaling
pathway genes involvement in eggplant susceptibility response to P. capsici pathogen.
Maize J1259 was found to activate two ABA signal transduction pathways in response to
Fusarium verticillioides infection [57]. ERF, an ethylene response factor, contributes positively
to the regulation of resistance gene expression through binding to the promoters of genes
related to ethylene resistance [66], thus regulating plant immune responses. Ethylene-
responsive transcription factors such as Smechr092335, Smechr0300032 and Smechr0500152
were upregulated in G42, while Smechr010171 and Smechr0300030 were upregulated in EP28,
hence implying that ethylene-mediated defense response was involved in the response
of eggplant to P. capsici. Ethylene is also associated with plant–pathogen interactions and
transcription factors, thus displaying its diverse role in response to pathogen attack.

The regulation of the plant immune defense system in response to biotic and abiotic
stresses is significantly influenced by transcription factors, which can either activate or
inhibit these protective mechanisms [67]. In total, 703 transcription factors were recognized,
categorized into 37 unique families (Figure 10A, Table S6). The top 15 abundant tran-
scription factor families included ERF/ETH (Ethylene;121), MYB (myeloblastosis-related
proteins; 93), NAM/NAC 64, bHLH (Basic helix–loop–helix; 58), HSF (Heat shock TFs;
49, WRKY; 48), NTFY (nuclear transcription factor Y subunit; 34), HD-ZIP (homeobox-
leucine zipper protein; 32), GATA 30, bZIP (basic leucine zipper; 29), Mad-box 16, ASIL
(Arabidopsis 6b-interacting protein 1-like; 15), Dof (Dof domain, zinc finger family protein;
13) and TCP (Teosinte branched1/Cincinnata/proliferating cell factor; 9) (Figure 10A).
Additionally, transcription factors were found to be enriched in plant hormone signal trans-
duction, MAPK signaling pathway, and plant–pathogen interaction. The results indicated
that transcription factors from different families continue to be significantly expressed
in response to P. capsici infections, suggesting a response to the pathogen and a crucial
regulatory role in the process of disease resistance. The MYB gene family is characterized
as the largest group of transcription factors found in plants. MYB-associated genes are
significantly involved in regulating the flavonoid metabolism pathway, hormone signaling
mechanisms, and stress response processes [68]. Furthermore, MYB genes play pivotal
functions in plant disease resistance [69]. Importantly, one of the most represented TFs in
our study was observed in the MYB family with 93 DEGs. MYB TFs recorded differential
expressions between the two eggplant genotypes and different stages, with the majority
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showing upregulation in G42 at 3 and 5 dpi (Figure 10B). The findings suggest that MYB
transcription factors mediate plant defense mechanisms in response to P. capsici infection.
This aligns with previous research demonstrating their involvement in apple resistance to
Alternaria alternata [70]. Additionally, among the various families of transcription factors
in plants, bHLH transcription factors are distinguished as the second largest group [70].
In this study, 58 differentially expressed genes associated with bHLH transcription were
obtained. It has been established that bHLH genes play a significant role in the defense
response of potato plants to common scab, which is induced by Streptomyces scabies [71].
Therefore, the considerable accumulation of bHLH observed in this study may be indicative
of the plant’s resistance mechanisms against P. capsici.

WRKY proteins interact with the conserved W-box motif, which is present in the
promoters of numerous genes associated with plant defense mechanisms [72]. In addition,
the pronounced expression of WRKY-dependent components is of considerable interest
in facilitating the generation of proteins that enhance plant disease resistance [67]. The
enhancement of resistance to bacterial and fungal infections in wild tobacco (Nicotiana
benthamiana) has been attributed to the overexpression of the cotton gene GhWRKY39 [73].
In rice (Oryza sativa), the WRKY45 gene functions as a positive regulator of resistance against
the hemibiotrophic fungus Magnaporthe grisea, which causes rice blast [74]. In addition, in
pepper (Capsicum annum), the upregulation of CaWRKY01-10 and CaWRKY08-4 genes is
instrumental in providing resistance to Phytophthora capsici by directly activating a cluster
of genes involved in defense responses [75]. In this study, WRKY TFs were significantly
upregulated in G42 and downregulated in EP28. Additionally, two WRKY TFs (WRKY7
and WRKY24) identified in the “plant-pathogen interaction pathway” (Figure 10E) showed
contrasting expressions, suggesting that WRKY TFs have an influence on the expression of
disease-resistance-related genes in eggplant to P. capsici infections. The difference in the
expression pattern of WRKY TFs suggests that each WRKY gene plays a significant role in
either suppressing or enhancing disease resistance, depending on the genotype.

We further conducted VIGs to determine the function of SmPTI6 in eggplant response
to P. capsici infection. Our data showed that silencing of SmPTI6 significantly enhanced
infection of eggplant plants to P. capsici (Figure 12A). The decreased expression of SmPTI6
in silenced resistant fruits compared to the control empty vector samples signifies a success-
ful VIGS process (Figure 12B). These data demonstrate that SmPTI6 positively regulates
eggplant response to P. capsici. A previous report showed that overexpression of Pti6 in
tomato promotes plant defense [35]. PTI-related proteins (Pti4, Pti5 and Pti6) from tomato
were characterized by their interaction with the PTO disease-resistance gene product, a
serine-threonine protein kinase. These proteins are part of the ethylene-response factor
(ERF) family, which consists of transcription factors exclusive to plants, and they specifically
bind to the GCC-box cis-element located in the promoters of various pathogenesis-related
(PR) genes [35], hence enhancing disease resistance.

Finally, we have provided a comprehensive summary of the molecular defense re-
sponses in G42 and EP28 eggplant genotypes against P. capsici infection, integrating gene
expression dynamics, pathway interactions and regulatory networks (Figure 13). The data
is structured to highlight not only the differences between the two varieties but also the
functional relationships between key components, as indicated by directional arrows. The
figure illustrates that the resistant eggplant mounts a robust, multi-layered defense against
P. capsici, involving rapid gene expression changes, immune signaling (MAPK), hormone
modulation and TF-mediated reprogramming, all dynamically interacting to mount an
effective defense. In contrast, the susceptible genotype may lack this coordinated response,
or disrupted interactions may lead to disease progression. Further, the upregulation of
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disease-resistance genes in G42 justifies their resistant capability to P. capsici, while the
opposite is manifested in EP28. These insights could guide breeding strategies to enhance
P. capsici in eggplants.

Figure 13. Summary of molecular defense responses in resistant (G42) and susceptible (EP28)
eggplant varieties against P. capsici infection. The directional arrows show functional relationships or
interactions between key components.

5. Conclusions

The comparative analysis of transcriptomes and gene expression patterns between
G42 and EP28 genotypes infected with P. capsici has provided a thorough theoretical
background for elucidating the defense mechanisms engaged in the response of eggplant to
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P. capsici infection. The infection by P. capsici triggered the activation of various resistance
pathways, with distinct genes contributing to the defense response and the associated signal
transduction processes. VIGS silencing of SmPTI6 significantly increased susceptibility to P.
capsici infections, thus providing a candidate gene for studying the resistance mechanism
to P. capsici in eggplant fruits. Analyzing the transcriptome contributes to a more profound
understanding of the molecular mechanisms that are fundamental to biological functions
regarding the resistance of eggplant to Phytophthora fruit rot. The findings from this
research may also facilitate the identification of potential resistance genes that could be
utilized for the genetic enhancement of germplasm resources.
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Abstract: A plant breeding program needs helpful markers, especially morphological
ones, which can allow breeders to dispense with other markers, including cytological traits
and flow cytometry. These markers can assist plant breeders in distinguishing diploid
and tetraploid plants during the seedling stage. Therefore, the present study aimed to
investigate and validate effective methodologies for the early identification of artificially
induced polyploids in black cumin. Thus, we established an extensional program for black
cumin breeding including producing seeds, active compounds, and flowers as ornamental
plants. Field experiments on tetraploids and diploids were carried out to evaluate the
morphological and yield traits of both plants. Also, some cytological studies and Gas
Chromatography (GC) analysis were conducted to achieve these goals. The results showed
the possibility of realizing diploid and tetraploid plants in early growing black seeds
in the field (mainly after the first cotyledon leaves). This crucial outcome can support
plant breeders in identifying polyploidy during the seedling stage without referring to
biochemical markers, flow cytometry, and cytological traits. All morphological and yield-
related traits were superior in diploid plants compared to tetraploids. The results showed
that diploid and tetraploid plants exhibited plant heights of 116 cm and 95 cm, numbers of
secondary branches of 112 and 22, numbers of flowers of 111.7 and 24.75, and shoot fresh
weights of 610 g and 147.5 g, respectively. Furthermore, the number of seeds per capsule,
seed yield per plant, and oil percentage in diploids were 97.5 seeds, 24 g, and 22.94%,
compared with 35.25 seeds, 4.62 g, and 17.76% in tetraploids, respectively. This work
used the cotyledon leaf shape as a morphological marker to distinguish the tetraploid and
diploid plants, as diploids are typically taller with pointed cotyledons, whereas tetraploids
are shorter with rounded cotyledon tips. This study will create great opportunities for plant
breeders to save time and costs during their programs. Further studies on such suggested
black cumin breeding programs are needed on diploids, triploids, and tetraploids.

Keywords: diploids; morphological markers; Nigella sativa L.; polyploidy; tetraploids;
thymoquinone
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1. Introduction

Nigella sativa L., commonly known as black cumin or black seed, is an annual herba-
ceous plant belonging to the family Ranunculaceae. It has a diploid chromosome number
of 2n = 2x = 12. This plant species has several culinary uses and has been recognized in
traditional medicine for treating many ailments such as eczema, headache, inflammation,
anorexia, rheumatism, and paralysis [1–4]. It has been widely used in different types of
product such as essential oil, extract, powder, and paste [5,6]. It is native to Southern
Europe, Southwest Asia, and North Africa. It is cultured in the Middle East, the Mediter-
ranean, and Southern European regions [7]. Black cumin seeds are often used as food
preservatives, spices, and flavoring additives for adding a distinctive aroma and taste to
bread, savory dishes, and pickles due to their low level of toxicity [8,9]. Moreover, the seeds
are known for their nutritional value due to their high content of iron, copper, phosphorus,
calcium, zinc, folic acid, thiamin, niacin, and pyridoxine [10,11]. The pharmaceutical and
commercial value of black cumin is determined by its seed yield, essential oil content, and
concentration of bioactive compounds [12]. Due to the health benefits of black cumin, it is
necessary to develop plants with desirable traits through induced genetic variations and
breeding programs, as the existing germplasm may not satisfy future demands [12].

Polyploidy or whole genome duplication is the heritable state in which the cells carry
more than two complete chromosomal sets [13]. The somatic cells of polyploid organs have
more than two complete/paired sets of homologous chromosomes [14]. Polyploidy, or
the doubling of the chromosome number, is one of the plant breeding methods for genetic
improvement of plants. Autotetraploid induction for plants has been studied for over
85 years [15]. Tetraploidy of black cumin was chemically induced by colchicine treatment
of different plant organs, i.e., seed and seedling [16], seedling [17], and apical meristematic
tips of young seedlings bearing only two cotyledonary leaves [18], or by another method
that involves using 2,4-dinitroaniline treatment on seeds [19].

Previous reports indicated that polyploidy extended flowering duration, increased
organ size, and improved resistance to abiotic stresses and diseases [20]. For black cumin,
induced tetraploid plants using colchicine had more branches and flowers, enhanced
size and frequency of stomata, and an increased number of septa per fruit and seeds per
septum [16]. Furthermore, leaf thickness, flower and anther size, and petals were increased
in tetraploid black cumin plants [21]. Autotetraploid induction improved the fruit quality
of kiwifruit (Actinidia chinensis Planch.) in weight, size, and diameter [22]. Tetraploids of the
Anemone sylvestris L. flowering plant are characterized by strong, vigorous growth, and they
flower early compared to diploid plants [23]. In addition, artificial polyploidy enhanced
the biosynthesis of important secondary metabolites in many polyploidy plants compared
to their diploid parents [24]. Tetraploid clones of Artemisia annua L. (synonym: Artemisia
chamomilla C.Winkl.) increased artemisinin production six-fold compared to the diploid
parent [25]. Tetraploid plants of radish (Raphanas sativus L.) have larger vegetative and
reproductive organs, enhanced antioxidant enzyme activity, and higher soluble contents
and quality [26]. One autotetraploid black cumin plant had some useful traits compared
to diploids and other tetraploids [18]. Polyploidy induction enhances plant breeding
potential by improving ornamental traits, stress tolerance, yield, and fertility restoration,
and enabling the development of seedless cultivars.

On the other hand, induction of artificial polyploidy can negatively affect plant growth
and fruit size for commercial production [27]. The growth of diploid plants of apple was
more vigorous than tetraploid ones, and the stomatal conductance and photosynthetic
rate of tetraploid plants were slightly lower [28]. Vegetative growth and yield of diploid
black cumin plants were higher than tetraploid plants [21]. Seeds of tetraploid plants
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of black cumin were sterile due to widespread chromosome irregularities, producing
varying numbers of quadrivalents (0–4), trivalents (0–2), and univalents (0–10) [17]. The
most prominent morphological changes in black cumin tetraploid and its progenies were
increased flower and capsule sterility, and reduced seed number per capsule and seed
fertility [18].

Early identification of polyploids is a crucial issue in developing plant breeding
programs. It was reported that approximately 70% of all angiosperms have undergone
one or more polyploidy events [29]. One common method for identifying polyploids is
morphological based-markers like size, shape, and color of plant organs (e.g., cotyledons,
leaves, and flowers). It is a practical method for distinguishing polyploid plants, especially
at the early stages of growth. Tetraploid radish seedlings were significantly taller (by 36%),
had longer (61%) and wider (43%) leaves, and exhibited larger floral organs as compared
to diploid plants [26]. Similarly, notable differences in plant height, leaf length, petiole
characteristics, and leaflet width were observed between diploid and tetraploid plants [30].
Physiological markers are also considered as a reliable tool for polyploid identification.
These include stomatal characteristics such as size, density, and number of chloroplasts
per guard cell. It was demonstrated that stomatal size tends to increase in polyploid
plants, while stomatal density generally decreases, providing a novel method for detecting
polyploidy [29]. Later studies confirmed that polyploidy leads to increased stomatal size
and chloroplast number, accompanied by reduced stomatal density [26,31,32]. Another
precise method is chromosome counting during mitotic or meiotic division. Tetraploidy
was confirmed in radish by counting chromosomes in pollen mother cells at metaphase
I during meiosis [26]. Similarly, tetraploidy in black cumin was verified through mitotic
chromosome analysis [18,19]. Flow cytometry is also widely used for determining ploidy
levels by comparing nuclear DNA content between diploid and tetraploid plants. This
technique has been successfully applied in various species, including radish [26], black
cumin [33], purple coneflower [34], and Urochloa [35].

A limited number of studies have addressed the comparative evaluation of diploid
and tetraploid black cumin, primarily focusing on mature plants. These studies have
relied on various approaches, including morphological and physiological measurements,
cytological assessments, and flow cytometry analysis [17–19,33]. However, these studies
provide little information on early developmental stages, which are critical for accelerating
selection processes in breeding programs. In the present study, we extend the scope of
evaluation by comparing diploid and tetraploid black cumin at both the early cotyledon
stage and the mature plant stage. This dual-stage approach allows for the identification of
early morphological and physiological indicators that can reliably distinguish polyploid
plants. Such early detection methods are particularly valuable for plant breeders, as they
reduce the time and resources required to confirm ploidy status at later growth stages. The
main objective of this study was to explore and validate practical methodologies for the
early identification of artificially induced polyploids in black cumin. In addition, this study
sought to assess economic traits such as plant vigor, leaf and flower morphology, potential
yield components, and thymoquinone (TQ) content of diploid versus tetraploid plants in
order to evaluate their agronomic significance.

2. Materials and Methods

This research was performed in 2021–2022 at the Physiology and Breeding of Horti-
cultural Crops Laboratory, Horticulture Department, Faculty of Agriculture, Kafrelsheikh
University, Egypt.

145



Horticulturae 2025, 11, 1122

2.1. Plant Materials

In the present study, seeds from a tetraploid breeder line (induced using 2,4-
dinitroaniline at 10 mg L−1 for 24 h) and a selected diploid line obtained from the breeding
program (El-Mahrouk et al. [19]) at the Faculty of Agriculture, Kafrelsheikh University,
Egypt, were obtained, identified, and compared.

2.2. Cytological and Flow Cytometry Analysis

Flower buds of diploid and tetraploid plants were treated with freshly prepared
fixation solution (three parts absolute alcohol/one part glacial acetic acid) for 24 h. Samples
were preserved in 70% ethanol and placed in a cool place for scanning. Anthers were
excised on the slide and stained with acetocarmin, then sealed and observed under a Leica
Aristoplan light microscope (Neu-Isenburg, Germany) with Leica DC 300 F digital imaging
using an oil immersion lens [36]. Ploidy level was detected by an Attune flow cytometer
(Applied Biosystem, Foster City, CA, USA). Young leaves from seedlings (30 days old) of
diploid and tetraploid plants were used as samples according to Galbraith et al. [37]. Leaf
tissue (50 mg) was chopped and macerated in lysis buffer (1.0 mL) to release intact nuclei
by a razor blade in Galbraith buffer [45 mM MgCl2; 30 mM sodium citrate; 20 mM MOPS
[3-(N-morpholino)-propane sulfonic acid]; 0.1% (w/v) Triton X-100; pH 7.0] for 1 h. The cell
suspensions were filtered by a 0.45 μm nylon filter to eliminate cell debris for 5 min at room
temperature. Then, the cell nuclei were stained with 10 μL 4′,6′-diamino-2phenylidole
(DAPI) solution (solution A of high-resolution kit type P, Partec) for 30 min on ice in the
dark. Nearly 10,000 nuclei were analyzed using a logarithmic scale. Histograms were
analyzed using Attune cytometric software version 2.1.

2.3. Establishment of Seedlings

Seeds of tetraploid plants were cultivated separately in isolated field to avoid cross pol-
lination with other black cumin plants to maintain pure tetraploid seeds. Under greenhouse
conditions, the seeds were germinated in peat moss and vermiculite mixture (1:1; v/v). The
medium was fertilized with 1.0 g L−1 of water-soluble compound fertilizer in a ratio of
19:19:19 (Rosasol; Rosier, Moustier, Belgium) and sterilized with a solution of fungicide
(1.0 g L−1 Rizolex; Kafr El-Zayat Company, El-Gharbia, Egypt). The pH of the medium was
adjusted to 6.0 ± 1 with calcium carbonate (Jenway 3510, Staffordshire, UK). Soaked seeds
(for 24 h in distilled water) were sown in expanded polyurethane foam trays (3.0 × 3.0 cm;
209 cells/tray), with one seed in each cell and one for each diploid and tetraploid line.
Trays were put in the greenhouse at 25 ± 2 ◦C and light intensity of 300 μm m−2 s−1 after
sowing. The trays were also manually watered weekly using 10 L watering cans with 2.0 L
for each tray. All trays were covered with plastic sheets (35 μm) until the first germinated
seeds became visible, and then the plastic covers were removed. Germination indices
including final germination percentage (FGP), germination rate index (GRI), corrected
germination rate index (CGRI), and time to 50% germination (GT50) were recorded. At
this stage, the morphological shape of cotyledons and chromosomal number in mitosis
division were recorded. The seeds were considered germinated when their cotyledons
became visible above the surface of the growth medium. Germination parameters were
calculated as follows:

(a) Final germination percentage (FGP)
= [Number of germinated seeds after 30 days from sowing
/number of sown seeds] × 100
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(b) Germination rate index (GRI) =

[(
G1
1

)
+

(
G2
2

)
+

(
Gx
X

)]

where G = germination on each alternate day after placement; 1, 2, x = corresponding day
of germination [38,39].

(c) Corrected germination rate index (CGRI) =
(

GRI
FGP

)
× 100

(d) GT50 = number of days lapsed to reach 50% of FGP

2.4. Soil Analysis and Cultivation of Black Cumin Seedlings

The soil analysis of the experimental site is presented in Table 1. Soil pH was measured
in a 1:2.5 ratio (soil/deionized water suspension) using a calibrated pH meter 3510 (Jenway,
Stafford Shire, UK). Soil salinity [electrical conductivity (EC)] was measured in a 1:5
ratio (soil/deionized water) using an EC Meter (MI 170; Treviglio, Italy). Soluble ions
in saturated extracts were measured according to the methods of Jackson [40]. Total
carbonate was determined using a volumetric calcimeter [41]. Organic matter content was
determined using the dichromate oxidation method [41]. Available nitrogen (NH4

+) was
determined using the micro Kjeldahl method [42], and available phosphorus (P2O5) was
determined [43]. Calcium (Ca2+) and magnesium (Mg2+) were also measured [40]. Sodium
(Na+) and potassium (K+) were extracted according to the methods described by Black [44],
and concentrations were determined using a Flame photometer PFP7 (Jenway, Stafford
Shire, UK). Chloride (Cl−) was determined by titration with a standard solution of silver
nitrate [40]. Both diploid and tetraploid seedlings of black cumin were transplanted in
clay soil during two successive seasons, 2021 and 2022, in the experimental farm of the
Horticulture Department, Faculty of Agriculture, Kafrelsheikh University. Each genotype
was planted in five rows (6.0 × 0.8 m), each row considered as one replicate. The distance
between plants was 30 cm. The experiment was maintained for 7 months. All cultural
practices for best plant growth were followed according to Rajeswara et al. [45].

Table 1. Soil chemical analysis of experimental farm of the Horticulture Department, Faculty of
Agriculture, Kafrelsheikh University.

EC
(dS m−1)

(1:5)

pH
(1:2.5)

Available Nutrients
(mg kg−1)

Soluble Cations (mmolc L−1) Soluble Anions (mmolc L−1)
OM
(%)

N P K Mg2+ Ca2+ K+ Na+ CO3
2− HCO3

− Cl− SO4
2−

3.96 8.13 32.65 10.9 380 7.1 12.47 0.24 19.77 0.0 3.33 18.4 17.9 1.45

2.5. Assessment of Plant Morphology, Flowering, and Yield Traits Under Field Conditions

The morphological traits of tetraploid plants and their corresponding diploid plants
growing under the same field conditions were employed to verify the polyploidy varia-
tions. Ten seedlings from each genotype were used for determining the shape and area
of cotyledon leaves. Twenty-five plants from every genotype were randomly selected
from five replicates in order to assess the following traits. Morphological vegetative traits
including plant height, number of main and secondary branches per plant, crown diameter
(cm), shoot fresh and dry weights, root length (cm), and root fresh weight. Morphological
flower traits in terms of the number of first days to flowering, number of flowers per plant,
converted flowering parts, and stamen number and size were also investigated, as well as
yield traits in terms of the number of seeds per capsule, seed yield per plant, and 100-seed
weight. Oil percentage was determined according to Folch et al. [46].
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2.6. Analysis of Thymoquinone Content

An analysis of thymoquinone content in the seed extracts was carried out in the High
Institute for Public Health Central Lab, Alexandria University, using the Gas Chromatogra-
phy GC-HP (Hewlett Packard) 6890, with FID detector (flame ionizing) and DB-23 Column
(50% cyanopropyl–methylpolysiloxane), 30 m × 0.32 mm, ID = 0.25 μm film thickness, to
determine TQ content. The carrier gas was nitrogen (1 mL min−1 gas flow). The seed oil of
diploid and tetraploid plants (extracted from 9 seeds) was dissolved in HPLC methanol
to prepare them for GC analysis. Samples of 1.0 μL were injected at a temperature of
220 ◦C. The oven temperature for the first 2 min was 100 ◦C and increased at 10 ◦C min−1

until 240 ◦C, then was held for 2 min. Injector and detector temperatures were set at
250 ◦C. Thymoquinone standard (2-isopropyl-5-methyl-l, 4 benzoquinone) 99% (Sigma
Chemical Co. St Louis, MO, USA) was dissolved in HPLC methanol, whose dilution factor
was 19.7 mg 0.2 mL−1 methanol. The concentration of thymoquinone of the seeds was
calculated using the following equations:

TQ concentration (mg/mL)
= ((area o f sample
÷ area o f standard) 98.5) × dilution f actor)
/volume o f used extract

TQ consentration of 1 g = TQ concentration (mg/mL) × n

n number of miles extracted from 1 g plant material.

TQ concentration (mg/100 g plant material) = TQ concentration o f 1 g × 1000

2.7. Statistical Analyses

The experiments were set up in a completely randomized block design. Data were
analyzed with one-way ANOVA and the unpaired t-test in SAS software (version 9.4; SAS
Institute, Inc., Cary, NC, USA).

3. Results

3.1. Cytological and Flow Cytometry Analysis of Diploid vs. Tetraploid Plants

Concerning the cytological analysis, the normal meiosis for diploids (n = x = 6)
and tetraploids (n = 2x = 12) of black cumin plants is presented in Figure 1. Due to
its potential as an important proposed method for ploidy analysis of different polyploidy
levels after applying 2,4-dinitroaniline, flow cytometry was used to confirm the production
of tetraploid through treatment. The flow cytometry data are displayed as a histogram of
relative fluorescence intensity, representing relative DNA content. The histogram peak of
mean fluorescence intensity (MFI) was 4495 and 10,520 for diploid and tetraploid plants,
respectively. By accounting for the total area under the curve or MFI, there seems to be a
higher total area for the tetraploid plants compared with the diploids.
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Figure 1. Cytological and flow cytometry analysis of meiosis of diploid and tetraploid black cumin
plants: (a,b) meiosis and flow cytometry in diploid plant (n = x = 6); (c,d) meiosis and flow cytometry
in tetraploid plant (n = 2x = 12). Magnification of 1a and 1c = 1000×. MFI = mean fluorescence
intensity, where the y-axis is the counts (number of fluorescent nuclei at each intensity) and the X-axis
is the MFI. (a,c) Each arrow refers to one chromosome.

3.2. Germination of Diploid and Tetraploid Black Cumin

The effect of ploidy level on germination parameters including final germination
percentage (FGP), germination rate index (GRI), corrected germination rate index (CGRI),
and median germination time (GT50) in black cumin is presented in Figure 2. The data
showed that germination started for diploid and tetraploid soaked seeds after 4 and 8 days,
respectively. All these measured parameters, including FGP, GRI, and CGRI, showed a
higher germination rate for the diploids of the studied plants compared to the tetraploids,
except GT50 Days. The increasing rate of germination parameters was recorded at 125, 66.6,
and 60% for FGP, GRI, and CGRI, respectively, in the diploid plant, whereas the GT50 was
8.9 and 14.2 days for the diploid and tetraploid plants, respectively. Also, the polyploidy
level affected the number of days for germination of 50% of the seeds (GT50), and the
positive effect was for the diploid plant rather than the tetraploid plant. Significant changes
could also be observed in all the studied germination parameters between the diploid and
tetraploid plants.
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Figure 2. Seed germination of diploid and tetraploid black cumin: final germination percentage (FGP
%), germination rate index (GRI %), corrected germination rate index (CGRI %), number of days
lapsed to reach 50% of final germination percentage (GT50 Days) after 30 days in culture. The same
letters mean non-significant impact, according to Duncan’s multiple tests, at a 5% level. * Significant
at p < 0.05 according to Student’s unpaired t-test.

3.3. Morphology of Black Cumin Seedlings in Diploid Versus Tetraploid Plants

Various morphological traits of both diploid and tetraploid plants are presented in
Table 2. All measured morphological characteristics were higher in diploid plants than
in tetraploids, except for converted flowering parts and leaf areas, which were greater in
tetraploids (188 cm and 22.5 cm, respectively) compared to diploids (20.34 cm and 17.5 cm,
respectively). The analyzed traits included plant height, number of main and secondary
branches per plant, days to first flowering, number of flowers per plant, stamen number,
shoot fresh and dry weight, crown diameter, root length, and root fresh weight. The results
indicated that most of these traits were several times higher in diploids than in tetraploids,
ranging from three- to ninefold differences, particularly in stamen number, number of
flowers per plant, and shoot fresh and dry weight.

Table 2. Key morphological traits of diploid and tetraploid black cumin plants.

Trait (Unit) Diploid Tetraploid p-Value

Plant height (cm) 116.50 ± 0.866 95.00 ± 2.887 0.001021 *
The main number of branches 10.50 ± 0.289 8.75 ± 0.144 0.002804 *
Number of secondary branches per
plant 112.00 ± 2.309 22.00 ± 1.155 0.00001 *

First days to flowering (day) 132.70 ± 1.443 97.09 ± 3.453 0.00001 *
Number of flowers per plant 111.70 ± 1.732 24.75 ± 0.289 0.00001 *
Flower diameter (cm) 3.70 ± 0.058 3.27 ± 0.010 0.000918 *
Converted flowering parts (petaloid
stamen) 20.34 ± 0.510 188.00 ± 1.020 0.00001 *

Stamen number 43.34 ± 0.820 9.44 ± 0.290 0.00021 *
Capsule diameter (cm) 1.49 ± 0.078 0.83 ± 0.880 0.002601 *
Shoot fresh weight (g) 610.00 ± 5.774 147.50 ± 1.443 0.00001 *
Shoot dry weight (g) 110.50 ± 2.598 37.00 ± 1.732 0.00001 *
Crown diameter (cm) 1.91 ± 0.052 1.16 ± 0.118 0.002142 *
Leaf area (mm) 17.50 ± 0.058 22.50 ± 0.289 0.000035 *
Root length (cm) 21.65 ± 0.202 19.00 ± 0.577 0.006164 *
Root fresh weight (g) 8.00 ± 0.577 5.95 ± 0.029 0.011939 *

* = significant at p < 0.05 according to Student’s unpaired t-test.
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Clear differences in leaf morphological features were observed between diploid and
tetraploid plants, including variations in cotyledon and mature leaf shape (Figure 3a–f). The
cotyledon leaf of a diploid is taller and more pointed than the shorter tetraploid, which has
rounded leaf tops, whereas the mature leaves are lower in thickness and more trimmed than
tetraploid ones. On the level of field plants, the plant size of the diploid plants at the flowering
stage of both diploid and tetraploid plants was observed and considered. It was observed that
diploid plants exhibited greater growth and branch intensity compared to tetraploid plants.
The flower shapes of diploid and tetraploid plants and stamen size were compared. This is a
morphological analysis of diploid and tetraploid plants performed by examining the impact
of applied 2,4-dinitroanaline on the plant polyploidy. It is apparent that the flower size of
the tetraploid plants was bigger than that of the diploid plants (Figure 4a–d), and the same
trend for stamen size can be noticed (Figure 4e). Also, it is observed in tetraploid plants that a
number of stamens converted to petals, affecting the flower size and fertility.

Figure 3. Morphology of diploid and tetraploid black cumin plants: (a,b) cotyledon shape of
diploid and tetraploid plants, respectively; (c,d) mature leaf shape of diploid and tetraploid plants,
respectively (bar = 1 cm); (e,f) vegetative growth at the maturity stage of diploid and tetraploid
plants, respectively (bar = 10 cm).
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Figure 4. Flowering of diploid and tetraploid black cumin plants: (a,b) flowering and flower shape of
diploid plants grown in the field; (c,d) flowering and flower shape of tetraploid plants grown in the
field; (e) stamen size of diploid versus tetraploid plants (magnification = 15×).

3.4. Yield Traits and Thymoquinone Content in Diploid vs. Tetraploid Plants

Figure 5 shows the yield traits of the diploid and tetraploid black cumin plants (i.e.,
number of seeds per capsule, seed yield per plant, 100-seed weight, and oil percent). All
previous yield parameters recorded higher values for the diploid plants compared with the
tetraploid plants except the 100-seed weight. The number of seeds per capsule, seed yield
per plant, 100-seed weight, and oil percent were 96.5, 24 g, 0.205 g, and 22.5% of the diploid
plants, respectively, and 36.5, 4.5 g, 0.385 g, and 17.67% of the tetraploid plants, respectively.
Thus, the 100-seed weight of the tetraploid plants was double that of the diploid plants.
Data presented in Figure 6 show the thymoquinone percentage in the diploid and tetraploid
plants. The obtained results indicated that tetraploid plants are superior to diploid plants
in thymoquinone content, with 13.58 and 11.45 mg/100 g seeds, respectively (Figure 6D).
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Figure 5. Yield traits of diploid and tetraploid black cumin plants: (A) number of seeds per capsule;
(B) seed yield per plant; (C) 100-seed weight; (D) oil percentage per plant. The same letters mean
non-significant impact, according to Duncan’s multiple tests, at a 5% level. * Significant at p < 0.05
according to Student’s unpaired t-test.

 

Figure 6. GC analysis of thymoquinone content in diploid versus tetraploid black cumin seeds:
(A) thymoquinone standard; (B) diploid seeds; (C) tetraploid seeds; and (D) thymoquinone content
in 100 g seeds of diploid versus tetraploid plants. Retention time (RT) for standard, diploid, and
tetraploid seeds are 8.238, 8.392, and 8.464 min, respectively. The same letters mean non-significant
impact, according to Duncan’s multiple tests, at a 5% level. * Significant at p < 0.05 according to
Student’s unpaired t-test.
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4. Discussion

Chromosome counting and flow cytometry could be used for genotyping-based ploidy
determination in most accessions of Yams (Dioscorea spp.), allowing future rapid screening
of ploidy levels [47]. Flow cytometry measures the relative fluorescence intensity that
refers to the relative DNA content or genome size in the nuclei of the polyploidy samples
compared to diploids. In our results the MFI of diploid plants was nearly half that of
tetraploid. So this technique is widely used as the most convenient and rapid method
for screening DNA ploidy level in plants [33,48,49]. Previous studies reported that flow
cytometry has much higher accuracy than any other methodology for measuring ploidy,
so it has become the best assay for ploidy level detection [50,51]. Therefore, diploid and
tetraploid plants could be confirmed using flow cytometry assessment.

Ploidy level in black cumin was significantly associated with variations in seed ger-
mination. Diploid plants exhibited a higher germination percentage and required fewer
days to reach 50% of final germination percentage (FGP) compared to tetraploid plants.
Polyploidy may influence seed establishment, germination, and development [52]. Also,
interactions between polyploidy level and the seed developmental environment may affect
subsequent dormancy, and early growth traits, particularly under stress conditions [53]. A
previous study indicated that tetraploid seeds had higher dormancy and a lower germina-
tion rate as compared with diploid seeds [53,54].

The present study highlights three morphological markers that can be effectively
applied in black cumin breeding programs. Notably, cotyledon leaf shape proved to
be a reliable indicator of ploidy level, as diploids consistently exhibited pointed tips,
whereas tetraploids displayed rounded tips. These findings align with previous reports
demonstrating that cotyledon morphology in black cumin is influenced by ploidy level,
thereby supporting the use of this trait as an early, practical marker for distinguishing
cytotypes [4]. This important feature can help black cumin breeders to detect the polyploidy
level, and select tetraploid plants in the early growing stage, saving time and costs. The
second marker was a little leaf-slitting and thicker leaves for the tetraploids, whereas the
opposite was observed for the diploids. Previous studies demonstrated that triploids and
tetraploids showed a wide range of variations in morphological traits, such as thicker and
darker-green leaves [4,55]. The third marker was the flowers; there are obvious differences
between diploids and tetraploids. These differences are due to the stamen number, which
was more than fourfold for the diploids (43.34) what it was for the tetraploids (9.44). A
possible explanation for using tetraploid black cumin plants in a breeding program as
ornamental plants might be due to their converting stamens into petals, producing a
big flower and increased longevity of the flowers. These findings for tetraploids are in
agreement with the earlier flowering (after 97 days), lower number of flowers (24 per plant),
and converted flowering parts (188), which increased the size of flowers. Another possible
explanation for this result may be the increased longevity of these flowers, and the infertile
flowers may be due to converting flowering parts into petaloid stamen.

Morphological traits of black cumin are crucial parameters, as they are closely linked
to yield components and essential oil production. Tetraploid black cumin plants exhibit
distinct morphological changes under field conditions. Several previous studies confirmed
the potential value of black cumin traits (e.g., [56,57]). The differentiation in morphological
characteristics between the diploid and tetraploid plants was investigated in both seedlings
and mature plants. The start of flowering was earlier in January for tetraploids, whereas
it was in February for diploids. The most interesting finding was that only the 100-seed
weight of tetraploid plants was higher than that of diploid plants. The same finding
was observed by Stevens et al. [53] on perennial grass. They found that tetraploid seeds
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were significantly heavier than diploid seeds by an average of 35%, whereas the yield of
seeds associated with diploid plants was recorded as being fivefold that of tetraploids. A
possible explanation for tetraploids’ lower seed yield may be the conversion of flowering
parts into petaloid stamen (infertile flowers). Another possible explanation for this result
may be the big thickness of pollen tubes in tetraploids, which slow growth in the stigma
tissues and then delay the fertilization of ovules, lowering the number of seeds in each
ovary. Tetraploid plants exhibited stalk-lodging at maturity and low levels of segregation
in the F2 and upcoming generations [55]. Tetraploids of Jatropha curcas L. possessed a
decreased number of flowers per inflorescence, fruits per fluorescence, and seeds per fruit.
This condition is due to lower fertility of pollen of the tetraploid plants and/or the slow
rate of the photosynthesis process [58]. Tetraploids of Echinacea purpurea (L.) Moench
exhibited larger flowers and seeds [34], and significantly larger pollen grains were noticed
in tetraploids of Ocimum basilicum L. [59]. On the other hand, black cumin producers can
benefit from the tetraploid genotype by intensifying planting to obtain a high yield near
the diploid plant.

Although the polyploidy may improve some traits, sometimes it can affect others
negatively. In this context, flowering and bolting genes of radish were reported to have
lower expression in tetraploid compared to diploid plants; however, tetraploid plants
were greater in size in terms of both vegetative and reproductive organs [26]. Tetraploidy
induction (2n = 4x = 24) was reported on wallflower (Erysimum cheiri (L.) Crantz), which
enhanced the morphological, physiological, and biochemical traits of this plant [60]. In our
present study, it was found that the tetraploid plants of black cumin had a negative effect
on the traits related to vegetative and yield components. A possible explanation for these
results may be the tetraploids, which often can alter rates of vegetative growth relative to
their diploid progenitors. The degradation of chloroplast in tetraploid leaves was acceler-
ated, the rate of photosynthesis was decreased, and then the synthesis of carbohydrates
was decreased [61]. Previous studies indicated that polyploid plants have slower growth
and development [62], because the difficulties happen in the cell cycle in addition to slow
cell division [63], which resulted in decreased cell numbers and smaller organs.

A program of plant breeding of a certain crop like medicinal plants of promising
value has many strategies depending on its purpose. A program for cumin plants is
preferable to using tetraploids for producing high essential oil compared to diploids [64].
The producing tetraploids of some plants have many desirable characteristics compared
to diploid plants, such as potato tubers of big size [65,66]. Black cumin crops can be
propagated for three purposes: producing seeds, a high content of active compounds in
oil, and the desired flowers. Therefore, the breeders of black cumin production face many
challenges depending on the purpose of such production, which may include (1) producing
the seeds by propagation of diploid plants, (2) producing the active compounds through a
callus of tetraploids, and (3) producing the flowers, as ornamental plants, via triploid and
tetraploid plants.

Producing active compounds (mainly thymoquinone) in black cumin seeds is a crucial
issue for the breeders of this crop. This production can be achieved monthly through
the callus protocol of tetraploids [7]. In Egypt, the production of black seeds is mainly
in May, and postharvest, the seeds should be under cooling and modified conditions to
keep such compounds active and ready for cultivation after storing for one year. In the
current study, the 100-seed weight was reported to be high in tetraploids compared to
diploid plants of black cumin, but at the same time, these findings suggest the lowering
seed yield of tetraploids, as mentioned before. The oil percent in black seeds was higher
in diploids than in tetraploid plants, along with the yield of seeds, which has the same
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trend. The variability in active compounds content in different varieties of the plant
grown in different regions has been studied [67,68]. The significant differences in the
environmental conditions at various sites, and genetic variation of the plant material,
are what affect the phytochemical content. Additionally, advanced analytical methods
enabled us to explore black cumin’s environmental, genotypic, and ontogenetic variability
regarding its thymoquinone content [69]. Thymoquinone in black cumin depends on the
plant’s genetic and environmental conditions. Our results indicated that tetraploid plants
had more concentration of thymoquinone than diploid plants. The same finding was
reported for tetraploid lines of black cumin where they contained higher concentrations
of thymoquinone in the seeds’ oil by a ratio of approximately 46% [55]. Several studies
assumed that synthetic polyploidization might enhance the biosynthesis of primary and
secondary metabolites due to chromosome duplication that could affect the biological
activities of the polyploid plants [70–72].

We compared in our published studies the production of diploid and tetraploid
plants of black cumin and their comparison at the mature stage under field conditions
(e.g., [19,21,33]). In contrast, this study is the first report on such a comparison at the early
growth stage (seedling). The findings of the current research on tetraploid plants confirmed
that these plants are a treasure for black cumin breeders because of their superiority
in one or more of their genotypes. Therefore, it is necessary to identify them in their
different growing stages and by several ways. The most obvious finding from the current
investigation is that the differentiation between diploid and tetraploid plants could be
distinguished during the seedling stage.

The production story began in 2015 with El-Mahrouk et al. [19], followed by culti-
vation of tetraploid plants for more than 5 years until 2021 to confirm this production of
tetraploid plants. During the two successive seasons, the tetraploid and diploid seeds were
sown while recording important guidelines for the studied breeding program. The first
result is distinguishing between diploids and tetraploid seeds after germination under
field conditions. The second one clarifies the suggested three strategies of black cumin
production, including producing seeds, active compounds, and flowers of this plant. The
third one is how to orient the plant breeding of black cumin by focusing on the morpholog-
ical and cytological attributes and selecting the right time for cultivating practices from
germination to harvesting. This study opens considerable opportunities for more research
on black cumin plant breeding programs.

5. Conclusions

Black cumin is considered a highly potent medicinal plant with unique active phy-
tochemicals for its therapeutic potential, and several benefits. Black cumin crops can be
mainly propagated for three purposes (producing seeds, high content of active compounds
in oil, and the desired flowers). The present study provides an important reference for
black cumin breeders. Cotyledons can be an excellent marker for distinguishing between
tetraploid and diploid plants due to the possibility of identifying polyploid plants at an
early stage of growth (cotyledon stage). This approach can help breeders to avoid unde-
sirable hybridizations that result in sterile plants without any crop and to determine the
intended purpose of black cumin cultivation. Furthermore, vegetative trait markers could
help in reducing the high cost of genetic markers or flow cytometry. Our study showed
that diploid plants are superior in most morphological traits (i.e., plant height; number of
branches, flowers, and stamens; and vegetative fresh weight) and yield traits (i.e., number
of seeds per capsule, seed weight per plant, and oil percentage) when compared with
tetraploid plants. Despite the negative effects of polyploidy in black cumin on both vegeta-
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tive and yield traits, it had a positive and promotional effect on the ratio of thymoquinone
content and 100-seed weight. This may indicate the possibility of producing tetraploid
plants commercially through intensive planting. This study contributes valuable informa-
tion to ongoing efforts in black cumin improvement. The findings support the integration
of morphological markers as a cost-effective and accessible tool in polyploid breeding
programs aimed at enhancing the medicinal and economic value of this important species.
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Abstract: Haploid breeding technology offers a promising means of significantly shorten-
ing the breeding cycle by rapidly generating homozygous inbred lines. Previous studies
have shown that DMP8 is involved in haploid induction across various plant species.
In this study, we performed whole-genome identification and bioinformatics analyses
to investigate the evolutionary relationships, gene structures, conserved domains, and
expression patterns of DMP gene family members in tomato (Solanum lycopersicum), pepper
(Capsicum annuum) and eggplant (S. melongena). A total of seven, six, and eight DMP
genes were identified in the genomes of tomato, pepper, and eggplant, respectively. All
encoded proteins contained the DUF679 domain, and the DMP family members were
clustered into three distinct groups. Collinearity analysis revealed species-specific expan-
sions of DMP genes in the Solanaceae family. Phylogenetic analysis indicated that CaDMP8
and SmDMP8 are homologous to SlDMP8, with conserved gene and protein structures,
suggesting that CaDMP8 and SmDMP8 are potential targets for developing haploid in-
duction lines. Expression pattern analysis demonstrated that SlDMP4 and SlDMP8 are
highly expressed in tomato flower tissues, suggesting their potential functional synergy.
This study provides the first comprehensive insight into the evolutionary characteristics
and functional diversification of the DMP gene family in Solanaceous vegetables. The
findings offer a theoretical foundation for the targeted editing of DMP8 homologs to cre-
ate haploid induction lines, which is critical for accelerating the genetic improvement of
Solanaceous crops.

Keywords: DUF679 domain; bioinformatics analysis; evolutionary relationship; expression
pattern; DMP8

1. Introduction

Double haploid breeding is an essential tool for accelerating plant breeding and has
been widely applied in maize. The maize line Stock6 can generate 2–3% haploids when
crossed with different female parents, and was therefore designated as a haploid inducer
line [1]. Pure lines (2n), referred to as double-haploid lines (DHs) are obtained through
chromosome doubling. Elite DHs exhibit no genetic and phenotypic segregation in their
progeny. Compared with traditional breeding, which typically requires 6–8 generations of
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self-pollination to achieve pure lines, haploid breeding significantly shortens the breeding
cycle, making it highly valuable.

Haploids can be generated using either in vitro or in vivo approaches. The in vitro
method typically involves tissue or plant culture [2], but its success is influenced by factors
such as genotype, developmental stage, culture conditions, physiological state, and stress
pretreatment of plant material. Attempts to establish anther and microspore culture in
tomato have largely been unsuccessful, as this species exhibits strong recalcitrance and
requires substantial optimization [3]. By contrast, successful anther culture has been
reported in pepper and eggplant [4]. Nevertheless, the efficiency of this approach is highly
genotype dependent, and the technical complexity of the procedure renders it more akin
to a specialized craft than a routine protocol [5]. The in vivo approach, on the other hand,
utilizes interspecific or intraspecific hybridization to induce haploid formation. In this case,
haploid induction typically results from the elimination of the parental genome during the
first division of the fertilized egg or through parthenogenesis of the egg cell, although the
induction frequency remains low [6]. To elucidate the mechanism of haploid induction in
maize, several research groups have cloned a key QTL gene, ZmPLA1/MTL/NLD, which
controls haploid induction [7–9]. The MTL gene is conserved in monocots, and haploid
induction can be successfully achieved through knockout approaches [10–13]. However,
no homologous genes for this gene have been identified in dicots. Subsequently, another
haploid induction-related QTL was cloned [14], and its corresponding gene, ZmDMP8,
encodes a DUF679 domain protein (Domain of unknown function 679 membrane proteins).
Interestingly, homologs of DMP8 have been detected across a wide range of flowering
plants. Haploid inducer lines have been obtained by knocking out the homologous genes of
ZmDMP8 in various dicot species, such as Arabidopsis, Medicago truncatula, watermelon, and
tobacco [15–18]. In tomato, SlDMP8-knockout plants produce aborted seeds and a small
proportion of maternal haploids in cross- or self-pollinated progenies, with an average
induction rate of 1.9% [19].

The DMP family has been documented in at least 24 species, including maize, tomato,
pepper, cotton, and others [20]. Studies have shown that DMP homologous proteins are
present exclusively in higher plants, mosses and Chlamydomonas, with no related amino
acid motifs detected in mammals, fungi, and prokaryotes. All DMP proteins contain a
conserved DUF679 domain, and the domain distribution within the same group is highly
conserved, suggesting that their functions are likely consistent across species. The DMP8
protein contains the typical DUF679 conserved domain, and the transmembrane motifs
(2–5) are all located within the DMP domain, indicating that its core function may be
conserved throughout evolution. AtDMP8 is expressed in both reproductive organs (such
as flowers and seeds) and vegetative tissues (such as roots), with particularly high expres-
sion during seed development stage. This is consistent with the presence of endosperm
development-related elements (GCN4) and seed-specific elements (RY) in its promoter,
suggesting a role in seed development or germination. Cotton’s GhDMP8A is expressed
in both reproductive tissues (petals, anthers) and vegetative tissues, with RT-qPCR con-
firming its high expression in petals, implying a potential role in floral organ development
or reproductive regulation. Beyond haploid induction, the DMP gene family has also
been implicated in various physiological processes. Ten DMP family members have been
identified in Arabidopsis, where they are involved in diverse physiological functions [20].
Among them, AtDMP1 and AtDMP2 participate in plant senescence regulation [21], At-
DMP4 is involved in programmed cell death [22], and AtDMP8 and AtDMP9 are implicated
in haploid induction [16]. The functions of other members remain to be elucidated. In
addition to Arabidopsis, AsDMP1, AsDMP19 and AsDMP22 have been identified in oats as
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potential regulators of seed maturation [23]. Some DMP members in cotton are induced by
stress treatments [24], and similar findings have been reported in sugar beet, where certain
DMP genes regulate stress responses [25].

In this study, we comprehensively analyzed and compared the DMP gene family in
three Solanaceous species: tomato, eggplant and pepper. We examined their gene structures,
conserved domains, evolutionary relationships, and expression patterns, and analyzed
the three-dimensional structure of DMP family proteins. Our primary focus was on
DMP members potentially involved in haploid induction. The results not only provide a
foundation for the editing and pyramiding of haploid-related genes but also have significant
implications for identifying family members involved in haploid induction and establishing
a streamlined haploid breeding approach for Solanaceous vegetables.

2. Materials and Methods

2.1. Identification of DMP Gene Family Members

To identify DMP family genes in tomato, pepper, and eggplant, we used the amino
acid sequences of Arabidopsis DMP proteins (AtDMP8 and AtDMP9) as query sequences to
perform BLASTP (v2.17.0) searches in the protein databases of tomato (ITAG2.4), pepper
(L_Zunla-1_v2.0), and eggplant (Eggplant_V4.1). A preliminary screening threshold was
set to retain candidate sequences with an E-value < 1 × 10−10, using additional default
parameters. For more precise identification of DMP family members, the Hidden Markov
Model (HMM) file for the DUF679 domain (PF05078.15) was obtained from the Pfam
database. HMMER 3.0 software [26] was then used to conduct HMM searches on the
whole-genome protein sequences of the three species. Only those sequences containing
the complete DUF679 domain were retained, while sequences with missing or incomplete
domains were discarded.

The candidate genes identified through this combined screening strategy were named
based on their sequence homology with Arabidopsis DMP proteins. Detailed annotation
information for each gene, including gene ID, chromosome location, gene length, and
number of exons, was extracted from the corresponding genome annotation files (ITAG2.4
for tomato, L_Zunla-1_v2.0 for pepper, and Eggplant_V4.1 for eggplant).

2.2. Construction of Phylogenetic Tree

A phylogenetic tree was constructed for the DMP family members from the three
Solanaceous species and Arabidopsis. Multiple sequence alignment was conducted using
MUSCLE v3.8.425 software [27] with default parameters, and the alignment results were
saved in FASTA format. The aligned sequences were then imported into MEGAX 11 soft-
ware to construct a phylogenetic tree using the Neighbor-Joining method. A bootstrap
analysis with 1000 replicates was performed to assess branch reliability [28]. After construc-
tion, the phylogenetic tree was exported in Newick format and uploaded to the iTOL online
platform (https://itol.embl.de (accessed on 28 September 2025)) for visualization and
enhancement, including branch color adjustments, labeling, and optimization of branch
thickness [29]. A high-resolution PNG image was then downloaded for further analysis.

To explore the evolutionary relationships of DMP genes, a genome collinearity analysis
was further performed using the One Step MCScanX function in TBtools [30]. The genome
FASTA files and GFF3 annotation files were input and analyzed, including automatic gene
alignment, block collinearity detection, and gene duplication types (tandem, dispersed,
or whole-genome duplication). The generated result files were imported into TBtools
for visualization.
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2.3. Chromosome Localization, Gene Structure and Motif Analysis

The Gene Location Visualize (Advanced) module of TBtools software (v2.0) was
used for chromosome location analysis. Chromosome length files (ChrLen.tab) and gene
structure annotation files (GFF format) were imported into the software to generate the
gene distribution map on chromosomes. For motif analysis, the Simple MEME Wrapper
tool in TBtools was used to conduct motif discovery for all DMP family protein sequences.
The parameters were set to ZOOPS mode, with a maximum of 10 motifs and a motif
width ranging from 6 to 50 amino acids. After the analysis, the Visualize MEME Motif
Pattern function in TBtools was used to visualize the identified motifs. The final figure was
arranged, labeled, and composed using Adobe Illustrator 2025.

2.4. Prediction of Cis-Elements in Promoters

The 2000 bp upstream sequence of each DMP coding region was retrieved from the
FASTA file of the reference genome and the corresponding GFF3 annotation file using
TBtools software. The extracted sequences were then quality-checked using the “Fasta
Extract or Filter (Quick)” tool, and subsequently converted to uppercase with the “Sequence
Manipulate (RevComp)” tool to satisfy the input requirements of downstream analysis.
The processed promoter sequence files were uploaded to the PlantCARE online database
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/ (accessed on 5 October
2025)) for cis-element prediction. After obtaining the prediction results, the cis-element
information was organized, and elements related to the biological processes of interest
were selected, including hormone response elements (e.g., ABRE, G-box), stress response
elements (e.g., DRE, LTRE), and light-response elements (e.g., GATA, GT1). Finally, the
distribution of the selected cis-elements was visualized using the “Simple BioSequence
Viewer” or “Gene Structure View (Advanced)” module in TBtools. The organized cis-
element information table was imported into TBtools, and the “Promoter cis-element
visualization” function was used to generate distribution maps of each cis-element.

2.5. Analysis of Protein Physicochemical Properties and Subcellular Localization Prediction

The physicochemical properties of the DMP proteins, including protein molecular
weight (kDa), isoelectric point (pI), and instability index, were analyzed using the Expasy-
ProtParam (https://web.expasy.org/protparam/ (accessed on 5 October 2025)). Hydropho-
bicity was evaluated using ProtScale (https://web.expasy.org/protscale/ (accessed on 5
October 2025)), and transmembrane domains were predicted with TMHMM-2.0 (https:
//services.healthtech.dtu.dk/services/TMHMM-2.0/ (accessed on 12 October 2025)). Sub-
cellular localization predictions were made using WoLF PSORT (https://wolfpsort.hgc.jp/
(accessed on 5 October 2025)).

2.6. Protein Tertiary Structure Prediction

The three-dimensional structures of the DMP proteins were predicted using SWISS-
MODEL (https://swissmodel.expasy.org/ (accessed on 12 October 2025)). The amino
acid sequences were input, and the optimal template was selected with a confidence level
greater than 30%. The model quality was evaluated using the GMQE (Global Model Quality
Estimate) value (0–1), where higher values indicate better quality. Template matching was
assessed by the QMEAN value (−4 to 0), with values closer to 0 indicating better alignment
between the predicted protein and the template protein.

After modeling, the three-dimensional structure model of the selected DMP protein
was exported as a PNG image. Finally, the three-dimensional structure images of all DMP
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proteins were arranged and labeled uniformly using Adobe Illustrator 2025, and a final
composite image was generated.

2.7. Tissue Expression Analysis of DMP Family Genes Based on Transcriptome Data

The gene expression data of DMP genes from different tissues of tomato were obtained
from the Solanaceae website (https://solgenomics.net/ (accessed on 28 September 2025)).
Dynamic developmental expression data of the pepper DMP family genes were retrieved
from the PepperHub database [31], and expression level data for eggplant DMP family
genes were extracted from publicly available transcriptome data for different tissues [32].

The raw FPKM (or TPM) values were converted to log2(FPKM + 1) to reduce variance
and avoid the effect of zero values on logarithmic calculations. Hierarchical clustering
analysis of the gene expression matrix was then performed based on tissue type and de-
velopmental stage, using Euclidean distance as the similarity measure and the Ward.D2
method for cluster merging [33]. The clustering results were visualized in a heatmap, with
a blue-white-red gradient color scheme to clearly present the upregulation and downreg-
ulation patterns of gene expression [34]. The final heatmap was imported into Adobe
Illustrator 2025 for layout optimization and labeling.

2.8. Verification of the Tissue Expression Profile of Tomato DMP Genes

RT-qPCR was performed to validate the tissue expression of the seven DMP genes
in tomato. RNA was extracted from roots, stems, leaves, fruits, and flowers of Micro-
Tom plants 90 days after sowing using TRIzol reagent (Invitrogen, Carlsbad, CA, USA),
following the manufacturer’s instructions. Total RNA (1 μg) was reverse-transcribed us-
ing the HiScript II 1st Strand cDNA Synthesis Kit with genomic DNA wiper (Vazyme,
Nanjing, China). Primers were designed using Primer5 and the NCBI Primer-BLAST tool
(https://www.ncbi.nlm.nih.gov/tools/primer-blast (accessed on 30 July 2024)) (Table S1).
qPCR reactions (10 μL each) contained 4 μL diluted cDNA, 5 μL SYBR Premix Ex Taq
(Takara, Dalian, China), and 0.5 μL of each primer (10 mM). Amplification was performed
on a QuantStudio 7 system (Thermo Fisher Scientific, Waltham, MA, USA) under the fol-
lowing program: 95 ◦C for 1 min, followed by 40 cycles of 95 ◦C for 10 s, 55 ◦C for 15 s, and
72 ◦C for 20 s. Three biological and three technical replicates were analyzed for each
sample. Relative expression levels were calculated using the 2−ΔΔCt method with Actin as
the internal reference gene [35].

3. Results

3.1. DMP Gene Family Members in the Three Solanaceous Vegetable Genomes

A total of seven, six, and eight DMP genes were identified in the genomes of tomato,
pepper, and eggplant, respectively. Phylogenetic analysis including Arabidopsis DMP family
genes clustered these Solanaceous genes into distinct clades, and gene names were assigned
accordingly. The basic characteristics of these DMP genes, including gene ID, chromosome
location, gene length, and exon number, were obtained from the chromosome length and
gene annotation files (Table 1). Gene lengths varied from 537 bp (CaDMP1 and SmDMP1)
to 1641 bp (SmDMP8). Chromosome localization showed that DMP family genes were
scattered across various chromosomes, without a clear clustering pattern. Regarding
gene structure, 17 of the 21 genes contained a single exon, while three homologous genes
(SlDMP8, CaDMP8, and SmDMP8) and CaDMP5 contained two exons. The genes with
introns, such as the DMP8 homologs, were longer (average 1486 bp) than those without
introns, which averaged 832 ± 215 bp.
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Table 1. Characteristics of DMP family genes in tomato, pepper, and eggplant.

Gene Name Gene ID Chromosome Location Length (bp) Exon

SlDMP1 Solyc01g080490.2.1 Chr01: 79,721,811–79,722,647 837 1
SlDMP3 Solyc01g103580.2.1 Chr01: 92,152,884–92,153,909 1026 1
SlDMP4 Solyc10g008970.1.1 Chr10: 2,997,582–2,998,241 660 1
SlDMP6 Solyc02g077640.1.1 Chr02: 42,537,780–42,538,409 630 1
SlDMP7 Solyc12g005490.1.1 Chr12: 292,388–293,065 678 1
SlDMP8 Solyc05g007920.2.1 Chr05: 2,350,007–2,351,451 1445 2

SlDMP10 Solyc10g050200.1.1 Chr10: 48,118,856–48,119,491 636 1
CaDMP1 Capana01g003066 Chr01: 203,232,367–203,232,903 537 1
CaDMP3 Capana08g001834 Chr08: 137,105,053–137,105,745 693 1
CaDMP5 Capana08g001833 Chr08: 137,013,757–137,014,443 686 2
CaDMP7 Capana09g000598 Chr09: 25,314,397–25,315,185 789 1
CaDMP8 Capana04g002148 Chr04: 176,729,920–176,731,434 1515 2

CaDMP10 Capana08g001404 Chr08: 130,303,193–130,303,879 687 1
SmDMP1 SMEL4.1_01g024990.1.01 Chr01: 31,942,637–31,943,173 537 1
SmDMP3 SMEL4.1_01g000730.1.01 Chr01: 651,021–651,725 705 1
SmDMP4 SMEL4.1_04g004560.1.01 Chr04: 5,949,557–5,950,189 633 1
SmDMP6 SMEL4.1_02g015810.1.01 Chr02: 63,371,892–63,372,521 630 1

SmDMP7A SMEL4.1_10g003550.1.01 Chr10: 4,252,481–4,253,140 660 1
SmDMP7B SMEL4.1_10g003560.1.01 Chr10: 4,255,085–4,255,744 660 1
SmDMP8 SMEL4.1_10g015200.1.01 Chr10: 70,725,962–70,727,602 1641 2
SmDMP10 SMEL4.1_12g004810.1.01 Chr12: 8,986,251–8,986,886 636 1

3.2. Phylogenetic Relationships of DMP Family Genes

To investigate the evolutionary relationships among DMP family members in tomato,
pepper, and eggplant, a phylogenetic tree was constructed. The DMP genes were classified
into three groups based on their branching and clustering patterns (Figure 1). Group I
contains only SlDMP10 and SmDMP10. Group II consists of DMP8 homologs from all
species, along with AtDMP9 from Arabidopsis. Group III is the largest group and can
be further divided into two subgroups. Subgroup 1 includes AtDMP10 and CaDMP10.
Subgroup 2 can be further divided into two clades: the first clade includes DMP1 homologs
from all Solanaceae species, as well as AtDMP1 and AtDMP2 genes from Arabidopsis, while
the second clade splits into two sub-branches. The first sub-branch contains AtDMP3 and
AtDMP5, along with DMP3 homologs from Solanaceae species and CaDMP5 from pepper.
The second sub-branch contains DMP7 homologs from all species, and DMP6 and DMP4
homologs from all species except for pepper.

Gene duplication events were also assessed through collinearity analysis (Figure 2). In
tomato, a pair of DMP genes exhibited collinearity: SlDMP6 on chromosome 2 and SlDMP4
on chromosome 10. No collinearity was observed among the six DMP genes in pepper. In
eggplant, SmDMP6 on chromosome 2 and SmDMP4 on chromosome 4 were collinear.

The collinearity of DMP genes across the three species was further analyzed (Figure 3).
The results showed that DMP1, DMP3, DMP7, and DMP8 homologous genes exhibit
collinearity in all three species. In addition, DMP4 and DMP6 homologs showed collinearity
between tomato and eggplant.
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Figure 1. Phylogenetic tree of DMP family members in Arabidopsis, tomato, pepper, and eggplant.
The tree was constructed using MEGA 11 with the Neighbor-Joining (NJ) method (bootstrap values
of 1000). The three groups are labeled with different colors, and the support for each branch is
represented by bootstrap values.

 

Figure 2. Collinearity of DMP genes in tomato (A), pepper (B), and eggplant (C). Connecting lines
represent collinear gene pairs.
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Figure 3. Collinearity of DMP genes among tomato, pepper, and eggplant. Lines represent collinear
gene pairs.

3.3. Chromosomal Distribution and Gene Structure of DMP Genes

The chromosomal distribution of DMP genes was analyzed based on genome annota-
tion files (Figure 4). In tomato, the seven DMP genes were distributed across chromosomes
1, 2, 5, 10, and 12. Chromosomes 1 and 10 each contained two DMP genes (SlDMP1 and
SlDMP3; SlDMP4 and SlDMP10), while SlDMP8 was located on chromosome 5. In pep-
per, the six DMP genes were located on chromosomes 1, 4, 8, and 9, with chromosome
8 containing three DMP genes (CaDMP3, CaDMP5 and CaDMP10), and CaDMP8 located
on chromosome 4. In eggplant, the eight DMP genes were distributed across chromosomes
1, 2, 4, 10, and 12, with chromosome 10 carrying three genes (SmDMP7A, SmDMP7B and
SmDMP8), and chromosome 1 carrying two genes (SmDMP1 and SmDMP3).

Gene structure analysis provided further insights into the functional characteristics of
DMP genes (Figure 5). All 21 DMP genes contained Motif1 to Motif4, with the structure
and distribution of these motifs being highly conserved across the three species. The motifs
in the DMP1, DMP7, and DMP8 genes were particularly well-conserved, while those in the
DMP4 and DMP6 genes were also highly consistent in tomato and eggplant. Regarding
the exon-intron structure, most DMP genes contained only one exon, with the exception of
DMP8 homologs and CaDMP5, which contained two exons (Figure 5B).

3.4. Cis-Elements in DMP Gene Promoters

Cis-elements in promoters play a key role in gene regulation and expression. Therefore,
the 2000 bp upstream regions of each DMP gene were analyzed for cis-elements (Figure 6).
Among the detected cis-elements, drought-response elements were the most abundant.
Specifically, of the 162 cis-elements identified in tomato, 81 were related to drought response;
in pepper, 69 out of 147 cis-elements were related to drought response; and in eggplant,
71 out of 172 cis-elements were related to drought response. All DMP gene promoter
regions contained light-response elements.
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Figure 4. Chromosomal distribution of DMP genes in tomato (A), pepper (B), and eggplant (C). The
scale bar indicates chromosome length (Mb).

Among the 21 DMP genes, 18, except for SlDMP4, SmDMP5, and SmDMP6, carried
abscisic acid response elements in their promoters. Only the promoters of SlDMP4, SlDMP6,
CaDMP3, and SmDMP8 did not contain anaerobic induction elements, and the promoters
of SlDMP1, SlDMP4, SlDMP6, SmDMP1, SmDMP4, SmDMP7A, and CaDMP8 lacked biotic
stress-response elements.

Numerous hormone-responsive cis-elements were also identified in the promoters
of DMP genes. Fourteen promoters contained methyl jasmonate (MeJA) response ele-
ments, except for the promoters of SlDMP10, CaDMP8, CaDMP10, SmDMP3, SmDMP7A,
SmDMP7B, and SmDMP8. Moreover, the promoters of SlDMP4, SlDMP7, CaDMP8, and
SmDMP10 contained gibberellin response elements. Thirteen promoters contained sali-
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cylic acid response elements (SlDMP1, SlDMP4, SlDMP6, SlDMP10, CaDMP3, CaDMP7,
SmDMP1, SmDMP3, SmDMP4, SmDMP6, SmDMP7A, SmDMP7B, and SmDMP8).

 

Figure 5. Gene structure of DMP genes from tomato, pepper, and eggplant. (A), Conserved motifs of
DMP genes, organized based on the evolutionary tree. (B), Gene structures of DMP genes. The green
regions represent the untranslated region (UTR), the yellow regions represent the coding sequence
(CDS), and the black lines represent the non-coding regions.

 

Figure 6. Cis-elements distribution in DMP promoters from tomato, pepper, and eggplant.

Notably, the promoters of SlDMP8, CaDMP8, and SmDMP8 contained the highest
number of drought-inducible cis-elements, followed by anaerobic induction elements and
light-response elements.
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3.5. Physicochemical Properties of DMP Family Members

The physicochemical properties of proteins were analyzed to provide insights into
their functions (Table 2). Protein lengths ranged from 172 to 262 aa, with CaDMP5 being
the shortest (172 aa) and CaDMP7 the longest (262 aa). Correspondingly, molecular weight
ranged from 18.88 (CaDMP5) to 28.70 kDa (CaDMP7). Among the DMP homologs, SlDMP8,
CaDMP8, and SmDMP8 contained 225, 228, and 222 amino acids, with molecular weights
of 24.69, 24.85, and 24.41 kDa, respectively. Isoelectric point (pI) values ranged from
4.91 (SmDMP6) to 9.17 (CaDMP10). The DMP8 homologs exhibited relatively high pIs
(8.73, 8.19, and 8.51 for SlDMP8, CaDMP8, and SmDMP8, respectively). The instability
index ranged from 30.20 to 52.17. Based on the instability index threshold of 40 [36],
ten DMP proteins were classified as stable, whereas the rest were unstable. Notably, all
three DMP8 homologs were stable (36.04, 36.96, and 39.36, respectively). In addition, all
proteins were predicted to be hydrophilic.

Table 2. Physicochemical properties of DMP family members in tomato, pepper, and eggplant.

Protein
Name

Number of
Amino Acids

Molecular
Weight (kDa)

Isoelectric
Point

Instability Index Subcellular Localization *

SlDMP1 174 19.01 7.64 30.20 CM
SlDMP3 222 24.24 6.95 40.27 CM, ER
SlDMP4 219 24.64 8.87 38.17 CM
S1DMP6 209 22.91 5.28 34.5 CM
SlDMP7 225 24.94 7.55 40.88 CM
SlDMP8 225 24.69 8.73 36.04 CM, ER, Cyto
SlDMP10 221 24.07 5.49 44.43 CM
CaDMP1 178 19.51 8.2 32.62 CM
CaDMP3 230 25.31 8.3 39.17 CM
CaDMP5 172 18.88 7.76 45.77 ER
CaDMP7 262 28.70 7.48 45.80 CM
CaDMP8 228 24.85 8.19 36.96 Cyto, CM

CaDMP10 228 25.07 9.17 52.17 CP
SmDMP1 178 19.44 6.87 36.60 CM
SmDMP3 228 24.66 6.88 42.67 CM, ER
SmDMP4 210 23.60 8.09 36.89 CM
SmDMP6 209 22.98 4.91 40.25 CM

SmDMP7A 219 24.08 8.69 40.25 ER, CM
SmDMP7B 219 24.08 8.69 40.25 ER, CM
SmDMP8 222 24.41 8.51 39.36 Cyto, CM
SmDMP10 211 24.05 5.24 50.11 CM

* CM, Cell membrane; ER: Endoplasmic reticulum; Cyto, Cytoplasm; CP, Chloroplast.

The results of subcellular localization analysis showed that, among all DMP proteins,
19 were localized to the cell membrane, 6 to the endoplasmic reticulum, 3 to the cytoplasm,
and 1 to the chloroplast. Among them, SlDMP3, SmDMP3, SmDMP7A, and SmDMP7B
might be simultaneously localized to the cell membrane and endoplasmic reticulum;
SlDMP8 might be simultaneously localized to the cell membrane, endoplasmic reticulum,
and cytoplasm; and CaDMP8 and SmDMP8 might be simultaneously localized to the
cytoplasm and cell membrane.

3.6. Three-Dimensional (3D) Structure of DMP Proteins

To explore higher-order structural characteristics, the 3D structures of the 21 DMP
proteins were predicted (Figure 7). Overall, homologous proteins exhibited conserved
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structures across the three Solanaceous species. Specifically, DMP1, DMP3, and DMP8
homologs in tomato, pepper, and eggplant displayed highly similar 3D structures. The
DMP4, DMP6, DMP7, and DMP10 homologs in tomato and eggplant also showed highly
similar structures.

 

Figure 7. Three-dimensional structure of DMP family member proteins in tomato, pepper,
and eggplant.

To further elucidate structural characteristics, transmembrane helices were predicted
using TMHMM-2.0 (Figure S1). Most DMP proteins were predicted to contain four trans-
membrane helices. Exceptions included SlDMP6 (three), CaDMP3 (five), and CaDMP5
(two). In most proteins, the N-terminus was predicted to localize to the cytoplasmic side
with probability > 0.8. In contrast, the N-terminal cytoplasmic probability of DMP1 ho-
mologs was <0.6. Collectively, all DMP proteins, except SlDMP1, CaDMP1, and SmDMP1,
were classified as hydrophilic transmembrane proteins.

3.7. Tissue Expression Profiles of DMP Genes

Based on public data, tissue-specific expression heatmaps were generated for tomato,
pepper, and eggplant (Figure 8). In tomato, SlDMP4 and SlDMP8 were strongly expressed
in flower buds. SlDMP1, SlDMP3, and SlDMP6 also showed relatively high expression
in flower buds. The expression levels of SlDMP10, SlDMP3, and SlDMP6 were higher in
roots compared to other tissues, with SlDMP10 showing the most prominent expression.
In pepper, CaDMP7 and CaDMP8 were highly expressed in flower buds and anthers, but
were barely detectable in other tissues. CaDMP1 was highly expressed in developing seeds
and flower buds. CaDMP3 showed relatively high expression in the stamen, placenta and
young seeds of fruits, and in certain stages of flowers and seeds. CaDMP10 had the highest
expression in stems, followed by petals and ovaries in open flowers. In eggplant, SmDMP3
was highly expressed in roots, while SmDMP8 was predominantly expressed in leaves.
In flower buds, SmDMP1 and SmDMP7A/7B were strongly expressed, whereas SmDMP4,
SmDMP6 and SmDMP10 were highly expressed in stems.

3.8. Verification of Tissue Expression of Tomato DMP Genes

RT-qPCR was performed to validate the tissue-specific expression patterns of the
seven DMP genes in tomato (Figure 9).

The results showed that the qPCR data for SlDMP1, SlDMP3, and SlDMP10 were
highly consistent with the transcriptome data. Specifically, SlDMP10 was significantly
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higher in root tissue; SlDMP1 exhibited higher expression levels in flower buds, roots,
and mature green fruits; and SlDMP3 showed higher expression in roots, flower buds,
and stems. The qPCR results for SlDMP6 and SlDMP8 were mostly consistent with the
transcriptome data, but slight differences were observed. For SlDMP6, high expression
was found not only in roots but also in fruits after the breaker stage, a feature not reflected
in the transcriptome data. Similarly, for SlDMP8, high expression was detected in flower
buds, roots, and fruits after the breaker stage, but this pattern was not observed in the
transcriptome data.

 
Figure 8. Tissue expression profiles of DMP genes in tomato (A), pepper (B), and eggplant (C). Heinz
represents cultivated tomato (Solanum lycopersicum cv. Heinz 1706). B, breaker stage; B5, breaker plus
5 days; IM, immature green; MG, mature green. For details of pepper and eggplant tissues, please
refer to published papers [31,32].

The qPCR results for SlDMP4 and SlDMP7 showed significant differences from the
transcriptome data. SlDMP4 was highly expressed in flower buds, stems, roots, and fruits
after the breaker stage, while the transcriptome data suggested it was highly expressed only
in flower buds. SlDMP7 showed high expression in roots and was also detectable in flower
buds, stems, and fruits after the breaker stage, a feature not reflected in the transcriptome
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data. Overall, the tissue expression profiles of tomato DMP genes showed both similarities
and differences when compared to the data from the public database.

 

Figure 9. Tissue expression profiles of DMP genes in tomato plants based on RT-qPCR. The gene
IDs for the DMP genes are Solyc01g080490 (SlDMP1), Solyc01g103580 (SlDMP3), Solyc10g008970
(SlDMP4), Solyc02g077640 (SlDMP6), Solyc12g005490 (SlDMP7), Solyc05g007920 (SlDMP8), and
Solyc10g050200 (SlDMP10). Expression profiles were derived from RT-qPCR analyses of roots, stems,
flowers, and fruits of MicroTom plants at 90 days of age. Relative expression levels of each DMP
gene were normalized to the reference gene Actin. Data were log2-transformed and are presented as
the mean ± standard deviation of three biological replicates. Statistical significance was determined
by one-way ANOVA followed by post hoc multiple comparisons. Different letters above the bars
indicate significant differences between groups (p < 0.05).
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4. Discussion

We identified seven DMP family genes in tomato, six in pepper, and eight in eggplant
by searching for genes containing the conserved DUF679 domain (PF05078.15). Consistent
with a previous study, six DMP genes were identified in the pepper variety Zunla [37].
Although a prior study identified six DMP genes in tomato [20], we identified seven, with
the additional gene being SlDMP8 (Solyc05g007920). This discrepancy may be due to the
use of different protein sequence databases (ITAG4.0 in their work versus ITAG2.4 in ours).
We also noted that the number of DMP genes is similar across these three Solanaceous
species. These numbers are much smaller than those identified in polyploid plants, such as
peanut and cotton [24,38], suggesting that the number of DMP genes is largely determined
by the species’ ploidy level.

The phylogenetic tree showed that DMP8 members from the three Solanaceous veg-
etables cluster with AtDMP8 and AtDMP9, which are known to be homologous and
functionally redundant in Arabidopsis [16]. Haploid induction lines can be generated by
knocking out DMP8 in many species, including tomato [14,19,39], or both DMP8 and DMP9
in Arabidopsis and Medicago truncatula [16,17]. Only one highly homologous DMP8 gene
was found in each of the tomato, pepper, and eggplant genomes. Theoretically, haploid
inducers can also be generated in pepper and eggplant by knocking out the DMP8 ho-
molog. Our recent breakthrough in pepper transformation makes it possible to generate a
DMP8-based haploid inducer in this typically recalcitrant species [40].

We further investigated the expression patterns of DMPs in these Solanaceous species.
Based on expression data from public databases, SlDMP8 and SlDMP4 were strongly
expressed in buds, followed by SlDMP1, SlDMP3, and SlDMP6 (Figure 8). This was
supported by our RT-qPCR validation, especially for SlDMP8, SlDMP4, and SlDMP1
(Figure 9). Previous studies reported that haploid induction lines obtained by knocking out
SlDMP8 had an induction rate ranging from 0.5% to 3.7% (average 1.9%) [19]. Given the
expression patterns and functional connections in this gene family, we speculate that other
members, such as DMP4, might also be involved in haploid induction. Previous studies
have shown that the homologous gene CaDMP5 (referred to as CaDMP8 in this study) is
highly expressed in anthers, which also supports its role in haploid induction [37]. In line
with these findings, our expression data indicated that CaDMP8 and CaDMP7 were highly
expressed in the stamens of pepper flowers, and CaDMP8 showed a collinear relationship
with SlDMP8 in between the two species (Figures 3 and 8B). These results further support
CaDMP8 as a target for developing haploid induction lines in pepper and suggest that
knocking out CaDMP7 may further enhance the induction efficiency. For SmDMP8, its
expression level was also relatively high in flower tissue (Figure 8C), which, together with
its phylogenetic relationship with other DMP8 homologs, suggests it can also be targeted
for the development of a haploid inducer line. In addition to intrinsic genetic influences,
exogenous chemicals can also affect the creation of haploid lines. In Brassica napus, certain
antimitotic substances have been shown to promote doubled-haploid regeneration [41],
suggesting that applying antimitotic substances exogenously, along with knocking out
target genes, may improve the efficiency of producing double-haploid lines.

To further analyze the regulatory mechanisms of DMP genes, we examined their gene
structures and cis-elements in their promoter regions. We found that the gene structures
of DMP8 in the three Solanaceous species were highly similar, with conserved motif ar-
rangements and consistent exon-intron distributions, suggesting that the function of DMP8
is conserved across these species (Figure 5). The promoter regions of DMP8 contained
cis-elements responsive to light and anaerobic conditions (Figure 6). Light-responsive cis-
elements (LREs) are often found in the promoters of genes involved in photosynthesis, pho-
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tomorphogenesis, and other light-regulated pathways [42–46], while anaerobic-responsive
elements (AREs) are involved in responses to low oxygen and dehydration [47]. The pres-
ence of these promoter elements suggests that DMP8 may be involved in photosynthesis,
anaerobic metabolism, and stress responses, and that environmental factors could affect its
role in haploid induction

Protein structure plays a crucial role in determining protein function. As the structural
characteristics of DMP proteins have rarely been discussed, we predicted the physicochem-
ical properties and 3D structures of the DMP proteins in these three Solanaceous species
(Figure 7 and Table 2). Overall, homologs of a particular DMP member, such as DMP1,
DMP3 and DMP10, showed highly similar 3D structures (Figure 7). In tomato, the 3D
structures of DMP4 and DMP6 proteins were highly similar (Figure 7), indicating their
functions may also be conserved. In contrast, the protein structures of DMP3 and DMP8
showed some differences (Figure 7). Despite these structural differences, we found that the
DMP3 and DMP8 proteins in the three species had similar molecular weights and amino
acid counts (Table 2), which may suggest a degree of functional conservation. Analysis of
transmembrane domains indicated that DMP family proteins in these species each contain
3–5 transmembrane helices, suggesting potential roles in channel formation and small-
molecule transmembrane transport across membranes, though their specific functions
remain unknown. Except for SlDMP1, CaDMP1, and SmDMP1, the N-terminal regions
of all other DMP proteins are predicted to be on the cytoplasmic side of the membrane.
This suggests that DMP1 family proteins may perform other, unidentified extracellular
functions that are conserved across species. In summary, based on the identification of
the DMP gene family in tomato, pepper, and eggplant, this study found that DMP8 genes
are highly expressed in floral organs and exhibit conserved gene structures and protein
characteristics across these species, suggesting their conserved role in haploid induction.
Other DMP members may also be involve in haploid induction and may thus enhance the
efficiency of DMP8. Future research should employ gene-editing technologies to directly
validate the functions of DMP8 and other DMP members expressed in flower tissue within
Solanaceous crops and further elucidate the specific molecular mechanisms through which
they participate in reproductive development.

5. Conclusions

This study provides a comprehensive genome-wide identification of DMP genes in
tomato, pepper, and eggplant, characterizing seven, six, and eight DMP genes, respectively.
All these genes encode proteins containing the conserved DUF679 domain. Phylogenetic
analysis clustered these genes into three distinct groups, revealing that Group II members,
comprising evolutionarily conserved DMP8 homologs, share conserved and protein struc-
tures. Moreover, DMP8 homologs are predicted to localize to the cell membrane. Notably,
tissue-specific expression profiling revealed that SlDMP8 and SlDMP4 are predominantly
expressed in reproductive tissues, suggesting their functional involvement in haploid
induction pathways. These findings identify CaDMP8 and SmDMP8 as key targets for
developing haploid induction lines in pepper and eggplant. In addition, co-editing DMP4
may enhance induction efficiency in tomato. Together, these results provide a solid theo-
retical foundation for advancing doubled-haploid breeding in Solanaceous crops through
targeted genome editing.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae11111329/s1, Figure S1: Transmembrane structure
prediction of DMP family members in tomato, pepper and eggplant; Table S1: RT-qPCR primer list.
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