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Editorial

Editorial for the Special Issue ‘Molecular Breeding and
Genetics Research in Plants’

Shimeles Tilahun 1,2

1 Agriculture and Life Science Research Institute, Kangwon National University, Chuncheon 24341,
Republic of Korea; shimeles@kangwon.ac.kr

2 Department of Horticulture and Plant Sciences, Jimma University, Jimma 378, Ethiopia

Despite significant advancements in plant breeding research, the challenges posed by
a growing global population, the impact of abiotic and biotic stresses, and the uncertainties
of climate change necessitate continued focus and innovation in plant breeding and genetic
studies. In recent decades, advancements in molecular breeding and genetics research in
plants have significantly accelerated the crop breeding process. For instance, recent studies
have advanced rice yield and quality by regulating grain size [1], enhanced crop growth
through improved nitrogen use efficiency [2], and developed strategies to make crops more
tolerant to stresses like cold, salinity, and drought, ensuring consistent yields [3–5]. Among
the traits influencing rice yield, studies suggest a strong connection between grain filling
and starch metabolism [6,7]. However, achieving high yields alongside optimal grain filling
ratios in cultivated rice varieties remains challenging and requires continued research
leveraging modern molecular biology technologies to address this issue effectively [8,9].
Lee et al. [10] reported several quantitative trait loci (QTLs) related to rice grain filling.
In addition to the yields, as living standards and consumer expectations continue to rise,
enhancing the quality of rice has become increasingly important [11]. Gong et al. [12]
reviewed the significant progress made in identifying genes and QTL linked to essential
traits such as appearance, aroma, texture, and nutritional value in rice. These genetic
discoveries have enabled the development of molecular markers, which serve as powerful
tools for marker-assisted selection, for the improvement of rice quality.

Similarly, advances in molecular breeding and genetics have significantly transformed
important horticultural crops such as tomatoes. In tomatoes, the development of molecular
biological techniques, such as QTL mapping techniques and genome-wide association
studies (GWASs), has facilitated the understanding of the genetic architecture of complex
traits and germplasm management of both wild and cultivated tomatoes [13]. Breeding
efforts have focused on addressing key challenges such as productivity, fruit sensorial
and nutritional quality, resistance to biotic and abiotic stresses, and adaptation to new
growth conditions [13,14]. These insights into molecular mechanisms driving better yield,
product quality, nutrient efficiency, and stress adaptation in rice and tomato underscore the
importance of further innovations in other crops as well.

This Special Issue, ‘Molecular Breeding and Genetics Research in Plants’, in Current
Issues in Molecular Biology showcases advancements in molecular breeding, genomics, and
gene characterization aimed at improving crop yield, stress tolerance, and disease resistance,
providing valuable insights for sustainable agriculture. In this Special Issue, 19 manuscripts,
comprising 16 research articles, 2 reviews, and 1 brief report are included after rigorous
evaluation by the editors and expert reviewers. Five key topics are addressed: (i) advances
in molecular breeding and genetics; (ii) stress tolerance and environmental adaptation;

Curr. Issues Mol. Biol. 2025, 47, 11 https://doi.org/10.3390/cimb47010011
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(iii) plant health and resistance to weeds and diseases; (iv) anthocyanin biosynthesis and
pigmentation; and (v) specialized functional studies.

Relating to the first topic (i), Tian et al. [15] developed a colorimetric loop-mediated
isothermal amplification (LAMP) assay for rice to detect the dense and erect panicle 1
(dep1) allele, a gene critical for improving traits like yield, quality, and stress tolerance.
Similarly, Tang et al. [16] identified and characterized 16 ZmFAR1 genes in maize (inbred
line B73), highlighting their roles in light signaling and stress responses. Notably, ZmFAR1-
14 and ZmFAR1-9 were linked to kernel row number and kernel weight, respectively, under
shading conditions, emphasizing their potential for maize breeding. Furthering the genetic
analysis of crops, Yan et al. [17] studied soluble solids content (SSC) in melon, identifying
five candidate genes involved in sugar metabolism and accumulation, thereby offering
valuable insights for breeding sweeter varieties. Meanwhile, Barbosa et al. [18] used
whole-genome resequencing to uncover genetic markers for abaca varietal improvement,
enhancing the identification and genotyping of this important fiber crop.

Regarding topic (ii), salinity, low-temperature tolerance, and environmental adaptabil-
ity pose major challenges in agriculture. Li et al. [19] developed salt-tolerant rice varieties by
incorporating Xian (Indica) alleles into Geng (Japonica) rice, leveraging the genetic diversity
of Xian for high-yielding and salt-tolerant Geng varieties. In maize, Yu et al. [20] conducted
a GWAS to identify SNPs associated with low-temperature tolerance, uncovering a key SNP
on chromosome 5 that explained significant phenotypic variation. Addressing adaptation
to low latitudes, Song et al. [21] used CRISPR-Cas9 to edit the EHD1 gene in Japonica rice,
delaying flowering and improving adaptability while retaining superior grain quality and
higher yields. Chen et al. [22] explored stress-specific miRNA expression in maize under
salinity and alkalinity, revealing distinct molecular pathways linked to ion transport and
metabolism. Further studies on stress resistance include Zhang et al. [23], who identified
and characterized a novel gene, ClNUM1, and its splice variants in Chrysanthemum lavan-
dulifolium, demonstrating varying levels of salt and cold tolerance. Guo et al. [24] identified
the KvCHX gene in the halophyte Kosteletzkya virginica, which enhanced salinity tolerance
and potassium homeostasis when overexpressed in Arabidopsis.

Concerning the third topic (iii), innovative strategies for combating biotic stressors are
essential for sustainable agriculture. Gerakari et al. [25] studied broomrape resistance in
tomatoes, identifying transcriptomic differences in introgression lines derived from Solanum
lycopersicum and its wild relative S. pennellii, providing insights for molecular breeding and
sustainable weed management in tomatoes and other crops. Hamidi et al. [26] focused on
managing banded leaf and sheath blight in maize using salicylic acid (SA) and jasmonic
acid (JA) as elicitors to boost resistance through induced host defense mechanisms. In
viticulture, Kim et al. [27] developed an in vitro propagation method for ‘Shine Muscat’
grapevines, ensuring disease-free plants with confirmed genetic stability to support large-
scale production.

Topic (iv) focuses on anthocyanin biosynthesis and pigmentation, as anthocyanins
are fundamental to plant coloration. Fu et al. [28] identified IbERF1 as a key upstream
regulator of the IbMYB1-4 promoter, which controls anthocyanin biosynthesis in purple-
fleshed sweet potatoes. Wang et al. [29] reviewed black pigmentation in plants, emphasizing
the significance of cyanidin in black pigments and the regulation of this coloration by R2R3-
MYB transcription factors such as PeMYB7, PeMYB11, and CsMYB90, offering insights into
plant color regulation and for the development of black-colored cultivars. In Ficus virens,
Ma et al. [30] linked extended red-leaf periods to anthocyanin content and the MYB gene
FvPAP1. Variations in FvPAP1 expression influence red leaf duration, providing molecular
targets for breeding ornamental and woody plants with enhanced red-leaf traits.
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Finally, regarding topic (v), focused investigations into plant-specific functions also
contribute to agricultural advancements. Zhou et al. [31] reviewed the role of kinetochore
proteins in plant meiosis, exploring their potential for genetic manipulation in plant breed-
ing. Chen et al. [32] studied citric acid regulation in citrus, identifying citrate synthase (CS)
and ATP citrate-pro-S-lyase (ACL) as key genes influencing acidity in low-acid and high-
acid varieties. Sharma et al. [33] examined genetic and epigenetic stability in lingonberry
during tissue culture and propagation, highlighting that while the plant retained genetic
stability, it exhibited epigenetic variability under both in vitro and ex vitro conditions.

In conclusion, the papers in this Special Issue present innovative findings that advance
our understanding of molecular breeding and genetics in plants. I extend my gratitude to
all the authors who contributed their manuscripts, as well as to the CIMB editorial team,
academic editors, and reviewers for their invaluable collaboration. I would also like to
inform you that the 2nd edition of this Special Issue, ‘Molecular Breeding and Genetics
Research in Plants, 2nd Edition’, has been launched (https://www.mdpi.com/journal/
cimb/special_issues/6I87FSK9NV, accessed on 26 December 2024). We invite you to send
your original articles and reviews to the new edition of this Special Issue of CIMB.

Acknowledgments: I thank all authors for submitting high-quality manuscripts and the reviewers
for their careful evaluation with the common goal of improving the papers.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: Molecular-assisted breeding is an effective way to improve targeted agronomic traits. dep1
(dense and erect panicle 1) is a pleiotropic gene that regulates yield, quality, disease resistance, and stress
tolerance, traits that are of great value in rice (Oryza sativa L.) breeding. In this study, a colorimetric
LAMP (loop-mediated isothermal amplification) assay was developed for the detection of the dep1
allele and tested for the screening and selection of the heavy-panicle hybrid rice elite restorer line
SHUHUI498, modified with the allele. InDel (Insertion and Deletion) primers (DEP1_F and DEP1_R)
and LAMP primers (F3, B3, FIP, and BIP) for genotyping were designed using the Primer3 Plus
(version 3.3.0) and PrimerExplore (version 5) software. Our results showed that both InDel and
LAMP markers could be used for accurate genotyping. After incubation at a constant temperature of
65 ◦C for 60 min with hydroxynaphthol blue (HNB) as a color indicator, the color of the LAMP assay
containing the dep1 allele changed to sky blue. The SHUHUI498 rice line that was detected in our
LAMP assay displayed phenotypes consistent with the dep1 allele such as having a more compact
plant architecture, straight stems and leaves, and a significant increase in the number of effective
panicles and spikelets, demonstrating the effectiveness of our method in screening for the dep1 allele
in rice breeding.

Keywords: rice; dep1; InDel; LAMP; HNB; SHUHUI498

1. Introduction

The breeding of heavy-panicle hybrid rice to further increase rice yield has been
gaining research attention [1]. Recently, researchers have incorporated molecular designs
in breeding strategies for the development of improved heavy-panicle hybrid rice, lead-
ing to the discovery of various beneficial genes for the crop. One such discovery is the
pleiotropic gene DEP1, which plays an important role in various physiological functions in
rice plants, such as yield, nitrogen fertilizer utilization, grain quality, lodging resistance,
disease resistance, cadmium tolerance, and drought tolerance [2–4]. The gene is located at
chromosome 9 and encodes the G-protein gamma subunit in rice [5]. The mutant DEP1
allele (dep1) is a gain-of-function variant with a 625 bp deletion and a 12 bp insertion in
exon 5, which causes the formation of dense and erect panicles by allowing for an increased
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number of primary and secondary branches and, thus, grain number per panicle in rice.
The allele is predominantly found in the japonica subspecies [5,6] and was introduced
into the elite indica restorer line 9311, significantly increasing the yield and grain number
per panicle [7]. The allele also enables denser planting and higher yields by improving
canopy structure and increasing plant photosynthetic efficiency [8,9]. Research has shown
that the dep1 allele improves the harvest index and yield by improving the efficiency of
nitrogen application [10], thereby helping to reduce the carbon footprint and promote a
sustainable rice industry. In addition, dep1 interacts with LPA1 to activate the expression
of PIN1a, which improves rice resistance to blights [4], minimizing the need for pesticides
and, thus, ensuring stable yields. At the same time, the allele also improves plant tolerance
to Cd (Cadmium) [11] and allows plants to survive harsh environments by improving their
tolerance to drought, cold, and salinity [12,13]. Furthermore, dep1 is able to modulate the
balance of the carbon and nitrogen metabolism of rice, contributing to improved grain
quality [3,14]. Therefore, the dep1 allele has great potential in the development of green
super rice [15,16] and warrants further research. As such, the development of convenient
on-site detection for dep1 would considerably enhance our ability to monitor the effects and
success of dep1 applications in rice breeding.

Several reports have been presented on the detection of the dep1 allele using PCR
(polymerase chain reaction) technology based on molecular markers such as InDel-E5 [17],
DEP1S9 [18], DEP1E5ID [19], and H90 [20]. However, these methods require high tem-
peratures and specialized devices for data visualization, rendering them impractical for
on-site testing [21,22]. LAMP (loop-mediated isothermal amplification) is an isothermal
nucleic acid detection technique [23,24] that is able to achieve an accuracy similar to PCR.
Moreover, this technology does not require specialized or sophisticated instruments while
also offering the rapid amplification of targeted DNA with high efficiency, specificity,
and sensitivity. LAMP technology is also user-friendly, as it can be easily mastered and
performed by laymen without the need for prior molecular experiences [25]. Recently,
LAMP has been successfully used for the rapid detection of transgenes [26], blight-resistant
genes [27], and authenticity [28] in rice plants.

In this study, we aim to establish a colorimetric LAMP assay for the visual detection of
the dep1 allele in the heavy-panicle elite hybrid rice restorer line SHUHUI498. The outcome
of this study could provide a technical reference for the development and application
of visual markers for other important functional genes. The LAMP molecular marker’s
design takes advantage of dep1’s 625 bp deletion and a 12 bp insertion in exon 5, which is a
conserved region of the DEP1 gene and, therefore, enables specific differentiation between
the two alleles.

2. Materials and Methods

2.1. Plant Material and Genomic DNA Isolation

The rice varieties used in the experiment consisted of 10 rice lines, namely, WYJ7,
WYJ3, SN265, QCL2, N580, N130, Nip, SHUHUI498, ZH11, 9311, and the progenies of
WYJ7 backcrossed with SHUHUI498, all provided by the Rice Research Institute of Sichuan
Agricultural University.

Genomic DNA from rice leaves at the heading stage was extracted using the CTAB
method [29]. The extracted DNA templates were stored at −20 ◦C for subsequent use.

2.2. The InDel and LAMP Marker Design

The DNA sequence for the rice dep1 allele was downloaded from the RGAP (Rice
Genome Annotation Project) [30].

After the alignment and analysis of the dep1 allele sequence against the NCBI nu-
cleotide database (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 15 May 2019),
the deletion and insertion variants [5] that include both upstream and downstream con-
served sequences in exon 5 of dep1 were taken as target sequences for the design of
InDel primers using Primer3 [31]. The sequence was uploaded to PrimerExplorer V5
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(http://primerexplorer.jp/lampv5e/index.html, accessed on 1 January 2024), and LAMP
primers were designed with one of the primers spanning the 625 bp→12 bp mutated
locus in exon 5 of the dep1 variant to ensure specificity. After alignment was carried out
in EnsemblPlants (https://plants.ensembl.org/Multi/Tools/Blast, accessed on 1 January
2024), generated primers with the highest specificity were selected. The primers were then
synthesized by Sangon Biotech (Shanghai) Co., Ltd., Shanghai, China.

2.3. PCR Amplification and Detection

The PCR reaction was carried out in a reaction volume of 20 μL containing 2 μL of
forward and reverse primer (10 μM), 4 μL of a 2 × Taq PCR mix, 10 μL of ddH2O, and 2 μL
of DNA templates. PCR amplification was performed on a Bio-Rad T100™ Thermal Cycler
(Bio, Hercules, CA, USA) with the following conditions: initial denaturation at 94 ◦C (3 min);
30 cycles of denaturation (94 ◦C, 30 s), annealing (56–63 ◦C, 30 s), and extension (72 ◦C,
1 min); and final extension (72 ◦C, 5 min). The presence of the amplification products was
verified via agarose gel electrophoresis (BIO-OI gel imaging system, Guangzhou Guangyi
Biotechnology Co., Ltd., Guangzhou, China). DNA templates containing the dep1 allele
will generate smaller amplicons (409 bp), whereas templates containing the DEP1 allele
will produce larger amplicons (1034 bp).

2.4. LAMP Amplification and Colorimetric LAMP Assay
2.4.1. LAMP Amplification and Agarose Gel Electrophoresis Detection

The LAMP reaction system was prepared as described in the kit’s manual (2× Lamp
PCR Master Mix, B532455, Sangon Biotech (Shanghai) Co., Ltd., Shanghai, China) and
adjusted for a 12.5 μL reaction volume: 6.25 μL of 2 × LAMP Mix Buffer, 10 μM F3/B3
primers (each 1 μL), 10 μM FIP/BIP primers (each 0.25 μL), 0.5 μL DNA template, 0.25 μL
DNA polymerase (0.16 U/μL).

The LAMP reaction was carried out according to kit instructions with some modifica-
tions. Briefly, the target gene was denatured at 95 ◦C for 5 min, followed by incubation at a
constant temperature (55–65 ◦C) for 1 h. The enzyme activity was then inactivated at 80 ◦C
for 10 min, and the LAMP reaction was terminated by holding it at 12 ◦C for 5 min. The
presence of LAMP products was verified with agarose gel electrophoresis, as described in
Section 2.3.

2.4.2. Colorimetric LAMP Assay

The reaction system was prepared according to the manufacturer’s instructions (LAMP
HNB Amplification Kit, A3802, HaiGene Biotech Co., Ltd., Harbin, China), adjusted for a
12.5 μL reaction volume. The LAMP amplification protocol was performed as described in
Section 2.4.1. After the completion of the amplification reaction, the color of the reaction
solution was observed with the naked eye for changes [32]. The reaction solutions that
contained the dep1 allele changed to a sky-blue color, while the reaction solutions without
it remained violet.

2.5. Application of LAMP Colorimetric Assay in the Improvement of the Heavy-Panicle Elite
Hybrid Rice Restorer Line SHUHUI498

The potential application of our designed LAMP assay was tested via screening for
heavy-panicle elite hybrid rice restorer line SHUHUI498 introduced with the dep1 allele.
Cross-breeding was first performed by using dep1-carrying WYJ7 [33] rice as the maternal
parent and SHUHUI498 [34], a heavy-panicle elite hybrid rice restorer line, as the paternal
parent. The resultant progenies of the cross were backcrossed twice (BC1 and BC2) with
SHUHUI498 as the recurrent parent, followed by consecutive self-pollinations (Fn), during
which elite progenies in each generation (n = 50) were screened and selected to establish a
stable superior line. The screening and selection of superior individuals in generations of
BC1F1 and BC2F1 were performed by observing phenotype characteristics supplemented
by genotyping using the colorimetric LAMP assay described above. Individual plants
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carrying dep1, which is a dominant negative gene [5], are typically distinguished by plant
architecture, panicle, leaf, and grain shape. As 87.5% of the WYJ7 genetic background would
theoretically be eliminated in BC2F1 via self-pollination, an experienced breeder could
achieve more than 95% clearance of the genetic background when carrying out phenotype
selection in tandem with genotyping [35]. After progenies carrying the dep1 allele in
BC2F1 were verified with the LAMP assay, the successive selection of excellent individuals
from each segregating generation was carried out until a stable line (tentatively named
SHUHUI498dep1) was established, and both its genotypes and phenotypes were analyzed.

Forceps emasculation (FE) was used to produce crosses and backcrosses [36]. Supe-
rior progenies in the backcross populations were screened and selected for hybridization
using on-field performance, phenotype evaluation, and genotyping of dep1 allele. Elite
individuals that flowered during the heading stage were collected before 8 a.m. each day.
Using flowering time as an indicator, both bloomed and immature florets were cut off
and discarded, while the remaining florets were used for forceps emasculation on the next
day [37]. After cutting off about 1/3 of the upper part of the spikelet diagonally with a
pair of shears, the exposed stamens were wholly removed with tweezers before covering
the panicles with hybridization bags. Panicles of SHUHUI498 that were emitting or on
the verge of emitting pollen were collected around 10 a.m. to pollinate the emasculated
spikelets, which were then bagged and recorded. Hybridized grains were collected at the
end of 20 days with a grain count of approximately 100 grains, with sufficient grain counts
obtained by re-hybridizing if necessary.

Twenty individuals of SHUHUI498 were grown per generation as controls, while
50 progenies were used for screening or backcrossing. Planting was carried out in ten
plants per row at 30 cm × 15 cm spacing. WYJ7, SHUHUI498, and their progenies were
planted in Lingshui District in Hainan Province during the winter and in Wenjiang District
in Sichuan Province during the summer.

Agronomic traits such as PH (plant height), EPN (effective panicle number), PL
(panicle length), GP (grains per panicle), SP (spikelets per panicle), and YP (yield per plant)
were investigated in the stabilized lines according to the literature [5,10]. Genotyping was
carried out according to the steps described in Section 2.4.

3. Results

3.1. InDel and LAMP Markers

The InDel primers (DEP1-F and DEP1-R) for genotyping the dep1 allele were designed
using the Primer3Plus (version 3.3.0, Figure 1, Table 1). The sizes of the PCR amplification
products of the dep1 and DEP1 alleles using the InDel marker were 409 bp and 1034 bp,
respectively. We also included an InDel marker that is reported elsewhere (Table 1) for
result comparison and verification [17].

The LAMP primers F3, B3, FIP, and BIP were designed using PrimerExplorer V5 for
genotyping the dep1 allele (Table 1), specifically targeting six highly conserved regions
of the DEP1 gene (Figure 1). Except for differences in the 12 bp insertion and 625 bp
deletion between the DEP1 and dep1 alleles at exon 5, the six gene segments were consistent
across the approximately 600 published genomes (Supplementary Data S1.out and S2.out),
revealing them as highly conserved regions. The distance between the 5′ end of B2 and
the 5′ end of B1 (or the 5′ end of F2 and the 5′ end of F1) determined the size of the loop
formed in the reaction, which, in turn, affected the LAMP amplification efficiency [38].
In this study, the most suitable distance was found to be 40~60 bp. Hence, the distance
between B1 and B2 was set at 57 bp, which enabled the LAMP primers to accurately bind
to the DNA template and amplify efficiently. The 625 bp→12 bp mutation between B2 and
B1 in the DEP1 allele severely impaired the loop formation in the reaction, thus preventing
the LAMP reaction.
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Table 1. Primers’ sequences of InDel and LMP markers.

Primers Sequences (5′-3′) Usage Product Size

DEP1-F TAAGCCAAACTGCAGTGCG Forward Primer for InDel Marker
dep1 (409 bp), DEP1 (1034 bp)

DEP1-R GTTCAACCTCGTCTCATAGCT Reverse Primer for InDel Marker

F3 CATGCTGTAGTCCAGACTG Forward Outer Primer for LAMP
Marker

B3 AAGCAACCACTGAGACAG Backward Outer Primer for LAMP
Marker

FIP (F1C-F2) TTCGGTTTGCAGCAAGAAGG-
CTGCTCATGCTGTAAACCTA

Forward Inner Primer for LAMP
Marker

BIP (B1C-B2) TGCGATACATCGTGCTGCAA-
GGGCATCGACAACCCA

Backward Inner Primer for LAMP
Marker

InDel-E5-F [17] TCCAGGGATGTAATCATCTTTGTT Forward Primer for InDel Marker
InDel-E5

dep1 (733 bp), DEP1 (1357 bp)
InDel-E5-R [17] GGCTCCATATCTTCACGGTCTA Forward Primer for InDel Marker

InDel-E5

ATGCTGTAAGCCAAACTGCAGTGCGTGCTGCGCTGGGTCATGCTGTAGTCCAGACTGCTGCTCATGCTGTAAACCTAACTGCAGTTGCTGCAAGACCCCTTCTTGC
ATGCTGTAAGCCAAACTGCAGTGCGTGCTGCGCTGGGTCATGCTGTAGTCCAGACTGCTGCTCATGCTGTAAACCTAACTGCAGTTGCTGCAAGACCCCTTCTTGC

TGCAAACCGAACTGCTCGTGCTCCTGTCCAAGCTGCAGCTCATGCTGCGATACATCGTGCTGCAAACCGAGCTGCACCTGCTTCAACATCTAGATCCTTTTTTGGG
TGCAAACCGAACTGCTCGTGCTCCTGTCCAAGCTGCAGCTCATGCTGCGATACATCGTGCTGCAAACCGAGCTGCACCTGCTTCAACATCT-----------|GGG

625bp insertion 
TTGTCGATGCCCACGGTGTCGTAACCCATGCTGTCTCAGTGGTTGCTTATGTTGATCTAGATCCTTTTTTGGTTGTTGTTTTTCTTGTATTTTTTAGTTGTTAGGC
TTGTCGATGCCCACGGTGTCGTAACCCATGCTGTCTCAGTGGTTGCTTATGTTGATCTAGATCCTTTTTTGGTTGTTGTTTTTCTTGTATTTTTTAGTTGTTAGGC

CTTTGATTAAGTTCGAACTTTCATAAATATATGGTGTTTATCCTGTAAAGAAATGATGATTTCAAGGATTTTTCATAGCTATGAGACGAGGTTGAACCATTGAAG
CTTTGATTAAGTTCGAACTTTCATAAATATATGGTGTTTATCCTGTAAAGAAATGATGATTTCAAGGATTTTTCATAGCTATGAGACGAGGTTGAACCATTGAAG

dep1WYJ7
DEP1SHUHUI498

dep1WYJ7
DEP1SHUHUI498

dep1WYJ7
DEP1SHUHUI498

dep1WYJ7
DEP1SHUHUI498

DEP1-F

DEP1-R

F3 F2

F1 B1

B2 B3

ATG TGA

A Gene structure

B Primers and sequences

Figure 1. Schematic of the DEP1 gene structure and primer locations. (A) Gene structure. ATG
denotes the start codon, TGA denotes the stop codon position, the white box before ATG denotes the
5′UTR, the white box after TGA denotes the 3′UTR, and the black box in the middle denotes the exon.
(B) Primers and sequences. DEP1WYJ7 indicates that the dep1 gene sequence is from the rice variety
WYJ7, while DEP1SHUHUI498 indicates a DEP1 gene from the SHUHUI498 variety. “CP018,165.1,
17,783,955” is indicated as base “A” at positions 17, 783, and 955 bp of GenBank accession number
CP018,165.1, “CP018,165.1, 17,785,002” is the same. The sequences shaded in dark gray under the
InDel marker primers DEP1-F and DEP1-R denote the primer sequences and their positions on the
genes. The shaded characters under F3, F2, F1, B1, B2, and B3 denote the six regions of the gene
targeted by the LAMP primers.

3.2. Optimizing PCR and Detecting InDel Markers in Different Rice Varieties

The PCR amplification annealing temperatures of primers DEP1-F and DEP1-R were
first optimized to ensure accuracy (Figure 2). The results showed that unique bands of
approximately 1000 bp in size could be amplified via PCR using SHUHUI498’s DNA
as a template at different annealing temperatures ranging from 56.0 ◦C to 63.0 ◦C. The
targeted bands produced in each lane were clear, indicating excellent primer specificity. An
annealing temperature of 63.0 ◦C, which provided better amplification, was finally chosen
as the optimized annealing temperature for PCR amplification.

9



Curr. Issues Mol. Biol. 2024, 46

Figure 2. PCR amplification at different annealing temperatures. Lane M is a DNA ladder (MD102,
Tiangen Biotech (Beijing) Co., Ltd., Beijing, China). Lanes 1 to 8 correspond, respectively, to annealing
temperatures of 63.0 ◦C, 62.5 ◦C, 61.6 ◦C, 60.3 ◦C, 58.7 ◦C, 57.4 ◦C, 56.5 ◦C, and 56.0 ◦C, in that order.

Following the optimized PCR conditions, DNA materials from rice lines WYJ7, WYJ3,
SN265, QCL2, N580, N130, Nip, SHUHUI498, ZH11, and 9311 were used as templates for
PCR amplification, and the resultant amplicons were verified via electrophoresis on a 2%
agarose gel (Figure 3). The results showed that the WYJ7, WYJ3, SN265, QCL2, N580, and
N130 rice lines, all of which carry the dep1 allele, produced smaller amplicons, while the
DEP1-carrying rice lines Nip, SHUHUI498, ZH11, and 9311 produced larger amplicons.
Therefore, the sizes of the PCR amplicons are in accordance with the genotypes.

Figure 3. Electrophoretic detection of PCR-amplified products from different rice varieties. Lane M is
a DNA ladder (MD102, Tiangen Biotech (Beijing) Co., Ltd., Beijing, China), and the varieties in lanes
1 to 10 are WYJ7, WYJ3, SN265, QCL2, N580, N130, Nip, SHUHUI498, ZH11, and 9311, in that order.
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3.3. Optimization of LAMP Reaction Temperature

After the LAMP reaction was carried out at different temperatures ranging from 55 ◦C
to 65 ◦C using the DNA template from WYJ7, the resultant products were verified using
2% agarose gel electrophoresis (Figure 4). The results showed typical ladder-like bands
exhibited by LAMP amplification products. When the temperature reached 56.9 ◦C, the
bands were blurred and dull, indicating few LAMP products. At 65.0 ◦C, 64.3 ◦C, 63.0 ◦C,
61.1 ◦C, and 58.8 ◦C, the bands were clearer and brighter, indicating more amplification
products. Hence, 65.0 ◦C was chosen as the optimized LAMP reaction temperature for the
following experiments.

Figure 4. Electrophoresis of LAMP products at different temperatures. Lane M is a DNA ladder
(MD104, Tiangen Biotech (Beijing) Co., Ltd., Beijing, China). Lanes 1 to 8 correspond to the respective
LAMP reaction temperatures of 65.0 ◦C, 64.3 ◦C, 63.0 ◦C, 61.1 ◦C, 58.8 ◦C, 56.9 ◦C, 55.7 ◦C, and
55.0 ◦C, in that order.

3.4. LAMP Reaction and Colorimetric LAMP Assay

LAMP amplification and electrophoresis were performed under LAMP-optimized con-
ditions using DNA from the aforementioned 10 different rice lines as templates (Figure 5A).
The gel electrophoresis results showed characteristic ladder bands in the lanes of WYJ7,
WYJ3, SN265, QCL2, N580, and N130, which are rice lines that carry the dep1 allele. In
contrast, no LAMP amplification products were found in the lanes representing the DEP1-
containing varieties (Nip, SHUHUI498, ZH11, and 9311). These results were expected, as
the LAMP markers were designed using the DNA sequence of the dep1 allele, meaning only
the dep1-containing DNA template would be amplified. Nip, SHUHUI498, ZH11, and 9311
are of the DEP1 genotype, which has a large insertion on the DNA template corresponding
to the primer’s BIP-matching region, which impairs the formation of the loop in the LAMP
reaction, thus resulting in no amplicons being produced.

A colorimetric LAMP assay was also performed with the aforementioned 10 rice
varieties (Figure 5B). The results showed that the tubes containing DNA templates of
WYJ7, WYJ3, SN265, QCL2, N580, and N130 successfully completed the LAMP reaction,
turning the solution sky blue. In contrast, the tubes containing the DNA templates of
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Nip, SHUHUI498, ZH11, and 9311 did not undergo a LAMP reaction, and the solution
remained violet.

At present, the genomic information of the eight rice varieties used in this study,
except for N580 and N130, are published in open databases. The genotypes of WYJ7, WYJ3,
SN265, QCL2, N580, and N130 were all confirmed to be of dep1, while the genotypes of
Nip, SHUHUI498, ZH11, and 9311 are DEP1. Hence, the results of the InDel markers,
LAMP amplification, and LAMP colorimetric assay in this study were all consistent with
the published genotypic data.

Figure 5. LAMP amplification and visual colorimetric assay for the detection of different rice varieties.
(A) Electrophoretic detection of LAMP amplification products. (B) Visual colorimetric LAMP assay.
Lane M is a DNA ladder (MD114, Tiangen Biotech (Beijing) Co., Ltd., Beijing, China). The DNA
templates used for each of the lanes are the same as those in Figure 3.

3.5. Application of the Colorimetric LAMP Assay in Breeding an Improved Heavy-Panicle Elite
Hybrid Rice Restorer Line

The SHUHUI498dep1 rice line was successfully bred by introducing the dep1 allele into
the heavy-panicle elite hybrid rice restorer line SHUHUI498 (Figures 6 and 7).
SHUHUI498dep1 was compact, with upright leaves and stems, and had a reduced plant
height of about 14 cm (Figures 6B and 7A). The plants grew uniformly in the field
(Figure 6D) with shorter panicles and increased grain density (Figures 6B,C and 7C). Ef-
fective panicles per plant (Figures 6B and 7B) and spikelet numbers per panicle were
significantly increased in SHUHUI498dep1 (Figure 7E), although the grain number per pan-
icle and the yield per plant did not (Figure 7D,E). This is probably due to the low light
and low day/night temperature difference in southwest China, which is unfavorable for
organic matter accumulation, leading to insufficient photosynthetic products being pro-
duced to sustain the increase in the actual grain numbers per panicle and yield, despite the
increase in effective panicles per plant and spikelet numbers per panicle in SHUHUI498dep1.
This may also be the reason why dep1 is mainly found in japonica rice [5]. On the other
hand, SHUHUI498dep1 has the potential to achieve high yields in high-light environments,
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which can boost its photosynthetic efficiency and allow for the increased planting density
necessary to raise the yield per unit area [8,9].

Figure 6. Breeding plan and phenotypes of SHUHUI498dep1. (A) Breeding plan of SHUHUI498dep1.
(B) Morphology comparison between SHUHUI498dep1 and SHUHUI498. (C) Comparison of panicle
traits between SHUHUI498dep1 and SHUHUI498. (D) Field performance of SHUHUI498dep1 and
SHUHUI498. Symbols: ×, cross; ⊗, self-cross.

Figure 7. Analysis of key agronomic traits between SHUHUI498dep1 and SHUHUI498. (A) PH, plant
height. (B) EPP, effective panicles per plant. (C) PL, panicle length. (D) GP, grain number per panicle.
(E) SP, spikelet number per panicle. (F) YP, yield per plant. Analysis of the data was performed using
a two-tailed Student’s t-test. Significances are denoted as *** (p < 0.001), ** (p < 0.01), and * (p < 0.05).
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SHUHUI498dep1, SHUHUI498, and the progenies of SHUHUI498 were genotyped with
the InDel markers (InDel-E5) reported elsewhere [17] (Figure 8A). The results show that the
genotype of SHUHUI498 is DEP1, while SHUHUI498dep1; individuals 3, 5, and 6 in BC1F1;
and individuals 8 and 9 in BC2F1 carry the dep1 allele. This is consistent with the results
in both the gel electrophoresis and colorimetric assay of LAMP amplification (Figure 8A).
Therefore, the colorimetric LAMP assay that we developed is able to accurately detect
the targeted genotype in SHUHUI498dep1, SHUHUI498, and their progenies (Figure 8B,C),
which, when combined with the phenotypic characteristics of the dep1 gene, can be used
for the rapid on-site screening of target individuals in rice breeding programs (Figure 7).

Figure 8. Genotyping of SHUHUI498dep1, SHUHUI498, and their offspring. (A) Electrophoresis of
the PCR amplification products with the InDel marker InDel-E5 [17]. (B) Electrophoresis of LAMP
amplification products. (C) Visual colorimetric LAMP amplification. Lane M is a DNA ladder
(MD114, Tiangen Biotech (Beijing) Co., Ltd., Beijing, China). The DNA templates in lanes 1 to 10 and
tubes 1 to 10 are as follows: 1 to 2 are SHUHUI498 and SHUHUI498dep1, 3 to 6 are individuals in
BC1F1, and 7 to 10 are individuals in BC2F1.

4. Discussion

Molecular marker-assisted breeding (MAB) is a valuable technique for producing rice
varieties with improved yield, quality, and disease resistance [39,40]. The technique has
the advantages of being convenient, highly efficient, and unaffected by environmental
conditions, making it possible to rapidly improve desired traits and develop superior
varieties. The application of MAB has overcome many of the limitations faced in traditional
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breeding, enabling the development of high-quality improved lines in a relatively short
period. Screening and selection in conventional breeding programs are usually achieved
empirically by observing phenotypes, from the screened parental plants to the hybridized
progenies, and success is more often than not due to the experience of the breeders. Hence,
traditional breeding programs tend to require a long breeding cycle and, subsequently,
have low efficiency. Following the booming development in functional genomics, many
functional genes have been discovered [41]. The incorporation of these functional genes
into commercial breeding is a crucial step in crop research [42]. With the aid of molecular
markers, the screening and selection of desired traits in a breeding program can be greatly
enhanced through the definite confirmation of genotypes even before phenotype observa-
tion is possible. In addition, MAB enables the simultaneous selection of targeted genes and
their neighboring genes (both upstream and downstream), which improves the breeding ac-
curacy, speeds up the removal of genetic background, and reduces linkage tedium, leading
to a shortening of the breeding cycle. Thus, MAB is currently the most popular tool used by
most breeders. Although molecular markers such as InDel, CAPs (Cleaved Amplified Poly-
morphic Sequences), and dCAPs (Derived Cleaved Amplified Polymorphic Sequences) are
commonly used in both academic research and commercial breeding given their technical
stability and precision, these methods are, nevertheless, complex and laborious, including
multiple steps such as DNA extraction, PCR amplification, restriction enzyme digestion,
gel electrophoresis, and imaging electrophoretic results. Furthermore, conventional PCR
methods—such as RFLP (Restriction Fragment Length Polymorphism), AFLP (Amplified
Fragment Length Polymorphism), SCAR (Sequence-Characterized Amplified Regions),
SSR (Simple Sequence Repeats), RAPD (Random Amplified Polymorphic DNA), ISSR (Inter
Simple Sequence Repeats), TRAP (Telomeric Repeat Amplification Protocol), ARMS (Am-
plification Refractory Mutation System PCR), KASP (Kompetitive Allele Specific PCR), and
HRM (High-Resolution Melting curve)—require specialized equipment for thermal cycling
and gel electrophoresis [43–45], which incurs extra cost. As such, isothermal methods such
as LAMP represent attractive options for practical applications given their ease of use;
sensitivity; reasonable accuracy; convenience; and, once developed, low cost [46]. Even
though LAMP protocols are prone to false positives because of their high sensitivity, an
established LAMP protocol, such as the one shown in this study, when combined with the
rapid extraction of DNA templates [26,47] with commercially available kits, can enable a
breeder to determine the targeted genotypes on-site with a simple and straightforward
protocol at a reasonable cost. This is particularly appealing to rice breeders in developing
countries, many of whom are farmers who are poorly educated with little to no knowledge
of molecular biology and who are more concerned about cost than accuracy. This demand
can be reflected by the fact that more than 60% of the molecular diagnostics kits available
on the market are LAMP-based and are widely used in the identification of viruses, bacteria,
and fungi, as well as medical diagnosis and food safety. The results of our study indicate
that our developed LAMP assay has comparable precision and sensitivity to standard
PCR using InDel markers (Figures 3 and 8A), further lending credence to the potential of
colorimetric LAMP assays.

The need for global food security and environmental concerns have driven the re-
search community to find the right balance between high yield and the use of nitrogen
fertilizers [48]. In order to reduce the conflict between food resources and the environment,
scientists have proposed the concept of green super rice, which focuses on the discovery
and application of nitrogen-efficient genes [49]. Research has found that the dep1 allele can
increase the harvest index and yield by improving nitrogen use efficiency [10] and regulat-
ing rice quality, disease resistance, stress resistance, and so on. Hence, dep1 is considered a
key allele for breeding green super rice varieties [7,50]. The colorimetric LAMP assay for
dep1 allele designed in this study, combined with rapid DNA extraction methods [26,47],
presents a convenient method for the on-site genotyping of dep1, contributing greatly to the
breeding and development of green, high-yielding rice varieties.
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Plant architecture is one of the key factors influencing yield and has received much
attention in rice breeding. Numerous alleles, such as dep1, sd1, IPA1, d14, and d61, have
been found to regulate plant architecture and, thus, have been widely cloned and used
in rice breeding [51]. The dep1 allele is widespread in japonica rice varieties, with more
than half of the cultivated rice varieties in northeast China carrying this allele [6]. Rice
lines WYJ7, WYG3, and LG31, all of which carry the dep1i allele, are among the most
widely cultivated rice varieties. In addition, although indica rice varieties carry the DEP1
allele natively, it has been reported that introducing the dep1 allele into indica rice can
significantly raise its yield [7]. The data from this study also showed that both the effective
panicles per plant and the spikelet numbers per panicle were significantly increased after
the successful introduction of the dep1 allele into the heavy-panicle elite hybrid rice restorer
line SHUHUI498 (Figures 6 and 7). Therefore, the colorimetric LAMP assay for the dep1
allele developed in this study is a valuable screening tool for targeted gene improvement
in MAB for rice.

Since global warming increases the threat of pests and diseases, breeding new varieties
with improved stress and disease resistance is important to securing stable rice yields as
global temperature rises [52]. The incorporation of newly discovered disease and stress
resistance genes into rice production has shown satisfactory results and represents a viable
strategy [53]. The colorimetric LAMP assay for dep1 detection developed in this study can
also be adapted and modified as a convenient way to screen and breed new disease- and
stress-resistant rice varieties to ensure stable yields and food security.

It is important to note that, while the results of our study are in agreement with each
other and are fully aligned with our expected outcome, the experiments were nevertheless
conducted in a controlled environment with known genotypes. For the assay to be applica-
ble for field use, which involves many unknown variables, internal and standard controls
have to be developed to ensure accuracy, including the prevention of false-negative results.

5. Conclusions

In this study, we established a convenient colorimetric LAMP assay for genotyping
the dep1 allele in rice based on dep1-specific sequences available in the published literature
and databases. The developed method proved to be accurate and specific, suitable for the
on-site screening of the dep1 allele. We further confirmed the feasibility of introducing the
dep1 allele into the heavy-panicle elite hybrid rice restorer line SHUHUI498 and showed its
potential to increase yield. This study not only provides technical support for genotyping
dep1, an allele for dense erect panicles and high yields in rice but also serves as a reference for
the future development and application of LAMP-functional markers for other important
genes. For further study, we will investigate the incorporation of additional loop primers
into our LAMP assay in order to boost its efficiency.
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Abstract: As transcription factors derived from transposase, FAR-RED IMPAIRED RESPONSE1
(FAR1) and its homolog FHY3 play crucial roles in the regulation of light signaling and various stress
responses by coordinating the expression of downstream target genes. Despite the extensive investiga-
tion of the FAR1/FHY3 family in Arabidopsis thaliana and other species, a comprehensive examination
of these genes in maize has not been conducted thus far. In this study, we employed a genomic mining
approach to identify 16 ZmFAR1 genes in the maize inbred line B73, which were further classified into
five subgroups based on their phylogenetic relationships. The present study characterized the pre-
dicted polypeptide sequences, molecular weights, isoelectric points, chromosomal distribution, gene
structure, conserved motifs, subcellular localizations, phylogenetic relationships, and cis-regulatory
elements of all members belonging to the ZmFAR1 family. Furthermore, the tissue-specific expression
of the 16 ZmFAR1 genes was analyzed using RNA-seq, and their expression patterns under far-red
light conditions were validated in the ear and tassel through qRT-qPCR. The observed highly tempo-
ral and spatial expression patterns of these ZmFAR1 genes were likely associated with their specific
functional capabilities under different light conditions. Further analysis revealed that six ZmFAR1
genes (ZmFAR1-1, ZmFAR1-10, ZmFAR1-11, ZmFAR1-12, ZmFAR1-14, and ZmFAR1-15) exhibited
a response to simulated shading treatment and actively contributed to the development of maize
ears. Through the integration of expression quantitative trait loci (eQTL) analyses and population
genetics, we identified the presence of potential causal variations in ZmFAR1-14 and ZmFAR1-9,
which play a crucial role in regulating the kernel row number and kernel volume weight, respectively.
In summary, this study represents the initial identification and characterization of ZmFAR1 family
members in maize, uncovering the functional variation in candidate regulatory genes associated with
the improvement of significant agronomic traits during modern maize breeding.

Keywords: ZmFAR1; transcription factors; far-red light; causal variation; maize

1. Introduction

Light is crucial for plant growth [1,2], significantly affecting development under
canopy shade. Plants use sophisticated photoreceptors to detect light changes [3] and
adapt their growth strategies. The FAR1/FHY3 gene family plays a key role in plant light
signaling and shade adaptation [4], with far-red light activating the FAR1/FHY3 genes to
enhance the phyA-mediated high light responses [5,6], aiding in light detection and growth.
The FAR1/FHY3 proteins contain three domains: the C2H2 zinc finger, core transposase,

Curr. Issues Mol. Biol. 2024, 46, 430–449. https://doi.org/10.3390/cimb46010027 https://www.mdpi.com/journal/cimb



Curr. Issues Mol. Biol. 2024, 46

and SWIM zinc finger domains [7,8]. Arabidopsis has 14 identified FAR1/FHY3 genes,
phylogenetically classified into five groups, encoding sequences of 531 to 851 amino acids,
with specific functions across tissues and developmental stages [5,7].

FAR1 and FHY3 are multifunctional genes studied in plants, known to upregulate ELF4
and influence flowering by connecting light signals to the miR156-SPL aging pathway, as
well as to regulate starch synthesis by activating ISA2 [9–12]. In far1 and fhy3 mutants, the
lack of CCA1 expression suggests that these genes also affect light-induced processes [10].
Additionally, FAR1/FHY3 interact with jasmonic acid pathways to balance growth and
defense [12,13] and affect branching through SPL9/SPL15 interactions and strigolactone
signaling [14]. These genes also play roles in chlorophyll production, chloroplast di-
vision, ABA signaling, and delaying leaf senescence by integrating light and ethylene
signals [15,16]. FHY3’s extensive targets imply its broad impact on plant development [6].

In addition, the upregulation of THERMO-SENSITIVE BARREN PANICLE (TAP), a
member of the FAR1 family in rice, might be induced by elevated temperatures. This
up-regulation is believed to modulate the proper growth and development of rice inflores-
cences and spikelets through the formation of protein complexes with OsYABBY4/5 [17].
Additionally, several AhFAR1 genes have been detected in peanuts, suggesting their poten-
tial involvement in regulating pod development [18]. Moreover, the dispersed expansion
of FAR1/FRS-like genes has been observed in Rosa wichuraiana ‘Basye’s Thornless’, and
their diverse expression patterns have been linked to the control of shoot growth and
the flowering time [19]. Despite the numerous attributions assigned to these genes, there
remains a dearth of systematic inquiries into this gene family in maize. Consequently, it is
imperative to ascertain the constituents of the ZmFAR1 family in maize and comprehend
their responses to shading (light conditions enriched in far-red light), along with their
prospective functions in governing plant structural development.

Maize is a major global crop facing challenges such as reduced productivity due to
shade avoidance syndrome (SAS) under high-density planting, which is further influenced
by decreased red/far-red light [20,21]. In this study, a comprehensive analysis was con-
ducted to identify ZmFAR1 family members in the maize B73 genome. The investigation
included an examination of the physicochemical properties, sequence characteristics, con-
served domains, and phylogenetic relationships of 16 ZmFAR1 genes. Furthermore, the
subcellular localization of maize genes was predicted, and analyses of the cis-regulatory
elements and miRNA–mRNA regulatory networks were performed to gain insights into
potential gene functions. The expression patterns of the ZmFAR1 genes were analyzed
using RNA-seq data and the expression levels were further validated through qRT-PCR
experiments in the ear and tassel at various developmental stages under simulated shading
conditions. In addition, we endeavored to ascertain the potential causal variations and
favorable haplotypes for ZmFAR1 family members through the integration of eQTL analy-
ses and population genetics. Our discoveries might establish a theoretical framework for
future investigations into the biological functions of ZmFAR1 transcription factor family
members and provide valuable perspectives on the genetic enhancement of maize inbred
lines during modern maize breeding.

2. Materials and Methods

2.1. Identification of ZmFAR1 Genes in Maize B73

The FAR1 gene family’s Hidden Markov Models (HMMs) PF03101, PF10551, and PF04434
were obtained from the Pfam protein family database (https://pfam.xfam.org/) (accessed on
2 April 2023). The maize B73 genome sequence, gff3 annotation, and protein sequence files
were obtained from the Maize Genome Database (https://www.maizegdb.org/) (accessed on
2 April 2023). The protein sequences were scanned using hmmsearch in the HMMER (v3.3.2)
software, and those with an E-value < 1 × 10−5 were treated as criteria for the screening of
high-quality FAR1 proteins [22]. The FAR1 protein sequences of Arabidopsis thaliana were also
retrieved from the TAIR database (https://www.arabidopsis.org/) (accessed on 3 April 2023).
The BLASTP (v2.9.0) comparison tool was utilized for the identification of FAR1 homologous
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genes in maize [23]. The BLASTP results were integrated with the hmmsearch results, and
the intersections were taken as candidate ZmFAR1 family members. Finally, protein domain
prediction was performed via the Interpro (https://www.ebi.ac.uk/interpro, accessed on 7
February 2023) and SMART online tools (http://smart.embl-heidelberg.de/) to perform fur-
ther verification (accessed on 5 April 2023). The physicochemical properties and subcellular
localizations of ZmFAR1 genes were analyzed through ExPASy (http://www.expasy.org) and
WoLFPSORT (https://wolfpsort.hgc.jp/), respectively (accessed on 7 April 2023). The sec-
ondary structure was also predicted through SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/
npsa_automat.plpage=npsa_sopma.html) (accessed on 8 April 2023).

2.2. Phylogenetic Analyses of ZmFAR1 Genes

Multiple sequence alignment of the FAR1 protein sequences of maize B73, Sorghum
bicolor, and Arabidopsis thaliana was performed using the muscle (v3.8.31) program with
default parameters [24]. Based on the alignment results, the optimal model was validated,
and the maximum-likelihood approach was used to create the phylogenetic tree using
iqtree (v1.6.12); the bootstrap value was set to 1000 [25]. Using the web application iTOL,
the phylogenetic tree was visualized and rendered (https://itol.embl.de/) (accessed on
10 April 2023).

2.3. Gene Structure and Conserved Motif Analysis of ZmFAR1 Genes

The ZmFAR1 gene structures were investigated through GSDS (http://gsds.cbi.pku.
edu.cn/) (accessed on 11 April 2023) [26]. Using web-based MEME, the conserved motifs
in ZmFAR1 family proteins were predicted. The number of motifs was set to 15 (https:
//meme-suite.org/meme) (accessed on 12 April 2023) [27]. The evolutionary tree, exon–
intron structures, and conserved motifs were all visualized by the TBtools program [28].

2.4. Chromosomal Location and Collinearity Analysis of ZmFAR1 Genes

Based on the genetic information and length information of maize chromosomes, all
distributions of ZmFAR1 genes were mapped using MapChart (v2.3.2). The collinearity of
FAR1 family members among Sorghum bicolor, maize B73, and Oryza sativa was analyzed
using MCScanX with default parameters and visualized by TBtools [28,29].

2.5. Cis-Acting Elements and Interaction Network Analysis of ZmFAR1 Genes

The upstream sequences (2000 bp) of all ZmFAR1 genes were extracted to perform
cis-acting element analysis by uploading to the PlantCARE database (http://bioinformatics.
psb.ugent.be/webtools/plantcare/html/) (accessed on 13 April 2023). Using the R program
ggplot2, the distributions and functions of all anticipated cis-regulatory elements in the
promoters of all genes were studied and visualized [30]. The psRNAtarget online platform
was used to predict the microRNAs (miRNAs) that target ZmFAR1. The expectation
was set to 5 and no gaps were permitted (https://www.zhaolab.org/psRNATarget/)
(accessed on 15 April 2023). Cytoscape was used to provide a visual representation of the
interaction network.

2.6. Tissue-Specific Expression Analysis of ZmFAR1 Genes

Using the NCBI SRA database, we obtained transcriptome data for the ear, leaf tip,
tassel, leaf base, leaf center, embryo, root, shoot, anther, and endosperm of maize B73
(http://www.ncbi.nlm.nih.gov/sra/) with the accession number ERR3773807-ERR3773827
(accessed on 20 April 2023). All raw sequencing data were first preprocessed using fastp
(v0.20.1) [31], followed by mapping to the reference genome using HISAT2 [32]. Cufflinks
and Cuffcompare were utilized to assemble and annotate the predicted transcripts, re-
spectively [33]. After normalizing the gene counts, the expression levels of all expressed
genes were obtained, from which the expression levels of ZmFAR1 genes were extracted
and visualized using the R package ggplot2 [30]. The transcriptome data for the far-red
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and shade treatment of maize B73 were obtained from the Maize RNA-seq Database
(http://ipf.sustech.edu.cn/pub/zmrna/download/, accessed on 20 January 2023).

2.7. Plant Materials and Stress Treatments

The seedlings of the maize inbred line B73 were grown in an incubator at an ambient
temperature of 27 ◦C. The intensity of white light was set to 330 μmol m−2 s−1 and
the R:FR ratio was 14.3. The photoperiod was adjusted to 12 h light/12 h dark. The
control group was defined as follows: the seedlings of maize B73 were grown under white
light until the sampling period. The following criteria were used to define the treatment
groups: the seedlings of maize B73 were grown in a simulated shade treatment after the
seedlings were grown until stage V2 and then treated with 21 μmol m−2 s−1 far-red light for
30 min at the end of each day (EOD-FR treatment). The ear and tassel were collected at
stages V8 to V11 and V8 to V12, respectively. After the samples were collected, they were
promptly frozen in liquid nitrogen and stored in a −80 ◦C freezer until they were utilized
for RNA extraction.

2.8. RNA Isolation and Quantitative qRT-PCR Analysis

Total RNA was extracted from samples using an RNAsimple Total RNA Kit (Tiangen,
Beijing, China). First, cDNAs were reverse-transcribed from the total mRNAs using the
Hifair® III 1st Strand cDNA Synthesis SuperMix (Yeasen Biotechnology, Shanghai, China).
Then, quantitative real-time PCR (qRT-PCR) was performed using Hieff UNICON® qPCR
SYBR Green Master Mix (Yeasen Biotechnology, Shanghai, China) on an Applied Biosystems
7500 real-time PCR system. The expression levels of ZmFAR1 genes were calculated by
the 2−ΔCT method and normalized against the reference gene ACTIN [34]. Values were
calculated as the means ± standard deviations (SD) of three biological replicates. All primer
sequences are listed in Supplementary Table S4.

2.9. Expression Quantitative Trait Loci (eQTL) Analysis

We performed eQTL analysis based on high-quality SNPs and gene expression levels
in the ear in a previously reported study and using the LMM model in the EMMAX software
emmax-intel64-20120205 [35,36]. The method of cis-eQTL identification was similar to a
previous study, with minor modifications [35].

2.10. Statistical Analysis

Data processing with simple calculations (mean and standard deviation) and Microsoft
Excel (version 16.01) were used to perform Student’s t-tests. The p-value < 0.05 was
considered statistically significant between the control and treatment (* p-value < 0.05,
** p-value < 0.01).

3. Results

3.1. Identification and Chromosomal Location of ZmFAR1 Genes in Maize

In the maize inbred line B73 genome, 16 putative ZmFAR1 genes were found and
named ZmFAR1-1 to ZmFAR1-16 based on their chromosomal locations. Based on the
genomic annotation information of maize inbred line B73, all 16 ZmFAR1 genes were
unevenly distributed throughout the eight chromosomes (Figure 1). Specifically, ZmFAR1-1,
ZmFAR1-2, and ZmFAR1-3 were located on chromosome 1 (Chr1); ZmFAR1-8, ZmFAR1-9,
and ZmFAR1-10 were located on Chr5; and ZmFAR1-11, ZmFAR1-12, and ZmFAR1-13 were
located on Chr7. Chr3 and Chr10 each contained two gene members (ZmFAR1-5 and
ZmFAR1-6; ZmFAR1-15 and ZmFAR1-16), and Chr2, Chr4, and Chr9 contained ZmFAR1-4,
ZmFAR1-7, and ZmFAR1-14, respectively.
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Figure 1. Distribution of ZmFAR1 family members in maize B73.

3.2. Phylogenetic Analysis of ZmFAR1 Genes

To evaluate the evolutionary relationships among the FAR1 proteins, an unrooted
phylogenetic tree of 79 FAR1 protein sequences was constructed using the ML method
(Supplementary Table S1). These 79 FAR1 proteins were derived from three species,
14 from Arabidopsis thaliana (A. thaliana), 49 from Sorghum bicolor (S. bicolor), and 16 from
maize B73. All 79 FAR1 genes were divided into five subgroups according to the classi-
fication of FAR1 genes in Arabidopsis, designated I to V (Figure 2). There were 5 AtFAR1
members in the I subgroup; 5 ZmFAR1 members, 2 AtFAR1 members, and 10 SbFAR1 mem-
bers in the II subgroup; 3 ZmFAR1 members, 5 AtFAR1 members, and 4 SbFAR1 members in
the III subgroup; 1 ZmFAR1 member, 2 AtFAR1 members, and 24 SbFAR1 members in the IV
subgroup; and 7 ZmFAR1 members and 11 SbFAR1 members in the V subgroup. However,
subgroup I had no ZmFAR1 members, and subgroup V contained the largest number of
ZmFAR1 proteins.
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Figure 2. Phylogenetic analysis of maize B73, Sorghum bicolor, and A. thaliana. The genes labeled
with “AT” represent the genes of Arabidopsis. The genes labeled with “Zm” represent the genes of
maize inbred line B73. The genes labeled with “Sobic” represent the genes of Sorghum bicolor. Each
position of the ZmFAR1 gene is noted with an asterisk. All FAR1 genes were subdivided into groups I
through V.

3.3. Conserved Structure and Motif Analyses of ZmFAR1 Genes

To explore the distribution and structural diversification of the conserved mo-
tifs of the ZmFAR1 proteins, we analyzed their conserved motifs and intron–exon
structure. The results revealed that all ZmFAR1 proteins in maize B73 featured an
N-terminal C2H2 zinc finger domain at the N-terminus with the capability of binding
DNA (Supplementary Figure S1). As shown in Figure 3A, the ZmFAR1 genes with iden-
tical conserved motifs were clustered along the same evolutionary branch, suggesting
that they might have functional similarities. Then, we further analyzed the conserved
DNA motifs, and 15 conserved motifs were identified in the 16 ZmFAR1 proteins
(Figures 3B and S2). This result illustrated that the highly conserved ZmFAR1 genes
might share the same structural characteristics. The structure motif3-motif9-motif8-
motif6 (FAR1 DNA-binding domain) was found to be present in all family members.
Interestingly, ZmFAR1-1, ZmFAR1-11, and ZmFAR1-12 contained two C2H2 zinc finger
domains, suggesting that they might have unique functions compared to other ZmFAR1
genes. ZmFAR1-2 and ZmFAR1-15 contained all motifs, while ZmFAR1-3 only contained
four motifs. All subgroups except ZmFAR1-1 and ZmFAR1-3 contained motif 2, motif 4,
and motif 7, while motif 10, motif 12, and motif 13 were only present in subgroups II
and IV. In addition, motif 15 appeared only in the IV subgroup. Thus, ZmFAR1 genes
with comparable conserved motifs were clustered in the same evolutionary branch,
and this finding was compatible with the phylogenetic relationships (Figure 3A,B).

25



Curr. Issues Mol. Biol. 2024, 46

 

Figure 3. The gene structure and motifs of ZmFAR1 family members in maize B73. (A) Phylogenetic
tree of ZmFAR1 genes. (B) Conserved motifs of ZmFAR1 proteins. The order of the motifs corresponds
to their position within individual protein sequences. (C) The exon–intron organization of ZmFAR1
genes. Blue boxes represent exons; black lines represent introns. The lengths of exons and introns for
each ZmFAR1 gene are proportionally displayed.

The exon–intron structures could reveal the lineage-specific features of eukaryotic
genes, as they differ significantly among eukaryotic genomes [37]. Therefore, exon–intron
organization analysis of the ZmFAR1 genes was performed to understand the structural
diversity and characteristics (Figure 3C). According to the data, ZmFAR1-9 included the
highest number of exons (9), followed by ZmFAR1-2 (8), ZmFAR1-10 (7), and ZmFAR1-15 (7).
In contrast, ZmFAR1-8, ZmFAR1-11, and ZmFAR1-14 had only two exons and one intron,
whereas ZmFAR1-5 had five exons and four introns. ZmFAR1-12 and ZmFAR1-16 each had
four exons and three introns. ZmFAR1-6 and ZmFAR1-7 both had three exons and two
introns. The remaining genes all contained six exons and five introns.

3.4. Collinearity Analysis of ZmFAR1 Genes

Collinearity analysis could provide insights into the divergence and evolutionary
history of the genome [38]. To further investigate the covariance of the FAR1 gene family,
we identified collinear relationships among FAR1 in S. bicolor, maize B73, and A. thaliana
(Figure 4). A total of 15 homologous gene pairs between maize B73 and S. bicolor were
found, with ZmFAR1-13 being homologous to two S. bicolor genes (Sobic.0G482200.1 and
Sobic.0G374300.2). The homologous genes of ZmFAR1-4, ZmFAR1-8, and ZmFAR1-9 (So-
bic.0G119400.1, Sobic.0G173300.1, and Sobic.0G209600.1) could only be found in S. bicolor.
There was a total of 14 homologous gene pairs found between maize B73 and O. sativa.
ZmFAR1-6 and ZmFAR1-16 were found to be homologous to Sobic.0G016300.1 and So-
bic.006G245900.1, respectively, but no homologous genes were found in O. sativa. Only
ZmFAR1-10 had no homologous genes in S. bicolor and O. sativa. Therefore, studying the
evolutionary relationships of the FAR1 family members will aid in the study of ZmFAR1
gene function.
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Figure 4. Synteny analysis of FAR1 genes between Sorghum bicolor, maize inbred line B73, and Oryza
sativa. Gray lines represent all collinearity blocks between genomes, and the colinear FAR1 gene
pairs are highlighted by blue lines. The numbers in the figure represent chromosomes.

3.5. Cis-Acting Element Analysis of ZmFAR1 Genes

Cis-regulatory elements are specific DNA sequences that are located upstream of
gene coding sequences, which are specific binding sites for the proteins involved in the
initiation and regulation of transcription [39]. To investigate the probable roles and reg-
ulation of ZmFAR1 family members, we performed cis-acting element analysis based
on the putative promoter sequences in the upstream 2000 bp region of each gene. In
total, 374 cis-elements were identified across all ZmFAR1 genes, which could be catego-
rized into four primary groups, including hormone and stress responses, light responses,
and plant growth and development (Figure 5). The majority of the 16 ZmFAR1 genes
included light-responsive cis-elements (40.11%, 150/374), followed by hormone-responsive
elements (32.89%, 123/374), stress response elements (20.05%, 75/374), and the lowest
proportion of cis-elements (6.95%, 26/374) associated with plant growth and develop-
ment (Supplementary Table S2). The Gap-box, GA-motif, TCT-motif, GATA-motif, Sp1,
TCCC-motif, GTGGC-motif, GT1-motif, chs-CMA1a, CAG-motif, I-box, MRE, ATCT-motif,
ACE, Box 4, G-box, and AE-box were all identified as light-responsive cis-elements. Of
these, the G-box was the most abundant (24%), followed by the GT1-motif (12.67%) and
Sp1 (12%). Hormone-responsive cis-elements included growth hormone-responsive el-
ements (AuxRR-core and TGA-element), gibberellin-responsive elements (GARE motif,
TATC-box, and P-box), MeJA-responsive elements (TGACG-motif and CGTCA-motif),
and salicylic acid responsiveness (TCA-element and ABRE). Among them, ABRE was
the most abundant (25.2%, 31/123), and AuxRR-core and P-box were the least abundant
(2.44%, 3/123) among the hormone-responsive cis-elements. The stress-responsive cis-
elements comprised 46.67% ARE (anaerobic induction), 22.6% MBS (drought induction),
14.6% GC-motif (hypoxia-specific induction), 10.67% LTR (low-temperature response), and
5.3% TC-rich repeat sequences (defense and stress responsiveness). The plant growth and
development cis-elements comprised 11.54% GCN4_motif (cis-regulation of endosperm
expression), 53.85% CAT-box (meristem expression), 7.69% RY-elements (seed-specific
regulation), and 26.92% O2-site maize alcoholic proteins (metabolic regulation). The in-
vestigated cis-elements had the potential to play vital roles in the process of regulating
gene expression in response to a variety of stimuli, as well as in the process of plant growth
and development. We also found differences in the number of cis-acting elements of each
ZmFAR1 family member. ZmFAR1-12 had the highest number of cis-elements (31 mem-
bers), followed by ZmFAR1-3 and ZmFAR1-9 (28 members), while ZmFAR1-7 had the lowest
number of cis-elements (14 members). These results indicate that the functional differences
between different subfamily members may be due to the presence of different numbers of
cis-regulatory elements.
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Figure 5. Cis-acting elements in the promoters of ZmFAR1 family members.

3.6. Target miRNA Prediction and Interactive Network Analysis of ZmFAR1 Genes

miRNAs control multiple cellular and biological processes by regulating gene ex-
pression. To predict the downstream targets of the ZmFAR1 genes, we constructed a
miRNA–mRNA coexpression network. The results showed that there was a potential
targeting relationship between 179 miRNAs and 16 ZmFAR1 genes (Supplementary Table
S3). ZmFAR1-4, ZmFAR1-5, and ZmFAR1-10 were the primary targets of 84 miRNAs from
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20 miRNA families. In particular, ZmFAR1-4 was targeted by the highest number of miR-
NAs (45 members) from 12 miRNA families (Figure 6). ZmFAR1-10, ZmFAR1-5, ZmFAR1-2,
ZmFAR1-15, and ZmFAR1-12 were targeted by 31, 26, 20, 20, and 19 miRNAs, respectively.
From the miRNA viewpoint, the miR2275 family could target 10 ZmFAR1 genes, followed
by miR159 (eight target ZmFAR1 genes) and miR395 (seven target ZmFAR1 genes). Previous
studies showed that miR156 could regulate flowering, and we found that the miR156 family
targets six ZmFAR1 genes, which may also regulate plant flowering. Furthermore, six
miRNAs (miR396a-3p, miR396b-3p, miR396g-3p, miR169r-3p, miR171g-5p, miR397a-5p,
and miR397b-5p) could only target ZmFAR1-11, suggesting that this gene might play a
different role compared to the other ZmFAR1 family members.

 

Figure 6. Predicted miRNA–mRNA regulatory network. Gray lines represent the interactions be-
tween miRNAs and ZmFAR1 genes. The blue circles represent ZmFAR1 genes, and the red arrowheads
represent miRNAs.

3.7. Expression Analysis of ZmFAR1 Genes

Gene expression patterns provide important clues in understanding potential gene
functions. To evaluate the transcriptome properties and biological activities of all ZmFAR1
genes, we analyzed the expression patterns of these genes using public transcriptome
data in different B73 tissues (ear, leaf tip, tassel, leaf base, leaf middle, embryo, root,
shoot, anther, and endosperm), under simulated shade (low red/far-red ratio) and far-
red (FR) light treatment (Figure 7). The results showed that the majority of the ZmFAR1
family members were expressed in all tissues; however, their expression levels varied
greatly among different tissues. Specifically, certain family members exhibited preferential
expression in specific tissues. For instance, the highest expression levels of the ZmFAR1-
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1 gene were found in the leaf tip, while the highest expression level of ZmFAR1-6 was
detected in the embryo. ZmFAR1-15 showed considerably higher expression levels in the
leaf tip and leaf middle than in other tissues. Intriguingly, the expression levels of all other
ZmFAR1 genes were highest in the ear and lower in both the anther and endosperm. In
addition, all ZmFAR1s have different degrees of sensitivity to FR. ZmFAR1-14 was induced
under 1 h FR light treatment, and ZmFAR1-7, ZmFAR1-9, and ZmFAR1-15 were induced
under 6 h FR light treatment. ZmFAR1-2 was reduced under 1 h and ZmFAR1-12 was
reduced under 6 h of shade treatment. These findings suggest that various members of the
ZmFAR1 family might play diverse roles in separate tissues and suggest a potential role for
certain members in ear growth and development and the far-red light response.

 
Figure 7. The expression profiles of ZmFAR1 family members in different tissues (A) and under
different light treatment conditions (B). FR refers to far-red light treatment under 6 μmol/m2s far-red
light. Shade refers to the simulated shade treatment under blue, 15 μmol/m2s; red, 12 μmol/m2s;
far-red, 105 μmol/m2s.
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3.8. Expression Analysis of ZmFAR1 Genes under Far-Red Light

Through the transcriptome expression analysis, we found that the ZmFAR1 genes
were highly expressed in maize inflorescence tissues and had a significant response to
far-red light treatment. Consequently, we performed a quantitative reverse transcriptase
polymerase chain reaction (RT-qPCR) to further verify the 16 ZmFAR1 genes under far-red
light, to determine their expression patterns in the ear and tassel at different developmental
stages (V8–V12) (Figures 8 and 9). The results suggest that the peak expression of some
ZmFAR1 genes was significantly influenced by far-red light at various developmental stages
and that the expression patterns of certain ZmFAR1 genes might be limited to a specific
period. In the ear, the peak expression of ZmFAR1-10, ZmFAR1-11, and ZmFAR1-15 was
advanced from V11 to V10, the peak expression of ZmFAR1-1 was advanced from V10 to
V9, and the peak expression of ZmFAR1-12 was advanced from V9 to V8 (Figure 8).

 

Figure 8. Expression patterns of 16 ZmFAR1 family members in the ear in response to far-red
light. Error bars represent the means ± SD from three biological replicates. Statistically significant
differences were indicated as follows: ** (p-value < 0.01) and * (p-value < 0.05), and the indicated
p-value was determined by Student’s t-test. CK (control light condition) and FR (EOD-FR treatment)
are represented by blue lines and orange lines, respectively. The abscissa represents the consecutive
developmental period; the ordinate represents the qRT-PCR expression levels.

During the V8–V12 stage in the tassel, the ZmFAR1 family members also showed
varied expression patterns, with some being significantly up- or downregulated. We found
that ZmFAR1-1 and ZmFAR1-12 were significantly upregulated under far-red light treatment
during the V8 period, while ZmFAR1-4, ZmFAR1-6, and ZmFAR1-7 were significantly
downregulated under far-red light during the V11 period. No genes were differentially
expressed during the V12 period. Compared to the ear, the expression patterns of the
ZmFAR1 genes were significantly different in the tassel (Figure 9). ZmFAR1-2, ZmFAR1-
3, ZmFAR1-5, and ZmFAR1-11 were significantly upregulated during the V8 period, and
ZmFAR1-2, ZmFAR1-9, and ZmFAR1-15 were significantly upregulated during the V9 period.
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Far-red light treatment upregulated ZmFAR1-6, ZmFAR1-9, ZmFAR1-12, and ZmFAR1-15
during the V11 period, while completely suppressing the expression of ZmFAR1-4.

 

Figure 9. Expression patterns of 16 ZmFAR1 family members in the tassel in response to far-red
light. Error bars represent the means ± SDs from three biological replicates. Statistically significant
differences were indicated as follows: ** (p-value < 0.01) and * (p-value < 0.05), and the indicated
p-value was determined by Student’s t-test. CK (control light condition) and FR (EOD-FR treatment)
are represented by blue lines and orange lines, respectively. The abscissa represents the consecutive
developmental period; the ordinate represents the qRT-PCR expression levels.

Our findings demonstrated that the expression levels of ZmFAR1 genes varied sig-
nificantly between the ear and tassel during the same developmental stage, as well as
between developmental periods within the same tissue. In our prior studies, one period in
advance of ear development in the treatment group was observed under far-red light [40].
Combined with the analysis of the PCR results, we suggest that six genes with earlier
peak expression in the ear (ZmFAR1-1, ZmFAR1-10, ZmFAR1-11, ZmFAR1-12, ZmFAR1-
14, and ZmFAR1-15) might have roles in the growth and development process of the ear
under far-red light conditions. However, the precise functions of these genes need to
be explored further.

3.9. Cis-eQTL Analyses Identify the Causal Variations Associated with Gene Expression Variation
and Agronomic Traits

To identify the genetic basis of ZmFAR1 gene expression variation, we performed eQTL
analysis based on published RNA-seq data for immature ears and the high-quality single-
nucleotide polymorphisms (SNPs) of 137 ILs, using the linear mixed model in the EM-MAX
software. We detected a cis-eQTL (B73_V3, chr9_87667000, p-value = 2.92 × 10−11) asso-
ciated with the expression level of ZmFAR1-14 and a cis-eQTL (B73_V3, chr5_182810053,
p-value = 6.42 × 10−9) associated with the expression level of ZmFAR1-9 (Figure 10). We next
attempted to identify the causal variations of several key genes regulating important agronomic
traits, taking advantage of the recently released de novo assembled genomes of 14 founder
inbred lines (FILs) of maize [41–43]. We compared the genic region of ZmFAR1-14 and 10 kb
upstream and downstream sequences in the 14 FILs and found that variations in two indels
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(indel1(aaaaaga), indel2(ca)) located in the promoter were in high linkage disequilibrium (LD,
r2 = 0.58, r2 = 0.43) with the cis-eQTL (Figure 10). Genotyping analysis of the 137 inbred lines
identified two haplotypes (Hap1 and Hap2); the expression level of Hap1 was significantly
higher than that in the ILs of Hap1, and the frequency of Hap1 continuously increased during
modern maize breeding. We also found that a higher frequency of Hap1 was associated with a
higher kernel row number. These results suggest that ZmFAR1-14 likely plays a role in regulating
the kernel row number in maize.

Figure 10. eQTL analyses identify the potential functional variations for expression variation of
ZmFAR1-14 and ZmFAR1-9. (A) Manhattan plot (upper) and LD heatmap (lower) for eQTLs and
candidate association analysis of ZmFAR1-14. Two haplotypes of ZmFAR1-14 based on the two SVs in
the 137 ILs (right top). (d) Box plots for ZmFAR1-14 expression levels and kernel row number for
the two haplotypes in the 137 ILs. Bar chart for haplotype frequency changes during modern maize
breeding. (B) Manhattan plot (upper) and LD heatmap (lower) for eQTLs and candidate association
analysis of ZmFAR1-9. Two haplotypes of ZmFAR1-9 based on the two SVs in the 137 ILs (right top).
Box plots for ZmFAR1-9 expression levels and kernel row number for the two haplotypes in the
137 ILs. Bar chart for haplotype frequency changes during modern maize breeding.

Similarly, by comparing the genic region of ZmFAR1-9 and 10 kb upstream and down-
stream sequences in the 14 FILs, we found that variations in a 318 bp SV (SV318, located
in the first intron) showed high LD with the lead SNP (r2 = 0.61). The SV and cis-eQTL
form two haplotypes in the 137 ILs. The expression level and kernel volume weight of
Hap1 were significantly higher than those in the ILs of Hap2, and the frequency of Hap1
continuously increased during modern maize breeding. Together, these results suggest
that Hap1 of ZmFAR1-9 likely represents a favorable haplotype under selection for kernel
weight during modern maize breeding.
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4. Discussion

4.1. Characterization of the ZmFAR1 Family Members in Maize

FAR1/FHY3 is a novel transcription factor derived from transposase mutations and
has evolved through long-term domestication and adaptation to form the FAR1/FHY3
transcription factor family [7,44]. Recent studies revealed that FAR1/FHY3 were crucial
positive regulatory components in the phyA signaling pathway, primarily activating the
transcription of light-induced target genes [7]. In Arabidopsis, more than 1000 possible
FHY3 binding genes have been identified, including ERF4, ARC2, HEMB1, and COP1,
indicating that FAR1/FHY3 might be involved in the control of several plant growth and
development features [6]. However, there have been no reports of a thorough investigation
of the ZmFAR1 transcription factor family in maize. In this study, we identified a total of 16
ZmFAR1 genes from the maize inbred line B73. The number of ZmFAR1 genes was greater
than that in Arabidopsis (14 members) but less than that in Aarchis hypogaea (246 members),
Camellia sinensis (25 members), Populus trichocarpa (47 members), Rosa wichuraiana ‘Basye’s
Thornless’ (91 members), and Rosa chinensis ‘Old Blush’ (50 members) [8,19,44,45]. These
findings indicate that the FAR1/FHY3 gene family expanded throughout the evolution of
these species. Despite a recent whole-genome duplication (WGD) event that occurred in
maize after species formation, the number of genes belonging to the FAR1/FHY3 family
did not vary dramatically. This suggests that the FAR1/FHY3 family is relatively conserved
in maize.

4.2. Studies on the Structure, Evolutionary Characteristics, and Functions of Maize ZmFAR1 Genes

There were a total of 16 ZmFAR1 genes that were unevenly distributed across eight
chromosomes. The analysis of the physicochemical properties revealed that the majority of
the ZmFAR1 proteins in maize were unstable (with the exception of ZmFAR1-3 and ZmFAR1-
4), which was in line with the findings in Arabidopsis thaliana [44]. Based on the phylogenetic
tree analysis results, all the ZmFAR1 genes were divided into five subgroups according to
the classification of the FAR1 genes in Arabidopsis, with group I including no ZmFAR1 genes
and group V containing the highest number of ZmFAR1 genes (Figure 1). Based on these
findings, it seemed that the ZmFAR1 genes in group I had been lost during evolution during
maize breeding, while the ZmFAR1 genes in group V might have evolved independently
with unique functions. Gene structure analysis revealed that all ZmFAR1 genes contained
the FAR1 domain (Supplementary Figure S1), indicating that the C2H2 zinc finger domain
was conserved in maize. Furthermore, the majority of the ZmFAR1 genes in the same group
had similar motifs (Figure 2B), and two FAR1 domains were found in ZmFAR1-1, ZmFAR1-
11, and ZmFAR1-12, which was also similar to the results of Arabidopsis and poplar [5,8].
Based on the phylogenetic analysis and conserved domain analysis, the ZmFAR1 genes
were shown to be highly conserved at the protein level, and genes within the same subclade
might have comparable roles. The significant changes in the number of exons and introns
between the ZmFAR1 genes might be associated with functional differences. Through
binding to transcription factors, cis-acting regulatory elements can precisely activate gene
transcription and influence transcriptional efficiency, and they have been implicated in
several growth and development-related events in plants. Several cis-regulatory elements
were found in the promoter regions of the ZmFAR1 genes, such as the GT-1-motif, GATA-
motif, Box-4, and G-box, suggesting that the ZmFAR1 genes in maize might be involved
in light-sensitive responses (Figure 5) [46–48]. There are regulatory relationships between
the light response and various hormones [14,49]. For example, the ZmFAR1-9 promoter
contained six TGACG motifs and CGTCA motifs, which suggested a possible association
with the MeJA signaling pathway [50,51]. By binding directly to the promoter of ABA-
insensitive 5 (ABI5) in Arabidopsis, FAR1 and FHY3 function as positive regulators of ABA
signaling. The ZmFAR1-10 promoter contained five ABRE motifs and might be related to
ABA synthesis and signaling [15,52]. Many types of plant growth and development-related
cis-regulatory elements, including the CAT-box, GCN4-motif, and O2-site (seed-specific
regulation), were discovered in the promoter regions of several ZmFAR1 genes, and these
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cis-elements had a significant role in regulating the expression of meristematic tissue
genes. The RY promoter element was involved in controlling gene expression during late
embryogenesis and seed development. In the light-induced starch of Arabidopsis, FAR1
and FHY3 might directly target the starch-debranching enzyme isoamylase2 (ISA2) [11].
In addition, the FAR1 genes in Arabidopsis could also regulate seed germination [15]. In
the present study, RY-element motifs were identified in the promoters of ZmFAR1-1 and
ZmFAR1-11, suggesting possible similar functions. Ten and eight ZmFAR1 genes were
predicted to be targeted by miR2275 and miR159, respectively. Previous studies have
demonstrated that the production of 24-nt phasiRNAs is mediated by miR2275, which was
assoWciated with maize pollen fertility at various temperatures [53,54]. miR159 is very
conserved in plants and several light, and stress response cis-elements, such as G-boxes,
AREs, and CAAT-boxes, have been found in their promoters and are also involved in male
reproductive development, seed development, flowering time, and growth [55–58]. These
results show that miR2275 and miR159 might participate in maize growth and regulation
by interacting with the FAR1 genes, but further results have not been reported.

4.3. Functional Variations and Expression Patterns of ZmFAR1 Genes in Maize Ear Development
and Phenotypic Variation

The expression patterns of the ZmFAR1 genes in several organs of the maize inbred line
B73 exhibited considerable variances, and the majority of the ZmFAR1 genes were strongly
expressed in the ear, indicating that these genes likely play a significant role in ear growth
and development (Figure 7). Previous research had shown that the FAR1 family members
FRS7-FRS12 in Arabidopsis could regulate the flowering time and plant growth [37]; among
them, FRS9 was also a specific negative regulator of PhyB signaling that could mediate
seedling de-etiolation [5]. Because of this, it was hypothesized that members of the same
group, such as ZmFAR1-1, ZmFAR1-10, and ZmFAR1-14, could have functional similarities.
Importantly, the qRT-PCR results demonstrated that the peak expression of three genes,
ZmFAR1-1, ZmFAR1-10, and ZmFAR1-14, was advanced by one stage, which was consistent
with the phenotype of ear development in our previous study (Figure 8) [40]. In addition,
three expression patterns of the 16 ZmFAR1 genes were found, with some genes exhibiting
phase-advanced, upregulated, or downregulated peak expression under far-red light. Our
analysis suggested that certain genes with earlier peak expression in the ear might play
roles in growth and development under far-red light conditions, while nondifferentially
expressed genes might be nonfunctional. These findings suggest a potential functional
redundancy among ZmFAR1 family members, while further research is required to identify
the particular activities of these genes. With the recent accumulation of high-density
gene data and related high-throughput transcriptome data in maize, eQTL has been used
to determine the mutual regulation of genes in the genome [59–61]. In this study, our
analyses provided new insights into the expression regulation mechanism and phenotypic
variation of ZmFAR1 genes. In combination with eQTL mapping and association studies,
we identified several SVs in the promoter of ZmFAR1-14 as potential functional variations
underlying its differential expression and likely regulating the kernel row number. We
also found SVs in ZmFAR1-9 in regulating gene expression and the kernel volume weight
(Figure 10). These findings provide novel and important insights into the natural variations
in the ZmFAR1 genes at the transcriptome level and the influence of gene expression on
phenotypic variations.

4.4. ZmFAR1 Genes’ Role in Maize Yield and Trait Optimization

By uncovering the functional roles of the ZmFAR1 genes and their correlation with
maize phenotypic traits such as ear development and the kernel row number, our research
offers strategic insights for breeders aiming to enhance yields and environmental resilience.
Utilizing genetic variants like SNVs in regulatory regions sheds light on the impact of
ZmFAR1 expression on maize diversity, presenting opportunities in marker-assisted se-
lection to foresee and promote desirable traits. This pivotal study not only sets the stage
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for the advanced functional investigation of the ZmFAR1 gene family but also charts a
course for their deliberate application in optimizing agricultural outputs and conserving
genetic variation.

5. Conclusions

In this study, 16 ZmFAR1 genes were identified from the maize B73 genome and
unevenly distributed over eight chromosomes. The cis-acting regulatory elements
of 16 ZmFAR1 genes were mainly related to the light response, hormone response,
stress response, and plant growth and development. RNA-seq analysis showed that
most ZmFAR1 genes showed relatively higher expression levels in the ear and may
play a pivotal role in the far-red (FR) light treatment of maize. The qRT-PCR study
revealed the spatial and temporal specificity of ZmFAR1 gene expression under far-
red light conditions. Combining our previous phenotypic data, ZmFAR1-1, ZmFAR1-
10, ZmFAR1-11, ZmFAR1-12, ZmFAR1-14, and ZmFAR1-15 might have roles in ear
development under far-red light treatment. Finally, we identified several SVs in
ZmFAR1-14 and ZmFAR1-9 that contributed to the altered expression patterns and
phenotypic differentiation. Overall, our study provided insights into understanding
the functions of ZmFAR1 genes during the light signaling pathway and identified the
potential functional variations that may lead to increased yield gains during modern
maize breeding.
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the likelihood that the base occurs there; Table S1: The protein sequences of 16 ZmFAR1 genes in
maize B73; Table S2: The cis-acting elements in the promoter regions of ZmFAR1 family members;
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Abstract: Melon (Cucumis melo L.) is an economically important Cucurbitaceae crop grown around
the globe. The sweetness of melon is a significant factor in fruit quality and consumer appeal, and the
soluble solids content (SSC) is a key index of melon sweetness. In this study, 146 recombinant inbred
lines (RILs) derived from two oriental melon materials with different levels of sweetness containing
1427 bin markers, and 213 melon accessions containing 1,681,775 single nucleotide polymorphism
(SNP) markers were used to identify genomic regions influencing SSC. Linkage mapping detected
10 quantitative trait loci (QTLs) distributed on six chromosomes, seven of which were overlapped
with the reported QTLs. A total of 211 significant SNPs were identified by genome-wide association
study (GWAS), 138 of which overlapped with the reported QTLs. Two new stable, co-localized
regions on chromosome 3 were identified by QTL mapping and GWAS across multiple environments,
which explained large phenotypic variance. Five candidate genes related to SSC were identified by
QTL mapping, GWAS, and qRT-PCR, two of which were involved in hydrolysis of raffinose and
sucrose located in the new stable loci. The other three candidate genes were involved in raffinose
synthesis, sugar transport, and production of substrate for sugar synthesis. The genomic regions and
candidate genes will be helpful for molecular breeding programs and elucidating the mechanisms of
sugar accumulation.

Keywords: melon; soluble solids content; linkage analysis; GWAS; candidate genes

1. Introduction

Melon (Cucumis melo L.; 2n = 2x = 24) is an economically important Cucurbitaceae crop
grown around the globe. Based on differences of ovary pubescence, melon cultivars are
divided into two subspecies: C. melo ssp. agrestis and C. melo ssp. melo [1,2]. The sweetness
is an important quality trait of melons that affects consumer preferences, and the soluble
solids content (SSC) is a key index of melon sweetness. Identifying genomic regions and
genes controlling SSC will be helpful for molecular breeding.

Linkage analysis is an effective approach for detecting quantitative trait loci (QTLs)
related to complex agronomic traits using biparental segregating populations, and several
QTLs were found to regulate the accumulation of soluble solids content in melon [3–14].
However, a considerable number of QTLs for soluble solids content detected through
diverse backgrounds have wide intervals, and these QTLs are difficult to apply to marker-
assisted selection (MAS). Due to the rapid growth of sequencing technology, GWAS has
proven a powerful approach in detecting genetic variations of important agronomic traits
in melon [15–19]. Previously, some key loci related to soluble solids content were detected
via GWAS in tomato [20,21], apricot [22], peach [23], and watermelon [24]. Leida et al. [25]
identified a stable region on chromosome 3 associated with sugar content via association
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analysis using 251 single nucleotide polymorphism (SNP) markers. Wang et al. [26] detected
11 SNPs associated with soluble solids content in melon via GWAS using genotyping-by-
sequencing (GBS).

Association mapping does not require a biparental segregating population and is
useful for analyzing multiple alleles [27], but the population substructure and allele fre-
quency could bring about false-positive results [28]. Combining association analysis and
linkage analysis has been successfully used for dissecting complex quantitative traits in
rice [29], maize [30], and soybean [31]. Wei et al. [29] identified eight candidate genes for
rice seedlings in response to high temperature stress using linkage analysis and GWAS. Xu
et al. [30] dissected the genetic basis of zinc deficiency tolerance in maize at the seedling
stage via linkage mapping and GWAS, and three candidate genes were identified as be-
ing responsible for Zn transport. Hu et al. [31] identified a gibberellin 3b-hydroxylase
gene related to soybean 100-seed weight through joint linkage mapping and GWAS which
enhanced photosynthesis and increased seed yield in soybean. At present, association
analysis and linkage analysis have been used to dissect the complex agronomic traits of
melon. Nimmakayala et al. [32] detected several QTLs for fruit firmness through GWAS
and QTL mapping. Perpiñá et al. [33] detected several stable QTLs related to SSC using
linkage analysis with introgression lines and association analysis in backcross populations.
Oren et al. [34] detected a major netting QTL on melon chromosome 2 by combining linkage
analysis and association analysis. Du et al. [35] identified a candidate genomic region asso-
ciate with the fruit surface groove of melon via linkage analysis and association analysis.
These genetic loci identified by GWAS and linkage analysis will make MAS breeding more
accurate and effective. Based on the rapid growth of sequencing technology, joint GWAS
and linkage analysis will play an increasingly important role in gene mining for important
agronomic traits in melon. Raffinose and stachyose are the core sugars of cucurbit crops
transported in the phloem [36]. Based on the rapid advances of molecular biology and
genomics, many genes related to sugar metabolism and accumulation during fruit growth
have been reported such as alpha-galactosidase (AGA) [37,38], sugars will eventually be
exported transporter (SWEET) [37–39], vacuolar sugar transporter (VST) [40], sucrose trans-
porter (SUT) [39,41], tonoplast sugar transporter (TST) [42–44], hexose transporter [45],
tonoplast H+/sugar antiporters [46], trehalose-6-phosphate (T6P) [47,48], sucrose synthase
(SUS), sucrose phosphate synthase (SPS), and invertase [49].

Previous studies have shown that the integration of linkage analysis and GWAS
provided a higher power and resolution to investigate complex quantitative traits. In
the present study, we constructed a recombinant inbred line (RIL) population containing
146 lines derived from two oriental melon materials with different levels of sweetness. Then,
a high-resolution genetic map of the RIL population was constructed to detect QTLs related
to SSC in melon. In addition, a total of 213 melon accessions were utilized to detect the
significance of SNPs associated with SSC via GWAS. Five candidate genes were identified
by QTL mapping, GWAS, and qRT-PCR, which played important roles in synthesis and
hydrolysis of raffinose, sucrose hydrolysis, and sugar transport. The genomic regions
and candidate genes will be helpful for molecular breeding programs and elucidating the
mechanisms of sugar accumulation.

2. Materials and Methods

2.1. Plant Materials and Phenotypic Data Analysis

The plant material contained an RIL population and a GWAS panel. The RIL popu-
lation, consisting of 146 RILs, was derived from two oriental melon cultivars (1214 with
low sweetness and 1228 with high sweetness). The RIL population was grown in a green-
house at Xueyao Experiment Station (32◦14′ N, 120◦64′ E) of Jiangsu Yanjiang Institute of
Agricultural Sciences (Nantong, China) in the spring of 2020, 2021, and 2022. The GWAS
panel, consisting of 213 melon accessions that included 145 accessions of ssp. agrestis,
67 accessions of ssp. melo, and 1 Mapao melon accession, was planted in a greenhouse at
Xueyao Experiment Station in the spring of 2020 and 2021 and the spring/autumn of 2021.

41



Curr. Issues Mol. Biol. 2023, 45

A randomized block design with three replicates was utilized to evaluate the plant materi-
als. Five plants were grown for each melon germplasm. One fruit per plant was harvested
at 30–35 days after pollination, and the SSC of fruit flesh was measured with a hand-held
digital PAL-1 refractometer (Atago). ANOVA for SSC was calculated in R using the aov
function. Based on the phenotypic data of two populations for multiple environments, the
best linear unbiased predictions (BLUP) were calculated by the R package lme4.

2.2. DNA Extraction and Whole-Genome Resequencing

The young leaves of RIL population and GWAS panel were utilized to extract DNA
using the CTAB method. The genomic DNA samples were fragmented to a size of 350 bp
for sequencing on the Illumina HiSeq PE150 platform of Novogene, China. The melon
reference genome HS_ZJU [50] and its annotation were downloaded online (http://www.
ncbi.nlm.nih.gov, accessed on 19 July 2021). BWA [51] was utilized to map the clean
reads to the melon reference genome using the command ‘mem -t 4 -k 32 -M’. SNP calling
was performed using SAMtools [52] with a Bayesian approach. The high-quality SNPs
were performed using Genome Analysis Toolkit (GATK) software 4.0.4.0 [53]. ANNOVAR
software (Version 20130520) [54] was utilized to annotate the SNPs identified in this study.

2.3. Linkage Analysis

The sequencing depths of parents (1214 and 1228) and RILs were 20-fold and 5-fold,
respectively. The RILs were genotyped by polymorphic SNPs with an aa × bb segregation
pattern between the parental materials. The recombinant breakpoints were evaluated by
the sliding window approach [55]. The genotype was performed with a sliding window
of 15 SNPs. The high-resolution genetic map of the RIL population was constructed with
bin markers using JoinMap 4.1 (https://www.kyazma.nl/index.php/JoinMap/, accessed
on 13 May 2022). The ALLMAPS program [56] was utilized to visualize the relationships
between the physical and genetic locations. The composite interval mapping (CIM) method
of Windows QTL Cartographer 2.5 software (https://brcwebportal.cos.ncsu.edu/qtlcart/
WQTLCart.htm, accessed on 7 June 2022) was utilized to detect QTLs. The permutation
test of MapQTL6.0 (https://www.kyazma.nl/index.php/MapQTL/, accessed on 7 June
2022) was utilized to calculate the LOD threshold values for the SSC.

2.4. Association Analysis

The sequencing depths of 211 melon accessions were 10-fold, and two accessions (1214
and 1228) were sequenced with a depth of 20-fold. The sequencing depth ≥ 6, missing
rate ≤ 0.5, and minor allele frequency ≥ 0.05 were considered standard in identifying
SNPs. Finally, a total of 1,681,775 SNPs were used for association analysis. The software
TreeBeST 1.9.2 (https://treesoft.sourceforge.net/treebest.shtml, accessed on 2 April 2022)
was utilized to create an individual-based neighbor-joining (NJ) tree using p-distance
with 1000 bootstrap replications. The phylogenetic tree was visualized using MEGA6.0
(http://www.megasoftware.net/, accessed on 2 April 2022). The program ADMIXTURE
(version 1.23) [57] was utilized to calculate the population genetics structure using an expec-
tation maximization algorithm. To evaluate the LD decay in the association population, the
software PopLDdecay 3.40 [58] was utilized to calculate the degree of linkage disequilib-
rium coefficient (r2) between pairwise SNPs with the command ‘-n -dprime -minMAF 0.05’.
The GEMMA 0.98.1 software package [59] was utilized to perform association analysis, and
the significant P-value threshold was approximately 1 × 10−6.

2.5. Candidate Genes Identification and qRT-PCR Analysis

The co-detected regions by linkage analysis and GWAS, and the ±100 kb regions
around the significant SNPs located within the reported QTL regions were considered
significant regions to search for candidate genes. Annotations of these genes were an-
alyzed following the melon reference genome ‘HS_ZJU’, and genes related to sugar
metabolism and accumulation were considered candidate genes. The fruits of the two
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parents (1228 and 1214) harvested at 20DAP, 25DAP, and 30DAP were used to extract RNA
for qRT-PCR analysis. The cDNA was synthesized using All-in-One First-Strand cDNA
Synthesis SuperMix for qPCR (TransGen, Beijing, China). Gene expression was performed
on the ABI7500 Real-Time PCR System (Applied Biosystems, Singapore) using Green qPCR
SuperMix (TransGen, Beijing, China). The data of relative gene expression was analyzed
according to the 2−ΔΔCt method with the 18s rRNA used as the internal control. The
primers used in this study are shown in Table S8.

3. Results

3.1. Phenotypic Variation of Soluble Solids Content in Two Populations

In this study, 146 RILs and 213 melon accessions were used. The SSC of RILs was
evaluated in the Nantong greenhouse in the spring of 2020, 2021, and 2022 (Table S9). The
SSC of the 213 melon accessions was evaluated in the spring of 2020 and 2022 and the
spring/autumn of 2021 (Table S10). The descriptive statistics including the mean, range,
standard deviation, kurtosis, skewness, and coefficient of variation (CV) for SSC of two
panels are presented in Table 1.

The SSC of RILs ranged from 5.67% to 14.50% (with a mean of 10.43%) in spring 2020,
from 5.83% to 14.07% (with a mean of 11.01%) in spring 2021, and from 7.15% to 14.80%
(with a mean of 11.29%) in spring 2022. The SSC of 213 melon accessions ranged from
3.00% to 17.30% (with a mean of 10.01%) in spring 2020, from 3.00% to 17.43% (with a
mean of 9.86%) in spring 2021, from 3.55% to 15.50% (with a mean of 8.97%) in autumn
2021, and from 3.80% to 18.98% (with a mean of 10.68%) in spring 2022. The CV of the
RILs ranged from 12.93% to 14.96%, while the CV of the accessions ranged from 26.17%
to 30.21%. The skewness and kurtosis in Table 1 and the histograms in Figure 1a,b show
that the data of SSC have a normal distribution. The melon accessions (G), environment
(E), and the genotype × environment interaction (G × E) had a significant effect (p < 0.01)
on the SSC (Table 1). The broad-sense heritability (H2) for SSC were 0.65 and 0.72 in two
populations (Table 1).

The fruits of the two parents (1228 and 1214), were harvested at five growth stages to
investigate the changes in the SSC (Figure 1c). With fruit development, the SSC of 1228 and
1214 accumulated continuously and peaked at 30 days after pollination (DAP), but the SSC
of 1214 was significantly lower than that of 1228 at each stage (Figure 1c). The different
levels of SSC led to the differences in sweetness between these two cultivars.

3.2. Population Sequencing and Linkage Map Construction

In order to construct a high-resolution genetic map, 146 RILs together with two parents
were re-sequenced on the Illumina HiSeq PE150 platform. In total, 9.05 Gb (19.96-fold
genome coverage) and 10.34 Gb (23.04-fold genome coverage) clean bases were obtained
for two parents (1214 and 1228), respectively (Table S1). A total of 364 Gb clean bases
were obtained for the 146 RILs with high quality (Q20 ≥ 95.42%, Q30 ≥ 88.72%), and
the average sequencing depth for each individual was 6.7-fold (Table S1). A total of
380,864 SNPs were detected between the parents, and 111,500 SNPs were identified with
the aa×bb segregation pattern. Then, a total of 1427 bin markers were obtained to construct
a high-resolution genetic map (Figure 2a). The total length of the bin map was 1254.34 cM,
and the average interval between the adjacent markers was 0.88 cM (Table 2). The genetic
and physical positions of the bin markers on the 12 chromosomes were compared with
each other, and a high level of collinearity was detected between the linkage map and the
reference genome of melon cultivar ‘HS_ZJU’ (Figure 2b). However, there were several
chromosomal locations of the bins that displayed inconsistencies with the genetic map.
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Figure 1. Frequency distribution and changes in soluble solids content. (a) Frequency distribution of
SSC for 213 melon accessions in four environments. (b) Frequency distribution of SSC for RILs in
three environments. SPR represents spring and AUT represents autumn. Arrows indicate the soluble
solids content for the parents, 1214(P1) and 1228(P2). (c) SSC in the fruit during the five ripening
stages. ** Significant at p ≤ 0.01.

3.3. Identification of QTLs for Soluble Solids Content

Under three growth environments and BLUP, 14 QTLs related to SSC were identi-
fied using Windows QTL Cartographer 2.5 software with the bin map. These 14 QTLs
were scattered on chromosomes 1, 2, 3, 4, 6 and 8, as follows: 1 QTL on chromosome 1,
4 QTLs on chromosome 2, 4 QTLs on chromosome 3, 2 QTLs on chromosome 4, 2 QTLs on
chromosome 6, and 1 QTL on chromosome 8 (Figure 3, Table S3). The physical distances of
these QTLs ranged from 0.39 to 3.15 Mb, and the average distances was 0.88 Mb. The LOD
value of these QTLs ranged from 3.2 to 5.7, and the phenotypic variation explained (PVE)
values ranged from 6.7% to 13.8%. All the QTL showed negative additive effects, indicating
that alleles from the high-SSC parent 1228 contributed to the greater SSC. Based on the
physical position of flanking markers, the 14 QTLs were clustered into 10 common QTLs.
Of the 10 common QTLs, one QTL was repeatedly detected across three environments,
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and two QTLs were detected across two environments. In addition, seven common QTLs
were mapped to the same loci of previously reported QTLs (Table S3) and confirmed the
reliability of the genetic map.

Figure 2. Construction of the linkage map (a) and collinearity analysis between the linkage map and
melon genome ‘HS_ZJU’ (b).
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Table 2. Information of the novel constructed genetic linkage map for melon.

LGs
Number of

Bins
Map Length

(cM)
Average

Distance (cM)
Max Gap

(cM)
<5 cM >5 cM

LG01 148 133.75 0.90 4.27 148 0
LG02 109 84.73 0.78 3.00 109 0
LG03 119 105.39 0.89 3.84 119 0
LG04 96 90.16 0.94 3.84 96 0
LG05 152 126.17 0.83 3.42 152 0
LG06 158 128.21 0.81 4.27 158 0
LG07 114 105.84 0.93 3.84 114 0
LG08 109 101.16 0.93 4.27 109 0
LG09 118 105.97 0.90 3.00 118 0
LG10 43 58.46 1.36 14.26 42 1
LG11 149 133.92 0.90 3.84 149 0
LG12 112 80.59 0.72 3.84 112 0
total 1427 1254.34 0.88 14.26 1426 1

Figure 3. Distribution of QTLs related to SSC on the melon chromosomes. Gray bars represent the
chromosomes and colored bars represent the QTLs for SSC. Bar length indicates the physical distance
of QTLs.

3.4. GWAS for Soluble Solids Content

We re-sequenced 213 melon accessions at an average sequencing depth of 9.7× on
the Illumina HiSeq PE150 platform, generating 941.6 Gb resequencing data of high quality
(Q20 ≥ 94.43%, Q30 ≥ 86.92%, Table S2). The raw sequence data reported in this paper
have been deposited in the Genome Sequence Archive at the National Genomics Data
Center, China National Center for Bioinformation/Beijing Institute of Genomics, Chinese
Academy of Sciences, under accession number CRA011939 and are publicly accessible at
https://ngdc.cncb.ac.cn/gsa (released on 24 July 2023). The resequencing data were
mapped to the melon genome ‘HS_ZJU’, and 1,681,775 high-confidence SNPs (missing
rate ≤ 0.5; minor allele frequency ≥ 0.05) were detected. Of these, 99,547, 51,623, 304,931,
1,029,614, and 96,114 SNPs were located in upstream regions, exons, introns, intergenic
regions, and downstream regions, respectively (Table S4). The markers were scattered on
the melon genome, with the lowest (107,238) and highest (174,458) number of markers
present on chromosome 9 and chromosome 1, respectively (Figure 4a). Additionally, the
highest SNP frequency was 5.04 SNPs/kb on chromosome 7. The linkage disequilibrium
(LD) level was calculated as the physical distance at which r2 decreased to half of the
maximum value, and LD decay was estimated at 103 kb (Figure 4b). From the phyloge-
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netic tree constructed with the high-confidence SNPs (Figure 4c), the 213 accessions were
divided into two subpopulations: subpopulation I primarily consisted of ssp. agrestis and
subpopulation II consisted of ssp. melo. The result was further supported by a population
structure plot (Figure 4d). In addition, the ‘Mapao’ melon accession was located within ssp.
agrestis, and this result was consistent with a previous study [17].

Figure 4. Distribution of the SNPs and the population structure of 213 melon accessions. (a) Distribu-
tion of SNPs and nucleotide diversity across the melon genome ‘HS_ZJU’. Different colors indicate
the number of SNPs within the 0.1 Mb window size. (b) Genome-wide average LD decay for 213
melon accessions. (c) Phylogenetic tree of 213 melon accessions. (d) Population structure of melon
accessions estimated by ADMIXTURE with k = 2.

Based on the data of four growth environments and BLUP, GWAS of 213 melon
accessions was performed with 1,681,775 SNPs using GEMMA software. At a significance
level of p < 10−6, a total of 211 SNPs significant associated with SSC was found (Figure 5;
Table S5). Among these SNPs, s6-26722606 had the lowest p-value (−log10 p = 10.44), which
was detected in 2022SPR. The two chromosomes with the highest number of markers were
chromosome 9 with 61 SNPs and chromosome 12 with 34 SNPs. The intersections based
on the SNPs detected across four environments and BLUP are presented in Figure 6 as
the UpSet plot [60]. The UpSet plot showed the number of significant markers detected in
each environment and BLUP, and also showed the number of the same markers detected
across different environments (Figure 6). In Figure 6, 29 significant SNPs were detected
coherently across three environments, 10 significant SNPs were detected coherently across
four environments, and 1 significant SNP was detected coherently across all environments.
Compared to the SNP loci detected by GWAS and the QTLs detected in previous studies,
138 SNPs overlapped with the reported QTLs (Table S6).
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3.5. Co-Detected Regions by QTL Mapping and GWAS

Linkage analysis and association analysis could be complementary methods for QTLs
detection. The results of linkage analysis and GWAS were analyzed together to identify sta-
ble regions significantly associated with SSC. Five QTLs identified by linkage analysis and
13 SNPs identified by GWAS were co-localized on chromosome 3, 4, and 6 (Table 3). QTL
qSSC3-1 and five SNPs, and qSSC3-2 and four SNPs were co-localized on chromosome 3.
QTL qSSC4-1 and one SNPs, and qSSC4-2 and two SNPs were co-localized on chromosome
4. QTL qSSC6-2 and one SNP were co-localized on chromosome 6. The two co-localized
regions on chromosome 3 were identified across multiple environments with a large PVE
(>10%) and likely included genes affecting the accumulation of SSC.

a

b 

c 

Figure 5. Cont.
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d 

e 

Figure 5. GWAS signals for SSC estimated across four environments and BLUP. Manhattan plot and
quantile–quantile (Q–Q) plot estimated in (a) spring 2020 (E1), (b) spring 2021 (E2), (c) autumn 2021
(E3), (d) spring 2022 (E4), and (e) BLUP. The gray lines on the Y-axis denote the significance threshold
(−log10 p > 6).

3.6. Identification of Candidate Genes Related to SSC

The genes located within QTL intervals and the LD regions of significant SNPs, which
were related to sugar metabolism and accumulation, were considered as candidate genes.
As a result of qSSC3-1 and qSSC3-2 being co-detected by linkage analysis and GWAS across
multiple environments, candidate genes related to SSC were searched for in these two stable
regions on chromosome 3. A total of 113 genes were detected within the two co-localized
intervals (28.5–28.8 Mb and 28.9–29.3 Mb) on chromosome 3, which consisted of 46 and
67 genes, respectively (Table S7). Of the 46 genes in qSSC3-1, the invertase gene CWINV3
(MELO 06759) may be a candidate gene for SSC as a key enzyme for converting sucrose
into glucose and fructose. The expression of CWINV3 was significantly different between
the high sweetness and low sweetness oriental melon accessions at different fruit growth
stages [61]. Meanwhile, we found an alpha-galactosidase (MELO 06810) in qSSC3-2, which
was related to the production of galactose and sucrose during phloem unloading [62]. Yang
et al. [50] reported that MELO 06810 had a parallel shift of amino acid in Cucurbitaceae via
positive selection gene analysis, which may play an important role in phloem transport.

Based on the LD decay of 103 kb (Figure 4b), the ±100 kb regions around 138 significant
SNPs that overlapped with the reported QTLs (Table S6) were considered significant
regions to search for candidate genes. In these regions, nine candidate genes, which
included sucrose phosphate synthase (SPS), trehalose 6-phosphate phosphatase (TPP),
raffinose synthase (RS), sucrose synthase (SS), UDP-glucose 4-epimerase (UGE), sugar
transport, and sugars will eventually be exported transporter (SWEET), were identified
as being related to sugar metabolism and accumulation (Table 4). Quantitative real-time
PCR was used to estimate the relative expression of 11 candidate genes at the stage of
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SSC rapid accumulation (Figure 1c). The results showed that five candidate genes had
different expression levels between the two parents at the stage of 20DAP, 25DAP, and
30DAP (Figure 7). The expression levels of MELO21359, MELO06759, MELO22262, and
MELO06810 were significantly higher in 1228 than 1214 at three stages. MELO18502 had
higher expression levels in 1228 than 1214 at 20DAP and 25DAP, while no significant
difference was observed at 30DAP. MELO22262 and MELO06810 shared a pattern of higher
expression level at 20DAP, and decreased expression at 25DAP and 30DAP. MELO21359
had the higher expression level at 30DAP, while MELO06759 had the higher expression
levels at 25DAP and 30DAP. These five genes with different expression levels between two
parents are the presumed candidates controlling SSC in melon.

 
Figure 6. Intersection of significant SNPs across four different environments (E1, E2, E3, and E4)
and BLUP.
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Table 4. Candidate genes related to SSC within the QTL/SNP regions.

Gene Chromosome Start End Functional Annotation

MELO03698 chr2 14,397,615 14,406,002 Sucrose-phosphate synthase
MELO06759 chr3 28,826,329 28,829,358 Beta-fructofuranosidase, insoluble isoenzyme CWINV3
MELO06810 chr3 29,119,436 29,126,262 Alpha-galactosidase
MELO12562 chr6 6,109,512 6,114,363 Trehalose 6-phosphate phosphatase
MELO18502 chr8 16,852,497 16,859,087 Raffinose synthase
MELO20547 chr9 14,794,455 14,800,212 Sucrose synthase
MELO21359 chr9 23,772,893 23,777,340 UDP-glucose 4′-epimerase
MELO22262 chr10 5,145,518 5,147,793 Sugar transport protein 10-like
MELO27354 chr12 20,598,706 20,606,584 Trehalose-6-phosphate synthase
MELO27634 chr12 23,004,024 23,006,015 Sugar transporter SWEET12-like
MELO27635 chr12 23,013,800 23,015,623 Sugar transporter SWEET12-like

  

 

MELO06759a MELO06810b MELO18502c

MELO21359d MELO22262e

Figure 7. Relative expression levels of five candidate genes. (a) MELO06759; (b) MELO06810;
(c) MELO18502; (d) MELO21359; and (e) MELO22262; ** Significant at p ≤ 0.01.

53



Curr. Issues Mol. Biol. 2023, 45

4. Discussion

4.1. Phenotypic Data over Multiple Years and High-Density Markers Improved the Accuracy of
QTL Mapping and Gwas

Linkage mapping based on biparental segregating populations and GWAS based
on a natural population are complementary approaches to detect genetic variations for
important agronomic traits. Linkage mapping can only evaluate limited variations between
two parents in a single population. However, Association analysis can investigate all
the allelic variations in natural populations. For QTL mapping and GWAS, phenotypic
data over multiple years could reduce environmental factors to identify genetic loci that
consistently affect the trait. The sweetness of melon has a significant effect on its quality
and consumer appeal, and SSC is an important index of melon sweetness. In this study,
phenotypic data of the two melon populations were investigated for three years. In addition,
two cultivars with different SSC levels were utilized to understand the accumulation
process. We found that SSC accumulated quickly from 20 DAP to 30 DAP, and a similar
accumulation pattern for sugar has been observed in previous studies [50,61]. Higher
marker density could also enhance the accuracy of linkage analysis and GWAS. In this
study, 1427 bin markers generated via genome resequencing were used to construct a
high-resolution genetic linkage map with an average interval between the adjacent markers
of 0.88 cM. For GWAS, 1.68 million high-confidence SNPs were used in this study, leading
to a high precision of GWAS to investigate the complex traits.

4.2. QTL Intervals and SNP Loci for SSC Identified via Linkage Mapping and GWAS

In this study, 10 QTLs (with an average distance of about 0.88 Mb) related to SSC were
identified by linkage mapping using the high-resolution genetic linkage map. Seven QTLs
were mapped to the same loci of previously reported QTLs (Table S3) and confirmed the
reliability of our study. Based on genome resequencing, 1.68 million marks were utilized to
detect the loci related to SSC via GWAS. A total of 211 SNPs significantly associated with
SSC were found by GWAS with a significance level of p < 10−6. Compared to the SNP loci
detected by GWAS and the QTLs detected in previous studies, 138 SNPs overlapped with
the reported QTLs (Table S6). These results indicate that the loci identified in the present
study were reliable for candidate genes mining.

In this study, we found that 5 QTLs detected by linkage analysis were co-localized
with 13 significant SNPs detected by GWAS. The genomic region overlapped by qSSC4-2,
S4_10141036, and S4_10275303 on chromosome 4, and qSSC6-2 and S6_32656543 on chro-
mosome 6 (Table 3, Table S3 and Table S6) were also identified within the QTLs identified
in previous studies [4,10]. Due to limited parental materials used in QTL mapping, not
all of the genetic variations in melon have been identified, and populations derived from
different materials, as in previous studies, could determine new QTLs or confirm previous
QTLs [8]. In previous studies, the high sweetness parental materials utilized to construct
segregated populations were almost always muskmelon. Saladie et al. [63] showed that the
patterns of sugar accumulation were different between the oriental melon and muskmelon
during fruit development. In this study, two oriental melon inbreeds with different soluble
solids content were utilized to derive a segregated population for QTL mapping, and two
stable QTLs, qSSC3-1 and qSSC3-2, identified across multiple environments might be new
QTLs associated with SSC.

4.3. Further Analysis of Candidate Genes Differentially Expressed between Parents at Different
Fruit Growth Stages

Comparing the QTL intervals and SNP loci identified by linkage analysis and GWAS,
the co-detected loci and ±100 kb regions around the significant SNPs within the reported
QTLs were considered reliable regions to search for candidate genes. According to the
annotation information, the genes related to sugar metabolism and accumulation were
considered candidate gene controlling soluble solids content. The relative expression levels
of eleven genes predicted to participate in the accumulation of SSC were investigated by
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qRT-PCR at different fruit stages. Finally, five genes with different expression levels between
two parents during different stages were considered putative candidates controlling SSC.

In sweet melon, sucrose, fructose, and glucose are the major soluble sugars, and
sucrose is the main factor affecting total sugar content [19,49,64]. The cell wall invertases
(CWINV) hydrolyzing sucrose into fructose and glucose play an important role in sugar
accumulation [65]. Zanor et al. [66] reported that silencing the cell wall invertase LIN5
could lead to a linear decrease in the total soluble solids content in tomato. Wang et al. [45]
showed that a reduction in LIN5 activity caused a decrease of fructose, glucose, and SSC in
tomato. A previous study revealed that the expression of CWINV3 was significantly higher
in the high sweetness rather than low sweetness oriental melon accessions at different
fruit growth stages [61]. In the present study, the same expression pattern of CWINV3
was observed (Figure 7a) and the result indicated that CWINV3 might be involved in
SSC accumulation.

Alpha-galactosidases (AGA) that hydrolyze stachyose and raffinose play an important
role in mediating source–sink communication during fruit development [62,67,68]. A
previous study showed that ClAGA2 controls fruit raffinose hydrolysis in watermelon, and
that the sucrose content of fruits increased significantly in the overexpressed plants [67].
Based on the positive selection analysis in Cucurbitaceae genomes including C. lanatus,
C. maxima, C. pepo, C. sativus, L. siceraria, and C. melo (HS, DHL92, Payzawat) with A
thaliana, S. lycopersicum, M. domestica, and O. sativa, a parallel shift of an amino acid in
alpha-galactosidase (MELO 06810) was identified in Cucurbitaceae, which may play an
important role in raffinose hydrolysis [50]. In this study, the expression of MELO 06810 was
significantly higher in 1228 than 1214 at different fruit growth stages (Figure 7b). Therefore,
the alpha-galactosidase (MELO 06810) located in qSSC3-2 is considered a candidate gene
related to SSC accumulation.

Raffinose could be hydrolyzed into sucrose and then transported and stored in tissues
or cells. Raffinose synthase is a key enzyme for raffinose production, and overexpression of
raffinose synthase significantly increased raffinose content [69]. A previous study revealed
that the expression of raffinose synthase (MELO18502) was significantly higher in the high
sweetness rather than low sweetness oriental melon accessions at different fruit growth
stages [61]. In this study, the expression of MELO18502 was significantly higher in 1228
than 1214 at 20DAP and 25DAP(Figure 7c).

Additionally, UDP-glucose 4′-epimerase (UGE) could catalyze the interconversion
of UDP-glucose and UDP-galactose, and UDP-glucose may further serve as a substrate
for the synthesis of sucrose. A previous study reported that overexpression of UGE could
improve the accumulation soluble sugars [70]. In this study, the expression of MELO21359
was significantly higher in 1228 than 1214 at three stages (Figure 7d).

Sugar transport proteins (STP) played an important role on sugar accumulation via
the transport of glucose from the apoplast into plant cells [39,71]. A previous study
showed that the soluble solids content increased in the overexpressed plants [45]. In this
study, the expression of MELO22262 was significantly higher in 1228 than 1214 at three
stages (Figure 7e).

Sugar metabolism and accumulation are complex biological processes that require
the synergistic action of key genes. In this study, five candidate genes related to SSC
were identified by QTL mapping, GWAS, and qRT-PCR. These five genes play important
roles in the synthesis and hydrolysis of raffinose, sucrose hydrolysis, sugar transport, and
production of substrate for sugar synthesis. High gene expression levels of these five genes
may collectively promote sugar accumulation.

5. Conclusions

The sweetness of melon is a significant factor in fruit quality and consumer appeal,
and SSC is a key index of melon sweetness. In this study, a recombinant inbred population
including 146 lines derived from two oriental melon materials with different sweetness
levels and an association population consisting of 213 melon accessions were utilized to
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detect genomic regions influencing SSC. By comparing the results of linkage analysis and
GWAS, we identified seven QTLs and 138 significant SNPs overlapped with the reported
QTLs. In addition, we identified two new stable loci on chromosome 3 via QTL mapping
and GWAS across multiple environments. Five candidate genes related to SSC were
identified by QTL mapping, GWAS, and qRT-PCR, two of which were involved in raffinose
and sucrose hydrolysis located in the new stable loci. The other three candidate genes
were involved in raffinose synthesis sugar transport, and production of substrate for sugar
synthesis. Synergistic action of these five candidate genes may cause the higher SSC. The
identification of genomic regions and candidate genes that influence SSC will provide
useful information and insights for molecular breeding and offer an opportunity for sugar
accumulation research.
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Abstract: Abaca (Musa textilis Née) is an economically important fiber crop in the Philippines. Its
economic potential, however, is hampered by biotic and abiotic stresses, which are exacerbated by
insufficient genomic resources for varietal identification vital for crop improvement. To address these
gaps, this study aimed to discover genome-wide polymorphisms among abaca cultivars and other
Musa species and analyze their potential as genetic marker resources. This was achieved through
whole-genome Illumina resequencing of abaca cultivars and variant calling using BCFtools, followed
by genetic diversity and phylogenetic analyses. A total of 20,590,381 high-quality single-nucleotide
polymorphisms (SNP) and DNA insertions/deletions (InDels) were mined across 16 abaca cultivars.
Filtering based on linkage disequilibrium (LD) yielded 130,768 SNPs and 13,620 InDels, accounting for
0.396 ± 0.106 and 0.431 ± 0.111 of gene diversity across these cultivars. LD-pruned polymorphisms
across abaca, M. troglodytarum, M. acuminata and M. balbisiana enabled genetic differentiation within
abaca and across the four Musa spp. Phylogenetic analysis revealed the registered varieties Abuab
and Inosa to accumulate a significant number of mutations, eliciting further studies linking mutations
to their advantageous phenotypes. Overall, this study pioneered in producing marker resources
in abaca based on genome-wide polymorphisms vital for varietal authentication and comparative
genotyping with the more studied Musa spp.

Keywords: Musa textilis; whole-genome resequencing; polymorphism discovery; single-nucleotide
polymorphisms (SNPs); DNA insertions/deletions (InDels)

1. Introduction

Abaca (Musa textilis Née) is a fiber crop endemic to the Philippines [1]. Being the
center of origin of abaca, the Philippines contributes about 86.1% of the global fiber and
fiber-based product requirement, generating an average annual income of USD 111.9M
from 2010 to 2019 [2]. In many countries, abaca planting materials have been sourced
from the Philippines, such as those planted in Borneo and islands in the Indies [3]. This
makes the abaca industry an extremely important livelihood for Filipinos, wherein a total
of 126,436 are abaca farmers and 160,400 hectares of land are planted [2]. Abaca is mainly
harvested for its fiber, the Manila hemp. It has higher tensile strength than synthetic
fibers, such as nylon and rayon, and has equivalent flexural strength with fiberglass [3–5].
Abaca also possesses long fiber length and high resistance to saltwater damage; thus, it
is widely used for making marine cordages, paper, money, furnishings, insulators and
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textiles and environmentally friendly materials for automobile manufacturing [3,5–8]. A
total of 170 varieties and 773 accessions have been documented in the Philippines [9,10].
To preserve genetic resources for breeding programs, germplasms are being maintained
across the country by the Philippine Fiber Industry Development Authority (PhilFIDA).
Varieties possessing advantageous characteristics can also be found in the wild, such as
Ihalas in the Visayas, which was observed to have good tolerance to abaca diseases. There
are also varieties that have been identified to be recommended for planting in particular
regions, such that the fiber quality and yield obtained are optimal. In the Bicol region, Musa
tex 51, Tinawagan Puti and Abuab are recommended for cultivation; Linawaan, Laylay
and Inosa in the Visayas; and Bongolanon, Maguindanao and Tangongon in Mindanao [11].
Among these, Abuab, Inosa and Tangongon are registered under the National Seed Industry
Council (NSIC) [12].

Abaca fiber production, however, is hampered by viral diseases such as bunchy top
disease, mosaic disease and bract mosaic disease [13,14]. Abiotic stresses such as typhoons,
severe flooding and drought also serve as important constraints to optimal abaca fiber
productivity. In 2018, the abaca production was documented to decline by 8.0% as a result of
El Niño, which consequently led to losses of 11.5% in fiber exports and 14.0% in abaca fiber
shipment [15]. The reduced abaca fiber production is further aggravated by the absence
of identified resistant varieties to both biotic and abiotic stresses. Regarding management
of abaca germplasms and plantations, variety misidentification due to mislabeling during
early stages of domestication, misidentifying morphologies and phenotypically variable
progenies produced from seed-derived abaca plants also contribute to the retardation of
the progress of the Philippine abaca industry [9]. These errors in identification of varieties
have long been problems that impede the economic potential of abaca due to fluctuating
qualities of fibers released in the market. Moreover, the lack of a well-curated germplasm
collection produces uncertainties in the identity of plant materials used for breeding
programs, leading back to the problem of the lack of highly proven resistant varieties to
date. Furthermore, currently there is no information on genetic polymorphisms among
abaca and other Musa spp. instrumental in genetic studies for advantageous or deleterious
polymorphisms. Breeding for biotic and abiotic stress resistance hence requires information
on abaca polymorphisms as a resource for developing genetic markers for accurate varietal
identification. At the same time, information on the genetic differences among abaca and
other Musa spp. can serve as a resource for mining of genes and polymorphisms linked to
biotic and abiotic stress resistance.

To maintain the integrity and stability of the Philippine abaca industry, there is a dire
need for genomic resources for the establishment of methods of identification of varieties
based on their genetic nature instead of their morphologies or phenotypes. This will
not only solve varietal misidentifications and labeling but will also be useful in marker-
assisted selection in breeding programs, tracking movement of planting materials and
authenticating varietal source of fibers released in the market. Establishing varietal identity
can be best achieved using genetic markers such as single-nucleotide polymorphisms
(SNPs) and DNA insertions/deletions (InDels), which are the top two most abundant DNA
polymorphisms/variants in the plant genome [16,17].

SNPs are the smallest unit of genetic differences and are the most abundant sequence
variations in the genomes of most organisms [18]. They have a wide distribution across the
genome, with loci located within genes such as SNPs among exons, introns or promoters,
and between genes [19]. The high abundance of SNPs (indicating a higher chance of finding
markers linked to traits of interest), their biallelic nature leading to lower error rate in
allele calls and their higher amenability to high-throughput genotyping methods such as
genotyping arrays [20] and genotyping-by-sequencing (GBS; [21]) have led to the preference
of using SNP markers for genetics studies [22].
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InDels, which are the second most abundant genetic variation next to SNPs, are
another group of markers of choice due to their codominant inheritance, wide genome
distribution and multiallelic nature [18]. Compared to SNPs, InDels have higher functional
consequences in organisms because they often result in frameshift mutations, disrupting
the reading frames and gene expression among coding genes [18].

As of this date, only two studies [23,24] have been able to publish genetic markers
for abaca genetic differentiation, which were based on banana-based simple sequence
repeats (SSRs) and SNPs, respectively. These SSR markers were able to distinguish among
150 abaca accessions and revealed that the diversity within M. textilis is very rich, as
evidenced by the calculated Shannon’s Diversity Index of 0.68 [23]. The aforementioned
SNP markers were also able to distinguish among 62 abaca accessions [24]. Randomly
Amplified Polymorphic DNA (RAPD) markers were also reported years earlier [25] during
an international symposium. In this work, the RAPD markers were able to distinguish
abaca from other Musa species, but the identification of varieties within M. textilis was not
performed. Aside from varietal identification, banana-based SSR markers associated with
abaca bunchy top virus (ABTV) resistance have also been used to screen potential resistance
to said virus among 57 accessions [26]. Since the aforementioned markers described in
these two studies were based in bananas, these findings still need further confirmation.
Moreover, the genotyping accuracy of these SNPs can have limitations due to differences
in the genome sequence of abaca and banana. The SNP markers were assayed using
microarray technology, which is expensive and not sustainable for routine genotyping. One
disadvantage of SNP arrays for variant discovery is the bias of SNP arrays for preselected
SNPs that capture only a fraction of the total diversity, especially if cross-species adaptation
of SNPs is attempted. The use of SNP arrays will produce genotypes only based on the
preselected SNPs. In cases where a different set of variants exist in the same loci across the
samples being genotyped, possible errors in allele calls could occur. This is an instance of
an ascertainment bias of SNP panels [27].

To facilitate the uncovering of true genome-wide polymorphisms that will be extremely
important resources for abaca varietal identification and efficient breeding programs, the
declining cost and increasing accessibility of next-generation sequencing (NGS) can be
taken advantage of. NGS allows the generation of huge datasets containing genome-wide
variants across individuals, hence providing a highly abundant resource of genetic markers
for varietal identification and comparative genotyping across individuals, populations
or species [28,29]. A reference genome for a species can be first generated through high-
coverage de novo whole-genome sequencing and assembly, followed by sequencing of
individuals within that population. This approach is often referred to as resequencing [28].

Recently, the abaca genome has been assembled [30], thus providing a reference
sequence for discovery of SNPs and InDels present in abaca itself through next-generation
sequencing (NGS). With the availability of an abaca reference genome, this study aimed
to mine abaca genome-wide SNPs and InDels among abaca cultivars and other Musa
and analyze their potential as genetic marker resources through genetic diversity and
phylogenetic analyses.

Specifically, this study aimed at (1) whole-genome resequencing of 11 abaca varieties
and accessions, (2) mapping of sequence reads to the abaca reference genome, (3) mining
and analysis of SNPs and InDels and (4) determining genetic variation and evolutionary
relationships within M. textilis and among Musa spp.

2. Materials and Methods

2.1. Plant Materials

Nine varieties housed at the Mindoro Fiber Experimental Station and Seedbank
(MFESS), a PhilFIDA germplasm collection located in Socorro, Oriental Mindoro, Philip-
pines, were used for the determination of genome-wide variants in abaca in the form of
SNPs and InDels. The varieties are Abuab, Inosa, Kutay-kutay, Laylay, Tangongon, Hag-
bayanon, Luno, Socorro and Tinawagang Puti (T-puti). The Abuab, Inosa and Tangongon
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varieties are among the only three abaca varieties that are currently registered under the
National Seed Industry Council (NSIC) of the Philippines. NSIC registration indicates that
these varieties qualified for the criteria set for commercially propagated varieties, such
that they must: (1) yield at least 800 kg/hectare dried fiber, (2) have a minimum fiber
recovery of 1.5%, (3) be currently planted commercially at the event of registration and
(4) have been reported and described technically in reputable publications [31]. Moreover,
the T-puti and Laylay are varieties recommended for planting in Bicol and Visayas areas
in the Philippines [11]. Furthermore, the Kutay-kutay, Hagbayanon, Luno and Socorro
varieties are varieties with good observed agronomic performance in Zamboanga. There
are also other accessions present in MFESS and included in this study, such as Samoro and
‘Luno Green’; however, they are only present as a single hill. One sample from each of the
11 varieties and accessions was randomly collected at the MFESS and was flash frozen in
liquid nitrogen prior to storage at −80 ◦C. The descriptions of these samples are listed in
Table 1.

Table 1. Abaca and Musa spp. accessions involved in the study.

Accession Species Description Source of Sequence Reads Accession Number

Abuabref M. textilis Reference genome [30] N/A
Abuab M. textilis Commercial abaca variety This study SRR22906090
Hagbayanon M. textilis Commercial abaca variety This study SRR22906084
Ihalas M. textilis Wild abaca accession [32] N/A
Inosa M. textilis Commercial abaca variety This study SRR22906089
Kutay M. textilis Commercial abaca variety This study SRR22906087
Laylay M. textilis Commercial abaca variety This study SRR22906086
Luno M. textilis Commercial abaca variety This study SRR22906083
LunoGreen M. textilis Luno with green inflorescence This study SRR22906080
Samoro M. textilis Present as a single hill in MFESS This study SRR22906088
Socorro M. textilis Commercial abaca variety This study SRR22906082
Tangongon M. textilis Commercial abaca variety This study SRR22906085
Tputi M. textilis Commercial abaca variety This study SRR22906081
Unknown cultivar M. textilis Abaca accession [33] SRR9696635
Unknown cultivar M. textilis Abaca accession [33] SRR8989639
Unknown cultivar M. textilis Abaca accession [33] SRR9850642
Banana M. acuminata Wild banana accession [33] SRR8989638
Banana M. acuminata Wild banana accession [33] SRR8989629
Banana M. acuminata Wild banana accession [33] SRR8989632
Banana M. balbisiana Wild banana accession [33] SRR8989633
Banana M. balbisiana Wild banana accession [33] SRR9734079
Banana M. balbisiana Wild banana accession [33] SRR6147592
Banana M. balbisiana Wild banana accession [33] SRR9850640
Banana M. troglodytarum Wild banana accession [33] SRR8989640
Banana M. troglodytarum Wild banana accession [33] SRR9734080
Banana M. troglodytarum Wild banana accession [33] SRR9850641

2.2. DNA Extraction and Sequencing

DNAs were extracted from all samples using the SEPa Plant DNA Isolation Reagent
Kit (1st Base, Selangor, Malaysia). For next-generation sequencing, libraries were prepared
using the Nextera DNA Library Prep Kit (Illumina, San Diego, CA, USA), and PE 150 se-
quencing was performed using the Illumina Hiseq 4000 platform (Illumina, San Diego,
CA, USA).

2.3. Quality Control and Trimming of Sequence Reads

To ensure the quality of bases used for variant calling, the program Trimmomatic [34]
RRID:SCR_011848 was run to remove low-quality bases and contaminating adapters. Trim-
ming of low-quality bases was employed using the parameters LEADING:3 TRAILING:3
SLIDINGWINDOW:4:20 MINLEN:80 in Trimmomatic. To determine the quality of the
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sequence reads before and after quality trimming, the FastQC tool [35] RRID:SCR_014583
was utilized using the raw sequence reads and trimmed paired-end reads, respectively.
MultiQC [36] RRID:SCR_014982 was then used to compile and further process the FastQC
results in one report. Adapter removal was also conducted through Trimmomatic using
the parameter ILLUMINACLIP:NexteraPE-PE.fa:2:30:10, which removed adapters from
the Nextera DNA Library Prep Kit.

2.4. Mapping of Reads to the Reference Genome

The quality-filtered sequence reads were mapped to a polished version of the Abuab
reference genome [30] using the BWA version 0.7.17-r1188 [37] RRID:SCR_010910. The
reference genome was first indexed using the bwa index command, followed by alignment
of the reads to the indexed reference genome using the bwa mem command. The product
of this step is a Sequence Alignment Map (SAM) file, which is expected to contain the
read alignments. Each of the SAM files was compressed into a binary format called Binary
Alignment Map (BAM) using the SAMtools version 1.15.1 RRID:SCR_002105 view, collate,
fixmate, sort, markdup and index commands to reduce the complexity and size of the
alignment file for downstream procedures [38]. The SAMtools view command converts the
complex SAM file into a simpler but unsorted BAM file. The SAMtools collate ensures that
sequence reads with the same names are grouped together, while the SAMtools fixmate
adds mate coordinates as well as fields for insert size [39,40]. The SAMtools sort then sorts
the resulting coordinate sorted BAM file. To ensure that duplicate alignments resulting from
the sequencing process are marked, the SAMtools markdup function was used. Finally, the
SAMtools index command was used to enable indexing of the BAM files to make these
files simpler and to allow its features to be searchable when they are used in downstream
bioinformatics analysis [39,40].

The bamqc command by the Qualimap tool v.2.2.2-dev [41] RRID:SCR_001209 was
then used to evaluate the generated alignments and produce statistics, such as the per-
centage of mapped reads, mean coverage, duplication rate, general error rate and mean
mapping quality.

To serve as additional sources of polymorphisms, quality-filtered reads previously
produced for the Ihalas accession [32] were included in read-mapping and variant calling
steps. Sequence reads from three unidentified abaca accessions [33] deposited under the
SRA accession numbers SRR8989639, SRR9696635 and SRR9850642 were included as well.

Sequence reads from M. acuminata, M. balbisiana and M. troglodytarum were also
included in the mapping step to determine the polymorphisms present and evolutionary
relationships between M. textilis and the other Musa spp. These will be important resources
and information for identification of polymorphisms associated with disease resistance and
advantageous agronomic traits. A summary of all sequence reads mapped to the reference
genome is shown in Table 1.

2.5. Calling of Genome-Wide SNPs and InDels

Raw variants between the reference genome and each of the varieties were called
through BCFtools version 1.15.1 RRID:SCR_005227 mpileup and call -vc commands using
the sorted BAM files as input [40]. The mpileup command ensures that variants are called
based on uniquely mapped reads, while the call command performs the actual calling of
the SNPs/InDels from the compressed BCF file [40,42]. The -vc option was used to generate
variants using the consensus caller in BCFtools [40]. The called variants were printed
using the BCFtools view command, followed by initial filtering of the variants using the
vcfutils.pl varFilter option. This final step produced VCF files containing the variants
called between each variety and the reference genome. This variant calling pipeline was
conducted for each of the abaca varieties and the additional accessions.
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2.6. Quality Filtering of SNPs and InDels

The VCF files generated from the variant calling step were indexed and merged into
one VCF file using the BCFtools commands index and merge, respectively. The SNPs and
InDels were distributed into two separate VCF files using VCFtools version 0.1.16 [43]
RRID:SCR_001235. Using the merged VCF as input for VCFtools, the --remove-indels option
was used to generate a VCF containing SNPs only, while the --keep-only indels option was
used to generate a VCF with indels only.

To filter high-quality variants, the VCF files were used as input for VCFtools. The
parameters --min-alleles 2 and --max-alleles 2 were used to select only biallelic variants,
while the --minQ 40 parameter was used to select only the variants with a mapping quality
higher than 40.

After quality filtering in VCFtools, the variants were further filtered using the PLINK
2.0 software (http://pngu.mgh.harvard.edu/purcell/plink/, accessed on 11 November
2022) [44] RRID:SCR_001757 executed in the R program. Highly associated variants loci
were pruned to ensure absence of linkage disequilibrium (LD) between the variant positions
using the parameters --indep-pairwise 50 2 0.2. LD occurs when alleles are non-randomly
associated at a genetic loci pair and is observed when the observed haplotype frequencies
and expected haplotype frequencies deviate, meaning the assumption that alleles at a pair
of loci should have independent association was not met [45]. As a consequence, when a
pair of selected variants is in LD, the information provided by one variant is redundant with
the other variant. As a result, the informativeness of a set of variants containing variants
in LD is reduced. This step removed pairs of variant loci within a 50 bp window with the
correlation r2 > 0.2. The r2 [46] refers to the squared correlation between the presence of an
allele at a locus and another allele at another locus, and is represented by the function:

r2 =

(
pAiBj − pAipBj

)2

pAi(1 − pAi)pBj
(
1 − pBj

)

where the ith allele frequency of the locus A and the jth allele frequency of the locus B are
denoted by pAi and pBj, respectively, and the haplotype frequency of AiBj is represented
by pAiBj [45,47].

Pruned variants were further filtered using the parameters --geno 0.10 and --maf 0.05.
The former filters out all variants with missing call rates exceeding 10% and the latter
filters out all variants with minor allele frequency (MAF) below 5%, respectively. This step
yielded high-quality genome-wide SNPs and InDels.

The retained high-quality polymorphisms were analyzed for their informativeness
using metrics such as heterozygosity (He); minor allele frequency (MAF) and polymorphism
information content (PIC) were also calculated. He provides information on the likelihood
of particular loci being heterozygous; hence, He is a fundamental metric for estimating
the genetic diversity in a population in terms of gene diversity at a locus [48,49]. He is
calculated using the following formula:

He = 1 − ∑I
i=1 Pi2

wherein I represents the distinct number of alleles at a particular locus and Pi represents the
frequency of allele I within the population [50]. MAF is a measurement of the frequency of
the second most common allele in the population [51], and is calculated using the formula:

MAF =
minor allele count in the population
Total allele count in the population

65



Curr. Issues Mol. Biol. 2023, 45

Usually, MAF < 0.05 are excluded. PIC, on the other hand, is useful for measuring
the polymorphism detection capability of markers within a population, and is calculated
as follows:

PIC = 1 − ∑n
i=1 Pi2 −

(
∑n

i=1 Pj2
)2 − ∑n

i=1 Pi4

where in Pi and Pj represent the frequencies of a selected marker’s ith and jth alleles,
respectively [49,52]. Polymorphisms with PIC higher than 0.50 are considered very in-
formative, while polymorphisms with PIC between 0.25–0.50 are considered somewhat
informative [49].

2.7. Analysis of Genome-Wide Variation and Phylogenetic Relationships

For downstream genetic variation and phylogenetic analyses, the VCF files produced
after variant pruning were preprocessed using the vcfR package [53] RRID:SCR_023453
in R. Principal component analysis (PCA) was performed using the Poppr package [54]
RRID:SCR_023452 and visualized using ggplot2 [55] RRID:SCR_014601 to project the
variation among the samples involved in terms of these genome-wide polymorphisms.
To quantitatively assess genetic diversity, the expected heterozygosity (He) of each locus
was calculated. Phylogenetic analysis was conducted using the Poppr package through a
neighbor-joining algorithm [56] with 1000 bootstrapping. Analysis using the Poppr package
was executed following the publicly available workflows and code structures [57].

3. Results

3.1. DNA Extracts and Quality of Generated Sequence Reads

The extracted DNA from the nine abaca varieties and two additional accessions,
namely ‘Luno Green’ and Samoro, were of sufficient purity, with A260/A280 ratios ranging
from 2.161 to 3.056; A260/A230 ratios ranging from 0.373 to 0.738; and DNA concentration
ranging from 266.50 to 641.35 ng/μL (Table S1). The DNA quality and quantity were
sufficient to pass the quality control procedures for next-generation sequencing.

Whole-genome resequencing through the Illumina Hiseq platform generated a total of
646,842,305 sequences, ranging from 37,019,179 to 83,388,873 sequences across the varieties,
and equivalent to a total of 1,053,306,114 sequence reads (Table S2). The reads were
determined to have sufficient base quality scores (Figure S1) but were highly contaminated
with Nextera sequencing adapters (Figure S2). After base quality and adapter trimming
with Trimmomatic, the mean base quality scores (>35) improved (Figure S3) and all adapters
were successfully removed (Figure S4). This step retained 64–90% of the bases, which were
then used for mapping to the reference genome.

3.2. Mapping Quality Statistics

The quality-filtered sequence reads were used for mapping to the polished version
(through the PILON v1.22 program) of the reference genome [30]. This step also included
the mapping of Musa reads [33] for M. textilis (T genome, 2n = 2x = 20) as well as for other
diploid relatives, namely, M. acuminata (A genome, 2n = 2x = 22), M. balbisiana (B genome,
2n = 2x = 22) and M. troglodytarum (T genome, 2n = 2x = 20) [58,59]. The BWA program was
used for this step, resulting in mapping of the reads at 22–46× coverage and the calculated
mean mapping qualities (MQ) having scores ranging from 35.8–38.4 across the resequenced
samples (Figure 1).

Mapping of the Musa sequence reads [33] to the abaca reference genome revealed most
accessions to map to the reference at >20× coverage except for SRR9734079 (M. balbisiana,
18.4×), SRR9850640 (M. balbisiana, 11.0×) and SRR9850641 (M. troglodytarum, 5.8×). Mean
MQ values across these accessions also ranged between 17.9–37.1.
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(a) 

 
(b) 

Figure 1. Sequencing coverage (a) and mapping quality evaluation (b) results generated through
Qualimap across abaca cultivars and Musa accessions. The graph was generated using Microsoft
Excel 2010s.

3.3. Variant Calling and Filtering Statistics

To mine and analyze the SNP and InDel polymorphisms within M. textilis and among
Musa spp., variant calling was performed using the SAMtools and BCFtools programs.
Variant calling produced a VCF file for polymorphisms within M. textilis containing
19,189,434 SNPs and 1,400,947 InDels (Table 2).

Table 2. Variant calling and filtering statistics.

Within M. textilis Among Musa spp.

SNPs InDels SNPs InDels

Total 19,189,434 1,400,947 42,647,249 2,466,646
High quality (MQ > 40), biallelic 15,410,778 1,109,789 34,643,663 1,933,417
High quality (MQ > 40), multiallelic 388,338 135,230 1,814,554 2,31,670
Number of transitions (Ts) 108,067 N/A 18,106 N/A
Number of transversions (Tv) 22,701 N/A 13,138 N/A
Ts/Tv ratio 4.76 N/A 1.38 N/A
Retained after LD pruning 635,945 84,711 2,130,711 192,835
Number of loci with at most 10% missing genotypes 130,768 13,620 31,244 577

Among these, the number of high-quality (MQ > 40) and biallelic SNPs and InDels was
15,410,778 and 1,109,789, respectively. Another VCF containing polymorphisms between
and among Musa spp. (M. textilis, M. acuminata, M. balbisiana and M. troglodytarum) was
produced and contained 34,643,663 and 1,933,417 high-quality and biallelic SNPs and
InDels, respectively.

Despite the huge number of polymorphisms, a total of 15,799,911 high-quality poly-
morphisms within M. textilis and 34,253,534 high-quality polymorphisms among Musa spp.
were found to be correlated in terms of linkage (r2 > 0.2). To avoid capturing loci with redun-
dant genetic information, these polymorphisms were pruned, retaining 635,945 SNPs and
84,711 InDels within M. textilis, and 2,130,711 SNPs and 192,835 InDels among Musa spp. To
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ensure the accuracy of downstream multivariate and phylogenetic analysis, only loci with
at most 10% missing genotypes were selected, retaining 130,768 SNPs and 13,620 InDels
within M. textilis and 31,244 SNPs and 577 InDels among Musa spp.

A small portion of multiallelic variants within M. textilis was also discovered, con-
sisting of 2.5% and 10.9% of the total SNPs and InDels, respectively (Figure 2). Among
Musa spp., multiallelic variants consist of 5.0% and 10.7% of the total SNPs and InDels,
respectively. While SNPs are known to be mostly biallelic in nature, up to four SNP
alleles were detected within M. textilis, wherein 380,772 were triallelic and 7566 were
tetra-allelic. Likewise, among Musa spp., up to four SNP alleles were found, comprising
1,748,160 triallelic SNPs and 142,145 tetra-allelic SNPs. For InDels, up to 18 alleles were
detected, wherein 75,949 triallelic InDels (6.1% of total InDels) comprise most of the multial-
lelic InDels within M. textilis, and 142,145 triallelic InDels (6.6% of total InDels) comprising
most of the multiallelic InDels among Musa spp. (Figure 2).

 

Figure 2. Frequency distribution of multiallelic SNPs and InDels within M. textilis and among Musa
spp. The graph was generated using Microsoft Excel 2010.

Calculation of transitions (Ts) and transversions (Tv) among the mined high-quality
and pruned SNPs within M. textilis and among Musa spp. revealed a higher frequency of
occurrence of transitions over transversions (Figure 3).

  
(a) (b) 

Figure 3. Percentage distribution of transitions and transversions among the discovered SNPs within
M. textilis (a) and among Musa spp. (b). The pie chart was generated using Microsoft Excel 2010.

Within the M. textilis species, the Ts/Tv ratio was calculated to be 4.76 (Table 2).
Among Musa spp., however, the Ts/Tv ratio was calculated to be 1.38.

To compare this dataset with existing literature, SNPs were mined within M. acuminata
only using the accession numbers SRR8989629, SRR8989632 and SRR8989638 [33]. The
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mined SNPs were found to have a Ts/Tv ratio of 1.77 (Table S3), which is not far from the
published findings [60] for M. acuminata in East Africa (Ts/Tv = 1.37).

3.4. Genome-Wide Variation and Phylogenetic Relationships within Musa textilis

The retained 130,768 SNPs and 13,620 InDels within M. textilis, and 31,244 SNPs and
577 InDels among Musa spp. in Table 2, represent the variants that passed the quality
control procedures, and represent the genome-wide SNPs and InDels considered to be at
linkage equilibrium.

The genome-wide variation between abaca varieties and accessions was visualized
through multivariate analysis by PCA (Figure 4).

 
(a) 

 
(b) 

Figure 4. PCA plot displaying genetic variation among 16 abaca varieties and accessions in terms of
their genome-wide SNPs (a) and InDels (b). These are represented by 130,768 and 13,620 LD-pruned
loci, respectively, with at most 10% missing genotypes. The first and second components in the SNP
PCA plot were able to explain 39.4% and 14.4% of the variance, respectively. The first and second
components in the InDel PCA plot were able to explain 17.8% and 11.4% of the variance, respectively.
Plots were generated using RStudio 2022.02.3.

The Abuab, Inosa and ‘Luno Green’ varieties were observed to have coinciding and
indistinguishable points in PCA, while the Luno and Hagbayanon varieties were observed
to have partially coinciding points. The rest of the samples have points that are clearly
distinguishable from each other in PCA.

Calculation of PIC, He and MAF across the 130,768 SNPs and 13,620 InDels revealed
quantitative estimates of the genetic diversity among the abaca varieties and accessions
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(Table 3). In this study, the diversity among the abaca cultivars was found to be equivalent
across SNPs and InDels. The mean PIC across SNPs and InDels was found to be moderate
(0.312 and 0.332, respectively). Gene diversity, represented by He, was calculated to be
higher in this study than the cross-species markers. MAF calculations were likewise found
to be higher in this study than the cross-species SNPs. This indicates that the marker set in
this study is more capable in detecting rare variants in populations.

Table 3. Mean polymorphism information content, expected heterozygosity, minor allele frequency
and nucleotide diversity across SNPs and InDels scored on 16 M. textilis varieties and accessions.

Diversity Metrics
This Study [24]

SNPs InDels SNPs

PIC 0.312 ± 0.068 0.332 ± 0.076 -
He 0.396 ± 0.106 0.431 ± 0.111 0.281 ± 0.135

MAF 0.310 ± 0.126 0.362 ± 0.124 0.196 ± 0.132

A neighbor-joining (NJ) tree was also generated using Hamming distance (through
the bitwise.dist function) for calculation of pairwise genetic distances, i.e., the proportion
of dissimilar loci between varieties/accessions [61] (Figure 5).

The NJ tree generated using the genetic distances generated for the SNP genotypes
grouped the varieties and accessions into three main monophyletic groups. The acces-
sions [33], namely, SRR9696635, SRR8989639 and SRR9850642, as well as the abaca varieties
in the current study, namely Laylay, Tangongon, Tputi, Kutaykutay, Hagbayanon, Luno,
‘Luno Green’, Abuab and Inosa, were grouped within the first main clade. The Samoro
and Socorro varieties made up the second main clade, and the Ihalas accession is the lone
constituent of the third clade (Figure 5a). Within the first clade, the Abuab, Inosa and ‘Luno
Green’ varieties clustered together and were deeply separated from the other varieties and
accessions. The branch length that immediately precedes their divergence was found to be
significantly longer than the other varieties. On the other hand, the Socorro, Samoro and
Ihalas varieties experienced the fewest mutations among the other varieties and accessions.

 
(a) 

Figure 5. Cont.
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(b) 

Figure 5. Unrooted neighbor-joining tree displaying phylogenetic relationships among 16 abaca
varieties and accessions in terms of their genome-wide SNPs (a) and InDels (b). These are represented
by 130,768 and 13,620 LD-pruned loci, respectively, with at most 10% missing genotypes. Values
on nodes represent bootstrap support out of 1000 NJ bootstrap sampling using Hamming distance
for genetic distance calculation. The accessions SRR9696635, SRR8989639 and SRR9850642 were not
identified in terms of their varietal identity [33], and hence were labeled as accession numbers. Trees
were generated using RStudio 2022.02.3.

3.5. Genome-Wide Variation and Phylogenetic Relationships among Musa Species

PCA of the SNP and InDel genotypes using the VCF file containing polymorphisms
among Musa spp. distinguished M. textilis and M. troglodytarum species, and distinguished
each of the Musa accessions, indicating the resolving power of InDels for genetic differenti-
ation (Figure 6).

(a) 

Figure 6. Cont.
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(b) 

Figure 6. PCA plot displaying genetic variation among Musa species in terms of their genome-wide
SNPs (a) and InDels (b). These are represented by 31,244 and 577 LD-pruned loci, respectively,
with at most 10% missing genotypes. The first and second PCA components in the SNP PCA plot
were able to explain 69.3% and 9.4% of the variance. The first and second PCA components in
the InDel PCA plot were able to explain 27.0% and 7.9% of the variance. Species labels ‘Musa
balbisiana’, ‘Musa troglodytarum’, ‘Musa acuminata’ and ‘Musa textilis’ represent the species Musa
balbisiana, M. troglodytarum, M. acuminata and M. textilis, respectively. Plots were generated using
RStudio 2022.02.3.

The M. balbisiana and M. acuminata accessions, however, did not form separate clus-
ters. Nevertheless, the SNP and InDels were able to group the accessions into M. textilis,
M. troglodytarum and M. acuminata/balbisiana. In addition, PCA analysis of the InDel
genotypes also enabled separation among all samples involved (Figure S5).

Like the polymorphisms within M. textilis, genetic distances were likewise calculated
among all Musa accessions involved in this study (Table S5). The rooted unweighted
pair group method with arithmetic mean (UPGMA) analysis using the genetic distances
generated for the SNP genotypes (Figure 7a) showed that all abaca varieties and accessions
formed a monophyletic group and are closely related with M. troglodytarum among other
Musa spp. UPGMA analyses of the InDel genotypes (Figure 7b), however, showed cluster-
ing of the M. troglodytarum accessions within the M. textilis clade, particularly the subclade
containing SRR9850642, SRR8989639, Luno, Hagbayanon, Tputi, Tangongon, Kutaykutay,
Laylay, Ihalas, Socorro, Samoro and SRR9696635. This subclade is distinct from the other
subclade that contains the other varieties of M. textilis, which includes Inosa, Abuab and
‘Luno Green’.
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(a) 

 
(b) 

Figure 7. Rooted unweighted pair group method with arithmetic mean (UPGMA) tree displaying
phylogenetic relationships among Musa accessions in terms of their genome-wide SNPs (a) and
InDels (b). These are represented by 31,244 and 577 LD-pruned loci, respectively, with at most 10%
missing genotypes. Values on nodes represent bootstrap support out of 1000 UPGMA bootstrap
sampling using Hamming distance for genetic distance calculation. M. textilis accessions are labeled
in purple, M. troglodytarum accessions are labeled in pink, M. acuminata accessions are labeled in
green and M. balbisiana accessions are labeled in orange. For both trees, the SRR9734079 M. acuminata
accession was used as outgroup from where the trees were rooted. Trees were generated using
RStudio 2022.02.3.

3.6. Genetic Characterization of the Musa Accessions

Homozygosity statistics calculated through the VCFtools program across all acces-
sions revealed Abuab, Inosa and ‘Luno Green’ to have a significantly low homozygosity,
indicating a significantly high heterozygosity among all accessions (Figure 8).
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Figure 8. Graphical comparison of homozygosity statistics per individual (variety and accession)
based on genome-wide SNPs. Labels starting with ‘Mbalbisiana’, ‘Mtroglodytarum’, ‘Macumi-
nata’ and ‘Mtextilis’ represent varieties/accessions under the Musa balbisiana, M. troglodytarum,
M. acuminata and M. textilis, respectively. The specific varieties/accessions are indicated following
the aforementioned labels. The pie chart was generated using Microsoft Excel 2010.

The inbreeding coefficient calculations further support these findings, wherein Abuab,
Inosa and ‘Luno Green’ were ranked last and highly negative in terms of inbreeding
coefficient (F) (Table 4).

Table 4. Inbreeding coefficient (F) statistics across Musa accessions.

Accession/Variety Species N_SITES F

SRR8989629 M. acuminata 30,123 0.93086
SRR6147592 M. balbisiana 30,963 0.928
SRR9850640 M. balbisiana 28,416 0.92696
SRR9734079 M. balbisiana 30,554 0.9252
SRR8989632 M. acuminata 30,643 0.91983
SRR8989633 M. balbisiana 31,192 0.91946
SRR8989638 M. acuminata 30,648 0.91891
SRR9850641 M. troglodytarum 25,747 0.86544
SRR8989640 M. troglodytarum 31,205 0.8618
SRR9734080 M. troglodytarum 31,204 0.85997
Ihalas M. textilis 30,374 0.57407
Kutaykutay M. textilis 31,079 0.53542
Tputi M. textilis 31,165 0.52615
Samoro M. textilis 30,835 0.46154
Socorro M. textilis 30,819 0.45137
Tangongon M. textilis 31,072 0.40478
Laylay M. textilis 30,220 0.35956
SRR9696635 M. textilis 31,032 0.04446
SRR8989639 M. textilis 31,185 0.02363
SRR9850642 M. textilis 31,214 0.02259
Luno M. textilis 30,726 −0.37979
Hagbayanon M. textilis 30,791 −0.38391
Abuab M. textilis 29,625 −3.893
LunoGreen M. textilis 29,761 −3.90269
Inosa M. textilis 31,039 −3.97664
Abuabref M. textilis 31,180 −3.99309
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4. Discussion

The persisting problems of destructive abaca diseases and abiotic stresses and the
slow development of abaca breeding programs for disease resistance and climate resilience,
aggravated by confusions in the true identity of abaca varieties and unavailability of abaca
genome-based genetic marker resources, impede the Philippine abaca industry.

The whole-genome resequencing approach is a useful method for identification of
genome-wide polymorphisms vital for plant genetic resources management [62]. While
a high read depth would provide assurance in genotype calling accuracy, applying this
for a large number of samples can be expensive. A cost-effective solution in mining true
polymorphisms is the low-depth resequencing of several individuals, which is based on
the information that true variants are expected to appear multiple times upon mapping
of sequence reads to the reference [28]. In Musa, this resequencing approach has been
previously employed [63] for detection of hidden diversity within the Musa itinerans species
by mining genome-wide variation using sequencing data with 15.5× coverage. This
approach was employed in another study (through resequencing of at least 20× coverage)
for multiple Musa species to generate and analyze genomic resources for polymorphism
detection usable for studying Musa evolution, diversity and breeding [33].

The current study utilized the resequencing approach in an attempt to capture genetic
diversity and relationships among abaca cultivars and among Musa spp. That are important
for addressing the scarcity of genetic information and resources vital for efficient abaca
breeding programs. Specifically, these are the lack of abaca genome-based genetic markers
usable for accurate identification of abaca varieties used for mass cultivation and as breed-
ing materials, and the lack of genetic marker resources for identification of polymorphisms
across Musa spp. that are associated with agronomically and economically important traits.

The first steps undertaken were the resequencing of 11 abaca varieties and accessions
at a minimum of 20× coverage and mapping the reads to the abaca reference genome [30].
The calculated base quality scores (>35) indicate high confidence in the base calls from the
sequencing (Figure S3). The calculated coverages (22–46×) matched the coverage used in a
related study [33], hence indicating the sufficiency of the reads for variant calling using the
abaca reference genome previously assembled at high (65×) coverage [30] (Figure 1). Using
the MQ formula [64], the MQ scores among the resequenced abaca samples (35.8–38.4)
indicate a very low 0.014–0.026% probability that the reads were incorrectly mapped to the
reference genome. The reads, therefore, were uniquely mapped to the reference genome,
indicating the high accuracy of the mapping step (Figure 1).

Mapping of the published Musa sequence reads [33] to the abaca reference genome [30]
produced similar coverages (except for three accessions) and lower MQ values. Calculation
of the mismapping probability reveals 0.02–1.62% probability that the reads were incorrectly
mapped. Hence, even though the MQ values for these accessions were lower than the
resequenced abaca samples and the coverage obtained for SRR9850640 and SRR9850641 are
significantly lower than the other accessions, their mapping accuracy to the abaca reference
genome is nevertheless satisfactory.

Mining of genome-wide SNPs and InDels was achieved using a bioinformatics pipeline
featuring SAMtools and BCFtools. This step produced 20,590,381 variants within M. textilis,
consisting of 93.2% SNPs and 6.8% InDels, and 47,580,541 variants among M. textilis,
M. acuminata, M. balbisiana and M. troglodytarum, consisting of 94.8% SNPs and 5.2% InDels.
This number of polymorphisms among Musa spp. is significantly higher compared to those
within M. textilis polymorphisms owing to the higher expected interspecific (i.e., between-
species) genetic diversity than infraspecific (i.e., within-species) genetic diversity. Among
the mined polymorphisms, the high-quality (MQ > 40) SNPs and InDels were selected,
and accounted for 80.3% and 79.2% of their respective total number within M. textilis, and
76.7% and 78.3% of their respective total number among the Musa spp. Even though mean
MQ values around 17 were regarded as acceptable based on the equivalent mismapping
probability, filtering of individual polymorphisms was based on more stringent MQ values
to ensure optimal accuracy of these mined polymorphisms.
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Since the majority of the polymorphisms have MQ above 40, this indicates that most
of the genomic loci have accurately mapped reads. The accuracy of the identified poly-
morphisms is further assured by the fact that most of the polymorphisms within M. textilis
have MQ values within the range of 57.5–60.0 (Figure S6). This MQ range indicates a
1/100,000 probability that the reads were incorrectly mapped, therefore giving information
that the reads were indeed uniquely mapped to the reference genome [28,63].

While both SNPs and InDels are predominantly biallelic, multiallelic loci were also
identified. For SNPs, the percentage of multiallelic loci is justifiably small (~2.3–4.7% of the
total number of SNPs), owing to their supposedly biallelic nature [65]. The percentage of
multiallelic SNPs is notably higher among the four Musa spp. than within M. textilis. SNP
loci with greater than two alleles, such as those stated for triallelic loci [66], enable better
genetic discrimination than biallelic loci. This highlights the possible role of multiallelic
SNPs in genetic and phenotypic differentiation among the Musa spp. For InDels, which
are naturally multiallelic, a total of 18 alleles were identified and have similar proportions
within M. textilis and among Musa spp. Even though a high number of alleles were
identified, setting the mapping quality threshold to MQ > 40 ensures accuracy of these
mined InDels.

Further analysis of the SNPs revealed the transition/transversion ratio to be higher
within M. textilis (4.76) than among Musa spp. (1.38). Transitions are single-base mutations
resulting in the nucleotide with the same number of rings as the wild type (e.g., purine
to purine mutation), while transversions occur as a result of mutation of the wildtype
nucleotide base into a base with different number of rings (e.g., purine to pyrimidine
mutation) [67]. Since transversions have a higher potential in altering the primary struc-
ture of encoded proteins and are more likely to alter the shape of the DNA backbone,
transversions have higher impacts on gene regulatory elements and consequentially on
gene expression [67]. Since SNPs have lower Ts/Tv ratios among Musa spp., there is a
higher rate of transversion; this could be another source of phenotypic differences among
the Musa spp.

The current study thus suggests that the higher percentage of multiallelic loci and
higher transversion rate among the four Musa spp. than within the M. textilis species
contributed to the genetic differentiation across the four Musa spp., and these findings
can serve as a basis for further research on the phenotypic implications of these genetic
variations in Musa.

Multivariate analysis (through PCA) of the high-quality polymorphisms that were
pruned for linkage disequilibrium revealed genetic variation within M. textilis and among
Musa spp. PCA of the SNP genotypes within M. textilis revealed a high similarity between
the Abuab reference and the resequenced Abuab variety. It also enabled differentiation
among abaca varieties based on their SNP profiles, except for two sets of varieties in
which their SNP profiles were projected by coinciding points (Figure 4a). The overlapping
points by Abuab, Inosa and ‘Luno Green’ varieties indicate their high genetic similarity
in terms of SNPs. This provides evidence that the uncharacteristic morphology of the
‘Luno Green’ accession is a result of mislabeling in the field as a Luno variety. This is
supported by initial morphological characterization studies by PhilFIDA revealing some
Inosa collections possess the green male flower coloration observed for ‘Luno Green’.
Using the genome-wide InDel genotypes, PCA resulted in improved resolution among the
abaca samples, as represented by the absence of coinciding points (Figure 4b). Calculation
and comparison of mean PIC, however, show equivalent mean PIC between the InDel
loci (0.33 ± 0.08) and SNP loci (0.31 ± 0.07) (Table 3), both of which display moderate
polymorphism detection capability.

Calculation of He for each locus provided information on genetic diversity among the
M. textilis varieties and accession. In comparison with the only published literature on abaca
SNPs, i.e., the banana genome-based SNP markers cross-species adapted into abaca [18],
this current study produced a significantly higher He than the cross-species markers. This
therefore indicates the higher capability of the abaca genome-based SNPs mined in this
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study to capture genetic variation within the M. textilis species compared to the cross-
species markers. The mean MAF calculations, which are also genetic diversity metrics
since they measure the frequency of the second most common allele in the population [51],
were also found to be higher across the SNP loci in the current study than those in the
cross-species adapted SNPs [24]. These metrics therefore indicate sufficient capability
of the polymorphism markers mined in this study to capture genetic diversity within
the M. textilis species, and thus are usable for genetic differentiation applications such as
varietal identification.

To elucidate phylogenetic relationships within M. textilis, a neighbor-joining tree
generation approach was conducted. The calculated pairwise genetic distances among the
abaca varieties and accessions are listed in Table S4. Since the branch length indicates the
degree of evolutionary divergence such as the number of substitutions along a particular
branch, NJ analysis using Hamming distances revealed extensive mutations experienced
by Abuab, Inosa and ‘Luno Green’ compared to the rest of the varieties and accessions, as
evidenced by their long branch length and deep separation from the rest of the varieties
and accessions [68]. This is supported by the PCA plot in Figure 4a, wherein these varieties
are closely clustered with each other and away from the other varieties and accessions.
The Abuab reference genome was found to be 0.7 ± 0.1% dissimilar (on average) with
Inosa and ‘Luno Green’ in terms of the genome-wide SNPs and 4.2 ± 0.3% dissimilar in
terms of the genome-wide InDels. In contrast, the Abuab reference genome was calculated
to be 18.1 ± 6.3% and 14.2 ± 3.1% dissimilar with the rest of the abaca varieties and
accessions in terms of the genome-wide SNPs and InDels, respectively. The extensive
mutations experienced by the Abuab and Inosa varieties are explained by their extensive
domestication due to their popularity as commercial varieties. Since seeds have been
rampantly used as planting materials during the 1900s and the abaca reproductive cycle
consists of alternating emergence of male and female flowers (thereby preventing selfing
events), genetic variability arising from continuous cross-pollination within the population
most likely occurred [9]. In contrast, the Socorro, Samoro and Ihalas varieties were observed
to form a separate cluster away from the rest of the abaca samples and shared the oldest
common ancestor. The separate clades formed by these three abaca varieties are explained
by genetic isolation by distance (IBD). IBD occurs due to the limit in gene flow as a result of
geographical isolation [69]. The Socorro and Samoro varieties are popularly planted only
in the Mindoro province, while the Ihalas variety is a wild variety known to exist only in
the Leyte province.

Both the NJ tree for the SNP and InDel loci clustered together the pairs Samoro and
Socorro, Luno and Hagbayanon and Tangongon and Tputi (Figure 5b). The branch lengths
within these pairs, however, have higher length differences observed in the InDel NJ tree
compared to those observed in the SNP tree, indicating a higher degree of separation within
these pairs of varieties due to differences in the number of InDel mutations, which typically
arise from polymerase slippage and unequal meiotic crossing-over [70]. To establish
phylogenetic relationships among Musa spp., UPGMA analysis was performed. Within
M. textilis, the Ihalas was observed to be the abaca accession closest to M. troglodytarum, and
the clusters that were formed were in agreement with Figure 5a. Since Ihalas was reported
by farmers in Leyte to display tolerance to abaca viral disease, its close relationship with a
banana species could have contributed to its disease tolerance. Banana species, especially
M. balbisiana, were widely documented to possess degrees of tolerance to viral diseases,
e.g., [71]. These data, hence, support the use of Ihalas as a potential source of disease
resistance genes and as a candidate for intraspecific hybridization.

Since SNPs are the most abundant genetic variation and are significantly more abun-
dant than InDels (Table 2), the phylogenetic clustering based on SNPs observed in Figure 7a
indicates the phylogenetic relationships across Musa spp., and then the insertion/deletion
events in Figure 7b may likely contribute to enhancement of genetic diversity among Musa
spp. and within M. textilis. These findings, together with the homozygosity data in Figure 8
and inbreeding coefficient calculations in Table 4, complement the NJ analysis results
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in Figure 5a, further supporting that the Abuab and Inosa varieties resulted from abaca
being highly cross-pollinated due to alternating emergence of male and female flowers
and extensive domestication exacerbated by the utilization of seeds as planting materials
during the early times [9]. The results, therefore, indicate that the Abuab, Inosa and ‘Luno
Green’ varieties have accumulated the most mutations among varieties and accessions in
this study, and could be interesting sources of possibly advantageous mutations leading to
disease resistance, abiotic stress resistance (including climate change adaptability) and good
agronomic traits. Since Abuab and Inosa are NSIC-registered varieties, the advantageous
characteristics of these varieties, hence, could have arisen from advantageous phenotypes
caused by accumulation of advantageous mutations over time.

Overall, this study successfully mined genome-wide SNPs and InDels in abaca, which
served as highly important resources for genetic marker discovery and downstream appli-
cations in genetic resources management such as varietal identification. Their potential as
genetic marker resources is exemplified by their capability to detect variation within the
M. textilis species and between Musa textilis, M. acuminata, M. balbisiana and M. troglodytarum.
This is further supported by the elucidated genome-wide variations, genetic diversity and
evolutionary relationships among abaca varieties and other Musa spp. While markers for
abaca genetics studies were developed in the past few years, these markers were based
on the banana genome. This study, hence, is the first report on genome-wide polymor-
phisms across abaca varieties based on the genome of abaca itself. Consequently, this is
a pioneering work elucidating the genome-wide variation and evolutionary information
across abaca varieties and among the four Musa species.

The genetic markers with sufficient diversity and polymorphism detection capability
generated in this study will be impactful for the development of abaca genome-based assays
for routine identification of abaca varieties and accessions. The mined polymorphisms
among abaca and the more extensively studied banana will be important resources for
identifying genes (through comparative genotyping) that may be important for abaca crop
improvement and climate change adaptability. Altogether, these will lead to an efficient
and effective abaca breeding program that will highly benefit the Philippine abaca industry
and its global stakeholders.

For future studies, more phenotypically associated markers will need to be mined
from the between-Musa polymorphisms identified in this study to enable the discovery of
polymorphisms in the widely studied banana species that are linked to important traits.
Since phylogenetic analysis using the genome-wide SNPs revealed the Abuab and Inosa
varieties to have experienced a significant number of mutations, further characterization
studies of these two varieties are recommended. This will identify agronomically important
traits that resulted from accumulation of possibly advantageous characteristics.
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Abstract: Salinity is a major factor limiting rice productivity, and developing salt-tolerant (ST) va-
rieties is the most efficient approach. Seventy-eight ST introgression lines (ILs), including nine
promising lines with improved ST and yield potential (YP), were developed from four BC2F4 popula-
tions from inter-subspecific crosses between an elite Geng (japonica) recipient and four Xian (indica)
donors at the Institute of Crop Sciences, Chinese Academy of Agricultural Sciences. Genome-wide
characterization of donor introgression identified 35 ST QTLs, 25 of which harbor 38 cloned ST genes
as the most likely QTL candidates. Thirty-four are Xian-Geng differentiated ones with the donor
(Xian) alleles associated with ST, suggesting differentiated responses to salt stress were one of the
major phenotypic differences between the two subspecies. At least eight ST QTLs and many others
affecting yield traits were identified under salt/non-stress conditions. Our results indicated that the
Xian gene pool contains rich ‘hidden’ genetic variation for developing superior Geng varieties with
improved ST and YP, which could be efficiently exploited by selective introgression. The developed
ST ILs and their genetic information on the donor alleles for ST and yield traits would provide a
useful platform for developing superior ST and high-yield Geng varieties through breeding by design
in the future.

Keywords: salt tolerance; selection; correlated phenotypic responses; QTL clusters; rice

1. Introduction

Rice is one of the most important staple crops feeding half the world’s population. It
is expected that the world population will continue to grow and exceed nine billion by
2050, which demands a nearly 70% increase in food production [1]. Primarily grown in
Asia, rice crops suffer a wide range of abiotic stresses such as salt, submerge, and extreme
temperatures [2]. Among these abiotic stresses, soil salinization is an alarming issue, as
it affects more than 6% of the agricultural land worldwide, particularly along the coastal
areas of rice-growing countries. Furthermore, the threat of salinity to rice production
is expected to increase as the sea level rises from global warming [3,4]. The damaging
effects of salt stress on rice plants usually include decreased photosynthesis, inhibited plant
growth, biomass loss, partial sterility, and thus varied degrees of yield losses [5,6]. Most
rice varieties are sensitive to salt, and their sensitivities change with age, most acute at the
seedling (2–3 leaf) age, moderately tolerant at the tillering stage, and highly sensitive at
the reproductive stage [7,8]. Different rice accessions are known to vary considerably in
their salt tolerance (ST). The use of salinity-resistant rice varieties is an important topic,
especially in organic farming, with regard to the reduction of synthetic products and
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chemical fertilizers and to increase product quality, such as the ‘Green Super Rice (GSR)’
which is based on the results of functional genomics research, improving the new varieties
with less pesticide and fertilizer, water saving and drought/salt tolerance, high quality and
yield were used to realize the fundamental transformation of crop production mode and
promote the green development of agriculture [9]. Thus, developing ST rice varieties is
the most effective approach to increasing rice productivity, particularly in the coastal areas
of Asia.

In the past decades, most breeding efforts for developing ST rice varieties have used
relatively few ST accessions as ST donors in their crossing schemes with limited success.
This is largely because ST in rice is a quantitative trait controlled by multiple genes and
involves complex biological and genetic mechanisms [10,11]. To facilitate the genetic im-
provement of rice ST, considerable signs of progress have been made in identifying genes
and quantitative trait loci (QTLs) controlling ST and its components in rice using bi-parental
segregating populations or random germplasm populations in the past two decades, result-
ing in the identification of hundreds of ST QTLs across the rice genome [11,12]. However,
past research on the genetic and molecular dissection of rice ST has been primarily focused
on ST at the seedling stage. This is largely because young rice seedlings tend to be more
sensitive to salt [13] and partially because it is easier to evaluate rice ST at the seedling
stage. Although rice suffers more yield reduction from salt stress at the reproductive stage,
phenotyping rice ST at the reproductive stage in genetic and breeding research has been
considered to be more time-consuming and laborious [14,15]. More importantly, rice ST at
the seedling stage is poorly correlated with its ST at the tillering and reproductive stages,
indicating different sets of genes involved in ST at different developmental stages [8,16].
Among the few reported studies on rice ST at the reproductive stage, Mohammadi et al.
(2013) reported the identification of 35 QTLs for 11 traits associated with ST at the repro-
ductive stage in an F2 population of cross Sadri/FL478, most of which were found to
be novel [17]. Mondal et al. (2022) also reported the identification of 40 ST QTLs in a
large BC1F2 population [18]. In both cases, ST QTLs were identified in the F2 or BC1F2
population, in which the phenotypic effects of the ST QTLs were determined based on
their associations with yield-related traits under salt stress. Thus, it remains unknown if
these QTLs affect the same traits under non-stress conditions, which is of great interest to
breeders. Saltol, a major QTL on chromosome 1 for ST at the seedling stage [19], is known to
be associated with an ST component, the Na+/K+ ratio, at the reproductive stage [20]. An
additional ST QTL gene, SKC1, was reported to function by maintaining K+ homeostasis in
rice [16,21]. Researchers identified several QTLs on rice chromosomes 1, 7, 8 and 12 for ST
at the reproductive stage using a recombinant inbred population. Furthermore, (Takehisa
et al., 2004) reported 17 ST QTLs identified in BC1F9 to BC1F12 populations of Nippon-
bare/Kasalath [22]. Two of these QTLs showed strong epistatic effects. Moreover, (Ammar
et al., 2009) reported 25 QTLs for 17 traits, including seedling salt-injury score, Na+, K+, Cl–

concentrations and Na+/K+ ratio in the leaf and stem at the vegetative and reproductive
stages using an F2:3 population of CSR27/MI48. Meanwhile, considerable progress has
been made in the functional genomic research of rice, which has resulted in the cloning and
functional characterization of at least 50 genes related to rice ST [1,20]. In contrast, theoreti-
cal advances in genome mapping and functional genomic research have not yet been widely
utilized in the genetic improvement of rice ST, except for the successful transfer of Saltol
into some mega-rice varieties by marker-assisted introgression [11], in which FL478 was
almost exclusively used as the ST donor. However, the introgression of single large-effect
genes/QTLs from a few highly tolerant donors for improving rice ST is not the best choice
to resolve the salinity problem, given the large numbers of ST loci involved and possible
epistasis among the identified ST loci [23]. Lack of information on the genetic control
of rice ST at the reproductive stage also limits our efforts in developing ST rice varieties.
Fortunately, an efficient strategy, “selective introgression”, that integrates introgression
of useful genes/alleles from diverse germplasm accessions by BC breeding and strong
phenotypic selection with marker-assisted tracking and characterization of donor alleles
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for target and non-target traits in the selected BC progeny has been well-demonstrated for
simultaneous improvement and allelic mining of abiotic stresses in rice [24].

We report here the presence of a rich but largely ‘hidden’ genetic variation for rice
ST at the vegetative and reproductive stages, yield potential in the rice subspecific gene
pools, and demonstrate a powerful strategy to efficiently exploit and dissect this valuable
source of genetic variation using the strategy of selective introgression, a complex process
involving random introgression of diverse donor segments into an elite genetic background
through backcrossing, strong phenotypic selection plus replicated progeny testing to iden-
tify promising BC progenies with desirable target traits and genetic tracking of donor
segments and gene/QTL identification of selected BC progeny by DNA markers [24].

2. Results

2.1. Selection Efficiencies for Improving ST

The salt stress during the initial screening severely hindered the growth and de-
velopment of the recipient, CY1, and caused a severe reduction in SF (17.1%) and GYP
(2.4 g). However, we were able to select 126 BC2F4 plants which had significantly higher SF
(>32.3%) and GYP (>4.7 g) than CY1, from the 2500 plants of the four BC2F4 populations,
including 24 plants from population CY1/Bg90-2, 30 plants from population CY1/X21,
30 plants from population CY1/X22, 29 plants from CY1/Q5, and 13 plants from population
CY1/SN265, respectively (Supplementary Table S1).

ANOVA of the data from the replicated progeny testing of the 126 selected BC2F5 ILs
under salt stress and non-stress conditions indicated that the variance components between
the salt treatments, among different populations, among ILs within each of the populations
and ILs × stress treatment were all highly significant for all measured traits. In the progeny
testing, CY1 (check) suffered severe reductions in all yield traits, including 19.1 g (84.5%)
reduced GYP, 23.5% (38.3%) reduced SF, 65.0 (56.7%) reduced FGN, 39.7 (29.9%) reduced
SNP, 1.6 g (16.1%) reduced TGW, 3.6 (50.0%) reduced PN, 38.8 cm (31.2%) reduced height,
and 11.7 days (11.1%) delayed heading. Comparatively, the 126 selected ILs suffered much
less with an average 18.5 g (79.0%) reduced GYP, 27.3% (32.5%) reduced SF, 65.0 (49.3%)
reduced FGN, 39.7 reduced SNP (25.2%), 1.6 g (6.7%) reduced TGW, 2.8 reduced PN (41.0%),
36.9 cm (27.2%) reduced height, and only three-day (2.9%) delayed heading.

Of the 126 selected BC2F5 ILs, 80 lines showed significantly (p < 0.005) higher GYP
than CY1 under salt stress in the replicated progeny testing (Table S2), including 17 ILs from
population CY1/Bg90-2 with an average GYP of 10.3 g, 21 ILs from population CY1/X21
with an average GYP of 9.1 g, 18 ILs from population CY1/X22 with an average GYP of
9.1 g, 22 ILs from population CY1/Q5 with an average GYP of 9.4 g, and only two ILs from
the intra-subspecific population of CY1/SN265, which out-yielded CY1 by 48.6–194.3%
(Table S2). Notably, the selection efficiency for improving ST was 9.75 times higher in the
four inter-subspecific populations with Xian donors (3.9%) than in the intra-subspecific
population (0.4%), indicating that the Xian gene pool contained rich useful genetic diversity
for improving ST of Geng cultivars.

2.2. Phenological Mechanisms Underlying Rice ST

When the results of the progeny testing were carefully examined (Table S2), three
interesting observations were noted regarding the phenotypic responses in the yield traits
of ST ILs to salt stress. First, when compared to CY1, the significantly improved ST (GYP
under salt stress) of most ST ILs was associated with significantly higher SF/PH/TGW
and less delayed heading under salt stress, though the higher SF/PH and heading delay
varied considerably in magnitude among ST ILs from different populations. Secondly,
more dramatically reduced SNP was observed in most ST ILs, except those from population
CY1/Bg90-2, compared to CY1. Thirdly, ST ILs from population CY1/Q5 showed less
reduced SF and PN but were accompanied by more dramatically reduced height under salt
stress compared with CY1. These results suggested the presence of different physiological
and genetic mechanisms for the improved ST of different ILs. Under salt stress, GYP was
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positively correlated with PH and its direct components, SNP, PN, and SF, but not with
TGW and negatively correlated with HD (Table S3). A positive correlation also existed
between PH and SNP and PH and HD, while HD negatively correlated with SF in the ST
ILs. Under normal conditions, a positive correlation was observed between GYP and PN or
SNP, between HD and PH or PN, while a negative correlation was observed between HD
and SF.

2.3. Identification and Mapping of ST QTLs

Based on the genotypic data of 210 polymorphic markers, the overall introgression
(heterozygosity) in the initially selected 126 BC2F4 plants was 0.108 (0.013), 0.137 (0.069),
and 0.122 (0.027) in populations CY1/Bg90-2, CY1/X21, and CY1/X22, respectively, largely
fitting the Mendelian expectations (Table S4), but was 0.216 (0.086) in population CY1/Q5,
significantly higher than the Mendelian expectations. To understand the genetic basis of ST
in the selected ILs, we adopted the strategy of selective introgression (Zhang et al., 2021 [22])
to detect the donor genomic segments that were strongly associated with the significantly
improved ST in the 78 ST ILs from the four inter-subspecific populations. Because only
two lines from cross CY1/SN265 were confirmed to have significantly improved ST, this
population was not used for genetic mapping because of the low power in QTL detection.

Based on a threshold of p < 0.001 in the χ2 tests against the average whole genome
introgression of respective populations, we were able to detect 35 ST QTLs on 11 rice
chromosomes, except for chromosome 12 (Figure 1 and Supplementary Table S4). These
included 15 ST QTLs from population CY1/Bg90-2, which showed an average donor
introgression of 0.483, 4.5 times as much as the whole genome introgression of 0.108; nine
ST QTLs from population CY1/X21, which showed an average donor introgression of
0.465, 3.4 times as much as the whole genome introgression of 0.137; 17 ST QTLs from
population CY1/X22 which showed an average introgression of 0.482 or four times as much
as the whole genome introgression of 0.122; and 17 ST QTLs from population CY1/Q5
which showed an average introgression of 0.494 or 2.3 times as much as the whole genome
introgression of 0.216. Important ST QTLs included qST3.4 and qST7.1, which were detected
in all four populations, plus qST2.5 and qST3.2, which were detected in three populations.
Thirteen additional ST QTLs were detected in two of the four populations, while the
remaining 17 were detected in a single population.

We searched the genomic regions 5 cM flanking each (the peak marker) of the identified
ST QTL regions and found that 25 of the 35 ST QTL regions harbor 38 cloned genes
reported to be associated with ST and/or other abiotic stress tolerances (Tables S4 and S7).
Clearly, these are potential candidate genes for the identified ST QTLs. To find additional
evidence supporting these genes as candidates for the identified ST QTLs, we performed
comprehensive gene CDS haplotype (gcHap) analyses for 31 ST genes in the 3000 diverse
rice accessions (Wang et al. 2018 [25]) and the five parents (Figures 2 and S2). Table S7
shows the gcHap diversity (EH) and the number of major gcHaps (gcHapN) in different
rice populations and the parents, which varied considerably for different ST genes. Of these
ST genes, only four genes (DSM3, OsCIPK15, OsHDT1, and OsCIPK15) are conserved ones
with relatively low EH and gcHaoN, while the remaining 34 ST genes are all of Xian-Geng
differentiated type with each subspecies having one predominant (allelic frequency >70%)
but different gcHap. For 31 of the ST loci with the parental gcHap information, the recipient
(CY1) and donors have different gcHaps at 28 ST genes, except for SNAC3, OsMYB48-1,
and OsAKT2. At all 28 ST gene loci, the donor (Xian) gcHaps were associated with ST, while
the CY1 (Geng) alleles were associated with salt susceptibility. However, it was noted that
in 17 of these cases, the same donor alleles (gcHaps) at the ST genes were not detectable in
all populations, even though >2 of the donors had the same gcHaps. For example, all four
donors have Hap3 at OsHAK5, but it was detected as an ST QTL only in CY1/X21. In nine
cases (OsMAPK33, OsAPX8, GnT1, OsPEX11-1, OsSRO1C, OsAPX1, OsHAK16, qSE3, and
OsWRKY08), more than one donor gcHap was associated with ST.
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Figure 1. Genomic distribution of 35 loci (on the left side of rice chromosomes) for salt tolerance
(ST) and 102 QTLs (on the right side of chromosomes) identified by positive selection in 78 ST
introgression lines (ILs) and those ILs selected for high-trait values of seven yield traits from four
BC2F4 populations derived from inter-subspecific crosses between a Geng (japonica) variety, Chaoyou1
(CY1), and four Xian (indica) donors. At all these QTLs, the donor alleles were associated with reduced
trait values.
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Figure 2. Haplotype networks of 10 salt tolerance genes co-localized with four ST QTLs, the frequency
distributions of the major alleles (gcHaps) at each of the loci in five major rice populations (Adm,
Aus, Bas, Geng, and Xian) of the 3000 rice core collections [26], and the associations of major alleles
(gcHaps) at each of the loci with salt tolerance or susceptibility detected in ST introgression lines
from four BC2 populations (Tables S4 and S7); (a–j) subfigures represent genes.
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Figure 2 shows the haplotype networks of the nine most likely candidate genes for
four important ST QTLs identified in ≥3 of the BC populations. For qST3.2, we had two
candidates, OsPEX11-1 and OsCIPK9. OsPEX11-1 encodes a downstream gene in the ABA-
mediated pathway for enhanced ST in rice [27]. Our gcHap analyses identified three major
gcHaps at OsPEX11-1 in rice populations, with Hap2 predominant in subspecies Geng and
CY1 as the susceptibility allele. At the same time, Hap1 and Hap3 were predominant in
subspecies Xian as the candidates for qST2.1 detected in all four Xian donors (Figure 2a,
Supplementary Table S7). OsCIPK9 encodes calcineurin B-like protein-interacting protein
kinase-9, whose non-functional mutant has enhanced ST [28]. Four major gcHaps at
OsCIPK9 are present in rice populations. CY1 carries the susceptibility Hap4 predominant
in subspecies Geng. Differing from Hap4 by four and five synonymous mutations in the
OsCIPK9 CDS region, Hap1 and Hap2 were predominant in subspecies Xian and detected
as the candidates for qST2.1 in the four Xian donors (Supplementary Table S7). A detailed
comparison between Hap4 and Haps1, 2, and 3 indicated these nonsynonymous mutations
occur at exon12 of the gene, causing aa substitutions from Tyrosine to Histidine in exon12
(Figure 1).

For qST3.4, we identified two candidate genes, OsSRO1C and OsAPX1. OsSRO1C en-
codes a rice SRO protein regulated by SNAC1, and the loss-of-function mutant of OsSRO1C
showed increased stomatal aperture and sensitivity to drought [29]. In contrast, OsAPX1
encodes a rice cytoplasm ascorbate peroxidase, which, when transformed into Tobacco
plants, causes enhanced ST [30]. We identified four major gcHaps at OsSRO1C, with Hap2
present only in population Xian and Hap4 only in population Geng. Haps 1, 2 and 3 were
detected as ST QTLs in the four donors, while Hap4 was associated with salt susceptibility
in CY1 (Figure 2c). Similarly, four major gcHaps were identified at OsAPX1, with Hap1
and Hap2 predominant in subspecies Xian, while Hap3 is present only in populations Aus
and Xian for ST. Carried by CY1 for salt susceptibility and predominant in subspecies Geng,
Hap4 differs from Hap1, Hap2 and Hap3 by three, four and five synonymous mutations of
exons 7 on the OsAPX1 CDS region (Figure 2d), which cause an amino acid (aa) substitution
from Arginine to Cysteine in exon7 (Figure 1).

We identified four ST genes, OsAPX8, ZFP185, OsMAPK33 (OsMPK14), and OsCNX6,
in the region of qST2.1 (Figure 1, Supplementary Table S4). OsAPX8 encodes a chloroplast
ascorbate peroxidase, and reduced expression of OsAPX8 leads to enhanced ST in rice [31].
Eight major gcHaps at OsAPX8 are present in rice populations (Figure 2e). CY1 carries
Hap7, which is present in most Geng accessions, while Haps 1 and 2 at OsAPX8 were
candidates for qST2.1 detected in three donors (Q5, X21, and X22) (Supplementary Table S7).
ST Haps 1 and 2 were present in only 493 Xian and Aus accessions and differed from the
susceptibility Hap7 by two and six nonsynonymous mutations in the OsAPX8 CDS region.
ZFP185 encodes a C2H2 zinc-finger protein which interacts with OsMAPK3 to enhance salt
tolerance in rice [27]. We found three major gcHaps at ZFP185 in rice populations, with
Hap2 predominant in subspecies Geng and CY1 for salt susceptibility. Differing from Hap2
by only two nonsynonymous mutations in the gene CDS region, Hap3 is predominant
in subspecies Xian and one candidate of qST2.1 detected in donors Q5, X21, and X22
(Figure 2f, Supplementary Table S7). OsMAPK33 encodes a mitogen-activated protein
kinase whose overexpression leads to enhanced rice sensitivity to salt [32]. Six major
gcHaps are present at OsMAPK33 in rice populations, with Hap3 and Hap4 predominant
in subspecies Geng, while Hap1, Hap 5, and Hap 6 are predominant in subspecies Xian
(Figure 2f, Supplementary Table S7). As one candidate for qST2.1, ST alleles Hap1 and
Hap6 in donors Q5, X21, and X22 differ from the salt susceptibility CY1 Hap4 by only two
nonsynonymous mutations in the OsMAPK33 CDS region. Encoding homologs of MoaE
and MoeA for ST in rice [33], OsCNX6 has eight major gcHaps in rice populations, with
Hap3 predominant in subspecies Xian and Hap4 predominant in subspecies Geng. As one
candidate for qST2.1, ST Hap3 in donors Q5, X21, and X22 differs from the susceptibility
CY1 Hap4 by four nonsynonymous mutations in the OsCNX6 CDS region.
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Only a single candidate ST gene, OsMADS23, was found in the qST8.4-8.5 region.
OsMADS23 is a MADS-box transcription factor gene reportedly to confer rice osmotic stress
tolerance by regulating ABA biosynthesis [34]. With four major gcHaps at OsMADS23
in rice populations (Figure 2f), the tolerance, Hap2, was predominant in subspecies Xian.
Differing from Hap2 by only a single nonsynonymous mutation, the susceptibility Hap4
was present in more than 350 Geng accessions. Interestingly, Hap3 was predominant only
in the population Aus, but it remains unknown for its effect on ST. Taken together, these
results strongly suggested that the donor gcHaps at many of these ST genes were most
likely to be the candidate genes for the identified ST QTLs.

2.4. Correlated Phenotypic Responses from Selection for ST and Mapping of QTLs for ‘Non-Target’ Traits

Under non-stress conditions of the progeny testing, selection for ST (GYP under salt
stress) resulted in correlated responses of significantly increased GYP in 40 (51.3%) of the
78 ST ILs from the four populations by an average of 8.5 g (37.6%) over CY1 under normal
conditions. Most of the correlated responses in GYP could be attributed to significantly
increased SNP in 57 (73.1%) of the ST ILs, with an average SNP of 44.9 (33.5%) over
CY1. This was in contrast to only eight ST ILs that showed significantly reduced GYP
by an average of 7.0 g (31.0%), six of which could be attributed to significantly reduced
SF under normal conditions. Similarly, correlated responses for significantly increased
PH by 19.6 cm occurred in 53 (74.6%) of the ST ILs from populations CY1/X21, CY1/X22,
and CY1/Q56, in contrast to only 5 (7.0%) ST ILs showing significantly reduced average
PH by 10.7 cm under normal conditions. In 35 of these cases, the correlated increases in
PH were associated with delayed heading (Supplementary Table S2). In the same three
populations, the correlated responses by an average 7.6-day delayed heading were observed
in the 48 (67.6%) ST ILs, in contrast to only 3 (4.2%) ST ILs showing significantly early
heading by 4.3 days under normal conditions. Taken together, we were able to identify
nine promising ILs which produced significantly higher GYP under both salt stress and
non-stress normal conditions with very small changes in PH and HD (Table 1). The progeny
testing identified the two best lines, A-12 and C-30, from populations CY1/Bg90-2 and
CY1/X22. With yield increases of 211.4% and 77.4% under salt stress and normal conditions,
line A-12 had significant improvements in all yield traits except for slightly reduced TGW
by 1.7 g, plus 6.6 cm reduced height and three days of delayed heading as compared to
CY1 under normal conditions. With yield increases of 297.1% and 50.9% under salt stress
and normal conditions, line C-30 had significant improvements in all yield traits except for
slightly reduced SF of 4.4%, 18.6 cm shorter and two days of early heading compared to
CY1 (Table 1).

Table 1. Performances of nine promising CY1 introgression lines for seven yield traits under salt
stress and non-stress conditions in the replicated progeny testing.

Lines Donor GYP (g) 1 SF(%) FGN SNP TGW (g) PN PH (cm)
HD

(Days)

A-11 Bg90-2 29.3 81.7 150.5 184.3 22.6 7.7 126.1 108.0
A-12 Bg90-2 40.1 92.9 163.5 176.1 22.5 9.7 117.7 108.0
A-21 Bg90-2 25.9 92.5 153.4 165.9 24.3 6.7 124.5 95.0
A-3 Bg90-2 27.3 95.3 153.6 161.2 26.2 7.0 127.3 112.0
B-5 X21 29.5 92.0 120.3 130.8 23.8 9.7 115.0 108.0
C-2 X22 28.0 87.0 132.5 152.3 26.7 8.3 127.1 104.0
C-30 X22 34.1 83.1 161.0 193.7 26.6 7.7 105.7 103.0
D-10 Q5 32.9 92.5 149.6 161.7 25.4 8.7 130.8 108.0
D-9 Q5 20.0 93.0 106.8 114.8 22.5 7.7 110.6 102.0

Mean 29.7 90.0 143.5 160.1 24.5 8.1 120.5 105.3

CY1 22.6 87.5 124.0 134.2 24.2 7.2 124.3 105.3
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Table 1. Cont.

Lines Donor GYP (g) 1 SF(%) FGN SNP TGW (g) PN PH (cm)
HD

(Days)

A-11 Bg90-2 12.8 63.0 473.0 187.8 23.5 4.0 96.0 107.0
A-12 Bg90-2 10.9 68.6 386.0 140.8 26.5 4.0 89.0 108.0
A-21 Bg90-2 14.6 73.5 476.0 162.0 27.5 4.0 93.0 107.0
A-3 Bg90-2 8.4 83.9 224.0 133.5 27.0 2.0 85.0 108.0
B-5 X21 9.4 66.0 285.0 72.0 23.3 6.0 76.0 118.0
C-2 X22 11.5 78.4 373.0 95.2 22.0 5.0 84.0 115.0
C-30 X22 13.9 73.2 583.0 132.7 23.3 6.0 118.0 106.0
D-10 Q5 11.1 81.1 344.0 84.8 23.3 5.0 98.0 110.0
D-9 Q5 11.7 63.1 352.0 93.0 26.3 6.0 91.0 112.0

Mean 11.6 72.3 388.4 122.4 24.7 4.7 92.2 110.1

CY1 3.5 54 48.8 99.4 20.3 3.6 85.5 117.0
1 GYP = grain yield per plant, SF = spikelet fertility, SNP = spikelet number per panicle, PN = panicle number per
plant, TGW = 1000 grain weight, PH = plant height and HD = heading date, respectively.

2.5. Identification and Mapping of QTLs Affecting the Yield Traits under Normal Conditions

The significant amounts of residual genetic variation for the measured yield traits
in the 113 ILs initially selected from the four populations under non-stress normal con-
ditions in the progeny testing allowed us to select ILs showing significantly (p < 0.01)
lower (negative selection) or higher (positive selection) trait values than CY1 for each of
the measured traits. These included 11 low GYP ILs and 17 high GYP ILs from all four
populations, eight low SF ILs from populations CY1/X22 and CY1/Q5, 11 high SF ILs from
populations CY1/Bg90-2, CY1/X21, and CY1/Q5, 32 high SNP ILs from all four popula-
tions, 13 low-PN ILs populations CY1/Bg90-2, CY1/X21, and CY1/Q5, five high PN ILs
from populations CY1/X21 and CY1/Q5, 11 low TGW ILs from populations CY1/Bg90-2,
CY1/X21, and CY1/X22, 15 high TGW ILs from all four populations, seven low PH ILs
from populations CY1/Bg90-2 and CY1/X22, 67 high-PH ILs from all four populations,
six low HD ILs and 11 high HD ILs from populations CY1/Bg90-2 and CY1/X22, respec-
tively. Using these low- and high-trait value ILs and the approach of selective introgression
(Supplementary Table S4), we were able to identify and map 160 QTLs responsible for
the associated responses in the seven yield traits in the selected ILs. These QTLs were
mapped to 49 genomic regions across all 12 rice chromosomes, including 102 QTLs in
43 genomic regions with the donor alleles associated with increased trait values detected
by positive selection and 58 QTLs in 35 genomic regions with the donor alleles associated
with reduced trait values detected by negative selection (Figure 1 and Supplementary
Table S5). The number of identified QTLs was 50 in population CY1/Bg90-2, 74 in pop-
ulation CY1/X21, 69 in population CY1/X22, and 41 in population CY1/Q5 (Figure 1;
Supplementary Table S5 and Supplementary Figure S1). Nineteen of these QTLs were
identified in 2–3 of the populations.

QTLs affecting GYP: Twenty-three QTLs affecting GYP were identified and mapped
to 10 rice chromosomes except for chromosomes 4 and 11 (Supplementary Table S5). These
included eight QTLs detected in 11 low GYP ILs with the donor alleles causing low GYP
(negative selection) and 15 QTLs in 17 high GYP ILs with the donor alleles causing high
GYP (positive selection) from the four populations. Of these GYP QTLs, qGY12.2P was
detected in three populations, qGY1.4N and qGY7.1P were detected in two populations,
and the remaining 22 GYP QTLs were detected in one of the populations.

QTLs affecting SF: Seventeen QTLs affecting SF were identified and mapped to nine
rice chromosomes except for chromosomes 9, 11 and 12 (Supplementary Table S5). These
included four QTLs detected in eight low SF ILs from populations CY1/X22 and CY1/Q5,
with the donor alleles causing low SF (negative selection) and 13 QTLs in 11 high SF ILs with
the donor alleles causing high SF (positive selection) from three of the four populations
except for CY1/X22. Of these QTLs, qSFY6.6P was detected in three populations, and
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qSF3.2N and qGY7.3P were detected in two populations. The remaining 14 QTLs were
detected in one of the populations.

QTLs affecting SNP: Twenty-eight QTLs affecting SNP were identified and mapped
to 11 of the 12 rice chromosomes except for chromosome 11, all of which were detected in
32 high-SNP ILs from the four populations with the donor alleles increasing SNP (positive
selection) at all 29 loci (Supplementary Table S5). Of these QTLs, qSNP7.3P and qSNP9.6P

were detected in three populations. Five additional QTLs, qSNP1.4P, qSNP2.5P, qSNP6.5P,
qSNP7.1P, and qSNP8.6P, were detected in two of the populations, while the remaining
21 SNP QTLs were detected in one of the populations.

QTLs affecting PN: Twenty-one QTLs affecting PN were identified and mapped to
11 rice chromosomes except for chromosome 11 (Supplementary Table S5). These included
14 QTLs detected in 13 low PN ILs from populations CY1/Bg90-2, CY1/X22, and CY1/Q5
with the donor alleles causing reduced PN (negative selection) and seven QTLs in five high
PN ILs with the donor alleles causing increased PN in populations CY1/X21 and CY1/Q5.
In addition, two QTLs, qPN5.7N and qPN10.7N, were detected in two populations, while
the remaining 19 PN QTLs were identified in one.

QTLs affecting TGW: Thirty QTLs affecting TGW were identified and mapped to the
12 rice chromosomes, including 16 QTLs detected in 11 low TGW ILs from populations
CY1/Bg90-2, CY1/X21, and CY1/X22 plus 14 QTLs detected in 15 high TGW ILs from
the four populations with the donor alleles increasing TGW (Supplementary Table S5). In
addition, four QTLs, qGW1.4P, qGW7.3P, and qGW9.6P, were detected in two populations,
while the remaining 27 TGW QTLs were detected in one.

QTLs affecting PH and HD: Twenty-four QTLs affecting PH were identified and
mapped to 11 of the 12 rice chromosomes except for chromosome 11, including 10 QTLs
detected in seven short ILs (negative selection) plus 15 QTLs detected in 14 tall (posi-
tive selection) ILs from populations CY1/Bg90-2 and CY1/X22 (Supplementary Table S5).
In addition, 57 of the 59 ST ILs from populations CY1/X21 and CY1/Q5 showed sig-
nificantly increased PH. Thus all 26 ST QTLs (nine in population CY1/X21 and 17 in
population CY1/Q5) showed significant over-introgression in the 57 tall ILs. Of these
ST/PH QTLs identified in populations CY1/X21 and CY1/Q5, five (qPH2.1P, qPH2.5P,
qPH2.10P, qPH5.6P, and qPH7.1P) were also detected in populations CY1/Bg90-2 and/or
CY1/X22. Fifteen QTLs affecting HD were identified and mapped to nine of the 12 rice
chromosomes except for chromosomes 6, 7 and 11, including six HD QTLs detected in six
early heading ILs (negative selection) plus nine QTLs detected in 11 late heading (positive
selection) ILs from populations CY1/Bg90-2 and CY1/X22 (Supplementary Table S5). All
these HD QTLs were detected in either population CY1/Bg90-2 or population CY1/X22.

Taken together, several observations were noted regarding the genetic bases of
ST and non-target yield traits identified under normal conditions, as summarized in
(Supplementary Table S6). First, ILs with increased trait values were found in 158 cases
(75.9% of which also showed confirmed ST), resulting in the identification of 136 QTLs
at which the donor alleles were associated with increased values of the yield traits un-
der normal conditions. In contrast, ILs with reduced trait values were found in 56 cases
(53.6% of which showed confirmed ST), from which the donor alleles were associated with
reduced values of the yield traits at 64 QTLs under normal conditions. Second, PN was
the only exception in which most ST ILs showed unchanged or fewer PN, with few PN
QTLs detected.

It is well-known that the responses of rice plants to salinity vary at different develop-
mental stages, but salt stress causes more severe yield losses at the reproductive stage [35].
Most previous studies focused on rice ST at either the germination and/or seedling stages,
primarily because of the difficulty in phenotyping ST at the vegetative and reproductive
stages. Meanwhile, breeding progress for improved ST at the reproductive stage has been
slow largely because of relatively few germplasm accessions showing high levels of ST. In
this study, we tried to improve the ST of CY1, a high-yield commercial but salt-sensitive
Geng variety, using BC breeding. We started the salt stress at the tillering stage and contin-
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ued until maturity in both the initial screening and progeny testing because this type of salt
stress represented the real cases of most coastal saline areas in Asia where transplanted rice
is the predominant way for growing rice crops. Following the previous success in improv-
ing rice tolerances to abiotic stresses such as drought, submergence, anaerobic germination,
salinity at the seedling stage, heat and cold [36–42], we tried to test the hypothesis for the
existence of rich genetic variation for ST in different sub-specific gene pools of rice. As
expected, the development of 78 ST ILs and nine promising lines with greatly improved ST
and yield potential, plus the identification of more than 200 QTLs underlying ST and yield
traits achieved in this study, again demonstrated the power and efficiency of selective intro-
gression for simultaneous improvement and genetic dissection of multiple complex traits.
Specifically, our results revealed several phenological and genetic mechanisms underlying
rice ST at the vegetative and reproductive stages that merit further discussion.

3. Discussion

3.1. The Phenological Mechanisms of Rice ST at the Vegetative and Reproductive Stages

Our results suggest that ST at the vegetative and reproductive stages involved complex
phenological and genetic mechanisms, evidenced by the following observations. First,
the improved ST of most ILs were reflected by their significantly higher PH/PN and
SF/TGW than CY1 under salt stress. The former two traits indicated that these ST ILs
were able to maintain relatively normal growth/development at the tillering stage under
salt stress. In comparison, the latter two traits indicated that most ST ILs had relatively
normal fertilization and grain filling at the reproductive stage [43,44]. Second, most ST
ILs showed accelerated heading under salt stress, as compared with CY1, suggesting the
possible presence of salt escape [45]. This was because the level of salt stress in the concrete
ponds increased with plant development. This was due to continuous irrigation with
salty water and water evaporation during plant growth. Thus, early maturing lines were
expected to suffer less from salt stress. Thirdly, most ST ILs showed dramatically increased
height under both salt stress and non-stress conditions, which suggested the presence of
two additional ST mechanisms. One was the possible salt dilution [46] because tall ILs from
populations CY1/Bg90-2, CY1/X21, and CY1/X22 had larger plant sizes under both stress
and non-stress conditions, even though they showed the same height reduction under salt
stress as CY1 (Supplementary Table S2). The other was reflected by the more dramatically
reduced height of most tall ILs from population CY1/Q5 under salt as compared with
the non-stress conditions, suggesting these ILs might have benefited from a possible ST
mechanism by salt compartment in which more salt was deposited in the vegetative parts
(leaves and stems) than in the reproductive parts (spikelets and grains) in addition to
salt dilution. Fourthly, we observed significantly increased SNP in 32 (41%) of the ST ILs
from all four populations; most also showed significantly increased height and GYP under
normal conditions. In other words, improved ST in these ILs would have been achieved
through their significantly increased SNP and GYP under normal conditions. This would
obviously be the preferred ST mechanism by plant breeders because most of these ILs also
had significantly improved yield potential under non-stress conditions. Of course, one may
perceive that many ST ILs have more than one of the above-mentioned ST mechanisms [47].

3.2. Genetic Basis of Rice ST and Its Associated Yield Traits

The most important discovery of this study was the identification of 35 ST QTLs in
each of which the donor (Xian) allele was associated with significantly improved ST in
the selected ILs. These ST QTLs could be categorized into two major groups. The first
group involved 25 ST QTLs, each of which one or more candidate genes with confirmed
functions on ST were found. Thus, many of the identified ST QTLs, particularly those
important ones detected in multiple populations (Figure 2), may each have resulted from
the accumulated effects of multiple ST genes. Notably, 34 (90%) of the candidate ST
genes showed the maximum Xian-Geng subspecific differentiation with one allele (gcHap)
predominant in one subspecies and a different one in the other. In fact, approximately one-
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fifth of all rice genes belong to this type of Xian-Geng subspecific differentiated gene [24].
More importantly, at virtually all candidate genes with confirmed functions on ST, it is
the CY1 (Geng) alleles that were associated with salt susceptibility, while the donor Xian
alleles were associated with ST, consistent with the QTLs results. Moreover, the differences
between the tolerance Xian and susceptibility Geng alleles involved only one to a few aa
substitutions. Thus, the current knowledge that the Xian-Geng subspecific differentiation
of rice is primarily reflected by their respective adaptations to different temperature and
water environments is incomplete. In other words, the gradual adaptation of wild and
ancient Geng-type accessions to drier and colder environments was also accompanied by
reduced ST. Then, an important question arises regarding how such small allelic variation
involving few aa substitutions between the Xian and Geng alleles at the ST gene loci would
cause significant phenotypic differences in ST, which should be addressed in the future.

The second group involved QTL clusters at bins 1.4, 2.1, 2.5, 2.10, 5.7, 6.6, 7.1, and 9.6,
at each of which the donor alleles for improved ST were also associated with increased
GYP, SNP, SF and PH, responsible for the correlated responses to grain yield traits observed
in many of the selected ST ILs. As discussed above, the donor alleles at these QTLs should
be more important because their contributions to ST were achieved by improved growth
rate and yield under salt. Still, they also contributed to improved yield under non-stress
conditions. Empirical evidence from past rice QTL cloning efforts suggests that these QTL
clusters with large effects on multiple related traits tend to harbor important regulatory
genes, which should be the targets in future rice functional genomics research.

Another important result of this study was the identification of an additional 160 QTLs
for seven yield traits in the ST ILs under non-stress conditions, including 58 (in 65 cases)
QTLs with the donor alleles for reduced trait values detected by negative selection and
102 QTLs (in 119 cases) with the donor alleles for increased trait values detected by positive
selection (Figure 1 and Supplementary Table S5). In this study, at least three factors
could have contributed to the high power and efficiency in identifying QTLs affecting
complex traits. First, the 500 individuals in the original BC2F4 populations from sub-
specific introgression contained very large genetic variation for ST and the measured yield
traits. Thus, the 113 ILs selected from the initial salt screening of 2000 BC2F4 plants were still
segregating at large numbers of loci for the seven yield traits. Notably, most of the identified
QTLs were clustered in 31 genomic regions (including 160 QTL clusters affecting ST and
yield traits), each of which affected three or more of the yield traits, including several large
QTL clusters in bins 1.4, 2.10–2.11, 3.10, 5.6–5.7, 6.6, 7.1, 7.3, 9.6, and 10.7, each of which was
associated with >5 of the yield traits (Figure 1; Supplementary Table S5 and Supplementary
Figure S1). Genetic pleiotropy was suggested to be responsible for QTL clusters at bins
1.4, 2.9, 2.10, 2.11, 3.2, 3.6, 3.10, 7.1, 7.3, 8.6, 9.6, and 12.2, each of which a GYP QTL was
detected with QTLs for one or more of its components (PN, SNP, SF, and TGW) by the same
marker in the same population, and in eight additional cases where a QTL for reduced
height co-localized with a HD QTL for early heading, or vice versa in the same population.
Possible physiological pleiotropy was suggested in seven cases of negative associations
between QTLs for yield components (SNP, SF, and TGW) at bins 1.4, 2.7, 3.6, 3.8, 4.2, 5.6, and
12.4 identified in the same populations. The linkage could be responsible for the majority
of the remaining detected QTL clusters. Among the QTL clusters identified, we noted six
cases (qPN2.4P and qPN2.4N, qPH2.5P and qPH2.5N, qGW3.10P and qGW3.10N, qPN5.7P

and qPN5.7N, qSF6.6P and qSF6.6N, and qGW3.10P and qGW3.10N) at each of which, QTLs
affecting the same traits were detected by both positive and negative selection with the
same or tightly linked markers but most in different populations (Supplementary Table S5
and Supplementary Figure S1). Genetically, this could be due to linkage drag or the possible
presence of multiple alleles from different donors at the same QTLs. We believe linkage
drag could be more likely responsible for most of these cases because the presence of
linkage drag in the Xian genomes from the tight repulsive linkage of QTLs with opposite
effects on rice yield traits could be relatively easily detected in the same population by
positive and negative selection [2,48,49].
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3.3. Implications for Improving Rice ST at The Vegetative and Reproductive Stages

Our results have important implications in breeding for improved ST at the vegetative
and reproductive stages. First, all five donors in our BC breeding populations were sensitive
to salt. Still, many more ST BC progeny were identified in the four populations with Xian
donors than the one with Geng donors (SN265), indicating that the Xian gene pool contains
rich, valuable genetic variation for improving ST, and much of this variation is ‘hidden’
because none of the donors had high levels of ST. Similar results were obtained in previous
efforts to improve tolerances to cold, heat and drought [38–41]. All these results indicate that
the subspecific gene pools, Xian or Geng, contain rich, valuable genetic variation not only
for improving abiotic stress tolerances but also for improving yield potential for each other.
Exploiting this rich ‘hidden’ diversity can be easily achieved by subspecific introgression
through BC breeding. Notably, different donors did differ in their contributing genetic,
physio- and morphological mechanisms underlying ST and yield traits, which could readily
be discovered and exploited through selective introgression but not through phenotyping
the parental lines. Secondly, strong phenotypic selection in the initial screening for ST using
SF as the primary target trait followed by replicated progeny testing under both salt stress
and non-stress conditions using yield as the target trait was powerful and essential for
simultaneous improvement of ST and yield potential of rice. Moreover, large segregating
breeding populations should be used in the first round of selection for ST to ensure a high
selection efficiency for improving ST and yield potential, to break the possible genetic drag,
to take advantage of correlated responses for increased yield traits and to overcome hybrid
breakdown commonly observed in most segregating populations from inter-subspecific
crosses of rice [48]. This was consistent with previously reported breeding efforts for
improving tolerances to drought, cold and heat [35,36,38–41,47]. Finally, the development
of nine promising lines with short stature, early heading, large SNP and GYP, in addition
to excellent ST (Table 1), strongly suggested that the undesirable phenotypic association
between ST and high PH and/or delayed heading observed in this study could be broken,
even though it remains unknown whether tight linkage or genetic pleiotropy was the
underlying genetic basis for the association. More importantly, the developed ST ILs plus
their genetic/phenological constitutions in ST and yield traits provide useful information
for breeders to develop better varieties in the future using novel breeding strategies such
as breeding by design or designed QTL pyramiding [24,49–52].

4. Materials and Methods

4.1. Plant Materials

The materials used in this study included an elite Geng (japonica) variety, Chaoyou
1 (CY1) used as the recipient, four Xian (indica) donors from Vietnam (X21, X22, and Q5)
and Sri Lanka (Bg90-2), and one Geng donor, LiaoGeng265 from Northeast China. Crosses
were made between CY1 and the donors to create F1 plants, which were then backcrossed
to CY1 to produce BC1F1 plants. Then, approximately 25 BC1F1 plants of each cross were
backcrossed to CY1 to produce 25 BC2F1 lines. Selfed seeds from all ~25 BC2F1 lines were
bulk harvested to produce a bulk BC2F2 population. This selfing process (without selection)
continued for two more generations for all BC populations until large amounts of BC2F4
seeds were obtained for each BC population (Table 1).

4.2. Screening BC2F4 Progeny for Salt Tolerance at the Vegetative and Reproductive Stages

In the normal rice growing season (May to October), seeds of the BC2F4 segregating
populations were sown in the seedling nursery, and 500 seedlings (30-day-old) of each
BC2F4 population were transplanted into the concrete tanks (3 × 6 m) at a spacing of
15 × 20 cm with two rows of CY1 as the check in each tank in the screening house at the
Rice Research Institute, Tianjin Academy of Agricultural Sciences (TAAS). The transplanted
seedlings were allowed to grow under normal freshwater irrigation for 15 days. For the
salt treatment, we mixed approximately equal amounts of salt water from two wells with a
water salt (NaCl) content of 1.6% in one well and 0.3% in the other. The salt content of the
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mixed water was adjusted to ~0.8% (~140 mmol·L−1 NaCl). Then, the mixed water was
used to irrigate all the concrete tanks every 3–5 days from 15 days after transplanting until
maturity. Under this type of salt treatment, the soil salt level in the ponds was expected
to increase slowly from evaporation during the growth period of rice plants. However,
this increase varied over time from outside weather conditions, which resembled the salt
stress in most natural conditions and thus met our primary purpose in developing salt-
tolerant rice varieties and identifying genes/QTLs for salt tolerance. At maturity, a total
of 126 BC2F4 plants showing significantly higher seed setting and yield than CY1 (the
susceptible recurrent parent) were visually selected for measuring panicle number (PN),
spikelet and filled grain numbers per panicle (SNP and FGN), and grain yield per plant
(GYP, g). The number of selected salt-tolerant (ST) plants ranged from 13 from population
CY1/SN265 to 50 from population CY1/X21 (Table 1).

The progeny testing of the selected 126 BC2F5 lines was conducted in the next nor-
mal season (May–Oct) under the same stress conditions in TAAS and normal non-stress
conditions in the experimental farm of Institute of Crop Sciences, Chinese Academy of
Agricultural Sciences. Under both experiments under salt stress and normal conditions,
seeds of the 126 BC2F5 lines were sown in the seedling nurseries, and 30-day-old seedlings
of each line were transplanted into a single-row plot with 11 plants in each plot at a spacing
of 15 × 20 cm. The plots were arranged in a complete randomized block design with two
replications for each of the selected ST lines. Four plots of CY1 were randomly inserted
into the experiment under stress and non-stress conditions. The field arrangements and
management of the experiments were the same for the stress and non-stress conditions
except for the salt treatment, which was the same as that for the initial salt treatment in the
previous season described above. Five representative plants in each plot were measured
for heading date (days) and plant height (cm) in the field. At maturity, three representative
plants from each plot were harvested and dried in an oven and then measured for PN, FGN,
SNP, spikelet fertility (SF% = FGN/SNP × 100), 1000-grain weight (TGW, g), and GYP.

4.3. The Genotyping Experiment

Bulked fresh leaf tissues from each BC2F4 ILs were collected from the pooled leaf tis-
sues of individual BC2F4 ILs from the seedling nursery. DNA was extracted using the CTAB
method [53]. The parental polymorphism was surveyed using more than 600 common sin-
gle sequence repeat (SSR) microsatellite markers (https://archive.gramene.org/markers/),
and 210 evenly distributed polymorphic SSR markers were used for genotyping the
126 BC2F5 lines initially selected from the salt screening.

4.4. Statistical Analyses

ANOVA was used to summarize the variation of each trait among different ILs (G)
between the stress treatments (S) and G × S interactions using the R software (http://www.
r-project.org/). The R software was used for correlation analysis of different traits under
the same or different treatments.

4.5. Identifying QTLs Affecting ST and Yield Traits under Non-Stress Normal Conditions

QTLs affecting ST (target trait) and non-target traits measured under non-stress con-
ditions were identified using the data from replicated progeny testing described above
and the strategy of selective introgression [24,48]. Specifically, for identifying ST QTLs, the
replicated progeny testing confirmed that 78 of the ILs initially selected from four popula-
tions with Xian donors showed significantly (p < 0.01) higher GYP under salt stress, which
were used for identifying ST QTLs. According to the population genetics theory [54,55], the
confirmed ST ILs were expected to show significant over-introgression at loci associated
with ST. Thus, χ2 tests were performed to scan the whole genome to identify marker loci
that showed significant (p < 0.001) deviation in genotypic frequencies in the ST ILs of a spe-
cific population from the whole genome donor introgression of the population, assuming
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that at most segregating loci in the genome, the donor alleles were not associated with ST
and thus could be used as the random expectation for the χ2 tests.

To identify QTLs affecting the seven yield traits, we first select ILs with significantly
(p < 0.01) higher or lower trait values than CY1 for the seven yield traits under non-stress
conditions of the progeny testing. Then, χ2 tests were performed to scan the whole genome
to identify marker loci that showed significant (p < 0.001) deviation in genotypic frequencies
in the low- and high-trait value ILs. Because selection was also expected to result in strong
non-random associations between or among loci contributing to the selected traits [56],
we performed the multi-locus independence probability tests using the genotypic data of
selected high- or low-trait value ILs to identify association groups (AGs), each consisting
of a group of unlinked loci (markers) but perfectly associated loci in a set of high- (GYP,
SNP, and PH) or low-trait (TGW) value ILs. The multi-locus independence probability was
obtained by the formula, P(AG) = (pi)

rm•(1 − pi)
r(n−m), where p(AG) is the probability of a

group of r (r ≥ 2) unlinked loci that are perfectly associated with one another in ILs selected
for high- or low-trait value ILs, pi is the expected frequencies of the donor introgression at
rth locus in the selected ILs (i = 1, 2, 3 . . . r), n is the number of ILs, m is the number of the
ILs that have co-introgression of the donor alleles at the r unlinked loci, and (n − m) is the
number of ILs having no introgression at the r unlinked loci in the AG. Theoretically, an AG
could be a group of loci acting epistatically in the positively regulating signaling pathway
affecting the selected trait segregating in the ILs chosen [56]. Because very few ILs with
significantly higher or lower trait values than CY1, we adopted double criteria to claim an
AG associated with the selected traits, i.e., the donor introgression frequency, F(donor), at
each of the loci in an AG was significantly higher than the whole population introgression
(p < 0.05) based on the χ2 test and p(AG) < 0.0001 to minimize the false negative probability.

4.6. Candidate Genes for the ST QTLs and Their Gene CDS Haplotype (gcHap) Diversity in Rice

To identify candidate genes for detected ST QTLs, we searched all 35 QTL regions
for possible candidate genes and found 25 harbor 43 cloned ST genes reported previously
(Supplementary Table S4). To understand if and how the donor alleles at these candidate ST
genes contributed to ST in the CY1 ILs, we performed a gcHap analysis on the 43 candidate
ST genes in the 3000 core rice germplasm accessions [24,26] and the parents. Table S5 shows
the gcHap diversity of the 43 ST genes.

5. Conclusions

Our results indicated that rice ST at the vegetative and reproductive stages had multi-
ple complex phenological mechanisms controlled by large numbers of genes/QTLs. The
Xian gene pool contains rich ‘hidden’ genetic variation for improving ST and yield poten-
tial, which could be efficiently exploited by selective introgression, including BC breeding,
strong phenotypic selection and genome-wide characterization of donor introgression by
marker genotyping and analyses. The developed ST ILs, plus their genetic information on
the donor alleles for ST and yield traits, would provide a useful platform for developing
superior ST and high-yield Geng varieties through breeding by design in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cimb45060305/s1. Table S1: Grain yield trait values of 126 BC2F4
plants selected from five Chaoyou 1 (CY1) BC2F4 populations under salt stress from tillering to
maturity. Table S2: Performance of grain yield traits of 67 salt-tolerant BC2F5 introgression lines
selected from four BC2F4 populations under non-stress (N) and salt stress (S) conditions. Table S3:
Correlation between yield-related traits of the 113 ILs from four populations evaluated under normal
(the lower triangle) and salt stress (the upper triangle) conditions of the replicated progeny testing.
Table S4: Identification of 58 QTLs for salt tolerance (ST) in 35 genomic regions (bins) across the rice
genome detected in the 78 ST ILs from four BC2 CY1 populations. Table S5: QTLs affecting seven
grain yield traits identified in low-(negative) or high (positive)-trait value ILs selected from four
BC2F5 populations. Table S6: Summary of the negative selection for low-trait value ILs and positive
selection for high-trait value introgression lines from the 113 initially selected for salt tolerance from
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four BC2 populations and the summary of the QTL mapping results for salt tolerance and yield
traits by selective introgression. Figure S1: Genomic distribution of 58 loci (on the right side of
chromosomes, Table S5) affecting seven yield traits identified by negative selection in the low-trait
value introgression lines from four BC2F4 populations derived from inter-subspecific crosses between
a Geng (japonica) variety, Chaoyou 1 (CY1), and four Xian (indica) donors. At all these QTLs, the
donor alleles were associated with reduced trait values. Figure S2: Haplotype networks of 21 ST
genes as candidate genes for 15 ST QTLs, the frequency distributions of major alleles (gcHaps) at
each of the ST genes in five major rice populations (Adm, Aus, Bas, Geng, and Xian) of the 3000 rice
core collections (Wang et al. 2018), and the associations of major alleles (gcHaps) at each of the loci
with salt tolerance or susceptibility detected in ST introgression lines from four BC2 populations
(Tables S4 and S7).
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Abstract: Low-temperature stress during the germination stage is an important abiotic stress that
affects the growth and development of northern spring maize and seriously restricts maize yield and
quality. Although some quantitative trait locis (QTLs) related to low-temperature tolerance in maize
have been detected, only a few can be commonly detected, and the QTL intervals are large, indicating
that low-temperature tolerance is a complex trait that requires more in-depth research. In this study,
296 excellent inbred lines from domestic and foreign origins (America and Europe) were used as the
study materials, and a low-coverage resequencing method was employed for genome sequencing.
Five phenotypic traits related to low-temperature tolerance were used to assess the genetic diversity of
maize through a genome-wide association study (GWAS). A total of 14 SNPs significantly associated
with low-temperature tolerance were detected (−log10(P) > 4), and an SNP consistently linked to
low-temperature tolerance in the field and indoors during germination was utilized as a marker. This
SNP, 14,070, was located on chromosome 5 at position 2,205,723, which explained 4.84–9.68% of the
phenotypic variation. The aim of this study was to enrich the genetic theory of low-temperature
tolerance in maize and provide support for the innovation of low-temperature tolerance resources
and the breeding of new varieties.

Keywords: abiotic stress; QTLs; low-temperature tolerance; genome-wide association study (GWAS)

1. Introduction

The northern spring corn area is an important corn production area and commercial
grain base in China, located at the northern end of China’s golden corn belt. However,
due to the special geographical location and environmental conditions, low temperatures
in spring are an important source of non-biotic stress that affects the seedling quality in
this area, which seriously restricts the yield and quality of the corn produced. The low-
temperature tolerance of maize belongs to a quantitative trait controlled by multiple genes.
In recent years, with the development of molecular biology, scholars have carried out
quantitative trait locis (QTL) analyses on its low-temperature tolerance, locating maize’s
low-temperature tolerance on chromosomes 1–10. One QTL was located in an interval
on chromosome 6, which was associated with three low-temperature tolerance traits and
could explain 18.1–32.8% of the phenotypic variation [1]; twenty-six QTLs, associated with
seed vigor, were detected under low temperatures during maize’s germination stage on
chromosomes 2, 3, 5, and 9, alongside five meta-QTLs [2]. In the 176 IBM Syn10 doubled-
haploid population from the B73 × Mo17 cross, there were thirteen QTLs associated with
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a low-temperature germination ability, three B73 upregulated genes, and five Mo17 up-
regulated genes found by combining the RNA-Seq technology and QTL analysis [3]. A
recombinant inbred line population (IBM Syn4 RIL) from a B73 and Mo17 cross was used
to identify QTLs and investigate the genetic architecture under low-temperature conditions
at a young seedling stage: two QTLs (bin 1.02 and bin 5.05) with a high additive impact
were detected, which were associated with cold tolerance [4]. A total of 406 recombinant
inbred lines from a multi-parent, advanced-generation, intercross population were used
and, as a result, many cold tolerance-related traits were recorded: the 858 SNPs were found
that were significantly associated with all traits, which indicated that most QTLs are related
to chlorophyll and Fv/Fm; the authors also located most of the QTLs in specific regions,
particularly bin 10.04 [5]. An F2 population was constructed from the cross of IB030 and
Mo17 to map QTLs associated with cold tolerance via QTL-seq and transcriptomic integra-
tive analyses, and two positively regulated genes (ZmbZIP113 and ZmTSAH1) that control
the low-temperature germination ability were identified [6]. Scholars performed QTL map-
ping on an IBM (intermated B73 × Mo17) Syn10 doubled-haploid (DH) population, and
twenty-eight QTLs that significantly correlated with low-temperature germination were
detected, and these QTLs explained 5.4–13.34% of the phenotypic variation. In addition,
six QTL clusters were produced by fourteen overlapping QTLs on every chromosome,
except for chromosomes 8 and 10 [7]. The identification of molecular marker loci associated
with QTLs or genes can contribute to the study of the cold-tolerance mechanism of maize
and could be further used for breeding cold-tolerant inbred lines or hybrids. The QTLs
controlling low-temperature tolerance during the germination stage are distributed on
chromosomes 1–10, and there are few QTLs that have been consistently identified using
different methods and materials, with large intervals. At the same time, there is more than
one main QTL interval, so it is necessary to continue to mine consistent, main QTLs and
identify candidate genes.

In recent years, the construction of reference genomes, such as B73, MO17, W22,
PH207, and CML247, has enabled the widespread application of high-throughput single-
nucleotide sequence markers, greatly improving the accuracy and depth of maize’s whole
genome sequencing and marker development. Relying on the progress of whole-genome
sequencing technology and the development of whole-genome association analysis models
and methods, and due to the higher level of genetic diversity in the mapping populations,
GWAS has been used to analyze the variations of maize seedling and germination traits
under low-temperature conditions. This is because GWAS offers increased mapping
resolution and accuracy. A total of 338 cross experiments showed that some QTLs for
four seedling cold-tolerance traits were detected using GWAS; thirty-two significant loci
and thirty-six candidate genes related to stress tolerance were identified, suggesting that
heterosis may be related to maize’s cold tolerance [8]. To identify and analyze cold-tolerance
traits in 306 dent inbred lines and 206 European flint inbred lines from temperate regions,
indirect cold-tolerance traits such as days from sowing to germination, relative chlorophyll
content, and quantum yield of photosystem II were studied. Using the GWAS technology,
49,585 SNPs were used for genotyping, and associations between SNPs and cold-tolerance
genes were located in both types. A total of 275 significant associated markers were found,
and some candidate genes were consistent with current studies and previous reports [9].
A GWAS of 125 maize inbred lines was studied using 10 low-temperature tolerance traits
during the seedling stage and the germination stage; finally, 43 SNPs were identified
as being associated with low-temperature tolerance [10]. A study conducted a GWAS
on 375 inbred lines grown outdoors and in an artificial climate chamber and identified
19 markers associated with low-temperature tolerance. These markers explained 5.7% to
52.5% of the phenotypic variation in the chlorophyll fluorescence parameters during the
seedling stage. The candidate genes identified near the markers were related to ethylene
signaling, brassinosteroid, and lignin synthesis [11]. A study employed two cold-tolerant
inbred lines, 220 and P9-10, and two susceptible lines, Y1518 and PH4CV, to generate three
F2:3 populations to detect QTLs associated with the low-temperature germination ability
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of seeds. Forty-three QTLs were detected, explaining 0.62% to 39.44% of the phenotypic
variation. Among them, 17 QTLs explained more than 10% of the phenotypic variation,
with 16 inheriting the favorable alleles from the tolerant lines. After constructing a linkage
map, three meta-QTLs were identified, including at least two initial QTLs from different
populations. mQTL1-1 includes seven initial QTLs for germination and seedling traits,
with three explaining more than 30% of the phenotypic variation [12]. GWAS was used to
conduct a germination test on 282 inbred lines and 17 loci associated with cold tolerance
were identified [13]. GWAS and QTL mapping were performed on two populations; a
total of four associated SNPs and twelve QTLs related to cold tolerance were identified,
and the results showed that the Zm00001d002729 gene was a potential factor, with its
overexpression being able to improve the cold tolerance of crops [14]. Using GWAS, a
total of 30 SNPs were identified that were related to low-temperature tolerance during
seed germination, and fourteen candidate genes were found to be directly related to these
SNPs; in a further study of the linkage between these candidate genes and low-temperature
tolerance, ten differentially expressed genes were identified via RNA-seq analysis [15].
Fifteen significant SNPs related to seed germination were identified via GWAS under cold
stress in 300 inbred lines; among them, three genomic loci were repeatedly associated
with multiple traits. In further candidate gene association analysis, Zm00001d010458,
Zm00001d050021, Zm00001d010454, and Zm00001d010459 were identified as cold-tolerance
germination-related candidate genes [16]. A total of 187 significant SNPs were identified
via GWAS in 836 maize inbred lines, and there were 159 QTLs for emergence and traits
related to early growth [17]. Many of the QTL and GWAS analyses have been widely
used to express large variations in cold tolerance of maize, and these cited results open
up new possibilities for improving cold tolerance and understanding the molecular and
genetic mechanism of cold tolerance in maize. In addition, QTL mapping and GWAS can
be applied as resources for conducting marker-assisted selection of cold-tolerant varieties,
and we can use genomic selection technology to predict cold-tolerant varieties in large
maize populations [18].

In this study, a population of 296 excellent inbred lines of maize from China and
abroad was used as the study material, and their genotypes were analyzed via genome
resequencing. The germination stage was then subjected to low-temperature tolerance
identification in the field and laboratory, and indicators such as germination rate and
germination index were detected. The TASSEL 5.0 method was used for GWAS to identify
associated SNPs, aiming to provide theoretical support and material resources for the gene
mining and breeding of low-temperature tolerance in maize.

2. Materials and Methods

2.1. Plant Materials

We selected 296 representative inbred lines of maize (Zea maize L.) from both domestic
and international sources, including 232 domestic lines, 36 US lines, and 28 European lines
(see Appendix A). The seeds were provided by the maize research institute of Heilongjiang
Academy of Agricultural Sciences, and the seed germination rate was above 95%.

2.2. Identification of Low-Temperature Tolerance during Germination in the Field

The experiment was conducted in the period of 2017–2019 at the experimental field
of Heilongjiang Academy of Agricultural Sciences. The soil in the field was calcic soil,
which is neutral, flat, and uniform. The experiment was conducted in two stages. In the
first stage, seeds were sown as soon as the soil temperature at 5–10 cm depth reached and
remained above 5 ◦C, while in the second stage, seeds were sown when the soil temperature
at 5–10 cm depth remained stable at or above 10 ◦C. After sowing, timely irrigation was
carried out. A randomized block design with two rows, each 5 m in length, with 20 cm
between plants and 65 cm between rows, was employed with single-seed sowing, and
three replicates were used. Daily records of soil temperature, maximum and minimum
temperatures in the field, and daily average temperature were noted during the experiment.
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Natural low-temperature treatment was applied to the seeded plots, and the number of
seedlings that germinated was recorded accurately every day. After the cessation of seedling
germination, the field seedling germination rate was calculated, and the relative seedling
germination rate and relative seedling germination index were determined as follows:

germination rate (%) = (number of germination seeds/total number of seeds) × 100

relative germination rate (%) = (germination rate of early sowing treatment/
germination rate of appropriate sowing treatment) × 100

germination index = ∑Gt/Dt (Gt represents the number of germination seeds at
time t, and Dt represents the corresponding days)

relative germination index (%) = (germination index of early sowing treatment/
germination index of appropriate sowing treatment) × 100

2.3. Identification of Low-Temperature Tolerance during Germination in the Laboratory

Fifty plump seeds of each inbred line were selected, surface-sterilized with 0.5%
sodium hypochlorite solution for 5 min, and then rinsed three times with sterile water. The
sterilized seeds were transferred onto a culture dish lined with filter paper and covered
with 3 cm thick vermiculite that was kept moist; these seeds were then allowed to germinate
in a low-temperature incubator under dark conditions. Two low-temperature treatment
stages were set up; the first included germination at 5 ◦C for 7 days, followed by 15 ◦C for
7 days and then 25 ◦C for another 7 days, whereas the control was germinated at 25 ◦C for
21 days. The germination of seedlings with germ breaking through the vermiculite was
defined as germination, and the number of emerged seedlings was recorded daily. The
experiment was carried out in three replicates. The germination rate was calculated, and
the relative germination rate and relative germination index were determined to be 2.2.

2.4. Phenotypic Analysis

Data organization and analysis were performed using Microsoft Office Excel 2016 and
R version 3.6.2 [19]. Basic statistical quantities were calculated using Microsoft Office Excel.
ANOVA was performed using the aov function in the R language with a random blocking
model [20]. Correlation analysis was conducted using the cor function in the R language.

2.5. Analysis of Genotype
2.5.1. Analysis of SNPs

The modified CTAB method [21] was used to extract the genomic DNA of 296 maize in-
bred lines, DNA quality was detected using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific Inc., Kanagawa, Japan) and 0.80% agarose gel electrophoresis, and quali-
fied DNA samples were used for SNP typing. In this study, the genotype of the association
analysis population was analyzed by means of genotyping by sequencing (GBS). A combi-
nation of MseI, NlaIII, and EcoRI endonucleases was used to cleave the genomic DNA of
the maize inbred lines, ligate the linker, construct the library, and sequence. After obtaining
the original resequencing results, mutation detection was carried out using GATK (Genome
Analysis Toolkit). Clean reads were compared to the reference sequence RefGen_v4 B73
using Bowtie2, and the resulting sam file was labeled, sorted, and removed through Picard
to obtain a bam file for GATK. The indel around the bam file was re-aligned using GATK,
and then SNP/INDEL analysis was performed using GATK’s HaplotyeCaller command.
After merging all obtained vcf files, the SNP genotype data of the 296 maize inbred lines
were finally obtained.

2.5.2. Analysis of Population Structure

Population structure analysis was performed using the LEA software package v3.3.2
in R [22]. First, the TASSEL 5.0 software [23] was used to remove SNP markers with rare
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allele frequencies (minor allele frequencies, MAFs) of less than 0.05, and the remaining
SNP markers were exported in the ped format. The ped files were converted to geno- and
lfmm-formatted genotyping data using the ped2geno and ped2lfmm functions of the LEA
software package v3.3.2. Then, the snmf function of the software package was used to
calculate the population structure. The number of subpopulations was set from 1 to 10, and
each subpopulation was repeated 10 times. The cross-entropy criterion for subpopulation
allocation was calculated using the cross-validation method built into the snmf function,
and the appropriate number of subpopulations was selected based on this criterion. The
Q-matrix was determined based on the maximum genetic similarity of each inbred line.

2.5.3. Analysis of LD

In the analysis of linkage disequilibrium (LD), the TASSEL 5.0 software [23] was first
used to remove SNP markers with a minor allele frequency (MAF) of less than 0.05, and the
markers were divided into 10 categories according to the 10 chromosomes and arranged
based on their physical position from smallest to largest using B73 RefGen_v4 as a reference.
Then, a sliding window approach was used to calculate the LD between these SNP markers,
with each window consisting of 100 SNPs and sliding by 1 SNP at a time. The LD between
markers was measured using r2 [24]. After obtaining the LD between pairs of SNP markers,
an LD decay plot was generated as a function of the physical distance between the markers.

2.6. Analysis of Genome-Wide Association

Genome-wide association analysis was mainly performed using TASSEL 5.0 [23].
Based on the analysis of 296 maize inbred lines, high-quality SNP markers were selected
for subsequent analysis by removing SNP markers with minor allele frequencies of less
than 0.05 using the TASSEL software [23]. The kinship matrix was calculated using the
TASSEL software to estimate the relatedness among the 296 maize inbred lines. The first
10 principal components were calculated using the TASSEL software’s PCA function as
population structure parameters. The low-temperature tolerance indices of the 296 domestic
and foreign elite maize inbred lines were used, together with SNP genotypes, population
structures, and relatedness, to perform genome-wide association analysis using a mixed
linear model in the TASSEL software. False positives resulting from multiple comparisons
in the genome-wide association analysis results were controlled using the Benjamini and
Hochberg method for controlling the false discovery rate, and the false discovery rate was
set to 0.10 [25].

3. Results

3.1. Phenotypic Analysis of Low-Temperature Tolerance during Germination in the Field

A variance analysis was performed based on the relative germination index and field
relative germination rate of 296 maize inbred lines (Table 1). The results show that there
were highly significant differences in genotype, environment, and the interaction between
genotype and environment for the relative germination index, with all results reaching a
significance level of 0.001. For the field germination rate, there were also highly significant
differences in genotype and environment, and both reached a significance level of 0.001.
Overall, the relative germination index and field germination rate indicate significant
differences in low-temperature tolerance among different maize inbred lines.

The phenotypic analysis results of relative germination rate and relative germination
index of the 296 inbred lines under natural field conditions are shown in Table 2. The
minimum, maximum, and average values of the field average germination rate for the
inbred lines are 28.00%, 100.00%, and 66.62%, respectively. The number of inbred lines
that fall on the right side of the mean is higher than those on the left side of the mean. In
comparison, the relative seedling germination index in 2017 was similar to that in 2018,
which was 86.80% and 83.15%, respectively. Overall, the distribution of the field-averaged
relative seedling germination rate, the 2017 relative seedling germination index, and the
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2018 relative seedling germination index vary widely, and the low-temperature tolerance
variation in the inbred lines is relatively high, with a generally normal distribution.

Table 1. The ANOVA analysis of traits related to low-temperature tolerance in the field from
germination to the seedling stage.

Traits Source of
Variation

Degrees of
Freedom

Sum of Squares Mean Squares F-Value p-Value

error 565 72,604 129 - -
Relative germination index Genotype 292 191,859 657 87.98 <2 × 10−10 ***

Environment 1 4243 4243 568.15 <2 × 10−10 ***
Block 1 4 4 0.52 0.47

Genotype ×
environment 281 195,408 695 93.12 <2 × 10−10 ***

Error 574 4287 7 - -
Relative germination rate Genotype 293 113,856 389 1.01 0.47

Environment 1 12,858 12,858 33.33 <2 × 10−8 ***
Error 285 109,946 386 - -

Note: ‘***’ indicates significance at the 0.001 level.

Table 2. The low-temperature tolerance phenotype statistics from germination to the seedling stage.

Traits Number Min. Max. Mean Median SD Kurtosis Skewness

Relative germination rate 293 28.00 100.00 66.62 67.00 14.10 −0.39 −0.25
Relative germination index in 2017 291 20.69 100.00 86.80 92.68 16.65 2.78 −1.66
Relative germination index in 2018 284 4.08 100.00 83.15 89.70 20.02 0.85 −1.17

Under suitable sowing and early sowing conditions, the average seedling germination
rate of the 296 inbred lines was 86.87% and 62.48%, respectively. Low-temperature stress
significantly reduced the germination rate of each inbred line. There were significant
differences among the 296 inbred lines in their relative germination index, which could
reduce genotypic differences among the inbred lines and better reflect the differences in
their cold tolerance.

3.2. Phenotypic Analysis of Low-Temperature Tolerance during Germination in the Laboratory

The results of the variance analysis of indoor relative germination rate are shown in
Table 3. The differences between genotypes, environments, and the interaction between
genotype and environment were highly significant, reaching a significance level of 0.001.
The differences between genotypes and blocks were also highly significant, reaching a sig-
nificance level of 0.001. Overall, the indoor germination rate indicates significant differences
in cold tolerance among different inbred lines.

Table 3. The ANOVA analysis of traits related to low-temperature tolerance in the laboratory during
the germination stage.

Traits Source of Variation
Degrees of
Freedom

Sum of Squares Mean Squares F-Value p-Value

Relative
germination rate

Genotype 287 478,817 1668 12.98 <2 × 10−10 ***
Environment 1 70,893 70,893 551.68 <2 × 10−10 ***

Block 1 2 2 0.012 0.91
Genotype × environment 280 98,028 350 2.72 <2 × 10−10 ***

Error 565 72,604 129 - -

Note: ‘***’ indicates significance at the 0.001 level.

The phenotypic analysis results of the indoor relative germination rate of the in-
bred lines are shown in Table 4. From the table, it can be seen that the average relative
germination rates in 2018 and 2019 were 79.51% and 84.60%, respectively. Overall, the
distribution range of the indoor relative germination rates in 2018 and 2019 was relatively
large, indicating a high variation in cold tolerance among different inbred lines.

105



Curr. Issues Mol. Biol. 2023, 45

Table 4. The low-temperature tolerance phenotype statistics during the germination stage.

Traits Number Min Max Mean Median SD Kurtosis Skewness

Relative germination index in 2018 281 0.00 100.00 79.51 76.00 25.25 0.09 −0.10
Relative germination index in 2019 288 0.00 100.00 84.60 92.00 20.09 4.68 −2.12

3.3. Correlation Analysis of Low-Temperature Tolerance during Germination between Field
and Indoor

The correlation analysis showed that the indoor relative germination rate in 2018 was
significantly correlated with the indoor relative germination rate in 2019 and the relative
germination rate in the field, with correlation coefficients of 0.67 and 0.18, respectively, and
both reached a significant level of 0.001 (Table 5). The indoor relative germination rate
in 2019 was significantly correlated with the relative germination rate in the field, with
a correlation coefficient of 0.20, which reached a significant level of 0.001. The relative
germination rate in the field was significantly correlated with the field relative germination
indices in 2017 and 2018, with correlation coefficients of 0.50 and 0.49, respectively, and
both reached a significant level of 0.001. Among the significantly correlated indicators,
the correlation coefficient between the indoor relative germination rate in 2018 and that in
2019 was the highest, reaching 0.67, while the correlation coefficient between the indoor
relative germination rate in 2018 and the relative germination rate in the field was the
lowest, at 0.18.

Table 5. The correlation analysis of low-temperature tolerance during the germination stage.

Traits

Correlation Coefficient

Indoor Relative
Germination Rate

(2018)

Indoor Relative
Germination Rate

(2019)

Field Relative
Germination

Rate

Field Relative
Germination
Index (2017)

Field Relative
Germination
Index (2018)

Indoor relative germination
rate (2018) 1 0.67 *** 0.18 *** 0.07 0.02

Indoor relative germination
rate (2019) 0.67 *** 1 0.20 *** 0.02 0.11

Field-relative germination rate 0.18 *** 0.20 *** 1 0.50 *** 0.49 ***

Field-relative germination
index (2017) 0.07 0.02 0.50 *** 1 −0.06

Field-relative germination
index (2018) 0.02 0.11 0.49 *** −0.06 1

Note: ‘***’ indicates significance at the 0.001 level.

3.4. Analysis of Genotype
3.4.1. Analysis of SNPs

A total of 24,042 high-quality SNP markers were identified across the entire maize
genome (Table 6). The identified SNPs were distributed relatively evenly across the ten
chromosomes, with the highest number found on chromosome 1 (3687 SNPs), followed
by chromosome 2 (3217 SNPs). The lowest number of SNPs was found on chromosome
10 (2976 SNPs). Of the 24,042 SNPs identified, 98% had a minor allele frequency greater
than 0.05, and 36% had a minor allele frequency greater than 0.1. Additionally, SNPs
with different minor allele frequencies were distributed relatively evenly across the ten
chromosomes.
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Table 6. The allele frequency characteristics of SNP markers.

Chr. SNP
Minor Allele Frequency (MAF)

>0.05 Percent (%) >0.1 Percent (%) >0.2 Percent (%)

1 3687 3599 98 1383 38 115 3
2 3217 3159 98 1174 36 89 3
3 2896 2833 98 930 32 91 3
4 2882 2802 97 947 33 95 3
5 2384 2334 98 838 35 94 4
6 1898 1868 98 715 38 90 5
7 1577 1532 97 580 37 57 4
8 1848 1793 97 635 34 62 3
9 2294 2264 99 854 37 111 5
10 1359 1313 97 529 39 36 3

Total 24,042 23,497 98 8585 36 840 3

3.4.2. Analysis of Population Structure

We used the snmf function with a cross-validation technique to calculate and select
the appropriate number of subpopulations based on the standard, and we classified the
individuals based on their maximum genetic similarity (Q-matrix). When the number of
subpopulations is set from 1 to 10, the cross-entropy criterion for assigning subpopulations
gradually decreases, but no obvious turning point is observed (Figure 1). When the number
of subpopulations is varied, the clustering of the inbred lines is clearly distinguished
(Figure 2). When the number of subpopulations is set to five, the 296 excellent inbred lines
are divided into five subpopulations. Subpopulations A, B, C, D, and E include 21, 22, 178,
10, and 65 inbred lines, respectively.

Figure 1. Variation in the clustering standard cross-entropy as the number of subgroups K increases.

 

 

Figure 2. Cont.
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Figure 2. The population structure of subgroups from K = 4 to K = 6. Note: (a) K = 4; (b) K = 5; and
(c) K = 6.

3.4.3. Analysis of LD

Using 23,497 SNP markers with an MAF greater than 0.05 for LD analysis, the LD
r2 between these SNP markers basically decreases with an increase in genetic distance
between the markers, and all values are distributed between 0.000 and 1.000 (Table 7,
Figure 3). The average value of LD between the SNP markers on chromosome 9 is the
highest, at 0.122, while the average value on chromosome 7 is the lowest, at 0.052 (Table 7).

Table 7. LD and LD attenuation of maize chromosomes.

Chr.
LD Decay
(r2 < 0.2)

LD Decay
(r2 < 0.1)

Min Max Mean Median SD Kurtosis Skewness

1 120 410 0.000 1.000 0.062 0.008 0.152 13.871 3.605
2 320 1000 0.000 1.000 0.088 0.009 0.201 6.198 2.69
3 130 620 0.000 1.000 0.067 0.007 0.169 10.411 3.264
4 100 500 0.000 1.000 0.061 0.008 0.152 13.999 3.648
5 270 990 0.000 1.000 0.082 0.008 0.187 7.887 2.903
6 85 350 0.000 1.000 0.064 0.008 0.16 11.833 3.435
7 90 440 0.000 1.000 0.052 0.008 0.141 17.75 4.069
8 220 820 0.000 1.000 0.068 0.008 0.169 11.335 3.378
9 340 1990 0.000 1.000 0.122 0.011 0.24 2.903 2.069

10 70 340 0.000 1.000 0.07 0.01 0.165 11.326 3.351

Note: chr.1 to chr.10 represent chromosome 1 to chromosome 10 in maize, respectively.

Figure 3. The attenuation in maize chromosome LD with an increase in SNP distance.

3.5. Analysis of Genome-Wide Association
3.5.1. Genome-Wide Association Analysis of Low-Temperature Tolerance in the Field

Using the MLM model in the TASSEL software at a significance threshold of p < 1 ×
10−4, seven SNP markers associated with low-temperature tolerance were detected based
on the average relative germination rate and the relative germination indices in the field
in 2017 and 2018. These markers are located on chromosomes 5, 6, 7, and 10, and their
phenotypic contributions range from 5.03% to 9.68% (Table 8, Figure 4). Among them, five
significantly associated SNP markers were identified based on the relative germination
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index in 2018, including marker.17002, marker.17003, marker.17009, and marker.17105
located on chromosome 6 and marker.19874 located on chromosome 7, which explained
6.55%, 6.55%, 5.86%, 8.46%, and 7.30% of the phenotypic variation, respectively. No
associated SNP loci were identified for the year 2017, which might be due to the lack of
effective low-temperature stress between early sowing and sowing at the optimum time in
that year.

Table 8. SNPs of maize with significant correlation with low-temperature tolerance.

Traits Marker Chr.
Physical
Position

−Lg (p)
Contribution

(%)

Field-relative germination rate marker.14070 5 2,205,723 6.86 9.68
Relative germination index (2018) marker.17002 6 64,236,775 4.56 6.55
Relative germination index (2018) marker.17003 6 64,236,781 4.56 6.55
Relative germination index (2018) marker.17009 6 64,298,566 4.15 5.86
Relative germination index (2018) marker.17105 6 72,142,751 5.69 8.46
Relative germination index (2018) marker.19874 7 180,326,388 5.01 7.30
Field-relative germination rate marker.536 10 63,529,769 4.06 5.03

Note: The physical position of SNP markers was determined in reference to B73 RefGen-v4.

Figure 4. Correlation analysis based on the relative germination index in 2018.

3.5.2. Genome-Wide Association Analysis of Low-Temperature Tolerance in the Laboratory

Using the relative germination rate in the laboratory during the germination stage
as the indicator, a total of 14 SNP loci associated with low-temperature tolerance during
germination were detected; these SNP markers are located on chromosomes 1, 3, 4, 5, and
10, explaining 4.84% to 9.68% of the phenotypic variance. Among them, six significantly
associated SNP markers were identified using the relative germination rate in 2018 (Table 9,
Figure 5), and eight significantly associated SNP markers were identified using the relative
germination rate in 2019 (Table 9, Figure 6).

109



Curr. Issues Mol. Biol. 2023, 45

Table 9. SNPs of maize with significant correlations with low-temperature tolerance.

Traits Marker Chr.
Physical
Position

−Lg (p)
Contribution

(%)

Relative germination rate (2019) marker.1723 1 31,809,859 5.01 6.54
Relative germination rate (2018) marker.1724 1 31,809,902 4.07 5.46
Relative germination rate (2019) marker.1726 1 31,897,277 4.18 5.31
Relative germination rate (2019) marker.1729 1 31,954,983 4.95 6.41
Relative germination rate (2018) marker.8339 3 6,292,001 4.16 5.61
Relative germination rate (2019) marker.8339 3 6,292,001 5.42 7.12
Relative germination rate (2018) marker.8340 3 6,292,053 5.01 6.87
Relative germination rate (2019) marker.8340 3 6,292,053 4.87 6.34
Relative germination rate (2019) marker.12816 4 140,575,088 4.54 5.87
Relative germination rate (2018) marker.14070 5 2,205,723 5.17 6.26
Relative germination rate (2018) marker.190 10 22,696,941 4.13 5.56
Relative germination rate (2019) marker.753 10 90,874,322 4.75 6.17
Relative germination rate (2019) marker.14070 5 2,205,723 4.00 4.84
Relative germination rate (2018) marker.843 10 100,622,715 4.52 6.10

Note: The physical position of SNP markers was determined in reference to B73 RefGen-v4.

Figure 5. Correlation analysis based on the indoor relative germination index in 2018.

3.5.3. Consistency Analysis of SNP Markers Associated with Low-Temperature Tolerance

Eight significantly associated SNP markers were identified using the indoor relative
germination rate in 2019, mainly distributed on chromosomes 1, 3, 4, and 10. When using
the indoor relative germination rate in 2018 and the field relative germination index in
2018, five significantly associated SNP markers were identified for each. No significantly
associated SNP markers were identified based on the germination index in 2017. Overall,
significantly associated SNP markers were distributed on chromosomes 1, 3, 4, 5, 6, 7,
and 10, with most markers on chromosome 1 (up to nine), and no significantly associated
SNP markers were found on chromosomes 2, 8, and 9. The −Lg(p) values of significantly
associated SNP markers ranged from 4.00 to 6.86, with an average of 4.65. The phenotypic
variation explained by a single SNP marker ranged from 4.84% to 9.68%, with an average
of 6.13%.
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Figure 6. Correlation analysis based on the indoor relative germination index in 2019.

Significantly associated SNP markers also showed clustered distribution. Using the in-
door relative germination rates in 2018 and 2019, four significantly associated SNP markers
(marker.1723, marker.1724, marker.1726, and marker.1729) were identified in the interval
of 31,809,859–31,954,983 on chromosome 1, with an average distance of 36.28 Kb between
markers. Using the indoor relative germination rates in 2018 and 2019, a significantly
associated SNP marker (marker.8339) was identified on chromosome 3 at position 6,292,001,
explaining up to 5.61% of the phenotypic variation. Using the indoor relative germination
rate in 2018 and the field relative germination rate in 2019, a significantly associated SNP
marker (marker.8340) was identified on chromosome 3 at position 6,292,053, explaining
up to 6.87% of the phenotypic variation. Using the indoor relative germination rate in
2019 and the field relative germination rate in 2019, a significantly associated SNP marker
(marker.14070) was identified on chromosome 5 at position 2,205,723, explaining up to
9.68% of the phenotypic variation.

4. Discussion

In recent years, with the rapid development of sequencing technology and statistical
algorithms, GWAS has become one of the most effective methods for identifying genetic
variants associated with important agronomic traits in crops [26–29]. Compared to the
traditional linkage analysis, GWAS can use natural populations as materials directly; it can
detect more QTLs than traditional QTL mapping by using biparental populations because
it uses a larger number of molecular markers and datasets from hundreds of maize inbred
lines, which have a rich allelic diversity [30,31]. Moreover, GWAS can analyze multiple
phenotypic traits in multiple environments and across multiple time points at the same time.
Its high-throughput sequencing and high precision have greatly improved the efficiency of
crop breeding [32,33]. Currently, GWAS has greatly advanced genetic research on maize
functional genomics [34]; many agronomic traits such as flowering time, leaf angle, leaf
size, and disease resistance have been identified in maize. For example, using 368 maize
inbred lines and approximately 1 million SNPs, a GWAS analysis successfully detected
74 loci associated with seed oil content and fatty acid composition in maize [35,36]. The
US-NAM population was used to detect maize flowering time variants, and a total of 90
flowering time regions were identified in the whole genome via GWAS; among them, one
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third of regions were associated with the environmental sensitivity of maize flowering
time [37]. In another study, 513 inbred lines were used to identify 678 SNPs associated
with 17 agronomic traits via GWAS, such as plant height, seed morphology, and flowering
time; the results found that 54.3% of these SNPs were associated with at least two or more
agronomic traits [38]. A total of 217 inbred lines were genotyped using the GBS technology,
and 39 SNPs were identified to be significantly associated with fumonisin resistance in
maize kernels based on GWAS analysis [39]. A panel of 143 elite lines were genotyped by
using the MaizeSNP50 chip, combined with GWAS and transcriptome analysis; the results
showed that 15 common quantitative trait nucleotides were associated with maize white
spot, and SYN10137-PZA00131.14 was identified as a key genetic region for improving
resistance to MWS; in this region, three candidate genes were identified [40].

Maize can grow in cool-temperate climates but is often exposed to cold temperatures
in spring, which can affect seedling growth. Currently, although studies have shown
that the growth and development of maize plants are closely related to low temperatures,
the genetics of low-temperature tolerance in maize is not well understood. For example,
low-temperature stress can increase the expression of related genes, resulting in the accu-
mulation of folate in maize plants [41]. Cold stress can result in a series of physiological
responses, such as the expression of osmotic stress-related genes, accumulation of ROS, ac-
tivities of antioxidant enzymes, and levels of plant hormones and MDA production [42–45];
thus, plants need to stabilize cell membranes and biologically active proteins in order to
survive under low-temperature conditions. However, low-temperature tolerance in maize
is a complex trait because the identification and evaluation of low-temperature tolerance
traits are complex and have not been standardized. Classic quantitative genetics studies
have shown that low-temperature tolerance is controlled by multiple genes and is easily
affected by environmental conditions. Quantitative genetic analyses of cold tolerance have
shown that genotype, additive effects, growth stage, heterosis, and reciprocal and environ-
mental factors are all involved in the expression of cold tolerance in maize [46]. Six maize
lines were used to evaluate the expression of CAT, APX, SOD, and other genes; the results
showed that there was heterosis for germination under cold stress, and non-additive genes
were more important [47]. The studies cited above show that the genetics mechanisms of
low-temperature tolerance in maize are very complicated.

Maize has rich genetic variability, a fast LD decay rate, and abundant information on
SNP loci, so maize is an ideal model crop for GWAS analysis [48]. In this study, we used
GWAS to identify the genetic loci associated with five traits related to low-temperature
tolerance during germination. We identified 30 markers significantly associated with
low-temperature tolerance, which were located on chromosomes 1, 2, 3, 4, 5, 6, 7, and
10. Two markers (marker.17002 and marker.17009) significantly associated with the rel-
ative germination index in the field in 2018 were located in bin 2.05. This interval has
been mapped to several traits under different temperature conditions, including SPAD
values [49], antioxidant activity under cold treatment, chlorophyll b, chlorophyll a + b, and
Fv/Fm under different temperatures and sowing times [50]. Marker.7569, significantly
associated with the relative germination index in the field in 2018, was located in bin 2.06
and was involved in the photosynthetic traits of the third leaf under 15 ◦C conditions,
including CO2 assimilation rate and ΦPSII [1]. Marker.19874, located in bin 2.08, was
associated with hundred-grain weight under 14 ◦C/10 ◦C (day/night) conditions [51].
Some of these associated markers are consistent with previous studies on low-temperature
tolerance, although the traits they are associated with may differ, which may be due to
pleiotropy.

Eight significant SNPs related to relative germination rate were detected using the in-
door relative germination rate in 2019, and five significant SNPs related to low-temperature
tolerance were detected using both the indoor relative germination rate in 2018 and the
field relative germination index in 2018. Overall, these significant SNPs related to low-
temperature tolerance were distributed on chromosomes 1, 3, 4, 5, 6, 7, and 10, with most
SNPs distributed on chromosome 1 (nine SNPs). Previous studies have also shown that
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SNPs that are associated with seedling-related traits in maize under cold stress are con-
centrated on chromosomes 1, 2, 3, 5, 6, 8, and 10 [13,52,53]. The above research results
further indicate that the cold tolerance of maize is a polygenic quantitative trait controlled
by multiple genes. Using polygenic aggregation or multiple molecular markers for the
genetic improvement of cold tolerance in maize is an effective strategy. No significant
SNPs related to relative germination index were detected in 2017 using GWAS analysis,
indicating that low-temperature tolerance in maize may be easily affected by environmental
conditions, particularly climate conditions during the growing season. Some scholars have
reported that the gene expression related to cold tolerance was affected by the environment
of maize [54]. Under controlled conditions, the highest number of significant SNPs related
to relative germination rate was detected using the indoor relative germination rate in 2019
(nine SNPs), further demonstrating that controlling low-temperature environmental condi-
tions is important for identifying variations in low-temperature tolerance among different
maize inbred lines. Therefore, future studies on identifying genes for low-temperature
tolerance and improving maize varieties should focus more on phenotypic evaluations
under artificial controlled low-temperature conditions.

Using the indoor relative germination rates in 2018 and 2019, four SNP markers
significantly associated with low-temperature tolerance were identified in the range of
31,809,859–31,954,983 on chromosome 1, with an average distance of 36.28 Kb between
markers. On chromosome 3, two SNP markers significantly associated with low-temperature
tolerance were identified, namely marker.8339 and marker.8340. These markers can be
directly applied or developed into easily detectable molecular markers for use in the marker-
assisted selection for low-temperature tolerance in maize. In addition, some markers
were found to be significantly associated with multiple traits, such as marker.1723 and
marker.1724, which are only 43 bp apart and were associated with both indoor germination
rates in 2018 and 2019. Marker.8339 and marker.8340 were associated with both indoor
relative germination rates in 2018 and 2019, and marker.14070 was associated with both
the field average relative germination rate and the 2019 indoor relative germination rate.
The reason for the same markers being associated with multiple traits may be due to the
strong correlation between traits, and it also indicates that the traits identified in this study
are all effective for low temperature-tolerance identification. Another reason may be due
to the pleiotropy of genes, where genes not only directly control the expression of a trait
through the action of enzymes, but also affect many other traits through the modification
of a particular trait. This requires further investigation into the function of candidate genes
to avoid any negative effects of gene expression on maize breeding.

5. Conclusions

In the present study, GWAS was performed with 296 maize inbred lines, and a total
of 14 SNPs significantly associated with low-temperature tolerance were detected. The
SNP consistently linked to low-temperature tolerance in the field and indoors during
germination was marker.14070, located on chromosome 5 at position 2,205,723, which
explained 4.84–9.68% of the phenotypic variation.
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Appendix A

Table A1. The population distribution characteristics when the number of subgroups is 5.

NO. Name
Ancestry Matrix

Subgroup
A B C D E

1 LX46 0.86 0 0.05 0 0.09 A
2 UH302 0.92 0 0 0.08 0 A
3 LX56 0.57 0.14 0 0 0.29 A
4 LX57 0.59 0.14 0 0 0.27 A
5 LX65 0.52 0.02 0.37 0.05 0.04 A
6 LX76 0.39 0.09 0.32 0 0.2 A
7 LX98 0.9 0.1 0 0 0 A
8 LX99 0.67 0.33 0 0 0 A
9 38P05f 0.77 0 0.07 0 0.16 A
10 38P05m 1 0 0 0 0 A
11 LX113 1 0 0 0 0 A
12 YA1M 0.9 0 0.04 0.03 0.03 A
13 LX147 0.85 0 0.06 0.03 0.06 A
14 LX148 0.88 0 0.05 0.03 0.04 A
15 LX151 0.74 0.09 0 0 0.17 A
16 LX156 0.67 0.33 0 0 0 A
17 LX162 0.37 0 0.37 0.16 0.1 A
18 LX171 0.53 0.03 0.06 0.2 0.18 A
19 UH303 0.91 0 0.05 0.04 0 A
20 LX194 0.45 0.15 0.27 0 0.13 A
21 688F 0.94 0.06 0 0 0 A
22 LX94 0 0.48 0.23 0.01 0.28 B
23 LX115 0.01 0.56 0.02 0 0.41 B
24 xy335f 0 0.97 0.03 0 0 B
25 LX132 0.01 0.44 0.15 0 0.4 B
26 LX137 0.04 0.47 0.11 0 0.38 B
27 LY88M 0 0.78 0.06 0 0.16 B
28 LX164 0 0.65 0.07 0 0.28 B
29 LX166 0 0.68 0 0 0.32 B
30 LX167 0 0.68 0.04 0.02 0.26 B
31 LX168 0 0.54 0.01 0 0.45 B
32 LX169 0 0.61 0.05 0 0.34 B
33 LX172 0.03 0.55 0 0 0.42 B
34 LX180 0 0.88 0.1 0.02 0 B
35 LX186 0 0.89 0.09 0.02 0 B
36 LX205 0 0.51 0.26 0 0.23 B
37 LX206 0.04 0.48 0.24 0.03 0.21 B
38 LY99M 0 1 0 0 0 B
39 MEIXI 0.03 0.43 0.17 0.04 0.33 B
40 101M 0.01 0.53 0 0 0.46 B
41 420F 0 1 0 0 0 B
42 738M 0 1 0 0 0 B
43 820F 0.05 0.55 0.33 0.07 0 B
44 LX1 0.05 0.04 0.49 0.09 0.33 C
45 LX2 0.03 0.05 0.62 0.16 0.14 C
46 LX3 0.01 0.06 0.64 0.2 0.09 C
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NO. Name
Ancestry Matrix

Subgroup
A B C D E

47 LX4 0 0.13 0.53 0.17 0.17 C
48 LX5 0.02 0.02 0.83 0.13 0 C
49 LX6 0 0.02 0.92 0.04 0.02 C
50 LX8 0.02 0.02 0.59 0.04 0.33 C
51 LX9 0 0 1 0 0 C
52 LX10 0.03 0.03 0.76 0.05 0.13 C
53 LuYuan92 0.02 0.03 0.72 0.08 0.15 C
54 LX12 0.25 0 0.45 0.22 0.08 C
55 LX13 0.02 0.05 0.53 0.05 0.35 C
56 LX14 0.02 0.05 0.59 0.04 0.3 C
57 LX15 0.03 0.09 0.69 0.05 0.14 C
58 LX17 0.02 0.03 0.69 0.04 0.22 C
59 LX18 0.1 0.03 0.44 0.3 0.13 C
60 H261 0 0.02 0.74 0.05 0.19 C
61 LX19 0.05 0.05 0.61 0.05 0.24 C
62 LX20 0 0.01 0.61 0.05 0.33 C
63 LX21 0.19 0.08 0.37 0.07 0.29 C
64 Q319 0.04 0.06 0.71 0.05 0.14 C
65 LX23 0.02 0.05 0.73 0.18 0.02 C
66 LX25 0.1 0.08 0.6 0.07 0.15 C
67 LX95 0 0.05 0.74 0.21 0 C
68 LX27 0 0 0.86 0 0.14 C
69 LX29 0.04 0.04 0.66 0.07 0.19 C
70 LX30 0 0.08 0.56 0.29 0.07 C
71 LX32 0 0 0.88 0.12 0 C
72 LX33 0 0.07 0.57 0.31 0.05 C
73 LX34 0 0.02 0.75 0.16 0.07 C
74 LX35 0.1 0.05 0.45 0.26 0.14 C
75 LX36 0.27 0.01 0.4 0.21 0.11 C
76 LX37 0.04 0.06 0.46 0.28 0.16 C
77 LX38 0 0 0.97 0 0.03 C
78 LX39 0 0 0.82 0.18 0 C
79 LX40 0.03 0 0.71 0 0.26 C
80 LX41 0 0 0.54 0.15 0.31 C
81 LX42 0.01 0.05 0.47 0.03 0.44 C
82 LX43 0 0 0.87 0.13 0 C
83 LX45 0.02 0.03 0.78 0.08 0.09 C
84 B317 0 0.01 0.84 0.08 0.07 C
85 LX48 0.01 0.02 0.77 0.11 0.09 C
86 B144 0.02 0.04 0.47 0.04 0.43 C
87 Si287 0 0 0.84 0.16 0 C
88 7-004 0 0 0.66 0 0.34 C
89 SD190 0.01 0.05 0.78 0.08 0.08 C
90 LX49 0.02 0.03 0.73 0.01 0.21 C
91 LX50 0 0 0.89 0 0.11 C
92 LX52 0.05 0 0.69 0.05 0.21 C
93 LX53 0 0 0.9 0.05 0.05 C
94 LX55 0.01 0.05 0.62 0.16 0.16 C
95 LX59 0.06 0.02 0.72 0.05 0.15 C
96 LX60 0.02 0.04 0.62 0.08 0.24 C
97 LX61 0.03 0.03 0.73 0.12 0.09 C
98 LX62 0 0 0.76 0.24 0 C
99 LX63 0 0.08 0.79 0.1 0.03 C

100 LX64 0 0.01 0.75 0.2 0.04 C
101 LX66 0.23 0 0.42 0.13 0.22 C
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102 LX67 0.05 0.07 0.53 0.08 0.27 C
103 LX68 0.02 0.04 0.33 0.29 0.32 C
104 LX69 0.02 0.01 0.55 0.29 0.13 C
105 LX71 0.02 0 0.87 0.04 0.07 C
106 LX74 0 0.21 0.58 0 0.21 C
107 LX75 0.04 0.18 0.41 0.05 0.32 C
108 LX82 0.03 0.01 0.48 0.22 0.26 C
109 LX83 0 0 0.74 0.22 0.04 C
110 LX84 0 0 0.8 0.19 0.01 C
111 LX85 0.03 0.06 0.49 0.02 0.4 C
112 LX86 0 0 0.93 0.07 0 C
113 LX87 0 0 0.95 0.05 0 C
114 LX90 0.02 0.04 0.47 0.06 0.41 C
115 LX92 0 0 0.74 0.26 0 C
116 LX93 0 0 0.66 0.3 0.04 C
117 LX100 0 0 0.53 0.29 0.18 C
118 LX102 0 0.03 0.86 0.09 0.02 C
119 LM33M 0.03 0.05 0.61 0.07 0.24 C
120 LX105 0.05 0 0.88 0.05 0.02 C
121 LX106 0.01 0.1 0.81 0.05 0.03 C
122 LX107 0.06 0 0.89 0.05 0 C
123 LX112 0.07 0.14 0.47 0.09 0.23 C
124 LX114 0.06 0.12 0.4 0.02 0.4 C
125 Huangzao4 0 0 0.86 0.14 0 C
126 Longxi53 0.04 0.04 0.41 0.13 0.38 C
127 706 0.08 0.05 0.71 0.11 0.05 C
128 LX117 0.01 0.01 0.96 0.02 0 C
129 LX118 0.03 0.1 0.72 0.06 0.09 C
130 LX119 0 0.03 0.78 0.14 0.05 C
131 K10 0 0.09 0.47 0.35 0.09 C
132 Chang3 0.02 0.03 0.6 0.13 0.22 C

133 Zhong7490-
92 0.01 0.04 0.76 0.18 0.01 C

134 78599 0.03 0 0.91 0.06 0 C
135 478 0 0 0.89 0 0.11 C
136 He344 0 0.01 0.75 0.18 0.06 C
137 Longkang11 0 0 1 0 0 C
138 MO17 0.04 0.17 0.56 0.03 0.2 C
139 4F1 0 0 1 0 0 C
140 330 0 0 0.9 0.1 0 C
141 5003 0 0 0.98 0.02 0 C
142 B73 0.03 0.01 0.96 0 0 C
143 LX120 0.07 0.03 0.66 0.19 0.05 C
144 LX121 0.02 0.02 0.87 0.07 0.02 C
145 LX122 0 0.04 0.69 0.27 0 C
146 LX123 0.03 0 0.83 0.11 0.03 C
147 LX124 0 0 0.99 0.01 0 C
148 06S021 0 0 0.97 0 0.03 C
149 06S032 0 0 1 0 0 C
150 06S034 0.13 0.01 0.78 0.05 0.03 C
151 06S052 0 0 0.53 0.01 0.46 C
152 06S060 0 0.01 0.84 0 0.15 C
153 06S068 0 0 0.92 0 0.08 C
154 06S075 0 0 0.77 0.14 0.09 C
155 06S095 0 0.04 0.71 0.1 0.15 C
156 R117 0.01 0 0.91 0 0.08 C

116



Curr. Issues Mol. Biol. 2023, 45

Table A1. Cont.

NO. Name
Ancestry Matrix

Subgroup
A B C D E

157 FLAF 0.13 0.01 0.48 0.22 0.16 C
158 YAM 0.07 0.08 0.66 0.09 0.1 C
159 LX125 0 0.05 0.81 0.14 0 C
160 Jidan27♂ 0.01 0.01 0.49 0.04 0.45 C
161 LX126 0 0 0.59 0.01 0.4 C
162 LX127 0 0.03 0.75 0.04 0.18 C
163 LX128 0 0.02 0.83 0.13 0.02 C
164 LX129 0 0 0.98 0.02 0 C
165 LX130 0.01 0 0.67 0.01 0.31 C
166 LX131 0.03 0.13 0.61 0.08 0.15 C
167 Zheng58 0.01 0 0.87 0 0.12 C
168 Chang7-2 0 0.01 0.8 0.14 0.05 C
169 HY6M 0.18 0 0.49 0.19 0.14 C
170 HY6F 0.04 0.03 0.77 0.06 0.1 C
171 LX134 0.26 0 0.64 0.08 0.02 C
172 LX140 0 0 0.87 0 0.13 C
173 LX144 0.03 0.09 0.51 0.06 0.31 C
174 Co117-2 0.1 0.04 0.53 0.19 0.14 C
175 Co220 0.09 0.02 0.47 0.3 0.12 C
176 Co228 0.15 0.03 0.4 0.3 0.12 C
177 Co266 0.09 0.04 0.44 0.31 0.12 C
178 Co274 0.07 0.09 0.55 0.15 0.14 C
179 Co285 0.07 0.02 0.51 0.08 0.32 C
180 Co358 0.13 0.02 0.48 0.21 0.16 C
181 Co372 0.07 0.02 0.49 0.27 0.15 C
182 Co373 0.1 0.06 0.47 0.28 0.09 C
183 Co380 0.08 0.03 0.46 0.19 0.24 C
184 LY88F 0 0 0.8 0.1 0.1 C
185 LX149 0 0 0.94 0.06 0 C
186 LX150 0 0 0.81 0.08 0.11 C
187 LX152 0.02 0 0.93 0 0.05 C
188 LX153 0.06 0.02 0.71 0.09 0.12 C
189 LX154 0.01 0 0.87 0.12 0 C
190 LX155 0 0.02 0.83 0.15 0 C
191 H127RE 0.04 0.04 0.64 0.12 0.16 C
192 LX163 0.05 0.07 0.82 0 0.06 C
193 DY1 0 0.01 0.88 0.11 0 C
194 DY10 0.01 0.03 0.53 0 0.43 C
195 DY21 0.07 0.12 0.44 0.03 0.34 C
196 DY53 0.01 0 0.86 0.13 0 C
197 DY71 0.02 0.02 0.8 0.16 0 C
198 DY97 0 0.01 0.63 0 0.36 C
199 DY99 0.03 0.03 0.5 0.22 0.22 C
200 Dy13-17 0.14 0.03 0.46 0.2 0.17 C
201 LX176 0.03 0.02 0.95 0 0 C
202 LX177 0 0.06 0.9 0.04 0 C
203 LX178 0.03 0.06 0.57 0.06 0.28 C
204 LX181 0 0.07 0.59 0.06 0.28 C
205 LX184 0.01 0.03 0.67 0.01 0.28 C
206 LX185 0.04 0.22 0.48 0.04 0.22 C
207 LX188 0.03 0.26 0.37 0.02 0.32 C
208 LX190 0.09 0.17 0.4 0.02 0.32 C
209 LX193 0 0.02 0.95 0.03 0 C
210 LX195 0 0.01 0.91 0.08 0 C
211 LX196 0.07 0.01 0.77 0.03 0.12 C
212 LX197 0 0.01 0.75 0.01 0.23 C
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213 LX198 0 0.01 0.77 0.01 0.21 C
214 LX199 0.02 0 0.76 0 0.22 C
215 LX201 0.04 0.02 0.49 0.02 0.43 C
216 LX202 0.05 0 0.44 0.08 0.43 C
217 LX209 0.13 0.06 0.67 0.08 0.06 C
218 LX210 0.13 0.13 0.54 0.06 0.14 C
219 698F 0.04 0.04 0.68 0.01 0.23 C
220 820M 0.13 0.14 0.37 0.05 0.31 C
221 YA2M 0.27 0.09 0.47 0.06 0.11 C
222 LX26 0 0.03 0.17 0.69 0.11 D
223 UH004 0 0 0 1 0 D
224 FLAM 0 0.04 0.24 0.58 0.14 D
225 YAF 0 0 0 0.97 0.03 D
226 Co374 0.21 0.03 0.2 0.45 0.11 D
227 YA1F 0 0.02 0 0.94 0.04 D
228 LX159 0.36 0 0 0.64 0 D
229 LX160 0.47 0 0 0.53 0 D
230 LX161 0.21 0.1 0.06 0.52 0.11 D
231 UH009 0 0.01 0 0.93 0.06 D
232 Ji871 0 0 0.39 0.1 0.51 E
233 LX11 0.04 0.03 0.42 0.08 0.43 E
234 LX16 0 0.27 0.25 0.02 0.46 E
235 LX22 0 0 0.12 0.03 0.85 E
236 LX24 0 0.22 0 0 0.78 E
237 LX31 0.03 0.03 0.41 0.04 0.49 E
238 LX51 0.01 0 0.36 0.05 0.58 E
239 LX54 0 0 0.21 0 0.79 E
240 LX72 0.34 0.03 0.09 0 0.54 E
241 LX73 0.05 0.26 0.25 0.07 0.37 E
242 LX77 0.16 0.11 0.26 0.03 0.44 E
243 LX78 0.14 0.18 0.06 0 0.62 E
244 LX79 0.15 0.19 0.04 0 0.62 E
245 LX80 0.06 0.11 0.21 0.01 0.61 E
246 LX88 0.19 0.11 0.28 0 0.42 E
247 LX89 0.03 0.02 0.34 0.02 0.59 E
248 LX91 0 0 0.09 0.11 0.8 E
249 LX101 0.06 0.25 0.27 0.04 0.38 E
250 LX104 0 0 0.13 0.01 0.86 E
251 LX108 0 0.1 0 0 0.9 E
252 LX109 0.02 0.17 0.24 0.02 0.55 E
253 LX110 0.13 0.01 0.03 0.04 0.79 E
254 LX111 0.02 0.05 0.33 0.05 0.55 E
255 LX116 0 0.02 0.01 0 0.97 E
256 Lv28 0 0 0 0 1 E
257 LX124 0.38 0.01 0.21 0 0.4 E
258 xy335m 0 0.09 0.02 0 0.89 E
259 LX133 0 0.41 0.16 0.01 0.42 E
260 LX135 0 0.33 0.09 0.01 0.57 E
261 LX136 0 0.43 0.12 0.01 0.44 E
262 LX138 0 0.34 0.23 0.02 0.41 E
263 LX139 0.06 0.23 0.23 0.03 0.45 E
264 LX141 0.02 0.08 0.37 0.06 0.47 E
265 LX142 0 0 0 0 1 E
266 LX143 0 0 0 0 1 E
267 LX145 0 0 0 0.02 0.98 E
268 LX146 0.01 0.02 0.14 0.01 0.82 E
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269 Co371 0.07 0.09 0.28 0.17 0.39 E
270 LX165 0.3 0.04 0.3 0.01 0.35 E
271 LX170 0.02 0.41 0 0 0.57 E
272 DY7 0 0 0 0 1 E
273 DY29 0.01 0 0 0.01 0.98 E
274 DY36 0.05 0.03 0.14 0.02 0.76 E
275 DY49 0 0.12 0.2 0 0.68 E
276 LX173 0 0.07 0.09 0.02 0.82 E
277 LX174 0 0 0 0 1 E
278 LX175 0 0 0.04 0 0.96 E
279 LX179 0 0.09 0.34 0.05 0.52 E
280 LX182 0.42 0.09 0 0.02 0.47 E
281 LX183 0.06 0.1 0.24 0.2 0.4 E
282 LX187 0.01 0.03 0.36 0.07 0.53 E
283 LX191 0.04 0.23 0.27 0.04 0.42 E
284 LX192 0.18 0.26 0.24 0.01 0.31 E
285 LX200 0 0 0.45 0.04 0.51 E
286 LX203 0 0 0 0 1 E
287 LX204 0 0 0 0 1 E
288 LX207 0 0 0 0 1 E
289 LX208 0 0.07 0.18 0.02 0.73 E
290 252M 0.01 0.06 0.21 0.01 0.71 E
291 335MG 0 0.04 0 0 0.96 E
292 688M 0 0.04 0 0 0.96 E
293 XZD276 0 0.1 0 0 0.9 E
294 XZD170 0 0.08 0 0 0.92 E
295 XZD171 0.02 0.13 0.31 0.02 0.52 E
296 YA2F 0 0.33 0 0 0.67 E
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Abstract: The “Indica to Japonica” initiative in China focuses on adapting Japonica rice varieties from
the northeast to the unique photoperiod and temperature conditions of lower latitudes. While breed-
ers can select varieties for their adaptability, the sensitivity to light and temperature often complicates
and prolongs the process. Addressing the challenge of cultivating high-yield, superior-quality Japon-
ica rice over expanded latitudinal ranges swiftly, in the face of these sensitivities, is critical. Our
approach harnesses the CRISPR-Cas9 technology to edit the EHD1 gene in the premium northeastern
Japonica cultivars Jiyuanxiang 1 and Yinongxiang 12, which are distinguished by their exceptional
grain quality—increased head rice rates, gel consistency, and reduced chalkiness and amylose content.
Field trials showed that these new ehd1 mutants not only surpass the wild types in yield when grown
at low latitudes but also retain the desirable traits of their progenitors. Additionally, we found that
disabling Ehd1 boosts the activity of Hd3a and RFT1, postponing flowering by approximately one
month in the ehd1 mutants. This research presents a viable strategy for the accelerated breeding of
elite northeastern Japonica rice by integrating genomic insights with gene-editing techniques suitable
for low-latitude cultivation.

Keywords: northeastern Japonica; heading date; CRISPR/Cas9; Ehd1; low latitude

1. Introduction

The cultivation of high-yield crop varieties has significantly enhanced agricultural
performance, particularly in adapting to diverse latitudes [1]. The photoperiod is a crit-
ical factor in this adaptation, as it significantly influences crop yields. In China, Oryza
sativa L., predominantly a short-day (SD) crop, has evolved into two main subspecies:
indica and japonica [2]. Traditionally, indica is cultivated in southern China’s lower-latitude
areas, while Japonica is grown in the mid-latitude regions of the northeastern plain and
along the Yangtze River [3]. Northeastern japonica rice is increasingly preferred for its
superior grain quality. However, attempts to breed northeastern Japonica-like rice at lower
latitudes have faced challenges due to photosensitivity or temperature sensitivity [4–6].
Selecting the optimal flowering time for southern China’s lower-latitude areas could enable
the expansion of Japonica rice from north to south. However, traditional breeding meth-
ods are time-consuming [7]. Recent molecular genetic research has uncovered beneficial
photoperiod-associated alleles in elite cultivars [8,9], paving the way for advanced gene-
editing techniques, such as the clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated 9 (Cas9) system [10,11].

Photoperiod conditions significantly promote rice heading [8]. Rice has evolved
two distinct flowering pathways: a long-day (LD) flowering suppression pathway and a
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flowering-promotion pathway [8,12]. Under both LD and SD conditions, Ehd1, a B-type
response regulator, plays a crucial role in integrating these signals. Ehd1 enhances heading
by elevating the expression of Hd3a and RFT1 under SD conditions [13,14]. Various genes
modulate the expression of Ehd1. For instance, RID1/Ehd2/OsID1, SE5, OsMADS51, and
others positively influence Ehd1 [15,16], while Heading Date 1 (Hd1), Ghd7, COL4, and
DTH8/Ghd8/Hd5 have a negative impact [8,17–20]. Hd1 is unique, suppressing heading
under LD and promoting it under SD [17]. The roles of other key regulatory genes, like
Ghd7, Hd2, and DTH8, are necessary for Hd1 to reduce heading under LD [9,21]. SE5 is
involved in phytochrome chromophore biosynthesis [16]. Mutations in se5 result in early
heading under both SD and LD conditions. The AP2 genes, containing the miR172 target
site, act as repressors of Ehd1 [22]. Loss of Ehd1 function leads to extended flowering times
and exhibits elite agronomic traits at low latitudes, as demonstrated in the Longdao16 and
Longdao24 rice varieties [3]. Therefore, Ehd1 presents a potential target for genome editing
to facilitate the adaptation of Japonica rice from north to south.

Addressing the pressing need to rapidly breed a diverse array of modern varieties, our
study introduces a method using the CRISPR-Cas9 technique. We applied this technique
to edit the EHD1 gene in elite northeastern Japonica varieties, including Jiyuanxiang 1
and Yinongxiang 12, which are known for their superior grain quality (higher head rice
rates; gel consistency; and lower chalky rice rates, chalkiness degree, and amylose content).
The objectives include achieving suitable flowering times and elite plant architecture
for modern rice production at low latitudes while preserving the superior grain quality
traits of the progenitors. This endeavor represents an integration of gene editing with
existing Japonica rice landraces and breeding strategies in northeastern China, aiming
to enhance the adaptation of Japonica rice and breed new, modern varieties suitable for
low-latitude regions.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

The transgenic plants used in this study were of the Yinongxiang and Jiyuanxiang
varieties. All rice plants were cultivated in paddy fields under natural conditions at
locations in Hangzhou and LingShui, managed by the Zhejiang Academy of Agricultural
Sciences, China.

2.2. Agronomic Trait Measurements

Upon reaching maturity, primary agronomic traits such as plant height, tiller count,
leaf length, leaf breadth, spikelet length, number of primary and secondary branches,
and seed-setting rate were evaluated. For each trait, data were collected from three
biological replicates.

2.3. Plasmid Construction

The CRISPR/Cas9 system was utilized to target the EHD1 gene, with two specific
target sites designed. gRNA1EHD1 and gRNA2EHD1 were initially digested and then
assembled into an intermediate vector [23]. This intermediate vector was subsequently
incorporated into the pC1300-Cas9 binary vector. Details of the target sequences can
be found in Supplementary Table S3. The binary vector loaded with two sgRNAs was
employed for genetic transformation using the Agrobacterium-mediated transformation
method (strain EHA105), as outlined in previous studies [24].

2.4. Detection of Mutations

Genomic DNA was extracted from approximately 100 mg of leaf tissue from the
transgenic rice plants by using the CTAB method. PCR amplification of the fragments
surrounding the target sites was performed by using KOD FX DNA polymerase (Toyobo
Co., Ltd., Osaka, Japan). The amplified DNA fragments were then sequenced using the
Sanger method (Applied Biosystems, Foster City, CA, USA) and analyzed by the degenerate
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sequence decoding method [25,26]. To identify transgene-free plants, PCR amplification
was conducted by using specific primers for the hygromycin phosphotransferase gene.

2.5. RNA Extraction and RT-PCR

Total RNA was extracted from leaf tissues by using TRIzol reagent (Thermo Fisher
Scientific, Waltham, MA, USA). First-strand cDNA synthesis was performed by using 1 μg
of RNA and the ReverTra Ace qPCR RT Master Mix with gDNA Remover (Toyobo Co.,
Ltd., Osaka, Japan). Real-time PCR was conducted on each cDNA sample in duplicate. The
quantitative real-time PCR experiments were performed by using the Power SYBR Green
PCR Master Mix kit (Applied Biosystems, Foster City, CA, USA) under specified conditions.
The rice UBIQUITIN gene served as an internal control, and relative expression ratios were
calculated by using the 2−ΔΔCT method. Gene-specific primers are listed in Table S3.

2.6. Photoperiod and Temperature Treatments

ycas-1, jcas-2, and WT plants were sown on 15 June 2022 at the Institute of Crops and
Nuclear Technology Utilization, Zhejiang Academy of Agricultural Sciences. Fifty-eight-
day-old plants underwent photoperiod and temperature treatments in growth chambers.
Plants were treated for 7 days and sampled randomly every 3 days over a 10-day period,
with each sampling involving three biological replicates.

2.7. Measurement of Amylose, Gel Consistency, and Alkali Spreading Value

Amylose content and gel consistency in mature grains of WT, ycas-1, and jcas-2 plants
were measured by using the concanavalin A-based method (Sigma-Aldrich, St. Louis,
MO, USA). Gel consistency was determined by the alkali digestion test (Sigma-Aldrich,
St. Louis, MO, USA), which involved evaluating starchy endosperm by using a standard
seven-point numerical spreading scale. The alkali spreading value (ASV) classified the gela-
tinization temperature (GT) of rice grains into four groups: high (1–2), high–intermediate
(3), intermediate (4–5), and low (6–7)

2.8. Statistical Analysis

Data were expressed as mean values ± standard deviations (SDs) based on three
biological replicates. Statistical significance was determined by using Student’s unpaired
t-test and Duncan’s multiple range test. Significance levels were set at 5% (indicated by a
single asterisk, *) and 1% (indicated by a double asterisk, **) for the t-test. For Duncan’s
multiple range test, significance levels were also set at 5% and 1%, and these are indicated
in the respective figures and tables with different letters to denote statistically significant
differences among the groups.

3. Results

3.1. Early Flowering of Northeastern Japonica Rice at Low Latitudes

A study involving 119 high-grain-quality northeastern Japonica rice varieties in Hangzhou,
a low-latitude region, revealed that these varieties flower 30–50 days earlier than the local
cultivars, Zhe 08A and Zhejing 99 (Figure S1, Table S1). This early flowering, however, limits
their direct application in low-latitude regions. The findings suggest the need for improvement
in genes associated with the long-day flowering suppression pathway.

3.2. Both ehd1-Ji Yuan Xiang 1 and ehd1-Yi Nong Xiang 12 Display Delayed Heading Date and
Good Field Performance

Among the varieties studied, Ji Yuan Xiang 1 and Yi Nong Xiang 12 were selected for
modification of their flowering time. We employed the CRISPR/Cas9 system to target the
EHD1 gene in these varieties, building upon previous research for the construction of the
CRISPR/Cas9 vector. The gRNA1 and gRNA2 targeting sites were strategically designed
within the third exon of the EHD1 gene (Figure 1A). Initial steps involved cloning the
target sequences into SK-gRNA vectors, followed by assembling these gRNAs into a single
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intermediate vector to create a combined SK–gRNA1EHD1–gRNA2EHD1 structure. Subse-
quently, the sgRNAs were incorporated into the pC1300-Cas9 expression vector for genetic
transformation. This resulted in 21 and 38 positive transgenic plants for Yinongxiang 12
and Jiyuanxiang 1, respectively, in the T0 generation (Table S2). The sequencing of the
target regions in these plants revealed mutation rates of 0% and 47.6% at the gRNA1 and
gRNA2 targeting sites in Yinongxiang 12, and 7.9% and 34.2% in Jiyuanxiang 1, respectively.
These results demonstrate that the CRISPR/Cas9-mediated editing efficiency significantly
varies between the two rice varieties Jiyuanxiang 1 and Yinongxiang 12, highlighting the
influence of distinct genetic backgrounds on gene-editing outcomes. This underscores the
necessity for tailored gene-editing strategies when targeting specific traits within different
agricultural varieties.

Figure 1. Illustration of ehd1 mutant alleles in Jiyuanxiang 1 and Yinongxiang 12 varieties.
(A) Targeted EHD1 locus for CRISPR-Cas9 editing; (B) alignment of mutational sequences in the
newly created ehd1 alleles within the backgrounds of Jiyuanxiang 1 and Yinongxiang 12, compared
with the wild type (WT) sequence. Protospacer Adjacent Motifs (PAMs) are marked in blue for clarity.

To assess the phenotypic consequences of the new ehd1 mutations and eliminate
selective marker genes and T-DNA elements, T0 progeny plants underwent DNA sequenc-
ing and were self-pollinated to produce T1 progeny. T2 progeny, either homozygous
for ehd1/ehd1 or free of T-DNA, were subjected to phenotypic screening and genotyping
(Figure S2). The sequencing analysis identified deletions or insertions at the predicted
editing sites in ycas-1, ycas-4, ycas-5, ycas-6, jcas-2, jcas-3, jcas-4, and jcas-11, potentially
leading to altered protein functions (Figure 1B).

To investigate the impact of these allelic variations on yield, several agronomic traits
were measured (Table 1). For instance, the average plant height of the mutants ranged from
102.7 cm to 111.7 cm (Figure 2A,D), showing a noticeable increase compared with the WT.
Furthermore, the grain number per panicle in all new ehd1 alleles demonstrated varying
degrees of increase relative to the WT (Figure 2C,F). The number of tillers per plant in the
mutant lines also saw a significant increase compared with the WT. Notably, the heading
date in ehd1 mutants was delayed by about 30 days (Figure 2B,E). In yield tests, the average
yield of ycas-1 and jcas-2 across thirty plants each surpassed that of the WT (Yinongxiang 12
and Jiyuan xiang 1) (Table 1). The next phase involves applying these new ehd1 alleles in
breeding and fertilizer testing to maximize yield potential.
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Table 1. Major agronomic traits of the ehd1 mutant lines.

Rice Line PH (cm) PNPP PL (cm) PB SB SPP SSR (%)

Yinongxiang 12 78.3 ± 2.1 a 7.3 ± 0.5 a 16.7 ± 0.3 a 5 ± 1.7 a 20.7 ± 1.5 a 76.3 ± 1.5 a 88.6 ± 1.9

ycas-1 102.7 ± 1.5 b 17.3 ± 0.6 b 23.2 ± 1.0 b 11.3 ± 0.6 b 40.3 ± 2.1 b 146.3 ± 10.2 b 88.3 ± 6.7

ycas-4 102.3 ± 1.2 b 19.3 ± 1.5 b 23.8 ± 0.3 b 12 ± 1 b 42.6 ± 4.0 b 148.7 ± 9.8 b 91.6 ± 3.2

ycas-5 103.7 ± 1.5 b 16.3 ± 1.5 b 23.7 ± 0.3 b 12 ± 1.7 b 44.3 ± 3.1 b 145.3 ± 6.0 b 87.5 ± 2.1

Jiyuanxiang 1 83.3 ± 1.2 a 10.3 ± 1.5 a 17.6 ± 0.3 a 10.0 ± 1.7 a 9.7 ± 1.2 a 99.3 ± 1.5 a 83.9 ± 3.5

jcas-2 109.3 ± 0.6 b 18.7 ± 3.1 b 27 ± 0.1 b 14.3 ± 1.5 b 25.3 ± 2.5 b 227.7 ± 14.3 b 92.0 ± 1.6

jcas-3 110.7 ± 1.5 b 16.7 ± 1.5 b 27.1 ± 0.3 b 14.0 ± 2.6 b 26.3 ± 1.2 b 229.3 ± 2.5 b 89.7 ± 1.7

jcas-4 111.7 ± 2.1 b 19.3 ± 1.5 b 26.6 ± 0.4 b 14.6 ± 2.1 b 22.6 ± 2.9 b 223.3 ± 5.9 b 91.2 ± 1.1

Note: The table presents average values for plant height (PH), panicle number per plant (PNPP), panicle length
(PL), primary branches (PB), secondary branches (SB), spikelets per panicle (SPP), and seed-setting rate (SSR)
with standard deviations (±SDs; n = 10). Statistical analysis of agronomic trait variations was performed by using
Duncan’s multiple range test (p < 0.05). The letters ‘a’ and ‘b’ indicate a highly significant difference between
the two.

Figure 2. Characteristics of ehd1 mutants derived from CRISPR-Cas9 editing with Jiyuanxiang 1
and Yinongxiang 12. (A) Physical characteristics of various ehd1 mutants in the Yinongxiang 12
background, developed through gene editing. Scale bar represents 20 cm. (B) Extended basic
vegetative growth periods observed in ycas9-1, ycas9-4, and ycas9-5. (C) Comparative analysis of
panicle length between the wild type (Jiyuanxiang 1) and jcas9-2, jcas9-3, and jcas9-4. (D) Physical
characteristics of different ehd1 mutants with the Jiyuanxiang 1 background, developed through gene
editing. Scale bar represents 20 cm. (E) Prolonged basic vegetative growth periods seen in jcas9-2,
jcas9-3, and jcas9-4. (F) Panicle length comparison between the wild type (Jiyuanxiang 1) and jcas9-2,
jcas9-3, and jcas9-4. Error bars represent means ± SDs (n = 3). Statistical analysis of agronomic trait
variations was performed by using Duncan’s multiple range test (p < 0.05). The letters ‘a’ and ‘b’
indicate a highly significant difference.

3.3. Temperature Sensitivity of Modified ehd1 Variants

To investigate the effects of ehd1 mutations on photoperiod and temperature responses,
experiments with ycas-1 and jcas-2 mutants were conducted. The results show that vari-
ations in photoperiods and temperatures impacted the mutants differently from the WT
(Figures 3 and 4A,B). Both ycas-1 and jcas-2, along with the WT, demonstrated temperature
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sensitivity; notably, ycas-1 and jcas-2 exhibited extended basic vegetative growth periods
at 23 ◦C compared with 38 ◦C. Similarly, under photoperiod treatments, these mutants
showed marginally longer basic vegetative growth periods under 11 h light conditions
than under 14 h light conditions (Figures 3 and 4A,B).

Figure 3. Temperature sensitivity in ehd1 mutants of Jiyuanxiang 1 and Yinongxiang 12. (A) Trait of
Yi nongxiang under 38 ◦C, 14 h treatment. (B) Trait of ycas-1 under 38 ◦C, 14 h treatment. (C) Trait of
Ji yuanxiang under 38 ◦C, 14 h treatment. (D) Trait of jcas-2 under 38 ◦C, 14 h treatment. (E) Trait of
Yi nongxiang under 38 ◦C, 11 h treatment. (F) Trait of ycas-1 under 38 ◦C, 11 h treatment. (G) Trait of
Ji yuanxiang under 38 ◦C, 11 h treatment. (H) Trait of jcas-2 under 38 ◦C, 11 h treatment. (I) Trait of Yi
nongxiang under 23 ◦C, 14 h treatment. (J) Trait of ycas-1 under 23 ◦C, 14 h treatment. (K) Trait of Ji
yuanxiang under 23 ◦C, 14 h treatment. (L) Trait of jcas-2 under 23 ◦C, 14 h treatment. (M) Trait of Yi
nongxiang under 23 ◦C, 11 h treatment. (N) Trait of ycas-1 under 23 ◦C, 11 h treatment. (O) Trait of Ji
yuanxiang under 23 ◦C, 11 h treatment. (P) Trait of jcas-2 under 23 ◦C, 11 h treatment. Bar = 20 cm.

Additionally, the mRNA expression levels of Hd3a and RFT1 were monitored in ycas-1
and jcas-2 under various photoperiod and temperature conditions. Initially, the expression
levels of these genes in the mutants were akin to those in the WT. However, a significant
increase was observed after 3 to 6 days of treatment (Figure 4C–F). This pattern suggests
a negative correlation between the heading date and the expression levels of Hd3a and
RFT1. This finding supports the hypothesis that the transcriptional activation of these
genes largely depends on the presence of functional Ehd1. The observed photoperiod and
temperature responses indicate that a loss of Ehd1 function leads to the inactivation of Hd3a
and RFT1 expression, thereby resulting in a phenotype characterized by delayed flowering.
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Figure 4. Heading dates and expression patterns of Hd3a and RFT1 in the WT. Analysis of WT and
mutant lines under different temperature and photoperiod conditions: artificial high temperature and
long day (AHTLD), artificial high temperature and short day (AHTSD), artificial low temperature
and long day (ALTLD), and artificial low temperature and short day (ALTSD). The study involved
fifty-eight-day-old plants. (A,B) Heading day comparisons between Jiyuanxiang and jcas9-2, and
Yinongxiang and ycas9-1, under varied light and temperature treatments (AHTLD, AHTSD, ALTLD,
and ALTSD); (C–F) Expression patterns of Hd3a and RFT1 in the presence and absence of Ehd1
(Jiyuanxiang vs. jcas9-2; Yinongxiang vs. ycas9-1). Error bars represent means ± SDs (n = 3).
Statistical analysis of agronomic trait variations was performed by using Duncan’s multiple range
test (p < 0.05). The letters ‘a’, ‘b’, and ‘c’ indicate a highly significant difference.

3.4. High Grain Yield and Quality of ehd1 Mutants in Low-Latitude Regions

The superior grain quality of japonica rice has significantly boosted its popularity in
China. However, extended periods of basic vegetative growth can negatively impact both
grain yield and quality. This study evaluated the grain quality of the ycas-1 and jcas-2
variants by analyzing several grain quality characteristics, such as chalkiness degree, chalky
rice rate, amylose content, gel consistency, and alkali spreading value. These characteristics
were compared across Ji Yuan Xiang 1, Yi Nong Xiang 12, ycas-1, and jcas-2 (Table 2). The
results indicate that ycas-1 and jcas-2, cultivated in Hangzhou, showed a lower chalky
rice rate and chalkiness degree than Ji Yuan Xiang 1 and Yi Nong Xiang 12, with no
significant differences in other traits (t-test, p > 0.1). The reduced chalky rice rate and
chalkiness degree in the ehd1 mutant lines, ycas-1 and jcas-2, might be attributed to the
lower temperatures experienced during their grain-filling stage. Notably, the ycas-1 and
jcas-2 lines demonstrated commendable grain quality when cultivated in Hangzhou.
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Table 2. Comparative analysis of rice quality characteristics in ehd1 mutant lines.

Brown Rice
Rate (%)

Milled Rice
Rate (%)

Head Rice
Rate (%)

Grain
Length
(mm)

Chalkiness
Grain Rate

(%)

Chalkiness
(%)

Amylose
(%)

Gel
Consistency

(mm)

Alkali
Spreading

Value

Yi
nongxiang 81.41 ± 0.47 72.78 ± 0.72 69.85 ± 1.41 5.97 ± 0.05 52.67 ± 3.51

**
12.07 ± 1.66

**
17.46 ± 0.24

** 55.67 ± 5.13 6.60 ± 1.10

ycas9-1 82.99 ±
0.279 72.59 ± 0.29 67.51 ± 0.75 6.21 ± 0.01 44.00 ± 2.65 7.70 ± 0.25 15.51 ± 0.44 58.00 ± 3.60 6.50 ± 0.00

Ji yuanxiang 82.08 ± 0.44 74.38 ± 0.62 73.77 ± 0.78 4.63 ± 0.02 62.33 ± 7.64
**

20.03 ± 2.60
** 14.57 ± 0.31 62.67 ± 0.58 6.50 ± 0.00

jcas9-2 83.46 ± 0.31 74.40 ± 0.41 73.36 ± 0.43 4.67 ± 0.02 32.67 ± 1.53 3.70 ± 0.44 14.65 ± 0.16 62.67 ± 3.06 6.70 ± 0.17

Data represent the means ± SDs of three biological replicates (Student’s t-test: ** p < 0.01).

4. Discussion

4.1. Advancements in Genome Editing for Rice Breeding

This study highlights the pivotal role of genome editing in rice gene research, breeding,
and domestication. The CRISPR/Cas9 system, consisting of Cas9 protein and a single-
stranded guide RNA (sgRNA), is now foundational in this field [11,27]. This technique,
including methods like Prime genome editing and CRISPR/Cas9-based base editing, has
seen successful application across diverse crops, like rice, sorghum, wheat, tomato, and
maize [11,28–33]. Rice, with its small genome size, high transformation efficiency, extensive
quality reference sequences, and varied genomic haplotypes, serves as an ideal model for
genetic studies and breeding [8]. Numerous genes have been targeted for improvement
in rice by using CRISPR/Cas9, including those associated with disease resistance, grain
quality, and yield [11,31,34].

4.2. Tailoring Northeastern Japonica Rice for Low-Latitude Cultivation

Photoperiodic gene adaptation in rice is crucial for its suitability across different
latitudes and directly impacts grain yield [9]. Single-nucleotide polymorphisms (SNPs)
in these genes vary among varieties at different latitudes [35]. Studies have focused
on latitude adaptation in rice through enhanced expression or mutations in flowering
time genes [27]. For instance, the allele of Heading date 1 (Hd1) in indica varieties has
been backcrossed into a Japonica variety, facilitating the integration of indica traits into
Japonica rice in southern China. Mutations in the Ehd1 gene, particularly in its third exon,
have shown promising results in delaying the heading date and enhancing suitability
for low-latitude growth [3,27].

The adaptation of photoperiodic genes is crucial for the suitability of rice cultivation
across different latitudes, which directly impacts grain yield. In our study, we focused
on the adaptation of rice to low latitudes through modifications in the Ehd1 gene, which
is instrumental in delaying flowering time. These genetic modifications are particularly
important for northeastern Japonica rice varieties, which, despite their superior grain quality,
face challenges in breeding due to their sensitivity to light and temperature.

The transformation of Jiyuanxiang 1 and Yinongxiang 12, varieties known for their
high-quality grain, through CRISPR-Cas9-mediated editing demonstrates the potential to
overcome these environmental sensitivities. By introducing mutations in the Ehd1 gene,
we delayed the flowering period to a time that avoids the peak temperatures of August,
which typically range from an average low of 27 ◦C to a high of 35 ◦C. Instead, the edited
varieties now flower in late August, with grain filling occurring in September, under milder
temperature conditions of 22 ◦C to 29 ◦C. This strategic delay in the flowering time cir-
cumvents the high-temperature stress during the crucial grain-filling period, markedly
improving grain quality. This evidence showcases the power of genome editing in mitigat-
ing adverse temperature effects on crop yield and quality and underscores the importance
of precise genetic modifications for enhancing crop resilience and productivity in response
to climate variability.

Furthermore, the observed differences in gene-editing efficiency between gRNA1
and gRNA2 could be attributed to variations in target site accessibility, sgRNA design, or
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genomic context, which may influence the CRISPR/Cas9 system’s ability to induce precise
edits. Understanding these nuances can guide improvements in sgRNA design and editing
strategies, enhancing the precision and efficiency of genome editing applications in rice
and other crops.

In summary, the modification of the EHD1 gene in northeastern japonica rice varieties
has proven effective for producing high-quality Japonica rice adapted to low latitudes. With
the flowering times of the ycas-1 and jcas-2 variants closely aligning with local main varieties
in Hangzhou, future efforts will focus on the broader application of these genetically edited
varieties in rice breeding programs for low-latitude regions, thereby meeting the demands
for high-quality rice production. This approach could serve as a blueprint for similar
advancements in other crop varieties, highlighting the transformative impact of precision
breeding technologies in modern agriculture.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cimb46040233/s1, Figure S1: Frequency distribution of heading
date of the elite northeastern plain japonica varieties and two control japonica varieties. Analysis
performed using GraphPad Prism software (GraphPad Software, San Diego, CA, USA); Figure S2:
Identification of hygromycin in different edited plants, Hygromycin detection performed using ELISA
Kit (Sigma-Aldrich, St. Louis, MO, USA); Table S1: The heading date of elite northeastern plain
japonica varieties in the Yangtze River region; Table S2: The number of plants detected in the two Yi
Nong Xiang 12 PAM sites and Ji Yuan Xiang 1 PAM sites; Table S3: Primer sequences used in this
study, Primers synthesized by Integrated DNA Technologies (IDT, Coralville, IA, USA).
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Abstract: Soil salinization/alkalization is a complex environmental factor that includes not only
neutral salt NaCl but also other components like Na2CO3. miRNAs, as small molecules that regulate
gene expression post-transcriptionally, are involved in plant responses to abiotic stress. In this study,
maize seedling roots were treated for 5 h with 100 mM NaCl, 50 mM Na2CO3, and H2O, respectively.
Sequencing analysis of differentially expressed miRNAs under these conditions revealed that the
Na2CO3 treatment group had the most differentially expressed miRNAs. Cluster analysis indicated
their main involvement in the regulation of ion transport, binding, metabolism, and phenylpropanoid
and flavonoid biosynthesis pathways. The unique differentially expressed miRNAs in the NaCl
treatment group were related to the sulfur metabolism pathway. This indicates a significant difference
in the response patterns of maize to different treatment groups. This study provides theoretical
evidence and genetic resources for further analysis of the molecular mechanisms behind maize’s
salt–alkali tolerance.

Keywords: miRNA sequencing analysis; maize root; neutral salt; alkaline salts

1. Introduction

Saline–alkali soils arise due to the progressive accumulation of salts within the soil
matrix, detrimentally impacting agricultural productivity. Data from UNESCO and the
Food and Agriculture Organization indicate that globally, saline–alkali soils encompass
approximately 954 million hectares, with China accounting for 99.13 million hectares of
this total [1]. In China, the genesis of such soils is predominantly linked to the accretion of
carbonates, which elevates the soil’s alkalinity to levels that are inhospitable for plant life,
particularly in regions where salinity is acute. Given that saline–alkaline soils contain both
neutral and basic salts, requiring plants to cope with various ionic stresses and pH changes,
studying the comprehensive effects of salt and alkali on plants is of great significance
for understanding the physiological response mechanisms of plants in saline–alkaline
environments and for improving the salt–alkali tolerance of crops.

Unlike NaCl stress, Na2CO3 stress in plants arises from a complex interaction of
sodium ion stress, high pH stress, and carbonate stress, with intricate mechanisms of ac-
tion [2]. Previous studies on salinity–alkalinity stress focused mainly on neutral salts such
as NaCl, identifying osmotic stress, ionic stress, and oxidative stress as the primary effects
on plants [3]. Additionally, Na2CO3 stress incorporates a high pH effect, which is known
to directly interfere with nutrient absorption, organic acid balance, and ion equilibrium,
especially impacting pH stability at the cellular and whole-plant levels [4]. Owing to its
triple stress effects of Na+, high pH, and CO3

2−, Na2CO3 poses greater risks to plants. The
effects of Na+ and CO3

2− stress on plants are primarily due to their toxic effects and the re-
sulting nutritional imbalance. High concentrations of Na+ disrupt the ionic balance within
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cells, replacing potassium ions (K+) and interfering with normal physiological functions,
including enzyme activity and water balance [5]. Furthermore, the accumulation of Na+

increases the osmotic pressure of the soil solution, making it difficult for plant roots to
absorb water, thus leading to water stress [6]. On the other hand, CO3

2− raises the pH of
the soil, making it alkaline. High pH levels can lead to a decrease in the solubility of many
essential elements (such as iron, manganese, and zinc), making it difficult for plants to
absorb these necessary micronutrients [7]. Additionally, high concentrations of carbonate
ions can interfere with plant metabolic activities, affecting normal root respiration and
nutrient uptake. Therefore, Na+ and CO3

2− stress primarily affects plants through ionic
toxicity and nutritional imbalance, leading to inhibited growth and impaired physiolog-
ical functions. Research by Parida and Das [8] indicates that Na2CO3 stress disrupts the
dynamic balance of reactive oxygen species, causing oxidative damage to enzymes and
photosynthetic apparatus, thereby suppressing the energy expenditure for CO2 absorption.
Badger and Price [9] found that Na2CO3 stress inhibits the activity of key enzymes in the
Calvin cycle, reducing carbon fixation efficiency and photosynthesis. Miller et al. [10] ob-
served enhanced lipid peroxidation under Na2CO3 stress, leading to significant electrolyte
leakage and malondialdehyde (MDA) content, suggesting that the plasma membrane is
the initial site of damage. Studies have shown that the concentration of Na+ and K+ on the
surface of Puccinellia tenuiflora leaves increases with Na2CO3 concentration, as the plant
expels salt ions through stomatal openings or excretes waxy substances, thereby achieving
salinity–alkalinity tolerance [11,12]. Furthermore, Puccinellia tenuiflora’s adaptive regula-
tory mechanism to high pH stress caused by alkalinity suggests that the plant adjusts the
pH primarily through the accumulation and secretion of organic acids, such as citric acid,
from the roots. Under NaHCO3 stress, an increase in citrate content in leaves and roots was
observed, along with the induction of vacuolar Na+/H+ antiporters, indicating their crucial
role in pH regulation [13,14]. These studies indicate that Na2CO3 stress triggers a series of
physiological and molecular changes in halophytes to combat alkaline salt stress. However,
glycophytes like maize might have distinct mechanisms in responding to Na2CO3 stress
compared to halophytes.

Plant stress responses involve complex and precise regulatory processes, and miRNAs,
as a class of small RNAs crucial for post-transcriptional regulation, play an extremely
important role in plant growth, development, and response to abiotic and biotic stresses by
directly targeting functional genes or indirectly regulating downstream functional genes
through targeting transcription factors. Over the years, with the widespread application of
advanced high-throughput sequencing technologies, studies have reported that miRNAs in
plants exhibit high conservation and play roles in plant growth and development, various
treatment responses, and are considered important regulators in the post-transcriptional
regulation of plant salt stress responses [15,16]. Xu et al. [17] propose future directions for
the study of plant miRNAs under salt stress, suggesting that manipulating microRNAs
could enhance the salinity resistance of crops. Chen et al. [18] employed a combination of
PacBio isoform sequencing (Iso-Seq) and BGISEQ short-read RNA-seq to investigate the
role of miRNAs in the salt stress response of the mangrove plant, Buch.-Ham. Through
KEGG analysis, eighteen miRNA targets were associated with ‘environmental information
processing’ and linked to plant hormone signal transduction (ko04075), the MAPK signaling
pathway-plant (ko04016), and ABC transporters (ko02010).

Currently, most studies on miRNA responses to salt stress focus on neutral salts,
while research on alkaline salts is relatively scarce, and the relevant molecular mechanisms
remain unclear. This study aims to reveal the expression patterns of miRNAs under
different salt stress conditions by comparing the differentially expressed miRNAs in maize
roots under neutral salt and alkaline salt conditions. We will employ high-throughput
sequencing technology to systematically analyze the miRNA expression profiles in maize
roots under neutral and alkaline salt conditions, identifying significantly differentially
expressed miRNAs. Furthermore, we will investigate the target genes and regulatory
networks of these differentially expressed miRNAs under salt stress conditions to elucidate
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their mechanisms of action in plant salt stress responses. Additionally, this research aims to
provide new insights into the post-transcriptional regulatory mechanisms of plants under
salt stress and to offer theoretical support for enhancing crop resilience in saline–alkaline
soils, facilitating the breeding of salt–alkaline tolerant crop varieties. By achieving these
objectives, we hope to deepen our understanding of the miRNA regulatory mechanisms
in maize under neutral and alkaline salt stress, thereby providing scientific evidence and
technical support for improving crop growth and tolerance in saline–alkaline soils.

2. Materials and Methods

2.1. Maize Seedling Stress Treatment

B73 maize seeds were dark-incubated at 28 ◦C for 3–4 days, then transplanted to
a greenhouse (25 ◦C, 16 h light/8 h dark) for further growth. Hydroponic culture was
conducted using a 1/4 strength MS liquid medium. After 8–10 days of greenhouse culti-
vation, uniformly developed three-leaf stage maize plants were selected. The roots were
treated with 100 mM NaCl, 50 mM Na2CO3, and H2O for 5 h. Root tissues from each
stress treatment were collected, flash-frozen in liquid nitrogen, and stored at −80 ◦C for
subsequent analysis.

2.2. miRNA Sequencing Analysis

Fifteen samples from each group were randomly selected and divided into three sets,
constituting three biological replicates for an initial comprehensive miRNA sequencing.
The library construction and sequencing work was entrusted to LC Bio Technology Co.,
Ltd. (Hangzhou, China). The sequencing and analysis methods can be briefly described
as follows.

The raw sequencing reads were processed using the in-house software ACGT101-miR
(v4.2) to eliminate adapter dimers, low complexity sequences, common RNA families
(rRNA, tRNA, snRNA, snoRNA), and repeats. Following this, unique sequences ranging
from 18 to 25 nucleotides were mapped to species-specific precursors in miRBase 22.1 via a
BLAST search to identify known miRNAs and novel 3p- and 5p-derived miRNAs. Length
variations at both the 3′ and 5′ ends, as well as one internal mismatch, were permitted
during alignment. Unique sequences mapping to mature miRNAs in the hairpin arms of
specific species were classified as known miRNAs. Sequences aligning to the opposite arm
of known species-specific precursor hairpins, relative to the annotated mature miRNA-
containing arm, were designated as novel 5p- or 3p-derived miRNA candidates. Remaining
sequences were mapped to other selected species’ precursors (excluding the specific species)
in miRBase 22.1 via BLAST, and the mapped pre-miRNAs were subsequently BLASTed
against the specific species’ genomes to determine their genomic locations. These sequences
were defined as known miRNAs. Unmapped sequences were BLASTed against the specific
genomes, and hairpin RNA structures containing these sequences were predicted from the
flanking 120 nucleotide sequences using RNAfold software (http://rna.tbi.univie.ac.at/
cgi-bin/RNAWebSuite/RNAfold.cgi, accessed on 13 August 2024. Vienna, Austria). The
criteria for secondary structure prediction included the following: (1) number of nucleotides
in one bulge in the stem (≤12), (2) number of base pairs in the stem region of the predicted
hairpin (≥16), (3) free energy cutoff (kcal/mol ≤−15), (4) length of hairpin (up and down
stems plus terminal loop ≥ 50), (5) length of hairpin loop (≤200), (6) number of nucleotides
in one bulge in the mature region (≤4), (7) number of biased errors in one bulge in the
mature region (≤2), (8) number of biased bulges in the mature region (≤2), (9) number
of errors in the mature region (≤4), (10) number of base pairs in the mature region of the
predicted hairpin (≥12), and (11) percentage of the mature sequence in the stem (≥80).
The differential expression of miRNAs, based on normalized deep sequencing counts, was
analyzed using ANOVA. Significance thresholds were set at 0.01 and 0.05 for each test.

The raw date of sequencing file could be accessible with the following link: https://www.
ncbi.nlm.nih.gov/sra/PRJNA1126005 (accessed on 1 July 2024).
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2.3. RNA Extraction, Quantification and Quantitative Real Time PCR (qPCR)

Total RNA was extracted from tissue samples utilizing the EasyPure® miRNA Kit
(TransGen, Beijing, China), adhering strictly to the guidelines provided by the manufac-
turer. To assess the concentration and integrity of the extracted RNA, a Bioanalyzer 2100
instrument from Agilent Technologies (Santa Clara, CA, USA) was employed. Following
the evaluation, cDNA synthesis was carried out using the TransScript® One-Step gDNA
Removal (TransGen, Beijing, China) and cDNA Synthesis SuperMix (TransGen, Beijing,
China) in accordance with the manufacturer’s protocol. The resulting cDNA served as a
template for PCR amplification, utilizing gene-specific primer pairs as listed in Table S12.
Primers designated for selected miRNA and U6 detection were sourced from Sangon
Biotech (Shanghai) Co., Ltd. (Shanghai, China). Quantitative real-time PCR (qPCR) analy-
ses were conducted using the ABI StepOne system (Applied Biosystems Inc., Norwalk, CT,
USA) employing the TransStart® Tip Green qPCR SuperMix (+Dye I) kit (TransGen, Beijing,
China) for the reactions. Within this experimental setup, U6 RNA was implemented as
the endogenous reference for normalizing miRNA expression levels. The expression fold
changes in the miRNAs were quantified employing the ΔΔCt method. For the calculation
of the relative expression levels of these genes, the 2−ΔΔCT method was utilized, with
normalization against U6. This approach facilitated a precise quantification of miRNA
expression alterations within the tissue samples under investigation [19].

2.4. Computational Prediction of miRNA Targets

To elucidate the possible molecular roles of the differentially expressed candidate miR-
NAs, two computational target prediction tools, TargetScan and miranda, were employed
to identify potential miRNA binding sites. These algorithms were selected for their robust
capabilities in predicting miRNA–mRNA interactions based on sequence complementarity
and other structural features. The predictions generated by both TargetScan and miranda
were subsequently integrated to enhance the reliability of the results. Overlapping pre-
dictions between the two algorithms were calculated to identify consensus targets, which
are more likely to represent true miRNA–target interactions due to the agreement of inde-
pendent computational models. Furthermore, the functional annotation of these abundant
miRNAs and their predicted targets was conducted using in-house Perl scripts. These
scripts were utilized to annotate the Gene Ontology (GO) terms and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways associated with the miRNA targets.

2.5. Ion Content Determination

Sample preparation: A volume of 200 μL of the sample was transferred into a 15 mL
polypropylene tube with a screw cap, followed by the addition of 3.8 mL of diluent solution
and subsequent vortexing [20].

Determination of sulfate in plants was conducted referencing the paper by Kurman-
bayeva A et al. [21].

The methodology for assessing sodium (Na+) and potassium (K+) concentrations was
delineated by Xu et al. [22].

Determination of other ion contents referenced the paper by AbdElgawad H et al. [23].

3. Results

3.1. Phenotypic Identification of Maize Roots under Neutral Salt and Alkaline Stress

B73 maize specimens grown hydroponically in a greenhouse were divided into three
groups at the three-leaf stage with uniform growth. One group’s roots were soaked in
water for 5 h, while the roots of the other two groups were exposed to 100 mM NaCl and
50 mM Na2CO3 for the same period. No significant difference was observed between the
roots treated with water and NaCl; however, those treated with Na2CO3 exhibited a notable
yellowing (Figure 1). This indicates that maize roots under Na2CO3 stress may activate
distinct metabolic pathways and regulatory networks compared to those treated with water
and NaCl.
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Figure 1. Phenotype of B73 maize roots treated under different conditions for 5 h, scale bar = 1 cm.

3.2. miRNA Sequencing Results and Data Analysis in Maize Roots under Different Salt
Stress Conditions

miRNAs are well known as major post-transcriptional regulators that respond to salt
stress in various plants. Roots, being in direct contact with saline soils, are the primary
organs affected by salt stress. Therefore, studying the impact of salt stress on maize roots is
of great importance.

To identify the differential expression of miRNAs in maize roots under different
salt stress conditions, we performed miRNA sequencing analysis on the roots after 5 h
of treatment, with three biological replicates for the control (water), NaCl-treated, and
Na2CO3-treated groups. The analysis resulted in 11.91, 12.18, 9.92, 10.54, 14.75, 13.18, 15.61,
13.57, and 19.54 million reads, respectively. The sequences were aligned and filtered against
mRNA, RFam (including rRNA, tRNA, snRNA, snoRNA, etc.), and the Repbase database,
resulting in the filtered data referred to as ‘Valid data’. The ‘Valid data’ was subsequently
analyzed for miRNA identification and prediction (refer to Supplementary Table S1). The
majority of the identified miRNAs were 20–24 nucleotides long, representing 95.74% of
the total, consistent with the reported length of plant miRNAs (refer to Supplementary
Table S2). A total of 325 conserved miRNAs in maize were identified from the miRBase
database. In this study, we identified 164 conserved miRNAs and 276 newly predicted
miRNAs across 50 families, with 34 families containing multiple miRNA members (refer
to Supplementary Tables S3 and S4). The results indicate significant changes in miRNA
expression levels in maize roots under various salt stress conditions. Nearly half of the
conserved miRNAs showed altered expression, highlighting the extensive impact of salinity
and alkalinity on transcriptional regulation in maize.

3.3. Differential miRNA Expression Analysis

To investigate the differential expression of miRNAs under different salt stress condi-
tions, particularly carbonate stress, we analyzed miRNA sequencing results. A comparative
analysis was performed on miRNA expression levels in the roots of maize subjected to wa-
ter treatment, 100 mM NaCl treatment, and 50 mM Na2CO3 treatment. Pearson correlation
analysis revealed a strong correlation among the sample groups, confirming the validity of
the sampling (refer to Supplementary Figure S1A). The analysis of differentially expressed
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miRNAs in different comparison groups revealed that three miRNAs showed a differential
expression between the NaCl vs. H2O group and the Na2CO3 vs. H2O group. There were
29 miRNAs that showed a differential expression between the NaCl vs. H2O group and the
Na2CO3 vs. NaCl group. A total of 48 miRNAs showed a differential expression between
the Na2CO3 vs. H2O group and the Na2CO3 vs. NaCl group. Additionally, two miRNAs
showed differential expression in all three comparison groups (refer to Supplementary
Figure S1B).

Significant differences were observed among the groups as follows: in the NaCl vs.
H2O comparison, forty-one miRNAs exhibited altered expression, with thirty-seven up-
regulated and four downregulated (refer to Supplementary Table S5); in the Na2CO3 vs.
H2O comparison, seventy-four miRNAs showed changes in expression, with twenty-seven
upregulated and forty-seven downregulated (refer to Supplementary Table S6); and in the
Na2CO3 vs. NaCl treatment group comparison, one hundred and fifty miRNAs displayed
altered expression, with twenty-one upregulated and one hundred and twenty-nine down-
regulated (refer to Supplementary Table S7). Setting the screening criteria at p ≤ 0.05 and a
fold change ≥ 2, we identified that in the NaCl vs. H2O comparison, 22 miRNAs exhibited
altered expression, all of which were upregulated (refer to Supplementary Table S5); in the
Na2CO3 vs. H2O comparison, 53 differentially expressed miRNAs were identified, with
22 upregulated and 31 downregulated (refer to Supplementary Table S6). In conclusion,
the number of differentially expressed miRNAs in the Na2CO3 treatment group signifi-
cantly surpasses that in the NaCl treatment group, suggesting a notably greater impact
of carbonate salt on plants compared to neutral salt. Additionally, the clustering analy-
sis of differentially expressed miRNAs reveals notable distinctions between the Na2CO3
treatment group and the other treatment groups (Figure 2).

3.4. Prediction and Bioinformatics Analysis of Differentially Expressed miRNA Target Genes

To explore the regulatory role of miRNAs in maize roots under different salt stress
conditions, targeted prediction, GO enrichment, and KEGG pathway analyses were per-
formed on miRNAs uniquely expressed in distinct comparative groups identified through
sequencing.

The 22 miRNAs exclusively expressed in the NaCl vs. H2O group regulate 122 target
genes. The GO enrichment analysis indicated that these genes are primarily associated
with biological processes such as response to oxidative stress and transmembrane transport,
cellular components such as integral components of the membrane, and molecular func-
tions including transferase activity and metal ion binding (Figure 3). Remarkable KEGG
pathway enrichment was observed in Monobactam biosynthesis and Selenocompound
metabolism, among other pathways (Figure 4). Among these twenty-two differentially ex-
pressed miRNAs, two conserved miRNAs, zma-miR395a-3p_L-1 and zma-MIR395o-p5 from
the MIR395 family, regulate seven genes, including Zm00001d028164, Zm00001d033981, and
Zm00001d013296, which are involved in functions such as Sulfate transporter 2.2, ATP sul-
furylase1, and ATP sulfurylase 1 chloroplastic. Their gene functions and enrichment in the
GO and KEGG pathways are primarily associated with sulfate synthesis, metabolism, assim-
ilation, and transport pathways, including GO:0000103 (sulfate assimilation), GO:0008272
(sulfate transport), and ko00920 (Sulfur metabolism). Additionally, other non-conserved
miRNAs regulate genes associated with sulfate metabolism. For instance, Zm00001d040796,
regulated by PC-5p-19607_184 and annotated as Ubiquitin-like-specific protease ESD4, is
enriched in GO:0008234 (cysteine-type peptidase activity), and Zm00001d028818, regulated
by PC-3p-45471_81 and annotated as Calpain-type cysteine protease DEK1, is enriched in
GO:0008234 (cysteine-type peptidase activity) (refer to Supplementary Table S8). These
findings indicate that NaCl treatment influences sulfate metabolism in maize roots.
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Figure 2. Cluster analysis of differentially expressed miRNAs across various treatment groups.
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Figure 3. GO functional enrichment analysis of differential miRNA target genes in the NaCl vs. H2O
comparison group.

Figure 4. KEGG pathway enrichment analysis of differential miRNA target genes in the NaCl vs.
H2O comparison group.
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In the Na2CO3 vs. H2O comparison group, 53 uniquely expressed miRNAs regu-
late 379 target genes. The GO enrichment analysis reveals that these genes are primarily
associated with biological processes such as the oxidation–reduction process, exocytosis,
heme biosynthetic process, calcium ion transport, and lignin catabolic process; cellular
components such as the extracellular region and exocyst; and molecular functions including
copper ion binding and oxidoreductase activity (Figure 5). A remarkable KEGG pathway
enrichment is observed in Phenylpropanoid biosynthesis, Flavonoid biosynthesis, Stil-
benoid, diarylheptanoid, and gingerol biosynthesis pathways (Figure 6). Out of these 53
differentially expressed miRNAs, 32 are conserved miRNAs, belonging to the MIR156,
MIR159, MIR167, MIR168, MIR169, MIR171, MIR396, MIR397, and MIR528 families. The
238 genes they regulate are involved in various functions, including Zm00001d030062,
regulated by zma-miR156d-3p and annotated as LRR protein 4; Zm00001d029550, reg-
ulated by zma-miR159a-5p and annotated as Diacylglycerol kinase 1; Zm00001d024744,
regulated by zma-miR167g-3p_L+1 and annotated as PTI1-like tyrosine-protein kinase;
Zm00001d047683, regulated by zma-miR168b-3p_R+1 and annotated as NAD(P)-binding
Rossmann-fold superfamily protein; Zm00001d007181, regulated by zma-miR169i-3p and
annotated as Calcium-binding protein; Zm00001d041592, regulated by zma-MIR171f-p5
and annotated as modifier of snc1; Zm00001d033876, regulated by zma-miR396a-5p and
annotated as Growth-regulating factor 2; Zm00001d017762, regulated by zma-miR397a-
5p_L-3 and annotated as abscisic acid 8’-hydroxylase1; Zm00001d020764, regulated by
zma-miR528a-3p and annotated as carbonic anhydrase5; and Zm00001d020764, regulated by
zma-miR528a-3p and annotated as carbonic anhydrase5 (Supplementary Table S9).

Figure 5. GO functional enrichment analysis of differentially expressed miRNA target genes in the
Na2CO3 vs. H2O comparison group.

3.5. Analysis of Differentially Expressed miRNAs Shared by Different Comparison Groups

To gain further insights into the potential mechanisms of miRNA responses to different
salt stress conditions in maize roots, we analyzed the overlapping differentially expressed
miRNAs between the NaCl vs. H2O and Na2CO3 vs. H2O comparison groups. We identi-
fied 36 differentially expressed miRNAs exhibiting consistent expression patterns in both
groups, with 21 upregulated and 15 downregulated miRNAs (Supplementary Table S10).
The upregulated conserved miRNAs belong to the MIR395, MIR172, MIR171, MIR169,
MIR168, MIR162, and MIR156 families. The target genes of these miRNAs, including
Zm00001d040583, Zm00001d024477, Zm00001d009858, Zm00001d034635, Zm00001d039971,
Zm00001d036593, Zm00001d014568, etc., are enriched in the GO pathways, with processes
such as metal ion binding, iron ion binding, flavonoid biosynthetic process, response to hor-
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mone, cellular response to DNA damage stimulus, DNA repair, and auxin-activated signal-
ing pathway. In contrast, the downregulated, conserved miRNAs are primarily distributed
among the MIR408, MIR396, MIR171, and MIR159 families. The target genes of these
miRNAs, including Zm00001d051265, Zm00001d019670, Zm00001d038107, Zm00001d007638,
etc., are enriched in the GO pathways via factors such as the integral component of the
membrane, the regulation of the gibberellic acid-mediated signaling pathway, and the lipid
metabolic process.

Figure 6. KEGG pathway enrichment analysis of differentially expressed miRNA target genes in the
Na2CO3 vs. H2O comparison group.

Apart from the miRNAs with consistent expression patterns, a subset of differen-
tially expressed miRNAs showed contrasting expression patterns between the comparison
groups (refer to Supplementary Table S11). A total of 58 miRNAs were found to be up-
regulated in the NaCl vs. H2O group but downregulated in the Na2CO3 vs. H2O group.
These predominantly conserved miRNAs are members of the MIR162, MIR166, MIR167,
MIR168, MIR169, MIR395, and MIR396 families. The target genes of these miRNAs, such as
Zm00001d018977, Zm00001d027412, Zm00001d018977, Zm00001d034493, Zm00001d026590,
Zm00001d027874, Zm00001d028164, Zm00001d033981, Zm00001d015410, etc., are enriched
in GO pathways via factors including DNA binding, ATP binding, integral component of
membrane, riboflavin biosynthetic process, response to hormone, CCAAT-binding factor
complex, sulfate assimilation, metal ion binding, and more.

Conversely, 11 miRNAs were found to be downregulated in the NaCl vs. H2O group
but upregulated in the Na2CO3 vs. H2O group. These predominantly conserved miR-
NAs belong to the MIR156, MIR167, MIR168, MIR169, MIR397, MIR528, and MIR2118
families. Their target genes, such as Zm00001d004553, Zm00001d047587, Zm00001d024744,
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Zm00001d028837, Zm00001d006682, Zm00001d015592, Zm00001d024477, Zm00001d033855,
Zm00001d009532, Zm00001d020764, etc., are associated with GO pathways via factors
such as metal ion binding, glucose-6-phosphate dehydrogenase activity, peptidyl-tyrosine
phosphorylation, nucleic acid binding, anaphase-promoting complex, oxidation-reduction
process, integral component of membrane, auxin-activated signaling pathway, carbonate
dehydratase activity, and more.

3.6. qPCR Validation of Sequencing Results

We selected 10 miRNAs from Supplementary Tables S10 and S11 for qPCR validation
experiments. The qPCR validation results matched the sequencing data, confirming the
reliability of the sequencing results (refer to Supplementary Figure S2).

3.7. The Changes in the Content of Different Ions in Maize Roots under Neutral and Alkaline
Salt Stress

Excessive salt in the soil inhibits the absorption, translocation, and distribution of
nutrients in plants, leading to an imbalance in plant ionic composition, thereby affecting
plant physiological traits. Therefore, combining phenotypic observations and data analysis,
we aim to investigate the changes in physiological indicators for each group under various
salinity and alkalinity stress conditions, particularly the alterations in cations and anions,
which could offer theoretical insights into the internal regulatory network shifts in maize
under different salt–alkaline stresses. The testing of physiological and biochemical indica-
tors in roots such as sodium, potassium, sulfate, calcium, and iron ions is proposed. We
found that the content of various ions in different treatment groups was different. Com-
pared with the normal water treatment group, except for Na+ and SO4

2−, the content of
other ions showed a downward trend in the NaCl and Na2CO3 treatment groups. However,
the degree of reduction was different, with Na+, Ca2+, SO4

2−, and the K+/Na+ ratio being
higher in the NaCl treatment group than in the Na2CO3 treatment group, except for K+

content. In contrast, Fe2+ and Mg2+ showed an opposite trend, with these two metal ions
having higher content in the Na2CO3 treatment group. The content of SO4

2− showed an
upward trend in the NaCl treatment group and a downward trend in the Na2CO3 treatment
group (Figure 7). These results suggest that plants mobilize different metabolic networks
in response to neutral and alkaline salt stress.

Figure 7. Alterations in ion content in maize roots under neutral and alkaline salts stresses, with
different lowercase letters indicating statistical significance.
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4. Discussion

Differential expression patterns of the same miRNA between salt-sensitive and salt-
tolerant plants under salt stress indicate that the changes in miRNA expression may serve
as a response mechanism to varying salt concentrations. Zhou et al. [24] employed a quan-
titative real-time polymerase chain reaction (qRT-PCR) to select five target genes belonging
to the miRNA family, which are known to play a role in plant responses to salt stress.
The study of plant miRNAs gained significant momentum from 2002 onwards, coinciding
with the discovery of plant proteins involved in miRNA biogenesis. Satendra K et al. [25]
provided a concise historical account highlighting the importance of miRNA discovery.

To identify the potential interactions between miRNAs and mRNAs in response to
salt stress, a co-expression analysis was conducted using the same samples. The com-
parative expression analysis during germination, under both threshold (273 mM) and
optimal (43 mM) NaCl treatments, revealed 13 differentially expressed miRNAs along with
23 corresponding target mRNAs. Furthermore, a comparison between forty-three mM
NaCl and non-salt-stress conditions identified one differentially expressed miRNA and
its corresponding target mRNA [26]. These findings furnish fundamental data for further
investigation into the molecular mechanisms involved in the germination of salt-stressed
seeds, while also serving as a reference for advancing salt tolerance during plant germi-
nation. In this study, we analyzed differentially expressed miRNAs in corn under NaCl
stress and also under alkaline salt Na2CO3 stress, identifying 41 and 74 different miRNAs
under these two stress conditions, respectively. We also found that under NaCl stress, a
larger number of differentially expressed miRNAs were upregulated, accounting for over
90% of the total, whereas only 36% of the miRNAs were upregulated under Na2CO3 stress.
Analyzing the number and expression patterns of different miRNAs in the two comparison
groups also demonstrates that the factors mobilized by plants in response to Na2CO3 stress
are much greater than those to NaCl stress, involving a more complex metabolic regulatory
network mechanism.

In this study, we found that members of the MIR156, MIR169, MIR168, MIR162,
MIR395, and MIR396 families were enriched in different treatment groups, with both
similar and different expression patterns. This suggests that these miRNA members from
the families may be involved in plant responses to different salt–alkali treatments, but
their metabolic regulatory networks and mechanisms of action may be more complex.
Wan et al. [27] found that the Osa-miR168-OsAGO1 module is involved in regulating
rice salt stress tolerance. Researchers used STTM technology to silence miR168, which
enhanced rice salt stress tolerance, with mutant plants showing significantly more roots
and longer roots and stems under salt stress compared to wild-type plants. In this study,
zma-miR168a-5p was downregulated under NaCl stress and upregulated under Na2CO3
stress. Its target gene, Zm00001d006682, is indeterminate domain 8, a member of the IDD
family. IDD family genes encode transcription factors with zinc finger proteins and play a
broad role in plant growth and development [28–31]. In Arabidopsis, Welch et al. [32] found
that IDD transcription factor members JKD and MGP are part of the SCR-SHR complex.
JKD and MGP are specifically expressed in root stem cells and are regulated by the SCR
and SHR genes. Additionally, SGR5 is expressed in the endodermis of the inflorescence
stem, participating in the early gravitropic response of Arabidopsis stems [33]. It is evident
that IDD genes not only regulate plant flowering but also participate in the regulation
of plant growth and development. zma-miR396c_L-1 was upregulated under NaCl stress
and downregulated under Na2CO3 stress, regulating the target gene Zm00001d018260,
which is Growth-regulating factor 6 (GRF6). At the transcriptional level, GRFs are typically
regulated by the microRNA miR396 [34], and some studies have revealed other functions of
GRFs in plant biology, such as flowering, seed, and root development; growth control under
stress conditions; and the regulation of plant lifespan [35–41]. Yuan et al. [42] found that
the Osa-miR396c-GRF module plays a significant role in regulating the salt stress tolerance
of creeping bentgrass. The overexpression of Osa-miR396c in creeping bentgrass resulted in
significantly reduced tiller number and length, and narrower and shorter leaves. Under salt
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stress, mutant plants showed increased leaf water content and chlorophyll content, reduced
electrolyte leakage, and notably, an elevated expression of SALT OVERLY SENSITIVE1
(OsSOS1), leading to a decrease in the relative Na+ content and an increase in the K+/Na+

ratio, demonstrating enhanced salt tolerance.
Members of the MIR408, MIR159, MIR171, and MIR172 families exhibited the same

expression patterns in the two comparison groups, suggesting that these miRNA members
may play a necessary role in plant responses to different salt–alkali treatments. In this study,
zma-miR159a-5p was found to be downregulated in both comparison groups, regulating the
target gene Zm00001d029550, which is diacylglycerol kinase 4. Diacylglycerol kinase (DGK)
catalyzes the phosphorylation of lipids to produce diacylglycerol phosphate (PA), playing
a significant role in biological activities. Previous studies have found that DGK plays an
important role in plant responses to stress, such as in Arabidopsis, where Li et al. [43]
discovered that DGK5 and its catalytic product PA bind to ABA2 and inhibit its activity,
thereby affecting ABA synthesis under stress conditions and the plant’s ability to cope
with stress. Another differentially expressed miRNA, zma-miR172e_L-1, was upregulated
in both comparison groups, regulating the target gene Zm00001d035512, which is AP2-
EREBP-transcription factor 81. miR172, a highly conserved member of the miRNA family,
is induced by various stresses such as low temperature, salt, and drought, and can also
participate in plant responses to various environmental stresses by regulating AP2-type
transcription factors [44–47]. Overexpressing miRNA172c or knocking out GmNNC1 in
soybean can enhance its salt tolerance; conversely, interfering with miR172 expression or
overexpressing GmNNC1 increases soybean’s salt sensitivity [48]. Additionally, overex-
pressing soybean miR172c in Arabidopsis can significantly enhance its tolerance to drought
and salt stress [49]. Although there is a relatively clear understanding of the mechanisms
by which miR172 mediates plant responses to stress in Arabidopsis and soybean, research
on other plants, especially important crops like corn, remains at the level of genome-wide
expression analysis and has not yet involved the analysis of specific molecular mechanisms
and the construction of regulatory networks.

Furthermore, members of the MIR166, MIR167, MIR397, MIR528, and MIR2118 fam-
ilies exhibited opposite expression patterns in the two comparison groups, indicating
that these family members played unique roles under different salt and alkali stresses.
zma-miR167a-5p was upregulated under NaCl stress and downregulated under Na2CO3
stress, regulating the target gene Zm00001d026590, which is ARF-transcription factor 30.
Liu et al. [50] discovered that Zma-miR167 could reduce the transcription of ZmARF3
and ZmARF30, resulting in decreased transcription levels of ZmPAO1 and producing less
hydrogen peroxide (H2O2), thereby enhancing maize’s resistance to maize chlorotic mottle
virus (MCMV). zma-miR528a-3p was downregulated under NaCl stress and upregulated
under Na2CO3 stress, regulating the target gene Zm00001d020764, which is carbonic an-
hydrase5. Carbonic anhydrases (CAs) are a class of zinc-containing metalloenzymes that
play an important role in various physiological processes such as cellular pH regulation,
carbon dioxide transport, electrolyte balance, and cell homeostasis, which are crucial for
cell survival and proliferation. The carbonyl sulfide (COS) absorbed by plants can be
converted into CO2 and Hydrogen Sulfide (H2S) by carbonic anhydrase (CA) in cells [51].
High concentrations of H2S tend to bind with ferrous ions, thereby modifying the structure
of proteins containing ferrous ions (such as cytochrome oxidase, hemoglobin, myoglobin,
etc.), which inhibits their activity and function, thus exhibiting cytotoxic effects [52–55].

In summary, miRNAs play a crucial role in plants’ response to alkaline salt stress,
but the current research on this topic is not sufficient. The specific effects of alkaline
salt stress on plant miRNA expression and its regulatory mechanisms require further in-
depth investigation. Our research aims to provide a theoretical basis for comprehensively
understanding how crops respond to complex alkaline salt stress and for improving saline–
alkali soils to expand crop cultivation areas. Through this research, we hope to provide a
scientific basis for agricultural production, helping farmers to increase crop yields under
saline–alkali conditions.
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5. Conclusions

This study reveals the impact of soil salinization, a complex environmental factor,
on plant gene expression by analyzing the differential expression of miRNAs in the roots
of maize seedlings after treatment with 100 mM NaCl, 50 mM Na2CO3, and H2O for 5
h. The results show that the Na2CO3 treatment group exhibited the highest number of
differentially expressed miRNAs. The cluster analysis indicates that these differentially
expressed miRNAs are primarily involved in the regulation of ion transport, binding,
metabolism, phenylpropanoid, and flavonoid biosynthesis pathways. In contrast, the
unique, differentially expressed miRNAs in the NaCl treatment group are associated with
the sulfur metabolism pathways. This suggests that there are significant differences in the
response patterns of maize to different saline–alkaline treatments. This study provides a
theoretical basis and genetic resources for further analysis of the molecular mechanisms
underlying salt–alkali tolerance in maize.
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Abstract: The Asteraceae are widely distributed throughout the world, with diverse functions
and large genomes. Many of these genes remain undiscovered and unstudied. In this study, we
discovered a new gene ClNUM1 in Chrysanthemum lavandulifolium and studied its function. In
this study, bioinformatics, RT-qPCR, paraffin sectioning, and tobacco transgenics were utilized to
bioinformatically analyze and functionally study the three variable splice variants of the unknown
gene ClNUM1 cloned from C. lavandulifolium. The results showed that ClNUM1.1 and ClNUM1.2
had selective 3′ splicing and selective 5′ splicing, and ClNUM1.3 had selective 5′ splicing. When the
corresponding transgenic tobacco plants were subjected to abiotic stress treatment, in the tobacco
seedlings, the ClNUM1.1 gene and the ClNUM1.2 gene enhanced salt and low-temperature tolerance
and the ClNUM1.3 gene enhanced low-temperature tolerance; in mature tobacco plants, the ClNUM1.1
gene was able to enhance salt and low-temperature tolerance, and the ClNUM1.2 and ClNUM1.3
genes were able to enhance low-temperature tolerance. In summary, there are differences in the
functions of the different splice variants and the different seedling stages of transgenic tobacco,
but all of them enhanced the resistance of tobacco to a certain extent. The analysis and functional
characterization of the ClNUM1 gene provided new potential genes and research directions for abiotic
resistance breeding in Chrysanthemum.

Keywords: C. lavandulifolium; ClNUM1; alternative splicing; abiotic stress

1. Introduction

Chrysanthemums are traditional Chinese flowers and among the most important or-
namental flowers in the world, with high ornamental and application value [1]; however,
at the same time, Chrysanthemums are very susceptible to abiotic stresses, which greatly
limits their application, and their genetic background is relatively complex, so progress
in Chrysanthemum resistance research has been relatively slow [2]. C. lavandulifolium is
a diploid plant of the genus Chrysanthemum in the family Asteraceae with a relatively
simple genetic background and is also one of the important parents of modern Chrysan-
themum species, making it a model plant for the study of plants in the family Asteraceae.
Therefore, genetics studies in C. lavandulifolium are important for resistance breeding in
Chrysanthemum [3].

Studies on the resistance of Chrysanthemum plants have been carried out in many
aspects, such as heat resistance and insect resistance, and the main bases are NAC, MYB,
and WRKY transcription factors family [4–12]. For example, the SND1 and NST1 genes
in the NAC family regulate secondary cell wall and lignin synthesis, increasing the
broad-spectrum resistance of Leucanthemella linearis [13]. Chrysanthemum × morifolium
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CmWRKY15-1 enhanced resistance to chrysanthemum white rust by regulating the ex-
pression of CmNPR1 [14]. Chrysanthemum indicum var.aromaticum CiMYB32 responds
to drought stress [15]. In the process of studying the NST1 gene of C. lavandulifolium,
we accidentally cloned the unknown gene ClNUM1 and its alternative splicing and the
gene has a conserved structural domain of Nuclease-associated DNA-binding domain 3
(NUMOD3).

NUMOD3 is a homing endonucleases and related proteins. Sitbon et al. identified four
new short conserved sequence structural domains in homing endonucleases and related
proteins [16]. NUMODs were named the new structural domains nuclear-associated
modular DNA-binding structural domains. These domains are modular and occur in
various combinations. One structural domain consists of a motif whose structure has been
described as a new sequence-specific DNA-binding helix. Sequence similarity suggests
that the other two structural domains are novel helix–turn–helix DNA-binding domains.
Four families of homing endonucleases are known—HNH, GIY-YIG, His-Cys box, and
LAGLIDADG—each characterized by and named after a short-conserved sequence motif
in the structural domain of its nuclease [17]. Among them, NUMOD3 is found in single-
stranded and tandem repeats of GIY-YIG and HNH proteins and includes the DNA-
binding domain of the I-TevI homologous endonuclease [18,19]. It forms a unique extended
structure that wraps around the DNA. This region binds to DNA in a sequence-specific
manner, helically inserting and twisting the DNA groove [20].

Alternative splicing events, including alternative 5′ and 3′ splice site selection, exon
skipping, and intron retention [21], are widespread mechanisms in eukaryotes [22]. In al-
ternative splicing, a single gene produces different protein variants through different splice
site combinations [23–25]. Selective splicing is involved in the regulation of various plant bi-
ological activities, including plant responses to biotic and abiotic stresses [26,27], regulation
of plant flowering [28], and regulation of the plant biological clock [29]. Chaudhary et al.
proposed that under stress conditions, plants buffer the level of normal protein synthesis
by alternative splicing, reduce the translation of a large portion of the transcriptome, and
produce protein isoforms that are adapted to the protein isoforms needed under stress [30].
Splice variants have been studied in plants such as maize, rice, citrus, and Arabidopsis
thaliana [31–34], but there are still few studies on Chrysanthemum.

Since the conserved structural domain of these three splice variants is NUMOD3, we
named these three splice variants ClNUM1.1, ClNUM1.2, and ClNUM1.3. The nucleotide
sequences of the three variable splices were compared with the homologous gene CsNST1
in the NCBI database, and the homology of the nucleotide sequences was found to be
as high as 83%. Afterward, the three splice variants of this gene were transferred into
tobacco, and the biological functions of the different variants in the model plant tobacco
were identified via RT-qPCR, morphometric indexes, physiological indexes, and paraffin
sections, to study the function of ClNUM1 in plants under abiotic stress so as to explore
potential functional genes for resistance breeding of Chrysanthemum.

2. Materials and Methods

2.1. Plant Materials, Vectors and Strains

The C. lavandulifolium histocultures and wild-type big-leaf tobacco (Nicotiana tabacum
var. macrophylla), vector Super35S::GFP, E. coli strain DH5α, and Agrobacterium strain
GV3101 used in this study were obtained from the group of Associate Prof. Xuebin Song at
Qingdao Agricultural University.

2.2. Homologous Gene Cloning

Cynara scolymus is a plant in the family Asteraceae and is closely related to C. lavan-
dulifolium. The coding region of the CsNST1 gene found in the NCBI database (accession
number LOC112517473, NCBI) was used as a template for primer design, and the primer
sequences were as follows (Table 1):
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Table 1. The primer sequence for CsNST1 gene.

CsNST1 Primer Sequence

NST1-F 5′-ATGCTGTCTTCTACTTTGTAAGCTC-3′

NST1-R 5′-TTAATACCCTGTTTCAGAAAATGGATG-3′

Then, the gene was cloned using C. lavandulifolium as a template according to the
instructions of 2 × Phanta Flash Master Mix (Dye Plus) (Vazyme Biotech, Nanjing, China),
and the obtained products were subjected to agarose gel electrophoresis migration experi-
ments and then recovered by gel recovery using a FastPure Gel DNA Extraction Mini Kit
(Vazyme Biotech, Nanjing, China), and the obtained products were sent to the company
for sequencing to obtain different splice variants of ClNUM1 gene: ClNUM1.1, ClNUM1.2
and ClNUM1.3.

2.3. Stress Treatment of Chrysanthemum lavandulifolium

We transplanted C. lavandulifolium seedlings of 5 cm in height and good growth
condition from sterile planting bottles (1/2 MS + 30 g/L sucrose + 6 g/LAGAR) and
planted them in an artificial climate chamber at 25 ◦C, 16 h of light, 8 h of darkness, 3000 lux
of light and 70% air humidity. Different treatments were applied to C. lavandulifolium
after one week of incubation. The plants exposed to salt treatment were watered with
200 mmol/L NaCl, the drought treatment simulates drought conditions by not watering
for a specified period of time, and the plants exposed to low-temperature treatment were
placed in an incubator at 4 ◦C and sampled at 0 h, 1 h, 4 h, 8 h, 12 h, 24 h, and 36 h. We
carried out at least three replicates per treatment.

2.4. RNA Extraction and RT-qPCR

We carried out RT-qPCR using wild-type C. lavandulifolium under different treatments
to verify the expression patterns of the three transcripts under stress conditions. A certain
amount of C. lavandulifolium and tobacco tissues was quick-frozen in liquid nitrogen and
then quickly ground into powder and transferred to RNase-free 2 mL centrifuge tubes.
Then, total RNA was extracted according to the instructions for the FastPure Plant Total
RNA Isolation Kit (Vazyme Biotech, Nanjing, China). cDNA synthesis was performed
according to the instructions for the HiScript III RT SuperMix for qPCR (+gDNA wiper) kit
(Vazyme Biotech, Nanjing, China). RT-qPCR was performed on a StepONE Plus system
(Applied Biosystems, Waltham, MA, USA) using SYBR qPCR Master Mix (Vazyme Biotech,
Nanjing, China) and specific primers. The data obtained were analyzed by the 2−ΔΔCt

method, and the internal reference gene was Actin7 (Table 2).

Table 2. The primer sequence for Actin7 gene.

Actin7 Primer Sequence

Actin7-F 5′-TCCGGCTATGTATGTTGCTATTC-3′

Actin7-R 5′-AATCTTCATCAAGGGATCGGTAAG-3′

2.5. Agrobacterium Transformation Method

Three splice variants were recombined with the overexpression vector Super35S::GFP
using the homologous recombination kit from Vazyme (ClonExpress® Ultra One Step
Cloning Kit). The recombinant plasmids were transferred into the receptor cells of Agrobac-
terium tumefaciens GV3101. The transformed A. tumefaciens colonies were selected on
LB-agar plates containing 50 mg L−1 kanamycin, 50 mg L−1 rifampicin, and 50 mg L−1 gen-
tamicin. Positive colonies were picked for PCR amplification and identification, after which
the colonies were subjected to the configuration of infiltration solution and transformed
tobacco as described [35]. After screening and characterization, the transgenic tobaccos
were obtained.
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2.6. Transgenic Tobacco Resistance Screening and Management and Maintenance Methods

In this study, Super35S::GFP was used as the control group (CK), and Super35S::GFP,
Super35S::ClNUM1.1, Super35S::ClNUM1.2, and Super35S::ClNUM1.3 tobacco seeds were
sown in screening medium (MS + 50 mg/L Hgy + 30 g/L sucrose + 6 g/L agar) and
incubated at 25 ◦C with 16 h of light and 8 h of darkness and 3000 lux light intensity. After
the growth of true leaves, tobacco seedlings with similar growth status were picked and
transplanted to the stress treatment medium in an aseptic environment as well as to an
artificial climate chamber for subsequent treatment experiments.

2.7. Abiotic Stress Treatments and Morphometric Measurements
2.7.1. Stress Treatment of Transgenic Tobacco at the Seedling Stage

Tobacco seedlings with the same growth status in the screening medium were trans-
ferred to MS, MS + 200 mmol/L NaCl, and MS + 200 μmol/L ABA(Abscisic-Acid) media,
ABA is used to simulate drought stress [13]. The incubation conditions of the control,
salt, and ABA treatments were at 25 ◦C, 16 h of light and 8 h of darkness, and 3000 lux
light intensity, and that of the low-temperature treatment was at 4 ◦C, 16 h of light and
8 h of darkness, and 3000 lux light intensity. After 24 days of treatment in the medium,
the tobacco plants were carefully removed, and the roots were carefully cleaned from the
medium. After cleaning, the control, salt, ABA, and low-temperature treated tobacco plants
were subjected to fresh weight and root length determination (Table S1).

2.7.2. Stress Treatment of Transgenic Tobacco at the Mature Stage

Tobacco seedlings with the same growth status in the screening medium were selected
and transferred to a charcoal substrate for two to three weeks and were subjected to
control, salt, drought, and low-temperature treatments when they reached maturity. The
control treatments were watered every other week, the salt treatments were watered with
200 mmol/L NaCl every other week, the drought treatments were subjected to simulated
drought conditions by artificially controlling the water content of the soil, and the low-
temperature treatments were placed in a 4 ◦C incubator. The control, drought, and salt
treatments were all incubated at 25 ◦C. After 15 days of treatment in the artificial climate
chamber, the growth status of the tobacco was photographed, and the height of the stalks
was measured. Afterward, the stress-treated tobacco was rehydrated, and the height of the
stalks was measured and photographed after seven days (Table S2).

2.8. Measurement of Physiological Parameters

To better illustrate the function of the splice variants, the chlorophyll content was
determined in control and treated tobacco seedlings grown in an artificial climate chamber.
Leaf samples were rinsed with distilled water and blotted dry with filter paper. The sides of
the main veins of the leaves were cut into filaments <1 mm in width, and a 0.2 g sample was
weighed out. The leaves were then immersed in 25 mL of 95% ethanol and left in the dark
for 3 days. Absorbance was measured at wavelengths of 470 mm, 649 mm, and 665 mm
using a UV spectrophotometer (Hitachi; Tokyo, Japan), and, finally, the total chlorophyll
content was calculated.

2.9. Paraffin Sectioning

We selected prime-aged tobacco with the same growth state and cut a 1.5 cm long part
from 1/3 of the stem of the transgenic tobacco. The selected stalks were treated in FAA
fixative (70% alcohol/formalin/acetic acid 18:1:1) for 24 h. The material was soaked in a
mixture of hydrogen peroxide and glacial acetic acid (1:1) for 48 h to soften the material
and then dehydrated with ethanol and embedded in paraffin wax. The samples were
divided into 10 μm sections by a slicer. Afterward, fenugreek solid green staining was
performed, and the thickness of the cell wall and the size of the cells were observed using a
light microscope.
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2.10. Statistical Analysis

All experiments were set up with three or more biological replicates. Data are ex-
pressed as the mean ± SD (standard deviation) and were analyzed by a t-test (* p ≤ 0.05
and ** p ≤ 0.01).

3. Results

3.1. Bioinformatics Analysis of the ClNUM1 Splice Variants

Three alternative splicing variants of ClNUM1 were cloned from C. lavandulifolium,
named ClNUM1.1, ClNUM1.2, and ClNUM1.3 (Figure S1). ClNUM1.1 was 1164 bp in total
length and encoded 370 amino acids, while ClNUM1.2 was 1176 bp and encoded 373 amino
acids; CLNUM1.3 was 1134 bp and encoded 362 amino acids (Figure 1a). ClNUM1.1 and
ClNUM1.2 had both selective 3′ splicing and selective 5′ splicing, and ClNUM1.3 had
selective 5′ splicing (Figure 1b).

Figure 1. Bioinformatics analysis of three different splice variants. (a) Comparison of amino acid
sequences. Black is the same part of the amino acid, gray is the different part of the amino acid.
(* represents the length sequence number of the omitted amino acid.) (b) Schematic structure
of ClNUM1.1, ClNUM1.2, and ClNUM1.3. The gray parts represent exons, and the white parts
represent introns.

However, three variable splices of this gene were found in the cloning results. Alterna-
tive splicing generates multiple mRNA transcripts from a single gene by assembling exons
differently using selective splice sites in precursor mRNAs.

Further analysis of the three variables found that the conserved structural domains of
these three variable splices were different from those of the NST gene, and the three variable
splices belonged to the conserved structural domain of NUMOD3 after comparison.
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3.2. ClNUM1.1, ClNUM1.2, and ClNUM1.3 in C. lavandulifolium Show Different Responses to
Stress Treatments

To further investigate the response of ClNUM1.1, ClNUM1.2, and ClNUM1.3 in
C. lavandulifolium under abiotic stress conditions, we comparatively analyzed the expres-
sion levels of the ClNUM1.1, ClNUM1.2, and ClNUM1.3 genes in wild-type C. lavanduli-
folium under different stress treatments (Figure 2).

Figure 2. Expression levels of ClNUM1.1, ClNUM1.2, and ClNUM1.3 in C. lavandulifolium under
stress treatments. (a–c) Expression levels of ClNUM1.1 in C. lavandulifolium under drought, salt, and
low-temperature treatments. (d–f) Expression levels of ClNUM1.2 in C. lavandulifolium under drought,
salt, and low-temperature treatments. (g–i) Expression levels of ClNUM1.3 in C. lavandulifolium under
drought, salt, and low-temperature treatments. All experiments were set up with three or more
biological replicates (independent sample t-test; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

The expression of ClNUM1.1 under drought and salt treatments was lower than that
before the treatments, with a minimum decrease of 45.5% at 1 h in drought treatment and a
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minimum decrease of 88.7% at 36 h in salt treatment, while the expression of ClNUM1.1
under low-temperature treatment showed an overall trend higher than that before the
treatments and reached a peak at 1 h, with a 3.56-fold increase in expression. Under drought
treatment, the expression of ClNUM1.2 at 1 h and 12 h was significantly different from that
before treatment, with a decrease of 45% and an increase of 50.7%, respectively. Under
salt treatment, the expression increased significantly at 8 h and 24 h, with an increase of
1.16-fold and 1.84-fold, respectively, and the expression increased under low-temperature
treatment compared with that before treatment, with increases of 3.34-fold, 5.13-fold, and
2.29-fold at 1 h, 4 h, and 8 h, respectively. The expression of ClNUM1.3 under drought
treatment was elevated compared with that before treatment, increasing 7.30-fold, 9.30-fold,
and 11.33-fold at 4 h, 8 h, and 12 h. Under salt treatment the expression of ClNUM1.3 was
highest at 12 h, increasing 1.44-fold, and there was a significant increase in the expression
of ClNUM1.3 under low-temperature treatment at 1 h and 4 h, increasing 2.22-fold and
6.33-fold, respectively, compared with that before treatment.

These results clearly show that ClNUM1.1, ClNUM1.2, and ClNUM1.3 in C. lavanduli-
folium all responded under the stress treatments, but the different splice variants responded
differently to each treatment.

3.3. Phenotypic Analysis of Young ClNUM1 Transgenic Tobacco under Abiotic Stress

To investigate the function of the ClNUM1.1, ClNUM1.2, and ClNUM1.3 splice variants,
the present study was carried out to determine the root length, fresh weight, and chlorophyll
content of the treated transgenic tobacco by abiotic stress treatment. After 24 days of
treatment, we found that compared with before treatment, tobacco grew significantly
under CK, NaCl, and low-temperature treatments, but the growth signs were not obvious
under ABA conditions (Figure 3). The measurements showed that there was no significant
difference in root length among the transgenic tobacco plants at 25 ◦C with 16 h of light
and 8 h of darkness and 3000 lux, and the fresh weight of ClNUM1.1 and ClNUM1.3 was
not significantly different from that of CK; the fresh weight of ClNUM1.2 increased by
47.5% compared with that of CK; under ABA treatment, ClNUM1.2 and ClNUM1.3 showed
an increase in root length and fresh weight compared to CK, their root length increased
by 32.7% and 18.2%, respectively, and their fresh weight increased by 53.4%, showing
a significant difference, while ClNUM1.1 showed an increase in root length by 106.1%
compared to CK, and its fresh weight was not significantly different; the root length and
fresh weight of all three transgenic tobacco lines were increased under low-temperature
treatment compared with CK, with a 30.6%, 35.2%, and 16.5% increase in root length and
251%, 183.8%, and 87.4% increase in fresh weight for ClNUM1.1, ClNUM1.2, and ClNUM1.3,
respectively, showing significant differences; under salt treatment, the fresh weight of all
three transgenic tobacco lines was increased and significantly different from CK, and the
root length of ClNUM1.1 and ClNUM1.2 was increased by 10.8% and 39%, respectively,
compared to that of CK, but the root length of ClNUM1.3 showed little change compared
to that of CK (Figure 4). We found that the growth of CK was inhibited under all the stress
treatments, as well as the growth of the ClNUM1.1, ClNUM1.2, and ClNUM1.3 transgenic
tobacco lines under ABA treatment.

The experimental results showed that ClNUM1.1 transgenic tobacco had a strong
ability to tolerate salt and low temperature at the seedling stage; ClNUM1.2 transgenic
tobacco had a strong ability to tolerate salt and low temperature; and ClNUM1.3 transgenic
tobacco had a strong ability to tolerate low temperature.
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Figure 3. Growth status of tobacco under different treatments in the medium: (a) growth status under
control treatment, (b) growth status under ABA treatment, (c) growth status under salt treatment,
and (d) growth status under low-temperature treatment.

 

Figure 4. Root length and fresh weight of tobacco under different treatments after 24 days.
(a–d) Root length of transgenic tobacco under control, drought, low-temperature, and salt treat-
ments. (e–h) Fresh weight of transgenic tobacco under control, drought, low-temperature, and salt
treatments All experiments were set up with three or more biological replicates (independent sample
t-test; * p < 0.05, ** p < 0.01, **** p < 0.0001).
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3.4. Phenotypic Study of ClNUM1 Transgenic Tobacco at Maturity under Abiotic Stress and
Determination of Physiological Indexes

To further illustrate the function of the splice variants under abiotic stress treatments,
we observed the growth status of mature transgenic tobacco seedlings under stress treat-
ments and statistically compiled the changes in the stem height of tobacco before and after
rehydration under the stress treatments, as well as the chlorophyll content of the transgenic
tobacco after the treatments.

In this study, it was found that under the control treatment, transgenic tobacco did not
show a significant difference in stem height change after treatment with the same growth
rate, but after rewatering, ClNUM1.1, ClNUM1.2, and ClNUM1.3 showed significantly
slower growth rates compared to CK (Figure 5).

 

Figure 5. Growth states of mature tobacco seedlings under different treatments. (a) Growth state
under the control treatment. (b) Growth state under drought treatment. (c) Growth state under salt
treatment. (d) Growth state under low-temperature treatment.

Under drought treatment, the stem height of ClNUM1.2 and ClNUM1.3 increased by
1.5 cm and 9.1 cm compared with that of CK, but the growth recovery rate of ClNUM1
transgenic tobacco was significantly slower than that of CK after rehydration; the stem
height of ClNUM1.1 exhibited a slower growth rate than that of CK after both treatment
and rehydration. Under salt treatment, the stem height of ClNUM1.1 increased by 0.27 cm
and 0.05 cm after both treatment and rehydration compared with that of CK; the stem
height of ClNUM1.2 grew at a slower rate than that of CK after treatment but recovered
very quickly after rehydration; and the average stem height of ClNUM1.3 was 5.5 cm higher
than that of CK after treatment but recovered very slowly after rehydration. The average
stalk heights of ClNUM1.1, ClNUM1.2, and ClNUM1.3 were 0.13 cm, 0.54 cm, and 1.1 cm
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higher than that of CK under the low-temperature treatment, and they recovered better
than CK after rewatering (Figure 6a,b).

Figure 6. Changes in stem height of mature tobacco seedlings after different treatments and after
rehydration and chlorophyll content after treatments. (a) Changes in stem height of tobacco after
stress treatment. (b) Changes in stem height after 7 days of restoration to normal growth conditions
under salt, drought, and low-temperature stresses. (c) Chlorophyll content after drought treatment.
(d) Chlorophyll content after salt treatment. (e) Chlorophyll content after low-temperature treatment.
All experiments were set up with three or more biological replicates (independent sample t-test;
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

Under drought treatment, the chlorophyll content in ClNUM1 transgenic tobacco was
not significantly different from that in CK; under salt treatment, the chlorophyll content of
ClNUM1.1 transgenic tobacco was twice as high as that of CK, with a significant difference,
and the chlorophyll content of ClNUM1.2 and ClNUM1.3 transgenic tobacco was 1.2 and
1.5 times as high as that of CK, with an increase from CK but no significant difference; the
chlorophyll contents of ClNUM1.1, ClNUM1.2, and ClNUM1.3 transgenic tobacco were 1.24,
1.31, and 1.2 times higher than those of CK, respectively, under low-temperature treatment,
all of which were significant differences (Figure 6c–e).

The test results showed that ClNUM1.1 transgenic tobacco had strong salt and low-
temperature tolerance at the mature seedling stage; ClNUM1.2 transgenic tobacco had
strong low-temperature tolerance; and ClNUM1.3 transgenic tobacco had strong low-
temperature tolerance.

3.5. Anatomical Analysis of Transgenic Tobacco Stalks

Paraffin sections were taken from one-third of 12-week-old transgenic tobacco stalks
and stained with Senka solid green, and the structures of the epidermis, cortex, bast, xylem,
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and pith could be observed under a light microscope (Figure 7a–h). Both saffron and solid
green stain the cell walls of plants; saffron stains the lignified and corky cell walls as well as
the ducts of plants red, while solid green stains the cellulose cell walls as well as the sieve
tubes of plants green. We measured cell wall thickness and cell size of twenty each in the
xylem of transgenic tobacco stalks (Figure 7i,j). Through observation, we found that the cell
wall thickness of ClNUM1.1 and ClNUM1.3 transgenic tobacco increased compared to that
of CK by 1.08-fold and 1.16-fold, respectively, and the cell size also increased compared
to that of CK by 1.06 and 1.11 times, respectively. The cell wall thickness and cell size of
ClNUM1.3 transgenic tobacco were significantly different; the cell wall thickness and cell
size of ClNUM1.2 transgenic tobacco were both reduced compared to those of CK with no
significant differences.

 

Figure 7. Paraffin sections of transgenic tobacco stems as well as xylem cell wall thickness and xylem
cell size of different genotypes of tobacco. (a–h) Stem cross-sections of CK, ClNUM1.1, ClNUM1.2,
and ClNUM1.3 transgenic tobacco under normal growth conditions. (i) Xylem cell wall thickness
of different genotypes of tobacco. (j) Xylem cell size of different genotypes of tobacco. Twenty cell
sizes and cell wall thicknesses were measured for each transgenic plant. ep = epidermis, cp = cortical
parenchyma, ph = phloem, iph = inner phloem, fc = osteocortex, x = xylem, pi = pith. (independent
sample t-test; ** p < 0.01.)
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4. Discussion

Alternative splicing is an important pathway for eukaryotes to generate significant reg-
ulatory and proteomic complexity. Alternative splicing has two main outcomes—proteome
diversification and gene expression regulation [36]—and alternative splicing can increase
transcriptome variability and complexity. It is considered to be one of the possible sources
of large phenotypic differences between species. In the clipping type, alternative splicing of
5′ and 3′ splice sites is performed by selecting either a 5′ splice donor or a 3′ splice acceptor
to retain or splice all or part of the exon sequence [37]. In this paper, the splicing variants
we obtained were A5SS and A3SS, which enriches the chrysanthemum variable splicing
types. In many studies, alternative splicing has been shown to play an important role in
the growth and development of plants and animals, as well as in the response to adversity.

The ClNUM1 gene was discovered by chance during the cloning of the homologous
gene CcNST1 in C. lavandulifolium, and a NUMOD3 conserved domain was found in this
gene. Since the gene is a new and unknown gene, we named it ClNUM1. In addition,
during the cloning process, we found three splicing variants of the ClNUM1 gene, named
ClNUM1.1, ClNUM1.2, and ClNUM1.3.

We characterized the functions of the different splice variants by analyzing morpho-
logical and physiological indices of seedling and mature lines of transgenic tobacco under
abiotic stress treatments. It was found that the three splice variants enhanced the stress
resistance of tobacco (seedling and maturity) and promoted plant growth to some extent,
which was consistent with the function of the NAC transcription factor family [38,39].

In the seedling stress experiment, we found that the root length and fresh weight of
ClNUM1 transgenic tobacco were not positively correlated under stress conditions, and
sometimes the root length increased but fresh weight decreased or vice versa. In the stress
experiment at maturity, we found two interesting phenomena: one is that the growth
potential of ClNUM1 transgenic tobacco under stress conditions was significantly higher
than that of CK after treatment, but the recovery rate of the growth potential after rewatering
was slower than that of CK. The other is that the growth potential of ClNUM1 transgenic
tobacco after treatment was not significantly different from that of CK, but the recovery
rate of the growth potential after rewatering significantly differed from that of CK. We
speculate that this may be a response of the plant to resist external environmental changes.

Previous studies have found that NST can thicken the secondary cell wall of Populus
and Arabidopsis [40,41], and the change of the secondary cell wall can enhance grapevine
and Populus resistance to abiotic stress [42,43]. By observing the cross-section of transgenic
tobacco, it was found that compared with CK, the secondary cell wall thickness of transgenic
tobacco has changed to a certain extent and the resistance to abiotic stress has been enhanced.
We speculated that this gene can regulate the change of plant cell wall thickness and thus
regulate plant resistance; this is consistent with previous studies. Abiotic stress will affect
the chlorophyll metabolism of plants and thus affect the chlorophyll content of plants [44].
The strength of plant photosynthesis can be reflected by measuring the chlorophyll content
so as to evaluate the growth status of plants under abiotic stress. Under the treatment, the
chlorophyll content of transgenic tobacco was higher than CK, indicating that the growth
status of transgenic tobacco was better than CK, and the resistance was higher than CK.

We have made a preliminary validation for ClNUM1 function in tobacco based on this
experiment; however, how ClNUM1 in C. lavandulifolium regulates plant stress resistance
more precisely by affecting secondary cell walls remains to be further studied. Subsequent
studies on genes related to secondary cell wall synthesis will reveal the regulatory network
and resistance mechanism of ClNUM1 in C. lavandulifolium under abiotic stress.

5. Conclusions

In this study, by analyzing the amino acid sequences of the three splice variants of
the ClNUM1 gene of C. lavandulifolium, we found that ClNUM1.1 and ClNUM1.2 had two
selective splicing types and ClNUM1.3 had selective 5′ splicing. The function of the splice
variants of the unknown C. lavandulifolium gene ClNUM1 was verified in tobacco. It was
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found that ClNUM1.1 enhanced salt and low-temperature tolerance, ClNUM1.2 enhanced
salt and low-temperature tolerance, and ClNUM1.3 enhanced low-temperature tolerance
in tobacco. By observing the paraffin sections, we found that the thickness of the xylem
cells was related to the growth rate of the plant, with thick cell walls in fast-growing
plants and thin cell walls in slow-growing plants. However, the molecular mechanism
underlying the role of the ClNUM1 gene in secondary cell wall synthesis and the synthesis
of secondary cell wall components such as lignin, cellulose, and polysaccharides is not clear,
which is something we need to focus on in future studies. In this study, we discovered a
new unknown gene, ClNUM1, in C. lavandulifolium and verified the function of the splice
variants of this gene in tobacco, thus providing a new potential gene for resistance breeding
in Chrysanthemum and enriching the diversity of resistance breeding in Chrysanthemum.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cimb46060314/s1, Figure S1: The figure shows a comparison of the
nucleotide sequences of ClNUM1 with its three spliced variants. Table S1: Mean and SD of root length
and fresh weight of ClNUM1 transgenic tobacco at seedling stage after treatment. Table S2: Mean and
SD of stem height change in mature ClNUM1 transgenic tobacco after treatment and after recovery.
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Abstract: The CHX (cation/H+ exchanger) family plays an important role in the transmembrane
transport of cation/H+ in plants. The aim of this study was to identify and functionally analyze the
KvCHX gene in the halophyte Kosteletzkya virginica to investigate its role in regulating the K+/Na+

ratio under salinity tolerance. Based on a partial gene sequence of EST from K. virginica, the full-
length DNA sequence of the KvCHX gene was obtained using genome walking technology. Structural
analysis and phylogenetic relationship analysis showed that the KvCHX gene was closely related to
the AtCHX17 gene. The KvCHX overexpression vector was successfully constructed and transformed
into Arabidopsis via floral dipping. Arabidopsis seedlings overexpressing KvCHX showed an
enhanced tolerance to salt stress compared with wild-type plants. Transgenic Arabidopsis seedlings
grew better under K+ deficiency than WT. The results showed that KvCHX could promote the uptake
of K+, increase the ratio of K+/Na+, and promote the growth of plants under K+ deficiency and
treatment with NaCl solution. KvCHX is involved in K+ transport and improves plant salt tolerance
by coordinating K+ acquisition and homeostasis.

Keywords: Kosteletzkya virginica; KvCHX; transgenic arabidopsis; salt stress; K+ transport

1. Introduction

Plants are often affected by different environments, such as high salt levels, drought,
and extreme temperatures [1]. Salt stress is the main abiotic factor affecting plant growth
and development. Currently, at least 800 million hectares of land in the world are affected by
salinization, which is more than 6% of the world’s total land area [2]. Generally, soils with
a soil solution electrical conductivity (EC) of 4 dS/m (deciSiemens per meter) or greater are
referred to as saline soils [3]. Plants are classified into glycophytes and halophytes based
on their ability to grow in highly saline soils. Halophytes have a high salinity tolerance
and can survive and reproduce in environments with salt concentrations around or above
200 mm NaCl [4]. In contrast, at high salt concentrations [5], glycophytes are subjected to
ionic, osmotic, and secondary stresses.

The major effect of salt stress is the accumulation of Na+ and Cl− ions in plant tissues
exposed to saline soils [6]. The massive uptake of Na+ and Cl− results in a severe ionic
imbalance. High Na+ concentrations inhibit the uptake of K+ ions, which are important
elements for growth and development, and low K+ concentrations lead to decreased
productivity and even death [7]. To ensure survival in this adverse environment, halophytes
have evolved their own mechanisms for salt tolerance. Some halophytes reduce harmful
ion concentrations by removing harmful ions from roots and shoots through salt glands,
and some halophytes are able to tolerate high concentrations of salt, while others adopt
measures such as ion compartments, osmoregulation, and the synthesis of compatible
solutes [3,4]. Therefore, the salinity tolerance of halophytes depends on the controlled
uptake and fractionation of Na+, K+, and Cl− and the synthesis of organic solutes [4].
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Among them, K+ is the most abundant cation in plant cells, accounting for about 10% of the
dry weight of plants [8]. Potassium ions mediate many physiological reactions in plants,
such as stomatal closure and opening, leaf movement, and plant tropism driven by swelling
pressure caused by K+ [9–11]. High concentrations of Na+ are toxic to plants and have a
negative effect on plant growth, but Na+ is greater than K+ in saline soils. Therefore, faced
with competition from Na+ [12], halophytes must choose to absorb K+.

To regulate K+ uptake and balance, plants have evolved transport systems containing
a large number of transporters, such as HAK/KUP/KT (K+/H+ transporter), HKT/TRK
(K+/H+ or K+/Na+ transporter), CPA (cation/H+ anti-transporter), and Shaker channels.
At present, some CHX genes in Arabidopsis have been revealed to have their functions
through heterologous expression. They may play an important role in regulating membrane
cation and pH homeostasis [13]. AtCHX20 has been confirmed as a K+ transporter for guard
cells [14]. Similarly, in the latest research, the GmSALT3 gene in soybeans has been confirmed
to be an endometrial localization protein with transport ability and plays an important role
in salt tolerance [15]. Ksteletzkya virginica is a dicotyledon halophyte (http://plants.usda.gov,
accessed on 26 October 2023) native to the southeastern United States, which often grows in
coastal soils containing 0.3–2.5% sodium salts (mainly NaCl) [16]. As a seaside mallow, K.
virginica is a perennial dicotylote and halophyte native to brackish portions of coastal tidal
marshes in the mid-Atlantic and southeastern United States and is considered an obligate
wetland species. It extends north to Long Island, New York, south to Florida, and along the
eastern Texas coastal plain [17]. Blanchard synonymized K. Pentacarpos (found in Eurasia)
with K. virginica. With a lifespan of about 11 years and a high seed protein (32%) and oil
(22%) content, K. virginica is attractive not only for animal feed and biomass production in
coastal areas unsuitable for conventional agriculture [18], but also for biodiesel and ethanol
production [19]. In 1992, K. virginica was introduced into Jiangsu Province, China. K. virginica
can be grown in saline or arid lands and can be irrigated with salt or sea water. The salt
physiological properties of K. virginica were investigated and the results showed its high
salt tolerance [20]. However, the specific mechanism of salinity tolerance in K. virginica
remains elusive. In a previous report, we found the expression of K. virginica CHX (KvCHX)
was up-regulated in roots under salt stress and obtained the EST of the KvCHX gene [21].
Therefore, we propose a hypothesis that KvCHX may be involved in the salinity tolerance of
K. Virginia. Previous studies have shown that comparing the AtCHX protein with fungal
and bacterial CPA2 proteins reveals that the CHX protein has K+, Na+, and H+ transport
functions [22]. Moreover, after phylogenetic analysis of the plant CHX gene family, it was
found that it has important genetic relationships with many ion transport genes [23]. Here,
we verified the function of the CHX gene of K. virgineca, which is associated with its ability
to maintain Na+ and K+ homeostasis in transgenic Arabidopsis seedlings.

In this study, a DNA sequence of KvCHX was obtained based on a KvCHX known
fragment [21] using genome walking technology. Protein structure analysis showed that
the 2400 bp CDS of KvCHX encodes a polypeptide containing 799 amino acids. The
predicted KvCHX protein consists of an amino-terminal domain with 12 transmembrane
spans (430 residues) and a hydrophilic domain at the carboxyl end, which is proposed to
have regulatory roles. Subcellular localization analysis showed that KvCHX was localized
to the cytoplasmic membrane. Phylogenetic relationship analysis implied that KvCHX
was very similar to AtCHX17; both of them shared higher identity in amino-terminal
hydrophobic domains than other members of the AtCHX gene family, especially TM5
and TM11 (91.30% and 90.00% identity, respectively). To investigate the role of KvCHX
in K+ transport and salinity tolerance, an overexpression vector 2×35S-KvCHX-Nos was
constructed and transformed into Arabidopsis thaliana ecotype Columbia (WT) using floral
dipping. The T3 transgenic lines of Arabidopsis seedlings could promote the absorption of
K+, increase the K+/Na+ ratio, and contribute to the growth of plants under K+ deficient
conditions and treatment with NaCl solution. In summary, the results indicated that
KvCHX enhances salt tolerance in transgenic Arabidopsis by regulating the K+/Na+ ratio
under salt stress.
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2. Materials and Methods

2.1. Plant Materials and Stress Treatments

A. thaliana ecotype Columbia (WT) was used in this study. Seeds of K. virginica
were soaked overnight in fresh water and then sown in pots filled with vermiculite in a
greenhouse at 26/20 ◦C with day/night of 15/9 h.

WT and T3 transgenic Arabidopsis seeds were sterilized with sodium hypochlorite
and placed in MS medium for 2 weeks. Seedlings (5 plants per treatment) were grown
under hydroponic conditions in a greenhouse. For greenhouse cultivation, seedlings used
in the transgenic experiment were transplanted into pots filled with vermiculite and soil
(3:1) and watered with Hoagland solution. For hydroponic cultivation, the seedlings
were transferred to nutrient solution containing 1 mM Ca(NO3)2, 1 mM KH2PO4, 1 mM
KNO3, 1 mM MgSO4, 50 μM Na-Fe-EDTA, 50 μM H3BO3, 0.05 μM CoCl, 0.05 μM CuSO4,
15 μM ZnSO4, 50 μM MnSO4, and 3 μM Na2MoO4 [24]. The environmental parameters
in the growth chamber were as follows: light/dark cycle of 8/16 h, light intensity of
300 μmol s−1m−2par, temperature of 24 ◦C/22 ◦C, humidity of 70%. The nutrient solution
was renewed once a week during the first part of the culture and twice a week during the
experiment.

In the K+ deficient treatment, plants (five plants per treatment) were selected at the
rosette stage at the beginning of each experiment [25]. Plant roots were rinsed in 0.2 mM
CaSO4 for 5 min and then transferred to 1/2 K+ nutrient solution. In 1/2 K+ nutrient
solution, KH2PO4 was replaced by 1 mM NaH2PO4. In the salt treatment, the basal nutrient
solution was supplemented with 0 mM, 100 mM, 150 mM, and 200 mM NaCl, respectively.

2.2. Isolation and Sequence Analysis of KvCHX, Protein Structure, Phylogenetic Tree, and
Multiple Alignment

Genomic DNA of K. Virginica was extracted from 10-day-old seedlings using the
NuClean PlantGen DNA Kit (Biotech, Hefei, China) according to the manufacturer’s
instructions and examined via electrophoresis on 1.5% agarose gels.

To obtain the full-length DNA sequence of KvCHX, the 5′ sequence was extended three
times, and the 3′ sequence once, via TAIL PCR, using the genome Walking toolkit (Takara
D316) based on the known fragment of the KvCHX gene (FK816439). Gene-specific primers
(GSPs) were designed each time based on the obtained sequences using genomic DNA
as a template (Table 1). For each genome walking, three rounds of TAIL-PCR (Thermal
Asymmetric Interlaced PCR) were performed using the GSPs and degenerate primers for
the 5′-end flanking sequence of the known segment of the CHX gene.

Table 1. Primers used for the genome walking and sequencing of the KvCHX gene.

GSP1-5′-2 5′-CCCAAAACTTCAGGACCAGG-3′ GSP1-3′-2 5′-CCTGGTCCTGAAGTTTTGGG-3′
GSP1-5′-3 5′-GCTTCGTGATTGTCGTGTCC-3′ GSP1-3′-3 5′-CAATCTTTTCGTGGTGGGCC-3′
GSP2-5′-1 5′-GGGGAGAAGAGTTTGTTCCTG-3′ GSP3-5′-1 5′-CAACTATCTCGCCGATGACC-3′
GSP2-5′-2 5′-TACGGGCTAACACAGGGAAG-3′ GSP3-5′-2 5′-GCGAGGATACGAGTGAGTGC-3′
GSP2-5′-3 5′-AAGGTGTCCAGCACCGTTAG-3′ GSP3-5′-3 5′-GTACCGCTATCACCGACGAA-3′

RV-M 5′-GAGCGGATAACAATTTCACACAGG-3′ M13-47 5′-CGCCAGGGTTTTCCCAGTCACGAC-3′

Note: The first genome walking primers of 5′-end flanking sequence: GSP1-5′-1~GSP1-5′-3. The second genome
walking primers of 5′-end flanking sequence: GSP2-5′-1~GSP2-5′-3. The third genome walking primers of
5′-end flanking sequence: GSP3-5′-1~GSP3-5′-3. The genome walking primers of 3′ -end flanking sequence:
GSP1-3′-1~GSP1-3′-3. The primers for the sequencing of genome walking products: RV-M and M13-47.

This technique is well suited to cloning the flanking sequences of genes based on the
partial known sequences of genes, especially when the species under study has not yet
been fully sequenced. A total of three gene-specific primers (GSPs) close to the flanking se-
quences at the 5′ end of known fragments were designed and synthesized sequentially. The
primer GSP1 is upstream of GSP2, and the primer GSP2 is upstream of GSP3. TAIL-PCR was
performed with four arbitrary degenerate primers combined with specific primers (GSP3,
GSP2, and GSP1). For each chromosome walk, TAIL-PCR, including three rounds of PCR,
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was performed using three specific primers designed according to known sequences, which
were designated as GSP1-5′-1~GSP1-5′-3, GSP2-5′-1~GSP2-5′-3, and GSP3-5′-1~GSP3-5′-3,
respectively, for 5′-end flanking cloning every time, and GSP1-3′-1~GSP1-3′-3 for 3′-end
flanking cloning one time only. Firstly, four arbitrary degenerate primers (AP primers) in
combination with the specific primer GSP3 were used for first TAIL-PCR. Three rounds
of TAIL-PCR were carried out on a Biorad Thermal Cycler. The products from the first
round of TAIL-PCR were used as templates for the secondary PCR, and the products from
the second round of TAIL-PCR were used as templates for the third round of PCR, and
were then isolated from agarose and cloned into the T vector for nucleotide sequencing.
Secondly, the specific primer GSP2 was designed based on the above sequencing results,
and the second chromosome walk was further performed on the basis of the first. A final
chromosome walk was then performed using the GSP1 primer dependent on the results of
the second sequencing to obtain the 5′-end flanking sequence. Each product from each of
the third TAIL-PCR rounds was separated on an agarose gel and sequenced. The resulting
target sequence was determined vis analyzing the overlapping amplified fragments of
the three 5′-end flanking discrete PCR products. Finally, the 3′-end flanking sequences of
the known segments of the CHX gene were isolated using TAIL-PCR with GSP1-3′. The
volume of a single PCR was 50 μL, containing 2 μL of genomic DNA, 5 μL of 10 × LA PCR
BufferII (Mg+ plus), 8 μL of dNTP mixture (2.5 mM each), 0.5 μL TakaRa LA Taq (5 U/μL),
1uL of AP primer (100 pmol/μL), 1 μL of GSP primer (10 pmol/μL), and 32.5 μL of ddH2O.
Table 2 summarizes the thermal cycling conditions. PCR products were detected via 2%
agarose gel electrophoresis and purified (AxyPrepTM DNA Gel Extraction kit) and cloned
into PMD18-T vector (TaKaRa, Beijing, China) for sequencing. The full-length KvCHX gene
sequence was obtained.

Table 2. The PCR programs used in TAIL-PCR reactions.

PCR Reaction Cycle No. Thermal Condition

The first round of
PCR(GSP-5’-1/AP)

1 94 ◦C 1min, 98 ◦C 1min;
5 94 ◦C (30 s), 60 ◦C (1 min), 72 ◦C (3 min)
1 94 ◦C (30 s), 25 ◦C (3 min), 72 ◦C (3 min)

15 94 ◦C (30 s), 60 ◦C (1 min), 72 ◦C (3 min); 94 ◦C (30 s), 60 ◦C (1 min), 72 ◦C (3 min);
94 ◦C(30 s), 44 ◦C (1 min), 72 ◦C (3 min)

1 72 ◦C (10 min)

The second round of
PCR(GSP-5′-2/AP)

15 94 ◦C (30 s), 60 ◦C (1 min), 72 ◦C (3 min); 94 ◦C (30 s), 60 ◦C (1 min), 72 ◦C (3 min);
94 ◦C (30 s), 44 ◦C (1 min), 72 ◦C (3 min)

1 72 ◦C (10min)

The third round of
PCR(GSP-5′-3/AP)

15 94 ◦C (30 s), 60 ◦C (1 min), 72 ◦C (3 min); 94 ◦C (30 s), 60 ◦C (1 min), 72 ◦C (3 min);
94 ◦C (30 s), 44 ◦C (1 min),72 ◦C (3 min)

1 72 ◦C, 10 min

Gene structure prediction was analyzed using SoftBerry FGENESH (http://www.
softberry.com/berry.phtml, accessed on 26 October 2023). Protein prediction was per-
formed using the ExPASy server (http://web.expasy.org/protparam/, accessed on 26
October 2023). Signal sequence analysis and nuclear localization signal analysis were
performed using the SignalP 4.1 server and NLS prediction, respectively. ProtComp 9.0
was used for subcellular localization analysis, and TMHMM Server 2.0 for investigating the
transmembrane domain. SWISS-MODEL was used for protein tertiary structure prediction.
The multiple sequence alignment was performed between AtCHXs and KvCHX using
ClastalX (1.81) for homology analysis, and the phylogenetic tree was constructed using
MEGA4.1 to compare the evolutionary relationships of KvCHX with AtCHXs.

2.3. Vector Construction and Transformation

The KvCHX gene was amplified via PCR from K. virginica genome DNA using the
primers of CHX-F (5′-CACCGGCAGGGGAAGTGAAATC-3′) and CHX-R (5′-TGTTGTTTCTA
CATATCCTTCG-3′). The transformation vector was constructed using Gateway® Technology
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with the ClonaseTM Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
protocol (www.invitrogen.com/gateway, accessed on 26 October 2023) [26]. The recombi-
nant plasmid P2×35S::GFP-KvCHX was introduced into Agrobacterium tumefaciens strains
GV3101 [27] using the liquid nitrogen freeze–thaw method [28]. Arabidopsis was transformed
with A. tumefaciens transformation containing the P2×35S::GFP-CHX plasmid using floral
dipping technique [29]. Transgenic Arabidopsis was grown in a greenhouse at 24/22 ◦C,
70% relative humidity, and a 16/8 h light/dark cycle. Transformed Arabidopsis seeds were
harvested from transformed plants (T0) and grown on MS medium containing 50 mg L−1

hygromycin. Hygromycin-resistant lines were selected for PCR identification. Homozygous
T3 progeny from the T2 population were selected and further verified via Western blot and
salt tolerance analyses [30].

2.4. Confirmation of Transgenic Arabidopsis Plant

Genomic DNA was extracted from 6-week-old seedling leaves of T3 transgenic plants
and wild-type control via CTAB. PCR was performed using primers GFP-FP (5′-ATGAGTAA
AGGAGAAGAACTTTTCACTG GA-3′) and CHX-R2 (5′-CATTTGTGTTTGTATCGG CTGC-
3), and the amplification was performed using the program: 94 ◦C for 2 min, followed by
35 cycles of program (94 ◦C for 30 s, 60 ◦C for 30 s, 72 ◦C for 2 min), and terminated with
an extension at 72 ◦C for 5 min. The PCR products were detected via electrophoresis on
1.5% agarose gel.

The PCR amplification was carried out using genomic DNA extracted from 6-week-
old seedling leaves of T3 transgenic plants and wild-type control via CTAB. The primers
used for PCR were GFP-FP (5′-ATGAGTAAAGGAGAAGAACTTTTCACTGGA-3′) and
CHX-R2 (5′-CATTTGTGTTTGTATCGG CTGC-3′). The PCR program consisted of an initial
denaturation at 94 ◦C for 2 min, followed by 35 cycles of denaturation at 94 ◦C for 30 s,
annealing at 60 ◦C for 30 s, and extension at 72 ◦C for 2 min, and a final extension at 72 ◦C
for 5 min. The PCR products were then analyzed via electrophoresis on a 1.5% agarose gel.

2.5. Western Blot Analysis of Transgenic Arabidopsis Plant

WT and transgenic Arabidopsis plants were grown under hydroponic conditions in
basal nutrient solution. After 10 days of cultivation, the seedlings were transferred to nutrient
solution for 10 days. Total protein was extracted from WT and transgenic Arabidopsis
seedlings with a buffer consisting of 50 mM Tris/HCl (pH 8.0), 150 mM NaCl, 1 mM
EDTA, and 0.2% (w/v) Triton X-100, 4% β-mercaptoethanol, 1 mM dithiothreitol (DTT), and
1% (v/v) protease inhibitor cocktail (BBI Life Science, Shanghai, China) and then used for
protein quantification with BCA protein quantitative Kit (Boster, Pleasanton, CA, USA). The
protein samples (200 μg amounts) were electrophoresed in 8% SDS-PAGE, and the gels were
transferred to nitrocellulose membranes. The membranes were blocked with TBST buffer
(10 mM Tris/HCl (pH 7.5), 150 mM NaCl, and 0.05% Tween-20) supplemented with 5%
non-fat milk for 2 h and incubated with primary antibodies (Anti-GFP antibody, Abcam
(Cambridge, UK), diluted at 1:200) in TBST buffer with 5% BSA overnight at 4 ◦C. Afterwards,
the membranes were washed three times (10 min each) with TBST buffer and incubated with
the secondary antibodies (Goat Anti-Mouse IgG H&L (HRP), Abcam, dilution at 1:1000) for
2 h. After being washed three times with TBST buffer, the membranes were incubated with a
chromogenic agent Enhanced HRP-DAB Chromogenic Substrate Kit (Boster).

2.6. Subcellular Localization Assay

Fluorescence of KvCHX-GFP fusion protein in transgenic plants was observed using
confocal laser-scanning microscopes. The roots and leaves of 4-week-old transgenic plants
were selected, and the epidermis was removed for observation.

2.7. Salt Stress Treatments Involving the Transgenic Arabidopsis Plant

Seeds of transgenic and WT plants were sterilized with sodium hypochlorite and
planted on MS medium for 2 weeks. Then, the seedlings were transferred into a greenhouse
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and fixed on polyvinyl chloride (PVC) plates folating on 1/2 Hogland nutrient solution
supplemented with 0 mM, 100 mM, 150 mM, and 200 mM NaCl, respectively, for 7 days.
The salt treatment nutrient solution was changed every 3 days, and after 7 days of treatment,
the growth conditions of seedling, such as root length and leaf number, and physiological
indexes were measured. The proline content of WT and transgenic plants was measured as
described by [31], and the malondialdehyde (MDA) content was determined according to
the method of Song [32].

2.8. K+ Deficient Treatments of Transgenic Arabidopsis Plant

Seeds of transgenic Arabidopsis plants and WT were collected and sterilized with
sodium hypochlorite, then planted in MS medium for germinating and cultivating for
10 days. Then, WT and transgenic Arabidopsis plants were transferred into Hogland
nutrient solution with 1/2 K+ (KNO3) concentration for 20 days. The leaf number, branch
number, fresh weight, and dry weight were determined.

2.9. Determination of Potassium and Sodium Ion Content

The second fully expanded rosette leaves and the mature zone of the roots (without the
root tip) were collected and washed in 0.2 mM CaSO4 for 5 min. To quantify the potassium
and sodium ion content, tissues harvested from five plants per treatment were oven-dried
at 100 ◦C for 2 h and at 85 ◦C for 18 h. Subsequently, the plant material was digested with
HNO3 at 80 ◦C and dissolved with ddH2O for ion extraction. The concentrations of cation,
sodium, and potassium ions in tissue samples were determined using a Thermo fisher ICP
spectrometer. All measurements were performed in triplicate.

3. Results

3.1. Isolation and Sequence Analysis of KvCHX

BLASTX analysis of the 496 bp known fragment of KvCHX (FK816439) revealed high
similarity between the KvCHX fragment and CHXs described in other species, such as
cocoa, cherry, grape, tomato, corn, and Arabidopsis. To obtain the full-length KvCHX
sequence, three rounds of TAIL-PCR were performed with template genomic DNA and the
primers GSP1-5′-1~GSP1-5′-3, GSP1-3′-1~GSP1-3′-3 for 5′ flanking extension firstly and 3′
flanking extension, respectively. The PCR products were examined via electrophoresis on
2% agarose gel, yielding two fragments of approximately 1800 bp (Figure 1A) and 1400 bp
(Figure 1D). The final round of TAIL-PCR products were cloned into the pMD18-T vector
and sequenced. Sequence analysis (BioXM 2.6) showed that the overlapping regions of
these fragments were the same as those of known KvCHX fragments. These three fragments
include the known KvCHX fragment and the two sequenced fragments above, and we
obtained a fragment of about 3440 bp via assembly. BLASTX analysis showed that the
amino acid sequence of this fragment was significantly similar to that of the CHX proteins
of cacao, prunus persica, and grape.

Via the second genome walking for the 5′ flanking-sequence, we obtained two frag-
ments, of approximately 800 bp and 600 bp, respectively. Sequencing analysis showed that
the 670 bp fragment was a specific product (Figure 1B, 3rd). The last genome walking for the
5′ flanking-sequence allowed us to obtain a fragment of approximately 611bp (Figure 1C,
3rd). Finally, we obtained a 4333 bp fragment by assembling these fragments (the 496 bp,
3440 bp, 670 bp, and 611 bp fragments). Sequence analysis suggested that it encodes a
complete protein.

To further obtain the assembled 3440 bp upstream of the 5′ flanking-sequence, genome
walking was performed twice based on the obtained 5′ flanking sequence. The second
genome walking for the 5′ flanking sequence yielded two fragments, of approximately
800 bp and 600 bp, respectively. Sequencing analysis showed that the 670bp fragment was
a specific product (Figure 1B, 3rd). The last genome walking of the 5′ flanking sequence
allowed us to acquire a fragment of approximately 611 bp (Figure 1C, 3rd). Finally, we
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assembled these fragments (496 bp, 3440 bp, 670 bp, and 611 bp) together to obtain a
fragment of 4333 bp. Sequence analysis showed that it encodes a complete protein.

Figure 1. PCR products during the genome walking of KvCHX. (A–D) represent the genome walking
products of the 3′-end sequence and the third, the second, and the first genome walking for the 5′-end
sequence, respectively.

3.2. Analysis of KvCHX Gene Structure

The full-length open reading frame (ORF) of KvCHX was analyzed using SoftBerry
FGENESH and BLASTX (Figure 2), and the results showed that the KvCHX gene had
an ORF of 2562 bp (from 627 bp to 3189 bp). There were three exons (627 bp–827 bp,
913 bp–1914 bp, and 1993 bp–3189 bp, respectively) and two introns (828 bp–912 bp and
1915 bp–1992 bp, respectively). The CAAT Box and TATA Box were located at 50 bp and
100 bp, respectively. The TSS was located at 125 bp, and the Poly (A) tail of the mRNA was
located at 3354 bp.

Figure 2. Structural sketch of the KvCHX gene.

3.3. Structure and Function Analysis of KvCHX Protein

The physical and chemical properties of the KvCHX protein were analyzed using the
ProtParam program. The results showed that KvCHX encoded a polypeptide of 799 amino
acids with a molecular weight of 86.6 kDa and a theoretical pI of 8.86. Its molecular formula
was C3934H6355N1023O1097S33. The KvCHX protein was predicted to be a hydrophobic basic
lipid-soluble protein. Signal sequence analysis and nuclear localization signal analysis
showed that the KvCHX protein had no signal peptide and nuclear localization signal.
Transmembrane domain analysis revealed that KvCHX has 12 putative transmembrane
domains in a highly hydrophobic N-terminal region (Figure 3). Subcellular localization
analysis showed that the protein was located on the plasma membrane.
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Figure 3. Transmembrane spans of the predicted amino acid sequences of KvCHX and
AtCHX15~AtCHX20 (left) and tertiary structure prediction of the KvCHX protein from different
perspectives using SWISS-MODEL. The protein visualization model is a single atom drawing method,
where O is marked in red, N is marked in blue, C is marked in cyan, and S is marked in yellow (right).

3.4. Phylogenetic Analysis and Multiple Alignment of CHXs

To compare the evolutionary relationships, the putative KvCHX and AtCHX family
were used to construct the phylogenetic tree using MEGA-X with the neighbor-joining
(NJ) method and 1000 bootstrap replicates. The phylogenetic tree showed that a total
of 28 members of the Arabidopsis CHX family could be divided into five subclades [21],
among which AtCHX15-AtCHX20, AtCHX21, and AtCHX23 belonged to the fourth class,
and the KvCHX gene was closely related to the AtCHX17 gene (Figure 4).

To further reveal the structure of the KvCHX sequence, the software ClastalX (1.81)
was used to align the KvHXK sequence and AtCHX17–19 members as the reference to
find the conserved domain, so as to determine the similarity between the AtCHX protein
sequence and KvCHX. As a result, similar to AtCHX family members AtCHX(17~19), the
hydrophobic domain of KvCHX contains 12 conserved transmembrane domains, including
430 N-terminal amino acid residues, and a C-terminal hydrophilic domain located outside
the plasma membrane, which was predicted to have a regulatory role (Figure 5). Multiple
sequence analysis also showed that KvCHX and AtCHX 17–19 had a high identity in the
N-terminal hydrophobic transmembrane domain, and the identity level was 80.00%, 79.31%
and 77.01%, respectively. In addition, among the 12 conserved transmembrane domains,
21 out of 23 amino acid residues in the TM5 domain, and 18 out of 23 amino acid residues
in the TM11 domain, were completely identical, with 91.30% and 90% identity levels to
homologous sequences, respectively. This indicated that TM5 and TM11 may play a greater
direct role in restoring cation/H+ transport.
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Figure 4. Phylogenetic relationship among KvCHX and 28 members of the Arabidopsis thaliana CHX
family. AtCHX1, AY926465.1; AtCHX2, AEE36238.1; AtCHX03, AY926466.1; AtCHX04, DQ499020.1;
AtCHX05, NP_172294.2; AtCHX06a, AEE28253.1; AtCHX06b, AEE28251.1; AtCHX07, AEC08087.1;
AtCHX08, AY926468.1; AtCHX09; AY926469.1; AtCHX10, AEE77969.1; AtCHX11, AEE77968.1;
AtCHX12, AEE77967.1; AtCHX13, EFH573351.1; AtCHX14, EFH65886.1; AtCHX15, AEC06246.1;
AtCHX16, AEE34204.1; AtCHX17, EFH43951.1; AtCHX18, EFH44842.1; AtCHX19, ANM63400.1;
AtCHX20, ANM63347.1; AtCHX21, ANM62431.1; AtCHX23, AEE27860.1; AtCHX24, EFH44758.1;
AtCHX25, EFH42526.1; AtCHX26, AED90376.1; AtCHX27, AD90377.2; AtCHX28, AEE7888.1.

Figure 5. Multiple amino acid sequence alignments of KvCHX and AtCHX17–19. Identical amino
acids are shaded in black. Similar amino acid residues are shaded in pink and light blue.
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3.5. Expression and Subcellular Localization of Transgenic A. Thaliana

To investigate the function of the KvHXK gene under salt stress, the pMDC45 vector
containing GFP-KvCHX was transformed into A. tumefaciens strain GV3101, and then
successfully transferred into Arabidopsis plants via the floral dipping technique. To check
the integration of the KvCHX gene in different transgenic lines, PCR analysis used to
amplify the integrated fragment was performed using genomic DNA from leaves from WT
and T3 transgenic seedlings. The bands of the integrated fragment of 2978 bp predicted
were displayed (Figure 6A). Our result showed that the KvCHX gene from 17 seedlings had
been integrated into the genome of A. thaliana.

Figure 6. (A) PCR product of WT and transgenic Arabidopsis lines. M, 1 Kb Ladder; WT, wild type;
1–17, the transgenic lines. (B) Western blot analysis of transgenic Arabidopsis. M, protein marker;
WT, wild type; 1–6, C45 transgenic lines. (a) KpCHX-GFP protein; (b) GAPDH as reference protein.
(C) The GFP fluorescence observation of the root in WT and transgenic plant seedlings (C45) (GFP: at
488 nm excitation and emitted between 515 and 565 nm).

The GFP-KvCHX fusion protein in transgenic Arabidopsis seedlings was analyzed
for the expression of the KvCHX gene. The KpCHX protein had a molecular weight of
86.6 KDa, and together with the GFP’s molecular weight of 27 KDa, it was expected to form
a 113 KDa fusion protein. Western blot analysis showed that there was one obvious protein
band between 90 KDa and 120 KDa. The band close to 120 KDa was predicted as the target
band (Figure 6B). Therefore, the KvCHX protein was successfully detected in transgenic
plants under salt stress and 1/2 K+ deficiency treatments.
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To investigate the subcellular localization of KvCHX, the young root tip and leaf of
transgenic seedlings (designated as C45) and WT were selected to observe the fluorescence.
A green fluorescence signal was present in the plasma membrane (Figure 6C). The result
showed that the KvCHX protein exclusively localized to the plasma membrane. This result
was consistent with the KvCHX structure using the in silico approaches mentioned above.

3.6. Overexpression of KvCHX Enhances Tolerance to Salt Stress in Transgenic Arabidopsis

Through there was no significant difference in germination rate between WT and trans-
genic plants (C45) cultured in MS medium, there was a significant difference in phenotype.
Under salt stress treatment, root elongation was severely retarded (Figure 7A,B), and leaves
gradually lost greenness (Figure 7C,D). Compared with WT, transgenic plants showed
particularly vigorous root development, and leaves remained green under a 150 mM NaCl
concentration of salt stress. With increasing NaCl concentration, the root length, fresh
weight, and dry weight of transgenic plants and WT all decreased to varying degrees
(Figure 7B,E,F). It was noteworthy that the root length and fresh and dry weight of trans-
genic plants, however, were significantly higher than those of WT plants at the same NaCl
concentration. In the same concentration of NaCl solution, transgenic plants had signifi-
cantly more leaves than WT plants (Figure 7C,D). In addition, prolines are an important
indicator that represents the extent to which a plant is tolerant to salt stress; our results
suggested that the proline content of transgenic plants is higher than that of WT under salt
stress, especially in 200 mM NaCl. As an important indicator of salt tolerance, transgenic
plants had a higher proline content than wild-type plants under salt stress, especially under
200 mM NaCl stress (Figure 7G). In transgenic plants and WT, salt stress induced MDA
production with increasing NaCl concentration, but in transgenic plants, it was significantly
lower than in WT (Figure 7H) in the same concentration of NaCl solution. Thus, the results
showed that KvCHX enhanced salt tolerance in transgenic Arabidopsis seedlings.

Figure 7. Effects of salt stress on WT and transgenic Arabidopsis lines. (A) Seedings of WT and C45
transgenic Arabidopsis in MS medium supplemented with NaCl. (B) Root length of (A). (C) Seedlings
of transgenic Arabidopsis (C45) and WT were planted in basic nutrient solution to rosette growth
stage, and then transferred into nutrient solution supplemented with 0 mM, 100 mM, 150 mM, and
200 mM NaCl for 7 days. (D–H) The leaf numbers, fresh and dry weight, MDA content, and proline
content of (C), respectively. (Values are mean ± SD for three independent replicates, n = 5.) *, p < 0.05;
**, p < 0.01 in two-tailed Student’s t-tests.

3.7. KvCHX-Overexpressing Plants Grew Better Than WT under K+ Deficient Conditions

After 20 days of culture in 1/2 K+ nutrient solution, WT and transgenic plants (C45)
showed a different appearance. The transgenic plants were significantly vigorous, while
WT shriveled under K+ deficient conditions (Figure 8). Moreover, the transgenic plants
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showed an increase in root length compared to the control plants (Figure 8A,B). The number
of leaves and branches (Figure 8C), fresh weight (Figure 8D), and dry weight (Figure 8E) of
the transgenic lines were higher than those of the WT lines. Transgenic plants grew better
under K deficiency than WT.

Figure 8. WT and transgenic Arabidopsis lines under deficient K+ treatment. (A) Seedlings of WT
and transgenic (C45) plants were grown in basal nutrient solution for 10 days, and then transferred
into 1/2 K+ nutrient solution for 20 days. (B) Root length of WT and transgenic plants. (C) Branch
numbers of WT and transgenic plants. (D,E) Fresh weight and dry weight of transgenic lines and WT.
(Values are mean ± SD for three independent replicates, n = 5.) *, p < 0.05; **, p < 0.01 in two-tailed
Student’s t-tests.

3.8. Determination of Ion Contents of Transgenic Arabidopsis Lines under Deficient K+ Treatment
and Treatment with NaCl

The root and leaf K+/Na+ ratios of WT and C45 transgenic plants grown in basic
nutrition solution were almost the same (Figure 9A). However, under 1/2 K+ treatment, the
K+/Na+ ratio in the roots and leaves of C45 transgenic plants were both higher than that of
WT (Figure 9B). In the roots, the K+/Na+ ratio of C45 transgenic plants was higher than that
of WT by 28.69%, and that of C45 transgenic plants was higher than that of WT by 26.93%
in the leaves. Similarly, the K+/Na+ ratio of C45 transgenic plants was higher in roots and
leaves than that of WT. These results indicate that in the K+-deficient environment or salt
stress conditions, the KpCHX gene could promote the absorption of K+ and the excretion
of Na+ in transgenic Arabidopsis, which could help maintain a high level of intracellular
K+/Na+ ratio and promote plant growth.
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Figure 9. Comparison of the K+/Na+ ratios from roots and leaves between C45 transgenic plants
and WT seedlings. (A) The K+/Na+ ratio from the roots of plants grown in basic nutrient solution
and in 1/2 K+ nutrient solution. (B) The K+/Na+ ratio from the leaves of plants grown in basic
nutrient solution and in 1/2 K+ nutrient solution. (C) The K+/Na+ ratio from the roots of plants
under salt stress. (D) The K+/Na+ ratio from the leaves of plants under salt stress. Error bars indicate
mean ± SD (values are mean ± SD for three independent replicates, n = 6). **, p < 0.01; ***, p < 0.001
in two-tailed Student’s t-tests.

4. Discussion

Soil salinity is an important stress that limits plant growth and yield [33]. High
concentrations of Na+ are toxic and have a negative effect on the growth of glycophyte
plants. When plants grow in saline or alkaline soil environment, excessive sodium ions
accumulate in the cytoplasm. A higher concentration of sodium ions is harmful for plant
growth and disrupts enzymatic functions [34]. Halophytes have the ability to withstand
salt stress and feature salt-tolerant genes to counter the adverse effects of salt stress [35,36].
In addition to the biosynthesis of osmoprotectants, activation of antioxidant enzymes,
synthesis of polyamines and regulation of plant hormones, the survival strategies of
halophytes also include other mechanisms under higher-saline soil [37].

K. viginica is a dicotyledonous halophyte that has been studied at the physiological
level. However, the molecular mechanism of its tolerance to salt stress remains unknown.
In this study, the KvCHX gene was isolated for the first time using the genome walking
method. PCR and Western blot analysis showed that the KvCHX gene was integrated into
the Arabidopsis genome, and the GFP-KvCHX fusion protein was expressed in transgenic
plants. Via subcellular localization assay, KvCHX was localized on plasma membrane in the
root. Transgenic A. thaliana showed better growth than WT under K+ deficiency treatment
and salt stress.

In this study, KvCHX was specifically investigated to clarify its function of tolerance
to salt stress. Phylogenetic and multiple comparison analyses revealed that KvCHX shared
the highest homology with the AtCHX17 gene, and coded for a putative cation/H+ trans-
porter. Compared with WT, the overexpression of KvCHX promoted root development and
increased the leaf number, fresh weight, and dry weight under salt tolerance, indicating
that KvCHX enhanced the salt tolerance of transgenic Arabidopsis seedlings. With 1/2 K+

nutrient solution or NaCl stress, the K+/Na+ ratio of transgenic plants was higher than that
of WT seedlings, and the K+/Na+ ratio of leaves was higher than that of roots. The results
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showed that KvCHX had a role in regulating the Na+ and K+ balance with 1/2 K+ nutrient
solution and NaCl stress. The salt tolerance mechanism of the halophyte K. virginica may
depend on the absorption and sequestration of Na+, K+ acquisition, and the maintenance
of the K+/Na+ ratio to avoid the damage of NaCl toxicity.

Ion channels and transporters play an important role in plant salt tolerance. A number
of ion transporters related functionally have been identified in plants via structural ho-
mology. Among them, members of the CPA gene superfamily are important transporters.
They include the Na+/H+ exchanger (NHX), K+ efflux antiporter (KEA), and cation/H+

exchanger (CHX) families in plant genomes, with a conserved Na+/H+ exchanger do-
main [38–40]. The compartmentation of Na+ in the vacuoles by K+/Na+-specific NHX1-
type antiporters and the maintenance of low Na+ in cytosol by HKT1-type transporters
prevents or reduces the movement of Na+ to aboveground parts of plants [41]. Studies
have shown that halophytes require high K+/Na+ ratios for normal cellular function [42].

The CPA2 family contains two subfamilies. A member of the CPA2 family, from
Saccharomyces cerevisiae, appeared to mediate intracellular K+ flux. In fact, besides KHA
from microorganisms, the CHX genes of Arabidopsis, soybean, rice, and other plants were
identified as being involved in tolerance to salt stress, which has the function of cation/H+

transport [38]. CHX is a large family with 28 members in Arabidopsis [22], among which
AtCHX13 is considered to be a plasma membrane K+ transporter, playing a role in increasing
plant K+ uptake in a potassium-deficient environment [43]. AtCHX16-20 have different
regulatory effects on K+ and pH homeostasis in different cellular compartments [44]. A
variety of environmental stresses, including high salt, potassium deficiency, ABA, and
acidic mediators, can up-regulate AtCHX17 transcripts [24]. The AtCHX17 knockout
mutant lines accumulate less K+ in response to salt stress and K+ starvation than the wild
type. CHX20 is mainly localized to the membrane of the endosomal system and not only
maintains K+ homeostasis, but also affects the pH under certain conditions [14]. AtCHX21
and AtCHX23 are involved in K+ homeostasis in the female gametophyte, and AtCHX21 is
also involved in regulating xylem Na+ concentration and Na+ accumulation in leaves [45].
According to previous research on the model plant Arabidopsis, AtCHX17-19, which is
highly homologous to the KvCHX gene, is located on the membrane system, which is
highly similar to the localization of KvCHX in our study [14]. GmSALT3 belongs to the
CHX family and is predominately expressed in root phloem- and xylem-associated cells
under both saline and non-saline conditions [46]. GmSALT3 improves the ability of salt-
tolerant near-isogenic soybean lines under saline stress through preventing excessive ROS
accumulation in roots, and potentially modulating Ca2+ signaling, vesicle trafficking, and
the formation of diffusion barriers [15]. GmSALT3 confers net shoot exclusion for both Na+

and Cl− and improves salt tolerance in soybeans. GmCHX1 from salt-tolerant soybeans
was shown to protect plants via Na+ exclusion under salt stress [47]. GmCHX20a and
GmCHX1 might work complementally through a concerted effort to address both osmotic
stress and ionic stress as a result of elevated salinity. An overexpression of GsCHX19.3
in Arabidopsis improved plant tolerance to under saline–alkali stress by reducing the
Na+ concentration and increasing the K+/Na+ ratio [48]. OsCHX14 is regulated by the
JA signaling pathway, capable of transporting K+, Rb+, and Cs+ in vivo, and plays an
important role in K+ homeostasis during flowering in rice [49].

Halophytes prevent Na+ accumulation in the cytoplasm through a variety of mech-
anisms, including Na+ extrusion and/or the intracellular compartmentalization of Na+,
along with the recirculation of Na+ out of the shoot and the up-regulation of Na+/H+

antiporters in the plasma membrane [50,51]. Here, we demonstrate that the KvCHX gene
participates in regulating K+/Na+ to reduce damage to K. virginica seedlings under salt
stress. Our study shows that the KvCHX gene confers salt tolerance to A. Thaliana by taking
up and translocating K+ to withstand salt stress. The KvCHX gene may play a key role in
selective K+ accumulation and transport from roots to leaves at the cellular and whole-plant
levels. These results provide genetic and biochemical evidence that the KvCHX protein
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plays a major role in the balance between K+ influxes and possibly Na+ modulation via
regulating different transporters, directly or indirectly.

Improving salt tolerance is an important goal in plant breeding. Genes associated with
halophyte survival strategies can be used to modify glycophytes through protecting and
maintaining the function and structure of cellular components. In the current research,
we report that the CHX gene from K. virgineca, a salt marsh halophyte, maintains Na+

and K+ homeostasis in transgenic Arabidopsis lines. KvCHX encodes a K+, Na+/H+

exchanger, which not only mediates K+ uptake, but also has a role in regulating cellular
ion homeostasis through the expulsion of Na+ as cation antiporters under NaCl stress. At
present, GmSALT3, as a CHX family gene in soybeans, has been shown for the first time to
improve plant salt tolerance by promoting the recycling of Cl− in the phloem. Although
our study reveals the potential mechanism by which the KvCHX gene enhances the salt
stress ability of Arabidopsis, further research is still needed [14]. It is not clear which initial
signals can directly initiate the upstream and downstream cascade involving K+ activation
and Na+ expulsion, but it is conceivable that KvCHX or other related cation exchangers may
have significant effects on the osmotic pressure, volume, and pH of plant cell compartments.
In addition, CHX may also be involved in the polarized growth of plants, which is of great
significance to follow-up research. Therefore, future work needs to focus on the exploration
of molecular signals to reveal new insights into K+/Na+ regulation for plants in response
to abiotic stress.
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Abstract: Tomato (Solanum lycopersicum) is a major horticultural crop of high economic importance.
Phelipanche and Orobanche genera (broomrapes) are parasitic weeds, constituting biotic stressors
that impact tomato production. Developing varieties with tolerance to broomrapes has become
imperative for sustainable agriculture. Solanum pennellii, a wild relative of cultivated tomato, has
been utilized as breeding material for S. lycopersicum. In the present study, it is the first time that an
in-depth analysis has been conducted for these two specific introgression lines (ILs), IL6-2 and IL6-3
(S. lycopersicum X S. pennellii), which were employed to identify genes and metabolic pathways asso-
ciated with resistance against broomrape. Comparative transcriptomic analysis revealed a multitude
of differentially expressed genes (DEGs) in roots, especially in the resistant genotype IL6-3, several of
which were validated by quantitative PCR. DEG and pathway enrichment analysis (PEA) revealed
diverse molecular mechanisms that can potentially be implicated in the host’s defense response
and the establishment of resistance. The identified DEGs were mostly up-regulated in response
to broomrape parasitism and play crucial roles in various processes different from strigolactone
regulation. Our findings indicate that, in addition to the essential role of strigolactone metabolism,
multiple cellular processes may be involved in the tomato’s response to broomrapes. The insights
gained from this study will enhance our understanding and facilitate molecular breeding methods
regarding broomrape parasitism. Moreover, they will assist in developing sustainable strategies
and providing alternative solutions for weed management in tomatoes and other agronomically
important crops.

Keywords: Solanum spp.; broomrape; parasitism; transcriptomics

1. Introduction

Climate change impacts food security directly and indirectly. It imposes new limita-
tions on resources essential to plant growth, affects crop–weed interactions, and exacerbates
the negative effect of weed infestation on crop productivity, leading to severe losses in
crop yield [1]. This can shift the balance of competition between host plants and parasitic
weeds, potentially favoring the parasite over the host. Weeds comprise the major biotic
factor limiting crop production worldwide [2]. Parasitic plants are scientifically intriguing
and agriculturally important weeds that are spreading worldwide whereas at the same
time, the means to control them remain limited [3]. Considering that parasitic weeds have
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evolved resistance towards some of the most widely applied herbicides, effective weed
management has become an imperative for ensuring crop productivity [4]. The efficacy of
classic herbicides has decreased due to their extensive use over the years [5], but they are
not considered a sustainable agronomic practice.

The parasitic weed family Orobanchaceae (broomrapes) causes severe damage to eco-
nomically important crops including legumes, sunflowers, and tomatoes [6]. They are
widespread in Mediterranean areas, Asia, and Southern and Eastern Europe. Broomrape
species attack dicotyledonous crops, depending entirely on their hosts for all nutritional
requirements [7]. Due to their physiology, underground parasitism, achlorophyllous nature,
and the hardly controlled seed bank, broomrapes cannot be effectively controlled by the
usual management strategies designed for non-parasitic weeds [8]. Most of these strategies,
such as preventive measures, cultivation practices, and biological and chemical control [9],
fail to provide satisfactory control, as they are not feasible on a large scale, and often, they
are not financially sustainable or environmentally safe [10,11]. One of these broomrape
species namely Phelipanche ramosa is extremely widespread in the Mediterranean region
and can parasitize many host crops of high nutritional and economic importance, including
oilseed rape (Brassica napus), hemp (Cannabis sativa), tomato (Solanum lycopersicum), tobacco
(Nicotiana tabacum), sunflower (Helianthus annuus), and melon (Cucumis melo) [12,13]. The re-
cent state of the art regarding parasitic weeds–plant host interactions at the molecular level
focuses on a newly discovered family of phytohormones, strigolactones (SLs), and their
demonstrated involvement in host recognition and evolution of parasitic plants. Research
by Cheng et al. [6] suggests that the development of low SL-producing lines in tomatoes
may constitute a promising approach to combat the parasitic weed Phelipanche ramosa,
as SLs are the main germination stimulants of this parasite. In this study, new findings
have revealed that except SLs, there are also other metabolic pathways, and the respective
underlying genes may be implicated in the complex interactions between host plants and
parasitic weeds through the viewpoint of climate change.

Cultivated tomato is an important and very nutritional food resource for humans [14]
and many commercial varieties are infected by broomrape species [15]. However, little
is known about tomato defense mechanisms against broomrape parasitism, and despite
extensive screening, no single immune strategy or strong resistance against broomrape
has been reported [16]. Breeding for host resistance against holoparasitic weeds remains
one of the most effective and sustainable management strategies to date, and considerable
effort has been placed towards this goal for several crops such as peas and sunflower,
over the last two decades [17]. Nevertheless, breeding for resistant varieties constitutes
an ongoing struggle, as germplasm with broomrape-resistant traits remains scarce. Plant
breeding programs based on molecular techniques seem to be the most promising and sus-
tainable approach to effectively handle/manage the phenomenon of parasitism. A plethora
of molecular and non-molecular techniques have been deployed in tomatoes aiming to
increase the resistance of tomatoes to Phelipanche sp., such as the application of chemical
or targeted mutagenesis and CRISPR/Cas9-mediated mutagenesis of specific targets as
well as the use of appropriate rootstocks resistant to broomrape parasitism [18–21]. The
vast genetic diversity found in the tomato’s wild relatives is associated often with resilience
to different biotic and abiotic stress factors and adaptation mechanisms to extreme envi-
ronmental conditions [22,23]. Solanum pennellii, a wild relative of the cultivated tomato,
which is endemic to the Andean regions in South America, has evolved to thrive in arid
habitats and has been used as breeding material for the cultivated S. lycopersicum, due to
its stress tolerance to extreme conditions and unusual morphology [24]. S. pennellii ILs
have been widely used to map QTLs influencing yield and fruit quality and are involved in
heterosis [25]. ILs are also utilized as valuable genetic resources to improve abiotic stress
tolerance [26].

RNA-Seq is probably the most widely applied high-throughput method to study gene
expression at the transcript/isoform level. It involves the sequencing, quantification, and
comparative analysis of the entire set of transcripts in an organism across tissues, devel-
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opmental stages, and different conditions to assess the up- or down-regulation of genes
involved in the relevant cellular processes [27]. PEA, also known as functional enrichment
analysis (or pathway analysis), is typically applied to identify known molecular processes
that are significantly enriched with genes that are altered in case samples in comparison to
a control, facilitating interpretation and subsequent hypothesis generation [28].

Previous works employed the same approach to study the interaction of tomatoes with
biotic stress factors. For example, RNA-sequencing and tissue-specific expression analyses
were conducted to analyze the compatible interaction of tomatoes with Verticillium dahliae
and Cuscuta campestris, respectively [29,30]. These studies aimed at developing novel
sustainable breeding tools towards improved crop adaptability to environmental stresses
that have been occurring with ever-increasing frequency and intensity over the last decades.
Herein we provide, for the first time, a comparative transcriptomic and pathway analysis
among putative tomato genotypes resistant and susceptible to the holoparasitic weed
P. ramosa. Our study reveals differentially expressed genes in the host roots upon infection
and metabolic pathways which may play a crucial role in the tomato response to parasitic
infection and the establishment of resistance.

In the present study, a commercial tomato hybrid of S. lycopersicum, “Formula”, and
two introgression lines (ILs) that were created by Eshed et al. [31] by crossing S. lycopersicum
X S. pennellii (LA4060/IL6-2 and LA4062/IL6-3) were subjected to RNA-Seq and transcrip-
tomic analysis to identify genes potentially implicated in tomato resistance against broom-
rape parasitism. In the present study, we did not use any synthetic bio-stimulants and
we investigated the processes of parasitism and host response under natural conditions
to simulate field environments and produce outcomes that could be practically useful to
the farmers. IL6-2 and IL6-3 were selected based on previous work by Bai et al. [32] which
showed resistance-associated QTLs residing in these lines. The analysis uncovered a large
array of genes that were differentially expressed between parasitized and non-parasitized
tomato plants in all three genotypes. Out of these, fourteen differentially expressed genes
(DEGs) were further analyzed and validated using qPCR to reveal statistically significant
differences in parasitized and non-parasitized samples within and between varieties. Se-
lected genes were found to be implicated in specific aspects of host/parasite interactions
such as the regulation of fatty acids and the role of several transcription factors which
have been found to be involved in the regulation of plant secondary metabolism and their
responses to environmental stressors [33–35]. PEA was also carried out revealing several
key metabolic pathways to be involved in plants’ response against broomrape across the
different tomato genotypes.

2. Materials and Methods

2.1. Plant Material and Treatment

A well-known commercial tomato hybrid, ‘Formula’, with high susceptibility to
broomrape parasitism as documented by the farmers and two introgression line (IL) pop-
ulations (LA4060/IL6-2 and LA4062/IL6-3) developed by Eshed et al. [31] were selected
for broomrape parasitism and molecular studies. These two specific ILs were selected
based on the study of Bai et al. [32], as described. Each IL is homozygous for a sin-
gle introgression from S. pennellii (LA0716) in the background of the cultivar (c.v) M82
(LA3475) of S. lycopersicum [31]. Fifty plants from each genotype were sown on disks under
controlled temperature conditions (19–25 ◦C) in the greenhouse. When the fourth pair
of true tomato leaves was visible (BBCH code 14, according to the tomato phenological
growth stages key), forty plants were inoculated with O. ramosa seeds, while ten were
maintained as non-parasitized control plants. Root infection observations began 30 days
post-inoculation (Figure 1), and sampling was carried out at the flower spike development
stage of broomrape. Tomato roots were collected both from control and parasitized plants,
carefully removing the parasite from the roots of the host. Measurements of plant growth
parameters (plant height and weight, soil plant analysis development (SPAD), and rel-
ative water content (RWC)) (Supplementary Tables S1, S2, S3, and S4, respectively) were
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recorded after roots’ inoculation with broomrape seeds. A one-way analysis of variance
(ANOVA) was performed with six levels consisting of inoculated and non-inoculated plants
of three genotypes.

Figure 1. Parasitized tomato roots one month after inoculation with O. ramosa seeds. (A) Formula
genotype parasitized with O. ramosa at the tubercule stage. (B) IL6-2 genotype parasitized with
O. ramosa at the emergence stage. (C) IL6-3 genotype parasitized with O. ramosa at the early tubercule
stage. Broomrape parasitism on tomato roots is presented in the red circles.

2.2. Total RNA Extraction and Transcriptome Sequencing

Total RNA was extracted from tomato roots using the NucleoSpin RNA kit (MACHEREY-
NAGEL, Dueren, Germany) according to the manufacturer’s instructions. Thermo Scientific
NanoDrop ND-1000 Spectrophotometer UV/Vis was used to determine the concentration and
quality of the RNA. Each sample’s concentrations ranged between 85 ng/uL and 260 ng/uL,
and six biological replicates (three control plants and three parasitized plants) for each
genotype were sequenced. Samples were subjected to cDNA library preparation (poly-A
selection) and sequenced (150 nt paired-end reads) on an Illumina NovaSeq 6000 system
(Novogene Europe, Cambridge, UK). On average 13.9 million reads were obtained per library
(Supplementary File S2).

2.3. Transcriptomic Analysis
2.3.1. Quality Control and Pre-Processing

Read quality was assessed with FastQCsuite [36]. In order to remove adapter se-
quences and trim low-quality reads from the raw sequencing data, the Cutadapt [37] tool
was utilized, setting the minimum read length parameter at 30 and the quality threshold
at 15.

2.3.2. Genomic Alignment and Quantification

Pre-processed reads were subjected to splice-aware genomic alignment and quantifi-
cation using STAR (v2.7.10) [38] and RSEM (v1.3.1) [39], respectively. Regarding sequenc-
ing libraries from S. lycopersicum samples (i.e., Fc1-3 and Fp1-3), a STAR genome index
(STAR—runModegenomeGenerate) and an RSEM reference index (rsem-prepare-reference)
were constructed using the GCF_000188115.5_SL3.1_genomic.fna genome assembly and
providing the respective gene models (GCF_000188115.5_SL3.1_genomic.gtf). Genomic
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alignment (STAR—alignReads), allowing known and novel splice junctions and translating
alignments into transcript coordinates (—quantModeTranscriptomeSAM), and quantifi-
cation (rsem-calculate-expression) was performed, achieving a median 93.9% mapping
rate. For sequencing libraries derived from introgression lines (i.e., IL6-2c1-3, IL6-2p2,
IL6-2p3, IL6-2p5, IL6-3c1, IL6-3c2, IL6-3c4, and IL6-3p1-3), the mapping strategy inspired
by the Szymański et al. [40] study was followed. Briefly, a combined STAR genomic index
corresponding to both the S. lycopersicum (GCF_000188115.5_SL3.1_genomic.fna) and the
S. pennellii (GCF_001406875.1_SPENNV200_genomic.fna) genomes was created. After
splice-aware genomic alignment with STAR (median value of a 94.6% mapping rate), the
alignment SAM records of each library were processed to create three discrete subsets:

(i) Slyc_subset, which contains multiple alignments (i.e., “NH” SAM tag > 1) on both
S. lycopersicum and S. pennellii presenting the highest alignment score (“AS” tag in
SAM) within S. lycopersicum and multiple alignments solely within S. lycopersicum, as
well as unique alignments in S. lycopersicum (a median value of 85.2% of transcriptome-
aligned reads across all datasets).

(ii) Penn_subset, which contains multiple alignments (i.e., “NH” SAM tag > 1) on
both S. lycopersicum and S. pennellii presenting the highest alignment score within
S. pennellii and multiple alignments solely within S. pennellii, as well as unique align-
ments in S. pennellii (a median value of 6.6% of transcriptome-aligned reads across
all datasets).

(iii) Ambi_subset, which contains multiple alignments on both S. lycopersicum and S. pennellii
presenting equally high alignment scores (i.e., ties) in both species (a median value of
8.1% of transcriptome-aligned reads across all datasets). Entries on S. pennellii were
retained for these ambiguous alignments for downstream analysis.

RSEM (rsem-calculate-expression), provided with a combined reference index contain-
ing gene models of both species, was used on each set separately to produce read count
estimates. Supplementary Tables S5 and S6 present alignment and quantification metrics
for all generated datasets.

2.4. Differential Expression Analysis

As previously described, the analysis proceeded following the strategy outlined by
Szymański et al. [40]. The subset of alignments in both genomes (Ambi subset) was gener-
ated for S. pennellii. Differential expression analysis was performed using the programming
language R (v4.2.2; R Core Team 2021) and the R package edgeR (version 3.40.2) [41].
Specifically, the differential expression analysis for each line was conducted twice: once
for the genes aligned in the S. pennellii genome and again for the genes aligned in the
S. lycopersicum genome. Low-abundance genes were filtered by employing the filterByExpr
function with default arguments. The weighted trimmed mean of the M-values (TMM)
normalization method and quasi-likelihood F-testing were applied to assess abundance
change in the following pair-wise contrasts: (i) Fc vs. Fp (Formula); (ii) IL6-2c vs. IL6-2p
(S. pennellii genes); (iii) IL6-2c vs. IL6-2p (S. lycopersicum genes); (iv) IL6-3c vs. IL6-3p
(S. pennellii genes); and (v) IL6-3c vs. IL6-3p (S. lycopersicum genes). The false discovery
rate (FDR) was controlled using the Benjamini–Hochberg procedure [42], and the statistical
significance threshold was set at p adjusted to <0.05.

2.5. Functional Enrichment Analysis

The limma R package (version 3.54.2) [43] was utilized for pathway enrichment analy-
sis, employing the kegga function with default parameters and the KEGG database. The
differentially expressed genes were subjected to pathway analysis, applying two different
approaches due to the absence of a standardized method in the literature. In the first
approach, separate analyses were conducted for each of the species of each introgression
line, having the genes originating from S. lycopersicum considered separately from the
genes derived from S. pennellii. In the second approach, since the number of pathways
and their names were the same for the two different species of each introgression line,
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genes from both were merged into a single gene set within each pathway, resulting in a
single pathway analysis for each introgression line. Each of these approaches has its own
advantages and limitations. In the first scenario, the study is analogous to examining two
distinct organisms, potentially leading to information loss within the hybrid formula. In
the second instance, the presence of duplicates in pathways is highly probable, due to the
inability to identify corresponding genes between the two species owing to discrepancies
in gene IDs and names within the annotation files, possibly impacting the subsequent sta-
tistical analysis. A pathway was deemed significant if its corresponding adjusted p-value
(Benjamini–Hochberg correction) was below the threshold of 0.05.

2.6. Visualizations

Visualizations were generated using the following R packages for each task: volcano
plots were generated using ggplot2 (version 3.4.4) [44], bar plots were created using both
ggplot2 and ggpubr (version 0.6.0) [45], heatmaps were generated using limma (version
3.54.2), gplots (version 3.1.3.1) [46], and gridExtra (version 2.3) [47], and Venn diagrams
were created using VennDiagram (version 1.7.3) [48].

2.7. Gene Expression Analysis Validation by qRT-PCR

Quantitative Reverse Transcription–PCR (qRT-PCR) was performed to verify the
RNA-Seq results. Total RNA was extracted from the three genotypes (Formula, IL6-2,
and IL6-3) and used for RNA-Seq analysis, as described above. First-strand cDNA was
synthesized from 500 ng of total RNA using the PrimeScript™ 1st strand cDNA Synthesis
kit (Takara Bio Inc. Lab Supplies P.GALANIS & CO, Athens, Greece). Gene-specific primers
for selected DEGs were designed using the NCBI Primer-Blast tool (https://www.ncbi.
nlm.nih.gov/tools/primer-blast/, accessed on 30 January 2023). The list of the DEGs
selected for qPCR validation and their data after bioinformatic analysis are presented
in Supplementary Table S7. Primers and GenBank accession numbers of genes are listed
in Supplementary Table S8. qPCR was performed in a total volume of 20 μL using the
PowerUpTM SYBRTM Green Master Mix (Applied Biosystems) and was conducted in a
StepOnePlusTM Real-Time PCR System machine (Thermo Fisher Scientific, Waltham, MA,
USA). PCR conditions were applied according to the manufacturers’ instructions. Each
reaction was performed in three technical triplicates along with the internal control reaction.
Gene expression levels were determined with StepOnePlusTM Real-Time PCR manual
2-delta-delta-Ct method [49], and R programming language (v4.2.2; R Core Team 2021)
software was applied for the statistical analysis. Three biological repeats were used for
the experiment.

3. Results

3.1. Plant Growth

Measurements regarding height, weight, and soil plant analysis development (SPAD)
were recorded on four different dates (Supplementary Tables S1–S3), while one RWC
measurement was carried out too (Supplementary Table S4). The results did not indicate
any significant differences for weight and RWC measurements. Regarding the comparison
of plant height between non-inoculated and inoculated plants, on average, inoculated
plants were taller. SPAD measurements presented differences only in the third week after
inoculation when Formula appeared to be the most affected genotype with decreased
SPAD values. Inoculated plants gave better SPAD values than non-inoculated plants for
the three genotypes on all other dates. The above results agree with a previous report,
demonstrating that host plants begin to be significantly affected approximately 40 days
post-infection, highlighting the fact that early stages of parasitism do not elicit profound
morphological/physiological differences across genotypes [50]. Furthermore, during the
experimental procedures, visual observations were taking place regarding the percentage
of parasitism in the infected plants of all genotypes. Forty plants were inoculated with
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broomrape seeds in total for the three genotypes studied. We observed 80% parasitism at
Formula roots, while IL6-2 and IL6-3 had 45% and 35% parasitized roots, respectively.

3.2. Comparative Transcriptomic Analysis Reveals Differentially Regulated Genes upon Parasitism

During the sampling day, phenotypic observations on roots regarding the number of
parasitized plants revealed that the IL6-3 line was less infected compared to the other two
genotypes, while Formula had the most infected roots. These observations confirmed the
initial hypothesis that the commercial hybrid is possibly more susceptible compared to
the introgression lines. The transcriptomic analysis results unveiled a significant number
of DEGs, displaying both up- and down-regulation across most of the tested genotypes
(Figure 2 and Supplementary File S2). The analysis for each genotype involved comparing
the parasitized samples with their respective controls. The examination of two intro-
gression lines (ILs) was conducted separately for genes originating from S. pennellii and
S. lycopersicum. Thus, for each line, two distinct comparisons were performed. The results
are visually presented in the volcano plots below (Figure 3B,C for IL6-2 and Figure 3D,E for
IL6-3). Differential expression analysis revealed a notable number of DEGs in all genotypes
at the parasitized plants with a very clear distinction between up-regulated and down-
regulated genes. Moreover, it should be emphasized that in both ILs, a considerable number
of up- and down-regulated genes originated from the S. pennellii genome (i.e., 1475 and
1940 for IL6-2 and IL6-3, respectively). Additionally, as depicted in Figure 2, the number
of significant genes for S. lycopersicum was 5428 and 5158 for IL6-2 and IL6-3, respectively.
Heatmap depictions indicated differences in gene expression comparing parasitized and
non-parasitized tomato roots of the three studied genotypes. In each heatmap, the top
50 DEGs are presented for each genotype (three control samples and three parasitized
samples per genotype). In Formula’s parasitized roots (Fp), 14 out of 50 DEGs show up-
regulation, while the same 14 genes are down-regulated for the controls of Formula (Fc)
(Figure 4A). In IL6-2, we observe that genes’ up-regulation is more targeted in parasitized
plants (IL6-2p) compared to controls (IL6-2c) as there are 4 out of 50 up-regulated genes
(2 originated from S. lycopersicum and 2 from S. pennellii). The rest of the DEGs are down-
regulated in parasitized plants, while in control samples, the same genes are up-regulated
(Figure 4B). Regarding IL6-3, the vast majority of DEGs are down-regulated in parasitized
plants (IL6-3p), while in control samples, the same genes are up-regulated (Figure 4C). All
50 genes in the two ILs originate from both S. lycopersicum and S. pennellii. From these
results, we can assume that ILs’ resistance mechanisms against broomrape parasitism are
more targeted which is presented by the up-regulation of very few genes.

3.3. The 14 DEGs in Response to Broomrape Parasitism

Following transcriptomic analysis, we opted to select key candidate genes for vali-
dation and further study. Based on DEGs and the existing literature, fourteen genes were
subjected to qPCR analysis. The genes’ selection for validation was based on the bioinfor-
matic analysis results of the RNA-Seq (Supplementary File S2, Supplementary Table S7) as
well as on previous research studies. Table 1 elucidates the description of the studied genes
in the NCBI and SolGenomics databases and the gene names in the current study.

Table 1. Gene descriptions, IDs according to NCBI and SolGenomics databases, and gene names used
in this manuscript.

NCBI Gene Description
Gene Names in This

Manuscript
GeneIDs SolycIDS

omega-3 fatty acid desaturase, chloroplastic (FAD) OFA LOC107023114 Solyc06g051400
transcription factor bHLH35 (bHLH) BHLH35 LOC107024383 Solyc07g018010

1-phosphatidylinositol-3-phosphate 5-kinase FAB1B-like (FAB) FAB1B LOC101246905 Solyc03g123570
F-box protein At1g78280 (F-box) F-BOX LOC107017080 Solyc04g074490
glutamate decarboxylase 4 (GAD) GLDE LOC107016348 Solyc04g025530
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Table 1. Cont.

NCBI Gene Description
Gene Names in This

Manuscript
GeneIDs SolycIDS

MLO-like protein 9 MLO LOC101254181 Solyc02g038806
phospholipase D gamma 1-like (PLD) PPDG LOC107007945 Solyc01g091910

zinc finger CCCH domain-containing protein 32 (ZFP) ZINC LOC101250699 Solyc06g008740
CaM2 calmodulin 2 CaM2 SlCaM2 Solyc10g081170

ATP-citrate synthase beta chain protein 2-like ACLA2 LOC107007996 Solyc01g059880
alpha/beta-hydrolase DWARF14-like D14 LOC101259838 Solyc02g092770

GABA-TP3 gamma-aminobutyrate transaminase subunit
precursor isozyme 3 GABA GABA-TP3 Solyc12g006450

phytoene synthase 1 PSY LOC107014634 Solyc03g031860
zinc finger protein ZPR1-like ZPR1 LOC101251441 Solyc02g069120

Figure 2. Bar plot illustrating numbers of significant DEGs (FDR < 0.05) for the Formula genotype
and the two introgression lines, based on the results obtained from edgeR. Each line produced two
sets of results since differential expression analysis was conducted once for genes originating from
the S. pennellii genome and the second for genes originating from the S. lycopersicum genome. Down-
regulated genes in the presence of Phelipanche are represented in the blue color, while up-regulated
ones are shown in red.
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Figure 3. Cont.
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(C)

(D)

Figure 3. Cont.
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(E)

Figure 3. Volcano plots demonstrating results of differential expression analysis between parasitized
and non-parasitized plant samples of (A) ‘Formula’ with S. lycopersicum annotated genome, (B) IL6-2
with S. lycopersicum annotated genome, (C) IL6-2 with S. pennellii annotated genome, (D) IL6-3
with S. lycopersicum annotated genome, and (E) IL6-3 with S. pennellii annotated genome. Genes
are represented as points and are colored if |log2(fold change)| > 0.6 and adjusted to p < 0.05.
Up-regulated genes are highlighted in red, while down-regulated genes are highlighted in blue color.

3.4. qPCR Validation Highlights Prominent Changes upon Parasitism in IL6-3 Line

Relative expression levels were normalized with Actin (ACT) gene expression levels,
and statistically significant differences were determined at a 95% confidence interval. All
genes were expressed in the genotypes under study; however, statistically significant
differences were observed for 9 out of 14 candidate genes, especially for the genotype
IL6-3. With respect to OFA, BHLH35, FAB1B, FBOX, GLDE, MLO, ZINC, PPDG, and CaM2
DEGs, the relative expression levels with statistically significant differences were observed
in parasitized plants, mostly in IL6-3, validating the transcriptomic analysis results. In
particular, OFA, BHLH35, FAB1B, FBOX, GLDE, and MLO DEGs displayed significant
up-regulation in the parasitized plant of IL6-3 (Figure 5).

Specifically, in parasitized IL6-3, OFA and BHLH35 exhibited a significant
~18- and 11-fold increase in gene expression, respectively, as compared to the control
samples (Figure 5A,B). Similarly, FAB1B and FBOX displayed a significant but lower up-
regulation of 3- and 5-fold, respectively, compared to their controls (Figure 5C,D). Finally, a
4- and 2-fold increase was evidenced for GLDE and MLO, respectively, in parasitized IL6-3
(Figure 5E,F).

Significant down-regulation for the parasitized plants of IL6-3 was also observed
among the fourteen selected genes. In particular, PPDG and ZINC displayed a 2- and
3-fold decrease in parasitized IL6-3, respectively (Figure 6A,B). CaM2 gene discriminated
its relevant expression only in parasitized plants of Formula, where an 8-fold change was
observed compared to the control plants (Figure 6C).
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Figure 4. Cont.
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(B) 

Figure 4. Cont.
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(C) 

Figure 4. (A) Top 50 DEGs (up- and down-regulated) in Formula genotype. Fp1, Fp2, and Fp3
correspond to parasitized plants of Formula hybrid, while Fc1, Fc2, and Fc3 refer to Formula controls
(i.e., non-infected roots). (B) Top 50 DEGs (up- and down-regulated) in IL6-2 genotype. IL6-2p2,
IL6-2p3, and IL6-2p5 correspond to parasitized plants of IL6-2, while IL6-2c1, IL6-2c2, and IL6-2c3
refer to IL6-2 controls. (C) Top 50 DEGs (up- and down-regulated) in IL6-3 genotype. IL6-3p1, IL6-3p2,
and IL6-3p3 correspond to parasitized plants of IL6-3, while IL6-3c1, IL6-3c2, and IL6-3c4 refer to IL6-3
controls. Color-coding represents z-score-scaled normalized read counts for each gene across samples.
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Figure 5. Relative expression levels per genotype and treatment (control vs. parasitized plants) of
6 genes denoted as DEGs in the RNA-Seq experiments, which appear as significantly up-regulated
in IL6-3 parasitized plants via qPCR. Treatments: Formula control (Fc), Formula parasitized (Fp),
introgression line 6-2 control (IL6-2c) and parasitized (IL6-2p), and introgression line 6-3 control
(IL6-3c) and parasitized (IL6-3p). Statistically significant differences were determined at p < 0.05
comparing the relative expression between the control and the parasitized plants/genotype.

ACLA2, D14, GABA, PSY, and ZPR1 genes were additionally selected for qPCR analy-
sis based on previous publications regarding transcriptional responses to biotic stressors.
They were expressed in all tested genotypes in both parasitic and control plants; how-
ever, no statistically significant differences were revealed in their relative gene expression
(Supplementary Figure S1).
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Figure 6. Relative expression levels per genotype and treatment (control vs. parasitized plants) of
3 genes denoted as DEGs in the RNA-Seq experiments, which appear as significantly up-regulated
in IL6-3 control plants compared to parasitized ones ((A,B), PPDG, and ZINC, respectively) and
up-regulated in Formula parasitized plants ((C), CaM2). Treatments: Formula control (Fc), Formula
parasitized (Fp), introgression line 6-2 control (IL6-2c) and parasitized (IL6-2p), and introgression line
6-3 control (IL6-3c) and parasitized (IL6-3p). Statistically significant differences were determined at
p < 0.05 comparing the relative expression between the control and the parasitized plants/genotype.

3.5. KEGG Enrichment Analysis of DEGs

PEA of the RNA-Seq findings was carried out with two distinct approaches. It is
worth noting that approximately 11,000 genes in both species (out of ~31,000 total) are
annotated with regard to biological pathways in the Kyoto Encyclopedia of Genes and
Genomes (KEGG) resource [51], and thus used as background for testing. Regarding the
first approach, we analyzed the genes of each species separately in each introgression line,
and the top 20 significantly enriched pathways are presented in Figures 7 and 8. Specifically,
the number of significantly enriched pathways for IL6-2 was 32 regarding S. lycopersicum
and 36 regarding S. pennellii, respectively. For line IL6-3, the number of significantly
enhanced pathways was 35 regarding both S. lycopersicum and S. pennellii. For the second
approach, in which genes of the two species that belong to the same pathway were merged
into a single set, the results can be found in Supplementary Figure S2. Additionally, a Venn
diagram was generated to visualize the number of significantly enriched pathways found
to be shared/unique among the two different species in each IL (Figure 9).
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Figure 7. The top 20 significantly enriched pathways, obtained from the first approach pathway
analysis for introgression line IL6-2, with p < 0.05.

Notably, out of the 14 genes subjected to qPCR validation, only 4 are currently included
in pathway annotations provided by KEGG. Out of these, 3 pertain to metabolic and signal-
ing pathways that were found to be significantly enriched by DEGs in our transcriptomic
analyses (Table 2).

Table 2. Here, 4 out of 14 DEGs studied expressed in annotated pathways in KEGG database.

Gene Name NCBI ID SolycID Pathway Name Species
Significant

Pathway Found

FAB1B LOC101246905 Solyc03g123570 Inositol phosphate metabolism S. lycopersicum -
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Table 2. Cont.

Gene Name NCBI ID SolycID Pathway Name Species
Significant

Pathway Found

GLDE LOC107016348 Solyc04g025530 Alanine, aspartate, and glutamate
metabolism S. pennelli IL6-2_penn,

IL6-3_penn

PPDG LOC107007945 Solyc01g091910 Glycerophospholipid metabolism S. pennelli IL6-2_merged,
IL6-3_merged

CaM2 SlCaM2 Solyc10g081170 MAPK signaling pathway–plant S. lycopersicum IL6-2_merged,
IL6-3_merged

Figure 8. The top 20 significantly enriched pathways, obtained from the first approach pathway
analysis for introgression line IL6-3, with p < 0.05.
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Figure 9. Venn diagram illustrating numbers of common pathways identified as significant across
different genomic annotations.

4. Discussion

Managing broomrapes effectively requires a combination of strategies. The difficulties
associated with their control, such as host specificity, seed bank persistence, underground
growth, etc., are well documented (and reported in the international bibliography) [6,52].
However, the efficacy of these strategies in combating the parasite remains very constrained.
Notably, timely prevention of root parasitism prior to attachment of the parasite to the root
is of crucial importance [8]. The present study aimed to unravel significant differences in
the expression of key genes during the early stage of parasitic infection, without utilizing
stimulants, but instead by mimicking field conditions of parasitism. Differentially expressed
key genes will be further investigated towards developing appropriate marker tools for the
identification of genetic material with broomrape tolerance. Notably, several transcriptomic
studies regarding tolerance to Orobanche have investigated the molecular response to
infection at a single time point [53,54], which resembles our approach.

RNA-Seq analyses of host plants upon parasitism can provide a high-throughput
view of the alterations induced as they interact with a parasite, including changes in gene
expression, biochemical pathways, and host defense regulatory elements. Key parameters
that are of particular interest include resistance genes, defense signaling pathways, hor-
monal regulatory components, and secondary metabolites implicated in the response to
the parasite infection and development of resistance [55,56]. A plethora of transcriptomic
analyses has been carried out in the past in tomato cultivars parasitized with broomrape
species [56–58].

Our study is the first to perform an in-depth analysis of two specific ILs (IL6-2 and
IL6-3) upon infection with the holoparasite and to unravel important DEGs originating from
the S. lycopersicum and/or the S. pennellii genome. The aim was to validate several DEGs
derived from transcriptomic analysis and relate them with significant pathways identified
from each species (S. lycopersicum and S. pennellii). The overwhelming majority of DEGs
revealed in this study are related to cellular and metabolic processes, responses to stimuli,
and the regulation of protein synthesis. Prior studies on parasite–host interactions and
crop resistance have focused on genes related to the metabolic pathway of strigolactones, a
group of terpenoid lactones derived from carotenoids [3]. Fernández-Aparicio et al. [59]
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carried out research in fava beans, demonstrating that low strigolactone exudation within
fava bean germplasm contributes to broomrape resistance. A recent review discusses
different germination stimulants and their potential role in host specificity [60]. While very
promising, strigolactone’s regulation is not the only approach to manipulate broomrape
resistance in crops. A recent transcriptomic study has demonstrated the significant con-
tribution of the salicylic acid (SA) pathway on sunflower resistance to Phelipanche cumana
during parasitism [61].

Section [-15]Our transcriptomic analysis revealed DEGs between parasitized and
control plants, the vast majority of which (a) were found up-regulated in response to
broomrape parasitism and (b) have crucial roles in processes other than strigolactone regu-
lation. Omega-3 fatty acid desaturases (FADs) are enzymes that catalyze the conversion of
omega-3 fatty acids from their precursor omega-6 fatty acids. In plants, FADs are important
for maintaining membrane fluidity and stability, being key factors contributing to tolerance
to various environmental stresses [62,63]. The studied FAD family member (named OFA
gene throughout the manuscript) exhibited a 20-fold increase in parasitized roots of IL6-3
compared to the control and remained at control levels in the other two genotypes under
study. The results by Shi et al. [63] associate an increased expression of CbFAD3 in tobacco
to tolerance against multiple stressors. Regarding the FAB gene family, FAB1A and FAB1B
genes in Arabidopsis are genes that are important for the maintenance of endomembrane
homeostasis [64]. The FAB1B gene, known for its role in regulating plant growth and stress
responses, encodes a phosphatidylinositol-3-phosphate 5-kinase, an enzyme involved in
the regulation of membrane homeostasis, trafficking, and cellular signaling [64]. Both
genes, FAD (OFA) and FAB1B were found overexpressed in the parasitized roots of IL6-3,
indicating/suggesting potential functional roles under biotic stress conditions, such as
broomrape infestation. This constitutes the first research work implicating a role for FAB
genes in broomrape tolerance, while very recently published data link FAD-like genes
to broomrape resistance [65]. These findings highlight (OFA) and FAB1B as promising
candidates for further study towards a better understanding of the defense mechanisms of
tomato cultivars against broomrape infestation.

The basic helix–loop–helix (BHLH) family of transcription factors is extensively stud-
ied and has been implicated in the regulation of plant secondary metabolism [66], associated
with responses to environmental stressors [67]. Jiang et al. [68] have reported that heterolo-
gous overexpression of the Anthuriuman draeanum BHLH35 gene (AaBHLH35) in Arabidopsis
transgenic lines enhanced tolerance to cold and drought stresses, supporting the notion that
BHLH35 is an essential factor for abiotic stress tolerance. Considering the findings of studies
linking increased BHLH expression with enhanced tolerance to Phelipanche species [67], we
hypothesize that BHLH35 could be another promising candidate gene for conferring partial
resistance to P. ramosa in IL6-3.

The F-box gene family is one of the most abundant and pleiotropic families in
plants [69,70], with members that can be either positive or negative regulators of hor-
mone biosynthesis [71–73]. The involvement of the F-box protein MAX2 in strigolactone
biosynthesis has been demonstrated [74], and further structural and functional analysis
of our F-box gene can elucidate its correlation to strigolactone biosynthesis and its specific
role in broomrape tolerance.

The MLO gene encodes a negative regulator of defense responses in plants, which
has been reported as a key regulator of resistance to powdery mildew in tomatoes [75]. In
general MLO gene appears to be important in regulating plant defense responses to biotic
stress factors [76].

The glutamate decarboxylase 4 gene GAD (named GLDE gene throughout the manuscript)
encodes the glutamate decarboxylase 4 (GAD4) protein. In plants, GAD genes are crucial
in regulating GABA levels, which in turn affects plant growth and development, as well
as the response to environmental stresses [77]. Calmodulin (CaM) is a calcium-binding
protein that also controls various cellular processes, including signal transduction, gene
expression, and stress responses. Plants employ the divalent cation calcium (Ca2+) as a
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second messenger in relaying these endogenous (developmental) and exogenous (environ-
mental) signals to appropriate cellular responses [78]. Very few studies have reported the
implication of both genes to stress tolerance. Rajani et al. [79] demonstrated that maize
plants expressing the deregulated AtGAD1 exhibit severe chlorosis, retarded growth phe-
notype, high levels of GABA, and Ca2+/CaM-independent GAD activity, indicating that
both genes are involved in the response of plants to stress factors. These findings agree
with the results of the present study, where GLDE and CaM2 are found up-regulated in
broomrape-infected plants of IL6-3 and Formula genotypes, respectively.

Phospholipase D (PLD) enzymes cleave phospholipids to generate the lipid second
messenger, phosphatidic acid (PA). In Arabidopsis thaliana, PLDγ1-like (named PPDG gene
throughout the manuscript) is expressed in various plant tissues and is involved in the
regulation of plant responses to abiotic and biotic stresses [80]. Zinc finger CCCH domain-
containing proteins (ZFPs) are a subfamily of zinc finger proteins that contain a conserved
CCCH motif. Tomatoes feature several ZFPs-encoding genes, including the Zinc finger
CCCH domain-containing protein 32 (SlZFP32), a transcription factor involved in regulating
genes implicated in abiotic stress responses [81]. PPDG and ZINC genes are down-regulated
in parasitized plants compared to the controls, especially in IL6-3, revealing an interesting
pathway of potential tolerance for further study.

Additionally, three other genes CaM2, PPDG, and ZINC displayed down-regulation
in parasitized IL6-3 roots, an expected outcome based on their gene ontology description.
More specifically, based on the description of gene ontology data at the Sol genomics
database, the CaM2 gene (GO:0075135) is implicated in processes in which the symbiont
organism (the host organism—tomato) stops, prevents, or reduces the frequency, rate,
or extent of calcium or calmodulin-mediated signal transduction. Therefore, it could be
suggested that CaM2 should be suppressed in the tolerant host genotypes inoculated with
broomrapes. Formulas’ parasitized plants exhibited a marked increase in CaM2 expression,
as compared to control plants as well as to the other two ILs, which supports the notion of
Formula’s susceptibility to the parasite.

Moreover, the PPDG gene studied in this work has been found to be a negative regula-
tor in various biotic and abiotic stressors. More specifically, according to the gene ontology
description, PPDG presents negative regulation of the response to biotic stimulus (GO:
0002832) like stringolactones (SLs), a major mechanism involved in broomrape germina-
tion. Furthermore, it provokes negative regulation of filamentous growth of a population
of unicellular organisms in response to a chemical stimulus (GO: 1900438) (filamentous
growth also inoculates the hosts’ roots, and the hosts use similar resistant mechanisms to
avoid parasitism like in broomrapes). It also appears as a negative regulator of defense
response (GO:0031348). These are only a few examples of PPDG’s negative regulation of
plant tolerance to biotic stressors. These results agree with the findings of this study, where
PPDG is down-regulated in IL6-3 parasitized plants, further supporting our suggestion
that this specific introgression line is the most tolerant of the three genotypes tested.

Regarding the ZINC gene, and based on the gene ontology data, it codes for a host
cell extracellular matrix binding protein, interacting selectively and non-covalently with
the extracellular matrix of a host cell (GO:0046810). In our study, ZINC displayed up-
regulation in control roots (non-parasitized with broomrape) in IL6-3, compared to all the
other genotypes. It might serve as a repressor of transcription whose down-regulation in
parasitized IL6-3 roots allows for downstream stress-responsive genes to be transcribed.
In conclusion, the three down-regulated genes found in this research are all in accordance
with the gene ontology data of the Solgenomics database, which is the most specific,
updated, and trustworthy database for Solanaceae plants. Based on these findings, these
genes could be further studied to demonstrate a putative role in tomato resistance against
Phelipanche. Our results are in line with existing reports regarding the involvement of
these genes in abiotic/biotic stressors and imply possible roles in broomrape resistance.
The differential gene expression could possibly be due to the S. pennellii genome or to
the complementary interaction of both genomes. Future studies assessing the precise
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genomic content of these lines, as well as their epigenomic activity under parasitism, could
shed more light on the exact mechanisms. Partial resistance against a different broomrape
species, Phelipanche aegyptiaca, was also found by Bai et al. [75] in these ILs.

PEA identifies biological terms that are overrepresented in a group of genes more than
would be expected by chance and ranks these terms by significance [82]. Dai et al. [83]
carried out a comparative transcriptome analysis between the cultivated and wild tomato
genotypes under abiotic stressors (i.e., salt and drought stress). Their enrichment results
using the KEGG resource revealed numerous implicated pathways of interest, some of which
are also found through our analysis, including the biosynthesis of amino acids, carbon
metabolism, glycolysis/glyconeogenesis, and the ribosome pathway (Figures 6 and 7). A de
novo comparative transcriptome analysis of DEGs in the scion of homografted and hetero-
grafted tomato seedlings carried out by Wang et al. [84] presented the 10 most significantly
enriched KEGG pathways among DEGs detected between hetero- and homografted tomato
seedlings. Grafting might cause abiotic stress effects to the seedlings, and their analysis
pinpointed pathways like our study, such as the MARK-signaling pathway plant, plant
hormone signal transduction (Supplementary Figure S2), the biosynthesis of amino acids,
protein processing in the endoplasmic reticulum, the spliceosome, etc. (Figures 6 and 7).
Furthermore, Ashapkin et al. [85], in a review study regarding genomic and epigenomic mech-
anisms of host plants against the parasitic weed Cuscuta, mentioned that Cuscuta japonica
exhibited distinct morphological features after attachment to Ficus macrocarpa (host plant)
and Mangifera indica (non-host plant). A KEGG PEA was carried out, revealing various
important biochemical pathways, significantly enriched by DEGs. Several pathways are
also demonstrated in our study (Figure 7, Supplementary Figure S2), such as “flavonoid
biosynthesis”, “plant–pathogen interaction”, “arginine and proline metabolism”, “MARK
signaling”, “phenylalanine metabolism”, “arginine biosynthesis”, and “carbon fixation in
photosynthetic organisms”. The results presented by Ashapkin et al. [85] indicated that many
metabolites and signal pathways are responsible for rendering host resistance to dodders.
To determine Striga germination rates, one of the most serious parasitic weeds, infesting
various Sorghum genotypes, Irafasha et al. [86] categorized their samples by hierarchical
clustering using self-organizing maps (SOMs). The PEA of SOMs of DEGs revealed various
pathways that control several important biological regulations such as seed dormancy break
and germination. Specific gene expression patterns in the ABA biosynthesis pathway are also
mapped in the carotenoid biosynthesis pathway involving enzymes like PSY, which is also
involved in our study. Furthermore, it is also referred that the observations reveal possible
interactions between SL, ABA, and other hormone pathways [86]. These similarities indicate
that plant resistance mechanisms against biotic and abiotic stressors could, to some extent,
exhibit shared mechanistic components and interactions.

Ten out of fourteen genes assessed via qPCR in our study do not appear to be involved
in significantly enriched pathways. We should emphasize, however, that 11,000 out of
31,221 total genes in S. lycopersicum (35%) are currently annotated to KEGG pathways. This
underscores the fact that our knowledge of the genes’ roles in molecular mechanisms is still
incomplete, and this phenomenon is exacerbated in plant organisms. The validated genes
of unknown roles that we included in our study could provide a starting point towards
assessing poorly defined mechanisms of resistance against broomrape and discovering
novel ones. To date, research on broomrape resistance is mainly focused on the mecha-
nism of SL accumulation in the roots of the host. Our findings suggest that, apart from
the unarguable importance of SL metabolism, diverse cellular processes are potentially
involved in tomatoes’ responses to broomrapes. Further understanding of such biological
processes will expand our knowledge of host resistance to broomrapes and will pave the
way to alternative management strategies against parasitism in tomatoes and other crops
of high economic and nutritional value.
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5. Conclusions

Our present research study focused on early-stage infection of tomato with P. ramosa
and explored the involvement of candidate genes that could serve as molecular markers
for future pre-breeding programs. We emphasized exploring further potential mechanisms
regarding broomrape resistance by analyzing a large array of genes not previously studied
in host–parasite interaction processes and host responses. We investigated herein, for
the first time, early-stage broomrape parasitism of two resistant tomato lines, IL6-2 and
IL6-3, as compared to the susceptible commercial variety ‘Formula’ and unveiled a series
of genes that show remarkable differential expression between resistant and susceptible
genotypes upon broomrape infection. Meticulous analysis of gene expression patterns
and PEA datasets combined with the mining of bibliographical data has highlighted the
potential involvement of the encoded proteins in crucial biochemical pathways implicated
in parasitism and resistant mechanisms. Our studies will be expanded to investigate
molecular responses to infection along a post-infection time course including additional
timepoints. The knowledge to be acquired together with the valuable findings from this
study on the genes described above will be used to enrich our understanding of broomrape
parasitism at the molecular level and contribute to the development of sustainable solutions
for counteracting the devastating effects of broomrape infection in tomatoes and other
important crops.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/xxx/s1. Supplementary File S1: Table S1: Tomato plant height (cm) on four different
days after inoculation (DAI) with broomrape seeds; Table S2: Tomato plant weight (kg) on four
different days after inoculation (DAI) with broomrape seeds; Table S3: Soil plant analysis development
(SPAD) for the tomato plants on four different days after inoculation (DAI) with broomrape seeds;
Table S4: Relative Water Content (RWC) of tomato leaves on 30 DAI; Table S5: Genomic/transcriptomic
alignment rates for S. lycopersicum libraries; Table S6: Genomic/transcriptomic alignment rates for
introgression line libraries; Table S7: List of the 14 DEGs selected for q PCR validation and information
extracted after bioinformatic analysis; Table S8: Primers used for qPCR validation of 14 DEGs;
Figure S1: Relative gene expression for the genes A: ACLA2, B: D14, C: GABA, D: PSY and E: ZRP1,
with no significant differences; Figure S2: Genes within each shared pathway for the two species
(S. lycopersicum X S. pennellii) were merged into a single set. The top 20 enriched pathways for each
IL (6-2 & 6-3 respectively) are presented; Supplementary File S2: The DEGs, displayed both up- and
down-regulation across the different genotypes.
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Abstract: Maize is the third most vital global cereal, playing a key role in the world economy and
plant genetics research. Despite its leadership in production, maize faces a severe threat from banded
leaf and sheath blight, necessitating the urgent development of eco-friendly management strate-
gies. This study aimed to understand the resistance mechanisms against banded leaf and sheath
blight (BLSB) in maize hybrid “Vivek QPM-9”. Seven fungicides at recommended doses (1000 and
500 ppm) and two plant defense inducers, salicylic acid (SA) and jasmonic acid (JA) at concen-
trations of 50 and 100 ppm, were applied. Fungicides, notably Azoxystrobin and Trifloxystrobin
+ Tebuconazole, demonstrated superior efficacy against BLSB, while Pencycuron showed limited
effectiveness. Field-sprayed Azoxystrobin exhibited the lowest BLSB infection, correlating with
heightened antioxidant enzyme activity (SOD, CAT, POX, β-1,3-glucanase, PPO, PAL), similar to
the Validamycin-treated plants. The expression of defense-related genes after seed priming with SA
and JA was assessed via qRT-PCR. Lower SA concentrations down-regulated SOD, PPO, and APX
genes but up-regulated CAT and β-1,3-glucanase genes. JA at lower doses up-regulated CAT and
APX genes, while higher doses up-regulated PPO and β-1,3-glucanase genes; SOD gene expression
was suppressed at both JA doses. This investigation elucidates the effectiveness of certain fungicides
and plant defense inducers in mitigating BLSB in maize hybrids and sheds light on the intricate gene
expression mechanisms governing defense responses against this pathogen.

Keywords: fungicides; Rhizoctonia solani f. sp. sasakii; defense inducers; antioxidant enzymes activity;
defense gene expression

1. Introduction

The importance of maize (Zea mays L.) as a vital food and industrial crop in India is
evident, with an annual production of 27.82 million metric tons (MMTs) and an average
national yield of 3.02 tons per hectare [1,2]. The production of maize is impacted by various
biotic stresses, with susceptibility to diseases being a significant deterrent to achieving high
grain yields [3]. Banded leaf and sheath blight (BLSB) stands out as a major disease that is
particularly prevalent in tropical regions, notably in south and south-east Asian countries,
including India. Under favorable conditions, the disease can result in losses of up to one
hundred percent [1,4–7].

To manage BLSB, various strategies can be employed, and chemical approaches
involving fungicides have proven to be comparatively effective. However, these methods
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are not eco-friendly, necessitating the exploration of alternative strategies. The resistance
of the host plant plays a crucial role in disease management. Despite continuous efforts,
developing resistance against BLSB remains a challenge, as no naturally resistant host plants
have been identified. Limited genetic variation for resistance further complicates breeding
programs [8]. Unfortunately, true resistance sources against BLSB are scarce, and genetic
variability for resistance in maize is limited [8–11]. In the absence of BLSB-resistant maize
varieties, chemically induced disease resistance is considered an alternative approach.

Salicylic acid (SA) functions as a vital plant growth regulator, playing a significant role
in the signaling pathways triggered by diverse biotic and abiotic stresses [12]. It has been
identified as an endogenous regulatory signal molecule, activating the general defense
mechanisms of plants [13–15]. On the other hand, jasmonic acid (JA) and its derivatives are
pivotal in plant responses to various stresses [16]. Systemic acquired resistance (SAR) is
a highly desirable form of resistance that protects against a broad spectrum of related or
unrelated pathogens. SAR involves the generation of multiple signals at the site of primary
infection, which arms distal portions against subsequent secondary infections [17]. SA is
not only essential for pathogen-induced SAR, as none of the identified chemical inducers
can induce SAR in SA-deficient backgrounds.

In this context, exploring chemically induced resistance using compounds like salicylic
acid (SA) and jasmonic acid (JA) emerges as a promising strategy [18,19]. Understanding
the role of these inducers and their application methods is crucial in eliciting systemic
acquired resistance (SAR) and activating defense mechanisms in plants [20]. However, the
use of fungicides and chemical defense activators in maize, particularly their impact on
biotic stress conditions, remains inadequately explored [21].

Reactive oxygen species (ROS) such as H2O2 are continuously generated in plant
tissues as by-products of several metabolic processes [22]. To cope with ROS, plant cells
possess an antioxidative system consisting of both enzymatic and non-enzymatic antioxi-
dants [23]. SOD is considered to be the first line of defense against ROS [24]. CAT and APX
are responsible for the scavenging of H2O2. CAT converts H2O2 to H2O and O2 and APX
catalyzes the reduction of H2O2 using ascorbate as an electron donor. Other peroxidases,
including guaiacol peroxidase (GPX), are also involved in H2O2 elimination [25]. Peroxi-
dase (POX) oxidizes phenolics to more toxic quinones and generates hydrogen peroxide.
The last step in the synthesis of lignin and suberin has been proposed to be catalyzed
by peroxidases. PAL catalyzes the first step of the phenylpropanoid pathway, leading to
the synthesis of a wide variety of secondary metabolites including flavonoids, coumarins,
hydroxycinnamoyl esters, and lignin [26]. Due to the nature and defense-related functions
of these metabolites, the activation of PAL against abiotic and biotic stresses has been
considered a part of the defensive mechanisms of plants [27–30].

This investigation aimed to uncover effective BLSB management using plant defense
inducers and understand the mechanisms behind chemically induced disease resistance
in maize. We investigated the potential of SA and JA as inducers of SAR against BLSB,
shedding light on their mechanisms of action and optimal application strategies [18,19,31].
This research also focused on elucidating plants’ defense mechanisms involving pre-existing
physical and chemical barriers, along with inducible defense responses [31]. Enzymes
such as superoxide dismutases (SODs) play a critical role in defense against oxidative
stress. Different SOD isoforms respond differently to inhibitors, and their localization in
various cell compartments underscores their importance in defense mechanisms [32–34].
The objective was to assess the impact of seven fungicides and two plant defense inducers,
namely salicylic acid (SA) and jasmonic acid (JA), against Rhizoctonia solani f. sp. sasakii. This
comparative analysis aims to provide insights into the potential level of pathogen control
achievable in vitro before transitioning to field applications. This dual approach aimed to
provide a comprehensive understanding of the treatment’s impact on the pathogen under
different growth conditions.
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2. Materials and Methods

2.1. Layout of Experiments

The in vivo research work was conducted at the main field and net house of ICAR-
IARI, Pusa campus, using a susceptible maize variety: “Vivek QPM-9”. The variety
was procured from ICAR-Vivekananda Parvatia Krishi Anusandhan Sansthan, Almora,
Uttarakhand, India, and raised during the kharif seasons of 2020, and 2021. The plot size
was 4.5 m2 and contained 3 rows (row length: 3 m, R to R 75 cm); 13 to 15 plants/row
were maintained. The in vitro experiments were conducted in the laboratories using the
poisoned food technique [35]. Three replications were maintained in each treatment of
fungicides in both PDA and PDB culture media and were then incubated at 28 ◦C in a BOD
incubator. Each treatment, comprising fungicides in both PDA and PDB culture media,
was replicated three times and maintained at 28 ◦C in a BOD incubator for the culture of
R. solani f. sp. sasakii (Source Indian Type Culture Collection, ITCC Accession No. 6881),
Division of Plant Pathology, IARI, New Delhi.

2.2. Isolation of the Pathogen and Mass Multiplication of Inoculum

The original culture for the research was obtained from ITCC (Accession No. 6881).
The long-term stored culture was further cultured in potato dextrose agar (PDA), and the
actively growing culture (mycelia) was used in the inoculation of maize seedlings, to pass
through the host providing better revival with aggressiveness. The fungus was re-isolated
on PDA and mass cultured in barley grains, which were used in the inoculation of the
maize crops following a standard method [36]. The pure cultures were maintained in PDA
slants at 4 ± 1 ◦C for use in this study. The mass culture of the pathogen was prepared
using the method described by Ahuja and Payak [37]. Barley grains were soaked overnight
in tap water, and the water was then drained out. Forty grams of water-soaked seeds
were placed in 250 mL Erlenmeyer flasks, plugged, and autoclaved two times at 121.6 ◦C
(15 lb) for 20 min. The sterilized barley grains were inoculated with a small quantity of
5–8-days-old fungal culture. The flasks were incubated at 27 ± 1 ◦C for 10–15 days and
shaken at every 2–3 day interval to ensure uniform fungal growth in the grains (Table 1).

Table 1. List of fungicides used in this study along with their trade name.

S. No.
Common Name and

(a.i. Formulation)
Trade Name Chemical Name Empirical Formula Source

1 Hexaconazole 5% SC Contaf Plus
2-(2,4-Dichlorophenyl)-1-(1H-
1,2,4-triazol-1-yl)
hexan-2-ol

C14H17Cl2N3O TATA Rallis India

2 Carbendazim 50% (w/w) WP Bavistin Methyl 1-2 benzimidazole
carbamate C9H9N3O2 BASF India

3 Validamycin 3% (w/w) L Sheathmar-3

2,3-Dihydroxy-6
(hydroxymethyl)-4-[-4,5,6-
trihydroxy 3 (hydroxymethyl)
cyclohex-2-en-1 yl] amino
cyclohexyl β-D
glucopyranoside.

C20H35NO13 Dhanuka Agritech

4 Tebuconazole 25.9% (m/m) EC Folicur

1-(4-Chlorophenyl)-4,4-
dimethyl-3-(1H,
1,2,4-triazol-1-ylmethyl)
pentan-3-ol

C16H22ClN3O Bayer Crop Science

5 Trifloxystrobin 25% +
Tebuconazole 50% (m/m) WG Nativo

Benzeneacetic acid,
(E,E)-alpha-(methoxylmino)-2-
((((1-(3-trifluoromethyl) phenyl)
ethylidene) amino) oxy)
methy)-,methyl ester methyl
(E)-2-[2-[6-

C20H19F3N2O4 and
C16H22ClN3O Bayer Crop Science

6 Azoxystrobin 23% (w/w) SC Amistar
(2-Cyanophenoxy)
pyrimidin-4-yl] oxyphenyl]-3-
methoxyprop-2-enoate

C22H17N3O5 Syngenta India

7 Pencycuron 22.9% (w/w) Monceren 1-(4-chlorbenzyl)-1-
cyclopentyl-3-phenylurea C19H21ClN2O Bayer Crop Science
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2.3. In Vitro Evaluation of Fungicides against Rhizoctonia solani f. sp. sasakii

The fungicides that were mentioned in 2.4 were evaluated in vitro at two different
concentrations, 500 and 1000 ppm. The required quantity of the fungicides was put into
the molten PDA medium and mixed thoroughly. The medium was poured into each Petri
dish (90 mm diameter). After solidification, 5 mm discs of the 4–5-days-old actively grown
fungus (mycelium) were cut out using a sterilized cork borer. The mycelium disc was
placed at the center of Petri plates, sealed with parafilm and incubated at 28 ± 1 ◦C. The
radial growth of the fungus was recorded treatment wise when complete growth was
attained in the control (untreated) plates. In the case of liquid media (PDB), the desired
amount of the fungicides was mixed with 40 mL PDB in 100 mL conical flaks. Then, a
5 mm disc of the fungus mycelium was put in the poisoned PDB. The flasks were incubated
at 28 ± 1 ◦C for 14 days in a shaker incubator (ISF-1-W, Kuhner, Birsfelden, Switzerland)
maintained at 150 rpm. The mycelial ball was harvested by filtering through Whatman
filter paper. Then, the mycelial ball was placed on the glass Petri plates covered with a
tissue paper and kept there for 4–6 h to air dry. The ball was further dried overnight in
an electric oven at 50 ◦C. The properly dried mycelia were weighed using an electronic
balance (Sartorius, Göttingen, Germany). Percent (%) inhibition was calculated for each
treatment [38] using the formula I = (C − T)/C × 100, where I = Percent inhibition (%),
C = Colony diameter in control (mm), and T = Colony diameter in treatment (mm).

2.4. Plant Inoculation with the Pathogen and Spray of Fungicides

Inoculation was performed on the 35-days-old maize plants [39] with a barley grain
culture of R. solani. f. sp. sasakii. Three barley grains bearing fungal mycelia were carefully
inserted by using fingers between the stalk and sheath at the second or third internode
from the soil surface [37]. The fungicides, namely Hexaconazole at 0.1%, Carbendazim at
0.1%, Validamycin at 0.1%, Tebuconazole at 0.05%, Trifloxystrobin 25% + Tebuconazole
50% at 0.05%, Azoxystrobin at 0.05%, and Pencycuron at 0.1%, were sprayed on individual
plants 3 days after inoculation (DAI) using hand sprayers (Super Garden, Coimbatore,
India). All precautions were taken at the time of spraying to avoid drifting to the adjacent
treatments (Figure 1). Leaf and sheath samples showing typical symptoms of BLSB, such as
dark lesions with characteristic banding on the leaves and sheath necrosis, were collected
for further study (Figure 1).

2.5. Evaluation of Fungicides against BLSB Disease and Grain Yield

The efficacy of the fungicides on BLSB disease of maize was determined. The inocu-
lated and fungicide-sprayed plants were monitored for the appearance of symptoms and
disease progression regularly on a weekly basis. The percent (%) disease severity, virulence
index, and length of infected area in each plant were recorded on 30 DAI. Records of the
disease intensity were calculated using a 1–5 disease rating scale (Table 2) [40]. As per the
new rating scale, the percent disease index (PDI) was calculated using the formula given
by McKinney [41].

Table 2. Area under the disease progress curve (AUDPC) values for different disease severity
categories at 30 days after inoculation.

PDI AUDPC Disease Severity (According to 1–5 Scale)

20.0
1050

Resistant (R) (Score: ≤2.0) (1 to 1.5)
(PDI ≤ 40.0)30.0

50.0
1575

Moderately resistant (MR) (Score: 2.1–3.0)
(PDI 40.1–60.0)60.0
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Table 2. Cont.

PDI AUDPC Disease Severity (According to 1–5 Scale)

70.0
2175

Moderately susceptible (MS) (Score:3.1–4.0)
(PDI 60.1–80.0)80.0

90.0
2775 Susceptible (S) (Score: ≥4.0) (PDI ≥ 80.0)

100.0
Note: The initial assessment was conducted at 0 days post-inoculation, followed by a subsequent assessment
at 30 days. The average PDI for each interval was then multiplied by the corresponding time duration. The
resulting values were summed to compute the AUDPC, employing the trapezoidal rule. ANOVA at 5% level of
significance and post hoc Tukey’s HSD test statistics reveal that the treatment groups differ significantly. This com-
parative analysis offers insights into susceptibility and resistance levels across the treatments (F Statistic = 10.1453,
p-value 0.0243).

Figure 1. Symptoms of banded leaf and sheath blight (BLSB) on (A) leaf, (B) sheath, and (C) cob.
(D) Artificially inoculated disease field. (E) Measurement of lesion length. (F) Treated seeds sown in
pots and kept under net house conditions.

According to the PDI disease rating plants could be classified as resistant (R), mod-
erately resistant (MR), moderately susceptible (MS), and susceptible (S). For grain yield
(q/ha), the total weight (kg) of the fully matured harvested cobs was recorded and plot-
ted by treatment. The shelling of the grains was initially performed and the moisture
content of the grains was recorded by using a moisture meter (AgraTronix MT-PRO, Agra-
tronix Corporate, Streetsboro, OH, USA). Grain yield was calculated by applying three
formulas [42].
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2.6. Assay of Enzyme Activity in Maize Plants Treated with Fungicides

The enzyme activity in the fungicide-treated maize plants was evaluated. For the
healthy group, young leaves of 30–35-days-old plants were collected at specific intervals:
3 days before fungicide spray, i.e., at the time of pathogen inoculation; on the day of
fungicide application (day 0); and subsequently 5 days later. In the early morning, upper
leaves were cut using sterilized scissors, promptly placed in the pre-labeled ice bags, and
stored at −80 ◦C.

Subsequently, superoxide dismutase (SOD) maize leaf tissue (1 g) was ground in
5 mL grinding media (0.1 M phosphate buffer, pH 7.5, with 0.5 mM EDTA). After cen-
trifugation, the supernatant was used for the SOD assay. The reaction mixture contained
phosphate buffer, L-methionine, NBT, riboflavin, and enzyme extract. Absorbance was
measured at 560 nm and a standard curve was prepared using known concentrations of
a substance relevant to the SOD assay [43]. Catalase (CAT) activity was measured by
following Aebi’s method (1984) with modifications. Protein estimation was performed
using the Bradford method. CAT activity was assayed in a 3 mL reaction mixture (50 mM
potassium phosphate buffer, 12.5 mM hydrogen peroxide, 100 μL enzyme extract), and the
decomposed H2O2 was quantified at 240 nm; activity was calculated within a specific range
of 5–12 U/mg and was prepared using known concentrations of bovine serum albumin
(BSA) [44–46]. A peroxidase (POX) leaf sample (1 g) was ground in 5 mL grinding media.
The supernatant obtained after centrifugation was used for the POX assay; activity was
determined at 470 nm using a reaction mixture containing phosphate buffer, guaiacol,
enzyme extract, and H2O2, and then a standard curve was prepared using known concen-
trations of guaiacol [47]. Phenylalanine ammonia-lyase (PAL) activity was assayed with
a reaction mixture containing L-phenylalanine, borate buffer, and enzyme extract; then
absorbance was measured at 290 nm and a standard curve was prepared using known
concentrations of trans-cinnamic acid, which is the product of the PAL reaction [48,49].
Polyphenol oxidase (PPO) activity was estimated by recording absorbance at 495 nm in a
reaction mixture containing phosphate buffer, proline, and catechol and a standard curve
using known concentrations of catechol [50]. β-1,3-glucanase activity was determined
by incubating enzyme extract with laminarin solution and measuring the absorbance at
500 nm after adding dinitro salicylic reagent and using a standard curve of D-glucose [51]
(Supplementary Figures S1–S3 Annexure I).

2.7. Expression Study of Salicylic Acid (SA) and Jasmonic Acid (JA) Genes of Maize
during Infection

Maize seeds (variety Vivek QPM 9) were treated with 50 and 100 ppm concentra-
tions of SA and JA and sown in the 10 cm diameter pots under net house condition
Figure 1 shows that the average natural temperature during kharif season ranges from
22 to 25 ◦C. Two seedlings were maintained in each pot. For gene expression analysis, ten-
day-old seedlings were collected. Specific primers for each gene were designed by using
BioEdit 7.2.5 and IDT Primer Quest software (eu.idtdna.com/Primerquest/Home/Index,
accessed on 20 May 2018), with reference sequences for the maize genes obtained from
NCBI (Table 3).

Table 3. PCR primers used in this study.

Gene Primer Details (5′-3′) Size (bp) Accession No

Superoxide dismutase ZM_SOD (F *) 5′-AGT CAC CCA CCC CAT CCA AG-3′
146

NC_050102.1
ZM_SOD (R #) 5′-GTG CGG AGG AAT AGG GAG C-3′

β-1,3 glucanase ZM_Glucan (F) 5′-ATG GCG AGG CAG GGT GTC-3′
188

NC_050098.1
ZM_Glucan (R) 5′-ACG CCG ATG GAT TGG ACT C-3′

Polyphenol oxidase ZM_PPO (F) 5′-CGT CCA AGA AGA CCA CCG T-3′
146

NC_050105.1
ZM_PPO (R) 5′-ACT GGA CAG GCC GTT GAG CA-3′
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Table 3. Cont.

Gene Primer Details (5′-3′) Size (bp) Accession No

Ascorbate peroxidase ZM_APX (F) 5′-ACC ATG AAG ACC CCC GTC GA-3′
118ZM_APX (R) 5′-GGT AGA AGT CAG CGT AGG ATA G-3′ NC_050100.1

Catalase
ZM_CAT (F) 5′-ACG TGC GCC GAC TTC CTG-3′

180ZM_CAT (R) 5′-GAA GAA GAC GGG GAA GTT GTT-3′ NC_050099.1

Phenylalanine ammonialyase ZM_PAL (F) 5′-TCG AAC TGC AAC CGA AAG A-3′
108

NC_050096.1
ZM_PAL (R) 5′-CAG CCA GGA TTG CCA GAA TA-3′

* Forward, # Revers.

2.8. Primer Validation, RNA Isolation, cDNA Synthesis, and qRT-PCR Analysis of Maize Genes

The designed primers of SOD (ZM_SOD), β-1,3-glucanase (ZM_Glucan), PPO (ZM_PPO),
ascorbate peroxidase (ZM_APX), CAT (ZM_CAT), and PAL were validated following
Williams’s [52] protocol with minor adjustments in annealing temperature. RNA was
isolated from the SA- and JA-treated and control maize seedlings. The Pure LinkTM
RNA Mini Kit was used for extraction, purification, and quantification via a NanoDrop
spectrophotometer. First-strand cDNA synthesis was performed by using the ImProm-II™
Reverse Transcription System kit. SYBR green-based qRT-PCR analysis was carried out
by employing the primers listed in Table 2. Gene expression was confirmed via agarose
gel electrophoresis (Supplementary Figure S4). The amplification conditions consisted of
an initial denaturation step at 95 ◦C for 10 min, followed by 40 cycles of denaturation at
95 ◦C for 15 s, annealing at 60 ◦C for 30 s, and extension at 72 ◦C for 30 s. For each gene,
qRT-PCR reactions were performed in two technical replicates across two independent
biological replicates. Relative gene expression was quantified using the comparative Ct
method (2−ΔΔCt) given by Livak [52]. Melt curve has been provided in supplemental file
Supplementary Table S1.

2.9. Statistical Analysis

All the field and net house experiments were conducted in a randomized block design
(RBD). The laboratory experiments were performed in a completely randomized design
(CRD). Statistical analysis was conducted using analysis of variance (ANOVA) and the
post hoc Tukey honestly significant difference (HSD) test, methods suitable for identifying
pairwise differences when multiple groups are involved. We used online software (https:
//astatsa.com/OneWay_Anova_with_TukeyHSD/ accessed on 1 December 2023).

3. Results

The present study aimed to provide insights into managing BLSB disease by employing
plant defense inducers and comprehending the biochemical mechanisms behind disease
resistance in maize. Considering the non-availability of BLSB-resistant maize varieties,
chemically induced disease resistance was explored as an alternative. Initially, seven
fungicides were assessed in vitro against R. solani f. sp. sasakii. Furthermore, both fungicides
and plant defense inducers were evaluated in vivo to determine their efficacy in restricting
BLSB disease in maize.

3.1. In Vitro Evaluation of Fungicides against Rhizoctonia solani f. sp. sasakii

Seven different fungicides at two dosages (500 and 1000 ppm) were evaluated against
the pathogen in PDA as a positive control. At 1000 ppm, 100% growth inhibition was
observed with treatment using the fungicides Hexaconazole, Carbendazim, Validamycin,
Tebuconazole, Trifloxystrobin + Tebuconazole (Nativo), and Azoxystrobin as compared to
the control. The lowest growth inhibition was observed in the treatment with Pencycuron
(52.04%). At 500 ppm, the highest growth inhibition of the pathogen was observed in the
treatments with Hexaconazole, Validamycin, Tebuconazole, and Trifloxystrobin + Tebu-
conazole (Nativo) (100%), followed by Azoxystrobin (92.19%) and Carbendazim (84.63%).
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The lowest growth inhibition was observed in the treatment with Pencycuron (48.52%)
(Table 3, Figure 2).

 
Figure 2. Effect of fungicides (1000 ppm, (I) and 500 ppm, (II)) on redial growth
of Rhizoctonia solani f. sp. sasakii in vitro: (A) Hexaconazole, (B) Carbendazim,
(C) Validamycin, (D) Tebuconazole, (E) Trifloxystrobin + Tebuconazole (Nativo),
(F) Azoxystrobin, (G) Pencycuron, and (H) control (untreated).

The percent reduction in the mycelial mass of the pathogen was also observed to be
different in different fungicidal treatments as compared to the untreated control in PDB. At
1000 ppm concentration maximum reduction in mycelial mass was observed in the cases of
Hexaconazole, Carbendazim, Validamycin, Tebuconazole, Trifloxystrobin + Tebuconazole
(Nativo), and Azoxystrobin (100%), whereas the lowest reduction was observed in the
Pencycuron treatment (95.30%). At 500 ppm, the maximum reduction in mycelial mass was
observed in the treatments with Hexaconazole, Carbendazim, Validamycin, Tebuconazole,
Trifloxystrobin + Tebuconazole (Nativo), and Azoxystrobin (100%), whereas the lowest
reduction was observed in the Pencycuron treatment (94.71%) (Table 4, Figure 3).
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Figure 3. Superoxide dismutase (SOD), catalase (CAT), peroxidase (POX), polyphenol oxidase (PPO),
phenylalanine ammonia-lyase (PAL), and β-1,3-glucnase activity in maize (Vivek QPM-9) inoculated
with R. solani f. sp. sasakii after fungicide application. Activity recorded at different inoculation days
in an of interval 0 to 5th day after inoculation. The post hoc Tukey’s HSD test (p < 0.01) indicates a
significant difference (*) in enzyme activity.

3.2. Effect of Fungicides on BLSB Disease of Maize and Grain Yield

The maximum lesion length was observed on the plants sprayed with Hexaconazole
(0.1%) (45.76 cm), followed by the plants sprayed with Pencycuron (0.1%) (44.83 cm), Tri-
floxystrobin + Tebuconazole (Nativo, 0.05%) (37.20 cm), and Carbendazim (0.1%) (36.72 cm).
The lowest length of disease lesions was observed in the plants sprayed with Azoxystrobin
(0.05%) (31.24 cm), Tebuconazole (0.05%) (32.22 cm), and Validamycin (0.1%) (33.94 cm).
The lesion length in untreated (water sprayed) plants was 55.38 cm.

The maximum disease score on the 1–5 scale was observed in the plants sprayed
with Pencycuron (0.1%) (3.91), followed by plants sprayed with Carbendazim (0.1%) (3.49),
Hexaconazole (0.1%) (3.41), Validamycin (0.1%) (3.23), and Tebuconazole (0.05%) (3.14),
whereas the lowest disease scores were observed in plants sprayed with Azoxystrobin
(0.05%) (2.81) and plants sprayed with Trifloxystrobin + Tebuconazole (Nativo, 0.05%) (2.97).
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The highest percent disease index (PDI) was recorded in the plants sprayed with
Pencycuron (0.1%) (77.73%), followed by the plants sprayed with Carbendazim (0.1%)
(69.72%), Hexaconazole (0.1%) (68.27%), Validamycin (0.1%) (64.55), and Tebuconazole
(0.05%) (62.79%), whereas the lowest percent disease index was recorded in the plants
treated with Azoxystrobin (0.05%) (56.2%) and the plants treated with Trifloxystrobin +
Tebuconazole (Nativo, 0.05%) (59.36%). The percent disease index for the untreated control
plants was recorded as 95.10%.

The highest grain yield was obtained in the plants treated with Azoxystrobin (0.05%)
(58.35 q/ha). followed by the plants treated with Tebuconazole (0.05%) (56.61 q/ha), Vali-
damycin (0.1%) (53.93 q/ha), and Carbendazim (0.1%) (50.16 q/ha), whereas the lowest
grain yield was recorded in the plants treated with Pencycuron (0.1%) (47.12 q/ha), Tri-
floxystrobin + Tebuconazole (Nativo, 0.05%) (48.66 q/ha), and the plants treated with
Hexaconazole (0.1%) (49.44 q/ha). In the untreated control plants, the grain yield was
recorded as 44.93 q/ha (Table 5).

Table 5. Efficacy of fungicides on BLSB disease and grain yield of maize (Vivek QPM-9) under
field conditions.

Tr. Fungicide
Lesion Length *

(cm)
Disease Score *

(1–5 Scale)
PDI * (%)

Yield π

(Q/ha)

T1 Hexaconazole
(0.1%) 45.76 3.41 68.27 (56.44) # 49.44

T2 Carbendazim
(0.1%) 36.72 3.49 69.72 (57.01) 50.16

T3 Validamycin
(0.1%) 33.94 3.23 64.55 (53.56) 53.93

T4 Tebuconazole
(0.05%) 32.22 3.14 62.79 (52.62) 56.61

T5

Trifloxystrobin
+ Tebucona-

zole
(0.05%)

37.20 2.97 59.36 (50.38) 48.66

T6 Azoxystrobin
(0.05%) 31.24 2.81 56.20 (48.61) 58.35

T7 Pencycuron
(0.1%) 44.83 3.91 77.73 (62.01) 47.12

T8 Control
(water) 55.38 5.12 95.10 (77.20) 44.93

C. D. (5%) 12.42 1.19 14.60 N/A
C. V. 17.71 19.19 14.43 28.97

* Data of the table are the means of three replications, PDI: percent disease index. # Data within parentheses are
angular transformed values. π Yield is calculated based on 3 m2 area of the experimental plots.

3.3. Estimation of Biochemical Defense-Related Enzymes in Maize Treated with Fungicides

This study examined the impact of fungicides on maize’s biochemical defense enzymes
against R. solani f. sp. sasakii (Figure 3).

Superoxide dismutase (SOD) activity was the highest with Azoxystrobin (0.05%) at
3 DAI, followed by Validamycin (0.1%), Hexaconazole (0.1%), and Pencycuron (0.1%) at
2 and 3 DAI. Trifloxystrobin + Tebuconazole showed induction at 5 DAI. Tebuconazole
(0.05%) and Carbendazim (0.1%) had lower SOD elevations. Catalase (CAT) activity
peaked in the control group at 0 and 4 DAI. Azoxystrobin (0.05%), Validamycin (0.1%),
Tebuconazole (0.05%), Carbendazim (0.1%), and Pencycuron (0.1%) showed either equal or
lower activity, especially at 1 and 4 DAI.

Peroxidase (POX) activity was the highest with Validamycin (0.1%) and Carbendazim
(0.1%) at 1 and 5 DAI, while Hexaconazole (0.1%) exhibited the least activity on the 3rd
day. Polyphenol oxidase (PPO) activity peaked with Validamycin (0.1%) and Hexaconazole
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(0.1%) at 1 and 3 DAI. Azoxystrobin (0.05%), Tebuconazole (0.05%), and Pencycuron (0.1%)
showed lower activity levels.

Phenylalanine ammonia-lyase (PAL) activity was notably higher with Hexaconazole
(0.1%) and Validamycin (0.1%) on the 1st and 3rd days. The other treatments showed
similar patterns to the control. β-1,3-glucanase (β-1,3-G) activity was notably high with
Trifloxystrobin + Tebuconazole (Nativo, 0.05%) at 5 DAI, and Tebuconazole (0.05%) at 1
and 5 DAI. Conversely, the Pencycuron (0.1%), Azoxystrobin (0.05%), Validamycin (0.1%),
and Tebuconazole (0.05%) treatments all showed lower activity compared to the control.

3.4. Effects of Salicylic Acid and Jasmonic Acid Seed Priming on Expression of Defense-Related
Genes in Maize

This study investigated the influence of seed treatments with salicylic acid (SA) and
jasmonic acid (JA) on the relative expression of defense-related genes in maize (Figure 4).

 

Figure 4. Relative expression of selected defense genes in maize treated with salicylic acid (SA)
and jasmonic acid (JA). Enzymes include superoxide dismutase (SOD), polyphenol oxidase (PPO),
ascorbate peroxidase (APX), catalase (CAT), and β-1,3-glucanase (β-1,3-gluc). The post hoc Tukey’s
HSD test (p < 0.01) indicates a significant difference (*) in gene expression between the samples
treated with salicylic acid and jasmonic acid.

The relative expression of the maize superoxide dismutase (SOD) gene was modulated
by the SA and JA treatments. Elevated SA concentrations led to a reduction in SOD
expression, indicating a suppressive effect of SA on maize SOD expression. In contrast,
escalating doses of JA resulted in a heightened expression of the SOD gene. The expression
of the maize polyphenol oxidase (PPO) gene responded differently to the SA treatment,
with increased concentrations of SA further diminishing gene expression. Conversely,
the JA treatment elicited a robust expression of the PPO gene, suggesting its potential
involvement in maize defense mechanisms. Particularly, at a concentration of 100 ppm, JA
induced a substantial four-fold increase in PPO gene expression compared to the 50 ppm
JA treatment.

In contrast, the relative expression of the maize ascorbate peroxidase (APX) gene
exhibited divergent responses to SA and JA. Higher SA concentrations (100 ppm) halved
APX expression relative to the control, while the JA treatment at 50 ppm nearly doubled
APX expression. Intriguingly, APX expression remained stable at JA concentrations of
100 ppm. The expression of the maize catalase (CAT) gene showed a dose-dependent
response to SA and JA treatments. CAT gene expression increased by approximately 3-fold
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and 3.2-fold with the SA and JA treatments at 50 ppm, respectively. However, as the
SA/JA concentrations increased, there was a proportional decrease in CAT gene expression,
indicating a dose–response relationship.

Distinct expression patterns were observed for the maize β-1,3-glucanase (β-1,3-gluc)
gene in response to the SA and JA treatments. At 50 ppm, β-1,3-glucanase expression
was markedly elevated. While escalating SA concentrations suppressed β-1,3-glucanase
expression, the JA treatment led to its upregulation. Notably, the JA treatment at 100 ppm
resulted in a remarkable 27-fold increase in gene expression, highlighting the involvement
of the JA pathway in enhancing defense against maize pathogens (Figure 4).

Overall, the assay results reveal differential enzyme induction patterns across treat-
ments, with Azoxystrobin exhibiting a superior induction of SOD activity, Validamycin
and Carbendazim showing the highest POX activities, and Hexaconazole and Validamycin
demonstrating elevated PAL activities compared to the other treatments.

4. Discussion

The current study aimed to investigate the management of BLSB disease in maize
using plant defense inducers while exploring the biochemical and molecular mechanisms of
disease resistance. Previous research has demonstrated the efficacy of Carbendazim against
Rhizoctonia solani, the causal agent of BLSB, both in vitro and in vivo [53]. Similar outcomes
have been reported, with reduced BLSB severity following foliar spray of Carbendazim
on maize [54]. Another study reported the minimal effect of Strobilurins (Azoxystrobin)
on R. solani mycelial growth in vitro [55]. Our findings indicate that, among the fungicides
tested, Strobilurins and Carbendazim were more effective, aligning with previous research
documenting excellent disease control with Strobilurins, Triazoles, and Benzimidazoles [56].

In addition to gene expression analysis, we evaluated the activity of key defense
enzymes. These findings suggest that different fungicides may elicit distinct defense
responses in maize, emphasizing the importance of selecting appropriate fungicides for
effective disease management. A similar enzymatic induction was also recently reported
in maize against another foliar pathogen, Colletotrichum graminicola, which resulted in
local and systemic resistance, emphasizing the enzyme-mediated defense mechanisms in
maize [57].

Superoxide dismutase (SOD) activity has delivered effective mitigations of reactive
oxygen species during pathogenic infection in several studies [23,24]. Azoxystrobin, a
quinone outside inhibitor (QoI), has been demonstrated to posses a capacity to activate re-
active oxygen species, scavenge H2O2, and enhance the synthesis of secondary metabolites,
as is reflected in the heightened activities of defense-related enzymes like SOD, catalase
(CAT), and β-1,3-glucanase, akin to the antifungal antibiotic Validamycin. Conversely,
salicylic Acid (SA) application on maize seeds has negatively impacted the expression
of SOD and polyphenol oxidase (PPO) genes in a concentration-dependent manner, sug-
gesting a potential damage-induced accumulation of H2O2 [22]. Some studies have also
highlighted that SOD has minimal effects on JA induction [58]. The constitutive expressions
of pathogenesis-related proteins and antioxidant enzyme activities, including superoxide
dismutase (SOD), peroxidase (POD), and β-1,3-glucanase, play a pivotal role in triggering
maize resistance against various pathogens [59]. These proteins and enzymes are integral
components of the plant’s defense machinery, contributing to the mitigation of oxidative
stress and the degradation of fungal cell walls [22,59,60].

The nuanced responses of APX and CAT genes to different SA concentrations suggest a
finely tuned balance in maize antioxidant defenses, with higher SA doses potentially induc-
ing oxidative stress mitigation. Similar findings have been observed by previous studies in
various forms of oxidative stress caused by abiotic factors in plants [25]. Furthermore, the
dose-dependent decrease in CAT gene expression with rising SA levels implies a dynamic
regulation of hydrogen peroxide scavenging mechanisms, which supports the results of
previous studies [61] performed during plant stress and development. Meanwhile, the
notable increase in β-1,3-glucanase gene expression at 50 ppm SA underscores the complex
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interplay between SA signaling and defense response activation in maize. These findings
aligns with a recent study conducted in maize, where the phyllosphere microbiome mod-
ulated the physiology of plants through enzymatic interplay, which ultimately showed
defense against the foliar pathogen Exserohilum turcicum [62].

Jasmonic acid (JA) application has displayed similar complexities, impacting the
expression of genes associated with defense mechanisms [60]. JA negatively affected the
expression of the SOD gene in maize, with increasing concentrations leading to an enhanced
expression. This dynamic modulation indicates the sophisticated and adaptable nature
of plant defense mechanisms under JA influence [58,63]. Additionally, JA application
increased the expression of the β-1,3-glucanase gene, emphasizing its role in modulating
defense against maize pathogens. The JA 100 ppm dose recorded a 27-fold increase in gene
expression, suggesting the involvement of the JA pathway in enhancing defense against
maize pathogens. This response is similar to that seen with other maize pathogens such as
maize Fusarium verticillioides [64] and Colletotrichum graminicola [65].

This study reveals the multifaceted interactions between plant defense inducers and
the intricate regulation of defense-related genes, providing valuable insights into the
complex dynamics of plant responses to varying concentrations of these inducers. The
findings contribute to our understanding of the biochemical and molecular mechanisms
that govern disease resistance in maize (Figure 5). Our findings offer practical guidance for
enhancing maize disease management, specifically against BLSB, by optimizing fungicide
selection and application methods. The theoretical implications include advancing our
understanding of plant defense mechanisms and plant–fungicide interactions, contributing
to the broader agricultural science. However, the limitations include the focus on specific
fungicides and enzymes, potentially limiting the generalizability of our findings to broader
disease management contexts in maize. Therefore, future research could investigate the
synergistic effects of fungicide combinations, integrate biological control methods, and
assess the long-term impacts on soil health for sustainable maize disease management.

Figure 5. Summary of research on maize defense mechanisms against banded leaf and sheath blight.
Investigation of the impact of fungicides and plant defense inducers on biochemical and molecular
responses, providing insights into disease resistance in maize in present study.
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5. Conclusions

In conclusion, this research provides valuable insights into the management of
banded leaf and sheath blight (BLSB) disease in maize. This study explores the biochem-
ical elicitors that induce defense, offering potential avenues for disease control. Both
salicylic acid (SA) and jasmonic acid (JA) have been demonstrated to show efficacy in
suppressing the necrotrophic soil-borne phytopathogen R. solani. While seed priming
with these inducers contributed to healthy seed germination, they did not significantly
enhance the overall growth, development, and defense induction in maize plants. The
artificial application of SA and JA was as effective and able to induce defense responses
as chemical application. Hence, we suggest them as a better alternative to chemicals.
Considering the resource-intensive nature of maize cultivation, this study sheds light on
the prospect of reducing fungicide usage through a plant defense inducer-mediated host
resistance approach in disease management. This not only holds promise for effective
disease control but also aligns with the goal of promoting a safer and environmentally
conscious agricultural environment.
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Abstract: This study addresses the propagation challenges faced by ‘Shine Muscat’, a newly intro-
duced premium grapevine cultivar in South Korea, where multiple viral infections pose considerable
economic loss. The primary objective was to establish a robust in vitro propagation method for
producing disease-free grapes and to identify effective plant growth regulators to facilitate large-scale
mass cultivation. After experimentation, 2.0 μM 6-benzyladenine (BA) exhibited superior shoot
formation in the Murashige and Skoog medium compared with kinetin and thidiazuron. Conversely,
α-naphthaleneacetic acid (NAA) hindered shoot growth and induced callus formation, while indole-
3-butyric acid (IBA) and indole-3-acetic acid (IAA) demonstrated favorable root formation, with
IBA showing better results overall. Furthermore, inter simple sequence repeat analysis confirmed
the genetic stability of in vitro-cultivated seedlings using 2.0 μM BA and 1.0 μM IBA, validating the
suitability of the developed propagation method for generating disease-free ‘Shine Muscat’ grapes.
These findings offer promising prospects for commercial grape cultivation, ensuring a consistent
supply of healthy grapes in the market.

Keywords: auxin; cytokinin; ISSR marker; in vitro; ‘Shine Muscat’

1. Introduction

Grapevines, belonging to Vitis species, are economically important fruits with a wide
range of varieties [1]. They are known for their high content of beneficial compounds
such as resveratrol and anthocyanins, which possess anticancer, antioxidant, and anti-
inflammatory properties [2,3]. However, grapevine viruses, fruit quality deterioration, and
seedling necrosis present significant challenges to grape cultivation, particularly in Central
and Southeast Asi [4]. To address these challenges, breeders are developing hybrids of
European grapes (V. vinifera) and American grapes (V. labrusca) to enhance disease and pest
resistance in vines.

‘Shine Muscat’, a diploid-bred grape cultivated in Japan, closely resembles European
species and the yellow–green Alexandrian-type grape [5]. In Korea, the cultivation of Shine
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Muscat, an interspecific diploid hybrid of V. labruscana Bailry and V. vinifera L., has been
rapidly expanding due to increasing consumer preference [6,7]. This cultivar is known for
its high carbohydrate content and can be enjoyed by peeling the skin, similar to European
grapes. ‘Shine Muscat’ has gained popularity in Korea and shares similar characteristics
with cultivars developed in Japan [7,8].

While the cultivation areas of commonly grown grape varieties such as ‘Campbell
Early’, ‘Geobong’, and ‘MBA’ are decreasing, there is a notable increase in the cultivation
areas of new high-quality varieties like ‘Shine Muscat’ [6]. However, a study by Kim et al. [9]
reported a high prevalence of grapevine viruses (91.0%) in the primary grape-producing
regions of Korea, regardless of the specific region or cultivar.

To ensure the competitiveness of the grapevine industry, establishing a virus-free
and disease-free grapevine cultivation system is crucial. In vitro culture plays a vital role
in this regard, and it requires the identification of appropriate medium composition [10].
The in vitro culture method consists of two stages: shoot growth and rooting. Previ-
ous studies have highlighted the influence of different types and concentrations of plant
growth regulators (PGRs) on shoot growth, rooting efficiency, and genotype variations in
grapevines [11,12]. Therefore, the efficiency of in vitro propagation can vary depending
on the genetic characteristics of the species, necessitating the evaluation and selection of
optimal PGR conditions.

In Vitis species and other plants, specific cytokinins and auxins play distinct roles
in promoting shoot, bud, or root formation during in vitro culture. Cytokinins, such
as 6-benzyladenine (BA), kinetin, and zeatin, induce shoot proliferation by promoting
the development of multiple shoots from explants, including shoot tips and nodal seg-
ments [13,14]. They stimulate cell division and meristem growth, resulting in the formation
of new shoots [15]. Additionally, cytokinins help in bud initiation and outgrowth, leading
to the development of lateral shoots [16]. On the other hand, auxins like indole-3-butyric
acid (IBA), indole-3-acetic acid (IAA), and naphthalene acetic acid (NAA) are crucial for
root induction and elongation [17]. They stimulate the formation of adventitious roots
from various explants, including shoots and leaf tissues [18]. Moreover, endogenous aux-
ins in Vitis species regulate the intricate balance between shoot and root development
by influencing various growth processes, such as apical dominance, root formation, and
adventitious root initiation [19]. Their precise transport and distribution within the plant,
facilitated by PIN proteins, contribute to the spatial arrangement of shoots and roots [20,21].
Understanding the role of endogenous auxins is essential for optimizing growth and de-
velopment strategies, such as in vitro micropropagation, where exogenous application of
auxins can manipulate shoot and root formation for desired outcomes [22]. The balance be-
tween cytokinins and auxins is essential in regulating shoot-to-root conversion, as a higher
cytokinin-to-auxin ratio promotes shoot development, while a higher auxin-to-cytokinin
ratio induces rooting [23,24].

Additionally, in vitro plant propagation methods have been associated with the occur-
rence of somaclonal mutations [25–27]. Since grape is a perennial crop, genetic variations
resulting from in vitro propagation can only be observed at maturity and fruiting stages [28].
Therefore, early detection of genetic variations in in vitro-raised plants is crucial. Molecular
markers like ISSR (inter-simple sequence repeats), ISS (interspersed repetitive sequence),
RAPD (random amplified polymorphic DNA), and AFLP (amplified fragment length
polymorphism) are commonly used to assess genetic variation in plants. ISSR involves
amplifying specific regions between microsatellite repeats, providing a cost-effective and
easy-to-use method to evaluate genetic diversity [29]. ISS, on the other hand, targets inter-
spersed repetitive elements, enabling researchers to study different genomic regions [30].
RAPD utilizes random primers to amplify DNA fragments, making it a quick and less
expensive technique for genetic diversity analysis [31]. AFLP utilizes restriction enzymes
and PCR to create DNA fragments, offering high reproducibility and sensitivity [32].

In this study, the genetic stability of ‘Shine Muscat’ was assessed using inter simple se-
quence repeat (ISSR) markers. ISSR markers provide a reliable and easily performed method
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for evaluating genetic stability in grapes as demonstrated in previous studies [33,34]. Hence,
the objective of this study was to determine the optimal PGR composition for mass prop-
agation using in vitro culture and to assess the genetic stability of in vitro-raised plants
using ISSR markers, aiming to facilitate the large-scale commercial use of ‘Shine Muscat’.

2. Materials and Methods

2.1. Culture Establishment and Media Composition

Fifty healthy ‘Shine Muscat’ plants, cultivated in a greenhouse for one year, were
selected as the source materials for this study. Nodal explants, each carrying a 2 cm axillary
bud, were carefully collected from actively growing young shoots, located approximately
three to six nodes below the tip. Aseptic techniques were used to establish the in vitro
culture. Initially, the nodal segments were washed with running tap water for ten minutes,
followed by surface sterilization. This involved immersing the segments in 70% ethanol for
1 min and subsequently treating them with 2% (w/v) NaOCl for 10 min. To remove NaOCl,
the segments were rinsed five times with sterile distilled water in a fume hood.

To initiate the culture, the sterilized nodal segments were placed in Pyrex rimless
glass culture tubes (22 mm × 175 mm) containing 1× MS medium. The medium was
supplemented with various concentrations of cytokinins (6-benzyladenine, kinetin, and
thidiazuron) ranging from 1.0 to 16.0 μM and compared with the control (MS medium).
Additionally, sucrose was added to the medium at a concentration of 30 g L−1, and Difco
Bacto agar was used to solidify it at a concentration of 8 g L−1. After an initial culture period
of four weeks, shoot organogenesis was assessed for each treatment, with thirty explants
included in each group. Throughout the culture duration, controlled conditions were
maintained, including a temperature of 25 ± 1 ◦C, a light intensity of 36.59 μmol m−2s−1

photosynthetic photon flux density (PPFD), and a photoperiod of 16 h of daylight.

2.2. Shoot Multiplication and Shoot-Related Data Collection

Following the initial four weeks of culture, micro-cuttings obtained from the first-
generation in vitro shoots were transferred to another culture tube. The subculture medium
composition remained unaltered, except for the omission of kinetin (KIN), and was com-
pared with the control (MS medium). Subsequently, these subcultured micro-cuttings were
subjected to the same controlled culture conditions as previously described, aiming to
identify the most favorable conditions for multiple shoot proliferation. The evaluation
involved recording the number of shoots and nodes per explant, as well as measuring the
main shoot length after three weeks of subculture. Each treatment for shoot multiplication
was replicated four times, and each replication comprised six explants.

2.3. Root Induction, Root-Related Data Collection, and Acclimatization

To investigate the influence of plant growth regulators (PGRs) on root formation,
the nodal segments of the shoots were cut to 1 cm, and the shoots were subsequently
subcultured in MS medium supplemented with 2.0 μM BA. Micro-cuttings measuring
over 0.5 cm in length were then transferred to culture vessels containing different types of
auxins or PGR-free media. The experiment involved testing three types of auxins (IAA, IBA,
NAA) at concentrations of 0.25, 0.5, 1.0, 2.0, and 4.0 μM to identify the most effective PGR
conditions for root induction compared with the control (MS medium). The same culture
conditions utilized for shoot proliferation were maintained throughout the experiment.
After four weeks of rooting treatments, data on growth parameters were collected following
the methodology established by Kim et al. [9]. Each root induction treatment was replicated
four times, with six explants included in each replication.

Subsequently, plants that successfully developed roots were transferred to a 72-hole
plug tray, utilizing a peat moss-to-perlite ratio of 1:1 (v/v), and covered with a plastic
container. To ensure successful acclimatization, the humidity level was maintained at
90–95% and gradually reduced over three weeks. During this period, the plants were kept
at a constant temperature of 23 ± 1 ◦C and received a light intensity of 53.66 μmol m−2s−1
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PPFD for 12 h daily. Once the plants were sufficiently hardened off, they were transplanted
into 1 L plastic pots filled with a suitable potting medium and placed in the glasshouse at
Kangwon National University, Republic of Korea.

2.4. Genetic Stability Analysis Using ISSR Markers

In this study, ten explants derived from the optimal in vitro culture concentration were
randomly chosen for evaluating genetic stability utilizing ISSR markers. Total genomic
DNA was isolated from the young leaf tissue of each plant following the TaKaRa MiniBEST
Plant Genomic DNA Extraction Kit instructions. The concentration of the extracted DNA
was diluted to 50 ng μL−1, as determined with a nanodrop spectrophotometer (MicroDigital,
Seongnam, Republic of Korea).

For the ISSR analysis, a preliminary experiment with 15 ISSR primers (UBC primer
Set No. 9, University of British Columbia, Canada) was conducted, and subsequently,
10 primers yielding clear bands were selected for further ISSR analysis (Table 1). The
PCR reaction solution consisted of 2 μL of genomic DNA, Accupower premix (Bioneer,
Daejeon, Republic of Korea), and 10 pmol primers, making a total volume of 20 μL. PCR
amplifications were carried out in a Dice® Touch thermal cycler (TaKaRa, Otsu, Japan)
with the following cycling parameters: initial denaturation at 94 ◦C for 5 min, followed by
35 cycles of denaturation at 94 ◦C for 30 s, annealing at 48, 50, or 55 ◦C for 45 s, amplification
at 72 ◦C for 2 min, and a final extension step of 7 min at 72 ◦C. The resulting PCR amplicons
were separated using 1.5% agarose gel electrophoresis and visualized using a GD-1000
gel documentation system (Axygen, San Francisco, CA, USA). Specific fragments within
the size range of 100 to 2000 base pairs, consistently generated and clearly resolved, were
selected for analysis. These fragments were then utilized to identify the presence or absence
of ISSR markers in each sample.

Table 1. List of ISSR primers used in this study and number of band classes generated.

ISSR Primer
Annealing

Temperature (◦C)
Nucleotide

Sequence (5′-3′)
No. of Distinct
Band Classes

Total Number of
Bands Amplified

% Similarity

UBC 808 50 (AG)8C 8 80 100
UBC 812 50 (GA)8C 8 80 100
UBC 815 55 (CT)8G 4 40 100
UBC 823 50 (TC)8C 4 40 100
UBC 825 55 (AC)8T 9 90 100
UBC 836 50 (AG)7ACYA 8 80 100
UBC 840 50 (GA)8Y 8 80 100
UBC 873 50 (GACA)4 13 130 100
UBC 878 55 (GGAT)4 8 80 100
UBC 881 53 GGGT(GGGGT)2G 8 80 100

To assess the genetic relationships among the samples, Jaccard’s similarity coefficient
was calculated to generate a similarity matrix. A cluster analysis was performed using the
unweighted pair group method with arithmetic averages (UPGMA), and a dendrogram
was constructed using NTSYS-PC Ver. 2.1 software.

2.5. Statistical Analysis

Statistical analyses were conducted using SPSS 25.0, a software program (SPSS Inc.,
Chicago, IL, USA). Analysis of variance was used to assess the effects of the treatments.
When the treatment effects were statistically significant (p < 0.05), means were compared
using Duncan’s multiple range test.

3. Results and Discussion

This study addresses the propagation challenges faced by the ‘Shine Muscat’ grapevine
cultivar in South Korea. The primary objectives were to establish a robust in vitro prop-
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agation method for producing disease-free grapes and to identify effective plant growth
regulators to facilitate large-scale mass cultivation. An overall summary of this study is
shown in Figure 1.

Figure 1. Graphic summary of this study.

3.1. Assessment of the Impact of Hormones on the Initiation of Culture

The outcomes of the initial responses of the nodal segments to different cytokinins
after a four-week incubation period are presented in Table 2. Within two weeks, sprouting
buds became apparent in the nodal segments. The regeneration rate of the nodal segments
varied based on the type and concentration of cytokinins used in the experiment, ranging
from 30.4% to 100% (Table 2). Nodal segments cultured in a cytokinin-free medium did
not display any shoot or bud formation. However, when nodal segments were cultivated
in media containing cytokinins, callus formation was observed after ten days, and the
development of new axillary buds was frequently noted after three weeks. This investi-
gation contradicts the study conducted by Murashige and Skoog [35]. This discrepancy
could arise from variations in plant responses to nutrients and growth regulators. Unique
physiological and biochemical traits inherent to different plant species might contribute
to their distinct reactions to combinations of nutrients and cytokinins. Another potential
explanation lies in the intricate nature of plant morphogenesis, governed by a multitude
of factors such as signaling pathways, gene expression, and hormonal interactions [36].
Nevertheless, additional research is required to validate the results obtained in the present
study. Throughout the four-week duration, the medium supplemented with BA exhibited
the highest response in terms of shoot and node formation. The regeneration rate with
varying concentrations of BA in the culture medium ranged from 90.4% to 97.8%, and there
were no significant differences observed. Notably, an increase in BA concentration led to a
corresponding increase in the number of shoots and nodes per nodal segment.

The initial culture efficiency of the medium with TDZ addition ranged from 86.4%
to 94.5%, which was slightly lower than that of the BA-supplemented medium, but the
difference was not significant. In contrast, the medium treated with KIN displayed a lower
survival rate of 37.8% to 67.4% compared with the cytokinin-containing medium, and it
showed no significant difference from the non-treated section without cytokinins. Prior
studies on various types of vines have also demonstrated that KINs do not yield favorable
results compared with other cytokinin hormones [37,38]. Therefore, the application of
various concentrations of KIN in this study did not have a positive effect on the regeneration
or sprout induction of ‘Shine Muscat’ compared with BA and TDZ.
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Table 2. Effect of cytokinin type and concentration of plant growth regulators on culture establishment
in the ‘Shine Muscat’ cultivar.

Plant Growth Regula-
tors/Concentrations

Bud Induction
Rate/Nodal Segment (%)

No. of Shoots/
Nodal segment

No. of Nodes/
Nodal Segment

Length of Main Shoot
(cm)

Control (MS medium) 54.3 b 0.72 d 2.31 d 1.31 c
BA 1.0 μM 90.4 a 1.05 bc 3.79 abc 2.07 ab
BA 2.0 μM 97.8 a 1.21 abc 4.29 a 2.37 a
BA 4.0 μM 92.3 a 1.31 ab 4.32 a 2.21 ab
BA 8.0 μM 93.7 a 1.38 a 4.43 a 1.93 ab
BA 16.0 μM 94.3 a 1.29 ab 4.57 a 1.62 bc
KIN 1.0 μM 53.7 b 0.67 d 2.27 d 1.69 bc
KIN 2.0 μM 60.0 b 0.65 d 2.84 bcd 1.81 bc
KIN 4.0 μM 43.7 b 0.57 d 2.47 d 2.24 ab
KIN 8.0 μM 37.5 b 0.51 d 2.34 d 1.91 ab
KIN 16.0 μM 30.4 b 0.43 d 1.97 b 1.57 bc
TDZ 1.0 μM 89.4 a 0.97 c 3.64 abc 1.97 ab
TDZ 2.0 μM 92.3 a 1.04 bc 4.21 a 2.35 a
TDZ 4.0 μM 94.5 a 1.20 abc 4.32 a 2.32 a
TDZ 8.0 μM 92.4 a 1.09 bc 4.01 a 2.26 ab
TDZ 16.0 μM 86.4 a 0.94 c 3.81 abc 2.14 ab

Note: Means followed by the same letter within each column are not significantly different at p < 0.05.

In the present study, both BA and TDZ showed promising results, with BA exhibiting
the highest response in terms of shoot and node formation. This finding aligns with the
studies conducted on ‘Dracocephalum forrestii’ and ‘Rhododendron’, where cytokinins have
been widely used and proven effective in inducing shoot proliferation [14,15]. Cytokinins
play a crucial role in promoting cell division, bud formation, and shoot elongation, which
are essential for successful micropropagation [39]. On the other hand, KIN was less
effective in promoting regeneration and bud formation in ‘Shine Muscat’. KINs have
been reported to have limited effects on shoot induction and multiplication compared
with other cytokinins [40]. The lower survival rate observed with KIN treatments in this
study is in line with previous studies that have suggested its limited utility for in vitro
propagation [41].

3.2. Assessment of the Impact of Hormones on the Growth and Multiplication of Shoots

Additional investigations were undertaken to identify the most effective concentra-
tions of cytokinins, specifically, BA and TDZ, for shoot multiplication, building on the
positive outcomes observed during the initial culture phase. The subculture responses
of the explants obtained from the initial cultures displayed variations depending on the
type and concentration of cytokinins, as outlined in Table 3. Although there were no
significant differences between BA and TDZ, media supplemented with BA demonstrated
a good response (0.2% to 3.7%). Although the untreated plot induced 0.41 shoots, the
medium containing BA and TDZ led to the induction of 1.04 to 1.89 shoots. Notably, the
formation of additional buds and nodes exhibited significant differences based on the type
and concentration of cytokinin used. Comparatively, media supplemented with cytokinins
resulted in a higher number of shoots and nodes compared with cytokinin-free media at
all concentrations. This effect could be due to the stimulation of endogenous auxins, as
cytokinins induce the synthesis of auxins.

TDZ showed a positive impact on the main shoot development, and there were no
adverse effects on shoot and node formation. The subculture responses in media containing
TDZ ranged from 83.3% to 89.7% in terms of shoot induction, with the number of shoots,
nodes, and length of the main shoot varying from 1.04 to 1.58, 4.32 to 5.27, and 1.48 to
1.58, respectively. Other criteria exhibited an increasing trend as the TDZ concentration
reached 8.0 μM, followed by a decline at higher concentrations. It is important to note
that high cytokinin concentration with TDZ could lead to shoot fascination and inhibition
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of shoot elongation in grapevines, although these aspects were not investigated in this
study. Nevertheless, previous studies have reported the positive effects of TDZ on multiple
shoot formation in various Vitis species, suggesting its potential usefulness in the in vitro
propagation of ‘Shine Muscat’ [22,23]. Therefore, these findings indicate that TDZ, like BA,
can offer valuable benefits for the in vitro propagation of ‘Shine Muscat’.

Table 3. Effect of cytokinin type and concentration of plant growth regulators on shoot multiplication
in the ‘Shine Muscat’ cultivar.

Plant Growth Regula-
tors/Concentrations

Bud Induction
Rate/Nodal Segment (%)

No. of Shoots/
Nodal Segment

No. of Nodes/
Nodal Segment

Length of Main Shoot
(cm)

Control (MS medium) 42.1 b 0.41 d 1.38 c 0.51 b
BA 1.0 μM 93.2 a 1.88 abc 5.24 ab 1.53 ab
BA 2.0 μM 92.1 a 2.14 a 6.51 a 1.69 a
BA 4.0 μM 84.3 a 1.89 abc 5.87 ab 1.45 ab
BA 8.0 μM 82.9 a 1.54 bc 5.54 ab 1.33 ab

BA 16.0 μM 81.5 a 1.31 bcd 5.42 ab 1.21 ab
TDZ 1.0 μM 89.7 a 1.04 c 4.32 b 1.48 ab
TDZ 2.0 μM 85.4 a 1.24 bc 4.47 ab 1.51 ab
TDZ 4.0 μM 83.3 a 1.31 bcd 4.87 ab 1.55 ab
TDZ 8.0 μM 81.9 a 1.58 bc 5.27 ab 1.58 ab

TDZ 16.0 μM 81.3 a 1.39 bcd 5.09 ab 1.49 ab

Note: Means followed by the same letter within each column are not significantly different at p < 0.05.

Throughout the initial culture period, subculture responses in media containing BA
exhibited consistent performance across all concentrations. Moreover, the number of
buds and nodes increased at low concentrations, especially at 2.0 μM BA. Among the
various hormonal conditions tested, the highest number of shoots and nodes per explant
was achieved with media containing 2.0 μM BA, resulting in 2.14 shoots and 6.51 nodes
per explant. These values were 1.35- and 1.24-fold higher, respectively, than TDZ at
8.0 μM. The optimal types and concentrations of cytokinins for in vitro propagation can
vary significantly among different plant species [24,25]. However, previous studies have
emphasized the positive effects of BA on multiple shoot formation in various plants [26,27].
In grapevines, the ideal concentration of BA for shoot multiplication ranged from 2.22 to
11.1 μM. Concentrations above this range inhibited shoot growth and promoted callus
formation, reducing the number of shoots and nodes [28]. Another study reported that a
BA concentration of 2.5 μM yielded the best results in terms of growth per explant, while
concentrations higher than 2.5 μM decreased these values [42]. Importantly, in this study,
the initial culture efficiency at 2.0 μM BA was satisfactory, and when subcultured with
2.0 μM BA, the shoots derived from these cultures exhibited uniform growth and healthy
green leaves. These findings strongly support the appropriateness of using 2.0 μM BA for
sustainable in vitro propagation of ‘Shine Muscat’.

This research emphasizes the significance of cytokinins, specifically BA and TDZ, in
promoting shoot multiplication in ‘Shine Muscat’ grapevines. Both BA and TDZ supple-
mentation led to a higher number of shoots and nodes compared with media without
cytokinins. These findings align with previous studies that extensively used cytokinins
for in vitro shoot multiplication [13,14,16]. Furthermore, this study’s findings on ‘Shine
Muscat’ grapevines validate the beneficial effects of TDZ on main shoot development and
multiple shoot formation, consistent with earlier research [43,44]. TDZ is well-known for
its ability to stimulate shoot proliferation in various woody plants, as demonstrated in
previous studies [45,46].

3.3. Investigation of the Influence of Hormones on the Initiation and Development of Roots

‘Shine Muscat’ explants were subcultured using 2.0 μM BA, and the response to
root growth was evaluated by treating them with different types and concentrations of
auxins. The outcomes demonstrated variations in root formation based on the type and
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concentration of auxins used, as presented in Table 4. When plants produced with 2.0 μM
BA were cultured in a medium without any plant growth regulator, a lower rate of root
formation was observed. Additionally, the lower part of the explants turned black within
two weeks or experienced decreased survival rates toward the late stage of culture in the
auxin-free medium.

Table 4. Effect of auxin type and concentration of plant growth regulators on root induction in the
‘Shine Muscat’ cultivar.

Plant Growth Regula-
tors/Concentrations

%
Rooting

%
Callusing

Root
Number

Root Length
(cm)

Shoot Length
(cm)

Control (MS medium) 37.4 b 0 d 0.39 d 0.68 c 0.57 c
IAA 0.25 μM 69.7 ab 0 d 2.18 bcd 1.37 a 1.11 abcd
IAA 0.50 μM 70.5 ab 0 d 2.49 abcd 1.24 ab 1.18 abcd
IAA 1.0 μM 70.8 ab 0 d 2.59 abcd 1.18 abc 1.23 abcd
IAA 2.0 μM 67.8 ab 0 d 2.71 abcd 1.04 abc 1.46 abc
IAA 4.0 μM 65.3 ab 0 d 2.54 abcd 0.87 bc 1.39 abc
IBA 0.25 μM 81.1 a 0 d 2.29 bcd 1.12 abc 1.53 ab
IBA 0.50 μM 83.7 a 0 d 2.79 abcd 1.24 ab 1.47 abc
IBA 1.0 μM 86.8 a 0 d 3.42 ab 1.29 ab 1.63 a
IBA 2.0 μM 70.4 ab 11.8 cd 2.57 abcd 0.91 bc 1.22 abcd
IBA 4.0 μM 69.7 ab 24.8 c 1.84 c 0.89 bc 1.09 bcd

NAA 0.25 μM 66.1 ab 47.5 b 1.80 c 0.84 bc 1.08 bcd
NAA 0.50 μM 68.2 ab 63.7 ab 2.61 abcd 1.04 abc 0.89 de
NAA 1.0 μM 70.3 ab 70.5 ab 2.97 abcd 1.12 abc 0.00 f
NAA 2.0 μM 71.8 ab 73.8 ab 3.71 a 0.94 abc 0.00 f
NAA 4.0 μM 75.7 ab 80.2 a 3.34 abc 0.73 c 0.00 f

Note: Means followed by the same letter within each column are not significantly different at p < 0.05.

Among the three auxins tested at various concentrations, 1.0 μM IBA displayed the
highest rooting percentage (86.8%) and the second-highest number of roots (3.42) without
any callus formation (Table 4). At the same concentration level, IAA and NAA produced
2.59 and 2.97 roots with a reduced rooting rate of 16 and 16.5%, respectively, compared with
IBA. However, NAA treatments induced callus formation, and higher concentrations of NAA
significantly inhibited shoot growth compared with the other auxins. Conversely, IAA did
not lead to callus formation or growth inhibition and hyperhydricity at lower concentrations,
but the rooting rate and other important criteria were lower than those of IBA.

In this study, the introduction of exogenous auxin led to the initiation of new primordia
formation, specifically promoting the development of “xylem pole” vasculature. The
establishment of this specialized vasculature played a crucial role in facilitating directional
auxin transport for de novo root formation [47]. The observed differences in root formation
among the auxins in ‘Shine Muscat’ are consistent with findings from other studies on
woody plants, including Vitis sp. [48,49]. The choice of the appropriate auxin for root
induction varies among plant species, and IBA is often preferred due to its more consistent
and reliable rooting response [50]. The negative effects of NAA on shoot and root induction
align with reports of its toxicity and callus formation issues in certain plant species [51].

Extensive studies have demonstrated that the rooting of explants in woody plants is
greatly influenced by the type and concentration of auxins used [29]. Optimal conditions
for auxin-induced rooting can vary among plant species and genotypes. While NAA
application has shown positive results for root induction in some species, it has also
been associated with issues such as toxicity and callus formation, leading to unsuccessful
acclimatization of plantlets in other studies [30,31]. Our study observed similar side effects
with NAA application in ‘Shine Muscat’, including callus formation and failure of shoot
and root induction, which worsened at higher concentrations. These findings are consistent
with previous reports and suggest a potential genetic sensitivity of ‘Shine Muscat’ to NAA
toxicity. Additionally, the IAA application was found to be less effective than IBA for root
induction in ‘Shine Muscat’. These results could be attributed to the physical properties of
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IAA, as it can decompose under the medium and light conditions used, leading to reduced
interactions between cytokinins and auxin hormones [32]. While further investigations are
required to fully understand these observations, our results suggest that the application of
IBA may be more effective for the in vitro propagation of ‘Shine Muscat’, offering stability,
persistence, and protection against toxicity when following our protocol.

This study highlights the significance of using suitable hormones for the successful
cultivation of plants during in vitro propagation. Figure 2 illustrates the effects of different
plant growth regulators, specifically cytokinins and auxins, on shoot development and root
growth. A survival test involving fifty plantlets of ‘Shine Muscat’ produced with 2.0 μM
BA for shoot induction and 1.0 μM IBA during acclimatization (unpublished data) showed
that only three plantlets died, indicating no significant survival issues. These findings
underscore the effectiveness of utilizing 2.0 μM BA and 1.0 μM IBA for shoot multiplication
and root induction in the in vitro propagation of ‘Shine Muscat’.

 

Figure 2. Photographs showing the effects of different plant growth regulators, specifically, cytokinins
and auxins, on shoot development and root growth: (A) KIN at 16.0 μM resulted in the lowest shoot
number; (B) BA at 2 μM led to the highest shoot number; (C) NAA at 4.0 μM resulted in the highest
percentage of callus formation; (D) IBA at 1.0 μM led to the highest percentage of root formation.

3.4. Evaluation of Genetic Stability of ‘Shine Muscat’ Using ISSR Markers

To assess the genetic stability of ten in vitro-grown plants, ISSR markers were used,
and their profiles were compared to the parental plants. Out of the 10 ISSR primers tested,
all successfully amplified genomic DNA, resulting in 78 distinct and scorable bands ranging
in size from 100 to 2000 bp, with an average of 7.4 bands per primer. The ISSR analysis
revealed homogeneity between the regenerated plants and the parental plants, as shown
in Figure 3. These results indicate that ‘Shine Muscat’ maintained its genetic stability
throughout in vitro propagation, with no noticeable morphological differences observed.
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These findings align with previous studies that have shown genetic uniformity among
in vitro-raised plantlets of various plant species [33,34].

Figure 3. ISSR amplification profiles of the ‘Shine Muscat’ grape cultivar using primer UBC-873.
M: mother plant, 1–10: in vitro-raised plants using 2.0 μM BA and 1.0 μM IBA.

The occurrence of variations during in vitro propagation depends significantly on the
choice of explants and the regeneration method used [35]. Nodal segments are commonly
preferred due to their high regeneration efficiency, and plants derived from adventitious
buds within the nodal segment show a low risk of genetic variation [24,36]. However,
the excessive use of synthetic plant growth hormones can potentially induce somatic
mutations in the obtained tissues [37]. In this study, ISSR markers proved to be valuable
tools for assessing the genetic fidelity of the in vitro-regenerated plants. The genetic profiles
determined using DNA markers demonstrated that genetic fidelity was well-maintained
during somatic embryogenesis, with only rare instances of deviation [38]. Moreover, the
analysis of the hormonal conditions using ISSR markers revealed no differences between
the in vitro-obtained plants and the parental plant, indicating that the hormone treatment
used did not lead to significant genetic deviations. Thus, the results of the ISSR analysis
provide robust evidence supporting the genetic stability of ‘Shine Muscat’ during in vitro
propagation. The homogeneity observed between the regenerated plants and the parental
plants confirms the effectiveness of the in vitro culture method using nodal segments as
explants. This finding is consistent with previous studies reporting genetic stability among
in vitro-raised plantlets of various plant species [33,34], which is crucial for preserving
desired traits during commercial propagation of elite varieties.

The use of ISSR markers as a tool for evaluating genetic stability is particularly valuable
due to their advantages over other molecular marker techniques like RAPD, ISS, or AFLP.
ISSR markers do not require prior knowledge of the target DNA sequence and are highly
versatile, making them applicable to a wide range of plant species [29,52].

4. Conclusions

The successful production of genetically identical plants using in vitro plant propaga-
tion holds significant importance. In our study, we discovered that using 2.0 μM BA for
shoot induction and 1.0 μM IBA for root induction in ‘Shine Muscat’ resulted in highly
effective plantlet production. This hormone treatment led to a higher number of shoots
and roots compared with the hormone-free medium and other types of growth hormone
applications. Notably, when using 2.0 μM BA for shoot induction and 1.0 μM IBA for root
induction, no instances of somaclonal mutation were observed between the in vitro-grown
plants. We utilized ISSR markers to identify somatic mutations, and the results confirmed
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the genetic stability of the propagated plants. Consequently, our established protocol for
in vitro plant propagation can be reliably used to ensure the essential genetic stability
required for the commercial multiplication of the ‘Shine Muscat’ cultivar.
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Abstract: IbMYB1 is a transcription factor involved in the biosynthesis of anthocyanin in the purple-
fleshed sweet potato. So far, few studies have investigated transcription factors that are upstream of
the promoter IbMYB1-4. In this study, a yeast one-hybrid screening aimed at identifying transcription
factors upstream of the promoter IbMYB1-4 was performed in the storage roots of the purple-fleshed
sweet potato, and IbPDC, IbERF1, and IbPGP19 were identified as upstream binding proteins for the
promoter IbMYB1-4. A dual luciferase reporter assay, and yeast one-hybrid assays, were employed
to confirm the interaction of these binding proteins with promoters. IbERF1 was found to be an
upstream transcription factor for the promoter IbMYB1, and is implicated in the biosynthesis of
anthocyanin in the purple-fleshed sweet potato. IbERF1 plays a major role in the biosynthesis of
anthocyanin in the purple-fleshed sweet potato.

Keywords: anthocyanin biosynthesis; IbERF1; IbPDC; IbPGP19; upstream transcription factors

1. Introduction

The sweet potato is a major food crop in China, and is mainly grown in tropical and
subtropical regions. High levels of anthocyanin with specific physiological activity and
functions are present in the purple-fleshed sweet potato (PFSP). Anthocyanin has anticancer
and antioxidation functions, and plays a role in lowering blood pressure and preventing
arteriosclerosis [1]. The accumulation of anthocyanin is regulated via the expression levels
of several genes, including CHI, CHS, DFR, UF3GT, ANS, and F3H. Transcription factors
(TFs) regulate the expression of these structural genes. These trans-acting factors comprise
a group of DNA-binding proteins that bind specifically to cis-acting elements of eukaryotic
genes, and regulate the activation or inhibition of gene transcription [2]. The biosynthesis of
anthocyanin in the PFSP is regulated by the TF complex MYB–bHLH–WD40 (MBW) [3,4].
The IbMYB1 gene expression was reported to correlate positively with that of related
structural genes in anthocyanin biosynthesis. The IbMYB1 promoter (length 2183 bp) was
cut into four segments (−2183 bp~−1684 bp, −1683 bp~−1194 bp, −1193 bp~−694 bp,
−693 bp~−1 bp). A previous study investigated the IbMYB1-1 promoter for upstream
TFs [5]. It was noted that high concentrations of AbA did not suppress the Leu leakiness
with the promoter IbMYB1-2 and the promoter IbMYB1-3, with 400 ng/mL being the
minimum inhibitory AbA concentration for the PAbAi-PIbMYB1-4 strains. However,
little is known regarding TFs that are upstream of PIbMYB1-4 (the promoter of IbMYB1-4)
in the anthocyanin synthesis pathway of the PFSP storage roots. In this study, a yeast
one-hybrid screening aimed at identifying transcription factors upstream of the promoter
IbMYB1-4 was performed in the storage roots of the purple-fleshed sweet potato. IbPDC,
IbERF1, and IbPGP19 were identified as upstream binding proteins for the promoter
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IbMYB1-4. IbERF1 was found to be an upstream transcription factor for the promoter
IbMYB1, and is implicated in the biosynthesis of anthocyanin in the purple-fleshed
sweet potato.

The AP2/ERF families are ethylene response factors (ERFs) involved in multiple
physiological processes during the growth of plants, and in their response to biological, as
well as nonbiological, stress [6,7]. The endogenous hormone ethylene is involved in growth
and development in the roots, leaves, flowers, and fruit [8]. In the last, the endogenous
hormone ethylene controls color changes in fruit [9]. ERFs have been reported to regulate
color changes in the fruit peel, and anthocyanin biosynthesis, in orange [10], banana and
mango [9], pear [11], apple [12], purple tea [13], carrot [14], and hybrid poplar plants [15].
So far, however, ERFs have not been implicated in the biosynthesis of anthocyanin in
the storage roots of the PFSP. Instead, IbERF1 has been found to regulate anthocyanin
biosynthesis in the PFSP by binding to the IbMYB1-4 promoter.

2. Material and Methods

2.1. Plant Material

The PFSP cv. A5 and the white-fleshed sweet potato (WFSP) cv. Yubeibai were
cultivated in a garden at South China Normal University, Guangdong, China. Arabidopsis
(Arabidopsis thaliana) was used for dual luciferase and subcellular localization assays. It was
grown at 20 ± 2 ◦C in a chamber, using a day/night cycle (16 h/8 h), and a constant light
intensity (100 μmol/m2/s).

2.2. Extraction of Genomic DNA and RNA, Gene Isolation, and Sequence Analysis

The root tissue (0.5 g) was ground into a powder with liquid nitrogen using a mortar
and pestle. The DNA extraction was then carried out using a plant DNA kit (Tiangen,
Beijing, China), and RNA extraction was conducted using a Hipure plant RNA kit (Magen,
Guangzhou, China). To eliminate the possibility of DNA contamination, the RNA under-
went DNase I digestion using an RNase-free kit (TaKaRa, Shiga, Japan). A BioPhotometer
Plus (Eppendorf, Hamburg, Germany) was used to estimate the DNA concentrations
and purity by measuring the absorbance at 230, 260, and 280 nm. The DNA samples
showed 1.8 ≤ OD260/OD280 ≤ 1.9 and OD260/OD230 ≥ 2.0, while the RNA samples showed
1.9 ≤ OD260/OD280 ≤ 2.0 and OD260/OD230 ≥ 2.0.

A GoScriptTM Reverse Transcription System (Promega, Madison, WI, USA) was used
for cDNA synthesis, with the promoter and genomic fragments subsequently cloned and
sequenced. Agarose gels (1.2%) were used to analyze the PCR products. The fragments
were ligated into plasmid, transformed into Escherichia coli DH5α competent cells, then
sent to be sequenced by Sangon Biotech, Shanghai, China.

2.3. Yeast One-Hybrid (Y1H) Screening

Y1H screening was performed using Matchmaker Gold Y1H Library Screening,
as described previously [16]. The RNA was extracted from the storage roots of cv. A5
to build a prey cDNA library, and a cDNA pool was inserted separately into the prey
vector pGADT7-Rec. The IbMYB1-4 promoter was inserted into pAbAi, resulting in
pAbAi-bait. The plasmids containing pAbAi-bait were subsequently linearized, and
transformed into Y1HGold cells. Colonies growing in a synthetic dextrose medium
lacking uracil were then selected. After the minimal inhibitory concentration of au-
reobasidin A (AbA) for bait strains was identified, the linear pGADT7-Rec vector
was co-transformed into bait yeast strains, and then selected using synthetic dextrose
(SD)/-Leu/AbA plates. The primers used in the Y1H screening assay are shown in
Supplementary Table S1.
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2.4. Y1H Assay

Y1H was also performed using the Matchmaker Gold Y1H System, as described in
another previous study [17]. The Y1H assays were performed to identify the interactions
of IbERF1, IbPGP19, and IbPDC with the IbMYB1-4 promoter. In brief, fragments of the
promoter were ligated into the pAbAi vector, while upstream regulators were cloned into
pGADT7. The pAbAi was linearized and transformed into Y1HGold cells. The IbMYB1-4
promoter was inserted into the pAbAi, to create pAbAi-bait. The complete CDSs for IbERF1,
IbPGP19, and IbPDC were inserted separately into the pGADT7 vector, to create prey-AD
vectors. These were transferred into the bait strain, and cultured on SD/-Leu/AbA plates.
The primers used for the Y1H assay are shown in Supplementary Table S1.

2.5. Yeast Two-Hybrid (Y2H) Assay

Y2H assays were performed using the Matchmaker Gold Y2H kit (TaKaRa, Dalian,
China), as recommended by the manufacturer, but with minor modifications. In brief, the
PEG/lithium acetate method was used to simultaneously transform the pGADT7 (AD) and
pGBKT7 (BD) vectors into Y2HGold cells. The transcriptional activity for IbERF1, IbPGP19,
and IbPDC was investigated using the Y2H assay. The full-length coding sequences for
IbERF1, IbPGP19, and IbPDC were cloned into pGBKT7, to construct bait-BD vectors. The
PGBKT7-bait and PGADT7-empty vectors were co-transferred into Y2HGold cells. The
positive control was pGBKT7-53 co-transformed with pGADT7-53, while the negative
control was pGBKT7 co-transformed with pGADT7-53. The primers used in the Y2H assay
are shown in Supplementary Table S1.

2.6. Dual-Luciferase Assays

Dual-luciferase assays were performed, to quantify the transactivation abilities of
IbERF1, IbPGP19, and IbPDC with the IbMYB1-4 promoter. In brief, the full-length
cDNAs for IbERF1, IbPGP19, and IbPDC were inserted into the vector pGreen II 0029
62-SK (Shanghai Qi Ming Biotechnology Co., Ltd., Shanghai, China), while the IbMYB1-4
promoter was inserted into the vector pGreen II 0800-LUC (Shanghai LMAI Biotech-
nology Co., Ltd., Shanghai, China). Both these constructs were then transformed into
arabidopsis protoplasts, as described in a previous publication [18]. The LUC and REN
enzyme activity ratio was quantified using the E1910 Dual-Luciferase® Reporter Assay
(Promega). Three independent experiments were performed for each of the interactions
between the TFs and promoters, and three replicates were used for each experiment.
The positive control was a Renilla luciferase gene driven by the 35S promoter in a lu-
ciferase vector. Mixtures containing each TF with the empty vector 62-SK were also
used on promoters as a control. The primers for the dual-luciferase assay are shown in
Supplementary Table S1.

2.7. Analysis of Subcellular Localization

For the investigation of subcellular localization, upstream TF CDSs lacking a stop
codon were amplified, and cloned into pCambia1300 (Honorgene Co., Ltd. Guangzhou
China), with BamH I and Hind II. This vector contains the promoter for UBQ, as well as the
GFP gene. Both constructs were transformed into Arabidopsis protoplasts, in accordance
with a previous publication, while protoplasts were prepared, as described previously, but
with slight modifications [18]. The protoplasmic cell culturing time at normal temperature
was extended from 20 h to 24 h. The GFP fluorescence was visualized, using confocal
microscopy with a Zeiss LSM710 instrument. The primers used in the investigation of
subcellular localization are shown in Supplementary Table S1.

2.8. Real-Time Quantitative PCR (RT-qPCR)

RT-qPCR was used to evaluate the expression of the upstream TF IbERF1, the TFs
IbMYB1, IbbHLH2, and IbWD40, and the structural genes IbCHI, IbCHS, IbF3H, IbF3′H,
IbDFR, IbANS, and IbUF3GT, in the roots (fibrous, thick, storage) of the PFSP cv. A5, and
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the WFSP cv. Yubeibai. The Prime Script™ RT Master Mix (Takara) was employed, to
synthesize the first-strand cDNA from the total RNA, and SYBR® Premix Ex Taq™ II
(Takara) was used to perform RT-qPCR. The 20 μL reaction volume contained 10 μL of
SYBR® Premix Ex Taq™ II, each primer at 0.5 μM, and 100 ng of template cDNA. The
amplification program consisted of one cycle for 10 s at 95 ◦C; then 40 cycles for 5 s at 95 ◦C,
and 30 s at 60 ◦C, using a Bio-Rad CFX96 Real-Time PCR system (BIO-RAD, Hercules,
CA, USA), as recommended by the manufacturer. The internal control was IbG14, and the
calculations were performed using the Ct analysis method. The primers for the RT-qPCR
experiments are shown in Supplementary Table S1.

2.9. Statistical Analyses

Three replicates of each biological sample were evaluated, using one-way analysis
of variance (ANOVA). The SPSS 21.0 statistics software package (SPSS Inc., Chicago, IL,
USA) was used to determine the significant differences, with Tukey’s honest test (p < 0.05).
Sigmaplot 12.3 was used to draw the figures.

3. Results

3.1. Screening of the IbMYB1 Promoter for Upstream TFs

The IbMYB1 promoter (length 2183 bp) was cut into four segments (−2183 bp~−1684 bp,
−1683 bp~−1194 bp, −1193 bp~−694 bp, and −693 bp~−1 bp). A previous study investi-
gated the IbMYB1-1 promoter for upstream TFs [18]. It was noted that high concentrations of
AbA did not suppress the Leu leakiness with PIbMYB1-2 and PIbMYB1-3, with 400 ng/mL
being the minimum inhibitory AbA concentration for the PAbAi-PIbMYB1-4 strains. A total
of 519 positive colonies were screened for PIbMYB1-4. The Y1H assay identified 130 binding
proteins for the IbMYB1-4 promoter. Supplementary Table S2 shows the analysis of the
gene sequences for PIbMYB1-4. The IbERF1, IbPGP19, and IbPDC proteins were found
to interact with the promoter of IbMYB1-4. This gene is involved in the biosynthesis of
anthocyanin.

3.2. Transcriptional Activities of IbERF1, IbPGP19, and IbPDC

Y2H assays were carried out to determine the transcriptional activities of IbERF1,
IbPGP19, and IbPDC. The pGADT7-53+pGBKT7-53 and pGBKT7-IbERF1/IbPGP19/IbPDC+
pGADT7-empty transformed strains were found to grow on SD/-Trp, SD/-His-AbA plus,
and SD/-His-AbA X-a-Gal plus plates, with the color of the emerging yeast colony being
blue. The pGADT7-53+PGBKT7 transformed strains were unable to grow on SD/-Trp,
SD/-His-AbA plus, and SD/-His-AbA X-a-Gal plus plates (Figure 1). These results suggest
that IbERF1 had transcriptional activity.

3.3. Interactions of IbERF1, IbPGP19, and IbPDC with PIbMYB1-4

Y1H assays were performed to determine whether IbERF1, IbPGP19, and IbPDC
interact with PIbMYB1-4. The positive control was found to grow on the SD/-Leu/AbA
plates, but not the negative control. All the transformed strains also grew on the SD/-
Leu/AbA plates (Figure 2), thereby confirming the interactions of IbERF1, IbPGP19, and
IbPDC with PIbMYB1-4.

A dual-luciferase assay was also performed to validate the interactions of IbERF1,
IbPGP19, and IbPDC with PIbMYB1-4. IbERF1, IbPGP19, and IbPDC each had significant
activation effects on PIbMYB1-4, as shown in Figure 3. Hence, these results further confirm
the interactions of IbERF1, IbPGP19, and IbPDC with PIbMYB1-4.
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Figure 1. Transcriptional activation of IbERF1, IbPGP19, and IbPDC in yeast cells. The Y2H Gold
strains successfully transformed with the corresponding vectors, and grown on SD/-His/AbA/X-
α-Gal plates for 3–5 days at 30 ◦C. The ten points of each treatment were grown on a Petri dish.
The growth status of yeast cells evaluated by an X-α-Gal assay was used to monitor transcription
activation.

3.4. Subcellular Localization of IbERF1, IbPGP19, and IbPDC

IbERF1, IbPGP19, and IbPDC were predicted to localize in nuclei. In order to test
this, green fluorescent protein (GFP) was fused to the C-terminus of IbERF1, IbPGP19, and
IbPDC, and transiently expressed in Arabidopsis protoplasts under the control of the UBQ
promoter. The GFP control showed green fluorescence in the nucleus and cytoplasm. The
IbERF1/IbPGP19/IbPDC-GFP fusions exhibited green fluorescence in the nucleus only
(Figure 4), indicating that IbERF1, IbPGP19, and IbPDC are nuclear TFs that regulate the
expression of downstream genes.
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Figure 2. The interaction of IbERF1, IbPGP19, and IbPDC with PIbMYB1-4, studied using a yeast
one-hybrid assay. The Y1H Gold strains successfully transformed with corresponding vectors, and
grown on SD/-Leu/AbA plates for 3–5 days at 30 ◦C. The four points of each treatment were grown
on a Petri dish, and the interactions were confirmed using the yeast cell growth status.
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Figure 3. The IbERF1, IbPGP19, and IbPDC proteins activate the IbMYB1-4 promoters in dual-
luciferase assays. The error bars represent the standard deviation (SD). The significance tests are
shown as a, b, c, and d. The different lowercase letters in the chart indicate that there is a significant
difference (p < 0.01).

Figure 4. The subcellular localization of the IbERF1, IbPGP19, and IbPDC proteins in Arabidopsis
protoplasts. The fusion proteins and the GFP control were expressed transiently in Arabidopsis
protoplasts. The bars represent 20 μm. (A) GFP, (B) chloroplast, (C) light field, (D) merged graph.

3.5. Expression Characteristics of IbERF1

Real-time PCR was employed to evaluate the expression of the upstream TFs, TFs,
and structural genes involved in the biosynthesis of anthocyanin at the different root stages
of the PFSP and WFSP (Figure 5). The expression of the TFs and structural genes at the
different root stages of the PFSP was found to be higher than in the WFSP.
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Figure 5. The relative expressions levels of IbERF1, IbMYB1, and the structural genes involved in
the biosynthesis of anthocyanin at the different root stages in the purple- and white-fleshed sweet
potato: the fibrous root (diameter < 2 mm), thick root (2 mm < diameter > 5 mm), and storage root
(diameter > 5 mm).

4. Discussion

Anthocyanin biosynthesis in plants is regulated via the MBW complex. Other TFs,
including ERFs, COP1, WRKYs, SPL9, NACs, and DELLA proteins, are also thought to
affect the activity of the MBW complex, and hence the biosynthesis of anthocyanin [19–23].
IbMYB1 has previously been implicated in the biosynthesis of anthocyanin in the PFSP [24].
In the present study, the upstream TFs for PIbMYB1 involved in anthocyanin biosynthesis
in the PFSP’s storage roots were screened using a Y1H assay. IbERF1 was found to be an
upstream TF for PIbMYB1-4 in the synthesis of anthocyanin. The interactions between
IbERF1 and PIbMYB1-4 were confirmed using dual-luciferase and Y1H assays. Moreover,
IbERF1 was found in the nucleus, using a subcellular localization method. This indicates
that IbERF1 is a nuclear protein, and functions as a TF in regulating the expression of
downstream genes.

The ethylene response factors AP2/ERFs are a major TF family, involved in multiple
physiological processes, including plant growth, and the response to biological and non-
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biological stress [5,6]. It has been shown previously that TF ERFs regulate the biosynthesis
of anthocyanin in plants. In suspension-cultured carrot cells, DcERF1 can upregulate
the DcPAL3 promoter activity, while DcERF2 functions in different ways in anthocyanin
biosynthesis [25]. In Salvia miltiorrhiza flowers, the TF AP2/ERFs can regulate anthocyanin
biosynthesis, due to the significantly different expression levels between purple and white
flowers, as seen in the transcriptome data [26]. TF ERFs have been found to regulate the
light- and ethylene-induced biosynthesis of anthocyanin in different species. In plums,
seven PsERFs were positively correlated with PsMYB10, and with many structural genes
involved in anthocyanin biosynthesis [27]. In Arabidopsis, a double mutant (aterf4 and aterf8)
reduced the light-induced anthocyanin accumulation, indicating the positive regulation
of anthocyanin biosynthesis by AtERF4 and AtERF8 [25]. In pears, TF ERFs regulate the
light-induced biosynthesis of anthocyanin [28].

ERF interacts with MYB proteins, and binds to MYB promoters, to regulate the biosyn-
thesis of anthocyanin in plants [24]. In apples, MdERF1B interacts with the MdMYB1,
MdMYB9, and MdMYB11 proteins to regulate the biosynthesis of anthocyanin. Further-
more, MdERF1B also binds to the MdMYB1, MdMYB9, and MdMYB11 promoters to regulate
anthocyanin biosynthesis [14]. MdERF38 binds to the MdMYB1 promoter to regulate the
drought-stress-induced biosynthesis of anthocyanin at the posttranslational level [13]. In
pears, PpERF3 interacts with PpbHLH3 and PpMYB114 in the ERF3-MYB114-bHLH3
complex to regulate the red pear color [12], while Pp4ERF24 and Pp12ERF96 regulate the
light-induced biosynthesis of anthocyanin [11]. In strawberries, FaERF9 and FaMYB98
combine to form the ERF-MYB complex, and activate the FaQR promoter, thereby increas-
ing the furaneol content in cultivated strawberries [29]. IbERF1 was found here to interact
with the IbMYB1-4 promotor, and thus regulate the biosynthesis of anthocyanin in the PFSP.
These results help to clarify the underlying mechanism for anthocyanin biosynthesis, and
improve our understanding of the regulatory networks in the PFSP.

5. Conclusions

In this research, IbERF1 was identified as a TF for IbMYB1-4 in the regulation of
anthocyanin biosynthesis in the PFSP.
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Abstract: The color pattern is one of the most important characteristics of plants. Black stands out
among the vibrant colors due to its rare and distinctive nature. While some plant organs appear
black, they are, in fact, dark purple. Anthocyanins are the key compounds responsible for the diverse
hues in plant organs. Cyanidin plays an important role in the deposition of black pigments in various
plant organs, such as flower, leaf, and fruit. A number of structural genes and transcription factors
are involved in the metabolism of anthocyanins in black organs. It has been shown that the high
expression of R2R3-MYB transcription factors, such as PeMYB7, PeMYB11, and CsMYB90, regulates
black pigmentation in plants. This review provides a comprehensive overview of the anthocyanin
pathways that are involved in the regulation of black pigments in plant organs, including flower, leaf,
and fruit. It is a great starting point for further investigation into the molecular regulation mechanism
of plant color and the development of novel cultivars with black plant organs.

Keywords: color patterns; plant organs; anthocyanins; structural genes; transcription factors

1. Introduction

The significance of color diversity is recognized in the coevolution between plants
and pollinators, such as insects and birds [1,2]. The variety of colors of the flowers of
Delphinium, ranging from white to pink, scarlet, blue and purple, gives this plant great
ornamental potential [3]. In Chrysanthemum indicum, a yellow flower is a good source
of usual quercitrin and myricetin, which is important for the development of possible
pharmaceuticals [4]. Except for the vibrant and vivid color patterns produced by most of
the plants, a dark color can also be seen in some plant organs. For example, ‘Queen of
Night’ (horticultural hybrid tulip) and Lisianthius nigrescens produce flowers with a dark
purple color [5]. Prunus cistena ‘Pissardii’ possess black leaves [6] and Aronia melanocarpa
produce black berries [7]. Color is an essential trait of plants, and the ornamental plant
cultivars with multiple colors will be more diversified in the future. In particular, novel
plant varieties with unique colors will increase in popularity. Therefore, understanding the
mechanism of plant color patterns will be useful for breeding plants with a wide range of
colors and for studying plant evolution [8–11].

Studies have found that various colors of plant organs are generally caused by the
types and amount of accumulation of specific flavonoids, carotenoids, and alkaloids [12–14].
Anthocyanins are among the most important flavonoid compounds that are commonly
found in numerous plants and fruits and play a vital role in the pigmentation of plant
organs [12,15]. For instance, anthocyanins significantly affect the color of the fuchsia flower
of chrysanthemum, the dark purple fruit of eggplant and the pink flower of lily [16–18]. The
color of reddish leaf in poinsettia, and red and black berries in grape exhibit a significant
correlation with the accumulation of anthocyanins [19,20].
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Previous studies have shown that the variation in gene expression in the flavonoid
biosynthesis pathway leads to a distinct accumulation of anthocyanin in plant organs,
resulting in color polymorphism [21]. The reduction of cyanidin accumulation during fruit
maturation in Ananas comosusis due to downregulation of AcHOX21 and AcMYB12, and
the fluctuations in the endogenous levels of JA (Jasmonic acid), GA3 (Gibberellic acid)
and auxins drive the discoloration of A. comosus peel due to anthocyanin-mediated discol-
oration [22]. The NsMYB1 gene promotes the accumulation of anthocyanin in the black fruit
of Nitraria sibirica Pall. [23]. The purple leaves of Dendrobium bigibbum are associated with
MYB2, and the transient overexpression of DbMYB2 significantly enhances anthocyanin
accumulation in tobacco [24]. In evergreen azaleas, a diverse range of anthocyanins can be
observed in purple flowers in contrast to red flowers, while no anthocyanins are detected
in the white petals [25]. Moreover, the dark color is attributed to the accumulation of
anthocyanin in both the embryos and the seed coats of Glycine max [26]. These research
findings suggest that the intensification of color is strongly associated with an increase in
levels of anthocyanin. Moreover, gibberellins, sugars and light are crucial elements that
are necessary for the activation of anthocyanin gene transcription and the accumulation
of pigments [27]. The presence of sunlight can enhance the absorption of anthocyanins,
particularly in the skin of apples and grapes, while the absence of light can cause the
opposite effect [28,29].

The presence of black color in plants is a rare and attractive characteristic, and there
exist some studies that have examined the molecular basis of this color in plants. This
review examines the studies on the accumulation of anthocyanins and the regulation
metabolism, which are responsible for the dark colors in plants. It also broadens our
comprehension of the black color patterns found in various plant parts.

2. Synthesis Pathways and Regulation of Anthocyanin Metabolism

2.1. Biosynthesis of Anthocyanin

Anthocyanins are in the forms of anthocyanidin glycosides, which endow a variety
of colors to plant organs, mainly ranging from red to purple and blue [30–33]. The colors
provide plants with distinct visual effects through diverse biosynthetic pathways (examples
in Table 1). Previous studies have shown that anthocyanins are derived from a branch of
the flavonoid metabolism pathway in plants, and their biosynthesis takes place in three
distinct phases [34–36].

Stage 1: Phenylalanine → 4-coumaryl-CoA. The primary enzymes, namely phenylala-
nine ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), and 4-coumaroyl-CoA ligase
(4CL), catalyze the synthesis of phenylalanine, thereby generating 4-coumaroyl-CoA, which
serves as the primary substrate for plant anthocyanin biosynthesis. This process is common
to many secondary metabolisms in plants [37].

Stage 2: 4-coumaryl-coA and malonyl-CoA → dihydrokaempferol. In this stage, the
synthesis of dihydrokaempferol is catalyzed by three different enzymes, namely CHS,
CHI, and F3H. This process is a pivotal reaction in flavonoid metabolism, and the genes
responsible for the synthesis of these three enzymes are referred to as early biosynthetic
genes (EBGs) [12,38].

Stage 3: dihydrokaempferol, dihydroquercetin and dihydromyricetin → various
anthocyanins. The enzyme dihydroflavonol 4-reductase (DFR) catalyzes the production
of dihydrokaempferol, dihydroquercetin, and dihydromyricetin, thereby generating the
corresponding leucoanthocyanidins. Then, the leucoanthocyanidins are transformed into
anthocyanins with the catalytic action of anthocyanidin synthase (ANS) and UDP-glucose
flavonoid glucosyltransferase (UFGT). This synthesis stage of anthocyanins is represented
by the genes that regulate the synthesis of DFR, ANS and UFGT, which are referred to as
late biosynthetic genes (LBGs) [39].
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Table 1. Components of common anthocyanins and their coloration in different organs of plants.

Plants Main Anthocyanins Color Plant Organ Reference

Lisanthius nigrescense delphinidin-3-O-rhamnol(1–6)galactoside,
delphinidin-5-O-glucoside black corolla [5]

Cosmos atrosanguineus cyanidin-3-O-glucoside, cyanidin-3-O-rutinoside black flower [40]

Cercis canadensis cyanidin-3-glucoside and malvidin-3-glucoside purple flower [41]

Dahlia variabilis cyanidin-3-(6′′-malonylglucoside)-5-glucoside black flower [42]

Cyclamen purpurascens

cyanidin-3-O-rutinoside, cyanidin-3-O-glucoside,
delphinidin-3-O-glucoside,

malvidin-3-O-glucoside,
peonidin-3-O-rutinoside

red flower [43]

Phacelia campanularia

phacelianin(dicaffeoyl anthocyanin):
3-O-(6-O-(4′-O-(6-O-(4′-O-β-D-glucopyranosyl-(E)-

caffeoyl)-β-D-glucopyranosyl)-(E)-caffeoyl)-β-D-
glucopyranosyl)-5-O-(6-O-malonyl-β-D-

glucopyranosyl)delphinidin

blue flower [44]

Loropetalum chinense
var. rubrum petunidin-3,5-diglucoside dark purple leaf [45]

eggplant delphinidin-3-p-coumaroyl-rutinoside-5-glucoside dark purple fruit [17]

Crataegus maximowiczii cyanidin-3-O-glucoside, cyanidin-3-O-galactoside black fruit [46]

soybean cyanidin-3-glucoside and delphinidin-3-glucoside black seed [47]

Zea mays L. sinensis kulesh pelargonidin-3-O-glucoside black seed [48]

2.2. Regulation of Anthocyanin Metabolism

The distribution of anthocyanins varies based on plant species, plant tissues, develop-
mental stages, and environmental factors [49]. Anthocyanins are water-soluble compounds
that are produced in the cytoplasm and subsequently transported to the vacuole and other
parts of plants [50–52]. Until now, the membrane transporters involved in the antho-
cyanin transport have been confirmed, including ATP-binding cassette, multidrug and
toxic compound extrusion (MATE), bilitranslocase homolog (BTL), and vesicle-mediated
transport [53]. Although the major transporters have been adequately identified, further
investigation is required to determine the molecular mechanism of anthocyanin transport
from the synthesis site to the storage site.

The accumulation of anthocyanin in plants is regulated by a series of structural
genes [54]. During the development of Malus hupehensis, the color of flowers undergoes a
transition from red to white due to a decrease in the expression of anthocyanin biosynthesis
genes [55]. In the rose variety ‘Rhapsody in Blue’, transient overexpression of RhF3′H and
RhGT74F2 has a significant impact on the accumulation of anthocyanins in the blue-purple
petals [56]. The expression of two CsUFGTs genes exhibits a positive correlation with
the substantial accumulation of anthocyanin compounds in the purple-leaf tea plant [57].
Moreover, it has been demonstrated that the expression profiles of CHS, F3H, DFR, ANS, and
UFGT exhibit a positive correlation with the accumulation of anthocyanin in apples [28,58].
However, the expression profiles of these genes vary in plants based on tissue types, growth
stages, and varieties.

Three transcription factor families, including MYB, bHLH, and WD40, play a crucial
role in the regulation of anthocyanin accumulation [59]. The majority of MYB transcription
factors exert a positive influence on the biosynthesis of anthocyanin in plants [60,61].
However, CmMYB7 is a negative regulator of anthocyanin biosynthesis in ‘Jinba’, a white
flowering chrysanthemum cultivar [62]. The CPC (Cross-Pathway Control Protein), which
is closely associated with epidermis development, has the ability to decrease anthocyanin
content in plants through inhibiting the expression of LBGs in the anthocyanin synthesis
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pathway [63]. The decrease in anthocyanin content observed in Petunia hybrida is attributed
to the overexpression of PhMYB27, which has the ability to prevent the formation of MBW
complexes or convert activation complexes into repressive complexes [64].

Numerous studies have revealed that the production of anthocyanin is significantly
affected by pH, sugars, temperature, sunlight, and other factors [65–67]. The color of
anthocyanins is dependent on the pH of the solution; this is because of the molecular
structure of anthocyanins having an ionic nature [68]. Under acidic conditions, some of the
anthocyanins appear red. Anthocyanins have a purple hue in neutral pH while the color
changes to blue in an increasing pH condition [33]. Decreases in orchard temperatures
result in a change in the color of the apple pericarp, indicating that the temperature has
an impact on the biosynthesis of anthocyanin [69,70]. For example, the presence of high
temperatures has the potential to significantly enhance the expression of numerous genes
associated with anthocyanin biosynthesis, including but not limited to PAL1, ANS, 3GT,
CHS2, UA5, DF4R, CHI, UA3GT2 and UA3GHT5 in strawberry [71]. Moreover, elevated
temperatures can enhance the absorption of anthocyanins from the endoplasmic reticulum
to the vacuole by triggering the reactivation of Mate TT12 genes, further deepening the
color of fruit in strawberries. However, high temperatures can also reduce the amount of
pigment in fruits by inhibiting the expression of genes and enzymatic activity involved
in the production of anthocyanins [72–74]. Solfanelli et al. [75] studied the role of sugar
in the synthesis of anthocyanins in plants. They found a significantly high expression of
CHS, CHI, F3H, F3′H, and FLS at low concentrations of sucrose, whereas a concentrated
sucrose solution only induced the expression of DFR, LDOX, and UF3GT. The photoperiod
directly affects the expression of structural genes, which in turn regulate anthocyanin
accumulation [76]. Exogenous gibberellin promotes the accumulation of anthocyanins in P.
hybrida corolla by inducing the expression of CHS [77].

In addition to this, the molecular modification of anthocyanins can affect the formation
of color. The process of glycosylation and methylation of anthocyanins results in a redder
hue, whereas the accumulation of acylated anthocyanins results in a highly stable blue
hue [78]. The balance between biosynthesis and degradation is what determines the accu-
mulation of anthocyanins in plants [79]. The changes in pH, temperature, co-pigmentation,
oxygen, and enzymes may affect the stability of anthocyanins, which is influenced by a
variety of factors [80,81]. The occurrence of sporadic accumulation and disappearance of
anthocyanin during plant development or changes in environmental conditions suggest
that anthocyanin degradation is regulated in accordance with its requirements in plants [82].
High temperature increases the expression of some anthocyanin-degrading genes, such as
laccase-9 and laccase-14, and also stimulates anthocyanin degradation by enhancing the
activity of POD enzymes [83]. Despite the extensive research conducted on anthocyanin
biosynthesis, the knowledge regarding its degradation remains limited [84,85]. The color
of fruits, flowers, and leaves in plants holds significant ornamental value as ornamental
plant, and economic value as in a variety of agricultural products. So, a comprehensive
assessment of anthocyanin degradation may provide new insights into ways to inhibit the
process and consequently enhance pigmentation in conditions of low synthesis.

2.3. Color Modification

Color is one of the most important characteristics of many plant types. But some plants
have limited color ranges because of the genetics of the species, and genetic modification
technology is the sole efficacious approach to overcome this limitation [86,87]. For example,
through genetic modification, the flower color of Phalaenopsis spp. and Cyclamen persicum
can be changed from pink to light pink, from purple to red or pink, respectively [88,89].
There are violet carnations, roses, and chrysanthemums that have been developed by
expressing a petunia, pansy, or campanula flavonoid 3-,5-hydroxylase gene, and genetically
modified carnation and rose varieties have been commercialized [90]. In addition, tran-
scription factors regulating the anthocyanin pathway have been identified, and as further
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knowledge is gained regarding the spatial regulation of flavonoid biosynthesis, there will
be potential for the genetic modification of pigmentation patterns in more plants [91–93].

3. Black Organs in Plants

3.1. Black Flower

The flowers of most angiosperms are bright-colored, which makes them more attractive
to pollinators. Despite this, the species that produce black flowers hold a great significance
(as illustrated in Figure 1). In fact, there is no plant in nature that is purely black. Although
certain plant organs may appear black to the naked eye, they actually possess a dark shade
of purple owing to the substantial accumulation of anthocyanins [40,41,46]. In 1996, a
variety of Phalaenopsis aphrodite with black spots on petals was discovered, which is an
important breeding resource for generating color variation in flowering plants [94,95].
Tulipa Julia has black patches on the underside of its petals, and the intense violet flowers of
‘Queen of Night’ (a hybrid tulip) appear black under certain lighting conditions [5]. The
L. species, belonging to the Gentianaceae family, is a distinctive black-flowered species in
the plant kingdom, renowned for its striking black tubular blossoms that can reach up to
5 cm in length [5]. According to a study conducted by Shibata et al. [96], only five varieties
of Tulipa gesneriana were found to possess black flowers out of a total of 107 varieties.

Figure 1. Examples of dark purple flowers. (a) Flower of Tacca chantrieri. (b) Flower of Dahlia pinnata.
(c) Spathe of Zantedeschia aethiopica. (d) Flower of Clowesia jumbo.

3.2. Black Leaf and Fruit

The majority of plants lack black foliage, but a few species still possess this character-
istic, such as L. chinense var. rubrum and Prunus cerasifera, which have dark purple leaves
(Figure 2a,b). Black fruits such as P. cerasifera and Morus alba var. alba, which possess a high
concentration of anthocyanins and appear dark purple (Figure 2b–d), have the potential
to serve as effective antioxidants and health supplements [97]. They possess remarkable
antioxidant properties in removing free radicals from the body, enhancing blood vessel
flexibility, preventing cardiovascular diseases and cancer [98]. The leaves of P. cistena
‘Pissardii’ and P. cerasifera exhibt deep purple and aubergine hues, respectively, and possess
significant ornamental value [6,99].

In recent years, black fruits have experienced a significant increase in demand ow-
ing to their potential utilization as a food colorant and as a source of valuable natural
anthocyanins [100]. Black berries (A. melanocarpa) possess a high level of anthocyanin con-
tent, which significantly enhances their nutritional value [7,100,101]. The fruits of Lycium
ruthenicum and Morus nigra are also purple-black or purple-red because they contain abun-
dant anthocyanins [102,103]. Furthermore, there exist vegetables and crops in nature that
exhibit a black hue, such as eggplant [17], black carrot [104], black seed soybean [47,105],
black rapeseed [37] and black rice [106].
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Figure 2. Examples of dark purple leaf and fruit. (a) Leaf of L. chinense var. rubrum. (b) Leaf and fruit
of P. cerasifera. (c) Fruit of M. alba var. alba. (d) Fruit of T. chantrieri.

4. Regulation of Anthocyanin Metabolism in Black Organs in Plants

4.1. Components of Anthocyanins

As depicted in Figure 3, some studies have demonstrated that cyanidin, pelargonidin,
and delphinidin are the common anthocyanins found in the dark plant organs [107–109].
The black flower color of D. variabilis is caused by the substantial accumulation of cyanidin-
3-(6′′-malonylglucoside)-5-glucoside [108]. The purple-violet flowers of transgenic chrysan-
themum are caused by the accumulation of delphinidin in ray florets, which is caused
by the B-ring hydroxylation of anthocyanin, which transforms cyanidin to delphinidin,
resulting in the flower color changing from magenta to purple or pink to violet [110]. In the
black flowers of Tulipa ‘Queen of Night’, three primary anthocyanins are identified, namely
delphinidin (50%), cyanidin (29%) and pelargonidin (21%), and delphinidin 3-glucoside
is the most common type of delphinidin pigment [96]. The p-coumaroyltriglycoside of
delphinidin is a predominant constituent of the dark purple flowers of Viola tricolor ‘Jet
Black’ [111]. The flowers of black C. atrosanguineus contain two primary anthocyanins,
namely cyanidin-3-O-glucoside and cyanidin-3-O-rutinoside, and the total anthocyanin
content in the black variety is approximately 3~4 times higher than that in the red vari-
ety [40]. The black corolla of L. nigrescense contains one major pigment and one minor
pigment, and the contents of delphinidin-3-O-rhamnol(1–6)galactoside and delphinidin
5-O-glucoside account for 24% of the petals’ dry weight [5].

The leaves of P. cistena ‘pissardii’ appear deep purple when they are exposed to
strong sunlight [6]. Coexistence and interaction among cyanidin galactoside, cyanidin and
chlorophyll are the main causes of the purplish red leaf of P. cerasifera [99]. Petunidin-3-
O-glucoside, anthocyanin-3-O-galactoside, and anthocyanin-3-O-glucoside are the main
anthocyanins that cause the purple leaf phenotype of the tea plant [112]. Zhao et al. [113]
have demonstrated that a millet variety (B100) exhibits purple leaves during the seedling
and maturity stages. Purple pigments are mainly distributed in the leaf epidermis. The pur-
ple leaf color of L. chinense var. rubrum is influenced by the petunidin-3,5-diglucoside [45].

Five cyanidin derivatives have been identified from blackberry, namely cyanidin-3-
rutinoside, cyanidin-3-(malonyl)-glucoside, cyanidin-3-xyloside, cyanidin-3-glucoside and
cyanidin-3-dioxaloylglucoside [114,115]. A previous study revealed the presence of four sig-
nificant anthocyanins in the purplish black berries of A. melanocarpa, including cyanidin-3-
O-galactoside (68.68%), cyanidin-3-O-arabinoside (25.62%), cyanidin-3-O-glucoside (5.28%)
and cyanidin-3-O-xyloside (0.42%) [7]. The purple black fruits of L. ruthenicum are loaded
with petunidin derivatives, which have high ornamental and economic significance [102].
The maturation stage of the mulberry fruit drives the gradual change in color from light red
to blackish purple due to the accumulation of anthocyanins. A study conducted on 11 geno-
types of Morus alba, comprising five black, four white, and two pink multiple fruit varieties,
revealed that the abundance of anthocyanins in black fruits ranges from 45.42 to 208.74 mg
per 100 g [116], while the amount of cyanidin-3-glucoside in the fresh fruit of M. nigra was
very high, at 704.1 mg per 100 g [103]. The black-colored fruits of C. maximowiczii are closely
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associated with the accumulation of cyanidin, pelargonidin, peonidin and delphinidin
derivatives, particularly cyanidin-3-O-glucoside and cyanidin-3-O-galactoside. And the
contents of delphinidin-3-O-galactoside, pelargonidin-3-O-arabinoside, pelargonidin-3-O-
glucoside, peonidin-3-O-arabinoside and peonidin-3-O-glucoside in black peel are twice as
high as in red peel [46].

Figure 3. A simplified schematic of the anthocyanin pathway leading to black phenotypes in plant.
PAL: Phenylalanine ammonia lyase. C4H: cinnamate 4-hydroxylase. 4CL: 4-coumaroyl-CoA ligase;
CHS: Chalcone synthase; CHI: Chalcone isomerase; F3H: Flavanone-3-hydroxylase; F3′H: Flavanone-
3′-hydroxylase; F3′5′H: Flavanone-3′,5′-hydroxylase; DFR: Dihydroflavonol-4-reductase; ANS: An-
thocyanidin synthase; UFGT: UDP-glucose flavonoid 3-O-glucosyltransferase.

Previous studies have revealed that the dark purple of eggplant is attributed to
delphinidin-3-p-coumaroylrutinoside-5-glucoside [17], whereas the accumulation of black
pigments in soybean seeds is caused by cyanidin-3-glucoside and delphinidin-3-gluc-
oside [47,105]. In Capsicum annuum, only a single anthocyanin (delphinidin-3-p-coumaroyl-
rutinoside-5-glucoside) is found in the violet fruit, black fruit, and black leaves. The
distinctive black pigmentation is caused by the high concentrations of delphinidin, com-
bined with chlorophyll and other carotenoid pigments [117]. The dark purple color of
Daucus carota subsp. sativus (a black variety of carrot) is due to an acylated form of antho-
cyanin, namely [cyanidin-3-(p-coumaroyl)-diglucoside-5-glucoside] [104,118]. The content
of black pigment in the black rapeseed seed coat is significantly higher than that of other tis-
sues [37]. Four anthocyanins were identified from black rice, namely cyanidin-3-rutinoside,
peonidin-3-glucoside, cyanidin-3,5-diglucoside and cyanidin-3-glucoside [106,119].

In general, the genetic background of the species or variety determines the constituents
of anthocyanins in plants [120]. Furthermore, certain studies have suggested that the devel-
opment of plant color is correlated with the structure of organ tissue, pigment distribution
and its types. So, it is possible that it will be regulated through genetic engineering, which
has made rapid progress in color breeding of plants for its advantages over traditional
breeding technologies [12]. Nonetheless, the mechanism of anthocyanin synthesis and
metabolism is highly intricate, encompassing numerous metabolic steps and enzymes.
Therefore, there exist numerous structural genes and regulatory genes associated with
anthocyanin pigments (37–40). At present, scientists have conducted a comprehensive
examination of the synthetic pathway of anthocyanins, which are commonly present in
plants, and their associated genes. However, it remains challenging to alter a specific trait
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of plants to generate distinctive color phenotypes of the species and to breed novel varieties
with stable inheritance within a brief timeframe.

4.2. Structural Genes

The accumulation of pigments in different plant organs is regulated by many structural
genes, which are involved in the synthesis of anthocyanins. For example, the knockdown of
F3H by RNAi in torenia with blue flower produces white flowers [121]. The accumulation of
anthocyanins and flavonols in the white and red flower species are caused by the expression
of DFR and FLS genes, and heterologous FLS expression in transgenic tobacco promotes
flavonol biosynthesis and blocks anthocyanin accumulation, leading to white flowers [122].
In addition, FNS and IVS are key genes involved in anthocyanin biosynthesis and regulation
in black flower plants. In the black flower variety of D. pinnata, DvIVS-1 promoter has
high activity but the expression of DvFNS is significantly decreased. Moreover, artificial
silencing of FLS or FNS results in increased accumulation of anthocyanin in P. hybrida [123].
This suggests that the silencing of DvFNS can lead to the loss of flavonoids and eliminates
competition for substrates, so that substrates originally used for flavonoid synthesis can be
used for anthocyanin synthesis [42]. Then, the DvIVS-1 promoter helps to synthesize large
amounts of anthocyanins in black flowers of D. pinnata. A high expression of a number
of genes (such as RsCHI1, RsFLS1, RsANS2, and RsAT2) contributes to the deep blackish
crimson flowers of a variety of Rhododendron sanguineum [21]. Some research shows that
flower color deepens with the increase in anthocyanin content [124,125]. Hence, high
expression levels of structural genes are primarily useful for deep hues by promoting the
production of anthocyanin [126]. The study on the reddish-purple color in the petals of
Rhododendron simsii flowers have shown that co-pigmentation, normally with flavonols
contributed by RsFLS, may result in high accumulation of anthocyanins that shift color
toward deep blackish crimson [127].

The expressions of nine genes (PAL, 4CL, DFR, LDOX-1, LDOX-2, AT, UFGT, GT,
5GT) related to anthocyanin synthesis are significantly higher in purple leaf of foxtail
millet (B100) at maturity stage than the green leaf variety (YG1). The expression of three
genes (DFR, LDOX-2 and AT) in purple leaf of B100 are significantly higher at seedling
stage and maturity stage [113]. A previous study confirmed the key structural genes
of anthocyanin biosynthesis in purple leaf of ZK, including two F3′H genes, two ANS
genes with positive correlations and three PPO genes with negative correlations [112].
Zong et al. [128] detected the transcriptional product of AN2 in the black fruit of Lycium
barbarum. The genetic diversity analysis of AN2 gene also shows that yellow, white, purple,
and red cultivars of Lycium chinense originate from L. barbarum. The overexpression of
IbMYB1-2 can significantly increase anthocyanin content in the root tuber of transgenic
sweet potato [129]. In the anthocyanin biosynthesis pathway, the high expression of
F3′H and UFGT genes promotes a high accumulation of cyanidin derivatives, producing
Crataegus pinnatifida with black fruit [46].

4.3. Transcription Factors

The regulation of anthocyanin accumulation is jointly regulated by transcription activa-
tors and transcription repressors, primarily comprising MYB, bHLH, WD40, and bZIP [59].
PeMYB11 is one of them, and it is a major R2R3-MYB TF that is highly expressed in the
black flowers of Phalaenopsis equestris [95]. The HORT1 (Harlequin Orchid RetroTransposon
1) can lead to a strong expression of PeMYB11. Therefore, the flowers of P. Yushan Little
Pearl variety, which contains HORT1, have an excellent anthocyanin accumulation capac-
ity [95,130]. The purple spots on the sepals of Phalaenopsis aphrodite ‘Panda’ are regulated by
PeMYB7, PeMYB11, miR156, and miR858 [130]. Moreover, it should be noted that miR156
and miR858 are the primary siRNAs of PeMYB7 and PeMYB11, respectively, and both
cause a significant increase in the expression of genes associated with the anthocyanin
biosynthesis pathway (PeCHl, PeANS, PeC4H, PeF3H, PeF3′H, Pe3Hl, and Pe4CL2) in spot
tissues [130]. In addition, the abnormal expression of bHLH or MYB results in the appear-
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ance of dark purple leaf and flower in transgenic petunia plants [131,132]. Anthocyanin
accumulation in purple leaves of ZK is strongly correlated with CsMYB90, and CsMYB90
overexpression in transgenic tobacco plants with dark purple callus is also observed [112].

Research has demonstrated that the bZIP family principally functions as a positive
regulator of anthocyanin biosynthesis. However, Tu et al. [133] have discovered that
VvbZIP36 is a negative regulator of anthocyanin biosynthesis in Vitis vinifera and plays an
important role in balancing the synthesis of stilbenes (α-viniferin), lignans, flavonols, and
anthocyanins. The insertion of a precursor DNA transposon into the regulatory region of
Purple (Pr), which belongs to the R2R3-MYB TF encoding genes, results in the up-regulation
of Pr expression, thereby causing the accumulation of dark color in Brassica oleracea [134]. It
appears that the purple color of Ipomoea batatas is caused by the dominant expression of
IbMYB1 [135]. In conclusion, the enhanced expression of regulatory transcription factors
in the anthocyanin biosynthesis pathway may be responsible for the appearance of black
flowers, leaves, and fruits in plants. However, the specific molecular mechanism is still to
be elucidated.

4.4. Other Factors

The stability of anthocyanins can be increased by modification to form stable structures.
In most plants, only O-glycosylation occurs for anthocyanins. In grapes, the structures of the
individual anthocyanins include both 3-O-monoglucosides and 3,5-O-diglucosides. Diglu-
cosidic anthocyanins are more stable than their monoglucosidic counterparts, whereas
monoglucosidic anthocyanins tend to have deeper colors than their diglucosidic coun-
terparts [136]. Furthermore, prolonged exposure to high temperatures and prolonged
exposure to sunlight significantly affect the stability of anthocyanins in plants [137]. For
example, anthocyanin stability against heat stress is increased by the methoxylation and acy-
lation of cyanidin-3-O-glucoside from blackberries [138]. Diacylated anthocyanins provide
significantly higher blue color stability to red cabbage at 50 ◦C compared to non-acylated
anthocyanins [139]. In black carrot (Daucus carota L.), acylated anthocyanins remain more
stable during temperature increases of 20–50 ◦C than non-acylated anthocyanins from
blackberry (Rubus glaucus Benth.) [140]. And the level of anthocyanins from black carrots
remains relatively stable until 90 ◦C, probably due to di-acylation of the anthocyanin struc-
ture [141,142]. Anthocyanins are protected from hydration by acylation, thereby making
them more stable, because acylated anthocyanins are generated after the acylation of gly-
cosyl groups of anthocyanins [143]. However, the acylated anthocyanins in black carrot
are decomposed under extreme heat stress (95 ◦C), indicating that the stability of acylated
anthocyanins is rapidly decreased [144]. Acylated anthocyanins are found in flowers and
vegetables, whereas non-acylated anthocyanins are mostly distributed in fruits [145].

Some encoding enzymes used in biosynthesis and genes responsible for regulating
black pigmentation have been identified using advanced molecular biology techniques. But
the effect of accumulation and stability on various factors (e.g., pH, anthocyanin transport)
deserves further investigation.

5. Conclusions and Future Directions

In this review, the molecular mechanism of anthocyanin-mediated black pigmentation
in plants is analyzed. Cyanidin is the key factor in black pigmentation and induces black
color in ornamental and fruit crops, but the current investigations into black pigmentation
in plants are inadequate. Further research on the temporal variation of gene expression
in diverse species, organs, and tissues, the interactions between transcription factors and
genes, and the effects of anthocyanin transport and of environmental factors on black
pigmentation are still lacking. Therefore, it is imperative to select materials of wild-type or
self-crossing origin, possessing original color and relatively stable homozygous genotypes,
in order to conduct further investigations on the molecular regulation mechanism of black
color in plants. It also holds a great significance to achieve color modifications to obtain
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black color in ornamental plants, fruits, and vegetable crops through the utilization of
genetic engineering technology in the future.
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Abstract: Ficus virens is a deciduous tree that is highly valuable both economically and medicinally.
Like other plants with ‘red young leaves’, the red-leaf period of most F. virens trees lasts only a few
days, and the red leaves have little ornamental value. However, in recent years, some lines of F. virens
with bright red young leaves and a prolonged red-leaf period have been utilized for urban greening.
To explore the mechanism of the different lengths of the duration of F. virens leaves, we analyzed the
physiology and changes in gene expression during the development of two varieties of leaves. The
detection of anthocyanin in different developmental stages of the F. virens leaves showed that the
changes in color of the red leaves of F. virens were primarily caused by the change in anthocyanin
content. A transcriptome analysis showed that the expression of genes related to the biosynthesis of
anthocyanin changed significantly during the development of leaves. A MYB gene FvPAP1, which
was consistent with the change in anthocyanin content, was identified. A real-time quantitative
reverse transcription PCR analysis and heterologous expression transgenic studies showed that
FvPAP1 promoted the biosynthesis of anthocyanins. The difference in the expression of FvPAP1 in
time and intensity in the young leaves may be the reason for the difference in the duration of the
red-leaf period in different lines of F. virens. A sequence analysis showed that the cDNA sequence of
FvPAP1 was polymorphic, and possible reasons were discussed. These results can provide insight for
similar studies on the mechanism of the formation of red coloring in other woody plant leaves and
provide molecular targets to breed new materials with more prolonged red-leaf periods in F. virens.

Keywords: FvPAP1; anthocyanin; Ficus virens; red-leaf period; transcriptome analysis

1. Introduction

Ficus virens is a deciduous tree that is a member of the Moraceae [1]. It is native
to south and southwestern China, particularly in Chongqing, Sichuan, Hubei, and other
places, and it is the city tree of Chongqing. F. virens is highly valuable both medicinally
and ecologically [2–8]. It is commonly used in roadside afforestation, vertical greening,
riverbank protection, and bonsai gardening [9–12]. Many plants have young red leaves [13],
which is a phenomenon known as the ‘red young leaves’. Since the young leaves of most
plants rapidly turn green as they develop, and the red color simultaneously disappears, the
short red-leaf period has no obvious ornamental value [14]. However, some varieties of
these plants that remain red for longer periods have also been isolated and propagated,
including Photinia × fraseri [15], Prunus cerasifera [16], Populus deltoids [17], ‘Red Dragon’
Corylus avellana [18], and Cornus florida [19].

The concentrated defoliation of F. virens primarily occurs in the spring from March to
May in Chongqing. When a F. virens tree defoliates, the leaves of the whole tree will quickly
fall within a few days. Simultaneously, the new leaves wrapped in the giant stipules will
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quickly expand, and the new and old leaves will be replaced within a few days [5]. The
whole canopy quickly changes from the yellow of the aging leaves to the color of the new
leaves, and the entire process is considered to be spectacular. Like most plants with red
young leaves, the red-leaf period of F. virens only lasts for a short time, which renders
the plant relatively invaluable ornamentally. However, with the wide application of F.
virens in landscaping in recent years, nursery workers have intentionally or unintentionally
propagated some lines with obviously prolonged red-leaf periods and enhanced aesthetic
value (Figure S1).

The primary material basis for the formation of red leaves is the anthocyanin members
of the flavonoids [13]. The genes that encode the anthocyanin biosynthetic enzymes can
be divided into early biosynthetic genes (EBGs) and late biosynthetic genes (LBGs) [20].
The EBGs include chalcone synthase (CHS), chalcone isomerase (CHI), and flavanone 3-
hydroxylase (F3H), which are located upstream of the anthocyanin biosynthetic pathway.
The LBGs include flavonoid 3′-hydroxylase (F3′H), flavonoid 3′5′-hydroxylase (F3′5′H),
dihydroflavonol 4-reductase (DFR), and anthocyanin synthase (ANS), which are located
downstream of the anthocyanin biosynthetic pathway. The EBGs and LBGs are structural
genes in the anthocyanin biosynthetic pathway.

The regulatory mechanism of the biosynthesis of anthocyanins in plants is relatively
conservative and primarily acts through the MBW complex formed by the combination of
the transcriptional regulators MYB, bHLH, and WD40 to bind to the promoter region of
each anthocyanin biosynthetic gene to regulate their transcription. In most cases, bHLH
and WD40, which constitute the MBW complex, are constitutively expressed. Therefore,
the spatiotemporal specificity of the formation of the MBW complex is determined by the
specificity of the expression of MYB transcription factors (TFs), which, in turn, determines
the spatiotemporal characteristics of anthocyanin biosynthesis [21]. An MYB TF protein
is characterized by a highly conserved R domain that binds to DNA. The number of R
domains can be divided into four categories, namely, R2R3-MYB, 1R-MYB, 3R-MYB, and
4R-MYB. The MYB activators that regulate anthocyanin biosynthesis are primarily from
R2R3-MYB [21,22]. The R2R3-MYB activators, such as Arabidopsis thaliana AtMYB75/PAP1,
AtMYB90/PAP2, AtMYB113, AtMYB114, PhAN2, and Petunia hybrida PhAN4, play a posi-
tive regulatory role in the biosynthesis of anthocyanin [23–25], while the MYB repressors,
including R2R3-MYB (AtMYB3, AtMYB4, AtMYB7, AtMYB32, and PhMYB27) and R3-MYB
(AtMYBL2 and PhMYBx) [26–28], inhibit anthocyanin biosynthesis by competing with the
R2R3-MYB activators.

The prolonging of the red-leaf period would be achieved by enhancing the biosynthesis
and/or stability of the anthocyanins in which the enhancement of biosynthesis is the basis.
Prolonging the red-leaf period of the young leaves in F. virens can enhance its ornamental
value. However, to our knowledge, research on the mechanism of red leaf formation
in F. virens has not yet been reported. Based on the fact that the MYB TFs control the
expression of anthocyanin biosynthesis in plants in most cases, we hypothesized that
prolonging the red young leaves of F. virens may be related to the changes in expression
of one or several MYB genes. To verify this hypothesis, we conducted a transcriptome
sequencing analysis on the wild-type (W-type) and red-type (R-type) leaves of F. virens with
different lengths of red-leaf periods to explore the changes in gene expression during the
development of leaves. The structural and regulatory genes of the anthocyanin biosynthetic
pathway were identified by their phylogenetic relationship, and a real-time quantitative
reverse transcription PCR (qRT-PCR) determined their trends of expression. The R2R3-
MYB gene FvPAP1, which may promote anthocyanin biosynthesis, was eventually cloned
and functionally verified. The results showed that during the development of F. virens
leaves, the change in color of the red leaves was caused by a change in the anthocyanin
content. The structural genes and regulatory genes related to anthocyanin biosynthesis are
involved in regulating the extension of the red-leaf period of F. virens. FvPAP1 can activate
the biosynthesis of anthocyanin, which may be related to extending the red-leaf period.
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These results can provide molecular targets for the selection of F. virens plants with a further
extension of the red-leaf period.

2. Materials and Methods

2.1. Plant Materials

To observe and conveniently collect materials, this study was conducted with
2-year-old cuttings approximately 2 m high. They were planted in the Beibei District
of Chongqing, China (106◦18′02′ ′~106◦40′57′ ′ E. 29◦37′~30◦05′08′ ′ N; average altitude:
358 m) under natural conditions. The contents of anthocyanin and chlorophyll were de-
termined, and the transcriptome sequencing was conducted in April 2022. qRT-PCR was
performed in April 2023. After the first young leaf was exposed from the stipules, the
young leaves of each branch were numbered from the bottom to top. The third leaves were
used as material to determine the contents of anthocyanin and chlorophyll and perform a
qRT-PCR analysis.

The P. hybrida inbred line ‘Mitchell Diploid’ and N. tabacum variety ‘K326’ were used
as the transgenic receptors. P. hybrida plants for the transient expression assay were grown
in a greenhouse (greenhouse model: LB96Ss4, China) with no exogenous heat and light
supplementation. Aseptic N. tabacum seedlings were cultured under alternating light and
dark conditions at 16:8 h (24◦:20 ◦C).

2.2. Quantitative Analysis of Anthocyanins

The anthocyanin content was determined by the HCl methanol method [25,29]. A
total of 0.25 g fresh sample was ground into powder in liquid nitrogen and incubated in
10 mL 1% HCl–methanol (v/v) at 4 ◦C in the dark for 1 h, shaking 2–3 times, 6000/7000 rpm,
and 7–10 min centrifugation. A volume of 200 μL of the supernatant was placed in 96-well
microtiter plates, and the absorbance of the supernatant was measured at 530 nm and
657 nm on a Varioskan Flash Spectral Scanning Multimode Reader (Thermo Fisher Scien-
tific, Waltham, MA, USA). The relative anthocyanin content was then determined to be
(A530 − 0.25 × A657)/W g−1 fresh weight.

2.3. Quantitative Analysis of Chlorophyll

The chlorophyll content was determined by the acetone ethanol mixing method [30].
A fresh sample of 0.2 g leaves was cut into pieces and placed in a 1:1 ratio of 20 mL acetone–
anhydrous ethanol. The mixture was placed at room temperature, and the leaves were
soaked for 24 h until they had completely whitened. A volume of 200 μL of the supernatant
was placed in a 96-well microtiter plate. The absorbance of the supernatant at 633 nm
and 645 nm was measured on the Varioskan Flash Spectral Scanning Multimode Reader.
The relative total chlorophyll content was (8.02 × A633 + 20.21 × A645) · 1000 V/W mg
fresh weight.

2.4. Transcriptomic Analysis

Based on the Illumina NovaSeq 6000 sequencing platform (Illumina, San Diego, CA,
USA), the library was constructed using the Illumina TruSeqTM RNA sample prep Kit
method. The total RNA was extracted from the leaves of different developmental stages
of F. virens. The RNA concentration, purity, and integrity were detected by a NanoDrop
2000 (Thermo Fisher Scientific) and agarose gel electrophoresis, and the RIN value was
determined by an Agilent 2100 (Agilent Technologies, Santa Clara, CA, USA). The mRNA
was isolated from the total RNA using magnetic beads with Oligo (dT). The mRNA was
randomly broken by adding fragmentation buffer, and a small fragment of approximately
300 bp was isolated by magnetic bead screening. Under the action of reverse transcriptase,
random hexamers were added to reverse the biosynthesis of one-stranded cDNA, followed
by two-stranded biosynthesis. End Repair Mix was added to fill it into a flat end, and an
A′ ′ base was then added to the 3′ end to connect the Y-shaped connector. An Illumina
platform was used for sequencing.
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The transcriptome analysis of 15 samples was completed, and a total of 124.22 Gb
Clean Data were obtained. The Clean Data of each sample was >7.04 Gb, and the percentage
of Q 30 bases was more than 93.68%. The Clean Reads of each sample were compared with
the banyan (F. benghalensis) genome sequence, and the alignment rate ranged from 61.8% to
63.51%, which was lower than the generally acceptable 70%. Therefore, we used Trinity
(k-mer = 30) to perform the de novo assembly of all the sample clean data and optimize the
assembly results.

The level of expression and DEG analysis were based on the default parameters and
software of the Meiji Bioplatform [31]. The expression software was RSEM (Version 1.3.1),
and the expression index was TPM. The differential expression analysis (DEG) software
was DESeq2 (Version 1.38.0), p-adjust < 0.05, and the multiple test correction method was
BH. The DEG groups were Rs4 vs. Rs5, Rs5 vs. Rs6, Rs4 vs. Rs6, Ws4 vs. Ws5, Rs4 vs. Ws4,
and Rs5 vs. Ws5.

The cluster analysis was analyzed in the form of the mean value of the group; the log
base value was 10; the gene clustering algorithm was expanded by hierarchical clustering;
the gene clustering method was average; and the gene distance algorithm was Euclidean.
A cluster analysis divided all the genes into five sub-clusters, which corresponded to
heatmap1, heatmap2, heatmap3, heatmap4, and heatmap5.

A WGCNA visual analysis utilized the default module of the Meiji platform. In the
module identification part, the networkType was signed; the soft power was 9; minModule-
Size was 30; minKMEtoStay was 0.3; and mergeCutHeight was 0.25. In the module analysis,
the correlation coefficient was calculated using Spearman; the anthocyanin content in the
corresponding period was selected as the phenotypic data; and the phenotypic data type
was continuous. The first 30 connectivity nodes in the screening module were analyzed in
the visual analysis, and the connections between the nodes with weight values > 0.02 were
screened for analysis.

2.5. Identification of the Structural Genes of the Anthocyanin Pathway

Since thousands of genes were differentially expressed for the adjacent developmental
stages, the structural genes related to anthocyanin biosynthesis were primarily conducted
on the basis of KEGG pathway annotation. The genes related to anthocyanin biosynthesis
were primarily related to MAP00941 and MAP00942 in the KEGG pathway [32].

2.6. Phylogenetic Analysis for the MYB Genes

A phylogenetic analysis using the protein sequences was applied to search for the MYB
genes. As previously described, the sequences of 13 MYB proteins related to anthocyanin
biosynthesis in A. thaliana and petunia were retrieved from GenBank, and their accession num-
bers were as follows: PhAN2 (BAP28593.1), PhAN4 (WGV46820.1), PhMYB27 (AHX24372.1),
PhMYBx (AHX24371.1), AtMYB3 (BAA21618.1), AtMYB4 (BAA21619.1), AtMYB7 (Q42379.1),
AtMYB32 (EFH43356.1), AtPAP1/AtMYB75 (Q9FE25.1), AtPAP2/AtMYB90 (Q9ZTC3.1), At-
MYB113 (Q9FNV9.1), AtMYB114 (Q9FNV8.1), and AtMYBL2 (NP_001321410.1). Owing
to large differences in the C-terminal sequences of MYB proteins even among functionally
equivalent members, only the R2R3 domains were used in the MYB phylogenetic analysis.
The phylogenetic trees were constructed by MEGA 7 [33]. Parameters for the NJ tree were set
as the p-distance model and pairwise deletion with the bootstrap value as 1000.

2.7. Primer Design

Considering the potential existence of errors in the contiguous sequences obtained by
de novo transcriptome assembly, we decided to confirm the target gene sequences by PCR
cloning and sequencing before designing quantitative PCR primers to analyze the changes
in gene expression. If a target unigene assembled by Trinity (k-mer = 30) was hypothesized
to have a complete CDS sequence, the primers were first designed to amplify its CDS. If
the amplification did not produce any bonds, we assumed that the assembly by Trinity
(k-mer = 30) should be incorrect, and new primers were designed by re-referring to the
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other Trinity (k-mer = 25) assembly result and/or the sequence of homologous genes in
the genome sequencing results of F. microcarpa. If the target unigene assembled by Trinity
(k-mer = 30) did not have a complete CDS sequence, the unigene in the Trinity (k-mer = 25)
assembly results and the homologous gene of F. microcarpa genome were analyzed to search
a complete CDS. If the complete CDS was identified, primers were designed based on the
corresponding sequences. The primers were designed and evaluated using Primer Premier
6 (http://www.premierbiosoft.com/primerdesign/index.html, accessed on 20 November
2022). The primers used in this study are shown in Table 1.

Table 1. Primer sequence and application.

Primer Primer Sequence Application

FvPAP1-F ATGGATGGCCGTTCCTCTG

Cloning

FvPAP1-R TTAATTTCCTTGGTCGAGATCC
FvANS-F ATGGTGTTCTCAGAGGCTTC
FvANS-R TTATTTGGAAATTCCGTTGCTATG
FvCHI-F ATGTCTCCGATGACACTTACA
FvCHI-R TCAAACTGCCAACAGTTTCTT

FvCHS2-F ATGGCCTCTGTATACGAAATC
FvCHS2-R TTAATCAAGGGCAAGACTGTG
FvF3’H-F ATGCCTTCTGTCTCGATCATCCT
FvF3’H-R TTATGCTTGATATACGTGTTGGGC
FvUGT1-F ATGGCAAAATTTCACATCGCC
FvUGT1-R TTAACTATGATTTGCCAGCTCTTCC
FvF3H-F ATGTCTCCGCCTTCAACTCTC
FvF3H-R TTAAGCCAGAATCTGGTCGAGAG

FvDFR1-F ATGGTATCGGAGGGCGAGAT
FvDFR1-R CTAAGCCTCCACGCCATTG
FvBZ1-F ATGGCATCACCACCACCAGC
FvBZ1-R CTAAAACGTCGGACGATTCAACGG
FvCHS-F ATGGTGACTGTCGAGGAGGTC
FvCHS-R CTAGATTGCCACGCTATGGAGC

FvF3H-QF GGCAGTGGTGAACTCAAACTACAG

qRT-PCR

FvF3H-QR CCTGGCAAGCTCAAGGTCCTT
FvANS-QF GCCCTCACCTTCATCCTACACAAC
FvANS-QR GGAGAATACTCTTGAACTTGCCATTGC
FvCHI-QF CACACAGTCACCATCCGGTTCCT
FvCHI-QR TTCCGCCAGAATTGAAGCCATGC

FvCHS1-QF TGGGAATCTCAGACTGGAACTCTCTT
FvCHS1-QR GGCACACTTCCTCCTCATCTCATC
FvCHS2-QF TGACGGGCATCTGAGGGAAGTAG
FvCHS2-QR TGGTCTCCACCTGATCCAGAATCG
FvDFR1-QF CCGTTACATCGCCAGTTCACAC
FvDFR1-QR CTGCTTCAACGAACATATCCTCCAAG
FvF3’H-QF GGAATGACTTTGAAGTGATACCGTTTGG
FvF3’H-QR GCCCGTTGTAGAGTGAGCCCAT
FvUGT1-QF GTGGATCTTTAATATCCTCCTCGGTTACC
FvUGT1-QR TTCCTCTTCGCCGCCAAACC
FvBZ1-QF GATCTCAAGTCCAAATTCAAGAAGTTCCTC
FvBZ1-QR ACCATGACCGAACCAAAGCTAATGT
FvPAP1-QF GCATGATTGGTACAAATACATCCGAGG
FvPAP1-QR CAGGTTGATCTTCAGCTAATTCTTGAGAC
FvACT-QF CCTCTACGGCAACATTGTCCTCAG
FvACT-QR CTCCGATCCAGACACTGTACTTCCT
FvUBi-QF CTCTCCACCTTGTCCTCCGTCTTC
FvUBi-QR CCCAAAGCAGCAACGACAACCAT

FvPAP1-QF GCATGATTGGTACAAATACATCCGAGG
FvPAP1-QR CAGGTTGATCTTCAGCTAATTCTTGAGAC
FvACT-QF CCTCTACGGCAACATTGTCCTCAG
FvACT-QR CTCCGATCCAGACACTGTACTTCCT
FvUBi-QF CTCTCCACCTTGTCCTCCGTCTTC
FvUBi-QR CCCAAAGCAGCAACGACAACCAT

2.8. Cloning of the Transcript Sequences Related to Anthocyanin Biosynthesis

The stage 4 leaves of the R-type and W-type F. virens were collected, and the total
RNA was extracted using a Boer plant rapid extraction kit (B2114, Chongqing Boer Biotech
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Co., Ltd., Chongqing, China). The quality of total RNA was measured by agarose gel
electrophoresis, and the concentration of RNA was measured by a NanoDrop 2000 spec-
trophotometer (Gene Company Limited, Beijing, China). The cDNA was synthesized to
clone the gene using the All-in-One First-Strand Synthesis MasterMix (with dsDNase) (Cat:
EG15133S, Jiangsu Yugong Biotech Co., Ltd., Lianyungang, China). The PCR was amplified
using Top Taq enzyme (AP151-11, TransGen Biotech Co., Ltd., Beijing, China). The amplifi-
cation parameters were adjusted based on the primer Tm value. The amplification product
was ligated to T-Vector pMDTM19 (Simple) (3271, Takara Bio Co., Ltd., Shiga, Japan) for
Sanger sequencing.

2.9. qRT-PCR

A total of 2000 ng was used to synthesize 40 μL of cDNA as a template. Real-time
PCR was conducted using 2 × TSINGKE® Master qPCR Mix kit (SYBR Green I with UDG)
(TSE203, Beijing Tsingke Biotechnology Co., Ltd., Beijing, China). A volume of 10 μL of
reaction system with 1 μL of upstream/downstream primers, and 1 μL of cDNA template
was used for each PCR reaction. Actin (OR682436) and Ubiquitin (OR682446) were used
as the internal reference genes in F. virens, and the PhSAND and RPS13 genes were used
as internal reference genes in the P. hybrida material [25]. The primers for quantitative
PCR were designed in the 3′ non-conserved region of the CDS. The quantitative PCR
primers used in the experiment are shown in Table 1. Quantitative PCR was performed on
a CFX96 Optical Reaction Module for Real-Time PCR (2023 Bio-Rad, Hercules, CA, USA).
Bio-Rad CFX Manager 3.1 software, and the 2−ΔCT method was used to analyze the gene
expression [34].

2.10. Construction of the FvPAP1 Expression Vector

The T-Vector plasmid that harbored the complete CDS of FvPAP1 as a template was
used with NocIPAP1-F: catttacgaacgatagccATGGATGGCCGTTCCT and PstIPAP1-R: gct-
caccatctgcagactacctccATTTCCTTGGTCGAGATCC to add restriction sites NocI and PstI to
the upstream and downstream of the FvPAP1 coding region sequence, respectively. The
pGMF500 plasmid (Figure S2) and the target fragments were digested with Pst1 and Noc1
and ligated. The FvPAP1 sequence was cloned into the pGMF500 plasmid and placed under
the control of the 35S promoter and the NOS terminator. The correct plasmid that was
verified by sequencing was designated pGmf-FvPAP1. The plasmid was introduced into
Agrobacterium GV3101 (pSoup) by the heat shock method for plant genetic transformation.

2.11. Transient Expression

The P. hybrida petals and leaves were transiently expressed using the Agrobacterium
injection method as described by Yuan Meng et al. [35]. The Agrobacterium that harbored
pGmf-FvPAP1 was selected and cloned into 700 μL of YEB liquid medium that contained the
corresponding antibiotics and cultured at 28 ◦C for 24 h at 200 rpm. A volume of 200 μL of
the cultured Agrobacterium solution was transferred to 20 mL of YEB medium that contained
the corresponding antibiotics. The LB medium contained 15 μM of acetosyringone (AS). It
was cultured at 28 ◦C, 200 rpm until the logarithmic phase of Agrobacterium growth (OD600
= 0.5–0.6). The cells were centrifuged at 7000 rpm for 10 min at room temperature to collect
the cells, and the cells were suspended in the infected fluid that contained 10 mM MgCl2,
10 mM MES, and 150 μM acetosyringone, pH = 5.6 to OD600 = 0.8. It was incubated
stationary at room temperature for 2~3 h. A 1 mL syringe was used to gently open a small
opening on the back of the petals and leaves of P. hybrida, and the bacterial liquid was
sucked from the syringe tube that removed the syringe and injected from the wound. The
injected plants were placed in the dark for 24 h and cultured at 24:20 ◦C for 16:8 h.

2.12. Genetic Transformation of Nicotiana Tabacum

N. tabacum was transformed genetically using the leaf disc method [36]. The seeds
were disinfected with 75% ethanol for 30 s and then mixed with 5% sodium hypochlorite
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(NaCIO) and sterile water at a ratio of 3:1 for 10 min. After disinfection, the N. tabacum
seeds were washed 4–5 times with sterile water and transferred to MS media. When the
N. tabacum leaves grew to four or five true leaves, the leaves were cut to 0.5 × 0.5 cm and
placed in MS + 2.0 mg/L 6-benzylaminopurine (6-BA) + 0.2 mg/L 1-napthaleneacetic acid
(NAA) media for pre-culture for 2 d. The Agrobacterium GV3101 (pSoup) transformed with
pGmf-FvPAP1 was cultured in YEB liquid media to OD600 = 0.8 and then resuspended in the
infection solution (MS + 50 mg L−1 AS + 50 mg L−1 MES) to OD600 = 0.4. The pre-cultured
N. tabacum leaves were shaken at low speed in the dark for 10 min and transferred to
MS + 2.0 mg L−1 6-BA + 0.2 mg L−1 NAA + 500 mg L−1 Cb + 5 mg L−1 Basta media for
screening culture.

3. Results

3.1. Morphological Characteristics of Ficus virens during Leaf Development

During the development of young leaves, the whole bud is usually wrapped by a
large stipule until the length of the bud reaches approximately 10 cm, and the true leaf
expands and breaks through the outer stipules that usually show different degrees of red
(Figure S3). When the true leaves are wrapped and on the day of expansion, they are green.
They become obviously red on the third day after expansion, and the red is most obvious
on the seventh day after expansion. The redness of the leaves will then gradually fade until
the inherent green of the leaves is presented. The new leaves of most F. virens plants are
light red, and the red-leaf period last for approximately 10 days. Because most F. virens
trees manifest this red-leaf period, we regard them as the wild-type (W-type) (Figure 1a).
In recent years, the new leaves of some F. virens trees have been found to be bright red,
and the red state lasts for 20–30 days. This type of F. virens is called the red-type (R-type)
F. virens (Figure 1a) in this study. The anthocyanin and chlorophyll of the leaves of these
two varieties of F. virens were determined at different stages. The results showed that the
chlorophyll content increased with the development of the leaves, and the change in the
anthocyanin content was consistent with the red change in the leaves that was observed
(Figure 1b). When the expanded leaves appeared red (Stage 2), there were significant
differences in the anthocyanin content between the two varieties of F. virens at adjacent
development stages. This demonstrates that the red formation of the leaves of F. virens is
related to the biosynthesis of anthocyanins.

3.2. Comprehensive Transcriptomic Analysis

To explore the key genes in the formation of red leaves and explore the possible
mechanism of the elongation of the red-leaf period in F. virens, the leaves of s4 and s5 from
the W-type plants (Ws4 and Ws5) and s4, s5, and s6 from the R-type plants (Rs4, Rs5, and
Rs6) (Figure 1a) were collected for transcriptome sequencing. A transcriptome analysis of
15 samples obtained 124.22 Gb of clean data. Trinity (k-mer = 30) was used to assemble
clean data from all the samples, and the assembly results were optimized and evaluated.
There were 52,200 unigenes, and they were 1018.03 bp long on average.

After comparison with the six major databases, there were 23,125, 11,473, 21,758,
27,063, 20,784, and 19,841 unigenes annotated in the NR, Swiss-Prot, Pfam, Clusters of
Orthologous Genes (COG), Gene Ontology (GO), and Kyoto Encyclopedia of Genes and
Genomes (KEGG) databases, respectively. There were 7907 genes annotated in all six
datasets (Figure 2a). A total of 62.54% of the genes annotated in the NR library were from
Morus notabilis (Figure 2b), which is also a member of the Moraceae family like F. virens.
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Figure 1. Changes in leaf size and pigment content of two varieties of Ficus virens at different
developmental stages: (a) The morphological changes in the leaves of two types of F. virens at
different developmental stages. W: wild-type; R: red-type. s1 (stage 1): the stage of bud wrapped
by stipules; s2, s3, s4, s5 and s6: the first, third, seventh, thirtieth, and fortieth day after the day
of expansion, respectively. Bar = 1 cm. (b) The changes in pigment content in the leaves of two
kinds of F. virens in the sixth stage, including anthocyanin and total chlorophyll. The significance of
the difference between adjacent stages was tested by a single-factor analysis of variance and t-test.
** p < 0.01. In the figure, the anthocyanin content of the W-type and R-type only differed significantly
in the s4 period.
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Figure 2. Transcriptome analysis of different leaf development stages of Ficus virens: (a) Venn diagram
of the number of unigenes annotated in the NR, Swiss-Prot, Pfam, COG, GO, and KEGG databases.
(b) NR annotated species pie chart. (c) Sample correlation heat map. The right and lower sides of the
map are sample names, and the left and upper sides are sample clustering situations. Color represents
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the correlation coefficient among samples. (d) Venn diagram showing co-expression of genes in
different sample. (e) Statistical map of the DEGs between samples. The abscissa represents different
comparison groups, and the ordinate represents the corresponding number of up- and downregulated
genes. COG: Clusters of Orthologous Genes; DEGs: differentially expressed genes; GO: Gene
Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes.

The repeatability correlation among different samples of the leaves of the two lines
was reasonable (Figure 2c). For unigenes with expression > 0.1 transcript per million (TPM),
22,397 unigenes were annotated for the W-type, 20,672 for the R-type, and 18,106 unigenes
were co-annotated (Figure 2d). A large number of DEGs between any two different stages
of leaf samples were detected in this study (Figure 2e).

3.3. Identification of the Structural Genes Related to Anthocyanin Biosynthesis and the
MYB Genes

Anthocyanins are flavonoids, and the biosynthesis of anthocyanin is primarily regu-
lated owing to the activities of MAP00941 and MAP00942 in the KEGG pathway. Using
the results of assembly at k-mer = 30, a total of 85 structural genes related to anthocyanin
biosynthesis expressed in the leaves of the wild-type and R-type were obtained by KEGG.
Anthocyanin reductase (ANR), UDP-glucuronosyltransferase (UGT), and F3H are single-
copy genes, and other structural genes have multiple copies. ANS and F3′5′H were not
found in the transcriptome database. An analysis of the differentially expressed genes
(DEGs) obtained 57 DEGs from the 85 structural genes. We analyzed 141 MYB genes
obtained from the transcriptome data and obtained 71 MYB DEGs.

Since the activation of LBGs requires the MBW complex [28], we performed a weighted
gene co-expression network analysis (WGCNA) visualization and cluster analysis using
the 57 DEGs that were shown to encode anthocyanin biosynthetic enzymes and 71 MYB
DEGs. A WGCNA visualization analysis enabled the identification of the structural genes
CHS, ANR, F3H, leucoanthocyanidin reductase (LAR), flavonol synthase (FLS), and shiki-
mate/quinate hydroxycinnamoyltransferase (HCT) that were related to the changes in
anthocyanin content. Among them, there were three copies of CHSs, and the rest were
expressed as one copy (Figure 3a). With the exception of HCT, the other genes were the
members with the highest level of expression in their respective gene family. A cluster
analysis was used to obtain the MYB genes that were consistent with the trend of expression
of the structural genes related to anthocyanin biosynthesis. The clustering results showed
that these genes primarily clustered in the heatmap1 subclass, with a total of 52 genes
(Figure 3b). The trend of expression of this subclass was basically consistent with the trend
of anthocyanin content in the leaves (Figure 3c). A total of 24 highly expressed anthocyanin
structural genes (Table 2) were found in the heatmap1 sub-cluster. These 24 genes contained
eight anthocyanin structural genes obtained by WGCNA visualization analysis, which
served as the basis for the following MYB gene analysis using Heatmap1.

The 28 MYB genes that were identified from the Heatmap1 subclass (Figure 3d) were
used to construct phylogenetic relationships with the 13 MYB genes from A. thaliana and
Petunia hybrida. The results showed that TRINITY_DN7483_c0_g2 clustered with PhAN2
and AtMYB113 activated anthocyanin biosynthesis (Figure 3e). This finding indicated that
it may play a role in promoting anthocyanin biosynthesis during the development of F.
virens leaves. Simultaneously, this gene is also one of the ones related to the change in
anthocyanin content identified by the WGCNA visualization analysis (Figure 3a). Therefore,
we hypothesized that it may play a role in regulating the red duration of the W-type and
R-type F. virens leaves. It was further cloned and analyzed together with the eight structural
genes (Table 2) obtained from the WGCNA visualization analysis.
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Figure 3. Identification of the structural and regulatory genes related to anthocyanin biosynthesis in
Ficus virens: (a) WGCNA visual network diagram. The correlation among the genes was visualized.
Each node in the visualization graph represents a gene. Greater the connectivity of a node indicates
more importance. Red is marked as the structural gene related to anthocyanin biosynthesis. (b) The
clustering heat map of the structural DEGs and regulatory DEGs related to anthocyanin biosynthesis
in the transcriptome leaves of F. virens. Each column in the figure represents a sample; each row
represents a unigene, and the color represents the level of expression of the unigene in the sample.
The left side is the tree diagram of unigene clustering. The closeness of two unigene branches
indicates closer levels of expression levels. (c) Chart of the trend of expression of the sub-cluster
heatmap1 genes. Each line (gray) in the figure represents a unigene change trend, and the fitting
line (blue) represents the change trend of the average expression of all unigenes in the sub-cluster.
(d) Sub-cluster heatmap1 detail. (e) Phylogenetic analysis of the putative MYB members. WGCNA:
weighted gene co-expression network analysis.
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Table 2. Candidate genes for anthocyanin biosynthesis in Ficus virens.

Candidate Gene Total No. Unigene Name CDS Length
GenBank Accession

Number

ANS 1 TRINITY_DN2320_c1_g1
(k-mer = 25) FvANS 1077 bp OR682438

ANR 1 TRINITY_DN11302_c0_g1 - -

BZ1 1 TRINITY_DN3563_c0_g1 FvBZ1 1104 bp OR682439

CHS

5 TRINITY_DN7475_c0_g2 - -
TRINITY_DN3608_c2_g1 FvCHS1 - OR682437
TRINITY_DN10900_c0_g1 - -
TRINITY_DN7475_c0_g1 - -

TRINITY_DN579_c1_g1_i1
(k-mer = 25) FvCHS2 1173 bp OR682441

C4H
2 TRINITY_DN4483_c0_g2 - -

TRINITY_DN4483_c0_g1 - -

F3′H 1 TRINITY_DN13173_c0_g1 FvF3H 1530 bp OR682443

C3′H
2 TRINITY_DN9414_c1_g1 - -

TRINITY_DN8383_c0_g1 - -

DFR
2 TRINITY_DN16497_c0_g1 FvDFR1 1086 bp OR682442

TRINITY_DN2850_c0_g1 - -

CAMT 1 TRINITY_DN542_c1_g1 - -

HCT

4 TRINITY_DN2998_c0_g1 - -
TRINITY_DN1799_c0_g1 - -
TRINITY_DN755_c0_g2 - -
TRINITY_DN29_c2_g1 - -

CHI
2 TRINITY_DN16071_c0_g1 - -

TRINITY_DN998_c0_g1 FvCHI 702 bp OR682440

F3H 1 TRINITY_DN3755_c0_g1 FvF3H - OR682435

FLS 1 TRINITY_DN3166_c1_g1 - -

LAR
2 TRINITY_DN10406_c0_g2 - -

TRINITY_DN408_c0_g1 - -

UGT 1 TRINITY_DN13686_c0_g1 FvUGT1 1374 bp OR682445

MYB 1 TRINITY_DN7483_c0_g2 FvPAP1 939 bp OR682444

-: no gene cloning, the full length of the target sequence was not cloned.

3.4. Cloning of the Transcript Sequences Related to Anthocyanin Biosynthesis

Considering that the sequences assembled by transcriptome sequencing using next-
generation sequencing technology (NGS) may be incorrect and different from the actual
sequences, we decided to first clone the complete coding frame of each target gene to more
reliably examine the changes in expression and analyze the gene functions. The members
with the highest level of expression in each gene related to the anthocyanin biosynthesis
family identified by WGCNA and a cluster analysis were selected for gene cloning. The
sequences cloned in this study were all transcripts. First, primers were designed based on
the sequence assembled by Trinity (k-mer = 30), and their complete coding frame sequences
were amplified. The primers used for amplification are shown in Table 1.

The amplification results showed that the amplified fragments of FvDFR1 (OR682442)
and FvF3′H (OR682443) were consistent with the length of their respective unigene. The
assembled FvBZ1 unigene was 1104 bp long, while the actual amplified fragment was
1410 bp (OR682439). In comparison with other CHI genes from plants, the assembled
CHI unigene only represent a 5′ partial CDS. To clone the complete CDS, we searched the
recently published genomic sequence of the closely related plant Ficus microcarpa for ho-
mologous genes. The 3′ primer was designed based on the homologous reference sequence
(GWHPABKV009265.1), and the complete CDS (OR682440) was obtained. The UGT gene
was not identified by the clustering analysis and WGCNA described above. We chose to
clone UGT because it was closely related to the stability of anthocyanin. The assembled
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UGT unigene only represents a 5′ partial CDS. The 3′ primers were designed based on
the homologous sequence of F. microcarpa (GWHPABKV019926.1), and the complete CDS
(OR682445) of UGT was cloned (Figure S4).

Since the reference sequence obtained by Trinity using the default parameter (k-mer = 30)
was not annotated to ANS and the other genes, we adjusted the parameter of Trinity (k-mer
from 30 to 25) to re-assemble, and K-mer25_TRINITY_DN2320_c1_g1 was annotated as an
ANS gene. The product that was obtained by PCR amplification using primers based on
this sequence was consistent with the predictions (OR682438, Figure S4).

The PCR product obtained using primers designed based on the assembled CHS
unigene sequence was substantially different from the unigene sequence (homology < 27%).
However, the 195 bp PCR products that were amplified with quantitative primers FvCHS1-
QF and FvCHS1-QR were consistent with the TRINITY_DN3608_c2_g1 unigene. The
primers designed based on TRINITY_DN10900_c0_g1 did not amplify any product. Thus,
it is likely that the assembled sequence was incorrect. Since the complete CDS of the
candidate CHS genes were not cloned according to the sequence assembled by Trinity (k-
mer = 30), we re-designed the PCR primers based on the highest expressed CHS sequence K-
mer25_TRINITY_DN579_c1_g1 assembled by the parameter-adjusted Trinity (k-mer = 25)
method. The cloning and sequencing of the amplified product showed that it was consistent
with the unigene (Figure S4), and we designed it as FvCHS2 (OR682441).

Only one unigene represented F3H in the Trinity (k-mer = 30)-assembled results, but
no product was amplified using the primers designed based on the unigene sequence.
However, a 179 bp fragment was produced with the real-time PCR primers FvF3H-QF and
FvF3H-QR designed according to the unigene sequence, and its sequence was consistent
with the origin unigene (Figure S4).

An analysis of the putative protein sequence of the TRINITY_DN7483_c0_g2 MYB
unigene showed that the R3 domain was incomplete; therefore, we searched the unfiltered
original assembly sequence and found that this unigene had eight transcripts. Primers
FvPAP1-F1 and FvPAP1-R1 (Table 1) were designed based on the common sequences at the
5′ and 3′ ends of these eight transcripts to amplify the longest complete CDS sequence of
the gene. A total of 1% agarose gel electrophoresis of the amplified product showed a single
band (Figure S4). After cloning to the T-vector, the sequencing showed that there were
differences among the sequences of different clones. A total of 26 clones were sequenced.
The sequencing results showed that the predicted protein sequences of fifteen clones had
a complete R2R3 domain, two clones possessed an incomplete R2 domain, and the other
nine clones had completely lost the R2R3 domain. A sequence alignment of the nucleotides
showed that the deletion of the R2R3 domain in the protein sequence of the seven clones
was owing to the insertion of a GCAA 4 base and a large number of deletions of 175 bp
in the coding region, which resulted in coding shift changes and premature termination
(Figure S5). In addition to these two obvious changes, there were also other indels and
base substitutions at other positions of the gene. These results suggest that there may be
selective splicing and/or sequence polymorphism at this locus. We registered the sequence
T3—FvPAP1—44 (Figure S5), which encodes a gene with the complete R2R3 domain and is
the closest to AtPAP2 in GenBank as FvPAP1 (OR682444).

3.5. Analysis of the Expression of the Anthocyanin Biosynthetic and Regulatory Genes

To further verify the relationship between the changes in expression of the genes
related to anthocyanin biosynthesis and content in the transcriptome sequencing results,
a qRT-PCR analysis was performed on the six developmental stages of the W-type and
R-type F. virens leaves. The results showed that the results of qRT-PCR were consistent with
the trend of changes for each gene in the transcriptome data (Figure 4).
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Figure 4. The levels of expression of the genes related to anthocyanin biosynthesis during the
development of leaves in the W-type and R-type Ficus virens plants. A Student’s t-test was used
to evaluate the significance of the difference between the adjacent stages. The annotation between
periods indicates that there are differences between adjacent periods (W-Type * is red *, W-Type * is
green *, * p < 0.05. ** p < 0.01), and the annotation directly above the period indicates the difference
between materials (* is black *, * p < 0.05, ** p < 0.01).
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The expression of FvPAP1 and the change in the content of anthocyanins in the leaves
of W-type first increased and then decreased, but the anthocyanins reached their peak at s4,
while the highest level of expression of FvPAP1 was at s3. The levels of expression of FvPAP1
were consistent with the trend in the changes of anthocyanin during the development of
the R-type F. virens leaves, and both reached their highest values at the s4 stage (Figure 4).

The levels of expression of FvPAP1, FvDFR1, FvCHS2, and FvF3′H showed a trend of
increasing first and then decreasing during the development of the W-type F. virens leaves.
The change in the level of expression of FvCHS2 was completely consistent with the trend
in the change of anthocyanin content. Both reached their highest values at the s4 stage.
The change in the level of expression of FvF3′H was consistent with the change in the level
of expression of FvPAP1, which reached its highest value at the s3 stage. The levels of
expression of FvANS, FvDFR1, FvCHI, FvCHS1, FvF3H, FvBZ1, and FvUGT1 did not show
the same tendency to vary in parallel with the changes in anthocyanin content or level of
expression of FvPAP1 (Figure 4).

During the development of the R-type F. virens leaves, the levels of expression of most
genes showed a trend of increasing first and then decreasing. The trend of the change in
FvPAP1 expression was consistent with that in anthocyanin content, and the highest value
appeared at the s4 stage. The trend of change in the levels of expression of the FvCHI,
FvCHS, FvANS, FvF3H, and FvF3′H genes was consistent with that of the anthocyanin
content and FvPAP1 expression, and the highest value appeared at the s4 stage. The level
of expression of FvDFR1 reached its peak at the s3 stage, and the levels of expression of
FvCHS2 and FvUGT1 reached their peak at the s5 stage. The levels of expression of these
genes were consistent with the changes in anthocyanin content and FvPAP1 on the whole.
However, the levels of expression of FvBZ1 formed two peaks at the s2 and s4 stages
(Figure 4).

3.6. Functional Verification of FvPAP1

The level of expression of FvPAP1 was basically consistent with the content of an-
thocyanin and the levels of expression of FvF3′H, FvANS, and FvDFR1. A phylogenetic
tree analysis showed that FvPAP1 clustered with the MYB protein (AtMYB75/PAP1, At-
MYB90/PAP2, AtMYB113, AtMYB114, PhAN2, and PhAN4) that activates the biosynthesis
of anthocyanin. These suggested that FvPAP1 may be involved in the activation of an-
thocyanin biosynthesis in the leaves of F. virens. However, whether it can promote the
biosynthesis of anthocyanin merits further experimental verification. Because the tech-
nology of analyzing gene function by transient expression and stable expression has not
been established in F. virens, we chose to further verify the function of FvPAP1 through
heterologous expression.

First, we introduced the 35S:FvPAP1 vector into the petals and leaves of petunia
using the Agrobacterium-mediated method (injection) for transient expression. A total
of 12 petunia petals were injected with 35S:FvPAP1, and seven of them began to show
obvious purple spots at the injection site 3 days after injection (Figure 5a). Ten petals of P.
hybrida were injected with the empty vector, and no purple spot appeared until the petals
had wilted (approximately 7 days after injection). These results indicate that FvPAP1 can
activate the biosynthesis of anthocyanin in the floral organs.

A total of 27 P. hybrida leaves were injected with 35S:FvPAP1, and lavender spots
appeared on the leaves (Figure 5b) on the fourth day after injection. Another 27 leaves of P.
hybrida were injected with the empty vector, and no purple spot appeared within 14 days.
On the ninth day after injection, the P. hybrida leaves were collected to extract the total RNA
for qRT-PCR. The quantitative results showed that the levels of expression of the structural
genes PhCHSA, PhF3′5′H, PhF3H, PhDFR, PhANS, PhPAL1, and PhF3′H in the anthocyanin
biosynthetic pathway in the leaves injected with FvPAP1 were significantly higher than
those injected with the empty vector. These results indicate that the FvPAP1 gene activates
the biosynthesis of anthocyanin in the leaves (Figure 5e).
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Figure 5. Functional analysis of FvPAP1: (a) Transient expression of FvPAP1 in the Petunia hybrida
flowers. (b) Transient expression of FvPAP1 in the P hybrida leaves. (c) The purple phenomenon of
FvPAP1 in tobacco callus. (d) Purple phenomenon observed in tobacco seedlings after transformation
with FvPAP1. (e) The levels of expression of the anthocyanin structural genes in the P. hybrida leaves
that transiently expressed FvPAP1. The left side of each gene histogram is 35s::FvPAP1 expression;
the right side is empty expression, and both were calculated as the same internal gene reference. The
significance was tested by a single-factor analysis of variance and t-test. * p < 0.05, ** p < 0.01.

We subsequently used the leaf disc method to introduce FvPAP1 into Nicotiana tabacum.
A total of 97 resistant calli were obtained after transformation and screening with Basta, and
86 of them were dark purple-red, with obvious characteristics of anthocyanin accumulation.
In addition, the adventitious buds that regenerated from the callus were purple-red. More
than 100 resistant calli were obtained by transformation of the empty vector, and no
purple calli were found (Figure 5c,d). These indicated that FvPAP1 can stably activate the
biosynthesis of anthocyanin in tobacco.

4. Discussion

With the increasing demand for landscape ecological construction, leaf color has
attracted increasing amounts of attention because of its substantial ornamental value. The
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leaves of some woody plants appear red at the young leaf stage, and the red gradually
fades with the development of the leaves. If the red phenomenon that occurs during the
development of the leaves can be utilized, it will substantially enhance the landscape value.
In Ficus virens, young buds germinate, and new leaves rapidly expand as soon at the old
ones fall from the tree. The replacement of old leaves by new ones is completed in a very
short time. The red color on the rapidly unfolding new leaves can provide a colorful scene
at this stage and increase the visual effect to result in high ornamental values. We found
that the R-type F. virens leaves maintained their red state for a longer time than the W-type
in the new leaf developmental stage, and there was a corresponding improvement in the
landscape effect.

The leaf color of plants is primarily determined by pigments. The detection of pigments
in different developmental stages of the F. virens leaves showed that as the red color
appeared and then disappeared with the development of leaves, the anthocyanin content
increased first and then gradually decreased (Figure 1b). This result is consistent with
research on the transiently flush young leaves that are red in Castanopsis fiss [37], Syzygium
luehmannii [38], Hevea brasiliensis [39], Juglans regia [40], and other plants. The levels
of expression of FvCHI, FvANS, FvDFR1, FvF3′H, and other structural genes related to
anthocyanin biosynthesis were significantly higher in the red-leaf period than in the green-
leaf period (s3–s5), which indicated that the red appearance of new leaves in F. virens was
related to the change in the content of anthocyanin. The accumulation of anthocyanin
during young leaf development is primarily considered as a defense measure against
excess light in many plant species [41,42]. However, the specific role of anthocyanins in the
development of young leaves remains to be elucidated.

The levels of expression of the structural genes during anthocyanin biosynthesis
directly affects the anthocyanin content, and the MBW complex regulates the expression of
the LBGs during the biosynthesis of anthocyanin. The change in the level of expression of
MYB is key to the change in anthocyanin content. In tea (Camellia sinensis), the change in
the level of expression of MYB is crucial for young red leaves [43]. The MBW complex of
IbMYB1/IbMYB2/IbMYB3-IbbHLH2-IbWDR1 in Ipomoea batatas activated the expression
of the structural genes IbCHS-D and IbDFR-B related to anthocyanin biosynthesis [44]. In
this study, the level of expression of FvPAP1 increased first and then decreased during the
development of leaves in both W-type and R-type F. virens, which was consistent with the
anthocyanin content. The level of expression of FvPAP1 reached its highest level at the s3
stage in the WT, while it was highest at the s4 stage in the R-type. The level of expression
in the trend of changes of FvPAP1 was completely consistent with the trend in the change
of anthocyanin content (Figure 4), which suggested an important role of FvPAP1 in the
formation of red leaves in F. virens.

To verify whether the level of expression of FvPAP1 can promote anthocyanin biosyn-
thesis, we constructed an overexpression vector, and investigated the function by transient
expression in P. hybrida and stable expression in N. tabacum. The results showed that the
transgenic tobacco callus was clearly purple, and the injection site in the petunia petals
became purple. This phenomenon did not appear in the control material. These results
verified that FvPAP1 had the function of activating anthocyanin biosynthesis (Figure 5).

During the process of cloning FvPAP1, we found that the FvPAP1 locus has sequence
polymorphism. Only 57.6% of the cDNA sequence numbers had a complete R2R3 conserved
domain, and the remaining cDNA sequences had some differences, which resulted in partial
or complete deletion of the R2R3 domain. Because fragment deletion and indel did not
occur in other genes cloned using the same experimental protocol and chemicals, it seems
impossible that the sequence variation in the FvPAP1 gene was caused by PCR amplification.
These results suggest that there may be selective splicing and/or sequence polymorphism
at this gene locus. The relationship between the duration of red-leaf period and FvPAP1
polymorphism merits further study.

The prolonging of the red-leaf period is not only related to biosynthesis but also to the
degradation of anthocyanin. There are various enzymatic and non-enzymatic factors that
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affect the stability and concentration of anthocyanin. Anthocyanin may become discolored
as a result of active enzyme-driven breakdown processes. In addition to enzymatic factors,
non-enzymatic factors (B-ring hydroxylation, glycosylation, metal ions, and pH, among
others) and environmental factors (temperature, light, and irradiance among others) also
affect the color and stability of anthocyanins and may enhance their vulnerability to the
enzymes that degrade anthocyanins [21,45–48]. No significant differences in the levels of
expression of the genes related to key genes of the light signaling pathway and anthocyanin
degradation between the two varieties of F. virens were found during the process of tran-
scriptome analysis in this study. The degradation of anthocyanin may not be the primary
factor that causes the difference in the length of red-leaf period in F. virens.

Transcriptome sequencing technology has become an important tool to study the
phenomena of plant life. However, owing to the lack of high-quality genome sequencing
data in most plants, the de novo assembly of expressed sequences is still an important
method for the analysis of DEGs and cloning of cDNA in plants. Owing to the com-
plexity of many plant genomes, including a high degree of polyploidization and gene
duplication, the de novo assembly of short NGS reads is very challenging, and errors
easily occur in the assembled sequences. In this study, the ANS gene was not annotated
in the results of Trinity assembly with default parameter. Thus, the putative expression
boxes of BZ1 (TRINITY_DN3563_c0_g1), UGT (TRINITY_DN13686_c0_g1), and MYB
(TRINITY_DN7483_c0_g2) were not completely assembled. Primers were designed to
amplify CHS (TRINITY_DN3608_c2_g1 and TRINITY_DN10900_c0_g1) and F3H (TRIN-
ITY_DN3755_c0_g1) based on the unigene sequences, but the assembled sequences were
not obtained. This indicated that there were differences between the assembled and actual
sequences. The CHS gene family may have highly expanded, which resulted in difficulty
in sequence assembly because 21 CHS genes were annotated in the F. microcarpa genome,
and only one complete CDS of CHS gene with a high level of expression was amplified
after our substantial research in this study. Therefore, we believe that if a DEG analysis is
conducted using NGS technology in a plant with a complex genome, it is necessary to clone
the complete CDS sequence of the target gene to confirm whether the assembled sequence
is correct before quantitative PCR amplification is performed.

5. Conclusions

The change in color in the red leaves of Ficus virens was primarily caused by the change
in the content of anthocyanin. FvPAP1 could stably activate the biosynthesis of anthocyanin.
The difference in the level of expression of FvPAP1 in time and intensity in the young leaves
may be the reason for the difference in the duration of the red-leaf period in different lines
of Ficus virens.
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Figure S2: pGMF500 vector; Figure S3: Bud of Ficus virens is wrapped by a large stipule; Figure S4:
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of cloning using qRT-PCR primers. Electrophoretogram of qRT-PCR primers: The upper band was
W-type Ficus virens as the template, and the lower band was R-type Ficus virens as the template. From
left to right, the quantitative primers of FvDFR, FvF3′H, FvCHS, FvPAP1, FvUGT1, FvANS, FvCHI,
FvBZI, and FvF3H were cloned, * indicates that the gene is a product of qRT-PCR primer cloning;
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Abstract: The central player for chromosome segregation in both mitosis and meiosis is the macro-
molecular kinetochore structure, which is assembled by >100 structural and regulatory proteins
on centromere DNA. Kinetochores play a crucial role in cell division by connecting chromosomal
DNA and microtubule polymers. This connection helps in the proper segregation and alignment of
chromosomes. Additionally, kinetochores can act as a signaling hub, regulating the start of anaphase
through the spindle assembly checkpoint, and controlling the movement of chromosomes during
anaphase. However, the role of various kinetochore proteins in plant meiosis has only been recently
elucidated, and these proteins differ in their functionality from those found in animals. In this review,
our current knowledge of the functioning of plant kinetochore proteins in meiosis will be summa-
rized. In addition, the functional similarities and differences of core kinetochore proteins in meiosis
between plants and other species are discussed, and the potential applications of manipulating certain
kinetochore genes in meiosis for breeding purposes are explored.

Keywords: kinetochore; meiosis; spindle assembly checkpoint; chromosomal passenger complex;
cohesin

1. Introduction

The macromolecular kinetochore structure, which is assembled by more than
100 structural and regulatory proteins on centromere DNA [reviewed in [1]], is the key
player for chromosome segregation in both mitosis and meiosis. During cell division, kine-
tochores bridge the chromosomal DNA and microtubule polymers to mediate chromosome
segregation and alignment [2]. In addition, they can function as a signaling hub to regulate
anaphase onset via the spindle assembly checkpoint and control anaphase chromosome
movement [2].

Meiosis is a special cell division type in which germ cells can produce gametes in
the sexual reproduction stage among eukaryotes. A single round of DNA replication is
followed by two sequential rounds of chromosome segregation, termed meiosis I and II
(MI and MII). Accurate chromosome segregation during meiosis is fundamental for genetic
material stable distribution. In plants, two types of meiotic divisions have been found.
In plants with one single size-restricted centromere per chromosome (monocentric chro-
mosomes), homologous chromosomes segregate during meiosis I, and sister chromatids
separate in meiosis II (Figure 1). However, unlike monocentric chromosomes, plants such
as Luzula elegans [3] and Rhynchospora [4] harbor holocentric chromosomes which lack a pri-
mary constriction site and form holokinetic kinetochores. The kinetochores are distributed
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along almost the entire poleward surface of the chromatids, to which spindle fibers attach.
Due to this special chromosome structure, sister chromatids separate in meiosis I, whereas
homologous chromosomes segregate in the second meiotic division in Luzula elegans [3]
and Rhynchospora [4].

Understanding the mechanism of meiosis is critical since the mis-segregation of chro-
mosomes leads to aneuploidy and chromosome instability and is the main cause for
miscarriage, birth defects, and infertility in animals. In plants, abnormal chromosome seg-
regation in meiosis can generate aneuploids or cause sterility [5,6]. However, the functions
of many kinetochore proteins in plant meiosis have only recently been understood, and
these proteins differ functionally from those found in animals.

In this review, we will summarize our current knowledge of how plant kinetochore
proteins function in meiosis. In addition, the functional similarities and differences of core
kinetochore proteins in meiosis between plants and other species are discussed. Addition-
ally, potential applications for crop breeding practice by modifying some kinetochore genes
in meiosis have emerged [5–9].
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2. Kinetochore Structural Proteins

Assembled by more than 100 structural and regulatory proteins on centromere DNA
in eukaryotes [reviewed in [9]], the kinetochore is typically divided into two parts: the
inner (DNA-proximal) and outer (microtubule-proximal) kinetochore [6] (Figure 2). Here,
we will summarize how kinetochore structural proteins function in plant meiosis.

Figure 2. The centromere-kinetochore region.

2.1. CENH3 Protein

Plant centromeres are determined epigenetically by a specific histone H3 variant,
called centromere histone 3 CENH3 (first described as human CENP-A [10]). Like other
histone subunits, CENH3 carries an N-terminal tail (which protrudes from the nucleosome
and is a target for posttranslational modification) and C-terminal Histone Fold Domain
(which interacts with DNA and other histones from the nucleosome) (Figure 3). Contrary to
conventional histones, CENH3 is evolving rapidly. The N-terminal tail of CENH3 is barely
alignable even among closely related species, but the C-terminal Histone Fold Domain is
largely conserved [reviewed in [11]]. The C-terminal part of CENH3 seems to be sufficient
for mitotic centromere function in plants, but meiotic centromeres neither load nor tolerate
impaired CENH3 molecules [12,13]. Ravi and Chan made the construct in which the
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hypervariable N-terminal tail of CENH3 was swapped out for the tail of the Schematic of
the kinetochore showing simplified protein–protein interactions between major kinetochore
components in plants. This illustrates the trilaminar structure of the kinetochore, as
observed through electron microscopy. From inside to outside, the kinetochore’s structure
can be broken down into three layers: the centromere (brown), the inner kinetochore (gray),
the outer kinetochore (blue) and the kinetochore’s outer region, which is known as the
fibrous corona (dark blue) [14]. A particular histone H3 variant (CENH3) specifies the
position of the kinetochore in the centromere region. Various inner kinetochore parts
throughout the cell cycle and connect with kinetochores: CCAN complex (which includes
CENP-C, CENP-O, CENP-S, and CENP-X) and KNL2 protein. Particularly during cell
division, numerous additional proteins are attracted to the outer kinetochore, including
those in multiprotein complexes containing NDC80 (NDC80 complex, including Ndc80-
Nuf2-Spc24-Spc25), MIS12 (MIS12 complex, including Mis12-Dsn1-Nnf1-Nsl1), and KNL1
(KNL1 complex, including Knl1 and ZWINT). They offer the spindle assembly checkpoint
(SAC) proteins a landing platform, such as MPS1. The NDC80 complex can recruit the
MPS1 and seems to be directly involved in microtubule binding. AUR, BORR, SUR (“?”
represents the homologs not identified in the plant yet), and INCENP are chromosomal
passenger complex (CPC) components that preferentially populate the centromere area and
control the integrity of microtubule–kinetochore attachments. The SAC components (MPS1,
BUB1, BUB3, BUBR1, MAD1, MAD2) and APC/C can be recruited to the fibrous corona.

Figure 3. The schematic diagram illustrates the constructs utilized for expressing different CENH3
variants in Arabidopsis [13,15].

The conventional H3.3 variant (encoded by At1g13370) carried GFP-tagged variants
to the N-terminal tail domain (GFP-tailswap) (Figure 3). The GFP-tailswap expressing
Arabidopsis plants showed sterility due to defects during sporogenesis, and the CENH3
signal was reduced to an undetectable level in meiocytes [15]. Moreover, Arabidopsis plants
expressing the C-terminal part of CENH3-fused tag (EYFP-), named EYFP-CENH3(C)
(C-terminal of CENH3 containing loop1 region) construct (Figure 3), showed chromosome
segregation defects, decreased fertility, and the impaired loading of the tag (YFP-) signal
in meiosis [13]. Strikingly, EYFP-CENH3(C) expression can even reduce the amount of
endogenous CENH3; the insufficient CENH3 loading leads to the formation of lagging
chromosomes and micronuclei [13]. Therefore, in contrast to mitosis, the N-terminal
tail of CENH3 plays a key role in different loading mechanisms of CENH3 during plant
meiosis [13].
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GFP-CENH3, GFP-tailswap, YFP-CENH3, and YFP-CENH3(C) transgenes are de-
scribed in this review paper. Tail, N-terminal tail domain; HFD, C-terminal histone fold
domain; H3.3, the tail of conventional H3.3 variant; GFP, green fluorescent protein; YFP,
yellow fluorescent protein.

2.2. Inner Kinetochore

The basic step of kinetochore formation is the incorporation of the CENH3 into nu-
cleosome centromere positions. CENH3 was thought to physically interact with the inner
kinetochore Constitutive Centromere-Associated Network (CCAN, which provides a plat-
form for the assembly of centromeres and has been identified as playing a crucial role in
recruiting the outer kinetochore protein complex) in most eukaryotes [16]. In vertebrates,
CCAN consists of 16 CENP-named proteins: CENP-C, CENP-H, CENP-I, CENP-K, CENP-
L, CENP-M, CENP-N, CENP-O, CENP-P, CENP-Q, CENP-U, CENP-R, CENP-T, CENP-W,
CENP-S, and CENP-X [reviewed in [17]]. However, 12 out of the 16 CCAN components
in vertebrates cannot be identified by homology search techniques in plants [18]. Only
CENP-C, CENP-O, CENP-S, and CENP-X have been identified in moss Physcomitrella
patens, an emerging model system for plant cellular biology [18]. It is unknown whether
the CCAN complex occurs in the plants because CENP-S, CENP-X, and CENP-O were
proven not to localize to the kinetochores in Physcomitrella patens [18]. In fission yeast,
CENP-S and CENP-X, which are the CCAN network’s components, add the function of
kinetochore assembly. By working with the Fanconi anemia pathway’s Fanconi Anemia
Core Complex (FANCM) DNA translocase, CENP-S and CENP-X might also be involved
in DNA repair [19]. The CENP-S and CENP-X present in Physcomitrella patens may be
related to DNA repair. What function a CENP-O homolog might play on its own is not
at all clear, especially when it does not localize to the kinetochore. Moss Physcomitrella
patens, maize and Arabidopsis have been shown to contain CENP-C, the only remaining
kinetochore component having a vertebrate CCAN homolog. However, regarding its
function in meiosis, a thorough functional investigation is currently lacking [6,20,21]. In
fission yeast [22], Drosophila [23], mice [24], and fish [25], CENP-C functions not merely as a
structural link between the centromere and the kinetochore but also as joining the processes
of early prophase homolog synapsis (means the alignment of chromosomes along its length
and results in synaptonemal complex formation) to late metaphase kinetochore assembly
and signaling in meiosis [reviewed in [26]].

It has been found that in both animals and plants, CENH3 nucleosomes bind not only
directly to CENP-C but also to a well-studied inner kinetochore protein KINETOCHORE
NULL2 (KNL2, also called M18BP1 in vertebrates) [20,27–30]. KNL2 is responsible for
the initiation of CENH3 deposition at the centromeres in humans [31], C. elegans [32],
and fission yeast [31]. In plants, research has split KNL2 into eudicots αKNL2 (previous
characterization) & βKNL2 (new representation) and grasses γKNL2 & δKNL2 (except
that the maize genome contains only one copy of the δKNL2 gene) [33] (Figure 4). The
conserved and characteristic Swi3-Ada2-NCoR-TFIIIB-associated (SANTA) domain has
been found in all known KNL2 proteins. In some organisms, it is also accompanied
by a putative SANT/ domain such as human [34] (Figure 4). Another conserved motif,
named CENPC-like motif (CENPC-k), was identified on the C-terminal part of the KNL2
homologs in a wide spectrum of eukaryotes. However, human KNL2 does not contain a
CENPC motif. A CENP-C binding domain (CBD), located in the middle part of the human
protein, is required for the centromere localization instead [35,36] (Figure 4). In plants,
research has found that Arabidopsis KNL2 can still target centromeres and interact with DNA
even if the SANTA domain is deleted [29,30], likely because Arabidopsis KNL2 recognizes
centromeric nucleosomes by the CENPC-k motif at its C terminus, which is required for
KNL2 centromeric localization, similar to CENP-C [29]. All KNL2 act in both mitosis
and meiosis [33]. Depletion of KNL2 in different organisms causes defects in CENH3
assembly. Knockout of M18BP1 in human HeLa cells with RNAi abolished centromeric
recruitment of newly synthesized CENP-A, leading to chromosome mis-segregation and
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interphase micronuclei [37]. In Arabidopsis, knockout of αKNL2 via a T-DNA insertion
showed reduced CENH3 loading at the centromeres and chromosome segregation defects
in both mitosis and meiosis [30]. Conversely, αKNL2 expression is stable in CENH3-RNAi
transformants, indicating that αKNL2 acts upstream of CENH3 and has a function in the
assembly of CENH3 at the centromeres [30]. Moreover, βKNL2 knockout leads to cell
cycle disorder, such as abnormal seed development, and a semi-lethal mutation phenotype
indicating the defects in meiotic and mitotic chromosome segregation in Arabidopsis [33].

Figure 4. Schematic diagram of KNL2 conserved domain constructs in different species.

The figure shows the KNL2 conserved domain of eudicots (Arabidopsis thaliana), grasses
(Oryza sativa), and mammals (Homo sapiens). There are two KNL2 proteins in Arabidopsis
thaliana, αKNL2 & βKNL2, and two KNL2 proteins in Oryza sativa, γKNL2 & δKNL2.
However, the Homo sapiens category only has one KNL2—M18BP1. SANTA domain,
CENPC-K motif, CBD domain, and SANT domain are all highlighted in different colors:
black for the SANTA domain, blue for the CENPC-K motif, cyan for the CBD, and brown
for the SANT domain. The graphic demonstrates that KNL2 and KNL2 have comparable
domains. The figure shows that the domains of αKNL2 and γKNL2 and those of βKNL2
and δKNL2 are comparable.

2.3. Outer Kinetochore and KMN Network

An outer kinetochore subcomplex called the KMN network (KNL1-MIS12-NDC80)
that binds to spindle microtubules is recruited by the CCAN network in the inner kine-
tochores, which also connects with the centromere [38–41]. The KMN complex includes:
KNL1c (consisting of Knl1 and ZWINT), NDC80c (consisting of Ndc80-Nuf2-Spc24-Spc25
proteins), and MIS12c (consisting of Mis12-Dsn1-Nnf1-Nsl1 proteins). MIS12c anchors
NDC80c and KNL1c from yeast to humans (Figure 2) [40–47]. Like centromeric proteins,
most kinetochore proteins are fast evolving and, hence, display less sequence homology
between their respective orthologs despite their functional conservation. Only a few kine-
tochore proteins from the KMN group that offers high sequence identity with the yeast
or mammalian counterparts have been characterized in plants. In Arabidopsis, the inter-
action of necessary for nuclear function 1 (NNF1) and MIS12 has been confirmed in Y2H
and co-immunoprecipitation tests [45]. Shin et al. (2018) confirmed that AtNUF2 directly
interacted with AtNDC80 and AtSPC25 subunits in Arabidopsis by the yeast two-hybrid
analysis. Recently, studies of the NDC80 complex in Arabidopsis showed that MERISTEM
UNSTRUCTURED (SPC24/MUN) interacts conservatively with subunits NDC80, NUF2,
and SPC25 using co-immunoprecipitation analysis, and MUN protein has a coiled-coil
region and a globular domain at the end, which are typical structural features found in all
four components of the NDC80 kinetochore complex [47].

In the KMN group, only NDC80 [40], MIS12 [41], NNF1 [45], NUF2 [46], and
SPC24/MUN [47] homologs are functionally characterized in plants. They display con-
served functions in chromosome segregation and microtubule organization during cell
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division. In maize, the localization patterns of Knl1 signals overlap with those of Mis12
and Ndc80, indicating that the deficiency of Knl1 can likely impair kinetochore function.
This impairment leads to abnormal chromosome behavior during cell division in early
endosperm development, ultimately resulting in defective kernels [38]. During meiosis,
maize MIS12 interacts with NDC80, forming a visible MIS12-NDC80 bridge. This bridge
fuses sister kinetochores, directing sister kinetochores’ mono-orientation behavior during
metaphase I and initiating the homolog chromosomes segregation [41]. After systemically
reducing the levels of MIS12, the MIS12-NDC80 bridge is broken. This leads to kinetochores
orienting and separating randomly in metaphase I, causing chromosome non-disjunction
in anaphase I due to the presence of sister chromatid cohesion [41]. Another component
of the MIS12 complex, NNF1, atnnf1-1 mutation in Arabidopsis causes embryo mortality,
which shows its crucial significance in kinetochore function during cell division [45]. For
the NDC80 complex, it has been shown that the mutation of AtNUF2 led to severe mitotic
defects, not only in the embryo and endosperm but also in seedlings, resulting in seed
abortion and stagnating seedling growth [46]. Moreover, the partially complemented
nuf2-3/-DD45;ABI3pro::AtNUF2 (nuf2-3/-DA) root apical meristem cells, along with the aberra-
tion of spindle MTs, resulted in blocked root growth [46]. Furthermore, AtSPC25 could
co-localize with CENH3 and MT arrays in various phases of mitosis suggesting that the
AtSPC25 gene may perform a similar function as AtNUF2 [46]. Recently, studies of another
component of the NDC80 complex in Arabidopsis showed that the mun-1 mutant, which
is a weak allele because of the insertion of T-DNA in the promoter region of the SPC24
homolog, displays stunted growth, embryo arrest, DNA aneuploidy, and problems in chro-
mosome segregation with a low cell division rate [47]. Additionally, Null mutants of MUN
from TALEN and CRISPR/Cas9-mediated mutagenesis demonstrated zygotic embryonic
lethality comparable to nuf2-1, indicating it is necessary for proper cell division [47].

3. Spindle Assembly Checkpoint (SAC) Proteins

During cell division, the spindle assembly checkpoint (SAC) acts to maintain genome
stability by prolonging metaphase “stagnation” until all kinetochores correctly attach to the
microtubule spindle apparatus. Once all kinetochores become stably attached to spindle,
the SAC is inactive, which allows chromosome segregation and cell division to proceed.
The SAC core proteins, including monopolar spindle 1 (MPS1), budding uninhibited by
benomyl (BUB: BUB1, BUB3), BUB1-related protein 1 (BUBR1, also called MAD3), and
mitotic arrest deficient (MAD: MAD1, MAD2) have been identified in divergent branches
of the eukaryotic kingdom, including yeast, animals, and plants (Table 1); for reviews
see [48,49]. Therefore, it seems that the SAC appears to be an ancient control mechanism [50].
In mitosis and meiosis, the regulatory mechanisms of the SAC proteins and the relationship
between them have all been well studied [51–53]. Here, we will focus on the plant SAC
proteins for their mechanisms during meiosis.

3.1. MPS1 Protein

MPS1 protein was originally found in yeast and identified as a kinase [65,66]. MPS1
orthologues can be identified in all supergroups of eukaryotes and in metazoan, with the
exception of nematodes [67]. MPS1 protein as an upstream SAC regulator initiates SAC sig-
naling, which has been proven in yeast [68] and human cells [69–72]. MPS1 phosphorylates
Spc105/KNL1 at several phosphorylation sites to start a biochemical cascade that recruits al-
most all other SAC components directly or indirectly to kinetochores and monitors accurate
chromosome alignment [69,73–76]. In recent years, the function of MPS1 protein in plant
meiosis has been released. Like yeast [77], Drosophila [78,79], and mice [80], a mutation
of MPS1 leads to chromosome mis-segregation and aneuploidy because of the precocious
entry into anaphase I with erroneous kinetochore attachments in Arabidopsis, which finally
leads to male and female gametophyte abortion [54]. Moreover, MPS1(AtPRD2) is involved
in the formation of double strand break (DSB) and spindle structure during meiosis in
Arabidopsis [55]. However, the rice OsPRD2 does not participate in spindle assembly during
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meiosis I but shows a conservative role in the meiotic DSB generation [56,57]. Consistent
with other DSB defective mutants, later synapsis and recombination were disrupted in
osprd2 [57]. This indicates that the function of MPS1(PRD2) is different among plant
genomes of different lineages; further studies need to be explored in different plants.

Table 1. List of SAC and CPC proteins in plant meiosis.

Name Homologs Protein Function or Feature Mutant Phenotype Reference

SAC proteins

MPS1 AtMPS1
(Arabidopsis) required for faithful chromosome segregation

chromosome mis-segregation;
aneuploidy; precocious into

anaphase I
[54]

AtPRD2 (Arabidopsis) involves the formation of DSB and
spindle structure

gametophytes aborted; abnormal
meiosis products [55]

OsPRD2 (Rice) meiotic DSB formation male and female completely sterile;
twenty-four univalent [56,57]

BUB1 BRK1
(Rice)

proper tension between
homologous kinetochores

precocious separations of sister
chromatids; sterile tetrad [58]

ZmBUB1
(Maize) Bub1-mediated phosphorylation of H2AThr133 decline of anther fertility [59]

BUB3 ZmBUB3
(Maize) located at the kinetochore [59]

MAD2 MAD2
(Maize)

at centromere; relates to the distance
between kinetochores [60]

CPC proteins

Aurora α-Aurora β-Aurora
(Arabidopsis) catalytic subunit of the CPC microsporogenesis and defects in

polyploid and aneuploid offspring [61,62]

INCENP WYR (Arabidopsis) involved in cell cycle control defects in gametophyte cell
division and development [63]

Borealis BORR (Arabidopsis) required for proper chromosome segregation
and cell division

undeveloped ovules, aborted
seeds and embryonic defects [64]

3.2. BUB Proteins

BUB proteins include BUB1 kinase (also called BMF1 in plants), BUB3, and an unusual
pseudo-kinase BUB1-related protein1 (BUBR1, also called MAD3). In yeast and mam-
mals, BUB1 localizes to kinetochores through the BUB3-binding domain. Although BUB1
homologs in plants have also been found, a BUB3-binding region named Gle2-binding-
sequence (GLEBS) domain is missing in all plant BUB1 proteins [58,81,82]. In fission yeast,
BUB1 is required for localization and the centromeric protection of cohesin subunit Rec8
during meiosis I, which may be because of the interaction between BUB1 and Shugoshin
(Sgo) [59,83,84]. It has been shown that the N-terminus of BUB1 is necessary for the tar-
geting of Sgo1 to centromeres and the protection of cohesion, whereas the C-terminal acts
together with Sgo2 to promote sister kinetochore co-orientation at the MI stage during
fission yeast meiosis [59].

In plants, rice brk1 (homologs of BUB1 in rice and located at the kinetochore) display a
sterile phenotype because of the precocious loss of sister chromatid cohesion at the onset
of anaphase I. Then, the tension between homologous kinetochore reduces, which finally
leads to a sterile tetrad phenotype [58]. In maize, the ZmBub1 RNAi transgenic line also
showed a decline of anther fertility to certain degrees [82]. Moreover, maize ZmBub1
can localize to metaphase I centromeric regions in sgo1 mutants [82], which suggests that
ZmBub1 localization to kinetochores is independent of ZmSgo1 during maize meiosis.
Furthermore, it has been shown that in maize afd1 (homolog of Rec8), mutant ZmBub1
is detectable during the entire meiotic division. Taken together, ZmBub1 recruitment is
Rec8- and Sgo1-independent [82]. However, Arabidopsis bub1 mutants are morphologically
similar to wild-type even under microtubule-destabilizing conditions [81].

The roles of Bub3 have been well studied in mouse oocytes, and similarity between
mammalian mitosis and meiosis has been illustrated [85]. Overexpression of Bub3 causes
meiotic arrest while depletion of Bub3 from kinetochores causes chromosome misalignment
and abnormal polar body extrusion, leading to aneuploidy [85]. In plants, three homologs
of BUB3: BUB3.1, BUB3.2, and BUB3.3 have been identified in Arabidopsis, and they all
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contain WD40 repeats which are required for mitotic checkpoint complex formation [86,87].
BUB3.1 and BUB3.2 show 88% sequence similarity, and BUB3.3 only shares 37% amino
acid identity with BUB3.1 and BUB3.2 [87]. In Arabidopsis, the localization pattern of
BUB3.1:GFP and BUB3.2:GFP are present at the kinetochores in mitotic cells, BUB3.3:GFP
is present in the cytoplasm, indicating a plant specific accumulation pattern that does not
correspond to established SAC function in animal and yeast cells [88]. In Arabidopsis, loss of
BUB3.1 function leads to embryonic lethality, bub3.2 mutants do not exhibit any defects, and
there is missing information about bub3.3 mutants [87–89]. In maize meiosis, BUB3 signals
were determined by immunostaining, which appeared first as weak signals in interphase
and then became stronger through prophase I. The signals persisted at the kinetochores
throughout meiosis I and II [82].

MAD3/BUBR1 is a paralogous protein of BUB1 and contains a MAD3/BUB1 domain, a
GLEBS domain, and an inactive pseudo-kinase domain. MAD3/BUBR1 has been identified
in yeast [90], Drosophila [90,91], a mouse [92], and plants [93]. In a mouse [92,94] and
mice [95], BubR1 depletion by RNAi accelerated meiotic progression, and overexpression
of BubR1 caused meiotic arrest. Moreover, cold treatment disrupted spindle microtubules
in BubR1-depleted oocytes, suggesting that BubR1 monitors kinetochore–microtubule
attachments [92]. Furthermore, BubR1 is essential for maintaining sister chromatid cohesion
during meiotic progression in both sexes in Drosophila [96]. Two MAD3/BUBR1 homologs
(called MAD3.1 and MAD3.2) have been found in Arabidopsis and maize; they all lost their
GLEBS domain and pseudo-kinase domain (Review in [93]). MAD3.1 (also called BMF2 in
plants) localizes to kinetochore under microtubule-destabilizing conditions. In addition,
in MAD3.1 and MAD3.2 (also called BMF3 in plants), direct interaction was observed
at kinetochores, indicating that the interaction only occurs when the SAC is active [97].
However, their function in meiosis is still unclear in plants.

3.3. MAD Proteins

MAD proteins, including MAD1 and MAD2, have been identified in almost all eukary-
otes. The kinetochore localization of MAD1 has not been reported, but MAD2 homologs
have been shown to strongly accumulate at kinetochores under microtubule-destabilizing
conditions in Arabidopsis, maize, and wheat [97,98]. Under SAC-activated conditions,
MAD1 localizes predominantly to unattached kinetochores and recruits MAD2 to form the
MAD1–MAD2 complex. MAD1 is a coiled-coil protein with a MAD2 interaction motif; the
MAD1–MAD2 interaction has been confirmed by gel filtration and co-immunoprecipitation
experiments in budding yeast [99]. The loss of MAD1 causes chromosome dislocation
and premature entry into anaphase I in yeast [100], Caenorhabditis elegans [101], and a
mouse [102]. In Arabidopsis, localization of MAD1 to the nuclear periphery was also ob-
served, but the relationship between SAC components and DNA repair has not been
studied yet [103]. Interestingly, it has been shown that Arabidopsis MAD1 regulates flower-
ing time and endo-polyploidization, suggesting that MAD1 is involved in cell cycle control
in the timing of reproductive transition [104].

MAD2 was reported to localize to kinetochores during meiosis in a mouse, a rat,
maize, and a grasshopper [60,105–107]. However, the patterns of MAD2 dynamics are
different among species. Specifically, in meiosis I of maize, MAD2 localizes to unattached
kinetochores. After proper attachment, it is lost from the kinetochores, indicating that
MAD2 may sense microtubule attachment [107]. However, in mouse spermatogenesis,
MAD2 is shown to remain at most kinetochores throughout meiosis I and is lost only
during metaphase of meiosis II. The persistence of MAD2 at kinetochores in oocytes
was seen during meiosis II [105]. It has been shown that MAD2 is a key SAC protein
involved in the regulation of meiotic chromosome segregation. In the absence of MAD2,
the meiotic cells showed similar defects as MAD1 mutants during meiosis I in yeast and a
mouse [108–110]. In maize, the loss of MAD2 staining in meiosis was not correlated with
initial microtubule attachment but was correlated with a measure of tension: the distance
between homologous or sister kinetochores (in meiosis I and II, respectively). After the
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staining of tension-sensitive 3F3/2 (the 3F/2 antibody recognizes a phosphor-epitope that
is localized to prometaphase kinetochores until the chromosomes have aligned properly at
the metaphase plate), phosphor-epitope was present and absent concomitantly with MAD2
at the meiotic kinetochores [107].

4. Chromosomal Passenger Complex (CPC) Proteins

Accurate chromosome segregation to avoid chromosomal instability and aneuploidy
is guaranteed by the SAC. The loading and function of SAC at the kinetochores depend
on a few complexes, especially the chromosome passenger complex (CPC). Thus far, core
enzyme Aurora kinase and three non-enzymatic kinases including inner centromere protein
(INCENP), Borealin, and Survivin in CPC proteins have been identified in most organisms
(Table 1). CPC components are preferentially populated in the centromere area (reviewed
in [111]), and CPC is known in correcting kinetochore–microtubule attachments [112,113],
activating the SAC complex [112], stabilizing the spindle midzone [113,114], and promoting
cytokinesis [115] during cell division. Aurora B is the core component in CPC. The N-
terminus of auroraB kinase binds to the C-terminus of INCENP, while Survivin and Borealin
bind the N-terminus of INCENP (Figure 2).

4.1. Aurora Kinase

The Aurora kinases are a family of highly conserved serine/threonine kinases.
Yeasts, including Saccharomyces cerevisiae and Schizosaccharomyces pombe, contain a single
Aurora homolog, Ipl1p (increase in ploidy 1) [116] and Ark1 (Aurora-related kinase 1,
an Aurora-B-like kinase) [117], respectively. At least two functionally divergent Aurora
members of the multicellular eukaryotes are present: Aurora A and Aurora B. Mam-
mals can have up to three Aurora genes: Aurora A, B, and C [118]. In plants, three
homologs of Aurora categorized into two groups were identified in Arabidopsis and
rice: α-Aurora (AUR1 and AUR2, similar to Aurora A in mammals and locates to the
spindle microtubule), β-Aurora (AUR3, similar to Aurora C in mammals and locates to
the kinetochore) [61,62,119]. It has been shown that Aurora kinases play an important
role in centrosome maturation, spindle assembly, meiotic maturation, and metaphase I
spindle orientation [120], as well as regulate SAC activity [121], control the kinetochore
orientation during meiosis [122], and function specifically in meiotic spindle attachment
in oocytes [123] and during spermatogenesis [124].

It has been shown that all three AtAurora kinases localize to male and female game-
tophytes, suggesting a possible prominent function during plant meiosis. In contrast to
yeast and animals, the role of plant Aurora kinases in meiosis is only starting to emerge. In
Arabidopsis, the reduced activity of Aurora kinases (AtAurora1, −2, −3) leads to meiotic
defects and the formation of unreduced pollen including plants with an increased ploidy
level [125,126]. This not only reduces expression of Aurora kinases but also overexpression
results in genomic instability [125]. In Arabidopsis, overexpression of any member of the
AtAurora family is not possible (overexpression of untagged AtAurora kinases is detrimen-
tal for plant development), so only plants with tagged [GFP, tandem affinity purification
(TAP) tag] or truncated forms of Aurora kinases can be expressed. This indicates that
the activity of Aurora kinases is affected by the affinity tag, making their overexpression
possible for plants [125]. Arabidopsis 35S::AtAurora1-TAP transformants showed increased
endopolyploidization, disturbed meiosis, and the formation of small amounts of tetraploid
seeds [125]. Overexpression of truncated AtAurora1 resulted in an imbalanced segregation
of chromosomes during meiosis and the formation of 39% aneuploid seeds [125]. Thus,
in plants, balanced expression of Aurora kinases is essential for the proper execution of
mitotic and meiotic divisions, and therefore for overall growth and development [125–127].
Analysis of aurora1 aurora2 double mutants and Ataurora3 RNAi transformants in the
aurora1 mutant background showed that they exhibited disturbed meiosis and form triploid
or a combination of triploid and tetraploid seeds, respectively [125].
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4.2. Other CPC Components

INCENP is the largest non-catalytic subunit of the CPC, which binds to all other CPC
components directly in yeast and animals. The N-terminal region of INCENP interacts with
Borealin and Survivin, while the C-terminal domain, called the IN-box, with four amino
acid residues binds to Aurora B [128,129]. Like yeast and animals, a putative Arabidopsis
ortholog of INCENP, named WYR, contains a characteristic C-terminal domain and a
coiled-coil domain; an IN-box aurora B-binding domain has been identified as well. In
addition, Arabidopsis WYR has a long N-terminal region of unknown function, which is
only conserved in plants [130]. In general, INCENP functions in the CPC complex to
regulate cell cycles, including chromosome segregation, the spindle assembly checkpoint,
and cytokinesis [64]. However, in plants, it is still unclear if INCENP acts as a putative
plant CPC because of missing information about its CPC binding partners. WYR has been
found to play a role in meiosis; Arabidopsis wyr-1/+ produces dyads and triads in male
sporogenesis, indicating the failure of chromosome segregation (meiotic non-reduction)
during meiosis [130].

N-terminal Borealin acts as the INCENP-binding region, while its C-terminal part
consists of a homodimerization domain that is involved in stable CPC localization to
centromeres [63]. The location of the CPC complex on the chromosomes depends on
the phosphorylation status of the histones during mitosis and meiosis [131]. BOREALIN
RELATED (BORR, Borealin homolog in Arabidopsis) has been identified in Arabidopsis
and in most branches of the plant kingdom, which co-localizes with INCENP homologs
to the central region of the kinetochore and the film-forming body during mitosis and
meiosis [130]. BORR is required for proper chromosome segregation during cell division in
Arabidopsis and is strongly expressed not only in proliferating cells but also in flowering
tissues, including male and female reproductive organs [129]. Borr mutants showed lagging
chromosomes and abnormal cell division, resulting in undeveloped ovules, aborted seeds,
and embryonic defects [129], indicating its role in meiosis.

In yeast and animals, Aurora, INCENP, and Borealin, together with Survivin, form the
CPC complex [111]. However, Survivin is still missing from the picture in plants, raising
the question whether complete and functional canonical CPC exists in plants. In a recent
report, Komaki, S. et al. identified Arabidopsis BOREALIN RELATED INTERACTOR 1 and
2 (BORI1 and BORI2) as redundant Survivin-like proteins in the context of the CPC in
plants [132]. In rat and mouse oocytes, Survivin is a critical regulator of spindle assembly
checkpoint activity and chromosome alignment during meiosis [133,134]. However, it is
not yet clear whether BORI1 and BORI2 function in plant meiosis.

In total, little is yet known about the role of plant CPC complex, especially in meiosis.
Further genetic and biochemical analysis is needed to confirm plant CPC components and
to understand their roles in meiosis.

5. Centromeric Cohesion in Meiosis

To ensure that each gamete receives only half the number of parental chromosomes,
meiocytes undergo a reductional division separating parental homologs during meiosis I.
The kinetochores of sister chromatids fuse and then point toward the same direction
(mono-orientation) in meiosis I (Figure 1), allowing homologous chromosomes to correctly
segregate to different sides [135,136]. This is partly mediated by sister chromatid cohesion.
The cohesin complex forms a ring-like structure that comprises four main subunits: struc-
tural maintenance of chromosomes 1 (SMC1) and SMC3 protein, and the α-kleisin SCC1
(also called RAD21 or REC8) and the SCC3 proteins [137–141]. Studies demonstrated that
SCC1 is acting on the mitotic cohesin complex and is replaced during meiosis by REC8 in
almost all eukaryotes [142–144].

5.1. Sister Chromatid Cohesion

In meiosis I, to make sure homologous chromosomes segregate, sister kinetochores of
each homolog have to face toward the same spindle pole. Therefore, sister chromatid cohe-
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sion must be released in two steps: in meiosis I, loss of cohesion at the chromosome arm
releases chiasmata and enables the reductional segregation [142,145]. Moreover, the cohe-
sion in the centromeric region is retained until metaphase II, which ensures the segregation
of sister chromatids during anaphase II [146]. Mutants of Rec8 lead to cohesion protection
defect at the centromeric region, which has been proven in many organisms [135,146–149].
Moreover, SMC1 and SMC3 are the vital cohesin proteins during meiosis, and AtSMC3
exists in the cytoplasm and nucleus and the chromosome and nuclear matrix in Arabidopsis
in meiosis and mitosis cells. During meiosis, at the prophase of meiosis, AtSMC3 was
located along the sister chromatids to the axial and lateral elements, and at metaphase I,
AtSMC3 was only located in the centromere [150]. Interestingly, tomato SMC1 and SMC3
show similar positioning modes to AtSMC3, but no spindle position was recorded in
tomatoes [151]. This indicates that the function of plant cohesin subunits is consistent with
other eukaryotic organisms in meiosis (a detailed review of plant cohesin in meiosis can be
found in [127,140,152–154]).

5.2. Mono-Orientation

In the last two decades, several meiosis-specific proteins, including budding yeast
Spo13 [155], fission yeast Moa1 [156], mouse MEIKIN [157], and Drosophila Mtrm [158],
have been identified with crucial functions in mono-orientation. These proteins, so-called
meiosis I kinase regulators (MOKIRs), mediate the segregation of homologous chromo-
somes (mono-orientation). The MOKIRs bear no obvious sequence similarity, although
their functions are conserved. However, MOKIRs are missing from the picture in the plants,
raising the intriguing possibility that MOKIRs have been lost in the green lineage and that
the plant meiosis mono-orientation is regulated by different mechanisms. It has been sug-
gested that kinetochore mono-orientation also depends on Rec8 in many species, including
yeasts [159], C. elegans [160], Drosophila [161], and plants [135,162,163]. In plants, mutants
of meiosis-specific α-kleisin Rec8 homologs, including Arabidopsis SYNAPSIS1(syn1--also
called DETERMINATE INFERTILE1, dif1) [141,164,165], rice osrad21-4 [163,166], and maize
afd1 (absence of first division) [167] exhibit an equational segregation of chromosomes at
metaphase I. In addition to REC8, SCC3 is a desired protein for the mono-orientation during
meiosis I [168]. Through a blast search of SCC proteins of many species, its homologous
protein AtSCC3 was found in Arabidopsis, which involves the male and female meiosis, and
its disruption causes the early release of cohesion at anaphase I [135,169].

5.3. Cohesin Protectors

Shugoshins (SGOs, which means ‘guardian spirit’ in Japanese) were firstly identified in
Drosophila (MEI-S332) [170], and successively described in yeast, mammals, and plants [171].
A conserved feature of shugoshin proteins is their localization to pericentromeres during
meiosis I, consistent with their role in protecting cohesion in this region [170,172–178].
Research in yeast and vertebrates has shown that SGO is phosphorylated by kinase Aurora
B and binds as a homodimer with protein phosphatase 2A (PP2A). Then, the complex
dephosphorylates the cohesion subunit REC8 to protect it from separase (cysteine protease)
during meiosis [179–182]. There are differences in both amino acid sequences and certain
accessory functions among SGOs from different species [183,184]. The organisms including
fission yeast, plants, and mammals contain two shugoshin-like proteins (Sgo1 and Sgo2,
acting differently in mitosis and meiosis I), in contrast to budding yeast and Drosophila,
which only contain a single shugoshin protein Sgo1 [170,173]. Sgo1 is predominantly
responsible for the protection of centromeric cohesion during meiosis in fission yeast and
plants [173,176,183,185], whereas Sgo2 carries out this function in mammals [178]. The role
of SGO has been identified in Arabidopsis, maize, and rice, and the sgo1 mutants show the
precocious separation of sister chromatids due to loss of centromeric cohesion at anaphase I,
producing unbalanced chromosomes at MII [176,183–186]. Furthermore, in Arabidopsis,
atsgo1 atsgo2 double mutants showed that the frequency of unbalanced meiotic products
had significantly increased compared with the single atsgo1 mutant [176,184–186].
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Moreover, a plant-specific protein PATRONUS1 (PANS1,) has been identified in Ara-
bidopsis [184,185]. Similar to SGOs, PANS1 is not required for monopolar attachment of
sister kinetochores in meiosis I. However, in contrast to the SGOs, pans1 meiocytes show
a premature release of sister chromatid cohesion at metaphase II but not at meiosis I,
indicating that the protein is required for the protection of cohesion during interkinesis,
at a later stage than SGOs [184,185]. PANS1 may be a regulator of the APC/C complex
because of the interaction with some of the APC/C subunits revealed by TAP-TAG and
Y2H experiments [184]. In rice and wheat, there are also PANS1 similar proteins identified,
named RSS1 and TdRL1, respectively [187–189]. However, the mechanism of PANS1 is
still unclear.

6. Concluding Remarks and Perspective

In plants, altered expression of key meiotic regulators at kinetochores results in im-
paired meiotic divisions followed by the formation of aneuploid or polyploid progenies.
For example, manipulating Aurora kinase activity by Aurora inhibitors efficiently resulted
in the formation of aneuploids and polyploids [125]. This observation is interesting from an
evolutionary point of view because it can be assumed that, during evolution, the influence
of biotic and abiotic factors on the activity of meiotic genes resulted in the formation of
aneuploids or polyploids that served as a basis for the formation of new species. In addition,
this knowledge can be used for applied research because manipulating key meiotic genes
can efficiently result in apomixis and the induction of haploids. For example, inactivating a
few key meiotic genes including Rec8 activity can induce apomixis into rice [3] and breed
seedless watermelon varieties [7]. In addition, it has been demonstrated that modulation
of CENH3 can introduce haploids in Arabidopsis [190,191] and in crop species such as
maize [192], wheat [193], and barley [194]. Detailed studies in this direction might help in
understanding the problem of plant genome stability. Compared with animal and yeast
kingdoms, many of the meiotic studies regarding the kinetochore perspective in plants
have just started. The presence of numerous plant-specific phenotypes in kinetochore mei-
otic regulator mutants, in contrast to the observed functional divergence between animal
homologs, makes it intriguing to further unravel these key kinetochore meiotic regulators
in meiosis.
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Abstract: Citrus (Citrus reticulata) is one of the world’s most widely planted and highest-yielding
fruit trees. Citrus fruits are rich in a variety of nutrients. The content of citric acid plays a decisive
role in the flavor quality of the fruit. There is a high organic acid content in early-maturing and extra-
precocious citrus varieties. Reducing the amount of organic acid after fruit ripening is significant to
the citrus industry. In this study, we selected a low-acid variety, “DF4”, and a high-acid variety, “WZ”,
as research materials. Through WGCNA analysis, two differentially expressed genes, citrate synthase
(CS) and ATP citrate-pro-S-lyase (ACL), were screened out, which related to the changing citric acid.
The two differentially expressed genes were preliminarily verified by constructing a virus-induced
gene-silencing (VIGS) vector. The VIGS results showed that the citric acid content was negatively
correlated with CS expression and positively correlated with ACL expression, while CS and ACL
oppositely control citric acid and inversely regulate each other. These results provide a theoretical
basis for promoting the breeding of early-maturing and low-acid citrus varieties.

Keywords: citrus; citric acid; VIGS; WGCNA

1. Introduction

Citrus (Citrus reticulata) is one of the world’s most widely planted and highest-yielding
fruit trees. Citrus fruits are rich in various nutrients, such as carbohydrates, vitamins,
antioxidants, and mineral elements [1]. The flavor of citrus fruits is the main selection
criterion for the consumer market. Organic acids, soluble sugars, and aromatic substances
are the key factors forming the fruit flavor quality. The sugar and acid content of the fruit,
especially the level and proportion of sugar and acid components, ultimately determine
the flavor of the fruit [2]. With the development of the citrus industry, some problems
have gradually appeared in the structure of the citrus industry. Currently, the main citrus
varieties in China are mainly mid-maturing, saturating the market from November to
December. A few extra-precocious and early-maturing varieties mature before October, and
the late-maturing varieties ripen from February to September the following year [3]. There
is a problem with the high organic acid content in early-maturing and extra-precocious
citrus varieties, which lengthens the fruit storage cycle and lags behind the marketing time
of citrus. Therefore, reducing the content of organic acids after fruit ripening is significant
when adjusting the citrus market structure.

There are many kinds of organic acids in fruits, which vary from fruit to fruit. However,
most fruits contain one or two main organic acids, and a few others exist in small amounts.
According to the types of organic acids that are mainly formed and accumulated during
fruit growth and development, fruits can be divided into three acid types: malic acid,
tartaric, and citric acid [4]. Citrus fruit is a typical citric acid fruit. Yamaki et al. determined
48 citrus varieties regarding the type and content of organic acid. The results showed
that citric acid had the highest content in most citrus varieties, at a rate of about 75.40%,
comprising 96.90% of the total organic acid content, followed by malic acid [5]. The changes
in the accumulation of organic acids in different varieties or the growth and development
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stages of the same type are inconsistent, and the opposite situation can occur [6]. As a
typical citric acid fruit, the change in organic acid content in fruit mainly depends on the
level of synthesis and accumulation of citric acid. For most citrus fruits, rapid synthesis
and the accumulation of citric acid occur at the early stage of fruit development, reaching
a relatively high level. However, with the gradual ripening of the fruit, the citric acid
content shows a gradual downward trend [7]. Citric acid accumulation in citrus fruits
is a complex process, and its content is affected by citric acid synthesis, degradation,
storage, transport, and other aspects. Previous studies and reports have agreed on the
metabolic pathway, accumulation mode, and theory of citric acid in citrus [8]. However,
the key metabolic pathways affecting citric acid content in fruits need further research
and verification [9]. Many studies on the decomposition and consumption of citric acid in
citrus fruits are available, and most reports support the idea that citric acid decomposition
and utilization directly affect citric acid content. In addition to the classical tricarboxylic
acid cycle (TCA) pathway, the Gamma-aminobutyric acid (GABA) pathway and citric acid
cleavage pathway have also been reported to be involved in regulating citric acid content
in citrus fruits, but the main regulatory pathways or regulatory genes in these pathways
need to be further clarified [10]. Gene differences between varieties can be assessed by
transcriptome sequencing.

Virus-induced gene silencing (VIGS) is a plant RNA-silencing technique that uses
viral vectors carrying the target gene fragment to induce endogenous gene silencing. The
function of the target genes can be assessed according to the phenotypic variation [11].
Compared with the traditional gene function analysis methods, VIGS can silence and
analyze the target genes in infected plants, avoid plant genetic transformation, play a role
in different genetic backgrounds, and analyze the gene function more thoroughly [12]. The
technical operation is simple, and the research cycle is short. Generally, one test cycle can
be completed in 1–3 weeks. This has been used to study the functional genes of disease
resistance, growth and development, and metabolic regulation in tobacco, tomato, and
other plants [13–15]. It is often used in citrus leaves but rarely used in fruits.

In this study, RNA sequencing data were used to reveal the key differential genes
regulating the citric acid metabolism pathway between Dafen 4 (low-acid variety) and
Weizhang (high-acid variety) at 66–136 days after flowering in six developing stages. In
addition, we preliminarily verified the key differential genes using the VIGS technique.
This study aims to provide a theoretical basis for understanding the molecular mechanism
of citric acid metabolism.

2. Materials and Methods

2.1. Plant Material

We selected two kinds of citrus materials for this experiment: low-acid-content citrus
(DF4) and high-acid-content citrus (WZ). The details of the plant materials were explained
in our previous report [16,17]. The plants were cultivated in the experimental field of
the Institute of Bast Fiber Crops, Chinese Academy of Agricultural Sciences (Yuanjiang,
China). Organic acid metabolic and variations in sugar content were evaluated, and the
sample collection time ranged from July to September 2021. The fruit was harvested on the
66 DAF (the day after flowering) and then collected every 14 days until 136 DAF. During the
collection, four fruits located in the northwest and southeast were collected as a sample, and
each sample had three biological repeats. The collected part was put into liquid nitrogen
and stored in an ultra-low freezer (−80 ◦C) for transcriptome sequencing, and the other
part was used for quality analysis.

2.2. Measurement of Total of Soluble Sugar (TSS) Titratable Acid (TA) in Citrus Flesh

After being mixed well, a refractometer was used to measure TSS in the collected
samples. TA was measured using titrimetric analysis, using 0.1 mol/L NaOH for neutral-
ization [18].
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2.3. Quantification of Organic Acids and Soluble Sugars in Citrus Fruit Flesh

The citrus pulp was ground with liquid nitrogen and mixed with 80% ethanol for
ultrasonic extraction. The citric acid and malic acid contents were determined using high-
performance liquid chromatography (HPLC, Agilent 1260, Santa Clara, CA, USA) with 2%
methanol and 98% K2HPO4 used as the mobile phase and 0.6 mL/min as the flow rate.
The glucose, fructose, and sucrose content were determined with the anthrone sulfuric acid
method and spectrophotometer (SV, MAPADA UV-3000, Beijing, China).

2.4. RNA Extraction and Transcriptome Sequencing Data Comparison

Total RNA was extracted from the six stages of development (66, 80, 94, 108, 122,
and 136) DAF using the RNA prep Pure Plant kit (Tiangen, Beijing, China). Then, using
NanoDrop Agilent 2100 bioanalyzer (Thermo Fisher Scientific, Waltham, MA, USA), the
purity of the RNA sequencing of transcriptome library through Huada Gene company
(Illumina, Beijing, China) was measured. Then, the remaining clean reads were aligned by
reference Citrus clementina genome (Citrus clementina v1.0) using HISAT2 (v2.1.0) [19],
from which unigenes were obtained.

2.5. Analysis and Enrichment of Differential Expression Genes

The differentially expressed genes (DEGs) were identified with the DESeq2 R pack-
age [20]; statistical significance was defined using Benjamini–Hochberg-adjusted
p-values < 0.05. After the pairwise comparison of different varieties in the same period and
different periods of the same variety, the differentially expressed genes were obtained. GO,
and KEGG enrichment was performed with the Clusterprofiler R package [21].

2.6. WGCNA for Identifying Hub Genes and Weight Modules

Weighted gene co-expression network analysis (WGCNA) was performed in R to
rank genes into coexpressed modules. FPKM values were normalized, and a nearness
matrix was made. The quality data and FPKM were imported into R, and correlation-
based associations between quality data and factor modules were calculated [22,23]. After
the structure topological overlap matrix (TOM), transcripts with the same expression
pattern were divided into a module, and the characteristic genes of these modules were
calculated together.

2.7. Validation of Intramodular Candidates through RT-qPCR Analysis

Quantitative reverse transcription-PCR (RT-qPCR) was employed to validate the
RNAseq data. Total RNA extracted from 36 samples was reverse-transcribed to cDNA
using the PrimeScript RT Master Mix for qPCR (Takara, Dalian, China). The sequences of
specific primers for the internal control and differentially expressed genes are shown in
Table S1. Relative expression levels were calculated using the method used in the previous
report [24].

2.8. Construction of the VIGS Vector

Using the candidate gene coding frame (300–500 bp) and the polyclonal restriction
site of the VIGS vector with Tobacco rattle virus (TRV), primers were designed, and the
recombinant DNA was constructed with cDNA as a template. The recombinant plasmids
DNA and TRV2 vector were digested with a restriction endonuclease. The target fragments
were recovered, ligated with T4DNA ligase, and transformed into E. coli competent cells.
The recombinant plasmids were screened with kanamycin (Kan+). PCR and sequencing
identified the transformation results. The correct plasmids were transformed into Agrobac-
terium tumefaciens competent cells. The recombinant plasmids were screened using a
kanamycin (Kan+) resistance/rifampicin (rif) plate [25]. The transformation results were
identified by PCR and sequencing.

309



Curr. Issues Mol. Biol. 2023, 45

2.9. Infection in Citrus Fruit with VIGS Vector

The vector transferred into Agrobacterium was used for the expanded culture. When
the OD value of Agrobacterium tumefaciens was 2.5–2.7, 10 mL of the bacterial solution
was obtained; this was centrifuged at 4500 rpm speed for 10 min, and the supernatant was
discarded. Then, the sediment was mixed by resuspending (10% MES,10% MgCl2,80%
ddH2O). Then, 10 μL AS (10 mg/mL) was added, TRV1 and candidate genes were mixed
at 1:1, and TRV1 and TRV2 1:1 were mixed and placed in an ice box. A 5 mL disposable
syringe was used to inject the top of the fruit with Agrobacterium tumefaciens (the fruit can
be injected in multiple locations). Three biological repeats were selected for each variety,
and two fruits were chosen for injection at two locations for each repetition [26]. After
infection for 14 days, fruits were collected for further processing.

2.10. Validation of Quality Traits and VIGS Infection

The methods described above were used to determine the TA, citric acid, and malic
acid after fruit picking. Similarly, the above-described method was used to extract RNA
and reverse-transcribe it into cDNA. All the cDNAs were verified by 1% agarose gel
electrophoresis with the VIGS primers. The correct cDNA was validated using RT-qPCR.

3. Results

3.1. Variations among TSS, TA, and TSS/TA during Citrus Fruit Flesh Development

During fruit development, TSS, TA, and TSS/TA can reflect the flavor quality.
Figure 1A showed that, with changes in the developmental stage, the TSS of DF4 and
WZ showed an overall upward trend, and both reached the maximum value at 136 DAF,
but there was no significant difference between the varieties. In Figure 1B, changes in
the developmental stage showed that the TA of DF4 and WZ initially increased and then
decreased. The TA inflection point of DF4 was 14 days earlier than that of WZ, and the TA
of DF4 was significantly lower than that of WZ. Figure 1C showed that the TSS/TA of the
two varieties indicated a gradual upward trend with the developmental stage. TSS/TA
in DF4 increased significantly more after 108 DAF than in WZ. The results showed that
the main factor affecting quality traits in the two varieties was TA, and the TSS had no
significant effect on quality traits.

3.2. Variations of Minalic Acid and Citric Acid during Citrus Fruit Flesh Development

Malic acid and citric acid mainly affected the acid content of the fruit. A significant
difference was found in the citric acid content between DF4 and WZ. Figure 2A shows that
the citric acid content of DF4 initially increased and then decreased as the developmental
stages changed. The citric acid content of WZ was lower during early growth and higher in
the later stage. As shown in Figure 2B, the malic acid content of the citrus fruits showed
an overall downward trend as the plants developed. The malic acid content in WZ was
higher in the early growth stage. Still, it decreased rapidly at 80 DAF, and there was a
significant difference between periods. In comparison, the malic acid content in DF4 was
lower in the early stage and slowly decreased at 94 DAF, and there was no significant
difference between the periods. As shown in Figure 2C, citric acid, and malic acid are
dominant. In the late developmental stage (108 DAF–136 DAF), the citric acid percentage
of low-acid-variety DF4 was lower than that of high-acid-variety WZ, but the malic acid
proportion of low-acid-variety DF4 was higher than that of high-acid-variety WZ.

3.3. Variations in Fructose, Sucrose, and Glucose during Citrus Fruit Flesh Development

The fructose content of the citrus fruit showed an upward trend as the plants developed
(Figure 3A). The fructose content of the two varieties was lower in the early stage. The
DF4 fructose content continued to increase at 94 DAF, while that of WZ continued to rise
at 108 DAF. Figure 3B shows that, with changes in growth, the sucrose content of the
citrus fruits showed an upward trend. The sucrose content of the two varieties remained
low in the early stage and rapidly increased at 108 DAF. The sucrose content of DF4 and
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WZ reached the maximum at 136 DAF. During the development period, the citrus fruit’s
sucrose content initially increased, then decreased and increased again (Figure 3C). The
glucose content of the two varieties was lower in the early stage. DF4 glucose content
decreased at 108 DAF and further increased at 122 DAF. The WZ glucose content decreased
at 94 DAF and rose again at 108 DAF. There were significant differences in fructose at
108 DAF between the two varieties. With the continuous immaturity of fruit, the sugar
content of the two varieties gradually increased, but there was no significant difference,
which indicated that fructose, sucrose, and glucose were not the main factors leading to the
difference between low-acid varieties and high-acid varieties.

Figure 1. TSS (Brix %), TA (mol/L), and TSS/ TA in citrus fruit at 66–136 DAF. (A) TSS in citrus fruit;
(B) TA in citrus fruit; (C) TSS/ TA in citrus fruit. “a, b, c, d, e, f” indicates the statistical significance of
the data; “a” was the most significant. Other letters decrease in alphabetical order.
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Figure 2. Malic acid and citric acid (mg/g) in citrus fruit at 66–136 DAF. (A) Malic acid in citrus fruit;
(B) Citric acid in citrus fruit; (C) Malic acid and citric acid percentages of TA in citrus fruit. “a, b, c, d”
indicates the statistical significance of the data; “a” was the most significant. Other letters decrease in
alphabetical order.

3.4. Identification and Analysis of DEGs at Different Fruit Developmental Stages

After analyzing the citrus fruit quality traits, two varieties, DF4 and WZ, were se-
lected, including six developmental stages, three biological repeats, and 36 samples for
transcriptome sequencing. After removing the low-quality reads and joint sequences,
796 million clean reads were obtained, with a Q20 base of 95.75–96.67% and a GC content
of 45.59–46.81% (Table S2). After using the hisat2 comparison and htseq-count quantifi-
cation, 16310 gene read counts were obtained. As seen in Figure 4, a total of 7105 DEGs
were identified using a pairwise comparison of different stages and the same stage in
each sample.
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Figure 3. Fructose, sucrose, and glucose content (mg/g) in citrus fruit at 66–136 DAF. (A) Fructose in
citrus fruit; (B) Sucrose in citrus fruit; (C) Glucose in citrus fruit. “a, b, c, d, e, f” indicates the statistical
significance of the data; “a” was the most significant. Other letters decrease in alphabetical order.

3.5. Obtaining Hub Genes during Weighted Correlation Network Analysis

A correlation analysis was conducted between the 7105 DEGs obtained from the
transcriptome data analysis and quality trait data. Figure 5 shows the regulatory genes
related to quality traits, classified into several modules; different colors represent different
modules. In Figure 6, the module MEtan is the weight module of the citric acid change,
with a correlation between module MEtan and citric acid of higher than 0.7. Figure 7 shows
that, after gene enrichment analysis, hub genes in the module MEtan were mainly enriched
in terms of the organic acid metabolic process and the TCA cycle pathway. The hub genes
that were enriched in the pathway were used as candidate genes for the next analysis. The
main direction of this study was to mine the genes regulating citric acid metabolism. The
tricarboxylic acid cycle pathway is the main pathway of citric acid metabolism; therefore,
we screened the weight genes that were enriched in the tricarboxylic acid cycle. The
screened genes are shown in Table S3. In Figure 8, the red box represents the candidate
genes that were enriched in the tricarboxylic acid cycle. While enriching the candidate
genes, we found that the candidate genes Ciclev10031423m.1 and Ciclev10031633m.1 are
also enriched at the key enzymes of citrate metabolism (represented by the green module
in Figure 8).
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Figure 4. DEGs between six fruit developmental stages of the two samples. Pairwise comparisons of
gene expression levels at different stages within each sample and gene expression levels at the same
stage between the two samples.

Figure 5. WGCNA quality traits Cluster Map. The result of quality data and cluster analysis, through
which quality trait data were grouped into different color modules according to their clustering
results as representatives.

314



Curr. Issues Mol. Biol. 2023, 45

Figure 6. Heat map of correlation between WGCNA quality traits and differentially expressed genes.
The module with the highest correlation degree was chosen (the color in the figure is red to indicate a
correlation degree > 0.7). Figures on the heat map denote correlation and p-value between module
and traits. In each module, the upper number represents correlation; the lower number represents
p-value.

Figure 7. Module MEtan enrichment diagram. (A) GO enrichment analysis; (B) KEGG enrichment
analysis. −1 * log10 means the log transformation of qvalue.
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Figure 8. Candidate genes are involved in the TCA pathway metabolic processes.

3.6. Screening Candidate Genes via RT-qPCR

Bioinformatics analyses were used to enrichen differentially expressed genes in the
module MEtan, which directly regulates citric acid content in the tricarboxylic acid cycle.
RT-qPCR primers were designed for the differentially expressed genes and verified with
RT-qPCR. After combining these with quality trait data, it was found that the RT-qPCR
results of two differentially expressed genes, Ciclev10031423m.1 (CS:citrate synthase) and
Ciclev10031633m.1 (ACL:ATP citrate (pro-S)-lyase), were consistent with the changing
trend of FPKM. The correlation between relative expression value and FPKM was evaluated
by calculating the Pearson correlation coefficient (PCC). The PCC values of these two genes
were higher than 0.7. The gene expression trends of RNA-seq and RT-qPCR results were
highly consistent (see Figure 9). These two genes (CS and ACL) were used as candidate
genes for further analysis.

3.7. Construction of VIGS Vector and Verification of Impregnation Result

The PCR products were verified with 1% agarose gel electrophoresis. Figure 10 shows
that CS and ACL were successfully amplified in DF4 and WZ with lengths of 1407 bp and
1272 bp, respectively. In this figure, ACL-DF4 is Thr, and ACL-WZ is Met. VIGS vectors
were detected in all the infected fruits, indicating that VIGS vectors were successfully
transferred into citrus fruits (Figure 11). After comparing the amplified sequences of the
two varieties, Figure 12A shows that CS has a single base mutation at 473 bp, which changes
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the amino acid sequence. In this figure, CS-DF4 is Val, and CS-WZ is Ala. Figure 12B shows
that ACL has a single base mutation at 863 bp, which changes the amino acid sequence.

Figure 9. RT-qPCR verification and FPKM results of candidate expression genes. R means Pear-
son correlation coefficient (PCC) between relative expression and FPKM. (A) RT-qPCR verification
and FPKM results of CICLE_v10031423mg (CS); (B) RT-qPCR verification and FPKM results of CI-
CLE_v10031633mg (ACL). The bar graph shows gene RT-qPCR values, and the line graph shows the
gene FPKM.

Figure 10. PCR verification with CS and ACL. The red box indicated correct site.
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Figure 11. PCR verification with TRV2, VIGS-CS, and VIGS-ACL. The red box indicated correct site.

Figure 12. Sequence alignment between DF4 and WZ in CS and ACL. (A) Sequence alignment
between DF4 and WZ in CS; (B) Sequence alignment between DF4 and WZ in ACL. The red box
indicated the location of the base mutation.

3.8. Effect of VIGS Infection on the Content of RT-qPCR Citric Acid and TA

Both the RT-qPCR of CS and ACL were measured in VIGS-CS and VIGS-ACL fruits.
Figure 13A showed that, after VIGS insertion in DF4, the expression of CS and ACL
decreased compared with the control group, which indicated that VIGS had an effect. The
expression of ACL increased after silencing CS, and after silencing ACL, the expression
of CS significantly increased. Figure 13B shows that, after VIGS insertion in WZ, the two
varieties showed the same trend. This result suggests that CS and ACL may influence
each other. Figure 14A shows that silencing CS increases TA compared with the control
TRV2 while silencing ACL decreases TA. Compared with the control TRV2, silencing CS
increased citric acid content, while silencing ACL decreased citric acid content (Figure 14B).
Both DF4 and WZ show the same trend. In sum, CS reversely regulates citric acid content
for TA, while ACL positively regulates TA and citric acid content.
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Figure 13. RT-qPCR verification of candidate gene expression with VIGS. (A) RT-qPCR verification
of candidate gene expression in DF4; (B) RT-qPCR verification of candidate gene expression in WZ.
TRV2 (Empty vector as a control). TRV-CS/TRV-ACL (the amount of CS/ACL gene expression
in fruits without VIGS infection as a control). VIGS-CS/VIGS-ACL (the amount of CS/ACL gene
expression after fruit infection). ACL (the expression of ACL gene in fruits silenced with CS). CS (the
expression of CS gene in fruits with silenced ACL). “a, b, c” indicates the statistical significance of the
data; “a” was the most significant. Other letters decrease in alphabetical order.

Figure 14. TA (mol/L) and Citric acid (mg/g) in citrus fruit with VIGS. (A) TA in citrus fruit;
(B) Citric acid in citrus fruit. “a, b” indicates the statistical significance of the data; “a” was the most
significant. Other letters decrease in alphabetical order.

4. Discussion

Soluble sugars in citrus mainly exist as fructose, sucrose, and glucose, among which the
sucrose content is the highest [27,28]. Studies have shown that the ratio of sucrose, glucose,
and fructose in some early- and medium-maturing citrus fruits is mainly 2:1:11 [29]. Related
studies showed no significant difference in sugar content between wild and cultivated
citrus fruits, indicating no substantial change in the soluble sugar content during citrus
domestication [30]. During the development of the citrus fruit, the content of soluble sugar
in the juice sacs gradually accumulated with fruit development, and the accumulation
rate of sucrose was higher than that of glucose and fructose [31]. Great differences in
soluble sugar content among different citrus varieties have been reported [32]. In this study,
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the soluble sugar content of DF4 and WZ gradually increased during the growth period,
consistent with previous studies. At 150 DAF, the proportion of fructose, sucrose, and
glucose in DF4 is about 3%, 4%, and 1%. In WZ, the ratio of fructose, sucrose, and glucose
is about 4.5%, 5.3%, and 5.3%. Compared with previous studies, the ratio of the glucose
content is relatively consistent, but the ratio of fructose to sucrose is different. This showed
differences in the content and proportion of soluble sugars in citrus fruits among different
varieties and growth stages.

While the content of soluble sugars in citrus fruit is high, the content of organic acid
in the fruit has become the key factor affecting the quality of citrus fruit. In the early-
ripening variety Wenzhou mandarin, citric and malic acid increased at the same rate in the
initial stage of fruit growth and development, and their contents were almost the same.
However, with fruit growth, the content of citric acid rapidly increased, reaching its peak in
September and then gradually decreasing; its accumulation was much higher than that of
malic acid [33]. The research found that the organic acid content of Clemens citrus reached
its peak 137 days after flowering and then gradually decreased [34]. However, some studies
have found that the change in the organic acid content of some citrus fruits differs from
that of most citrus fruits with the growth and development of the fruits, but this showed
the opposite trend. The organic acid content gradually increased or maintained a low level
during the whole process of growth and development. For example, the citric acid content
in high-acid citrus and high-acid lemon fruits gradually increased during growth and
development. The citric acid content of high-acid lemon peaked 150 days after flowering,
and the citric acid content of high-acid lemon reached a peak 100 days after flowering. The
citric acid content of both remained at a high level during growth and development. The
citric acid in acid-free citrus and acid-free lemon fruits remained stable at a low level during
the growth and development process [35]. In fruit growth, development, and ripening, the
citric acid content of red willow, acid-free pomelo, and other varieties remained at a low
level [36]. In this study, DF4 and WZ reached their inflection point at 80 DAF and their
minimum at 94 DAF. Overall, a trend of higher acid content in the early stage and lower
acid content in the later stage was maintained, which was consistent with previous studies,
but the acid reduction period was relatively early compared with other varieties. This
showed that the acid reduction inflection point of citrus fruit was substantially different
among varieties.

The citric acid in citrus fruit is the intermediate product of the TCA cycle. Studies
have shown that citrus fruits can independently carry out photosynthesis before changing
color [37], which can provide substrates for the tricarboxylic acid cycle. On the other hand,
studies have shown that citrus leaves affect citric acid accumulation in fruits [38], but there
is little direct evidence for citric acid’s transport from roots or leaves into fruits. Citrate
synthase (CS) is one of the most important enzymes in the tricarboxylic acid cycle, which
catalyzes the combination of oxaloacetic acid (OAA) and acetyl-coenzyme A (acetyl-CoA)
to form citric acid [39]. Early studies showed that spraying arsenate inhibited CS activity
and decreased citric acid content in citrus fruits, indicating that CS plays an important role
in citric acid accumulation in fruits [40]. However, many reports showed no significant
correlation between CS and citric acid accumulation. Shi et al. [41] studied the relationship
between CS gene expression and pomelo fruit acid content and concluded that it had no
significant correlation with the high- and low-citric-acid phenotypes of pomelo fruit. The
AN analysis of the gene expression and enzyme activity of three fruits, sweet lemon, sour
lemon, and “Shamoti sweet orange”, with different acidity levels also showed that the
difference in citric acid content was not directly related to the change in CS [42]. Some
reports showed that spray phosphate reduced CS activity and, thus, citrate content. The
study of Chen et al. [43] focusing on lemon, Jin orange, Bingtang orange, and Fengjie
navel orange also showed no significant relationship between a change in CS activity and
the difference in citric acid content in different types of citrus fruits. Therefore, although
CS is an important enzyme directly involved in citric acid synthesis, its role in citric acid
accumulation in fruit remains unclear. The Ciclev10031423m.1 (CS) gene, regulating CS,
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was identified in this study. The expression of Ciclev10031423m.1 (CS) in DF4 and WZ
initially decreased and then increased with the growth period, contrary to the citric acid
content trend. To some extent, CS may reverse regulate the activity of the CS enzyme, thus
affecting the change in citric acid content in citrus fruit. ATP-citrate lyase (ACL) exists in
the cytoplasm, catalyzes the decomposition of citrate into acetyl-CoA and oxaloacetic acid,
and also affects the accumulation of citric acid [44]. Katz et al. [45] reported that ACL was
involved in citric acid cleavage during fruit-ripening in Washington navel oranges, while
research showed that the downregulation of ACL gene expression could lead to citric acid
accumulation, and its expression had slightly different effects on the citric acid content in
different citrus fruits [46]. The Ciclev10031633m.1 (ACL) gene regulating ACL was also
identified in this study. The expression of Ciclev10031633m.1 (ACL) in DF4 and WZ first
increased and then decreased with the growth period, which was the same as the changing
trend of citric acid content. This indicates that ACL may positively regulate the activity of
ACL enzyme, thus affecting the change in citric acid content in citrus fruit.

Currently, the establishment of the VIGS system is reported more in citrus leaves than
in citrus fruits. In this study, VIGS vectors for two candidate genes were constructed and
successfully transferred into fruits. After silencing, the expression of the two candidate
genes was downregulated, which confirmed the reliability of VIGS. Compared with the
control group, the changes in the TA and citric acid content of TRV2, CS, and ACL silencing
were opposite. The results further verified the regulatory effect of candidate genes on
citric acid. It was found that the expression of ACL increased in CS silencing, and the
expression of CS increased in ACL silencing and was consistent in DF4 and WZ. These
results indicated that the expression of CS and ACL might influence and regulate each
other in reverse.

At present, the main citrus varieties are still mid-maturing varieties from November
to December, and relatively few early-maturing citrus varieties mature before October.
In addition, the phenomenon of high citric acid content is common in early-maturing
varieties, so the breeding of low-acid and early-maturing citrus varieties can not only
meet the needs of consumers but also expand and regulate the citrus market and promote
the healthy development of the citrus industry [47–49]. The results of this study provide
theoretical support for the breeding of low-acid and early-maturing citrus varieties and the
development of molecular markers.

5. Conclusions

In this study, two differentially expressed genes related to the change in citric acid
content using transcriptome and quality trait data were screened. The two differentially
expressed genes of CS and ACL were preliminarily verified by constructing a VIGS vector.
The results showed that the two differentially expressed genes could regulate the change in
citric acid content. Through VIGS, we found that CS and ACL oppositely regulated citric
acid and controlled each other inversely. In this study, candidate genes for regulating citric
acid content during citrus fruit development were identified and preliminarily verified via
VIGS. These results provide a theoretical basis for promoting the breeding of early-maturing
and low-acid citrus varieties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cimb45060295/s1, Table S1: Primers for candidate genes of
RT-qPCR; Table S2: Quality control results of transcriptome sequencing machine data; Table S3:
Candidate genes in the TCA cycle.
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Abstract: Lingonberry (Vaccinium vitis-idaea L.) is an important and valuable horticultural crop due to
its high antioxidant properties. Plant tissue culture is an advanced propagation system employed in
horticultural crops. However, the progeny derived using this technique may not be true-to-type. In
order to obtain the maximum return of any agricultural enterprise, uniformity of planting materials
is necessary, which sometimes is not achieved due to genetic and epigenetic instabilities under
in vitro culture. Therefore, we analyzed morphological traits and genetic and epigenetic variations
under tissue-culture and greenhouse conditions in lingonberry using molecular markers. Leaf
length and leaf width under greenhouse conditions and shoot number per explant, shoot height and
shoot vigor under in vitro conditions were higher in hybrid H1 compared to the cultivar Erntedank.
Clonal fidelity study using one expressed sequence tag (EST)—polymerase chain reaction (PCR), five
EST—simple sequence repeat (SSR) and six genomic (G)—SSR markers revealed monomorphic bands
in micropropagated shoots and plants in lingonberry hybrid H1 and cultivar Erntedank conforming
genetic integrity. Epigenetic variation was studied by quantifying cytosine methylation using a
methylation-sensitive amplification polymorphism (MSAP) technique. DNA methylation ranged
from 32% in greenhouse-grown hybrid H1 to 44% in cultivar Erntedank under a tissue culture
system. Although total methylation was higher in in vitro grown shoots, fully methylated bands
were observed more in the greenhouse-grown plants. On the contrary, hemimethylated DNA bands
were more prominent in tissue culture conditions as compared to the greenhouse-grown plants. The
study conclude that lingonberry maintains its genetic integrity but undergoes variable epigenetic
changes during in vitro and ex vitro conditions.

Keywords: DNA methylation; epigenetic variation; greenhouse-grown plants; in vitro culture;
molecular markers; shoot proliferation

1. Introduction

Plants respond to changes in the environment by altering their growth, physiology
and reproductive processes. The molecular basis of such changes is based on the alteration
in the underlying DNA or its plastic modification, including DNA methylation [1]. Com-
mercial micropropagation is performed in a unique optimized environment containing
various inorganic nutrients and growth hormones, controlled light, humidity and osmotic
conditions. However, such an artificial environment may create a stressful situation for the
plant material, resulting in genetic or epigenetic changes [2]. Among epigenetic mecha-
nisms, DNA methylation is the most important phenomenon affecting plant phenotype [3].
However, for the sake of uniformity, both genetic and epigenetic variations are not desired
in the commercial micropropagation of plants, including that of lingonberry (Vaccinium
vitis-idaea L., family Ericaceae).

Lingonberry is a berry fruit bearing shrub commonly found in the Northern Hemi-
sphere [4,5]. The lingonberry plant bears red edible fruits; both fruits and leaves are rich
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in nutrients and bioactive compounds, such as sugars, organic acids, vitamins, minerals,
dietary fiber, and polyphenolics [4,6]. While lingonberries are cultivated in some parts
of the world, the majority of the fruits are collected from wild natural habitats and are
consumed fresh and frozen. A substantial part of a harvest is processed into food products
bearing longer shelf-life and pharmaceutical products [4]. Lingonberry possesses strong
antiviral, antimicrobial, antioxidant, anti-inflammatory, and neuroprotective potential [7].
Therefore, eating fresh or processed lingonberries may reduce the risk or eliminate the
development of gastrointestinal, metabolic, cardiovascular, renal, and neurodegenerative
disorders [8].

The propagation of lingonberry is generally performed by vegetative methods using
the rhizome because, being genetically heterozygous, progeny derived from lingonberry
seeds are not true-to-type. Although vegetative propagation retains the genetic characteris-
tics, this method is not economically viable in lingonberry due to its short life span and poor
rhizome production [9]. Commercial production requires a large number of uniform plants,
which can be achieved using in vitro propagation techniques. Propagation of lingonberry
by tissue culture is much faster than traditional methods [10], but occasional variations in
the tissue-cultured progeny, termed somaclonal variations, have been reported in several
crops [11]. Therefore, we assessed the genetic and epigenetic stability of lingonberry in
tissue culture medium. Genetic variation in tissue culture can arise due to point mutations,
chromosomal rearrangements, relocation of mobile genetic elements, or changes in the
ploidy level [12]. Although epigenetic mechanisms stabilize cell identity and maintain
tissue organization, they entail a variety of reversible biochemical modifications that can
occur on the underlying DNA, its interacting proteins, or both, modifying chromatin struc-
ture and resulting in an altered phenotype [13]. At the molecular level, such epigenetic
phenomena are moderated by reversible mechanisms such as histone modifications, DNA
methylation, and small RNAs, thus affecting the regulatory states of genes [13,14].

In plants, DNA methylation of cytosine base is a widespread epigenetic mechanism
that contributes to the regulation of gene expression, maintenance of genomic integrity,
cellular differentiation, and plant response to biotic and abiotic stresses [3,13,15]. DNA
methylation also plays a vital role in many crucial biological processes, such as genomic
imprinting, transposable element silencing, maintenance of heterochromatin, and inactiva-
tion of X-chromosome [16]. DNA methylation occurs when a methyl group is transferred
from S-adenosyl methionine (SAM) to the fifth carbon of cytosine residue of DNA by
DNA methyltransferases [1]. In plants, DNA methylation occurs at symmetric mCG and
mCHG, or asymmetric mCHH contexts, where mC = methylated cytosine, and H = A, T or
C [17]. In Arabidopsis thaliana, 55% of methylated cytosines are reported in CG sites, while
cytosine methylation accounts for 23% and 22% at CHG and CHH sites, respectively [18].
The gene’s function is reported to be affected by the position where the methylation of
cytosines has occurred, for example, in the regions of transposons or the promoter regions
of the gene [19]. Because of the heritable nature of variation, DNA methylation marks are
useful in sexually and asexually propagated crops. Given the significant role that DNA
methylation has in the regulation of gene expression [20], it is relevant to investigate how
different growth conditions affect cytosine methylation.

Methylation-sensitive amplification polymorphism (MSAP) is a modified amplified
fragment length polymorphism (AFLP) method commonly used to study DNA cytosine
methylation [21,22]. In the place of the use of a frequent-cutter restriction enzyme, MseI,
in the AFLP technique, DNA is cleaved using two different enzymes, HpaII and MspI.
The recognition sequence for both of these restriction enzymes is CCGG; however, they
cleave the DNA fragment based on the particular pattern of methylated cytosines. This
method is popular as it offers several advantages, especially in non-model plants such
as lingonberry: because the obtained loci cover the information on the whole genome,
obtaining a general idea about the DNA methylation is relatively quick, and the method is
cost-effective compared to other techniques such as whole genome bisulfite sequencing [21].
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For commercial micropropagation, genetic and epigenetic stability is necessary for
phenotypic integrity. As a super food, lingonberry is increasing in popularity day by day
and, therefore, holds huge potential for commercialization. In this context, we studied the
clonal fidelity and global DNA methylation in micropropagated and greenhouse-grown
lingonberry leaves using molecular markers. Information obtained through this investi-
gation is expected to contribute to the commercialization of lingonberry as a medicinally
important crop.

2. Materials and Methods

2.1. Plant Material, Growth Conditions and Morphological Data

Lingonberry cultivar Erntedank and a selected hybrid designated as H1, developed
at St. John’s Research and Development Centre, Agriculture and Agri-Food Canada, St.
John’s, Newfoundland and Labrador, Canada [6], were used for this study. Ten plants
from each genotype were used to record the morphological data. For the genetic analysis,
five plants were randomly selected, chopped, mixed and sampled for DNA analysis. Each
experiment was replicated three times.

In vitro cultures were initiated using transversely segmented leaf explants from culti-
var Erntedank and hybrid H1 following Arigundam et al. [10]. Surface sterilized explants
were inoculated on a semi-solid medium on Fisherbrand™ Petri dishes covered with clear
lids. The 25 cm3 sterilized basal medium in each Petri dish contained 3/4 micro salts and
macro salts [10] supplemented with 20 g dm−3 sucrose, 1.25 g dm−3 gelrite and 3.5 g dm−3

Sigma A 1296 agar, pH 5.0. The plant growth regulator (PGR) added to the medium was
zeatin at a concentration of 1 mg L−1. The cultures were kept in dark in a growth chamber
at 20 ± 2 ◦C and relative humidity of 60–70%. After 2 weeks, the cultures were then
exposed to cool white fluorescent lamps emitting PPFD of 30 μmol m−2 s−1. After 4 weeks
of inoculation, culture-initiated explants were transferred to Sigma bottles containing the
same medium [10] where shoot regeneration was obtained. Leaf length and leaf width mea-
surements were taken from 2-year-old greenhouse-grown lingonberry genotypes. Other
morphological data were taken from 2-month-old cultures of cultivar Erntedank (Figure 1)
and hybrid H1. Leaf length, leaf width and shoot height were measured in cm. The shoots
per explant and the leaves per shoot were counted, and shoot vigor was assessed using the
visual scale of 1–8, 1 being the poorest and 8 being the best looking shoot [10]. The shoots
were then sampled for DNA analysis.

 

Figure 1. Two-month-old shoots of lingonberry cultivar Erntedank in in vitro semi-solid medium in a Sigma
bottle (left) and greenhouse-grown plants in a plastic pot (right) containing peat and perlite medium.
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From mother plants, young leaves were taken for DNA extraction from the cultivar
Erntedank (Figure 1) and hybrid plants that were maintained in a greenhouse under natural
light conditions having photosynthetic photon flux density (PPFD) of 90 μmol m−2 s−1,
temperature of 20 ± 2 ◦C and relative humidity of 85% maintained using automatic control
systems. Plants were grown and maintained in 10 cm plastic pots containing peat and
perlite in the ratio of 2:1 (v/v).

2.2. DNA Isolation

Actively growing lingonberry leaves from greenhouse plants and shoots from tissue
culture plants (100 mg) were sampled, and genomic DNA was isolated using DNeasy Plant
Mini Kits (Qiagen GmbH, Hilden, Germany) following the manufacturer′s instructions.
Briefly, the sampled lingonberry leaves were shock-frozen in liquid nitrogen immediately
after collection and stored at −80 ◦C in a freezer until DNA isolation. Lysis was performed
in 2 mL centrifuge tubes containing 600 μL AP1 buffer (80% ethanol, 100 mM NaCl and
10 mM Tris-HCl, pH 7.5) using two ceramic beads in a FastPrep 24 tissue and cell ho-
mogenizer (MP Biomedicals, Irvine, CA, USA). Then, 20 μL proteinase K (20 mg/mL)
was added to the mixture and incubated for 1 h at 65 ◦C. Subsequently, 4.5 μL RNAse
(100 mg/mL) was added to the mix and incubated for 15 min under the same conditions
at 65 ◦C. Neutralization was performed using 425 μL P3 buffer, incubated at −20 ◦C for
18 min. DNA was separated from the mixture using a QIAshredder Mini Spin column
placed in a 2 mL collection tube and centrifuged at 20,000× g. The lysate was washed
using 1.5 volume of AW1 and 500 μL AW2 in a DNeasy mini spin column, where the
DNA was trapped in the DNeasy membrane, which was eluted using 50 μL AE buffer.
The DNA concentration of 50 ng/μL was maintained across the samples using 1 × TE
buffer. The quality of the DNA was assessed using the absorbance ratio of A260 to A280 in
the range of 1.8–1.9 and absorbance ratio of A260 to A230 in the range of 2.0–2.2 using a
nanodrop spectrophotometer. The DNA was used to assess global DNA methylation in
tissue culture and greenhouse-grown plants using the methylation-sensitive amplification
polymorphism technique.

2.3. Clonal Fidelity Experiment

DNA samples from cv. Erntedank were diluted to 10 ng μL−1 using 1 × TE buffer.
Amplification of the DNA regions containing markers was carried out using 12 molecular
markers including one expressed sequence tag (EST)—PCR, five EST—simple sequence
repeats (SSR) and six genomic simple sequence repeats (GSSR) [23] that were proven ef-
fective on Vaccinium species. Amplification reactions were carried out in a 25 μL reaction
mixture containing 2.5 μL DNA template (25 ng DNA per reaction), 2.5 μL PCR buffer
(1.5 mM MgCl2), 0.1 μL Taq DNA polymerase (5U μL−1 stock), 0.5 μL dNTP (10 mM stock),
and 0.5 μL primer (10 μL stock), and the final volume was adjusted with PCR-grade water
(Sigma Chemical Co., St. Louis, MO, USA). DNA amplification was performed in Mas-
tercycler ep Gradient S (Eppendorf AG, 22331 Hamburg, Germany). Initial denaturation
was carried out at 94 ◦C for 10 min. The reaction was run for 40 cycles. Each cycle of
amplification reaction consisted of denaturation of template DNA at 92 ◦C for 40 s. Primer
extension was attained at 72 ◦C for 2 min. The reaction was completed with the final
extension allowed to incubate at 72 ◦C for 10 min.

Separation of DNA fragments was performed by gel electrophoresis in 1.6% agarose
(Agarose 3:1 HRB™, Amresco, Solon, OH, USA) gel pre-casted in a solution containing
Tris-borate EDTA buffer (TBE) and GelRed nucleic acid stain (Biotium Inc., Hayward, CA,
USA) in the ratio of 2:1.

A 100 bp Low-Ranger and a 50 bp Mini sizer DNA ladder (Norgen Bioteck Corp.,
Thorold, ON, Canada) was used as size marker. The gel was run for 1.2 h at 100 V. DNA
bands were photographed digitally under UV light using a gel documentation system
(InGenius 3; Syngene, Beacon House, Cambridge, UK). Visual observation of presence or
absence of bands was recorded for further interpretation.
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2.4. Methylation-Sensitive Amplification Polymorphism (MSAP) Assay

DNA samples from the cultivar Erntedank and a hybrid lingonberry were used
to determine cytosine methylation. The AFLP technique for DNA fingerprinting [24],
modified to the MSAP technique by [21], was adopted in the experiment. The MSAP assay
was performed in the following steps, using MSAP adapters and primers (Table 1).

Table 1. List of adapter sequences, preamplification primers and selective amplification primers for
methylation-sensitive amplification polymorphism analysis of in vitro-propagated and greenhouse-
grown lingonberry genotypes.

Oligo Name Function Nucleotide Sequences

Ad. EcoRI Forward adaptor 5′-CTG TAG ACT GCG TAC C-3′
Ad. EcoRI Reverse adaptor 3′-CAT CTG ACG CAT GGT TAA-5′

Ad. MspI/HpaII Forward adaptor 5′-GAT CAT GAG TCC TGC T-3′
Ad. MspI/HpaII Reverse adaptor 3′-AGT ACT CAG GAC GAG C-5′

EcoRI (E) Preselective amplification primer 5′-GAC TGC GTA CCA ATT CA-3′
MspI/HpaII (MH) Preselective amplification primer 5′-ATC ATG AGT CCT GCT CGG-3′

E-TT Selective amplification primer 5′-GAC TGC GTA CCA ATT CAT T-3′
E-TG Selective amplification primer 5′-GAC TGC GTA CCA ATT CAT G-3′

MH-ATG Selective amplification primer 5′-ATC ATG AGT CCT GCT CGG ATG-3′
MH-AAC Selective amplification primer 5′-ATC ATG AGT CCT GCT CGG AAC-3′
MH-AAG Selective amplification primer 5′-ATC ATG AGT CCT GCT CGG AAG-3′
MH-ACA Selective amplification primer 5′-ATC ATG AGT CCT GCT CGG ACA-3′
MH-ATT Selective amplification primer 5′-ATC ATG AGT CCT GCT CGG ATT-3′
MH-TCC Selective amplification primer 5′-ATC ATG AGT CCT GCT CGG TCC-3′
MH-AAT Selective amplification primer 5′-ATC ATG AGT CCT GCT CGG AAT-3′
MH-TCG Selective amplification primer 5′-ATC ATG AGT CCT GCT CGG TCG-3′

2.4.1. Digestion

Digestion of DNA (900–1100 ng) was performed with EcoRI, MspI, and HpaII restriction
endonuclease (Thermo Scientific, Waltham, MA, USA). Genomic DNA in a 75 μL reaction
volume containing 3× FastDigest buffer was cleaved using 3 U of EcoRI at 37 ◦C for
1.5 h. Inactivating EcoRI, the reaction was stopped by incubating the mixture at 65 ◦C for
10 min. The EcoRI-digested DNA was allocated into three distinct aliquots and subjected
to three separate reactions in a 50 μL reaction volume containing 1× the corresponding
buffer. One of the aliquots was digested with 2 U MspI, another with 2 U HpaII, and the
remaining aliquot was treated with 2 U each of MspI and HpaII restriction endonucleases
and incubated for 3 h at 37 ◦C. The restriction enzyme reaction were stopped by denaturing
the enzymes and incubating for 15 min at 65 ◦C.

2.4.2. Ligation

The digested DNA (50 μL) was ligated to adapters using 5 U of T4 DNA ligase,
10 μL 1 × T4 DNA ligase buffer, 1 μL of 10 μM EcoRI adapter, 1 μL of 100 μM MspI/HpaII
adapter and 2 μL polyethylene glycol (50% w/v). The final volume was adjusted to 100 μL
using PCR water and incubated at 23 ◦C for 5 h. The reaction of the enzymes was stopped
by placing the mixture at 65 ◦C for 10 min.

2.4.3. Preamplification

The DNA fragments (4 μL) ligated to the adaptors were amplified by PCR using EcoRI
(E) as forward and MspI-HpaII (MH) as reverse primers (Table 1). A total volume of 50 μL
pre-selective amplification was carried out containing a final concentration of 200 μM of
each dNTP (Amresco LLC, Solon, OH, USA), 1× PCR buffer (Qiagen Inc., Toronto, ON,
Canada), 1 U of Top Taq DNA polymerase (Qiagen) and 0.2 μM of E and MH primers.
PCR amplifications were carried out in an Eppendorf Mastercycler Gradient thermocycler
(Eppendorf AG, 22331 Hamburg, Germany). Pre-selective amplification products showed
a 100 to 1000 bp smear in 1.8% agarose gel. PCR products were diluted seven times using
0.1 × TE buffer for selective amplification.
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2.4.4. Selective Amplification

Diluted pre-amplified products from the previous step were selectively amplified with
16 primer combinations in total. The two EcoRI selective amplification primers consisted of
two particular extra bases (TT and TG) of preamplification EcoRI (E) as forward primers,
and eight MspI-HpaII primers consisting of three different base overhangs (ATG, AAC,
AAG, ACA, ATT, TCC, AAT, TCG) of MspI-HpaII (MH) preamplification primers used as
reverse primers. A total volume of 25 μL PCR amplification reaction contained 1× PCR
buffer, 400 μM dNTPs, 0.4 μM of each selective primer, 1 U of Top Taq DNA polymerase,
and 4 μL pre-amplified PCR product. PCR amplification was performed using the touch-
down cycles with the following conditions: initially heated to 94 ◦C for 5 min; then, 13 cycles
were run for 30 s at 94 ◦C, 1 min at 65 ◦C, which was reduced by 0.7 ◦C per cycle, and
72 ◦C for 2 min, followed by 23 cycles of 30 s at 94 ◦C, 1 min at 56 ◦C and 2 min at 72 ◦C
with a final extension step of 72 ◦C for 10 min. The selective amplification products were
separated on 6% denaturing polyacrylamide gel electrophoresis (PAGE).

2.4.5. Polyacrylamide Gel Electrophoresis (PAGE)

Denaturing formamide dye solution was prepared using 10 mM EDTA of pH 8.0,
98% formamide, 0.01% (w/v) xylene cyanol and 0.01% (w/v) bromophenol blue. Selective
amplification products were denatured by mixing them with equal volumes of denaturing
formamide dye and heating for 4 min at 95 ◦C, then cooling immediately for 5 min and
keeping at −20 ◦C. The 6% PAGE gels were pre-run at 90 V for about 1 h to clean the
wells. Denatured selective amplification products (10 μL) were loaded in the gels, and a
potential difference of 95 V was applied for 3 h. The DNA fragments separated in gels
were stained for 30 min in the dark in 1% PAGE GelRed™ (Biotium Inc., Hayward, CA,
USA) with gentle agitation and visualized using InGenius 3 gel documentation system
(Syngene, Frederick, MD, USA). The 1 kb and 50 bp DNA ladders (Norgen Biotek, Thorold,
ON, Canada) were used as a molecular size marker. The experiments were repeated twice,
and the reproducible results were used to score for further analysis.

2.4.6. Profiling Scoring and Data Analysis

The methylation status at tetranucleotide restriction sites (5′-CCGG-3′) was detected
by comparing the DNA profiles, based on the presence or absence of DNA bands by the
reaction of restriction enzymes EcoRI+MspI, EcoRI+HpaII and EcoRI+MspI+HpaII. In the ab-
sence of methylation at 5′-CCGG-3′, both the isoschizomers MspI and HpaII cleave the DNA
fragments at this site. Therefore, the DNA bands present in all three lanes were considered
non-methylation (first case). DNA bands identified in EcoRI+MspI and EcoRI+MspI+HpaII
lanes but absent from the EcoRI+HpaII lane were considered as fully methylated internal
cytosine, as HpaII cannot cleave at fully methylated internal cytosine (second case). The
bands that were present in the lanes of both EcoRI+HpaII and EcoRI+MspI+HpaII but not in
EcoRI+MspI were considered hemimethylation of external cytosine (5′-mCCGG-3′, third
case). In another case, bands absent from the EcoRI+MspI+HpaII lane but present in the
EcoRI+HpaII lane indicated the existence of a site for internal 5′-CmCGG-3′ [25] and were
scored accordingly (fourth case). In aggregate, the number of bands present in the second,
third, and fourth cases resulted in the total number of methylated bands.

Total methylation =
Methylated band numbers

Total band numbers
× 100% (1)

Fully methylated percentage =
Fully methylated band numbers
Total methylated band numbers

× 100% (2)

Hemimethylated percentage =
Hemimethylated band numbers
Total methylated band numbers

× 100% (3)
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2.4.7. Statistical Analysis

Morphological statistical data analysis was performed through one-way ANOVA in
jamovi [26] software (3rd generation) followed by standard error (SE) and mean.

3. Results

3.1. Morphological Characteristics

Among the greenhouse-grown lingonberry samples, the average leaf length of hybrid
lingonberry H1 was 2.44 cm; this was significantly longer than that of the lingonberry
cultivar, which was only 1.98 cm (Figure 2). Similarly, the average leaf width of hybrid
lingonberry was 1.3 cm, which was significantly wider than that of the cultivar, for which
the average width of leaf was 1.04 cm under greenhouse conditions. In tissue cultures, the
average shoots per explant in hybrid was 4, which was significantly more than that for the
cultivar with an average of 3 shoots per explant. Similarly, shoot height was significantly
higher in the hybrid (3.67 cm) as compared to the cultivar (3.36 cm). Plants of hybrid
lingonberry showed significantly better vigor (average 6.4) as compared to the cultivar
(average 5.9). However, there was no any significant difference in the number of shoots
between the studied lingonberry cultivar and the hybrid.

 

Figure 2. Morphological characteristics (means ± standard error) of lingonberry cultivar Erntedank
and hybrid H1. Data on leaf length and leaf width were recorded from 2-year-old greenhouse-grown
plants. Shoot number per explant, shoot height, leave number per shoot and shoot vigor (scale 1–8;
1 being the poorest, and 8 being the best) were taken from 2-month-old tissue cultures. Bars, within
the same group, followed by same letter are not significantly different according to Tukey’s range test
at p = 0.05.

3.2. Clonal Fidelity

Clonal fidelity in tissue-cultured lingonberry cultivar Erntedank was assessed using
12 molecular markers including one expressed sequence tag PCR (EST PCR), five expressed
sequence tag—simple sequence repeats (EST SSR) and six genomic simple sequence repeats
(GSSR). Altogether, 31 monomorphic DNA bands were present from 12 molecular markers,
yielding an average of 2.5 bands per primer (Table 2). A representative figure including
seven markers is shown in Figure 3.
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Table 2. List of PCR primers including the primer type, primer name, sequence information, annealing
temperature, the number of bands present and the size of amplified alleles in the in vitro propagated
shoots and greenhouse-grown plants of lingonberry cultivar Erntedank.

Primer Type Primer Name Primer Sequence Annealing
Temperature

Bands
Present (No.)

Size of Amplified
Alleles (bp)

EST PCR CA21 F:TCCGATAACCGTTACCAAGC
R:TATACAGCGACACGCCAAAA 54 2 110, 230

EST SSR CA23 F:GAGAGGGTTTCGAGGAGGAG
R:GTTTAGAAACGGGACTGTGAGACG 60 2 100, 175

EST SSR CA169 F:TAGTGGAGGGTTTTGCTTGG
R:GTTTATCGAAGCGAAGGTCAAAGA 54 2 260, 350

EST SSR CA421 F:TCAAATTCAAAGCTCAAAATCAA
R:GTTTAAGGATGATCCCGAAGCTCT 60 2 175, 250

EST SSR NA398 F:TCCTTGCTCCAGTCCTATGC
R:GTTTCCTTCCACTCCAAGATGC 60 2 145, 200

EST SSR NA1040 F:GCAACTCCCAGACTTTCTCC
R:GTTTAGTCAGCAGGGTGCACAA 56 3 150, 210, 350

GSSR VCCB3 F:CCTTCGATCTTGTTCCTTGC
R:GTTTGATGCAATTGAGGTGGAGA 62 3 125, 270, 300

GSSR VCCI2 F:AGGCGTTTTTGAGGCTAACA
R:TAAAAGTTCGGCTCGTTTGC 62 3 130, 300, 325

GSSR VCCJ9 F:GCGAAGAACTTCCGTCAAAA
R:GTGAGGGCACAAAGCTCTC 60 3 75, 120, 135

GSSR VCCJ1 F:CTCATGGGTTCCCATAGACAA
R:TGCAGTGAGGCAAAAGATTG 62 3 275, 300, 350

GSSR VCCK4 F:CCTCCACCCCACTTTCATTA
R:GCACACAGGTCCAGTTTTTG 62 3 100, 140, 150

GSSR VCCS10 F:ATTTGGTGTGAAACCCCTGA
R:GTTTGCGGCTATATCCGTGTTTGT 60 3 150, 175, 215

 

Figure 3. Agarose gel image showing DNA banding pattern in greenhouse (GH)- and growth
chamber (TC)-grown lingonberry cultivar Erntedank. The first two lanes are the 100 bp and 50 bp
DNA ladder. Each of the consecutive two lanes represent the DNA bands with the molecular marker,
the first sample being from the greenhouse-grown plants and the second from the tissue-culture
shoots in a growth chamber.
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3.3. DNA Methylation Pattern

DNA methylation profiles were explained based on the polymorphism of the fragments
digested with EcoRI and one or both of the isoschizomers MspI/HpaII, resulting in three lanes.
When DNA fragments appeared in all three lanes, they represented non-methylation at the
5′-CCGG-3′ site. MspI-specific fragments appeared in the EcoRI+MspI and EcoRI+MspI+HpaII
lanes by the digestion of methylated internal cytosine (5′-CmCGG-3′).

In contrast, HpaII-specific fragments appeared in the EcoRI+HpaII and EcoRI+MspI+HpaII
lanes that resulted from cleavage at hemimethylated external cytosine (5′-mCCGG-3′).
With HpaII-specific fragments, lanes only present on HpaII were counted as methylation,
as it accounts for internal cytosine methylation [25]. The latter three conditions were
considered as methylation at the 5′-CCGG-3′ site. A gel image shows the non-methylated,
hemimethylated, and methylated cytosines at the 5′-CCGG-3′ site in Figure 4.

 

Figure 4. Polyacrylamide gel image showing cytosine methylation in the greenhouse (GH) and
in vitro grown in semi-solid media in growth chamber (GR) grown lingonberry genotypes, cultivar
Erntedank (CL) and a hybrid H1 (HY). CL GR = cultivar growth chamber, CL GH = cultivar green-
house, HY GR = hybrid growth chamber, and HY GH = hybrid greenhouse. DNA methylation pattern
was detected in lingonberry cultivar and hybrid using methylation-sensitive amplification polymor-
phism (MSAP) assay. Arrows show fully methylated internal cytosine, and arrows with a broken line
show hemimethylated external cytosine. The arrowheads represent internal cytosine methylation.

In Erntedank, 344 bands were obtained in the greenhouse-grown plants, and 329 bands
were obtained in the tissue-cultured plants (Table 3). In the same genotype, 116 (33.72%)
bands were found to be methylated in greenhouse-grown plants, whereas 140 (20%) bands
were obtained in tissue-cultured plants. In the hybrid lingonberry, 353 bands were obtained
in greenhouse plants, while 364 bands were obtained in tissue-cultured plants. In hybrid
lingonberry, 113 (32.01%) of the bands were methylated at the CCGG site, while 160 (43.96%)
bands were methylated in tissue cultures. Variation was also observed if the cytosine was
fully or hemimethylated. Full methylation ranged between 42.86% to 57.52%, with the highest
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observed in greenhouse-grown hybrid lingonberry and the lowest on the tissue-cultured
lingonberry cultivar Erntedank (Table 3). Hemimethylation was highest (57.14%) in tissue-
cultured lingonberry cultivar and lowest in greenhouse-grown hybrid (42.48%). In general,
in vitro grown plants showed higher DNA methylation as compared to the greenhouse-
grown plants.

Table 3. Cytosine methylation in greenhouse- and growth chamber-grown lingonberries.

DNA Bands
Erntedank Hybrid (H1 = HY GH, HY GR)

Greenhouse Tissue Culture Greenhouse Tissue Culture

Type 1 228 189 240 204
Type 2 54 80 48 86
Type 3 46 48 46 50
Type 4 16 12 19 24

Total analyzed bands 344 329 353 364
Total methylated bands 116 140 113 160
Fully methylated bands 62 60 65 74

Fully methylated percentage 53.45% 42.86% 57.52% 46.25%
Hemimethylated bands 54 80 48 86

Hemimethylated percentage 46.55% 57.14% 42.48% 53.75%
MSAP percentage 33.72% 42.55% 32.01% 43.96%

4. Discussion

Tissue culture is a rapid propagation technique used to propagate transgenic crops
and clonally born plants. However, since the tissue culture process bypasses the normal
developmental events in the tissue culture microenvironment, it may be stressful for plant
tissue, resulting in genetic and epigenetic instabilities. These variations are known as
somaclonal variation [22]. Tissue culture-induced variations or their effect in morpholog-
ical and biochemical response to different stresses have been reported in various plant
species [10,27,28]. Morphological characteristics compared between Erntedank and H1 re-
flected that the selected hybrid H1 had bigger leaves as compared to the cultivar Erntedank.
In the tissue cultures also, there were better shoot height, shoot vigor and number of
shoots per explant. Phenotypic variations in any organism independent of DNA sequence
variation are epigenetic modifications. Although there is no change in the DNA sequence,
transcription of the gene is effectively altered by epigenetic factors. Therefore, epigenetic
factors are important mediators of gene expression [20]. For the organisms whose genome
sequence information is not available, the MSAP technique is widely used to detect epige-
netic variations due to DNA methylation in tissue cultures [29,30]. This method has been
utilized to determine the epigenetic variation in banana [31], grapevine [32], oil palm [29],
blueberry [2] and lingonberry [33].

Variations are a source of novel traits in breeding programs. Phenotypic plasticity
is another phenomenon in plant cells that helps the tissues to cope with environmental
variation. However, commercial sustainability of the in vitro regeneration systems depends
upon the maintenance of genetic integrity. The tissue culture system did not alter the genetic
integrity in the lingonberry cultivar in our study. In line with these results, no genetic
differences were found in tissue culture-derived plants in blueberry [34], lingonberry [10],
or Jatropha [35]. However, some genetic variations have been reported in tissue-cultured
gerbera [36].

Researchers have reported various levels of cytosine methylation in plants. In our
study in lingonberry, cytosine methylation was found to be between 32.01% and 43.96%.
However, in tissue-cultured potato, cytosine methylation was found to be very low
(0–3.4%) [37]. Methylation in the range of 64.36–67.00% was reported in pepper (Cap-
sicum sp.) [38]. Therefore, it can be said that there exists a wide range of variation in the
DNA methylation profile in the plant kingdom. Moreover, the effect of micropropagation
on cytosine methylation in lingonberries was similar to that in banana [31], orchid [14]
and blueberry [2] plants (Table 3), where in vitro conditions resulted in higher cytosine
methylation. The organized tissues in the presence of growth regulators dedifferentiate
to the undifferentiated mass of totipotent cells called callus and further re-differentiate to
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produce plant organs [39]. This alteration in the differentiation status might have resulted
in higher cytosine methylation in tissue-cultured lingonberries.

The elusive aspect of epigenetic mechanisms is their variable inheritance. During
mitosis cell division, such as in asexual propagation, such variations are frequently heritable,
sometimes for multiple generations [39]. However, during sexual reproduction, epigenetic
marks are partially reset during meiosis and partially transmitted through meiosis. For
example, the epigenetic marks at locus FLC affecting the vernalization response are changed
during the meiotic process, although transposon methylation is firmly maintained [40].
In another study with a methylation-deficient Arabidopsis mutant, it was revealed that
methylated CpG are fundamental to epigenetic memory throughout generations [41].
Unlike genetic alleles, epialleles have a tendency to react more frequently to change in the
environment, are reversible, and can be retained for a number of generations only [42]

Environmental factors such as exposure to stress change DNA methylation patterns in
plants [43]. This adaptive mechanism of plants under altered ecological conditions affects
gene expression, including the genes that are involved in the synthesis of biochemicals
that have a significant role in abiotic stress tolerance [20]. In an experiment with high-
temperature exposure in in vitro conditions, 60% of grapevine somaclones retained the
altered DNA methylation pattern even one year after the treatment [32]. In the current study,
16 selective primers revealed lower levels of methylated loci in greenhouse-grown plants
than in tissue-cultured plants (Table 3). This trend was similar for both of the genotypes
used in the study. In Oryza sativa, DNA methylation in the promoter regions of genes has
been shown to reduce their expression levels, thus affecting the phenotype [44]. Li et al. [45]
also established a relationship between DNA methylation in promoter regions and gene
expression, which showed a negative correlation between gene expression and cytosine
methylation levels in the 2 kb regions of the promoter [44]. In our experiments, although
the location of the DNA methylation in the lingonberry chromosome was not known,
if it occurs in the functional DNA region such as a promoter, it could cause significant
physiological changes, including those affecting antioxidant properties.

DNA methylation plays a vital role in regulating dedifferentiation and redifferentiation
phases in the tissue culture system. In the tissue culture, each plant cell of an explant
experiences the medium differentially, and their altered responses result in polymorphism
in the methylation pattern [35]. In lingonberry genotypes, higher variation was observed
if the cytosine was fully methylated or hemimethylated, which was found irrespective
of the percentage of DNA methylation. However, although full methylation was higher
in greenhouse-grown plants than in in vitro-grown shoots, the hemimethylated DNA
bands were more prominent under in vitro conditions (Table 3). Somaclonal variations
(genetic and epigenetic) take place in plants due to environmental stress. MET1, the
main cause of methylation, is present in tissue culture plants. The PGRs zeatin and
indole-3-butyric acid were used for shoot proliferation in vitro and rooting of microshoots,
respectively [10]. The expression of the AUXIN RESPONSE FACTOR3 (ARF3) gene is
inhibited by hyper-methylation, giving rise to apical dominance of micropropagated plants,
and hypo-methylation enhances expression of the ARF3 gene. In the current investigation,
the variable DNA methylation (both hypo- and hyper-methylation) might have been due to
a number of factors, including culture conditions, media type, and type and concentration
of PGR during lingonberry propagation under ex vitro and in vitro conditions [33]. Under
tissue culture conditions, variation in the epigenetic pattern was genotype-specific (Table 3).
Similar results have been obtained in blueberry [2], where tissue-cultured blueberry showed
higher methylation in a genotype-specific manner. This process may also be linked to
alteration in the plant material’s hormonal balance and hormone signaling pathway [45,46].
The plant tissue culture process involves the action of PGRs and a complex network
of interactions among them. In Arabidopsis thaliana, adding indole-3-butyric acid and
zeatin in a shoot induction medium resulted in hypo-methylation, which enhanced the
expression of the gene encoding ARF3 [47]. Tissue-cultured blueberry in PGR-containing
medium exhibited higher cytosine methylation than the cutting or donor counterparts,
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respectively [2]. In this line, zeatin (1 mg L−1) added in the tissue-cultured media seemed
to cause lingonberry’s increased DNA methylation.

Lingonberries are characterized as a superfood because of their high antioxidant prop-
erties. Several secondary metabolites have antioxidant properties and are regulated by
DNA methylation by modulating the expression of key genes involved in this process [48].
Several experiments have shown the involvement of increased DNA methylation to sup-
press the genes' function, thus resulting in reduced products of those genes. For example, in
red sage (Salvia miltiorrhiza), S-adenosyl methionine (SAM), a donor for DNA methylation,
dramatically inhibited accumulation of the phenolic compound [49]. In contrast, the expres-
sions of key genes involved in phenolic acid biosynthesis were downregulated [49], whereas
5-azacytidine, an inhibitor of methylation, significantly enhanced the accumulation of phe-
nolic compounds with a significant upregulation of the key gene expressions involved
in phenolic acid biosynthesis [49]. In Arabidopsis thaliana, hypomethylation resulted in a
substantial increase in the production of a protein involved in growth regulation [50]. CG
methylation in Arabidopsis is maintained by a conserved METHYLTRANSFERASE1 (MET1),
a protein homologous to animal DNMT1 [48,51]. However, methylation in the CHG context
is maintained by CHROMOMETHYLASE3 (CMT3), and CHH context is maintained by the
plant-specific CHROMOMETHYLASE2 (CMT2) [51,52]. Analysed expression patterns of
MET1, CMT methyltransferases exhibited higher expression levels in fast-growing calli,
and regenerated plants were hypermethylated [52]. In another experiment, genes MET1
and CMT3 that code for DNA methylases during somatic embryo formation were found
to be upregulated, while genes encoding DNA demethylases were downregulated [51,53].
Therefore, global DNA methylation seemed to affect the transcriptional activity of coding
genes, ultimately affecting several physiological processes, including the production of
secondary metabolites. In Arabidopsis thaliana, a statistical model predicted that 65% of the
variance in plant height was the result of DNA methylation [51]. The significance of DNA
methylation to the amount of antioxidant production could be particularly important in
this medicinally important crop, lingonberry.

5. Conclusions

Although no genetic distinction was observed in the lingonberry cultivar Erntedank,
variation in DNA methylation patterns in leaf tissues of tissue-cultured and greenhouse-
grown lingonberries suggested the effect of in vitro propagation. These variations in turn
might affect the expression of the genes involved in vital processes. Given the elusive
nature of variation, it would be interesting to evaluate the effects on the vegetative and
reproductive stages of mature plants to determine if the tissue culture-induced variation
is transient or permanent. This study might be a valuable consideration for the use of
commercial micropropagation of lingonberry. Another exciting research direction could be
to investigate the effect of epigenetic marks on vital physiological processes, such as the
pathways for production of antioxidant compounds.
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