
mdpi.com/journal/ijms

Special Issue Reprint

Molecular World Today  
and Tomorrow
Recent Trends in Biological Sciences 2.0

Edited by 
Wajid Zaman



Molecular World Today and
Tomorrow: Recent Trends in
Biological Sciences 2.0





Molecular World Today and
Tomorrow: Recent Trends in
Biological Sciences 2.0

Editor

Wajid Zaman

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Editor

Wajid Zaman

Department of Life Sciences

Yeungnam University

Gyeongsan

Korea, South

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

International Journal of Molecular Sciences (ISSN 1422-0067) (available at: https://www.mdpi.com/

journal/ijms/special issues/M171QV56L4).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-0600-3 (Hbk)

ISBN 978-3-7258-0599-0 (PDF)

doi.org/10.3390/books978-3-7258-0599-0

© 2024 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.



Contents

Wajid Zaman

Molecular World Today and Tomorrow: Recent Trends in Biological Sciences 2.0
Reprinted from: Int. J. Mol. Sci. 2024, 25, 3070, doi:10.3390/ijms25053070 . . . . . . . . . . . . . . 1

Maria Costantini, Roberta Esposito, Nadia Ruocco, Davide Caramiello, Angela Cordella,

Giovanna Maria Ventola and Valerio Zupo

De Novo Assembly of the Genome of the Sea Urchin Paracentrotus lividus (Lamarck 1816)
Reprinted from: Int. J. Mol. Sci. 2024, 25, 1685, doi:10.3390/ijms25031685 . . . . . . . . . . . . . . 4

Jie Zhang, Yi Zhang and Chen Feng

Genome-Wide Analysis of MYB Genes in Primulina eburnea (Hance) and Identification of
Members in Response to Drought Stress
Reprinted from: Int. J. Mol. Sci. 2024, 25, 465, doi:10.3390/ijms25010465 . . . . . . . . . . . . . . . 20

Zhongyuan Wang, Vivek Yadav, Xiaoyao Chen, Siyu Zhang, Xinhao Yuan, Hao Li, et al.

Multi-Omics Analysis Reveals Intricate Gene Networks Involved in Female Development
in Melon
Reprinted from: Int. J. Mol. Sci. 2023, 24, 16905, doi:10.3390/ijms242316905 . . . . . . . . . . . . . 38

Claudio Vásquez, Benjamı́n Leyton-Carcaman, Fernanda P. Cid-Alda, Iñaky Segovia,
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Molecular techniques have become influential instruments in biological study, trans-
forming our comprehension of life at the cellular and genetic levels [1]. The Special Issue
"Molecular World Today and Tomorrow: Recent Trends in Biological Sciences 2.0" examines
current trends in biological sciences and the impact of advanced techniques on scientific
advancements. The problem highlights how molecular techniques can greatly aid in the
advancement of focused medication creation and disease diagnostics. Combining molecu-
lar phylogenetic and omics approaches with expression and pathway analysis, we seek to
improve our comprehension of molecular mechanisms and stress responses in biological
systems [2]. This collaboration represents significant progress in genomics, proteomics, and
phylogenetic methods, providing new opportunities for study and innovation.

Advancements in omics technologies, including transcriptomics, proteomics, and
genomics, have significantly improved our capacity to recognize and describe biological
entities [2,3]. Researchers currently use systematic methods to uncover genetic variations,
forecast ecological habitats, and clarify taxonomic intricacies [4,5]. Omics data offer a thor-
ough perspective on the molecular world, ranging from analyzing microbial populations to
uncovering the genetic foundations of diseases. Integrating molecular phylogenetics with
omics techniques enhances our comprehension of evolutionary connections. Researchers
investigate molecular pathways across many taxonomic groups by integrating sequence
data with expression profiles [6,7]. This synergy influences both evolutionary history and
functional adaptations, as well as stress responses.

Molecular data drives precision medicine [8,9]. Genomics and proteomics play a
crucial role in guiding individualized treatments by identifying therapeutic targets and
predicting medication responses [10,11]. Furthermore, diagnostic tests utilizing molecular
markers improve the diagnosis and prediction of diseases. As we decode the complexities
of individual genomes, the future shows potential for personalized interventions. The
study in this Special Issue highlights the significance of interdisciplinary approaches in ad-
dressing intricate biological issues through collaboration. It unites specialists from several
disciplines, such as molecular biology, genetics, biochemistry, biophysics, and computa-
tional biology, to promote a comprehensive comprehension of life at the molecular scale.
This collaborative effort is crucial for the integration of knowledge and the acceleration of
scientific discoveries (Figure 1).

The edition features 20 papers, including 3 comprehensive review articles, a brief
report, 1 communication, and 15 research articles. The articles in the Special Issue empha-
size the importance of molecular data in promoting targeted medicines, highlighting the
vital significance of molecular sciences in medicine. This interdisciplinary method high-
lights the significant impact of molecular approaches in research and clinical environments,
presenting new opportunities for customized medicine and treatments.

In conclusions, this Special Issue demonstrates the dynamic and interdisciplinary
nature of molecular sciences. It motivates researchers to expand the current knowledge and
investigate new areas, assuring the ongoing development of the biological sciences field
and its contribution to our understanding of life’s molecular foundation. The compilation
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showcases the present status of molecular sciences and paves the way for future progress,
encouraging further inquiry and invention in this captivating discipline.

Figure 1. Navigating the frontier: current and future perspectives in biological sciences (generated
by OpenAI's Whimsical Diagrams GPT).
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Abstract: The Mediterranean purple sea urchin Paracentrotus lividus (Lamarck 1816) is a remark-
able model system for molecular, evolutionary and cell biology studies, particularly in the field of
developmental biology. We sequenced the genome, performed a de novo assembly, and analysed
the assembly content. The genome of P. lividus was sequenced using Illumina NextSeq 500 System
(Illumina) in a 2 × 150 paired-end format. More than 30,000 open reading frames (ORFs), (more
than 8000 are unique), were identified and analysed to provide molecular tools accessible for the
scientific community. In particular, several genes involved in complex innate immune responses,
oxidative metabolism, signal transduction, and kinome, as well as genes regulating the membrane
receptors, were identified in the P. lividus genome. In this way, the employment of the Mediterranean
sea urchin for investigations and comparative analyses was empowered, leading to the explanation of
cis-regulatory networks and their evolution in a key developmental model occupying an important
evolutionary position with respect to vertebrates and humans.

Keywords: genes; genomic resources; sea urchin

1. Introduction

The introduction of the Sanger method of polymerase-based sequencing revolution-
ized molecular/genomic studies in the early 1970s, permitting the definition of individual
genomes and their regulation [1–3]. Next-generation sequencing (NGS) platforms increased
the power of massive DNA sequencing to digitally interrogate genomes on a revolutionary
scale, allowing functional genomic studies of gene expression profiling, genome annota-
tion, and epigenetic modifications of histones or DNA methylations [4]. Availability of
these omics approaches directly improved ecological genomics and/or molecular ecology
studies [5]. Understanding the molecular responses of organisms to environmental stress is
critical to current research on the environmental effects of global warming, ocean acidifica-
tion, and increasing pollution. In this view, sea urchins are ideal models for monitoring
marine environmental hazards [6], and as deuterostomes [7–12] (Figure 1), they are a
perfectly positioned outgroup to the chordates [13].
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Figure 1. A simplified phylogenetic tree for Deuterostomia and Protostomia (according to information
in Sodergren et al. [7]). Deuterostomia Echinodermata are highlighted in red font. The five classes of
Echinodermata are also reported; Echinoidea class is highlighted in red.

Among sea urchins, Strongylocentrotus purpuratus and Paracentrotus lividus are well-
established model organisms for developmental and ecotoxicological studies; the genome
of the former was sequenced in 2006 [7], yielding important insights into the evolution
of deuterostomes. Paracentrotus lividus (Parechinidae) [8], in particular, has wide geo-
graphical distribution, inhabiting shallow marine environments in the Mediterranean
Sea and the eastern Atlantic Ocean [12], and is a keystone herbivore often controlling
the standing crop of algal turfs and seagrass meadows [9]. In some areas, sea urchins
transform macrophyte communities into barren areas, reducing biodiversity and altering
ecosystem function [7–10,12,13]. Gonads of Paracentrotus lividus are considered a food
delicacy [10,11] and it is thus intensively exploited in many Mediterranean areas. Moreover,
Paracentrotus lividus is a well-established model for evo-devo and toxicology investigations
because of the peculiar transparency of its embryos, which follow well-defined temporal
patterns of development. In spite of the importance of Paracentrotus lividus for the ecology
of coastal areas and as a model for scientific research, it was only very recently that a
chromosome-scale genome assembly for this sea urchin was published [14], also reporting
extensive gene expression and the epigenetic profiles of embryonic development. In addi-
tion, several SRA experiments and RNA sequences are already available on the website
of the National Centre for Biotechnology Information (NCBI), which represents a relevant
genomic resource.

We present here a draft of the genome sequence of the sea urchin Paracentrotus lividus,
with a de novo assembly and analysis of its content. Our findings provide a remarkable
resource to elucidate the genetic mechanisms underlying the adaptation and resilience
of this key grazer and, consequently, they will be of great significance for theoretical and
applied research. The genome presented here will provide a paradigm for studying novel
features in model animals, such as molecular pathways underlying important physiological
processes, and will represent an additional resource for the conservation and management
of this widely distributed marine resource.
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2. Results and Discussion

2.1. Sequencing and Annotation of Paracentrotus Lividus Genome

An important node in the deuterostome phylogeny is represented by the position of
Echinodermata as an early branch, implying information on vertebrate biology [13,15,16].
Among sea urchins, the family Strongylocentrotidae represents the best-studied group [17],
including the species for which the genome is available, Strongylocentrotus purpuratus [7].
Strongylocentrotidae contain several species of marine echinoids, including four genera:
Strongylocentrotus, Mesocentrotus, Hemicentrotus and Pseudocentrotus [18–20] (Table 1).

Table 1. Species belonging to the four genera of Strongylocentrotidae.

Genera Species

Strongylocentrotus S. purpuratus
S. pallidus

S. droebachiensis
S. intermedius

S. fragilis
S. polyacanthus

Mesocentrotus M. franciscanus
M. nudus

Hemicentrotus H. pulcherrimus

Pseudocentrotus P. depressus

The phylogenetic tree reported in Figure 2 was based on complete mitochondrial
genomes available for 12 sea urchin species, and Paracentrotus lividus was selected to root
the mitochondrial trees because it is strongly supported as an appropriate outgroup for
Strongylocentrotidae, with an estimate of 35–50 Myr used as a reference time point for the
split between the Strongylocentrotid species and Parechinids [21].

Figure 2. Phylogenetic tree (produced using RAxML, ML + rapid bootstrap) based on com-
plete mitochondrial genomes available for 12 sea urchin species downloaded from GenBank:
Allocentrotus fragilis (KC89820); Arbacia lixula (NC_001770); Echinocardium cordatum (FN562581);
Hemicentrotus pulcherrimus (NC_023771); Mesocentrotus franciscanus (NC_024177); Mesocentro-
tus nudus (NC_020771); Pseudocentrotus depressus (NC_023773); Strongylocentrotus droebachensis
(NC_009940); Strongylocentrotus intermedius (NC_023772); Strongylocentrotus pallidus (NC_009941);
Strongylocentrotus purpuratus (NC_001453); and Paracentrotus lividus (NC_001572). The values are
reported as percentage of node label. Data on nucleotides are reported in Table S1.
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BLAST top hit species distribution of matches for all the scaffolds with known se-
quences indicated that the majority of P. lividus scaffolds show the highest homology with
S. purpuratus (BLAST Hits = 52,000) (Figure 3).

Figure 3. BLAST top hit species distribution (reported as number) of matches with known sequences
aligned during the BLAST step using the NCBI database. In total, 3142 species were obtained with
at least one BLAST hit, but in the histogram only the top thirty hits were reported; the remaining
species are listed in “Others”.

The most-represented species included Apostichopus japonicus (sea cucumber, BLAST
hits: 51,000); Exaiptasia pallida (sea anemone, BLAST: hits 39,000); and Stylophora pistillata
(coral, BLAST hits: 37,000). All alignments were carried out by setting the E-value thresh-
olds as ≤1 × 10−5. By using ABySS (version 2.0), 252,999 contigs and 252,952 scaffolds
were obtained (Table 2). ABySS represents a resource-efficient assembly of large genomes
using a Bloom filter [22].

Table 2. Statistical analysis of P. lividus genome size.

Parameter Quast ABYSS BUSCO

Assembly scaffolds (min. Length
= 500 bp) scaffolds (min. Length = 500 bp)

contigs (≥0 bp) 252,952 252,952 252,952

contigs (≥1000 bp) 280 _

contigs (≥5000 bp) 5 _

Total_length (≥0 bp) 42,528,692 _ 42,528,692

Total_length (≥1000 bp) 515,753 _

Total_length (≥5000 bp) 28,242 _

Total_length (≥10,000 bp) 0 _

contigs 1757 1757
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Table 2. Cont.

Parameter Quast ABYSS BUSCO

Largest_contig 6806 6805

Total_length 1,488,145 1,486,080

GC(%) 34.77% 31.88%

N50 792 791 153

The maximum scaffold length for the genome was 6805 nucleotides with an N50 of
792 (min length 500 bp). The total length of the scaffolds, considering contigs ≥ 500 bp,
was 1,486,080 nucleotides and the GC content corresponded to 31.9%. Using Geneious,
337,545 ORF sequences were obtained, belonging to 140,726 unique scaffold sequences. The
annotation of ORF sequences (8508 were unique) was performed using Blast2GO, obtaining
33,529 ORF. Of these sequences, 13,523 and 21,380 were identified with InterPro and GO
IDs, respectively, as shown in Table S2.

A total of 48 GO terms were enriched, including 16 in “Biological Process” followed
by 16 in “Molecular Function” and 16 in “Cellular Component” (p < 0.05) (Figure 4).

Figure 4. Direct GO count distribution, showing Molecular Function (a chart for the Molecular
Function GO category, which shows the most frequent GO terms within a data-set without taking into
account the GO hierarchy: white bars), Biological Process (same as above but for Biological Process:
black bars), and Cellular Component (same as above but for Cellular Component: grey bars).
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Over-represented GO categories included RNA-dependent DNA biosynthetic process;
DNA integration; nucleic acid phosphodiester bond hydrolysis; DNA recombination;
RNA-directed DNA polymerase activity; nucleic acid binding; DNA binding endonuclease
activity; zinc ion binding; calcium ion binding; and DNA binding (see also Figure 5).

Figure 5. Analysis of P. lividus genes reporting the gene number involved in different cellular pro-
cesses.

Moreover, these genes are an integral component of the cell membrane and were
mainly localised in the nucleus, nucleosome, mitochondrion, and replication fork.

The draft genome of P. lividus reported here provided additional information to
those reported in Marlétaz et al. [14], allowing for a comprehensive survey of the main
gene pathways available for further developmental investigations. Evidently, the peculiar
phylogenetic position of echinoderms offers the possibility to perform comparisons between
protostomes and deuterostomes, and between invertebrate and vertebrate deuterostomes.
Many aspects of development and cell–cell interactions will provide new perspectives on
those genes that evolved to control important developmental processes. Sea urchins are
evolutionarily closer to not only other deuterostomes, including vertebrates, but also to
protostomes, such as Drosophila and Caenorhabditis elegans. From this perspective, they may
provide a clearer view into the evolution of vertebrates, including their developmental
signalling and evolution. Evidently, sea urchin embryos are a key evolutionary link to
vertebrate development, although the extent of molecular commonality has only now
become measurable with the genomic sequence data.

2.2. Key Findings and Genes
2.2.1. Complex Innate Immune Responses

Among the classes of innate receptors, toll-like receptor (TLR) genes from 48 proteins,
TLR-1, TLR-2, TLR-3, TLR-4, were identified (see Table 3). TLRs represent an important
part of innate immunity, playing key roles in the defence against pathogen invasion [23].

Table 3. Summary of all genes/proteins identified in the genome of P. lividus.

Genes/Proteins

Immune response Toll-like receptor 1
Toll-like receptor 2
Toll-like receptor 3
Toll-like receptor 4
Toll-like receptor 5
Toll-like receptor 6
Toll-like receptor 7
Toll-like receptor 8
Toll-like receptor 9
Toll-like receptor 10
Toll-like receptor 11
Toll-like receptor 12
Toll-like receptor 13

E3 ubiquitin-protein ligase pellino homolog 1
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Table 3. Cont.

Genes/Proteins

Signal transduction Ras
Rab
Ral
Arf

Rhodopsin
1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase beta-4

Nuclear factor kappa B
Allatostatin-A receptor-like

Calcium-independent protein kinase C

Membrane receptors suREJ1
suREJ2
suREJ3

Ankyrin-containing gene specific for Apical Tuft
Fibrillin A
Rhodopsin

Neuronal genes Calcineurin
Neurexin
Neurocan

Neuroendocrine convertase 1 gene
Neuron navigator 3-like

Neuronal acetylcholine receptor subunit alpha-5-like
Beta-adrenergic receptor kinase 2

Kinome Adenosine kinase
A-kinase anchor protein 17A

Bifunctional UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase isoform
X1

Cell division cycle 7-related protein kinase
Cyclin-dependent kinase 2-like

Dolichol kinase
Dual specificity mitogen-activated protein kinase kinase 7 isoform X2

Inositol hexakisphosphate
Diphosphoinositol-pentakisphosphate kinase 1 isoform X1

L-fucose kinase
MAP kinase

Maternal embryonic leucine zipper kinase isoform X2
Membrane-associated guanylate kinase

WW
PDZ domain-containing protein 2-like

Receptor tyrosine-protein kinase erbB-4-like
Receptor-like protein kinase feronia, serine/threonine-protein kinase PAK 2

Tyrosine-protein kinase receptor Tie-1-like
Wall-associated receptor kinase and wee1-like protein kinase 1-A

Oxidative metabolism CYP 1-like
CYP 2-like
CYP 3-like
CYP 4-like
CYP 6-like
CYP 20-like
CYP 26-like
CYP 27-like
CYP 46-like
CYP 51-like

CYP 120-like

Cell surface TLRs include TLR1; TLR2; TLR4; TLR5; TLR6; and TLR10, whereas
intracellular TLRs include TLR3; TLR7; TLR8; TLR9; TLR11; TLR12; and TLR13, which are
localised in the endosome [24]. Even if TLRs were first described as important recognition
receptors in mice and humans, they were also extensively studied in several animal species,
including invertebrates such as the sea urchin, where a great expansion of TLR genes
occurred. Gene expression analysis reported TLR receptors specifically expressed at the
two-cell cleavage stage [14].
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Despite the apparent simplicity of their body organization, echinoderms exhibit an
immune system able to perform complex innate immune responses, a phenomenon which
is, to date, quite far from being completely understood [25]. In fact, the S. purpuratus
genome represents a window on the functions of the innate immune system complexity
and sensing capacity, revealing a close genetic relationship between sea urchins and humans
and thus reinforcing the relevance of these model organisms. In addition, echinoderms
are advanced invertebrates, representing a bridge with primitive chordates, because they
possess numerous receptors and effectors used to obtain a rapid immune response. After
an infection, their cellular immune response triggers a network formed by membrane
and endosomal receptors, which in turn triggers an immune response by stimulating
consecutive intracellular events [26,27].

The genome of this sea urchin holds a vast set of at least 222 TLR genes, accom-
panied by a moderate expansion of downstream adaptors, different from that of chor-
dates [28–30]. The abundance of TLRs in sea urchins suggests that this class of receptors
plays an important role in the innate immune defence, possibly the case in lower animals
as well. The vast majority of sea urchin TLR genes are more similar to each other than to
those of other animals, suggesting a gene expansion specific to the sea urchin lineage [28].
The recognition of non-self molecules by specific membrane receptors triggers the immune
response, stimulating consecutive intracellular events [30]. An E3 ubiquitin-protein ligase
pellino homolog 1 gene was identified, as it has been for S. purpuratus (LOC577851). This
gene, located in the cytosol, enables ubiquitin protein ligase activity and is involved in
several processes, including the negative regulation of the necroptotic process; it also
participates in protein poly-ubiquitination.

2.2.2. Molecular Switches in Signal Transduction

Our data revealed for the first time the presence in the Paracentrotus lividus genome of
four genes belonging to the small guanosine triphosphatase (GTPases) families: Ras, Rab,
Ral, ARF and Rho. Comparing these data with those reported in the case of the genome of
S. purpuratus, four families of RAS GTPases are in common with humans: Ras, Rho, Rab,
and ARF. The genes of this family are usually expressed during embryogenesis [18,31]. They
represent a large family of hydrolase enzymes able to bind to the nucleotide guanosine
triphosphate (GTP), and hydrolyse it to guanosine diphosphate (GDP), which in turn
functions as a molecular switch in signal transduction, nuclear import and export, lipid
metabolism, and vesicle docking [7]. Vertebrate GTPase families were expanded after
their divergence from echinoderms, thanks to whole genome duplications [19,20]. This is
different from the sea urchin genome, which did not undergo a whole-genome duplication.
In the case of four Ras GTPase families, (Ras, Rho, Rab, and Arf), a local gene duplication
occurred, resulting in a comparable number of monomeric GTPases in the genomes of
humans and sea urchins, and signalling complexity mediated by GTPases.

Another gene involved in signal transduction processes is 1-phosphatidylinositol
4,5-bisphosphate phosphodiesterase beta-4 (PLCB4), also identified in the genome of P.
lividus. Phosphatidylinositol-specific phospholipase C enzymes mediate the production of
the second messenger molecules diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3);
in humans this form has a role in retina signal transduction [32]. The protein encoded by
this gene is a phosphodiesterase, which catalyses the hydrolysis of phosphatidylinositol
4,5-bisphosphate to the second messengers, inositol 1,4,5-trisphosphate (IP3) and diacyl-
glycerol. The encoded protein is activated by G proteins and is involved in the signal
transduction pathway of the type-2 taste receptor. In addition, the nuclear factor kappa B
(which is also identified in P. lividus genome) can regulate the transcription of this gene,
whose protein product can also act as an important regulator of platelet responses.

Another interesting gene here found (orthologous, also found in S. purputarus), is the
allatostatin-A receptor-like gene, which belongs to the type A allatostatins (AST-As), a
family of insect peptides with a conserved C-terminal FGL-amide motif [33]. The insect
allatostatin-A receptors (AST-ARs), considered orthologues of galanin receptors (GALR) in
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vertebrates [34], are activated by AST-A peptides. Vertebrate GALR receptors have a close
relationship, from an evolutionary point of view, with kisspeptin receptors (KISSR), and
are in turn activated by galanin (GAL) and spexin (SPX) peptides, which are unrelated to
insect AST-As.

In contrast, the ankyrin (ANK) repeat protein family is largely distributed across
plants and has been found to participate in multiple processes such as plant growth and
development, hormone response, and response to biotic and abiotic stresses [35].

Finally, the calcium-independent protein kinase C (PKC) has a key role in signal
transduction mechanisms. In particular, this gene is involved in the initiation and mainte-
nance of motility in the spermatozoa of the sea urchin Lytechinus pictus. White et al. [32]
demonstrated the existence of a correlation between motility and the level of phospho-PKC
substrates, so PKC activation and phosphorylation of its target proteins represent a signifi-
cant requirement for the maintenance of motility in the spermatozoa of intact sea urchins.
In S. purpuratus, the levels of PKC substrates contribute to the production of immotile and
motile spermatozoa, and non-competitive PKC inhibitors are involved in diminishing the
circular velocity of spermatozoa [36].

2.2.3. Genes Regulating the Membrane Receptors

The alpha-like subunit of the acetylcholine receptor (AChR) binds acetylcholine, and
just after is subject to an extensive change in its conformation, thereby affecting all subunits
and the opening of an ion-conducting channel present in the plasma membrane. ATPases
comprise a superfamily of proteins involved in several cellular processes essential for
physiology, (control of proteins; homeostasis; DNA replication; recombination; chromatin
re-modelling; ribosomal RNA processing; molecular targeting; organelle biogenesis; and
membrane fusion); they are often associated with diverse cellular activities (AAA+) [37–40].
In fact, the members of this superfamily are defined by the presence of the AAA+ do-
main, containing the canonical Walker A and B motifs necessary for ATP binding and its
hydrolysis [37].

The receptor for egg jelly precursor is an integral component of the membrane, with
an important role in calcium channel activities and ion binding. Three of these receptors,
suREJ1, suREJ2, and suREJ3, were previously described in S. purpuratus testis [41]. In
particular, suREJ1 is composed of one transmembrane segment, able to bind to the fucose
sulphate polymer of egg jelly, thus inducing the sperm acrosome reaction. On the other
hand, suREJ3 consists of 11 putative transmembrane segments localised in the plasma
membrane over the acrosomal vesicle. In contrast, suREJ2 is an intracellular plasma
membrane protein with no extracellular projection from the plasma membrane, and two
transmembrane segments; it is present in the entire spermatozoa plasma membrane, mainly
concentrated over the spermatozoan mitochondrion. REJ is a common module present in
all three sea urchin sperm REJ proteins, and is shared by the human autosomal dominant
polycystic kidney disease protein, polycystin-1, and PKDREJ—a testis-specific protein
found in mammals [42]. Ankirin is another integral protein component of the membrane,
involved in protein heterodimerization. The ankyrin (ANK) repeat domain was identified
for the first time in some yeast cell-cycle regulators, and in the Drosophila melanogaster
signalling protein Notch3 [43,44]. It is considered the most common conserved protein
domain, being distributed in organisms ranging from viruses to humans [35,45]. Yaguchi
et al. [46] isolated the gene ankAT-1, the Ankyrin-containing gene specific for apical tuft,
the expression of which is normally found in the animal pole region of the very early
blastula stages of sea urchin embryos. This gene is involved in the regulation of the
length of apical tuft cilia, mediating apical tuft formation in the sea urchin embryo, as
demonstrated by experimental knock-down of this gene, resulting in much shorter embryos
and with decreased motility with respect to the motile cilia in other ectodermal cells46.
Although the specific functions of the ANK domain proteins are still not known, they were
identified in several proteins with diverse functions, highlighting their roles as mediators
of protein–protein interactions and acting as molecular chaperones [42,47–49].
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Lamin B is a structural constituent of the extracellular matrix, with a key role in
calcium ion binding and cell-matrix adhesion. In the sea urchin L. pictus, it is imported
into the nucleus from a soluble pool at a later stage of pronuclear formation; the resulting
incorporation is necessary for pronuclear swelling and growth of the nuclear envelope [50].

The genome of Paracentrotus lividus possesses a putative precursor of fibrillin-2, a
matrix protein involved in protein kinase activity, ATP binding, and protein phosphoryla-
tion. In the S. purpuratus genome, two genes encoding fibrillin homologs were identified,
suggesting an expansion of this family in deuterostomes, clustering with vertebrate, honey-
bee and ascidian fibrillins [51]. Fibrillin A is expressed during cleavage and by primary
mesenchyme cells, with a role in the fibrillar components of the blastocoel extracellular
matrix [52]. There are three fibrillin genes in mammals (FBN-1, FBN-2, and FBN-3), and
only one each in C. elegans (fbn-1) and Drosophila (CG31999). Mutations in human fibrillins
are responsible for Marfan syndrome and the related disease, contractural arachnodactyly.

Rhodopsin is a light-sensitive receptor protein belonging to G-protein-coupled recep-
tors (GPCRs), involved in photo-transduction and contributing to the majority of sensory
receptors in vertebrates. In the sequenced sea urchin genome, they represent the largest
GPCR family with 979 members constituting more than 3% of all predicted genes [53]. More-
over, four greatly expanded subfamilies of rhodopsin-type GPCRs were identified, which
rapidly expand the lineages of GPCRs (surreal-GPCRs). This group is mostly expressed
in different classes of pedicellariae and in the tube feet of adult sea urchins, harbouring
sensory neurons involved in the reaction to chemical stimuli in echinoderms. In addition,
these structures also express different opsins, indicating that sea urchins possess a complex
system for sensing their environment. These genes may have arisen by rapid duplication
in the echinoid lineage, acting as chemosensory receptors.

2.2.4. Nervous System and Neuronal Genes

The nervous system of echinoderms is dispersed both in larvae and adults, and
thus differs from both vertebrates and hemichordates, but it is not a simple nerve net.
In fact, vertebrates do not have a dispersed nervous system, and hemichordates have
nerve nets [54]. Adult sea urchins have thousands of appendages with sensory neurons,
ganglia, and motor neurons arranged in local reflex arcs. These peripheral appendages are
connected to each other and to radial nerves for overall control and coordination.

The genome of Paracentrotus lividus showed the presence of a calcineurin gene. Since
the 1970s, a calmodulin-binding protein was found only in the brain of sea urchins [55–57].
This protein, named calcineurin, is localised in neurons and is associated with post synapsis
and dendrite microtubules [58]. Stewart et al. [59] found that protein phosphatase 2B,
involved in glycogen metabolism in skeletal muscle, is similar to calcineurin, which in turn
has similar activity.

In S. purpuratus there is a single predicted gene for a neurexin (a synaptic adhesion
component [51]), also found in the genome of Paracentrotus lividus. There are several
predictions for neuroligins, the postsynaptic receptors for neurexins, also known from other
invertebrates, where β-neurexin binds neuroligin and is clustered to recruit presynaptic
components [60].

In contrast, neurocan is a member of the lectican/chondroitin sulphate proteoglycan
protein families; it consists of neurocan core protein (identified in the Paracentrotus lividus
genome) and chondroitin sulphate. It is involved in the modulation of cell adhesion and
migration. The neuroendocrine convertase 1 gene isolated in Paracentrotus lividus has
some orthologs in S. purpuratus, such as furin and subtilisin, which may process TGF-β
precursors [61]. The neurogenic locus Notch protein has a neural ortholog in the sea urchin
Lytechinus variegatus. The Notch intercellular signalling pathway mediates the specification
of numerous cell fates in both invertebrate and vertebrate development [62]. The navigator
3-like neuron belongs to the neuron navigator family and is expressed predominantly in
the nervous system. Genes related to neurotransmitter receptors were also found, such as
the neuronal acetylcholine receptor subunit alpha-5-like gene. These genes also include
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beta-adrenergic receptor kinase 2 and are confirmed to be localised to a subset of ectoderm,
consistent with a neural population [63].

2.2.5. The Kinome of P. lividus Resembles That of Drosophila and Human

Several kinases were identified in the genome of Paracentrotus lividus: 52 kDa repressor
of the inhibitor of the kinase-like protein; adenosine kinase; A-kinase anchor protein
17A; bifunctional UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase
isoform X1; cell division cycle 7-related protein kinase; 2-like cyclin-dependent kinase;
dolichol kinase; dual specificity mitogen-activated protein kinase 7 isoform X2; inositol
hexakisphosphate and diphosphoinositol-pentakisphosphate kinase 1 isoform X1; L-fucose
kinase; MAP kinase-activating death domain protein isoform X1; MAPK/MAK/MRK
overlapping kinase; maternal embryonic leucine zipper kinase isoform X2; membrane-
associated guanylate kinase; WW and PDZ domain-containing protein 2-like; erbB-4-like
receptor tyrosine-protein kinase; receptor-like protein kinase Feronia; serine/threonine-
protein kinase PAK 2; Tie-1-like tyrosine-protein kinase receptor; and wall-associated
receptor kinase and wee1-like protein kinase 1-A. All these genes define the kinome
of Paracentrotus lividus, representing the complete set of protein kinases encoded in the
genome [64]. The genomic sequence of S. purpuratus and the predicted gene models were
used to identify the predicted protein kinases in this genome, according to both function
and kinase domain taxonomy. The results showed that the sea urchin kinome: i, consists
of 353 protein kinases, and ii, is closer to the Drosophila kinome (239) than the human
kinome (518), according to the total kinase number. However, it has been established that
the diversity of sea urchin kinases is surprisingly similar to those of humans. In fact, the
urchin kinome misses only 4 of 186 human subfamilies, while Drosophila lacks 24, thus
combining the simplicity of a non-duplicated genome with the diversity of function and
signalling, which was previously considered to be very specific to vertebrates [64]. More
than half of the sea urchin kinases are involved in signal transduction, and approximately
88% of the signalling kinases are expressed in the developing embryo. An example is
the dolichol kinase, for which Rossignol et al. [65] reported that both de novo synthesis
of dolichol and its phosphorylation may play an important role in the observed increase
of glycoprotein synthesis in early embryonic development, prior to gastrulation. Protein
kinases play crucial roles in the regulation of signalling pathways, in coordination with
protein phosphatases, in the genome of S. purpuratus [66]. In fact, high expression of kinases
was detected in endomesoderm formation.

2.2.6. Homologies with Human Oxidative Metabolism

About 30 CYP-related genes were identified in the Paracentrotus lividus genome, mostly
belonging to CYP 1, 2, and 3. Several CYP 2 genes (28) were found, while nine CYP1-like
genes and only three CYP 3 genes (CYP3-like) were detected. The genome of P. lividus
contains homologs of proteins involved in metabolism (CYP 27), and three other families:
the CYP 6, CYP 20, and CYP 120 genes. These enzymes, belonging to the CYP1, CYP2,
CYP3, and CYP4 families, play key roles in the oxidative biotransformation of chemicals to
more hydrophilic products. The sea urchin S. purpuratus contains 120 CYP genes, of which
80% of the total are related to CYP gene families 1 to 4, suggesting a selective pressure to
expand functionality in these gene families.

Eleven CYP1-like genes are present in the genome of Paracentrotus lividus, which
represent more than twice the number of these genes among chordates. A greater amount
of CYP2-like and CYP3-like genes are also observed in comparison to other deuterostomes.
In addition to the CYPs in families 1 to 4, the sea urchin genome contains homologs of
proteins involved in developmental patterning (CYP26), cholesterol synthesis (CYP51), and
metabolism (CYP27 and CYP46). Homologs of some CYPs with endogenous functions in
vertebrates are not found. These CYP genes, in concert with additional expanded defensive
gene families, represent a large diversification of defence gene families by the sea urchin
relative to mammals.
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3. Materials and Methods

3.1. Ethics Statement

Paracentrotus lividus (Lamarck) were collected from a site in the Bay of Naples that is
not privately owned or protected in any way, according to Italian legislation (DPR 1639/68,
19 September 1980, confirmed on 10 January 2000). Field studies did not include endan-
gered or protected species. All experimental procedures on animals were in compliance
with the guidelines of the European Union (Directive 609/86).

3.2. Sample Collection and DNA Extraction

Adult sea urchins were collected during the breeding season during scuba-diving in
the Gulf of Naples, transported in a thermic box to the laboratory within 1 h after collection
and maintained in tanks with circulating sea water until testing [67]. Sea urchins were
injected with 2 M KCl through the peribuccal membrane to obtain the emission of gametes.
Concentrated spermatozoans were collected and immediately used for DNA extraction.
Genomic DNA was extracted from single male sperm using 1× TEN buffer (50 mM Tris
pH 7.6, 10 mM EDTA, 100 mM NaCl) plus 1% sodium dodecyl sulfate. Digestion with
proteinase K (100 mg/mL) was performed at 55 ◦C overnight, and contaminating RNA was
degraded by treating RNase (10 mg/mL) at 37 ◦C for one hour. Extraction with phenol–
chloroform–isoamyl alcohol (25:24:1) was then followed by precipitation via the addition
of 3M sodium acetate/95% ethanol. The amount of total DNA extracted was estimated by
the absorbance at 260 nm.

3.3. De Novo Genome Assembly

The pipeline followed for the genome assembly and annotation was as follows:

1. Genome sequencing: the next generation sequencing experiment and bioinformatics
analysis were performed using Genomix4life S.R.L. (Baronissi, Salerno, Italy). DNA
concentration was assayed with a ND-1000 spectrophotometer (NanoDrop, ND-1000
UV-Vis Spectrophotometer; NanoDrop Technologies, Wilmington, DE, USA), and its
quality assessed with an Agilent 4200 Tapestation (Agilent Technologies, Santa Clara,
CA, USA; according manufacturer instructions). An indexed library was prepared
from 1 μg of purified DNA with a Truseq DNA Nano Library Prep Kit according
to the manufacturer’s instructions (Illumina, San Diego, CA, USA). The library was
quantified using the Tape Station 4200 (Agilent Technologies, Santa Clara, CA, USA)
and a Qubit fluorometer (Invitrogen Co., Carlsbad, CA, USA), and diluted with a final
concentration of 2 nM. The sample was subject to cluster generation and sequencing
using an Illumina NextSeq 500 System (Illumina) in a 2 × 150 paired-end format,
according NextSeq 500 System Documentation.

2. Sequencing outputs, quality control and cleaning: the most common metric was used
to assess the accuracy of a sequencing platform (base calling accuracy, measured by the
Phred quality score (Q score). The first step was a quality check of the raw Illumina se-
quencing data to remove adapter sequences and low-quality reads, using ad hoc script.
The FastQC tool (available on http://www.bioinformatics.babraham.ac.uk/projects/
fastqc; 1 February 2021) was used to check the quality of raw data sequencing.

3. Genome assembly: to perform the de novo assembly, a KmerGenie (version 1.7044)
tool was necessary to estimate the best k-mer length 66. In this case, the best k-mer
predicted was 121. ABySS 2.0, an implementation of ABySS 1.0, was used to perform
the de novo assembly on fastq files. The bloom filter of ABySS 2.0 was applied to avoid
duplicate sequences.

4. Genome assembly stats and validation: the integrity assembly was also evaluated,
using several statistical tools, such as QUAST, Abyss, BBMAP, and BUSCO (Table S3).

5. Genome annotation and functional analysis: Geneious software 69 was used to identify all
the ORF sequences, and Blast2GO was applied to perform a blast alignment of all ORF
sequences identified and to annotate everything in the Gene Ontology database.
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The assembly has been deposited in the SRA database (submission ID: SUB6921168;
BioProject ID: PRJNA604684; BioSample: Processed Successfully loaded SAMN13978365:
PARLIV_1.0; TaxID: 7656). This whole-genome shotgun project has been deposited at
DDBJ/ENA/GenBank under the accession JAWLRT000000000. The version described in
this paper is version JAWLRT010000000.

3.4. Phylogenetic Tree

The phylogenetic tree was based on complete nucleotide mitochondrial genomes avail-
able for 12 sea urchin species: Allocentrotus fragilis (KC89820); Arbacia lixula (NC_001770);
Echinocardium cordatum (FN562581); Hemicentrotus pulcherrimus (NC_023771); Mesocentro-
tus franciscanus (NC_024177); Mesocentrotus nudus (NC_020771); Pseudocentrotus depres-
sus (NC_023773); Strongylocentrotus droebachensis (NC_009940); Strongylocentrotus inter-
medius (NC_023772), Strongylocentrotus pallidus (NC_009941); Strongylocentrotus purpuratus
(NC_001453); and Paracentrotus lividus (NC_001572). The sequences were aligned with
SeaView [68], a software permitting the performance of a complete phylogenetic anal-
ysis of a set of homologous DNA or protein sequences, from network-based sequence
extraction from public databases to tree building and display, using up-to-date alignment
and a maximum-likelihood tree-building algorithm [69]. The phylogenetic tree was pro-
duced using RAxML [69] and figures with FigTree V.1.4.3 [70]. In detail, a set with the
function “G blocks” was created, permitting smaller final blocks, gap positions within the
final blocks, and less strict flanking positions. It reports bootstrap resampling for branch-
support estimation with a substitution matrix (GTR) and substitution rates (Gamma),
offering nucleotide sequence alignments that were evolved with non-stationary (NS) and
non-reversible (NR) substitution models.

4. Conclusions

This de novo assembly greatly expands on the previous analysis of the Paracentrotus
lividus sea urchin genome reported very recently by Marlétaz et al. [14], highlighting ge-
nomic and regulatory evolution in deuterostomes. In fact, our data added new information
on several classes of genes which have not been previously identified. Several genes in-
volved in complex innate immune responses, oxidative metabolism, signal transduction,
and kinome, as well as genes regulating the membrane receptors, were identified analysing
the content of the assembly. This represents a very significant step in understanding the
evolution of this key species, not only by the deuterostome phylogeny implying informa-
tion on vertebrate biology, but also with respect to the vertebrates themselves, which we
are planning to expand by adding long-read analysis. The analyses of P. lividus genes could
also shed light on biological processes, and on differences/similarities among species or
genera of sea urchins.
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Abstract: Due to periodic water deficiency in karst environments, Primulina eburnea experiences
sporadic drought stress in its habitat. Despite being one of the largest gene families and functionally
diverse in terms of plant growth and development, MYB transcription factors in P. eburnea have not
been studied. Here, a total of 230 MYB genes were identified in P. eburnea, including 67 1R-MYB, 155
R2R3-MYB, six 3R-MYB, and two 4R-MYB genes. The R2R3-type PebMYB genes could be classified
into 16 subgroups, while the remaining PebMYB genes (1R-MYB, 3R-MYB, and 4R-MYB genes) were
divided into 10 subgroups. Notably, the results of the phylogenetic analysis were further supported
by the motif and gene structure analysis, which showed that individuals in the same subgroup had
comparable motif and structure organization. Additionally, gene duplication and synteny analyses
were performed to better understand the evolution of PebMYB genes, and 291 pairs of segmental
duplicated genes were found. Moreover, RNA-seq analysis revealed that the PebMYB genes could be
divided into five groups based on their expression characteristics. Furthermore, 11 PebMYB genes
that may be involved in drought stress response were identified through comparative analysis with
Arabidopsis thaliana. Notably, seven of these genes (PebMYB3, PebMYB13, PebMYB17, PebMYB51,
PebMYB142, PebMYB69, and PebMYB95) exhibited significant differences in expression between the
control and drought stress treatments, suggesting that they may play important roles in drought
stress response. These findings clarified the characteristics of the MYB gene family in P. eburnea,
augmenting our comprehension of their potential roles in drought stress adaptation.

Keywords: Primulina eburnea; MYB transcription factor; gene family; drought stress

1. Introduction

Abiotic stresses primarily comprise factors such as drought stress, which can nega-
tively impact plant growth and development and even lead to plant mortality [1,2]. Drought
stress affects physiological, cellular, and molecular processes that are driven by a complex
regulatory network in which transcription factors (TFs), kinases, and abscisic acid (ABA)
play key roles in signal transduction [3,4]. Analysis of the genes involved in the drought
stress response improves understanding of their function in molecular pathways, which
ultimately paves the way for genetically modifying stress tolerance in crops such as rice
and maize [5,6].

The MYB family is one of the largest gene families in plants and plays a crucial role in
a variety of physiological functions, including signal transduction, primary and secondary
metabolism, and stress responses [7–9]. MYB TFs in plants can be divided into four primary
categories based on the arrangement and number of repetitions: 1R-MYB, 2R-MYB, 3R-
MYB, and 4R-MYB with one to four repeats, respectively [10,11]. Each repeat forms a motif
fold of the helix-turn-helix (HTH) structure with approximately 50 amino acids, and the
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regular interval of tryptophan plays a key role in maintaining the configuration of the
HTH structure [12,13]. Furthermore, R2R3-MYB (2R-MYB) are predominantly present and
widely investigated in plants such as Arabidopsis thaliana, rice, maize, and grape [14–16]. In
addition, numerous research studies on model plants such as Arabidopsis, rice, and maize
demonstrated that MYB genes are implicated in abiotic stress response [17–19].

Primulina eburnea (Hance) Yin Z. Wang is an evergreen perennial herb belonging to
the family Gesneriaceae that is extensively distributed in southern China among karst
landforms [20–22]. This contrasts sharply with the endemic distribution of other species
in the genus Primulina. The characteristic habitat of P. eburnea in the karst landscape has
high calcium content, thin soil, poor water holding capacity, and a shortage of nutrients,
as well as a distribution of terrestrial islands [23–25]. Notably, P. eburnea stands out as one
of the top genetic resources within the genus Primulina due to its excellent adaptability,
wide distribution, and horticultural potential [26–28]. As a plant resource with broad
development potential, P. eburnea was adapted to unpredictable drought stress in the karst
landform. The abiotic stress response has been studied in many species. However, the
mechanism of the drought stress response in P. eburnea has not been investigated.

In this study, we focused on the genome-wide identification of MYB genes in P. eburnea
and investigated members related to drought stress response. A total of 230 genes were
identified through a genome-wide survey, and phylogenetic analysis of the PebMYB genes
was performed. To gain further insight, a combination of high-throughput expression
analysis of genes in different tissues was performed, and the expression patterns of selected
genes under drought stress treatments were measured using real-time quantitative PCR
(qRT-PCR). Seven PebMYB genes involved in the drought stress response in P. eburnea were
finally identified. The aims of this study are to lay a solid foundation for understanding
the regulatory mechanism of MYB genes under stress conditions and to provide fresh
perspectives on plant conservation in karst landforms.

2. Results

2.1. Identification and Characterization of MYB Genes in P. eburnea

A total of 230 P. eburnea MYB sequences were identified in P. eburnea, and the genes
were labeled with the prefix PebMYB for clear designation (Supplemental Table S1,
Figure S1). The PebMYB genes were unevenly distributed in the chromosome (Figure
S1). Notably, 10 PebMYB genes (PebMYB22, PebMYB32, PebMYB70, PebMYB78, PebMYB89,
PebMYB153, PebMYB154, PebMYB155, PebMYB166, and PebMYB167) were not located on
any of the 18 assembled chromosomes (Supplemental Table S1). The average gene density
across the entire genome of P. eburnea was approximately 39.14 genes per megabase (Mb),
whereas the density of the PebMYB gene per Mb was notably lower at 0.28.

The R2R3-PebMYB proteins had an average length of 312.4 amino acid residues,
ranging from 162 (PebMYB48) to 868 (PebMYB120). In contrast, the remaining PebMYB
proteins displayed a broader span from 75 (PebMYB204, PebMYB218) to 1056 (PebMYB4R2),
with an average length of 386. This considerable variation in amino acid length highlights
the variation in the PebMYB proteins (Supplemental Table S1). A corresponding variance
in relative molecular weight (Mw) was also observed in relation to amino acid length. For
instance, the Mw of R2R3-PebMYB proteins ranged from 18,644.97 (PebMYB48) to 99,015.85
(PebMYB139), while that of the other PebMYB proteins ranged from 8645.75 (PebMYB218)
to 117,733.6 (PebMYB4R2). Moreover, the isoelectric point (pI) exhibited a range from 4.92
(PebMYB98) to 10.2 (PebMYB145) in R2R3-PebMYB proteins and from 4.18 (PebMYB192)
to 10.14 (PebMYB178) for the remaining types, highlighting the differences in the charge
properties of the PebMYB proteins.

2.2. Phylogenetic Analysis and Classification of PebMYB Genes

To investigate the phylogenetic relationship of the PebMYB and AtMYB genes, ML
phylogenetic trees were constructed. The members of the phylogenetic tree were classified
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into several subgroups based on the topology of the tree and classifications in A. thaliana
(Figures 1 and 2).

Figure 1. The phylogenetic relationship among R2R3-MYB genes in Arabidopsis thaliana and Primulina
eburnea. The MYB genes were classified into 16 subgroups named S1 to S16 with different colors.

In the phylogenetic tree of R2R3-MYB genes, 126 A. thaliana protein sequences and 155
P. eburnea sequences were classified into 16 subgroups and designated S1 to S16 (Figure 1).
Notably, subgroups S4 and S5 were the smallest group and contained only four PebMYB
genes. In contrast, subgroup S6 consisted of 17 PebMYB genes, making it the largest group.
Interestingly, all the members in S6 belong to the PebMYB genes (Figure 1). Furthermore,
the majority of subgroups contained AtMYB genes with known functions, which will be
useful for studying the function of PebMYB genes. For example, members in S13 (AtMYB66,
AtMYB114, AtMYB90, etc.) have been shown to play important roles in the biosynthesis
of anthocyanin and flavonol, as well as seed germination in A. thaliana, suggesting that
PebMYB150 in S13 may also play a crucial role in anthocyanin biosynthesis [29–31].

The phylogenetic tree of the other MYB genes (1R-MYB, 3R-MYB, and 4R-MYB)
contained 72 protein sequences from A. thaliana (64 1R-MYB, 5 3R-MYB, and 3 4R-MYB
genes, respectively) and 75 protein sequences from P. eburnea (67 1R-MYB, 6 3R-MYB, and
two 4R-MYB genes, respectively) (Figure 2). The members were classified into 10 categories
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(C1 to C10). C9, which was the smallest group, contained only two PebMYB genes, whereas
the largest group, C4, included 20 members. Most AtMYB genes in C6 belonged to CCA1-
like (Circadian Clock Associated 1), suggesting the likelihood that PebMYB genes in C6 may
also function in circadian regulation. C2 contained AtMYB genes associated with CPC-
like (CAPRICE), indicating that members of PebMYB genes in C2 could be involved in
trichome formation and root development. C4 contained A. thaliana members of TBP-like
(telomeric DNA-binding protein), which are known to play important roles in enhancing gene
expression and cell development. Finally, C9 contained R-R-type MYB-like genes, while
C10 contained I-Box-Binding-like genes from A. thaliana [16].

Figure 2. The phylogenetic tree of 1R-MYB, 3R-MYB, and 4R-MYB genes in A. thaliana and P. eburnea.
The MYB genes were classified into 10 subgroups named C1 to C10 with different colors.

2.3. Motif Analysis and Gene Structure

ML phylogenetic trees of 155 R2R3-PebMYB and 75 remaining PebMYB genes were
constructed (Figures 3 and 4). The topology of the phylogenetic tree was similar to the
grouping pattern observed in the phylogenetic analysis in Figures 1 and 2, confirming the
reliability of the phylogenetic analysis and classification of PebMYB genes. Furthermore,
the presence of similar motif compositions within the same subgroup further supported
the grouping results.
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Figure 3. The phylogenetic tree, conserved motifs, and gene structure of R2R3-MYB genes in P.
eburnea. (A) The ML phylogenetic tree of PebMYB genes grouped into 16 subgroups designated S1 to
S16. (B) The conserved motif structure of PebMYB genes. (C) The gene structure of PebMYB genes.
The grey bar indicates the untranslated region (UTR), whereas the cyan bar indicates the CDS. The
x-axis in (B,C) indicates the lengths of proteins and genes, respectively.

To gain a comprehensive understanding of the conserved domains in PebMYB genes,
motif analysis was performed by the MEME program with a parameter of up to 20 motifs
found (Figures 3B and 4B). The most common conserved motifs identified in the motif
analysis of R2R3-MYB genes were Motif 1, Motif 2, Motif 3, and Motif 4, which consisted
of 34, 22, 18, and 15 amino acids, respectively. The R2 repeat was composed of Motif 3,
Motif 4, and Motif 2, while Motif 1 corresponded to the R3 repeat (Supplementary Figure
S2A, Table S2). The HTH (helix-turn-helix) structure was formed by regularly spaced
tryptophan residues (arrows in Figure S2A), which was consistent with previous studies in
other species [32,33].
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Figure 4. The phylogenetic tree, conserved protein motifs, and gene structure of 1R-MYB, 3R-MYB,
and 4R-MYB genes of P. eburnea. (A) The ML phylogenetic tree of PebMYB genes grouped into
13 subgroups designated C1 to C13. (B,C) Conserved motifs and gene structure of PebMYB genes.

With only a few exceptions in S5, S6, and S7, the length of the R2R3 domain within the
majority of PebMYB genes ranged from 10 to 150 amino acids (Figure 3B). Notably, Motif 1,
Motif 2, and Motif 4 were either partially or completely absent in members of S4 and S6.
This pattern was particularly evident in all 17 members of S6, which lacked either Motif 1
or Motif 2, separating them from other subgroups. These findings were similar to those
found in Chinese jujube and upland cotton, indicating that similar motif compositions are
features of the same subgroup and implying potential functional commonalities among
members of the same subgroup [34,35]. The analysis of gene structures further revealed
variations among subgroups (Figure 3C). For example, the majority of the R2R3-MYB genes
in P. eburnea had two (40/155) or three (96/155) exons, only one gene (PebMYB62) had five
exons, and one (PebMYB142) had 12 exons. Interestingly, these two genes belonged to S5.
In addition, most members of S8 contained only one exon.

In the motif analysis of 1R-MYB, 3R-MYB, and 4R-MYB genes, two predominant
motifs (Motif 1 and Motif 2) were identified. Motif 1 consisted of 18 amino acids and
was composed of R2 MYB repeats, whereas Motif 2 contained 29 amino acids and was
composed of both R1 and R3 repeats (Supplementary Figure S2B, Table S3). Motif 1 existed
in most of the 1R-MYB, 3R-MYB, and 4R-MYB genes except for the members in C13, which
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distinguished them from the other groups. Regarding gene structure, approximately half
of the genes (36 out of 75 genes) contained one to three exons, while 19 out of 75 genes
exhibited five to seven exons. Notably, five genes contained as many as 11 exons. These
findings highlighted a greater variation in gene structure and motif composition among
1R-MYB, 3R-MYB, and 4R-MYB genes compared to R2R3-MYB genes.

2.4. Gene Duplications and Synteny Analysis of PebMYB Genes

Gene duplication events play a crucial role in the diversity and evolution of gene fami-
lies. To further understand the evolution and expansion of the PebMYB genes, a duplication
analysis was performed. The analysis revealed a total of 291 pairs of segmental duplicated
genes, including 176 PebMYB genes (Supplemental Table S4). The nonsynonymous and
synonymous substitution ratios (Ka/Ks) values of all segmental duplicated gene pairs were
significantly less than 1, suggesting that purifying selection may have played an important
role in the evolution of the PebMYB genes. Interestingly, only 3 pairs of tandem duplicated
PebMYB genes (PebMYB147, PebMYB195, and PebMYB209) were found.

Most PebMYB genes were located at the ends of chromosomes and were distributed
unevenly across these regions (Figure 5 and Figure S1). Additionally, gene duplications
were found in all chromosomes (Figure 5).

Synteny analysis of MYB genes between P. eburnea and two species (A. thaliana and
Oryza sativa) revealed 234 orthologous gene pairs between P. eburnea and A. thaliana, whereas
35 orthologous gene pairs were found between P. eburnea and O. sativa (Figure S3). The
synteny analysis results showed 26 collinear gene pairs across the three species, indicating
that 107 collinear pairs between A. thaliana and P. eburnea no longer existed between P.
eburnea and O. sativa (Supplemental Table S5).

2.5. Expression Profiles of PebMYB Genes in Different Tissues

The expression patterns of PebMYB genes in stems, roots, buds, and leaves of P. eburnea
were studied using RNA-seq data. Twelve PebMYB genes that showed no expression in
any of the four tissues were excluded from the expression analysis. The remaining genes
could be divided into five groups (I to V) based on their expression profiles. In group I,
30 PebMYB genes were highly expressed in leaf tissue, while 55 genes in group II were
predominantly expressed in buds. The members of groups III and V (22 and 77 genes,
respectively) showed high expression levels in the stem and root, respectively. Furthermore,
the members of group IV (34 genes) showed high expression in both root and stem tissues
(Figure 6A, Supplemental Table S6).

Furthermore, the cis-elements present in the promoters of PebMYB genes were ana-
lyzed to gain insights into their regulatory mechanisms. The cis-elements were primarily
divided into four groups based on their functions: light response, stress response, hormone
response, and others (Figure 6B, Supplemental Table S7). Notably, the hormone response
and light response cis-elements were particularly abundant among the analyzed genes.

To verify the expression profiles from the RNA-seq data, several genes with high
expression levels (fragments per kilobase of exon model per million mapped fragments,
FPKM > 2) in at least one tissue were randomly selected, and the expression levels were
determined by qRT-PCR. The relative expression levels of the chosen genes (11 genes)
determined by qRT-PCR were consistent with the trends observed in the RNA-seq data,
further supporting the reliability and accuracy of the RNA-seq results (Supplementary
Figure S4, Table S6).

2.6. Expression Analysis of PebMYB in Drought Stress

MYB genes play a variety of roles, including anthocyanin biosynthesis, drought
stress response, and many other functions. This notion was supported by the results
of the promoter analysis, which highlighted numerous PebMYB genes associated with
the stress response (Figure 6B). To investigate the role of PebMYB genes in the drought
stress response, an experiment involving drought stress treatment was carried out. We
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conducted a homology search with the genome of A. thaliana using the protein sequences
of 230 PebMYB genes. Based on functional annotation of the homologous genes in A.
thaliana and their phylogenetic relationships, 11 PebMYB genes were selected for further
investigation. The relative expression levels of the selected genes were determined by
qRT-PCR at different developmental stages (ST0, ST1, and ST2).

Figure 5. Duplication analysis of PebMYB genes. The heatmap indicates gene density. Grey lines
indicate duplications of all genes, while duplications of PebMYB genes are highlighted by red lines.
The black and grey scales on chromosomes indicate 10 Mb and 5 Mb, respectively. The 1R-MYB,
2R-MYB, 3R-MYB, and 4R-MYB genes are listed on chromosomes with black, salmon, blue, and
purple colors.

Among these selected genes, PebMYB3 exhibited homology to AtMYB44 (AT5G67300)
and AtMYB77 (AT3G50060), which is recognized for their involvement in mediating
crosstalk between different signaling pathways in response to drought stress. Notably,
these pathways included the ABA, auxin, salicylic acid (SA), and methyl jasmonate (MeJA)
regulatory pathways, ultimately activating genes to prevent reactive oxygen species (ROS)
accumulation [36–38]. Differential expression was observed between the control and treat-
ment groups after treatment for 2 months (ST2 in Figure 7D). PebMYB13, along with its
homologous gene AT1G09540 (AtMYB61), was selected due to its role in processes such as
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stoma movement, root development, and seed germination. Interestingly, we noticed that
the expression levels were significantly decreased in the treatment group compared to the
control group in ST1 and ST2 (Figure 7E). In A. thaliana, a high expression level of AtMYB61
could reduce stomatal aperture and stomatal conductance [39]. Likewise, PebMYB17, a
homologous gene of AT4G28110 (AtMYB41, function in suberin synthesis and assembly),
was expressed significantly differential expression in ST2 (Figure 7F) [40,41]. AT2G47190
(AtMYB2) and AT3G06490 (AtMYB108) are homologous genes of PebMYB51 that play
crucial roles in response to drought and salt stress and regulate filament elongation and
anther dehiscence through the jasmonic acid (JA) and gibberellic acid (GA) regulatory
pathways [42,43]. The expression of PebMYB51 displayed a rapid decline in the treatment
group (Figure 7G). As the homologous gene of PebMYB142, AT2G02820 (AtMYB88) is
responsible for limiting cell division in the stomatal lineage and promoting stomatal clo-
sure in response to abiotic stress through the ABA regulatory pathway [44]. Furthermore,
AT3G23250 (AtMYB15, homologous to PebMYB69) was involved in responding to various
stresses via ABA biosynthesis and signaling in A. thaliana. PebMYB95 was homologous
to AT1G17950 (AtMYB52), which played crucial roles in cell wall architecture formation
and affected ABA biosynthesis and response in A. thaliana [45]. In P. eburnea, the relative
expression of PebMYB142, PebMYB69, and PebMYB95 significantly differed between the
treatment and control groups in ST1 and ST2 (Figure 7H–J and Figure S5).

PebMYB45 and PebMYB57 shared homology with AT1G08810 (AtMYB60), a gene
known for its involvement in the drought stress response, and were specifically expressed
in guard cells and promoted stomatal opening when highly expressed [46,47]. However, the
relative expression levels of PebMYB45 and PebMYB57 showed no significant difference be-
tween the control and treatment groups in P. eburnea (Figure 7M,N). Similarly, no significant
differences were observed for PebMYB156, which is a homologous gene of AT5G56840 with
functions related to dehydration stress memory and sugar metabolism (Figure 7L) [48,49].
The homologous genes of PebMYB24, AT3G47600 (AtMYB94), and AT5G62470 (AtMYB96)
played important roles in cuticular wax biosynthesis and accumulation in response to
drought stress. However, no significant differences in expression were found between the
control and treatment groups (Figure 7K) [50,51].

These results suggest that seven PebMYB genes (PebMYB3, PebMYB13, PebMYB17,
PebMYB51, PebMYB142, PebMYB69, and PebMYB95) likely play important roles in the
drought stress response in P. eburnea. However, it appears that PebMYB45, PebMYB57,
PebMYB24, and PebMYB156 do not respond to drought stress, as observed in A. thaliana.
Further studies are needed to validate these findings and to elucidate the specific functions
of these genes in the molecular mechanisms underlying drought stress adaptation in
P. eburnea.

2.7. The Potential Co-Expression Network between PebMYBs and Other TFs

MYB genes could cooperate with other TFs to regulate their expression. To investigate
the cooperative interactions, we calculated the PCC between PebMYB genes and other
TFs across four tissues (Supplementary Table S8). A total of 2359 TFs from 48 families
were predicted in this study using a cutoff PCC value greater than 0.95. These TFs were
used to construct an interaction network (Figure S6). Among the interacting TFs, members
from the AP2/ERF, C2H2, and WRKY families displayed prominent TFs that interact
with PebMYB genes (Figure S6A). Further investigation revealed interesting patterns of
interaction clustering in the network. For example, a notable cluster comprised more than
30 R2R3-type PebMYB genes, forming a complex network (Figure S6B). This observation
suggested that developmental processes may be regulated by an intriguing network of
multiple interacting partners. The interaction network of PebMYB genes and other TFs
provided useful information for further investigation of the interactions between PebMYB
genes and other TFs.
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Figure 6. Expression pattern and promoter analysis of PebMYB genes. (A) The expression pattern of
PebMYB genes in four different tissues (B, L, R, and S indicate bud, leaf, root, and stem, respectively)
based on the RNA-seq data. (B) Cis-elements in the 2000 bp promoter region of PebMYB genes.
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Figure 7. Expression analysis of selected PebMYB genes between the control and drought stress
treatments. (A–C) The top three pots in (A–C) represent the control group, while the bottom three
pots are the treatment group. The seedlings of P. eburnea before (A) and after drought stress treatment
for one (B) and two months (C), respectively. (D–N) The relative expression levels of 11 selected
PebMYB genes. ST0, ST1, and ST2 on the x-axis represent the seedling stages in (A–C), respectively.
Asterisks above the columns show statistically significant differences at p < 0.05.

3. Discussion

P. eburnea is a promising candidate for development into ornamental plants, primarily
due to its unique flower shape and colors [27,45]. Unlike the other species in the genus
Primulina, which have limited endemic distributions, P. eburnea is widespread across several
provinces in southern China, including diverse landscapes such as the Danxia and karst
landforms. In addition, the natural soil conditions of its habitat do not retain water for
extended periods, resulting in aperiodic drought stress. However, little is known about how
P. eburnea adapts and responds to unpredictable drought stress. Unraveling the mechanisms
by which P. eburnea adapts to the challenges of drought stress has important implications.
Not only does it enrich our knowledge of how this species responds to drought conditions,
but it also lays a foundation for advancing its conservation.

The MYB gene family is involved in regulating various biological activities, such
as signal transduction, anthocyanin biosynthesis, and abiotic stress response [9,11,52].
However, comprehensive studies on the MYB gene family in P. eburnea have yet to be
conducted. Here, we identified 230 PebMYB genes in P. eburnea. This number was greater
than those found in A. thaliana (196) and Populus trichocarpa (197) but less than those in
Primulina swinglei (264) and Brassica rapa (293) [9,53]. The reason may be the differential
rates of gene family contraction or expansion among different lineages [54].

In the majority of subgroups, the number of PebMYB genes closely followed that of
AtMYB genes, with a few exceptions. For instance, there was only one AtMYB gene in
subgroup S4 while harboring four PebMYB genes. Similarly, S10 exhibited a comparable pat-
tern with 11 AtMYB genes and 17 PebMYB genes. This gene expansion may be responsible
for the gene duplication and differentiation of gene function [55]. For instance, AtMYB91
in S4 is known to be involved in the specification of the leaf proximodistal axis [56]. Similar
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observations were found in S10, where members (AtMYB103, AtMYB26, etc.) contribute to
lignin biosynthesis and stamen development [57,58]. Conversely, gene contraction was also
found in certain groups. For instance, nine AtMYB genes in S5 coexisted with four PebMYB
genes, while S15 consisted of 16 AtMYB genes and nine PebMYB genes (Figure 1). The
majority of members in S5 (AtMYB115, AtMYB119, etc.) were involved in the regulation of
glucosinolate biosynthesis. These natural chemicals likely enhance plant defenses against
pests and confer the characteristic bitter flavor property in cruciferous vegetables [59].
Members of S15 (AtMYB15, AtMYB17, AtMYB28, etc.) play roles in lignin biosynthesis and
stress resistance [60–62]. The expansion or contraction of PebMYB genes may result from
asymmetric gene duplication events in different subgroups [63].

Furthermore, certain PebMYB genes (PebMYB45, PebMYB57, PebMYB47, PebMYB13,
etc.) may also be involved in the response to drought stress based on gene homology
analysis and functional characterization. This finding was also confirmed by qRT-PCR anal-
ysis, showing that seven PebMYB genes were associated with the drought stress response
(Figure 7D–J). Notably, the similar functions of the PebMYB genes and their homologous
genes in A. thaliana were found in other species as well. For example, AtMYB60 and its
ortholog in grape (Vitis vinifera), VvMYB60, also respond to drought stress, salt stress,
and ABA treatment [64]. The homologous gene of AtMYB15 in Chrysanthemum morifolium
(CmMYB15) was associated with biotic stress resistance [65].

Gene duplication events, such as whole-genome duplication, tandem duplication, and
segmental duplication, are major sources of new gene formation and functional diversity,
playing a crucial role in evolution [66]. In this study, we screened duplication events and
found that 176 PebMYB genes were derived from segmental duplication. Remarkably,
these genes accounted for 76.5% of the total PebMYB genes and a mere 1.03% of the total
duplicated genes (17,026 genes). This finding suggested that segmental duplications likely
contributed to the diversification and expansion of PebMYB genes under purifying selection,
which was also observed in the study of pearl millet [67]. Interestingly, we found that
only three PebMYB genes were derived from tandem duplication, suggesting a relatively
limited role of tandem duplication in the expansion of MYB genes in P. eburnea that was
also observed in soybean and tobacco [68,69].

4. Materials and Methods

4.1. Identification of MYB Members

The whole genome sequences and protein sequences of P. eburnea were retrieved
from a previous study [70]. A total of 198 sequences of Arabidopsis MYB genes (including
126 2R-MYB, 64 1R-MYB, five 3R-MYB, and three 4R-MYB) were downloaded from TAIR
(www.arabidopsis.org, accessed on 25 May 2023) according to a previous study [16]. The
Arabidopsis protein sequences were used as queries in BLAST v2.13.0 to identify P. eburnea
MYB candidates with an e-value ≤ 1 × 10−5 and a bit score ≥ 100 [10,71]. The conserved do-
mains of each candidate were confirmed in the InterPro database (www.ebi.ac.uk/interpro,
accessed on 5 June 2023), while members lacking MYB domains were eliminated [72].
The Mw and pI of the proteins were determined by the TBtools program and the Expasy
online program (https://web.expasy.org/compute_pi, accessed on 15 June 2023) [73,74].
The locations of PebMYB genes were obtained from the annotation file and visualized
in TBtools.

4.2. Sequence Alignment and Phylogenetic Analysis

The protein sequences of PebMYB genes and 198 AtMYB genes were divided into
two distinct categories based on their types (R2R3-MYB genes and the remaining types)
and then used for multiple sequence alignment by MAFFT v7.505 software with default
parameters [75,76]. To reveal the relationship between the PebMYB and AtMYB genes,
phylogenetic analysis using the maximum-likelihood (ML) method was performed by
IQ-TREE v1.6.12 software with parameters of 1000 ultrafast bootstraps and automatic
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model selection [77]. The phylogenetic results were then visualized in the iTOL (http:
//itol.embl.de, accessed on 10 July 2023) online program [78].

4.3. Analysis of Gene Structure, Motif and Cis-Acting Elements

The online MEME program (https://meme-suite.org/meme/tools/meme, accessed
on 25 July 2023) was used to investigate the conserved motifs in the MYB genes of P. eburnea
with the following parameters: maximum number of motifs detected = 20 and number of
repeats = any [79]. The annotation file of the P. eburnea genome was used to define the gene
structure, and the PebMYB protein sequences were used to construct an ML tree with the
aforementioned method.

The promoter sequences of PebMYB genes (2000 bp upstream of the start codon) were
extracted from the genome sequences according to the annotation file. The sequences
were used to search for potential cis-acting elements in the PlantCARE online program
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on 5 September
2023). These elements were grouped into four groups based on their functions.

4.4. Gene Duplication and Synteny Analysis of PebMYB Genes

A BLASTp search was performed using 230 PebMYB protein sequences as queries
against all protein sequences of P. eburnea with an e-value cutoff of 1 × 10−5. The collinearity
relationship of the genome was calculated using MCScanX software according to the BLAST
results and the genome annotation results [80]. The segmentally duplicated genes, gene
density, and location information in the given annotated file were then visualized in Circos
v0.69.9, while genes situated on unanchored scaffolds were omitted [81]. The Ka/Ks were
calculated in TBtools based on the collinearity results of MCScanX analysis. The collinearity
results between P. eburnea and other species were analyzed in MCScanX and visualized
with TBtools.

4.5. RNA-seq Data Analysis and Network Construction

The RNA-seq data of four tissues (bud leaf, mature leaf, root, and stem) in P. eburnea
were retrieved from a previous study [70]. After mapping reads to the genome of P. eburnea
in HISAT2, the FPKM values of each gene were generated [82]. The FPKM values were
normalized with the Z score method and visualized by the pheatmap package of R v4.2.2
to generate a heatmap.

For interacting network analysis, all the TFs with an FPKM greater than 1 in any of
the tissues were selected for calculating the Pearson correlation coefficient (PCC). Only
the absolute value of PCC greater than 0.95 was considered a potential interaction. The
interacting network was constructed by Cytoscape v3.10.0 [83].

4.6. Drought Stress Treatment and qRT-PCR

For drought stress treatment, the seeds of P. eburnea were germinated in plastic pots
with soil in a chamber at 25 ◦C and relative humidity at 70%. To ensure the uniformity of
seedlings, every two uniform seedlings were transplanted to a pot filled with the same
amount of soil and grown at Lushan Botanical Garden, Chinese Academy of Sciences,
Nanchang, Jiangxi Province, China (115.8382◦ E; 28.9112◦ N). Six pots were divided into
two groups (control and treatment). All plants were irrigated equally before treatment
until they reached the 4-leaf stage. Drought stress was induced by ceasing irrigation for the
treatment group, while seedlings in the control group were irrigated normally. Seedling
leaves were sampled at three specific time points: before the initiation of drought stress
treatment (stage 0, ST0) and after one month (stage 1, ST1) and two months (stage 2, ST2)
of exposure to drought stress treatment.

For qRT-PCR analysis, total RNA was extracted from samples using an EASYspin
Plus Complex Plant RNA kit (Aidlab Biotech, Beijing, China) according to the manufac-
turer’s instructions. First-strand cDNA was synthesized from 1 μg RNA with One-Step
gDNA Removal and cDNA Synthesis SuperMix (TransGen, Beijing, China). qRTC-PCR
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was performed with PerfectStart Green qPCR SuperMix (TransGen, Beijing, China) on a
CFX Connect Real-Time System (Bio-Rad, Hercules, CA, USA). The expression levels of
the selected PebMYB genes were determined according to the comparative CT (2−ΔΔCt)
method [84]. The P. eburnea glyceraldehyde-3-phosphate dehydrogenase (PebGAPDH1) was
used as the internal reference gene. All qRT-PCRs were performed with three biological
and three technical replicates. All primer sequences were designed by Primer Premier 5.0
and are listed in Supplementary Table S9.

5. Conclusions

In this study, a total of 230 PebMYB genes were identified in P. eburnea, including 67 1R-
MYB, 155 R2R3-MYB, six 3R-MYB, and two 4R-MYB genes. A comprehensive analysis was
performed to investigate phylogenetic relationships, motifs, gene structure, and synteny
in P. eburnea. The prevalent purifying selection observed in the evolution of the PebMYB
genes highlights their functional conservation based on the Ka/Ks results. Further analysis
of the expression of the PebMYB genes in four different tissues revealed that they could be
divided into five groups based on their expression characteristics. The expression profiles
were verified by qRT-PCR analysis. Importantly, the identification of PebMYB genes that
were homologous to drought-responsive genes in A. thaliana, as well as the characterization
of their expression under drought stress, broadened our understanding of their potential
roles in drought adaptation. The seven genes (PebMYB3, PebMYB13, PebMYB17, PebMYB51,
PebMYB142, PebMYB69, and PebMYB95) showed significant differences between the control
and drought treatments, suggesting that they are likely involved in the drought stress
response in P. eburnea.

Our findings shed a basis on understanding MYB genes in P. eburnea and provide
valuable insights for future studies investigating the molecular mechanisms underlying
drought stress. Moreover, these results serve as a valuable resource for future genetic
engineering and breeding programs aimed at improving the drought tolerance of P. eburnea
and related species.
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Abstract: Sexual differentiation is an important developmental phenomenon in cucurbits that di-
rectly affects fruit yield. The natural existence of multiple flower types in melon offers an inclusive
structure for studying the molecular basis of sexual differentiation. The current study aimed to
identify and characterize the molecular network involved in sex determination and female devel-
opment in melon. Male and female pools separated by the F2 segregated generation were used
for sequencing. The comparative multi-omics data revealed 551 DAPs and 594 DEGs involved in
multiple pathways of melon growth and development, and based on functional annotation and
enrichment analysis, we summarized four biological process modules, including ethylene biosyn-
thesis, flower organ development, plant hormone signaling, and ubiquitinated protein metabolism,
that are related to female development. Furthermore, the detailed analysis of the female develop-
mental regulatory pathway model of ethylene biosynthesis, signal transduction, and target gene
regulation identified some important candidates that might have a crucial role in female develop-
ment. Two CMTs ((cytosine-5)-methyltransferase), one AdoHS (adenosylhomocysteinase), four ACSs
(1-aminocyclopropane-1-carboxylic acid synthase), three ACOs (ACC oxidase), two ARFs (auxin
response factor), four ARPs (auxin-responsive protein), and six ERFs (Ethylene responsive factor)
were identified based on various female developmental regulatory models. Our data offer new and
valuable insights into female development and hold the potential to offer a deeper comprehension of
sex differentiation mechanisms in melon.

Keywords: cucurbits; ethylene; omics; sex differentiation; female development

1. Introduction

Fruit development and seed formation in plants are directly linked with flowering
patterns. Many plant species naturally exist with perfect flowers. Our current understand-
ing of natural sex differentiation in many plants is not extensive. The mechanism of sex
differentiation and development is limited because many model plants are not dioecious
in nature [1,2]. Sexual differentiation in plants is crucial for reproduction. In practice, the
economic values often differ between the existence of male and female flowers. Female
flowers can produce fruits and seeds, while male flowers are the only source of pollen
to fertilize female flowers [3]. Understanding sexual differentiation is essential in plant
breeding programs, enabling the development of cultivars with desirable traits [3,4]. The
first transcriptome-based study for sex-related genes was carried out in Silene latifolia,
where dosage compensation in the sex chromosome was identified [5]. Transcriptome-
based studies were carried out in many plants, including some cucurbits, to reveal the
genetic mechanisms involved in sex differentiation and flower development. For instance,
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transcriptome profiling of the flower buds of Coccinia grandis (L.) Voigt was performed by
Mohanty [6]. The results revealed that many hormone-responsive genes, including ADP-
ribosylation factor 6 (ARF6), 1-Aminocyclopropane-1-carboxylic acid synthase (ACC/ACS),
sucrose non-fermenting-1-related protein kinase 2 (SNRK2), and BRI1-associated receptor
kinase 1 (BAK1), were involved in flower differentiation [6].

The Cucurbitaceae family is composed of 120 genera and 960 species, which include
many economically important cultivated species [4]. The Cucurbitaceae family holds
significant agricultural and nutritional importance due to its diverse members, including
cucumbers, pumpkins, and watermelons [1,7–9]. These plants are valued for their economic
contributions as staple food crops and sources of essential nutrients. In melon, some stud-
ies have shown important information about floral sex differentiation and development.
For example, the mechanisms regulating the bisexual flowers in melon by transcriptome
showed that the ethylene downstream gene CmERF1 significantly contributes to bisexual
bud formation [10]. In another study, bulk segregant populations were utilized for tran-
scriptome analysis, which revealed ethylene, abscisic acid (ABA), auxin/indole-3-acetic
acid (IAA), and aminocyclopropanecarboxylate (ACC) oxidase were involved in differ-
ent sex type expressions, suggesting that they might have important roles in melon sex
determination [11]. The transcriptome studies provided some reliable findings regarding
in-depth information about sex forms in many crops. However, there are some limitations
in transcriptome-based studies, such as that gene expression abundance may not be reliable
and not always precisely reflect the proteins coding the phenotypic character or biological
activities [12,13]. Therefore, post-transcriptional modification should be validated through
proteomics studies [14,15].

The most common sex forms in cultivated melon plants are andromonoecious, where
bisexual flowers are only found on the leaf axil of lateral branches and male flowers on the
main stem and lateral branches [10,16]. The fruit development is from bisexual flowers
in plants [17]. Melon flowers serve as a model system for studying physiological and
molecular aspects of sex determination in plants due to the availability of different types of
stable sex forms in melon species. Moreover, the flowering pattern in melons also provides
an ideal system of choice for researchers to study the biological process from flowering to
fruit development [18]. Based on the distribution of flowers of different sexes on the same
plant, melons can be classified as andromonoecy, androecy, gynoecy, hermaphrodite, and
monoecy [19]. In melon, all four whorls of floral organ primordia emerge at the preliminary
stage of flower development. However, due to the function of the sex-determining gene,
one of the sex organ primordia (stamen or carpels) stagnates at a certain stage, resulting in
abortion and loss of function in this sex organ and leading to bisexual, female, and male
flowers in melon [20]. The floral primordia of melon flowers are initially bisexual, and
the differentiation in sex forms occurs at lateral stages of development [21]. The restricted
development of the carpel or the stamen results in a female flower or a unisexual male
flower. The research reports to date suggest that sex differentiation in melon is mainly
regulated by a set of genes that includes CmACS7, CmWIP1, and CmACS11 [21–23]. It was
evidenced that the expression of CmACS7 is limited to the carpel of bisexual and female
flowers, which makes it an important gene that regulates sex differentiation in melon [22].
Further studies revealed restricted expression of CmACS7 in the male flower, and it inhibits
stamen development in the female flower of melon. Some reports also revealed that
mutations in CmACS7 can result in the formation of bisexual or male flowers [22]. On
the other hand, CmWIP1 acts as an inhibitor that suppresses female organ development
through a complex network where it has a strong interaction with CmbZIP48 [24]. In
CmWIP1 mutant plants, only bisexual or female flowers developed. Some research results
revealed that CmWIP1 can suppress the expression of CmACS7 because it works as an
upstream suppressor on male flowers [20,24]. Similarly, CmACS11 has an important role at
an upstream level that restricts the expression of CmWIP1. The expression of the CmACS11
gene was not detected in male flowers; rather, the expression was detected in vascular
bundles of female flowers or bisexual flowers. Therefore, it was assumed that CmACS11
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plays a critical role in female sex organ development in melon flowers [21]. The mutant of
CmACS11 showed a generation of androecy sex forms in flowers. In addition to the genetic
network controlling sex expression in cucurbits, phytohormones, including gibberellin
(GA) and ethylene (ET), profoundly affect flower expression in cucurbits [25]. External
factors such as temperature, photoperiod, and ethylene-controlling agents also regulate
flowering patterns in cucurbits [26]. The ET-based pathways are thoroughly studied in
many cucurbits because they significantly regulate sex expression [8,27]. For instance, the
development of female flowers required more ethylene than what is required for male
flowers in watermelon [1]. Ethephon and IAA applications in pumpkins significantly
increased the number of female flowers [28]. Similarly, the application of an ethylene
inhibitor resulted in a higher number of male flowers in cucumber [29]. In the case of
melon, the external application of ethephon treatment boosts the number of bisexual and
female flowers [16].

However, it is quite possible that other genes, complex genetic networks, and non-
genetic factors could contribute to sex expression [11]. The application of multi-omics
can lead to some concrete conclusions and contribute to more detailed information on sex
expression research in cucurbit crops. The main mechanisms and some candidate pathways
that regulate sex differentiation in melon are controlled by several mechanisms, and some
important mechanisms are still elusive and require further research [30]. Therefore, the
current study was designed to decipher the gene networks that may contribute to female
flower development. We mapped the comparative transcriptome and total proteome profil-
ing of male and female dominant flower bud pools generated from crossing in melon plants.
In the current study, stable ‘0426’ (monoecious) and ‘Y101’ (hermaphrodite line) were used
as parent material because of their distinct flowering characteristics [26]. With the advance-
ment of genomic techniques, we have more opportunities to link the available information
with previously identified results. The current research provides important data about
molecular mechanisms involved in female flower development in plants. Transcriptome
data supported by proteome analysis of male and female dominant pools evidenced an
intricate gene network that contributes to female flower development in melon.

2. Results

2.1. Proteome and Transcriptome Raw Data Analysis and Protein/Gene Identification

Melon sex determination primarily occurs during the early stage of flower bud de-
velopment and cannot be distinguished by the naked eye. The female phenotype ‘Y101’
and the male phenotype ‘0426’ differ in the mechanism of sex differentiation. In the F2
population, there are two female phenotypes (gynoicous and hermaphrodite) and two male
phenotypes (monoecious and andromonoecious). To eliminate the influence of individual
sex type differences, two types of mixed pools (F pool and M pool) were selected for
comparative analysis from the F2 isolated population. Due to the specific temporal and
spatial nature of the sex-determining gene, the apex tissue, which is rich in flower bud
primordia, was selected for proteome and transcriptome analysis.

The original data analysis of the proteome showed that a total of 41,998 peptides were
obtained from the female pool (F) and the male pool (M). Among these, 7130 proteins were
identified. After comparison with the melon reference gene proteome (DHL92, V4.0), a
total of 39,812 (94.79%) peptide matches were found. Finally, 6870 (96.35%) melon-specific
proteins were identified (Figure 1). Among the specific proteins, more than 76.27% are
composed of more than two peptides (Figure 1C). The identified proteins (6870) have a
wide range of molecular weight distribution, with the majority (78.05%) concentrated in
the range of 10–70 kDa. Among these, proteins of size 30–40 kDa are the most abundant,
with 1131 instances.
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Figure 1. Overview of the multi-omics data. (A) Protein and peptide identification information;
(B) Venn diagram of transcriptome gene identification; (C) Statistics of protein peptides; (D) Protein
molecular mass distribution map (kDa).

The transcriptome raw data analysis revealed that 45,179,104 and 44,568,262 clean
reads were obtained from the F pool and M pool samples, respectively. The matching rate af-
ter comparison with the reference genome (DHL92, V3.6.1) was above 95%. Approximately
94% of the total matching reads were uniquely mapped to a single position in the genome
(Unique map), while around 1% of the reads matched multiple positions (Multimap) in
the genome. Both positive and negative matches accounted for approximately 47% each
(Table 1). From the matched reads, a total of 18,222 melon genes were identified. Among
these genes, 17,460 were shared between the female phenotype (F) and the male phenotype
(M), while 367 genes were specific to the female phenotype and 395 genes were specific to
the male phenotype (Figure 1B).

Table 1. Overview of the transcriptome data.

Pool Total Total Map Unique Map Multimap Positive Negative

F 45,179,104 43,344,617
(95.94%)

42,839,380
(94.82%)

505,237
(1.12%)

21,413,961
(47.4%)

21,425,419
(47.42%)

M 44,568,262 42,604,523
(95.59%)

42,122,518
(94.51%)

482,005
(1.08%)

2,1056,584
(47.25%)

2,1065,934
(47.27%)

2.2. Identification and Analysis of Differential Proteins and Differential Genes

Among the identified proteins, the expression value of the F pool protein was higher
than the expression value of the M pool protein, with a fold change value. The significance
of the difference between F and M was determined using a t-test, resulting in a p-value. To
screen for differentially abundant proteins (DAPs), the following criteria were applied: fold
change ≥ 1.5 or fold change ≤ 0.67, and p-value ≤ 0.05. As a result, a total of 551 DAPs
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were screened from the identified proteins, out of which 434 DAPs were up-regulated and
117 DAPs were down-regulated (Figure 2A,B and Tables S1 and S2).

Figure 2. Differential protein/gene identification and analysis. (A) Differential protein and differential
gene statistics; (B) Heat map of differential protein clustering of female (F1, F2, and F3) and male
(M1, M2, and M3) pools; (C) Correlation analysis of the expression of the top 50 DAPs, with the color
bar representing the correlation coefficient.

In this study, correlation analysis was conducted on the top 50 differentially significant
proteins (ranked by p-value). It was found that 13 DAPs exhibited a highly negative
correlation with the remaining 47 DAPs, showing opposite expression patterns. This
indicates the presence of opposite mechanisms of action between these genes in melon
female regulation (Figure 2C). Regarding the 18,222 genes identified by RNA-seq, the
expression value of the F pool gene was compared to that of the M pool gene using fold
change values, and the significance of the difference was determined using a t-test and a
p-value. The screening condition used was |log2 (Fold Change)| > 0.4 and p-value < 0.05,
resulting in a total of 594 differentially expressed genes (DEGs) identified from the gene set.
Among these, 323 DEGs were up-regulated and 271 DEGs were down-regulated (Figure 2A
and Tables S3 and S4).

2.3. Omics Data Validation Test

Out of the total identified differently expressed proteins, 17 up-regulated proteins and
3 down-regulated proteins were selected from a pool of 551 differential proteins based
on descriptions in previous studies, and their roles in various pathways were studied
and compared to identify candidates. Among these proteins, 7 are hormone-related pro-
teins, including genes related to auxin and gibberellin. Additionally, there are 5 ethylene
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synthesis-related proteins, 2 transcription factors associated with growth and development,
2 proteins associated with flower organ development, 6 signal transduction-related pro-
teins, and 2 membrane proteins. Figure 3 illustrates that the majority of the protein-coding
genes, specifically 19 in total, display concordant patterns of transcriptional activity that
correspond with their protein expression profiles. Furthermore, the female phenotypic
parent ‘Y101’ and the male phenotypic parent ‘0426’ show a strong correlation with the
F pool and M pool, respectively. However, it is worth noting that the gene expression
level of one ABA response protein (MELO3C010850.2.1) contradicts the observed protein
expression trend (Figure 3N). This finding suggests that the transcription level of a few
protein-coding genes may not be fully representative of their protein abundance (Figure 3).

Figure 3. Identification of transcription levels of differential proteins. The DAPs that are down-
regulated include (N,O,R), whereas those that are up-regulated include the remaining set. (A–E) ethy-
lene synthesis-related protein; (F) gibberellin-associated protein; (G) auxin-associated protein;
(H,I) proteins associated with flower organ development; (J–O) phytohormone signaling and trans-
duction; (P) sexual cycle protein; (Q,R) transcription factors that regulate growth and development;
(S,T) membrane proteins. The relative expression (Y-axis) was calculated using the 2ΔΔCt method,
and melon varieties (‘Y101’ and ‘0426’) with F and M pools are shown on the X-axis. Bar graphs
are plotted with the mean ± SD of three replications. * and ** represent significant differences in
expression levels at p < 0.05 and p < 0.01, respectively (Student’s t-test).
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Similarly, 15 up-regulated genes and 5 down-regulated genes were selected from a
pool of 594 differentially expressed genes based on GO, KEGG, and functional annotation
analysis of identified DEGs. These include 5 genes associated with flower organ develop-
ment, 2 members of the ACS family of ethylene synthetic rate-limiting enzymes, 2 genes
involved in hormone response, 2 zinc finger protein-coding genes, and one transmembrane
protein-coding gene. Figure 4 shows that the expression trends of all the genes in the
female (F) pool and male (M) pool are consistent with the transcriptome data. Moreover,
the female phenotypic parent ‘Y101′ and the male phenotypic parent ‘0426′ exhibit the
same expression trend as the F pool and M pool (Figure 4).

Figure 4. qRT-PCR verification of differential genes. The DEGs that are down-regulated include
(G–I,Q,R), whereas those that are up-regulated include the remaining set. (A,B) ethylene synthesis-
related proteins; (C) gibberellin-associated protein; (D) auxin-associated protein; (E–I) proteins
associated with flower organ development; (J,K) zinc finger proteins; (L) transmembrane protein;
(M) membrane proteins; (N–R) enzymes; (S,T) unknown proteins. The relative expression (Y-axis)
was calculated using the 2ΔΔCt method, and melon varieties (‘Y101’ and ‘0426’) with F and M
pools are shown on the X-axis. Bar graphs are plotted with the mean ± SD of three replications.
* and ** represent significant differences in expression levels at p < 0.05 and p < 0.01, respectively
(Student’s t-test).

In summary, the proteome and transcriptome data obtained in this study exhibit
high confidence and accurately reflect protein/gene expression levels, thereby providing

44



Int. J. Mol. Sci. 2023, 24, 16905

a reliable foundation for further analytical studies. Consequently, researchers can now
proceed with confidence and utilize the data from both sources.

2.4. Differential Protein and Differential Gene Function Enrichment Analysis

GO and KEGG enrichment analyses were conducted to verify the authenticity of the
data and explore the potential regulatory network and related pathways of female traits
in melon. A total of 551 differential proteins and 594 differential genes were subjected to
analysis. The 551 differential proteins were categorized into three groups based on their
GO functions: 380 DAPs were annotated for molecular function, 297 DAPs for biologi-
cal processes, and 279 DAPs for cellular components (Figure 5A). The top 30 entries in
the GO annotation revealed that the largest proportion of DAPs in terms of molecular
functions belonged to “ATP binding” (GO:0005524), with 92 DAPs (90 up-regulated and
2 down-regulated). This was followed by “Metal binding” (GO:0046872) and “DNA bind-
ing” (GO:0003677), with 45 (41 up-regulated, 4 down-regulated) and 31 (27 up-regulated,
4 down-regulated) DAPs, respectively. Additionally, “Zinc ion binding” (GO:0008270)
showed a high proportion of 15 DAPs, all of which were up-regulated. In terms of cellular
components, the differential proteins were widely distributed in various organelles, such as
the nucleus, cytoplasm, mitochondria, and plasma membrane. The nucleus (GO:0005634)
accounted for the largest proportion, with 59 DAPs (46 up-regulated, 13 down-regulated).
Regarding biological processes, the 297 DAPs were primarily involved in protein transport
(GO:0006886 and GO:0006606), energy metabolism (GO:0005975), transcription and tran-
scriptional regulation (GO:0006351 and GO:0006355), and ubiquitinated protein metabolism
(GO:0006511) (Figure 5A).

Figure 5. GO and KEGG enrichment analyses of differential proteins. (A) TOP30 information under
GO item (GO entries with the number of corresponding differential proteins greater than 1 in the
three categories were screened, and 10 entries were sorted from largest to smallest according to the
−log10pvalue corresponding to each entry). MF: molecular function; CC: component; BP: biological
process. (B) TOP20 KEEG enrichment information (each entry is sorted from largest to smallest by its
−log10pvalue). The dot size represents the number of DAPs under this enriched item.

The KEGG enrichment analysis identified a total of 132 DAPs, distributed among
the top 20 enrichment categories. Notably, the category of “Nucleocytoplasmic transport”
(cmo03013), which encompasses the transport of molecules between the nucleus and
cytoplasm, exhibited the highest representation with 24 DAPs (23 up-regulated and 1 down-
regulated). Following this, the category of “Protein processing in endoplasmic reticulum”
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(cmo:04141), involved in the synthesis and folding of proteins, contained 20 DAPs (10 up-
regulated and 10 down-regulated). Another significant category was “Ubiquitin-mediated
proteolysis” (CMO:04120), which is associated with the degradation of proteins by the
ubiquitin system. This category is composed of 10 DAPs, all of which were up-regulated.
Furthermore, two additional categories, “Alanine, aspartate, and glutamate metabolism”
(cmo:00250) and “Plant hormone signal transduction” (cmo:04075), related to the ethylene
synthesis pathway, exhibited notable proportions with 7 DAPs each. Within the “Alanine,
aspartate, and glutamate metabolism” category, all 7 DAPs were up-regulated. However,
the distribution of up-regulated and down-regulated DAPs within the “Plant hormone
signal transduction” category was not specified (Figure 5B).

GO function analysis annotated 594 differential genes, out of which 62 were included
in the top 30 entries, divided into three categories: molecular function, cell composition, and
biological process. From a molecular function perspective, the largest proportion is associ-
ated with catalytic activity, specifically ”Binding” and ”Catalytic activity,” which contain
38 and 20 differential genes, respectively. The main functional locations of the differentially
expressed genes are distributed in the organelle (“Organelle”) and the membrane system
(“Membrane”). These differential genes are primarily involved in the biological processes
of the ”Cellular process”, ”Metabolic process”, and ”Developmental process,” which in-
clude 43, 39, and 23 differential genes, respectively (Figure 6A). KEGG enrichment analysis
revealed 51 differential genes among the top 20 enriched entries. Among them, particular
attention was given to ”Plant hormone signal transduction” (CMO:04075), which contains
6 differential genes, and ”Cysteine methionine metabolism” (CMO:00270), which contains
2 differential genes. Based on the functional enrichment analysis of differential proteins
and genes, it can be inferred that transcriptional regulation occurring in the nucleus plays
a significant role in the female regulatory pathway of melon, with transcription factors
containing zinc ions being relatively important. Additionally, plant hormone synthesis and
signal transduction processes are closely related to female differentiation, particularly the
significance of ethylene. Ubiquitination-mediated metabolism is also important (Figure 6B).

Figure 6. GO and KEGG enrichment analyses of differential genes. (A) TOP30 information under the
GO item (GO entries with the number of corresponding differential proteins greater than 1 in the
three categories were screened, and 10 entries were sorted from largest to smallest according to the
−log10pvalue corresponding to each entry). (B) TOP20 KEEG enrichment information (each entry is
sorted from largest to smallest by its −log10pvalue). The dot size represents the number of DEGs
under the enriched item.
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2.5. Differential Protein and Differential Gene Interaction Network Regulates Female
Differentiation in Melon

Through functional enrichment analysis of 551 differentially abundant proteins and
594 differentially expressed genes, we have made preliminary inferences about the relevant
pathways involved in the regulation of female development. The interactions between
these differentially expressed proteins and genes within these pathways are believed to play
a role in the regulation of female development. In this study, we performed an interaction
network analysis of the differentially expressed proteins and genes potentially involved in
sex regulation to investigate their interaction relationships.

In this study, 38 DAPs and 43 DEGs were screened to identify their potential involve-
ment in the sex-determining pathway (Table S5). After performing a functional enrichment
analysis, it was found that these 81 DAPs/DEGs were primarily associated with ethylene
biosynthesis, regulation of flower organ development, plant hormone signaling, and ubiqui-
tinated protein metabolism. These four biological process modules formed a sex regulatory
network (Figure 7A). Ethylene, which plays a crucial role in female differentiation, was
found to be influenced by the up-regulation of eight DAPs and seven DEGs involved in
the ethylene synthesis pathway (Figure 7B,C). Notably, SAH (MELO3C020432.2.1), CMT3
(MELO3C015649.2.1), and MET4 (MELO3C026448.2.1) were found to interact with multiple
DAPs and DEGs. Additionally, two ACS genes (ACS7 and ACS11) and two ACO genes
(ACO1 and ACO2) exhibited high connectivity in the network (Figure 7A). The interaction
network revealed the significant roles of the ethylene receptor ETR (MELO3C003906.2.1)
and MAPK protein kinase (MELO3C005705.2.1) in plant hormone signaling. These proteins
were crucial intermediaries between ethylene synthesis and flower organ development
(Figure 7A). They directly or indirectly promoted the expression of DL (MELO3C034075.2.1)
and HEC3 (MELO3C008047.2.1), which are associated with carpel development. Notably,
DL exhibited high expression levels among all the network DEGs. Moreover, ETR and
MAPK indirectly inhibited the expression of another development-related gene, TGA9.1
(MELO3C021427.2.1) and TGA9.2 (MELO3C004728.2.1), through flower allotypes PMADS2
(MELO3C010515.2.1) and DEFA (MELO3C003778.2.1). Among all the network DEGs,
TGA9.2 displayed lower expression levels (Figure 7B,C). Furthermore, it was observed
that almost all proteins related to plant hormone signaling were directly or indirectly
associated with the ubiquitinated protein degradation pathway. This finding suggests that
the ubiquitinated protein degradation pathway plays a crucial role in hormone signaling
and the melon sex-determining pathway.
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2.6. Ethylene-Mediated Study of Female Differentiation Regulatory Pathways in Melon

According to omics analysis and previous research reports, this study proves that
the ethylene-mediated sex determination pathway plays a key regulatory role in female
development. A regulatory pathway model for melon female development is proposed
based on functional enrichment analysis and interaction network analysis of differential
proteins and differential genes.

As shown in Figure 8, ethylene is synthesized de novo with methionine (L-Methionine)
as a substrate. S-adenosylmethionine synthionine synthase catalyzes the formation of
S-adenosylmethionine (S-AdoMet). Part of S-AdoMet continues to enter the ethylene
synthesis pathway, while another part enters the methionine cycle to continue syn-
thesizing methionine. In the methionine cycle, two key enzymes catalyze the process:
(cytosine-5)-methyltransferase (CMT; MELO3C026448.2.1, and MELO3C015649.2.1) and
adenosine homocysteinase (AdoHS; MELO3C020432.2.1). Both enzymes have higher
expression levels of protein (FvsM) and therefore contribute to more ethylene synthesis
substrate (L-Methionine) in the female phenotype (F). S-adenosylmethionine is then
catalyzed by ACS to form ACC (an ethylene precursor). There are four ACS-coding genes
(MELO3C015444.2.1, MELO3C010779.2.1, MELO3C005597.2.1, and MELO3C006840.2.1)
that are highly expressed (FvsM) to promote the production of more ethylene precursors.
ACC is subsequently decomposed by ACO (ACC oxidase) to produce ethylene molecules.
At this stage, three ACO-coding genes (MELO3C006437.2.1, MELO3C019735.2, and
MELO3C014437.2) exhibit up-regulated expression (FvsM), catalyzing the production of
more ethylene molecules. Ethylene acts as a small gas molecule for signaling by binding
to ethylene receptors in the membrane system. The female phenotype has more ethylene
receptors (MELO3C003906.2.1) capable of binding to C2H4 molecules (Figure 8). Ethy-
lene signaling is mediated by MPK6, EIN2, and EIN3. The expression level of the MPK6
(MELO3C005705.2.1) protein is high in the female phenotype, and EIN3 is inhibited by
EBF1/2 in this pathway. At this stage, the auxin signaling mechanism plays an important
role. A series of auxin response proteins (ARPs) (AUX/IAA, GH3, and SAUR) can inhibit
EBF1/2 [31]. In females, four auxin response protein-coding genes (MELO3C011268.2.1,
MELO3C002378.2.1, MELO3C020765.2.1, and MELO3C013403.2) show high transcrip-
tion levels, weakening the inhibitory effect of EBF1/2 on EIN3 in female manifestations.
Auxin response factor (ARF) plays a crucial signaling role by producing ARPs that not
only inhibit EBF1/2 but also directly up-regulate ACS expression [32]. In the female
phenotype, two ARFs (MELO3C006181.2.1 and MELO3C023883.2.1) have extremely high
protein abundance levels (Figure 8). Ethylene undergoes a signaling process that acti-
vates the expression of downstream ethylene response factor (ERF), which can promote
the auxin signaling process. In addition, the ERF ultimately promotes melon female
development through the regulation of downstream target genes. Six highly expressed
ERFs (MELO3C015543.2.1, MELO3C026158.2.1, MELO3C005940.2.1, MELO3C006430.2.1,
MELO3C006149.2.1, and MELO3C022358.2.1) may have important regulatory roles in
this process.

Based on the above results, we finally proposed a pathway model for female regulation
in melon. The model starts with the de novo synthesis of ethylene, which undergoes signal
transduction and polyhormonal co-regulation of downstream target genes, ultimately
leading to female sexual differentiation (Figure 8).
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Figure 8. Ethylene-mediated regulation of female development in melon. Hollow dots represent
molecules or products, green squares represent catalytic enzymes at that stage, sharp lines represent
synthesis or promotion, T-shaped lines represent inhibition, dashed lines represent the presence
of other processes, different colored origin points represent DAPs or DEGs, and protein color bars
represent fold-change values of DAPs. mRNA color bars represent Log2 fold-change values of DEGs.

3. Discussion

3.1. Candidate Genes for Melon Female Development Revealed by Omics

Mining key genes involved in sex determination has always been a top priority in
melon sexual differentiation research. For many years, researchers have been searching for
sex-determining genes in melons using forward and reverse genetic approaches. While
genetic analysis and genetic mapping have the advantages of high accuracy and strong
relevance, they are often limited by the presence of mutants in the population. This is where
the advantages of functional omics can be better utilized. Functional omics examines the
differences between different sexes comprehensively and explores sex-determining genes
and proteins through comparative studies involving sex-determining pathways. In this
study, the differences between female and male phenotypes of melons were systematically
analyzed at the multi-omics level, including the proteome and transcriptome. Through
integrated comparative analysis, several important genes related to female development
were discovered.

The study identified 551 DAPs and 594 DEGs involved in multiple pathways of melon
growth and development. Based on functional annotation and enrichment analysis, four bi-
ological process modules closely related to female development were summarized: ethylene
biosynthesis, flower organ development, plant hormone signaling, and ubiquitinated pro-
tein metabolism. These modules included 38 DAPs and 43 DEGs. Ethylene, a gaseous plant
hormone that regulates sex differentiation in melon [3,33,34], plays a crucial role in female
flower development. Therefore, two genes coding for cytosine-specific methyltransferase
(CMT) (MELO3C026448.2.1 and MELO3C015649.2.1), one gene coding for Adenosylhomo-
cysteinase (AdoHS) (MELO3C020432.2.1), four genes coding for ACS (MELO3C015444.2.1,
MELO3C010779.2.1, MELO3C005597.2.1, and MELO3C006840.2.1), and three genes coding
for 1-aminocyclopropane-1-carboxylate oxidase homolog 1-like (ACO) (MELO3C006437.2.1,
MELO3C019735.2, and MELO3C014437.2) are considered important candidate genes. Among
these, two ACS genes (MELO3C015444.2.1 and MELO3C010779.2.1) have been identified as
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melon sex-determining genes [21,22]. Additionally, an ACO-coding gene (MELO3C007425.2.1)
has been reported to be associated with melon female development. Hence, the importance
of the two ACS genes and three ACO-coding genes in this study is further highlighted.

Ethylene promotes female development through hormone signaling pathways, mak-
ing the high-expression protein MPK6 coding gene (MELO3C005705.2.1) a significant
candidate for female regulation in this process. Interactive protein network analysis has
shown crosstalk clues between different phytohormones (Figure 7). Among these, there
is a high degree of connection between ethylene and auxin, gibberellin (GA), methyl jas-
monate (MeJA), and other signaling pathways. Many studies have indicated a mutual
promotional relationship between ethylene and auxin, particularly during signal conduc-
tion. ARF can directly and positively regulate the expression of ACS, while ARP can
indirectly inhibit EBF1/2, thereby promoting ethylene signaling [11,35,36]. Therefore, in
this process, two ARF-coding genes (MELO3C006181.2.1 and MELO3C023883.2.1) and
four ARP-coding genes (MELO3C011268.2.1, MELO3C002378.2.1, MELO3C020765.2.1, and
MELO3C013403.2.1) are also important candidates. Among them, the positive regula-
tion of the two ARFs aligns more closely with the mechanism of ‘Y101′ dominant strong
female regulation. As a gaseous phytohormone, ethylene plays a crucial role in regulat-
ing the development of flower organs and acts as a significant mediator in the ethylene
response factor (ERF) regulation mechanism. Previous studies have demonstrated that
CsERF110 in cucumbers can directly bind to CsACS11, activating its expression to promote
female development. This finding has also been confirmed in melons [34]. Addition-
ally, CsERF31 has been shown to enhance cucumber female differentiation [37]. Based on
these findings, we hypothesize that the six highly expressed ERFs identified in this study,
namely MELO3C015543.2.1, MELO3C026158.2.1, MELO3C005940.2.1, MELO3C006430.2.1,
MELO3C006149.2.1, and MELO3C022358.2.1, may have a regulatory effect on melon fe-
male differentiation.

3.2. A Regulatory Network Model for the Female Development of Melon

The hermaphroditic flower type material ‘Y101’ is a typical female phenotype and a
wild-type thin-skinned melon. We conducted comparative omics analysis of the female
pool (F) and male pool (M) constructed by the melon material F2 population by ‘Y101’
and the male phenotype ‘0426’. This approach helped us eliminate background errors
between species.

A series of candidate genes that may have a role in female flower development were
revealed by functional enrichment analysis and network interaction analysis. Results
indicated that ethylene pathway genes play an essential role in determining female flower
development. Through omics analysis, the study speculates that the enhanced expression of
CmACS7 and CmACS11 may also be regulated by ARF. Additionally, the study shows that
‘Y101’ exhibits a high expression of (cytosine-5)-methyltransferase (CMT) and adenosine
homocysteine (SAH), leading to an abundance of ethylene synthesis substrates. With the
high expression of the ethylene precursor ACC oxidase (ACO), the flower buds of ‘Y101’
contain more ethylene during development. Sufficient ethylene activates a series of ERF
expressions through the signaling process, ultimately promoting female development by
regulating downstream target genes. Network interaction analysis suggests that these
downstream target genes of ERF may be related to the development of female organ-related
genes, including CRABS CLAW (MELO3C034075.2.1), HECATE3 (MELO3C008047.2.1),
and MADS13 (MELO3C033521.2.1). An interesting fact identified in previous studies is
that the majority of the genes associated with sex differentiation are ethylene synthase
genes [3]. Our study proposes a putative model (see Figure 8) that further supports the
hypothesis that the ethylene synthase network plays a crucial role in melon, regulating sex
differentiation. A comparison of female (F) and male (M) pools in our study has uncovered
several candidate genes within the ethylene signaling pathway.

As illustrated in Figure 8, four catalytic enzymes, including ACO, ACS, CMT, and
SAH-related genes and proteins, exhibited a multifold increase. Additionally, proteins
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encoding AUX/IAA were up-regulated, suggesting the involvement of more genes in
female enhancement. It is noteworthy that only selective genes were studied in previous
experiments, and Li et al. (2019) recommended, in their review on gene interactions
regulating sex determination, conducting expression regulation studies for each gene to
obtain clearer evidence of sex differentiation in cucurbits [3]. Interestingly, an integrated
network analysis of key DAPs and DESs from our comparative groups highlighted
four interaction networks, including those involving plant hormones, transduction, and
ethylene biosynthesis genes. Our proposed model indicates that auxin-related genes,
such as ARPs and ARFs, also exhibited higher expression, suggesting their potential role
in sex differentiation.

It is well established in previous literature that auxins promote ethylene biosyn-
thesis by up-regulating ACS, the first regulatory step in ethylene biosynthesis, and our
findings support these hypotheses. Similarly, several auxin-responsive factors were dif-
ferentially expressed in our study. The proteome analysis also revealed that two key
ARFs (ME-LO3C023883.2.1 and MELO3C006181.2.1) showed a two-fold increase in the
female dominant melon. The female regulatory candidate genes and regulatory networks
identified through omics analysis require further verification. Nonetheless, the current re-
search results hold important reference value and have significant implications for in-depth
research. It is believed that with the improvement of the melon transformation system
and further research, the regulatory mechanism of sex determination in melons can be
better understood in the future. The current study encompasses various aspects, including
transcriptomics, proteomics, and the generation of sex type-specific pools for research. A
detailed explanation and analysis of all crucial pathways in terms of female development
provide essential information for researchers. However, the omics data presented in the
study are complex and high-dimensional, posing challenges for analysis and interpretation.
Furthermore, the study unveiled new candidates that require further investigation to vali-
date their true function in melon female development. The candidate genes and proteins
identified in the current study can be utilized in other cucurbits as a hypothesis to identify
the sex differentiation mechanism.

4. Materials and Methods

4.1. Plant Material and Flower Bud Collection

The plant monoecious line ‘0426’ (ssp. melo) and hermaphrodite line ‘Y101’ (ssp.
agrestis) were grown in the cucurbit research and experimental station, College of Horti-
culture, Northwest A & F University, Yangling, Shaanxi, China [26]. Plants of ‘0426’ were
used as the female parent and ‘Y101’ as the male parent to obtain the F1 (0426 × Y101)
genetic population. F2 plants were obtained by selfing F1 plants in the greenhouse. The
isolated population of F2 (0426 × Y101) contained four sex types of individuals: gynoecy,
hermaphrodite, monoecy, and andromonoecy [26]. The gynoecy and hermaphrodite plants
were considered female sexual types and kept under the F-pool [38,39]. The flower buds
collected from monoecy and andromonoecy plants are considered male-dominant plants
and grouped under the M-pool [38,39]. At the 15-node plant growth stage, when sex type
judgment is reliable, 50 gynoecious plants and 50 hermaphrodite plants were selected
from the isolated group, and the apex tissue was collected to construct the F (female)
pool (Figure 9). Similarly, 50 each of monoecious plants and andromonoecious plants
were selected, and the apex tissue was sampled to construct the M (male) pool. Samples
were quickly placed in liquid nitrogen after collection, and whole proteins and RNA were
extracted for proteome and transcriptome sequencing.
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Figure 9. Representation of sexual phenotypes and female (F) and male (M) pools of plant materials
used in the current study. Monoecious line ‘0426’ (ssp. melo) and hermaphrodite line ‘Y101’ (ssp.
agrestis) were used as parents, and the F/M pool was constructed using the F2 population.

4.2. TMT Labeling Quantitative Proteome Sequencing and Analysis

The samples were collected and then mixed in a single pool before being sent to
Shanghai Luming Biotechnology Co., Ltd. (Shanghai, China) for protein detection and
comparative analysis of the F and M-pool samples [40,41]. The main experimental process
involved extracting the total protein from the F pool and the M pool, which was a mixture
of collected apex tissue. A small amount of the extracted total protein was taken for
polyacrylamide gel electrophoresis (SDS-PAGE) to detect protein quality and integrity. Once
the protein bands were successfully detected on the gel, trypsin was used to enzymatically
hydrolyze the total protein, breaking it down into peptides. The peptides were then labeled
using TMT reagents. TMT (6 standard) labeled peptides were separated using reversed-
phase chromatography on an Agilent 1100 HPLC liquid chromatograph (column: Agilent
Zorbax Extend—C18 narrow bore column, 2.1 × 150 mm, 5 μm). Finally, LC-MS analysis
was performed on the separated samples to obtain the raw data. The data were compared
with the melon reference proteome data (http://cucurbitgenomics.org/v2/ftp/genome/
melon/DHL92/v4.0/, accessed on 16 September 2023) for qualitative and quantitative
analysis. Quality control was conducted on the searched data, followed by expression level
analysis and functional analysis. The false discovery rate (FDR) was adjusted to <1%, and
the minimum score for peptides was set at >40. Differentially abundant proteins (DAPs)
were identified by performing a Student’s t-test with a fold change >1.5 (or <0.67) and a
p-value <0.05, comparing them to the healthy control [42,43]. Additionally, Fisher’s exact
test was used to test DAPs against the background of the identified proteins.
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4.3. F/M Mixed Pool RNA-Seq and Parametric Transcriptome Analysis

The bud samples were collected and sent to Shanghai Luming Biotechnology Co.,
Ltd. for RNA-seq and comparative analysis of the F pool and M pool samples. The main
steps followed for comparative transcriptome analysis included extracting total RNA from
the apex tissue mixed in the F pool and M pool and constructing the cDNA library after
assessing the purity, integrity, and concentration of the RNA sample. In this study, total
RNA extraction was carried out utilizing the TIANGEN RNAprep Pure kit (DP432) from
Tiangen Biotech Co., Ltd. (Beijing, China). Following the manufacturer’s instructions, apex
tissue of melon varieties was collected, and any specified pre-processing steps, such as
homogenization or cell lysis, were performed accordingly. The RNA extraction protocol
provided by the kit was rigorously followed, incorporating specific incubation times and
temperatures. Purification was executed according to the provided guidelines, utilizing
recommended columns or membranes. The elution step involved the use of RNase-free
water or elution buffer, following the manufacturer’s instructions for optimal recovery.
To assess the quality of the extracted RNA, measurements of purity and concentration
were performed using NanoDrop (Agilent Technologies, Santa Clara, USA), providing
key parameters such as the A260/A280 ratio. Furthermore, the integrity of the RNA
was evaluated using agarose gel electrophoresis, ensuring the suitability of the extracted
RNA for downstream applications. The Illumina HiSeq platform was used to bilaterally
sequence the library and obtain the raw data. After performing quality control on the
original sequencing data (reads), the final clean reads were summarized. The obtained
sequence data were then compared with the melon reference genome (DHL92, V3.6.1,
http://cucurbitgenomics.org/v2/organism/23, accessed on 16 September 2023) to obtain
information about the reads’ alignment to the reference genome. Reads with fewer than
10 comparisons, reads that aligned to multiple regions, and reads without alignment to
the reference were subsequently removed. Finally, the quantitative expression level of
each gene was obtained. This was followed by an analysis of the expression levels and
functional annotations.

4.4. Functional Enrichment of DEGs and DAPs

The GO enrichment analysis of the differentially expressed genes (DEGs) and differen-
tially abundant proteins (DAPs) was performed using the GOseq R package, which is based
on the Wallenius non-central hypergeometric distribution [44]. This approach allows for the
adjustment of gene length bias in DEGs and DAPs. The GO annotation proteome used in the
analysis was obtained from the UniProt-GOA database (http://www.ebi.ac.uk/GOA/, ac-
cessed on 16 September 2023). To test the statistical enrichment of DEGs and DAPs in KEGG
pathways, we utilized the KOBAS V3.0 software (http://bioinfo.org/kobas/download/,
accessed on 16 September 2023) [45].

4.5. Protein Interaction Network Analysis

According to the analysis results of the proteome and transcriptome, relevant proteins
and genes that may be involved in the sex-determining pathway were screened from the
KEGG-enriched DAPs and DEGs. To analyze the interactions among these proteins, an
online protein interaction prediction and analysis software, STRING (https://cn.string-
db.org/, accessed on 16 September 2023), was employed. Furthermore, Cytoscape V3.7.2
software was utilized to map the protein–protein interaction (PPI) networks.

4.6. qRT-PCR Analysis of Omics Data and Statistical Analysis

To estimate the transcript levels of selected differentially enriched proteins and genes,
qRT-PCR was conducted using terminal bud tissue samples that were previously used for
proteomics and RNA-seq. Twenty genes, both up-regulated and down-regulated, were
randomly chosen from the proteome and transcriptome results to validate the reliability
of the sequencing data. The cDNA synthesis was carried out using two micrograms of
total RNA with SuperScript IV reverse transcriptase (Invitrogen) and an oligo(dT) primer.
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The qRT-PCR reaction (25 μL) included 1 μL of the cDNA template, 0.5 μL of each primer,
12.5 μL of 2 × SYBR qPCR Mix, and 11 μL ddH2O to a final volume of 25 μL. Three technical
replicates per sample set were performed. qRT-PCR amplification conditions were set to
94 ◦C for 3 min, followed by 40 cycles of 94 ◦C for 10 s, and 60 ◦C for 30 s. The qRT-PCR was
performed on a BIO-RAD CFX96 machine using gene-specific forward and reverse primers
(Table S6). We also examined the transcript levels of selected DEGs and DAPs in the female
type parent (Y101) and male type parent (0426) to additionally analyze and confirm the
dependability of the sequencing data and the potential functionalities in sex regulation.

The data were analyzed using the 2−ΔΔCT method, and CmActin was selected as the
reference gene for normalization. Significance analysis was performed using IBM SPSS 19.0
software for ANOVA, and the Student’s t-test was employed for further analysis.

5. Conclusions

In the present study, we performed transcriptome analysis followed by proteome
analysis of two different sex type pools, including flower buds of male and female charac-
teristics. A high number of DEGs and DAPs were identified by proteome and transcriptome
analysis of the female pool (F) and male pool (M) identified by the segregated population
in the F2 generation. Through functional enrichment analysis, 38 DAPs and 43 DEGs
were identified, which were involved in the regulatory network of female flower devel-
opment. Through systematic analysis, the female developmental regulatory pathway
model of ethylene biosynthesis, signal transduction, and target gene regulation was pro-
posed. Two CMTs (MELO3C026448.2.1 and MELO3C015649.2.1), one AdoHS, four ACSs
(MELO3C015444.2.1, MELO3C010779.2.1, MELO3C005597.2.1, and MELO3C006840.2.1),
three ACOs (MELO3C006437.2.1, MELO3C019735.2, and MELO3C014437.2), two ARFs
(MELO3C006181.2.1 and MELO3C023883.2.1), four ARPs (MELO3C011268.2.1, MELO3C00
2378.2.1, MELO3C020765.2.1, and MELO3C013403.2.1), and six ERFs (MELO3C015543.2.1,
MELO3C026158.2.1, MELO3C005940.2.1, MELO3C006430.2.1, MELO3C006149.2.1, and
MELO3C022358.2.1) were found to have an important role in pathways associated with
female flower development. Future investigations into the regulatory mechanisms of
some newly identified candidate genes and proteins may enable researchers to manipulate
specific sexual expressions in melon. The functional annotation of high-throughput tran-
scriptomic and proteomics data generated in this study may serve as genetic resources for
the development of crop improvement strategies for melon and various other cucurbits.
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Abstract: Obtaining sufficient and high-quality genomic DNA from sludge samples is a fundamental
issue of feasibility and comparability in genomic studies of microbial diversity. Commercial kits
for soil are often used for the extraction of gDNA from sludge samples due to the lack of specific
kits. However, the evaluation of the performance of commercial kits for sludge DNA extraction is
scarce and optimization of these methods to obtain a high quantity and quality of DNA is necessary,
especially for downstream genomic sequencing. Sequential batch reactors (SBRs) loaded with
lignocellulosic biomass are used for the synthesis of renewable resources such as levulinic acid
(LA), adipic acid (AA), and polyhydroxyalkanoates (PHAs), and the biochemical synthesis of these
compounds is conducted through the inoculation of microbes present in the residual activated sludge
(AS) obtained from a municipal wastewater treatment plant. To characterize these microbes, the
extraction of DNA from residual sewage sludge was conducted with three different commercial
kits: Nucleospin® Soil from Macherey-Nagel, DNEasy® PowerSoil® from Qiagen, and E.Z.N.A.®

Plant DNA Kit from Omega BIO-TEK. Nevertheless, to obtain the highest load and quality of DNA
for next-generation sequencing (NGS) analysis, different pretreatments and different combinations
of these pretreatments were used. The pretreatments considered were an ultrasonic bath and a
temperature of 80 ◦C, together and separately with different incubation time periods of 30, 60, and
90 min. The results obtained suggest a significant improvement in the efficiency and quality of DNA
extraction with the three commercial extraction kits when used together with the ultrasonic bath and
80 ◦C for 60 min. Here, we were able to prove that physical pretreatments are a viable alternative to
chemical lysis for DNA extraction from complex samples such as sludge.

Keywords: DNA extraction; complex samples; next-generation sequencing; metagenomics;
microbiome; bioreactor

1. Introduction

Feedstocks such as lignocellulosic biomass could be used to produce high-added
value compounds such as levulinic acid (LA), adipic acid (AA), and polyhydroxyalka-
noates (PHAs) moving from an economy based on fossil fuels, to an economy based on
renewable resources [1,2]. For example, LAs as raw material, could be applied as fuel
additives, antifreeze, textiles, animal feed, herbicides, pharmaceuticals, and flavor sub-
stances [3,4]. On the other hand, AA is a straight-chain dicarboxylic acid with many uses
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in chemical, pharmaceutical, and lubricant manufacturing, mainly for resins and nylon
6–6 fibers production [5,6]. Instead, PHAs are used as a bioplastic with physicochemical
and mechanical properties like those in petroleum-based plastics and could also be used in
medical, pharmaceutical, and food applications [7]. Sequential batch reactors (SBRs) are
used for the conversion of lignocellulosic waste to LA, AA, and PHAs, and microbes from
activated sludge (AS) from a municipal sludge wastewater treatment plant were used for
the biochemical synthesis of these high-added value compounds [8,9]. Microbes from the
AS develop mixed microbial cultures responsible for the conversion of different carbon
sources from lignocellulosic waste such as synthetic, molasses, sugarcane bagasse, and
grape pomace hydrolysate [10]. Nevertheless, these microbes are likely an unknown black
box, and this is why it is important to determine the identity of these microbes.

Nowadays, next-generation sequencing (NGS) studies are conducted to identify these
microorganisms usually described as a taxonomically and metabolically diverse microbial
community with complex relationships among their members [11]. The main problem,
however, is that the disruption of this activated sludge from SBRs is difficult to achieve
and time-consuming due to a heavy encapsulation of microorganisms in flocs or aerobic
granules [12–14]. These microbial populations are usually aggregated or embedded in a
polymeric matrix or gel, referred to as extracellular polymeric substances (EPSs), commonly
hard to disaggregate [13].

Commercial DNA extraction kits provide the protocols for the extraction of nucleic
acids from standard samples, but the extraction of genomic DNA (gDNA) from SBR
samples is challenging, especially in terms of achieving sufficient concentration for NGS
analysis and identification of these microbes. For Illumina sequencing, a load above
5 ng·μL−1 is required as described by the protocol “16S Metagenomic Sequencing Library
Preparation” (Illumina, Inc., San Diego, CA, USA) [15]. Whereas for third-generation
sequencing such as Pacific Bioscience (PacBio) and Oxford Nanopore sequencing (ONS),
related to long-length reads, even more than 10 times this amount of DNA is necessary and
has been described as the main bottleneck for genome sequencing [16]. A high quantity
and quality of DNA, beside the amplification of a certain marker gene, such as 16S rRNA
gene or internal transcribed spacer (ITS), allows the application of this gDNA extraction
for whole genome sequencing approaches (WGS) and obtains a more comprehensive and
major resolution of taxonomic and functional profiles.

In addition, a high quality of DNA free of contamination is necessary with
260/280 absorbances in the range of 1.7 and 2.0 [17]. Thus, commercial kits require addi-
tional steps to obtain a sufficient concentration of gDNA free of contamination. Vortexing
with glass beads, for example, has been used for mechanical sludge lysis to allow better
hydration with the extraction buffers [14], whereas CTAB was added to improve chemical
lysis and help to precipitate polysaccharides and humic substances [18].

Here, we aimed to explore the gDNA extraction efficiency obtained with three com-
mercial extraction kits combined with different physical pretreatments tested to determine
their efficiency. The commercial kits used were Genomic DNA from Soil (Nucleospin® Soil
from Macherey-Nagel), DNEasy® PowerSoil® from Qiagen, and E.Z.N.A.® Plant DNA Kit
from Omega BIO-TEK, and the pretreatments tested here were an ultrasonic bath (UB) for
90 min, a temperature of 80 ◦C for 90 min and the combination of UB + 80 ◦C for different
periods of 30, 60, and 90 min.

2. Results

The DNA concentrations acquired using the three available commercial kits as per
the provider’s standard protocol were either extremely low or indetectable (<0.1 ng·μL−1)
(Figure 1, Tables S1–S3). Notably, the application of 80 ◦C for 90 min and the combination
of an ultrasonic bath (UB) with a temperature of 80 ◦C for 60 and 90 min prolonged
periods resulted in increased DNA concentrations exceeding the mandatory 5 ng·μL−1 limit
required for NGS across all three kits (as depicted in Figure 1). In the case of Nucleospin®

Soil in Figure 1A, it is possible to observe that the application of a temperature of 80 ◦C
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for 90 min is the main variable affecting DNA obtention, compared to the UB applied for
90 min with no significant differences from the default extraction. Similarly, the combined
effect of UB + 80 ◦C for 30 min did not present significant differences from the default kit
extraction protocol. The combined effect of 80 ◦C + UB for longer periods of 60 and 90 min
were significantly higher than the default extraction protocol and surpasses the threshold
concentration of 5 ng·μL−1 of DNA. In the case of the DNEasy® PowerSoil® kit, a similar
trend to the Nucleospin® Soil kit was observed (Figure 1A,B). The pretreatment of 80 ◦C for
90 min and the combined effect of UB + 80 ◦C temperature exposure for longer periods of
60 and 90 min were crucial to obtaining significant differences from the standard extraction
protocol and a higher concentration above the threshold of 5 ng·μL−1 of gDNA.

 

Figure 1. Concentration of DNA with the three commercial kits used. (A) Nucleospin® Soil,
(B) DNEasy® PowerSoil®, and (C) E.Z.N.A.® Plant DNA Kit. Different letters indicate statisti-
cal differences according to the results of ANOVA followed by Tukey’s post hoc test. UB = ultrasonic
bath. The dashed red line indicates the optimal DNA concentration threshold for next-generation
sequencing studies of 5 ng·μL−1.

Regarding the E.Z.N.A.® Plant DNA Kit, as shown in Figure 1C, the application of
80 ◦C temperature was the main factor that significantly improved the DNA concentration,
compared to the UB applied for 90 min, which did not show significant differences from the
standard extraction protocol. As for the combined use of 80 ◦C + UB for the three periods
of 30, 60, and 90 min, they resulted in significantly higher amounts of gDNA obtained with
the standard kit extraction protocol. As can be seen in this figure, the differences in the
concentration of gDNA obtained with the 80 ◦C applied for 90 min and the combination of
80 ◦C + UB for 30, 60, and 90 min were up to four times higher than the differences seen
with the other two kits: Nucleospin® Soil and the DNEasy® PowerSoil®.

For the quality of the DNA, the 260/280 absorbance ratio was measured for the default
extraction and all pretreatments tested. As shown in Figure 2A for the Nucleospin® Soil
kit, the application of 80 ◦C for 90 min, the UB applied for 90 min and the combination of
UB + 80 ◦C for 60 min reached values in the ranges of 1.7 and 2.0 in the 260/280 absorbance
ratio and were significantly higher than the default extraction protocol. The other pretreat-
ments such as the combination of UB + 80 ◦C for 30 min, presented a significant difference
from the default extraction; nevertheless, the values did not reach the quality ranges of
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1.7 and 2.0 in the 260/280 absorbance ratio. Whereas with the pretreatment combination
of UB + 80 ◦C for 90 min, no statistical differences were seen from the default extraction
protocol and presented an average value of 1550, much lower than the ranges of 1.7 and
2.0 accepted for the 260/280 absorbance ratio (Table S1). Regarding the DNEasy®

PowerSoil® kit, as seen in Figure 2B, qualities with significant differences from the default
extraction protocol were seen when a temperature of 80 ◦C was applied for 90 min, and the
combination of UB + 80 ◦C for 60 and 90 min reached the threshold for quality between 1.7
and 2.0 in the 260/280 absorbance ratio. Using this kit, the combination of UB + 80 ◦C for
30 min presented a significant difference with the default extraction protocol; however, the
average did not reach the quality threshold of 1.7 and 2.0 in the 260/280 absorbance ratio.
Regarding the application of UB for 90 min alone, no statistical difference was obtained
compared to the default extraction protocol. Finally, for the E.Z.N.A.® Plant DNA Kit,
the application of 80 ◦C for 90 min and the combination of UB + 80 ◦C temperature no
matter the time periods used presented a significant difference from the default extraction
protocol, surpassing the quality threshold ranges of 1.7 and 2.0 in the 260/280 absorbance
ratio. The pretreatment of UB for 90 min instead did not present any significant differ-
ence from the default extraction protocol and did not reach the threshold ranges for the
260/280 absorbance ratio.

Figure 2. Quality of DNA extracted using three commercial kits. (A) Nucleospin® Soil, (B) DNEasy®

PowerSoil® and (C) E.Z.N.A.® Plant DNA Kit, and the pretreatments applied before the extractions
with the respective kits. Different letters indicate statistical differences according to the results of
ANOVA followed by Tukey’s post hoc test. UB = ultrasonic bath. The dashed red line indicates the
DNA quality threshold for the 260/280 ratio considered adequate in the ranges 1.7 and 2.0.

Regarding the time required for each protocol, the Nucleospin® Soil has a standard
extraction time of approximately 25 min per sample. The DNEasy® PowerSoil® extraction
protocol requires approximately 30 min per sample and the E.Z.N.A.® Plant DNA Kit
requires approximately 40 min per sample. For the pretreatments tested, applications
of 80 ◦C for 90 min improved the quantity and quality of DNA, but the combination of
UB + 80 ◦C helped to reduce the time from 1.5 h to 1 h and even half an hour in the case of
the E.Z.N.A.® Plant DNA Kit.

3. Discussion

As shown in the results, we could observe here that the pretreatments tested were
essential to improve the quantity and quality of gDNA extractions from SBR samples for
NGS and effectively favored the amounts of gDNA obtained with the three commercial
kits used. Although the three kits responded adequately to the pretreatments tested, the

61



Int. J. Mol. Sci. 2023, 24, 15243

kit that obtained the highest concentrations of gDNA was the E.Z.N.A.® Plant DNA Kit
with the pretreatments of 80 ◦C for 90 min and the combination of UB + 80 ◦C for 30, 60,
and 90 min. This was followed by the two other soil extraction kits, Nucleospin® Soil
and DNEasy® PowerSoil®, which showed a similar response to the pretreatments with
higher DNA concentrations and quality with the pre-treatments of 80 ◦C for 90 min and
the combination of UB + 80 ◦C for 60 min.

One of the reasons that could explain a better performance of the commercial kit for
plants, is that it includes reagents to break down the rigid polysaccharide cell wall and
other compounds such as secondary metabolites like phenols, carbohydrates, and waxes
that protect plant cells and hamper the extraction of DNA [14,19]. These E.Z.N.A.® Plant
DNA Kit reagents, in the presence of sonication and high temperature, probably helped in
the disruption of the EPS that hampered the obtention of DNA from the SBRs.

Regarding the 260/280 absorbance ratio, the quality obtained with the E.Z.N.A.® Plant
DNA Kit was on average above the threshold of 1.7 and 2.0 for the 260/280 absorbance
ratio established by Chen et al. (2010) [17]. In the same line, other studies established that
the accepted absorbances could vary between 1.6 and 1.9 [20,21]. In general, the peak of UV
absorption occurs at 260 nm for DNA and at 280 nm for proteins, and a 260/280 absorbance
ratio of 1.8 indicates that the extraction is free from protein contamination [14,17,22].
Nevertheless, higher values slightly above 2.0 also indicate that the sample contains more
DNA than proteins in the extraction obtained. Indeed, other studies, such as that of
Vilanova et al., 2020 [23], accepted values slightly above 2.0 due to the high concentration
of DNA and the effective results obtained by enzymatic digestion.

It is important to note that other measurements not considered in this study, such as
the 260/230 absorbance ratio [19,22,23] or absorbance at 340 nm [24,25], help to determine
the presence of contaminants such as humic acids in the extracted gDNA. Therefore, it is
important to consider this kind of measurement with similar samples in future studies.
The main reason for considering this measurement is that humic acids from organic matter
have similar size and charge of DNA resulting in their co-extraction and influencing the
efficiency and purity of the extraction process [26,27]. Some of the mechanisms proposed
in the literature to mitigate the effect of humic acids when present in gDNA extraction
procedures include the use of aluminum sulphate and powdered activated charcoal [25,26].
Although the 260/230 absorbance ratio measurement was not considered in this study, the
improvements in gDNA extraction obtained here were sufficient for the amplification of
the 16S rRNA gene and internal transcribed spacer (ITS) fragments for Illumina sequencing,
which will be part of another manuscript in progress.

As mentioned above, the other two extraction kits responded similarly, with the
pretreatments tested reaching the threshold concentration of 5 ng·μL−1 required for NGS
when exposed to a temperature of 80 ◦C for 90 min and the combination of UB + 80 ◦C for
60 and 90 min. Regarding the quality obtained, it is important to mention that the only
protocol that exhibited a high quantity of gDNA but a low quality, was the combination
of UB + 80 ◦C for 90 min pretreatment with the kit Nucleospin® Soil (Figure 2A). The
main reason for the low quality obtained is probably that the longer time-lapsed exposure
of 90 min favored not only DNA release but also a higher proportion of proteins from
the EPSs.

As seen in our study, the mechanical effect of the UB for 90 min pretreatment was not
sufficient to obtain significant differences with the standard extraction protocol with the
three commercial kits tested. Similar results were obtained by Bourrain et al. (1999) [28]
in which the sample dispersion was performed with an ultrasonic bath and by stirring
in a cation exchange resin, with better results with the latter. Nevertheless, the use of a
UB combined with a temperature of 80 ◦C helped to reduce the time from 90 min to 1 h
(Figures 1 and 2). In other studies, such as that of Shan et al. (2008) [22], the use of SDS,
mechanical milling, and thermal shock were the most effective ways to obtain better DNA
yield and quality.

62



Int. J. Mol. Sci. 2023, 24, 15243

The results obtained here show that the main variable that significantly improved
gDNA extraction from SBR samples was the application of a temperature of 80 ◦C for 90 min
alone and the combination of a temperature of 80 ◦C and a UB for 60 min. Previous studies
have reported the use of a combination of mechanical and chemical lysis. For example,
glass bead vortexing was used for mechanical sludge lysis to allow better hydration with
the extraction buffers [14], while CTAB was added to improve chemical lysis and helped to
precipitate polysaccharides and humic substances [18].

4. Materials and Methods

A residual sewage sludge sample was first homogenized with vortex for 2 min
and aliquoted in 54 tubes of 1 mL to consider the three extraction kits, the six treat-
ments of temperature and sonication added, and the three replicates per sample analyzed
(3 × 6 × 3 = 54). The tubes were centrifuged for 10 min at 10,000× g, and the supernatant
was removed. The resulting biomass was weighed, and biomasses were equalized to
100 mg.

Three commercial DNA extraction kits were used: Genomic DNA from Soil
(Nucleospin® Soil) Macherey-Nagel, Düren, Germany; DNEasy® PowerSoil® from Qi-
agen, Hilden, Germany; and E.Z.N.A.® Plant DNA Kit from Omega BIO-TEK, Norcross,
GA, USA. To maintain the initial conditions used with the kits Genomic DNA from Soil
and the DNEasy® PowerSoil® which contain 2 mm steel beads to homogenize samples,
this step was also added for the E.Z.N.A.® Plant DNA Kit to homogenize samples. For the
use of the three commercial kits, samples were homogenized twice in FastPrep-24TM MP
Biomedicals™ equipment, at 6.5 m s−1 per minute.

To improve the efficiency and quality of the DNA extractions, different pretreatments
were tested: (1) the default extraction protocol described in each kit, (2) the application
of a temperature of 80 ◦C in a dry bath incubator (Allsheng, model MK 200-1, Hangzhou,
China) for 90 min, (3) a pretreatment with only an ultrasonic bath (UB) (Elmasonic E30H,
Singen, Germany) for 90 min, (4) a UB combined with 80 ◦C for 30 min, (5) a UB combined
with 80 ◦C for 60 min, and (6) a UB combined with 80 ◦C for 90 min. For each pretreatment,
the extractions were conducted in triplicate and the median of concentrations measured
were used for graph constructions and the concentrations were normalized to 100 mg of
biomass. After the application of the different pretreatments tested, the extraction protocols
were followed as described by the corresponding provider protocols.

The concentration of DNA from the samples extracted was found with equipment
Qubit 4.0 (Invitrogen, Woodlands, Singapore) with a 1X dsDNA HS Assay Kit, following
the manufacturer’s instructions. To determine the quality of the DNA obtained, the relation
260/280 absorbance was obtained with the spectrophotometer Synergy H1 Hybrid Reader
(Biotek, Santa Clara, CA, USA), with an adaptor for the quantification of nucleic acids Take3
and each sample was read in duplicate following the manufacturer’s instructions. A load
above 5 ng·μL−1 was established for Illumina sequencing as described by the protocol “16S
Metagenomic Sequencing Library Preparation” (Illumina, Inc., San Diego, CA, USA) [16].
While the ranges of quality were established between 1.7 and 2.0 for the absorbance ratio of
260/280 as described by Chen et al. (2010) [17].

The visualization and statistical analysis were conducted In R language using the
libraries from ggpubr, ggplot2, car, agricolae, and dplyr [29–32]. To evaluate the normal
distribution of data, the Levene and Shapiro–Wilk test were first conducted, and to compare
the pretreatments tested, a one-way ANOVA was conducted followed by a Tukey’s post
hoc test to determine the significance of the results obtained.

5. Conclusions

As seen in this study, the pretreatments tested provided substantial improvement to the
quantity and quality of genomic DNA (gDNA) from samples from sequential batch reactors’
(SBRs) residues extracted with commercial kits based on silica matrices where gDNA binds.
For the three commercial kits tested, these pretreatments increased the concentration of
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high molecular weight gDNA and its quality, especially when a temperature of 80 ◦C was
applied for 90 min, and in the treatments including a combination of 80 ◦C temperature
and an ultrasonic bath (UB) for 60 min with all commercial kits used. The pretreatments
tested in this communication were found to be adequate for next-generation sequencing
(NGS) analysis, which will be part of an incoming original paper under construction.
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Abstract: Single-stranded DNA-binding proteins (SSBs) play a crucial role in DNA metabolism by
binding and stabilizing single-stranded DNA (ssDNA) intermediates. Through their multifaceted
roles in DNA replication, recombination, repair, replication restart, and other cellular processes,
SSB emerges as a central player in maintaining genomic integrity. These attributes collectively
position SSBs as essential guardians of genomic integrity, establishing interactions with an array
of distinct proteins. Unlike Escherichia coli, which contains only one type of SSB, some bacteria
have two paralogous SSBs, referred to as SsbA and SsbB. In this study, we identified Staphylococcus
aureus SsbA (SaSsbA) as a fresh addition to the roster of the anticancer drug 5-fluorouracil (5-FU)
binding proteins, thereby expanding the ambit of the 5-FU interactome to encompass this DNA
replication protein. To investigate the binding mode, we solved the complexed crystal structure
with 5-FU at 2.3 Å (PDB ID 7YM1). The structure of glycerol-bound SaSsbA was also determined at
1.8 Å (PDB ID 8GW5). The interaction between 5-FU and SaSsbA was found to involve R18, P21,
V52, F54, Q78, R80, E94, and V96. Based on the collective results from mutational and structural
analyses, it became evident that SaSsbA’s mode of binding with 5-FU diverges from that of SaSsbB.
This complexed structure also holds the potential to furnish valuable comprehension regarding
how 5-FU might bind to and impede analogous proteins in humans, particularly within cancer-
related signaling pathways. Leveraging the information furnished by the glycerol and 5-FU binding
sites, the complexed structures of SaSsbA bring to the forefront the potential viability of several
interactive residues as potential targets for therapeutic interventions aimed at curtailing SaSsbA
activity. Acknowledging the capacity of microbiota to influence the host’s response to 5-FU, there
emerges a pressing need for further research to revisit the roles that bacterial and human SSBs play in
the realm of anticancer therapy.

Keywords: 5-fluorouracil; SSB; anticancer drug; single-stranded DNA-binding protein; SsbA; crystal
structure; docking; conformational change

1. Introduction

Nucleobases play a pivotal role as fundamental constituents within nucleic acids,
orchestrating the replication of genetic information across all biological systems [1]. The
accurate synthesis of nucleotides stands as a critical linchpin for the survival and prolifera-
tion of both eukaryotic and prokaryotic cells [2]. The structural alteration of nucleobases
holds the potential to exert substantial impacts, displaying potent biological effects [3].
Throughout an expansive range encompassing anticancer [4], antiviral [5], antibacterial [6],
anti-inflammatory [7], and antitumor activities [8], numerous derivatives of uracil have
garnered longstanding employment. One standout exemplar in this domain is the FDA-
approved anticancer agent, 5-fluorouracil (5-FU) [4]. In 5-FU, the hydrogen situated at the
C5 position of uracil is supplanted by a fluorine atom, culminating in a fluoropyrimidine
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configuration. This modification empowers 5-FU to effectively target the enzyme thymidy-
late synthase (TSase) for anticancer chemotherapy [9]. The cytotoxic influences of 5-FU
emerge through its adept ability to impede the operation of TSase, induce RNA miscoding,
and activate apoptosis. In the dynamic landscape of drug development, although numer-
ous novel agents have been conceived, 5-FU persists as a cornerstone within the arsenal of
chemotherapeutic modalities. It prominently features in systemic treatments for an array
of cancers spanning the gastrointestinal tract, breast, head, and neck [9]. Notably, 5-FU
manifests diverse interactions with over a dozen distinct proteins, including dihydropyrim-
idinase (DHPase) [10], an enzyme involved in the pyrimidine degradation [11]. Strikingly,
5-FU-induced toxicity has been found in asymptomatic patients with DHPase deficiency.
Such patients, undergoing anticancer therapy with 5-FU, confront severe toxicity manifesta-
tions, including instances of mortality [12]. Beyond the confines of human genetics [12,13]
and the associations with human gene products [14], the intricate web of host–microbiota
interactions ushers in additional dimensions to the 5-FU narrative [15–17]. Evidently, the
active gut microbiota, equipped with the capacity to synthesize bromovinyluracil, can exert
profound regulatory influences on systemic 5-FU concentrations [17,18]. This unforeseen
modulation results in an adverse outcome, as demonstrated by a tragic occurrence where
5-FU exposure triggered the demise of 16 patients in Japan [17,18]. Given the intricate
tapestry of interactions that envelop 5-FU, the imperative emerges to comprehensively
construct its interactome. Such a feat is essential for in-depth analyses of clinical phar-
macokinetics and toxicity profiles [19–22]. The holistic elucidation of the multifaceted
relationships woven by 5-FU holds the promise of enhancing our grasp of its intricate
dynamics, paving the way for refined therapeutic strategies and personalized medicine. To
attain this objective, the initial stride involves the identification of additional proteins that
interact with 5-FU.

DNA is subject to constant challenges, such as replication errors, DNA damage, and
the formation of secondary structures [23]. To ensure its integrity and stability, cells have
evolved an intricate network of proteins involved in DNA metabolism [24–26]. Single-
stranded DNA (ssDNA)-binding protein (SSB) is one of central players in these processes,
safeguarding and manipulating ssDNA during various cellular events [27]. Through its
multifaceted roles in DNA replication, recombination, repair, replication restart, and other
cellular processes, SSB emerges as a critical player in maintaining genomic integrity [28–30].
SSB binds specifically to ssDNA with high affinity, preventing its re-annealing, protect-
ing it from nucleases, and promoting its accessibility to other DNA-binding proteins [31].
SSBs are conserved across organisms, from bacteria [32] to humans [33,34], highlight-
ing their fundamental importance. SSBs have undergone extensive investigation in eu-
bacteria, with a notable focus on the Escherichia coli SSB (EcSSB) [31]. The majority of
SSBs adopt homotetrameric configurations for activity [35]. This arrangement involves
four oligonucleotide/oligosaccharide-binding folds (OB folds) coalescing to constitute
a DNA-binding domain [36,37]. Beyond their DNA-binding functions, SSBs also estab-
lish interactions with a multitude of DNA-metabolism proteins, collectively forming the
SSB interactome [38]. EcSSB comprises two primary domains: an N-terminal ssDNA-
binding/oligomerization domain (SSBn) and a flexible C-terminal domain for protein–
protein interactions (SSBc). Within EcSSBc, a further division into two sub-domains
emerges, namely an intrinsically disordered linker (IDL) and an acidic tip [39]. Bacte-
rial SSBs from distinct sources share moderate sequence homology, especially within the
SSBn domain, encompassing roughly the initial 110 residues. The ubiquity of this ho-
mology designates SSBn as a prospective common target for devising inhibitors against
various SSBs [40–43]. Diverging from E. coli, which harbors a solitary SSB variant (EcSSB),
certain bacteria like Staphylococcus aureus exhibit a more complex scenario with the pres-
ence of three paralogous SSBs, specifically referred to as SaSsbA [44,45], SaSsbB [46], and
SaSsbC [47]. Of these, SaSsbA may be an EcSSB counterpart due to its possession of an
acidic tip and sequence resemblance to EcSSBn. Given this alignment, the ongoing pursuit
of molecules that bind to and inhibit SaSsbA holds notable promise for future applications
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in combating pathogens [44,48]. Although the identification of SaSsbB as a protein that
binds to 5-FU is established [49], it holds significance to investigate whether 5-FU can also
interact with SaSsbA, and delving into the mode of this interaction is a valuable pursuit.

Although 5-FU has been under investigation for over six decades [50,51], its interac-
tions with proteins remain challenging to predict. In this study, we identified SaSsbA as a
fresh addition to the roster of 5-FU binding proteins, and, thus, the 5-FU interactome was
extended to include this essential DNA replication protein. In our pursuit of comprehend-
ing the precise interaction sites between 5-FU and SaSsbA, we solved the complexed crystal
structure at a resolution of 2.3 Å (PDB ID 7YM1). The structure of SaSsbA complexed
with glycerol was also determined at 1.8 Å (PDB ID 8GW5). The binding sites within the
structure of this OB-fold protein emerge as prime contenders for potential drug design
efforts. To further characterize the binding affinity and confirm the interacting sites of
5-FU with SaSsbA, fluorescence quenching and mutational analysis were conducted. In
addition, we also compared the 5-FU binding modes between SaSsbA and SaSsbB. The
interaction of SaSsbB with 5-FU relies on specific residues T12, K13, T30, F48, and N50 [49],
and these residues remain conserved within SaSsbA [45,46]. Given that SaSsbA exhibits
structural parallels with SaSsbB, one might initially infer that 5-FU’s binding capabilities
would align, and the 5-FU binding mode of SaSsbA would echo that of SaSsbB. However,
our investigation unveiled a disparity between their 5-FU binding sites. Accordingly, this
complexed crystal structure unfurls a molecular insight into the distinct manner in which
the anticancer drug 5-FU binds to a cognate protein, even when the structural scaffold
appears analogous yet divergent.

2. Results

2.1. Sequence Analysis of SaSsbA

According to the nucleotide sequence available on NCBI, the projected monomeric
SaSsbA protein spans 167 amino acid residues (aa), with a calculated molecular mass of 19
kDa. The alignment consensus of sequenced SSB homologs, facilitated by ConSurf analysis,
delineated the extent of variability at distinct positions along the sequence (Figure 1). It
became apparent that the aa 107–148 segment (teal) in SaSsbA lacks conservation within
the SSB homologs. Drawing from insights garnered from the EcSSB-ssDNA complex [52], it
emerges that four crucial aromatic residues, namely W40, W54, F60, and W88, universally
preserved within most SSB families as F/Y/W, engage in ssDNA binding through stacking
interactions. Correspondingly, in SaSsbA, the corresponding residues manifest as F37, F48,
F54, and Y82. A notable absence in SaSsbA is the W residue. Moreover, the EcSSB’s signifi-
cant C-terminal tail DDDIPF, which plays a role in protein–protein interaction, undergoes a
modification to DDDLPF in SaSsbA. The GGRQ motif postulated as a regulatory switch for
ssDNA binding [53], which in SaSsbA could be replaced by the GGQR motif (aa 112–115). In
the context of the PXXP motifs within EcSSB, positioned at aa 139 (PQQP), 156 (PQQS), and
161 (PAAP), and acknowledged for their role in mediating protein–protein interactions [39],
their presence is notably absent in SaSsbA (Figure 1). While SaSsbA is presumed to be a
primary SSB homolog similar to EcSSB in structure and function, divergences arise in their
gene locations [45]. In the genetic map of S. aureus, the ssbA gene resides flanked by rpsF
(encoding the ribosomal protein S6) and rpsR (encoding ribosomal protein S18) genes, all
encompassed within one operon regulated by the SOS response [54]. The scenario deviates
in E. coli, where the ssb gene is found adjacent to the uvrA gene, positioned distant from that
S. aureus operon. Instead, the prib gene (coding for PriB, an ssDNA-binding protein) [55]
is flanked by the rpsF and rpsR genes in the genetic map of E. coli. The rationale behind
the necessity for the evolution of distinct SSBs in particular species remains a subject that
warrants elucidation.
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Figure 1. Sequence analysis of SaSsbA reveals an alignment consensus of sequenced SSB homologs
through ConSurf analysis, which effectively showcases the extent of variability exhibited at each
position along the sequence. In this depiction, amino acid residues that span a wide range of
variability are depicted in teal, while those that remain highly conserved are marked in burgundy.
Residues F37, F48, F54, and Y82, which potentially participate in ssDNA binding through stacking
interactions, are denoted by asterisks. Of significance is the corresponding GGRQ motif found in
SaSsbA, which is highlighted within a red box. The PXXP motifs seen in EcSSB are notably absent in
SaSsbA. Another notable contrast arises in the critical C-terminal tail. While the DDDIPF sequence
of EcSSB plays a vital role in protein–protein interaction, this sequence takes the form of DDDLPF
in SaSsbA.

2.2. Crystallization of the Glycerol-Bound SaSsbA and the SaSsbA-5-FU Complex

SaSsbA with a His tag was overexpressed in E. coli through heterologous expression
and subsequently isolated from the soluble supernatant using Ni2+-affinity chromatography.
The purified SaSsbA was concentrated to a concentration of 20 mg/mL, with the addition
of the cryoprotectant glycerol to attain a final concentration of 25%. This glycerol-enhanced
formulation allowed for storage at −20 ◦C. Previously, we observed that crystals of apo-
SaSsbA could be cultivated at room temperature using the hanging drop vapor diffusion
method in a solution composed of 22% PEG 4000, 100 mM HEPES, and 100 mM sodium
acetate at pH 7.5 [45]. Efforts were initially directed towards soaking and cocrystallization
of SaSsbA (20 mg/mL) with 5-FU (200 μM) under identical crystallization conditions to
those for apo-SaSsbA. The goal was to obtain crystals of the SaSsbA–5-FU complex, yet these
attempts proved unfruitful. Subsequent rescreening was undertaken utilizing commercial
crystallization kits. Under these new conditions (JBScreen Classic 2, Jena Bioscience, Jena,
Germany), crystals of the SaSsbA–5-FU complex emerged at room temperature within a
mixture containing 16% PEG 4000, 100 mM Tris-HCl, and 200 mM MgCl2 at pH 8.5. For
glycerol-bound SaSsbA, crystallization occurred in a solution containing 30% PEG 4000,
100 mM HEPES, and 200 mM CaCl2 at pH 7.5 (Table 1).

Table 1. Data collection and refinement statistics.

Data Collection

Crystal SaSsbA–5-FU complex Glycerol-bound SaSsbA
Wavelength (Å) 1 1
Resolution (Å) 27.8–2.36 27.9–1.80
Space group P41212 P41212

Cell dimension
a, b, c (Å) 88.09, 88.09, 57.78 88.22, 88.22, 58.00

β (◦) 90.00 90.00
Redundancy 7.8 (7.9) 9.4 (9.4)

Completeness (%) 99.9 (100.0) 100.0 (100.0)
<I/σI> 31.6 (8.2) 35.7 (4.4)
CC1/2 0.997 (0.974) 0.989 (0.955)
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Table 1. Cont.

Data Collection

Refinement

No. of reflections 9797 21,823
Rwork/Rfree 0.203/0.244 0.199/0.224

No. of atoms
Protein 199 200
Water 52 151
5-FU 1 0

Glycerol 1 2
r.m.s deviations

Bond lengths (Å) 0.008 0.007
Bond angles (◦) 1.06 1.05

Ramachandran plot
Favored (%) 98.43 97.40
Allowed (%) 1.57 2.60
Outliers (%) 0 0
PDB entry 7YM1 8GW5

Values in parentheses are for the highest resolution shell. CC1/2 is the percentage of correlation between intensities
of random half-data sets.

2.3. Crystal Structure of Glycerol-Bound SaSsbA

The crystal structure of glycerol-bound SaSsbA was successfully determined at a
resolution of 1.8 Å (Table 1). The crystals of glycerol-bound SaSsbA belonged to the P41212
space group, featuring cell dimensions with a = 88.22 Å, b = 88.22 Å, and c = 58.00 Å.
This structure of SaSsbA with glycerol (PDB ID 8GW5) was elucidated via molecular
replacement, utilizing the apo-SaSsbA as a model (PDB ID 5XGT). Examination of a Ra-
machandran plot revealed no presence of unallowed regions (outliers) within this structure.
While SaSsbA is typically active as tetramers [45], this glycerol-bound structure contained
only two monomers of SaSsbA within each asymmetric unit (Figure 2A). In contrast to
the crystal structure of apo-SaSsbA [45], this structure displayed two additional amino
acid residues, namely P105 and K106, as indicated by the blue mesh (Figure 2A), solely
in the subunit A of SaSsbA. The C-terminal region in SaSsbA, comprising aa 107–167 in
the subunit A and aa 105–167 in the subunit B, was not observed. This suggests that the
C-terminal region of SaSsbA exhibits dynamic behavior, a feature reminiscent of EcSSB [56].
For this SaSsbA dimer, the electron density mostly exhibited satisfactory quality. Nonethe-
less, some sections remained disordered and unobserved, including aa 38–44 (loop L23)
in subunit A and aa 40–42 (loop L23) in subunit B within the ternary structure of this
glycerol-bound SaSsbA. In congruence with the apo form, the overall architecture of this
glycerol-bound SaSsbA monomer remained characteristic of an OB-fold structure, marked
by a β-barrel (composed of 5 β-strands) crowned with an α-helix. It is noteworthy that
SaSsbA did not encompass the β6 strand, a component found in numerous other SSBs
such as those from E. coli [52], Salmonella enterica [41], Klebsiella pneumoniae [53], and
Pseudomonas aeruginosa [40,42,46,57,58]. In tetrameric SSBs, the β6 strand has been pro-
posed to be involved in mediating diverse protein–DNA and protein–protein interaction
specificities among distinct SSBs [59]. Within this structure of an SaSsbA dimer, two glyc-
erol molecules (designated as Glycerol 1 and Glycerol 2) were present. However, these
glycerol molecules exhibited distinct binding patterns to SaSsbA (see below).
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Figure 2. Crystal Structures of SaSsbA. (A) The crystal structure of SaSsbA featuring two glycerol
molecules is displayed. The SaSsbA monomer adopts an OB-fold structure, composed of a β-barrel
comprising 5 β-strands, capped with an α-helix. These two glycerol molecules are designated
as Glycerol 1 (splitpea) and Glycerol 2 (green). Different SaSsbA monomers are colored in light
pink and light blue. In contrast to the crystal structure of apo-SaSsbA, this complexed structure
displayed two additional amino acid residues, namely P105 and K106, as indicated by the blue mesh.
(B) The complexed crystal structure of SaSsbA with one 5-FU molecule and one glycerol molecule is
presented. Different SaSsbA monomers are colored in hot pink and deep blue. Notably, 5-FU was
localized solely in monomer A, with no presence in monomer B. The glycerol molecule is labeled as
Glycerol 3 (forest).

2.4. Crystal Structure of SaSsbA Complexed with 5-FU

The complexed crystal structure of SaSsbA with 5-FU (PDB ID 7YM1) was success-
fully determined at a resolution of 2.3 Å (Table 1) with molecular replacement employing
the apo-SaSsbA as a model (PDB ID 5XGT). The crystals of the SaSsbA–5-FU complex
were categorized under the P41212 space group, showcasing cell dimensions of a = 88.09 Å,
b = 88.09 Å, and c = 57.78 Å. The completeness exceeded 99%. Upon scrutinizing a Ra-
machandran plot, there were no regions featuring unallowed conformations (outliers)
within this structure. The electron density mostly exhibited satisfactory quality. How-
ever, aa 39–44 (loop L23) in subunit A and aa 39–41 (loop L23) in subunit B within the
ternary structure of the SaSsbA–5-FU complex were disordered and unobserved. In both
subunits, the range of aa 105–167 was also not detected. The individual monomer within
this complexed SaSsbA revealed the characteristic OB-fold structure, featuring a β-barrel
comprising 5 β-strands capped with an α-helix. Within this complex structure of a SaSsbA
dimer, a single glycerol molecule and one 5-FU molecule were encapsulated (Figure 2B).
The positioning of this glycerol molecule, designated as Glycerol 3, within the SaSsbA–5-FU
complex closely mirrored that of Glycerol 1 within the glycerol-bound SaSsbA.

2.5. Glycerol 1 Binding Mode of SaSsbA

The presence of the cryoprotectant glycerol within the protein solution led to its
binding to SaSsbA. In this study, three distinct glycerol binding sites within our two
structures were found. Notably, the binding sites for Glycerol 1 and Glycerol 3 exhibited
similarity. As revealed by the crystal structure (PDB ID 8GW5), Glycerol 1 is sandwiched
by SaSsbA monomers A and B (Figures 2A and 3A). A comprehensive analysis of the
interactions transpiring between Glycerol 1 and SaSsbA was undertaken, resulting in the
identification of multiple residues that came within contact distance (<4 Å) with the glycerol
molecule. Among these interacting residues were F48 (Subunit B), N50 (Subunit B), S79
(Subunit A), R80 (Subunit A), F91 (Subunit A), V92 (Subunit A), and T93 (Subunit A).
Delving into the nature of these interactions, hydrogen bonds formed between the ligand
and SaSsbA were meticulously examined by leveraging PLIP (the protein–ligand interaction
profiler) [60]. In light of the interactions identified through PLIP, it was established that
the main chains of R80 and V92, along with the side chains of S79 and T93, partook in
hydrogen bonding with Glycerol 1 (Figure 3B).
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Figure 3. Glycerol binding modes. (A) The binding site of Glycerol 1 within SaSsbA was unveiled
through the structure of glycerol-bound SaSsbA (PDB ID 8GW5). Glycerol 1 (splitpea) was positioned
between SaSsbA monomers A (light pink) and B (light blue). Residues engaging with Glycerol 1 are
colored in yellow. The composite omit map (presented as blue mesh, contoured at 1 σ) indicated
the presence of Glycerol 1 within a cavity formed at the SaSsbA monomers A and B interface.
(B) Depiction of the binding mode for Glycerol 1. Residues F48 (Subunit B), N50 (Subunit B), S79
(Subunit A), R80 (Subunit A), F91 (Subunit A), V92 (Subunit A), and T93 (Subunit A), situated within
a contact distance of <4 Å, were instrumental in binding Glycerol 1. The interactive distances are also
shown in Å. Based on interactions detected by PLIP, hydrogen bonds were formed between the main
chains of R80 and V92, as well as the side chains of S79 and T93, and Glycerol 1 (indicated in black).
(C) The binding site of Glycerol 2 within SaSsbA was unveiled by the structure of glycerol-bound
SaSsbA (PDB ID 8GW5). Similar to Glycerol 1, Glycerol 2 (green) interacted with both SaSsbA
monomers A (light pink) and B (light blue). However, the binding poses and locations between
Glycerol 1 and Glycerol 2 exhibited distinctions. (D) Depiction of the binding mode for Glycerol 2.
Within a contact distance of <4 Å, M1 (Subunit A), L2 (Subunit A), N3 (Subunit A), R4 (Subunit A),
T36 (Subunit B), F37 (Subunit B), R76 (Subunit A), and D98 (Subunit A) were engaged in binding
Glycerol 2. Structural analysis via PLIP revealed hydrogen bonds formed between the main chains of
M1, N3, and T36, as well as the side chain of R76, and Glycerol 2. (E) The binding site of Glycerol
3 within SaSsbA was revealed by the SaSsbA–5-FU complex structure (PDB ID 7YM1). Glycerol 3
(forest) was nestled between SaSsbA monomers A (hot pink) and B (deep blue). The binding mode
for Glycerol 3 exhibited similarities to that of Glycerol 1. 5-FU (orange) was also showcased within
this structure. (F) Depiction of the binding mode for Glycerol 3. Through interactions detected using
PLIP, it was determined that hydrogen bonds were formed between the main chains of R80 and V92,
along with the side chain of T93, and Glycerol 3.
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2.6. Glycerol 2 Binding Mode of SaSsbA

Similar to Glycerol 1, which finds itself ensconced between SaSsbA monomers A and
B, Glycerol 2 also forms interactions with both monomers (Figure 3C). Nonetheless, it is
important to note that their binding poses and spatial arrangements between Glycerol
1 and 2 differed significantly. The interacting residues associated with Glycerol 1 and
Glycerol 2 displayed complete variation (PDB ID 8GW5). Specifically, M1 (Subunit A),
L2 (Subunit A), N3 (Subunit A), R4 (Subunit A), T36 (Subunit B), F37 (Subunit B), R76
(Subunit A), and D98 (Subunit A) were observed to participate within contact distance
(<4 Å) in binding interactions with Glycerol 2 (Figure 3D). A notable aspect of Glycerol
2 binding was the inclusion of a water molecule in the interaction. This water molecule,
in conjunction with M1 (Subunit A) and T36 (Subunit B), also contributed to interactions
with 5-FU, facilitated through a hydrogen bonding network. The structural evaluation
conducted via PLIP underscored that the main chains of M1, N3, and T36, as well as the
side chain of R76, were pivotal components in the hydrogen bonding network, fostering
the binding of Glycerol 2 (Figure 3D).

2.7. Glycerol 3 Binding Mode of SaSsbA

The binding configuration of Glycerol 3 (PDB ID 7YM1) exhibited similarities to that
of Glycerol 1 (Figure 3E). In a manner akin to Glycerol 1, Glycerol 3 was positioned between
SaSsbA monomers A and B. The interaction between Glycerol 3 and SaSsbA (<4 Å) involved
F48 (Subunit B), N50 (Subunit B), S79 (Subunit A), R80 (Subunit A), F91 (Subunit A), V92
(Subunit A), and T93 (Subunit A). The structural evaluation conducted via PLIP revealed
that the main chains of R80 and V92, along with the side chain of T93, partook in hydrogen
bonding with Glycerol 3 (Figure 3F).

2.8. 5-FU Binding Mode of SaSsbA

SsbA, a crucial DNA replication protein, plays multifaceted roles in nucleic acid
metabolism [45,54,61,62]. Prior to this study, it remained uncertain whether the FDA-
approved clinical drug 5-FU [4], renowned as a prominent pyrimidine derivative in an-
ticancer therapy, could indeed interact with SsbA. Consequently, the complexed crystal
structure of SaSsbA with 5-FU was meticulously established to pinpoint the binding site
and delve into the binding mechanism (Figure 4A). The electron density corresponding to
5-FU exhibited a well-defined clarity (Figure 4A). The arrangement of 5-FU was discernible,
notably due to the positioning of its substituent (Figure 4A). A comprehensive scrutiny was
carried out to decipher the interactions between 5-FU and SaSsbA (Figure 4B). Residues
R18, P21, V52, F54, Q78, R80, E94, and V96, positioned within a contact distance of <4 Å,
were instrumental in the binding of 5-FU. Through analysis conducted using PLIP [60], it
was revealed that a water molecule also participated in the binding of 5-FU, facilitated by
E94 in SaSsbA, which engaged in water-molecule-mediated hydrogen bonding (Figure 4B).
Based on interactions discerned via PLIP, the four side chains of R18, Q78, R80, and E94
were observed to form hydrogen bonds with 5-FU (Figure 3B). The electrostatic potential
surface of the SaSsbA complexed with 5-FU unveiled that 5-FU effectively occupied the
groove within SaSsbA (Figure 4C), a site significant for single-stranded DNA binding
(Figure 4D). The positive (blue) and negative (red) charge distributions underscored that
several critical basic residues on the SaSsbA surface, which are exposed to the solvent and
collectively form a binding pathway conducive for accommodating ssDNA binding ssDNA
(gold). This complex structure insightfully revealed that the presence of 5-FU in the groove
potentially influences the wrapping of ssDNA by SaSsbA.
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Figure 4. 5-FU interaction mode. (A) The binding site for 5-FU within SaSsbA was unveiled through
the SaSsbA–5-FU complex structure (PDB ID 7YM1). This complexed structure of an SaSsbA dimer
contained one glycerol molecule (Glycerol 3; forest) and one 5-FU molecule (orange). The residues
engaged in interactions with 5-FU are depicted in gray. An orange mesh, contoured at 1 σ, illustrates
the presence of 5-FU within the groove of SaSsbA monomer A (hot pink). The electron density for
these interactive residues is also distinctly visible (light pink mesh, contoured at 1 σ). (B) Depiction
of the binding mode for 5-FU. Residues R18, P21, V52, F54, Q78, R80, E94, and V96, situated
within a contact distance of <4 Å, played pivotal roles in binding with 5-FU. The corresponding
interactive distances are also indicated (Å). Based on the interactions identified via PLIP, the side
chains of R18, Q78, R80, and E94 engaged in hydrogen bonding with 5-FU (highlighted in black).
(C) The electrostatic potential surface portrayal of the SaSsbA complexed with 5-FU elucidates the
distribution of positive (blue) and negative (red) charges. Notably, 5-FU (orange) occupies a groove
within SaSsbA, potentially pertinent to ssDNA binding. (D) The superimposed structures of the
SaSsbA–5-FU complex and the EcSSB–ssDNA complex (PDB ID 1EYG). The crystal structures of
SaSsbA and EcSSB exhibit similarity. For clarity, the EcSSB structure is omitted. The distribution of
positive (blue) and negative (red) charges showcases a collection of fundamental basic residues on
the surface of SaSsbA, which are exposed to the solvent and collectively form a binding pathway
conducive for accommodating ssDNA binding (gold). Our complex structure highlights that the 5-FU
presence within the groove may potentially affect and regulate the ssDNA wrapping phenomenon
by SaSsbA.

2.9. Comparative Analysis of 5-FU Binding Sites in Different Binding States of SaSsbA

In this study, we identified that residues R18, P21, V52, F54, Q78, R80, E94, and
V96 within SaSsbA engage in interactions with 5-FU. Furthermore, upon comparing the
complexed structures of SaSsbA monomers A and B (PDB ID 7YM1), distinct binding
site configurations emerged between the 5-FU-bound state (monomer A) and the Glyc-
erol 3-bound state (monomer B). This comparison revealed noteworthy conformational
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changes (Figure 5A). When accommodating 5-FU (Figure 5B), the positions of R18 and
P21 experienced shifts of approximately 5.2 and 7.3 Å, respectively. Moreover, V52, F54,
Q78, and E94 exhibited angular shifts of 180, 22, 23, and 52◦, respectively, due to 5-FU
binding. In addition, the sizes of the binding groove differed between monomer A (the
5-FU-bound state) and monomer B (the Glycerol 3-bound state) (Figure 5C). While the
OB folds exhibited a similar appearance, it was observed that their sizes were divergent.
Structurally, the angles between strands β1′ and β4 in monomer A and B were measured at
41.2◦ and 65.9◦, respectively (Figure 5C).

Figure 5. Comparative analysis of 5-FU binding sites in different states of SaSsbA. (A) Superposition
of monomer A (hot pink) and monomer B (deep blue) within the 5-FU complexed SaSsbA structure
(PDB ID 7YM1). Residues in monomer A and B are depicted in gray and yellow, respectively, with
the presence of a 5-FU molecule shown in orange. (B) Comparison of the 5-FU binding sites between
the 5-FU-bound and glycerol 3-bound states of SaSsbA. Binding of 5-FU led to spatial shifts of R18
and P21 by distances of 5.2 and 7.3 Å, respectively. Additionally, V52, F54, Q78, and E94 underwent
angular shifts of 180, 22, 23, and 52◦, respectively, upon 5-FU binding. (C) Evaluation of the sizes
of the binding groove in monomer A and B. Despite the comparable appearance of their OB folds,
variations in their sizes were noted. Notably, the structural angles between strands β1′ and β4 in
monomer A and B were found to be 41.2 and 65.9◦, respectively. (D) Superposition of the 5-FU-bound
(hot pink; PDB ID 7YM1) and unbound (pale yellow; PDB ID 5XGT) states of SaSsbA. Residues
within the 5-FU-bound and unbound states are presented in gray and wheat hues, respectively. A
5-FU molecule is visualized in orange. Remarkably, the side chain of R18 experienced a considerable
shift, spanning a distance of 7.2 Å and an angular shift of 107.3◦ upon 5-FU binding.
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2.10. Comparative Structural Analysis of 5-FU Binding Sites in the 5-FU-Bound and Unbound
States of SaSsbA

Having previously determined the crystal structure of the apo-form of SaSsbA [45],
we have a basis for comparing the structural aspects of the 5-FU binding sites between
the 5-FU-bound state (PDB ID 7YM1) and the unbound state (PDB ID 5XGT) of SaSsbA.
Through superimposition of these structures, R18 in the apo-form SaSsbA was significantly
shifted by a distance of 7.2 Å and an angle of 107.3◦ upon binding of 5-FU (Figure 5D).
Accordingly, the side chain of R18 is likely a pivotal element in facilitating 5-FU binding.

2.11. Structure-Based Mutational Analysis

Our complex structure of SaSsbA with 5-FU has elucidated the binding mode and
identified the interactive residues. Notably, a substantial conformational change was
observed in R18 upon 5-FU binding, resulting in a shift of its side chain position by
7.2 Å and an angular alteration of 77.4◦. This suggests that R18 might play a role in
initiating or mediating the 5-FU binding process. Since R18 is highly conserved among SSB
homologs (Figure 1), we generated an alanine substitution mutant (Table 2), which was
subsequently purified and analyzed to investigate its contribution to binding (Figure 6).
The strength of interaction between the R18A mutant and 5-FU was assessed through
fluorescence quenching and compared to that of the wild-type SaSsbA (WT). The quenching
phenomenon involves the formation of a complex that diminishes the protein’s fluorescence
intensity. SaSsbA exhibited prominent intrinsic fluorescence, with a peak wavelength at
339 nm upon excitation at 279 nm (Figure 6A). As concentrations of 5-FU were incrementally
added to the SaSsbA solution, the intrinsic fluorescence underwent gradual quenching
(Figure 6A). Upon introducing 200 μM of 5-FU, the intrinsic fluorescence of SaSsbA was
reduced by 83.8% (Table 3). The binding of 5-FU induced a red shift of the SaSsbA emission
wavelength from 339 nm to 347 nm (about 8 nm), as indicated by the change in λmax
(Table 3). These observations collectively confirm the formation of a stable complex between
SaSsbA and 5-FU. Comparable to SaSsbA, the R18A mutant also exhibited strong intrinsic
fluorescence, with a peak wavelength at 339 nm upon excitation at 279 nm (Figure 6B).
However, the addition of 200 μM 5-FU resulted in only a 34.9% reduction in the intrinsic
fluorescence of R18A (Table 3). Furthermore, the λmax of R18A shifted only minimally
from 339 nm to 340 nm upon exposure to 200 μM 5-FU. Analysis of the titration curves
(Figure 6C) facilitated the determination of Kd values of 497.6 ± 13.5 μM for R18A and
55.9 ± 0.7 μM for WT (Table 3). These experimental findings observed from structural and
functional investigations collectively underscore the significance of R18 in SaSsbA as a
crucial residue for 5-FU binding.

Table 2. Primers used for construction of the plasmid.

Oligonucleotide Primer

SaSsbA-R18A-N GAAAGATCCGGAATACGCAACCACTCCCTC
SaSsbA-R18A-C ACACCTGAGGGAGTGGTTGCGTATTCCGGA

Underlined nucleotides indicate the designated site for mutation site.

Figure 6. Fluorescence titration of SaSsbA with 5-FU. (A) The fluorescence emission spectra of WT
with 5-FU of different concentrations (0–200 μM; 0, 10, 20, 50, 75, 100, 125, 150, 175, and 200 μM). The
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decrease in intrinsic fluorescence of protein was measured at 339 nm upon excitation at 279 nm
with a spectrofluorometer. The fluorescence intensity emission spectra of SaSsbA were significantly
quenched by 5-FU. (B) The fluorescence emission spectra of the mutant R18A with 5-FU of different
concentrations (0–200 μM). The strength of interaction between the R18A mutant and 5-FU was
assessed and compared to that of WT. (C) The titration curves for determining the Kd values of 5-FU
for WT (•) and R18A (�). The Kd was obtained by the equation: ΔF = ΔFmax − Kd(ΔF/[5-FU]). Data
points are an average of 2–3 determinations within a 10% error.

Table 3. Binding parameters of SaSsbA WT and the mutant R18A.

SaSsbA λmax (nm) λem Shift (nm) Quenching (%) Kd Value (μM)

SaSsbA WT 339 347 83.81 55.9 ± 0.7
SaSsbA-R18A 339 340 34.99 497.6 ± 13.5

The decrease in the intrinsic fluorescence of SaSsbA was measured with a spectrofluorometer (Hitachi F-2700; Hitachi
High-Technologies, Tokyo, Japan). The Kd was obtained using the following equation: ΔF = ΔFmax − Kd(ΔF/[5-FU]).

2.12. Distinct 5-FU Binding Modes in SaSsbA and SaSsbB

Unlike the case of E. coli, which possesses a singular type of SSB (EcSSB), certain bacte-
ria, particularly some Gram-positive bacteria [54], harbor two paralogous SSBs, namely
SsbA and SsbB. Recently, we elucidated the crystal structure of SaSsbB [46], as well as its
complex with 5-FU [49]. Consequently, the complex structure of SaSsbB is available for
a comparative analysis of the 5-FU binding mode in relation to SaSsbA (PDB ID 7YM1)
and SaSsbB (PDB ID 7D8J). Given the structural similarity between SaSsbA and SaSsbB,
one might naturally assume a congruent 5-FU binding mode. However, intriguingly, our
complexed structure revealed distinct 5-FU binding configurations for SaSsbA and SaSsbB
(Figure 7). In the complexed structure, specific residues including T12, K13, T30, F48, and
N50 of SaSsbB were identified to interact with 5-FU, forming an integral part of the binding
site (Figure 7A) [49]. Particularly noteworthy is the essential stacking interaction between
the pyrimidine ring of 5-FU and the aromatic ring of F48 in SaSsbB, which underpins the
drug–protein interaction. While these residues are entirely conserved in SaSsbA, they did
not engage in interactions with 5-FU (Figure 7A). Upon superposition analysis, a consider-
able distance of 18.8 Å was evident between these divergent 5-FU binding sites (Figure 7B).
Furthermore, the residues in SaSsbA that interact with 5-FU are similarly conserved in
SaSsbB; however, they do not collectively form a 5-FU binding site in SaSsbB (Figure 7C).
Given the perfect conservation of these 5-FU binding residues in both SaSsbA and SaSsbB,
the substantial dissimilarity observed warrants further investigation to ascertain whether
other inherent species-specific differences contribute to this phenomenon. Additional
biophysical studies are warranted to comprehensively explore these disparities.

Figure 7. Distinct 5-FU binding modes in SaSsbA and SaSsbB. (A) Alignment of the sequences of
SaSsbA and SaSsbB, with secondary structural elements indicated. Unobserved amino acids in these
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crystal structures are colored in gray. The residues responsible for 5-FU binding in SaSsbA and
SaSsbB are shaded in orange and green, respectively. (B) Superposition of the 5-FU-bound structures
of SaSsbA (hot pink) and SaSsbB (aquamarine). The 5-FU molecules in SaSsbA (PDB ID 7YM1) and
SaSsbB (PDB ID 7D8J) are represented in orange and purple-blue, respectively. The distance between
these distinct 5-FU binding sites measures 18.8 Å. (C) Disparate 5-FU binding sites. Despite the
perfect conservation of these 5-FU binding residues in SaSsbA (gray) and SaSsbB (aquamarine), each
protein exhibits a preferred binding site for 5-FU.

3. Discussion

Metabolic reprogramming is the strategy adopted by cancer cells to expedite their pro-
liferation, resist the effects of chemotherapy, invade tissues, metastasize, and endure within
nutrient-scarce microenvironments [2]. Various uracil derivatives have long been harnessed
as pyrimidine-based antimetabolites in the battle against cancer [63]. Chief among these
agents is 5-FU [4], a prominent fluoropyrimidine drug esteemed for its role in targeting
TSase during anticancer chemotherapy [9]. Over the past 60 years, chemotherapeutic agents
designed to thwart thymidylate biosynthesis have emerged as stalwarts in cancer treatment.
In addition, the synergistic administration of 5-FU alongside other chemotherapeutic agents
amplifies treatment efficacy and overall survival rates, particularly in cancers involving
the head, breast, and neck [64]. However, some mechanistic details, including signaling
pathways, remain unexplained [65–67]. It is important to recognize that the purview of
5-FU’s interactions goes beyond merely engaging human TSase. For example, other human
proteins, including dihydroorotase, PARP (procyclic acidic repetitive protein), VEGFR1
(vascular endothelial growth factor receptor 1), and CASP-3 (caspase-3 protein), are also
known to interact with 5-FU [14,68]. Moreover, the intricate interplay between microbiota
and chemotherapeutic drugs, such as 5-FU, holds the potential to influence host responses,
further adding to the complexity of the landscape [17]. Consequently, a comprehensive
elucidation of the complete 5-FU interactome is imperative, serving as the foundation
for exhaustive clinical pharmacokinetic assessments and toxicity analyses [21,22]. The
holistic elucidation of the multifaceted relationships woven by 5-FU holds the promise
of enhancing our grasp of its intricate dynamics, paving the way for refined therapeutic
strategies and personalized medicine.

In this study, our findings have unveiled SaSsbA’s capacity to engage in interaction
with the anticancer drug 5-FU (Figure 6). In comparison with SaSsbB, a paralogous pro-
tein of SaSsbA in S. aureus, the Kd values for 5-FU binding to SaSsbA and SaSsbB are
55.9 ± 0.7 μM (Table 3) and 152.8 ± 2.5 μM [49], respectively. Based on the fact that the
Kd value of human dihydroorotase bound to 5-FU is 91.2 ± 1.7 μM [14], the hierarchy of
binding affinities for 5-FU can be delineated as follows: SaSsbA > human dihydroorotase
> SaSsbB. This outcome may imply that, in scenarios where 5-FU enters the human sys-
tem, it exhibits a preference for binding to the bacterial DNA replication protein SaSsbA
within bacterial cells, as opposed to its interaction with the human enzyme dihydroorotase.
However, it is important to underscore that this supposition necessitates comprehensive
validation through a thorough investigation spanning biochemical and cellular dimen-
sions. Considering the potential diversity of the gut microbiome across individuals, it
remains imperative to ascertain the binding affinities of 5-FU to any feasible proteins within
the human body, encompassing locales like the gastrointestinal tract and bloodstream.
Such investigations are crucial to facilitate comprehensive comparisons and subsequent
clinical analyses.

For the investigation of the binding mode, we solved the complexed crystal structure
of SaSsbA with 5-FU at a resolution of 2.3 Å (Table 1). The interaction between 5-FU
and SaSsbA was found to involve R18, P21, V52, F54, Q78, R80, E94, and V96 (Figure 4).
Unexpectedly, this pattern of interactive residues deviated entirely from those identified
in the 5-FU binding sites of SaSsbB [49]. In contrast to SaSsbA, where the interaction with
5-FU relies on a distinct set of residues, SaSsbB’s 5-FU interaction hinges on T12, K13, T30,
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F48, and N50 (Figure 7). Notably, the stacking interaction between the aromatic ring of
F48 and the pyrimidine ring of 5-FU assumes a pivotal role in the drug–protein interaction
within SaSsbB [49]. Intriguingly, despite the presence of these identical residues within both
SaSsbA and SaSsbB, none of them (T12, K13, T30, F48, and N50) participate in 5-FU binding
within SaSsbA. Biochemically, reconciling the divergence in 5-FU binding sites, despite the
residue conservation between SaSsbA and SaSsbB, presents a challenge. Although the OB
folds share a striking visual resemblance, we noted a subtle difference in the size of the
binding groove between SaSsbA and SaSsbB. This structural divergence is underscored
by the angles between strands β1’ and β4 in their monomers A, which measure 41.2◦
and 65.9◦, respectively (Figure 5). This variance in binding groove width may potentially
influence the mechanisms governing 5-FU binding. A noteworthy observation pertains to
the substantial conformational alteration that accompanies 5-FU binding (Figure 5). This
observation led us to propose a hypothesis wherein these seemingly identical residues
result in divergent 5-FU binding modes. Within various contexts, OB folds can exhibit
broad ligand-binding capabilities, targeting both single-stranded DNA and proteins [35].
This is evident in cases such as the tumor suppressor BRCA2, where two OB folds bind
to ssDNA while a third participates in protein–protein interactions rather than ssDNA
binding [69]. ssDNA bound by Pseudomonas aeruginosa SSB (PaSSB) only occupies half of
the binding sites of two OB folds rather than four OB folds through the ssDNA-binding
mode (SSB)3:1 [57,58]. Similarly, in RPA, two different binding modes involve two and
four OB folds, respectively [70]. Insights gleaned from the SaSsbA-glycerol complex
structure (Figure 3) indicate that Glycerol 1 and 2 do not necessarily need to occupy
corresponding sites within monomers A and B. Previous experimental observations through
single molecule experiments [71,72] also suggest that the unoccupied OB fold within SSB
could adopt an open conformation to facilitate sliding, and, therefore, the ligand-binding
groove within its OB-fold structure could be regulated to accommodate the requirements
of dynamic binding processes (Figure 7). Consequently, it becomes plausible to consider
that even when similar sites exist, 5-FU may bind to different locations due to the influence
of these adaptable binding grooves.

Differing from some enzymes characterized by a single active site, the binding behavior
of the DNA replication protein SaSsbA, which engages with diverse ssDNA and proteins,
can introduce unpredictability into its ligand binding site(s). A multitude of solvent-
exposed surfaces on SaSsbA functions as binding sites for both ssDNA and partner proteins,
further complicating the task of foreseeing which specific pocket serves as the binding
site. The prospect of utilizing docking tools, like MOE Dock [73], to anticipate a protein’s
ligand binding site presents itself as a viable avenue to explore. The analysis conducted
through MOE Dock highlighted five preferred binding modes (Figure 8). However, none
of these predicted sites (Table 4) aligned precisely with the binding site evident in the
complexed crystal structure of SaSsbA with 5-FU (Figure 2). Therefore, it becomes evident
that the generation of additional complexed crystal structures remains an imperative in
facilitating more robust binding analyses and supporting the development of structure-
based approaches to drug design.

Figure 8. Molecular docking of 5-FU with SaSsbA. Comparison between 5-FU molecules extracted
from the complexed SaSsbA structure and the outcomes of docking simulations. SaSsbA monomers
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A and B are colored in light pink and light blue. Molecular docking of 5-FU was performed using the
crystal structure of the apo-form SaSsbA (PDB ID 5XGT). The binding affinities of SaSsbA with 5-FU,
considering all feasible binding orientations, were evaluated using the S score. Utilizing MOE-Dock
(version 2019.0102) software, we identified and numbered the five most favorable binding modes for
5-FU. The five preferred binding modes of 5-FU are indicated as 1–5. Additionally, the position of
5-FU in the complexed crystal structure of SaSsbA (PDB ID 7YM1) was included for reference.

Table 4. Molecular docking analysis.

Mode S Score
Receptor
Residue

Interaction Distance (Å) E (kcal/mol)

1 −4.2104 Phe 48 (A) H-donor 2.96 −5.6

Thr 93 (A) H-donor 2.98 −1.9

Asn 50 (A) H-acceptor 3.08 −1.1

2 −4.1638 Arg 80 (A) H-donor 3.42 −0.9

Val 92 (A) H-donor 3.03 −1.2

Asn 81 (A) H-acceptor 3.14 −2.2

3 −3.9845 Arg 80 (A) H-donor 3.27 −1.0

Val 92 (A) H-donor 3.05 −1.2

Phe 91 (A) Pi-H 4.03 −0.6

4 −3.8762 Asn 50 (B) H-donor 3.37 −1.8

Asn 81 (A) H-acceptor 3.52 −0.8

5 −3.8744 Phe 91 (A) H-donor 3.07 −1.6

Phe 91 (A) H-acceptor 3.15 −1.2

It is believed that all current cells trace their lineage back to a shared ancestor, sug-
gesting that fundamental principles learned from experiments conducted with one cell
type possess broad applicability across diverse cells. This perspective implies that the
mechanisms governing essential cellular activities, such as DNA replication, transcrip-
tion, and translation, should exhibit similarities across various cell types. Nonetheless,
in response to challenging environmental circumstances, organisms tend to evolve new
enzymes or auxiliary components to enhance their survival prospects and adaptive ca-
pabilities throughout evolutionary processes. In contrast to the situation in E. coli and
many other bacteria, which feature a single SSB, certain microorganisms like S. aureus
and other Gram-positive bacteria manifest multiple paralogous SSBs, including SsbA [74],
SsbB [59], and SsbC [47]. Intriguingly, the positioning of the ssbA gene in the S. aureus ge-
netic map does not align with the location of the ssb gene in E. coli and other Gram-negative
bacteria [53]. Notably, this corresponding position in E. coli is occupied by priB [53], an-
other variant of SSB [55,75]. Given the diversity of primosomal proteins with which these
SSBs interact [76,77], SaSsbA and EcSSB confront an array of binding partners within their
respective cellular contexts. This intricacy suggests that the presence of these distinct SSBs
might necessitate their co-evolution with partner proteins, enabling the development of
species-specific functions to address survival demands and secure a competitive edge. This
co-evolutionary dynamic might elucidate the lack of conservation in PXXP motifs and
amino acid residues within the IDL among different SSBs, including SaSsbA (Figure 1) [39].
Furthermore, intriguing disparities come to light, such as myricetin’s inhibitory effect on
PaSSB but not on SaSsbA [44] or Klebsiella pneumoniae SSB [40]. Even within proteins that
share structural similarities, as demonstrated by SaSsbA and SaSsbB, their 5-FU binding
modes exhibit complete divergence (Figure 7). Consequently, it is conceivable that 5-FU
could bind to these distinct SSBs present in both human and microorganisms, subsequently
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influencing various cellular signaling pathways. Despite these observations, additional
research is indispensable to elucidate the precise mechanisms underpinning the recognition
of 5-FU binding sites and the rationale behind the evolution of these diverse SSBs within
specific species.

4. Materials and Methods

4.1. Protein Expression and Purification

The expression vector pET21b-SaSsbA [45] was transformed into E. coli BL21 (DE3)
cells and grown in LB medium at 37 ◦C. The overexpression was induced by incubating
with 1 mM isopropyl thiogalactopyranoside for 9 h. Recombinant SaSsbA was purified
from the soluble supernatant by using Ni2+-affinity chromatography. The recombinant
protein was eluted with a linear imidazole gradient and dialyzed against a dialysis buffer
(20 mM Tris-HCl and 0.1 M NaCl, pH 7.9; Buffer A). Protein concentration was measured
using Biorad protein (Bradford) assay. The protein purity remained at >97% as determined
using SDS–PAGE.

4.2. Site-Directed Mutagenesis

The SaSsbA mutant was generated according to the QuikChange site-directed mu-
tagenesis kit protocol (Stratagene; LaJolla, CA, USA), by using the wild-type plasmid
pET21b–SaSsbA as a template. The presence of the mutation was verified by DNA sequenc-
ing. The recombinant mutant proteins were purified using the protocol for the wild-type
SaSsbA by Ni2+-affinity chromatography.

4.3. Crystallization Experiments

Purified SaSsbA was concentrated to 20 mg/mL with addition of the cryoprotectant
glycerol to a final concentration of 25% for storage at −20 ◦C. The crystals of the SaSsbA-5-
FU complex appeared at room temperature through hanging drop vapor diffusion in 16%
PEG 4000, 100 mM Tris-HCl, 200 μM 5-FU, and 200 mM MgCl2 at pH 8.5. For the SaSsbA–
glycerol complex, the crystals were grown in 30% PEG 4000, 100 mM HEPES, 200 mM
CaCl2 at pH 7.5. These crystals reached full size in 7–13 days and validated in the beamline
15A of the National Synchrotron Radiation Research Center (NSRRC; Hinchu, Taiwan).

4.4. X-ray Diffraction Data and Structure Determination

Data were collected in the beamline 15A using an Rayonix MX300HE CCD Area
Detector at NSRRC. Data sets were indexed, integrated, and scaled using HKL-2000 [78]
and XDS [79]. The initial phase, density modification, and model building were performed
using the AutoSol program in the PHENIX [80]. The iterative model building and structure
refinement were performed using Refmac in the CCP4 software suite (version v7.1.008) [81]
and phenix.refine in the PHENIX software suite (Phenix1.19.1-4122) [82]. The initial phase of
SaSsbA complexed with 5-FU was determined through the molecular replacement software
Phaser MR (Phenix1.19.1-4122) [83] by using SaSsbA (PDB ID 5XGT) as a search model.
The correctness of the stereochemistry of the models was verified using MolProbity [84].

4.5. Fluorescence Quenching

The Kd value of purified SaSsbA was determined using the fluorescence quenching
method previously described for the DHOase [85] and DHPase [86,87]. Briefly, an aliquot of
the compound was added into the solution containing SaSsbA (1 μM) and 50 mM HEPES at
pH 7.0. SaSsbA displayed strong intrinsic fluorescence with a peak wavelength of 339 nm
when excited at 279 nm at 25 ◦C. The decrease in the intrinsic fluorescence of SaSsbA was
measured at 339 nm with a spectrofluorometer (Hitachi F-2700; Hitachi High-Technologies,
Japan). The Kd was obtained using the following equation: ΔF = ΔFmax − Kd(ΔF/[5-FU]).
Data points are an average of 2–3 determinations within a 10% error.
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4.6. MOE-Dock Analysis

The binding analysis of 5-FU to SaSsbA was carried out using MOE-Dock
(version 2019.0102) [73]. The binding capacity was also calculated using MOE-Dock. The
crystal structure of SaSsbA (PDB ID 5XGT) was used [45]. Before docking, any water molecules
present in the crystal structure were removed using MOE. To ensure accuracy, a 3D protonation
step followed by energy minimization was applied to add hydrogen atoms to the protein
structure. The binding modes were generated and predicted through the MOE-Dock tool and
visualized by PyMOL.

5. Conclusions

SsbA represents a captivating molecular apparatus that orchestrates a multitude of
indispensable processes vital for maintaining DNA integrity [88]. This study has revealed
SaSsbA’s hitherto unknown capability of binding to the anticancer drug 5-FU, thereby
expanding the roster of proteins within the 5-FU interactome to encompass this pivotal
DNA replication protein (Figure 6). In light of the results derived from mutational and
structural analyses, it became evident that SaSsbA’s mode of binding with 5-FU diverges
from that of SaSsbB (Figure 7). Given the insights offered by the glycerol and 5-FU binding
sites (Figures 3 and 4), our complexed SaSsbA structures underscore the likelihood that
several of these interactive residues could be suitable targets for drug interventions aimed
at inhibiting SaSsbA activity. This complexed structure also holds the potential to furnish
valuable comprehension regarding how 5-FU and its pyrimidine derivatives might bind
to and impede analogous OB-fold proteins in humans, particularly within cancer-related
signaling pathways [89]. Acknowledging the capacity of microbiota to influence the host’s
response to 5-FU, there emerges a pressing need for further research to revisit the roles that
bacterial and human SSBs play in the realm of anticancer therapy.
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Abstract: The doubled haploid (DH) technology is employed worldwide in various crop-breeding
programs, especially maize. Still, restoring tassel fertility is measured as one of the major restrictive
factors in producing DH lines. Colchicine, nitrous oxide, oryzalin, and amiprophosmethyl are
common chromosome-doubling agents that aid in developing viable diploids (2n) from sterile
haploids (n). Although colchicine is the most widely used polyploidy-inducing agent, it is highly
toxic to mammals and plants. Therefore, there is a dire need to explore natural, non-toxic, or low-
toxic cheaper and accessible substitutes with a higher survival and fertility rate. To the best of
our knowledge, the advanced usage of human anticancer drugs “Paclitaxel (PTX)” and “Caffeine–
Taurine (CAF–T)” for in vivo maize haploids doubling is being disclosed for the first time. These two
antimitotic and antimicrotubular agents (PTX and CAF–T) were assessed under various treatment
conditions compared to colchicine. As a result, the maximum actual doubling rates (ADR) for
PTX versus colchicine in maize haploid seedlings were 42.1% (400 M, 16 h treatment) versus 31.9%
(0.5 mM, 24 h treatment), respectively. In addition, the ADR in maize haploid seeds were CAF–T
20.0% (caffeine 2 g/L + taurine 12 g/L, 16 h), PTX 19.9% (100 μM, 24 h treatment), and colchicine
26.0% (2.0 mM, 8 h treatment). Moreover, the morphological and physiological by-effects in haploid
plants by PTX were significantly lower than colchicine. Hence, PTX and CAF–T are better alternatives
than the widely used traditional colchicine to improve chromosome-doubling in maize crop.

Keywords: maize haploid; chromosome doubling; paclitaxel; caffeine–taurine; colchicine; anticancer

1. Introduction

During the last century, the development of maize inbred lines relied on recurrent
selfing and selection to reach the desired level of homozygosity [1]. It requires six-to-
eight generations of selfing after crossing two parent lines. In contrast, the process of
double haploid (DH) line production involves generating haploids (by crossing female
source parent with an inducer) with only the gametic chromosomes, the identification
of haploids from diploids, and the doubling of the chromosomes in the haploids. As
a result, the DH line contains two sets of chromosomes that are exact replicas of each
other [2,3]. The DH technology facilitates the rapid attainment of genetically homozygous,
~99% pure inbred lines with distinctive characteristics, uniformity, and stability from
heterozygous germplasm in a single generation [4], which helps to achieve rapid varietal
registration and secure breeders’ property [5]. The DH technology has been widely adopted
as an effective alternative to conventional recurrent self-breeding. It is being used for
upkeeping germplasm, discovering the genetic diversity in maize, and expanding the
genetic base of exclusive top germplasm through novel variations [6–8]. During the
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development of conventional parental lines, plant breeders have to face different and
complex challenges of segregation, linked undesirable traits, uncontrolled morphological
variation, unpredicted traits, and an ambiguous selection of recessive unexpressed desired
traits. During DH line development, higher heritability and genetic variance facilitate
proper selection [5]. The DH technology overcomes obstacles during recurrent self-breeding
and provides an efficient, cheaper, timely, and less laborious substitute. Doubled haploids
achieved after doubling chromosomes are considered novel, highly uniform genotypes
because of homozygosity at all loci [9]. During the last decade, the DH technology opened
new avenues of research; for example, genetic engineering [10], marker-trait associated
studies [11], genomics and transformation target [12], genome mapping [13], valuation
of quantitative trait loci (QTL) × environmental interactions with precision [4], and QTL
mapping [14]. The foremost applied approaches used in breeding to develop DH lines
include androgenesis, wide hybridization, and gynogenesis [15].

Haploid plants are generally sterile [16], and their fertility can be restored sponta-
neously or/and by chromosomal doubling agents. Among popular chromosome dou-
bling agents, colchicine is preferred over nitrous oxide (N2O) and antimitotic herbicides,
such as benzamides (pronamide), dinitro–anilines (oryzalin and trifluralin), carbamates
(chlorpropham and isopropyl N-3-chlorophenyl carbamate), and phosphor–thioimidates
(aminoprophosmethyl/APM) due to its availability and well-developed protocols. These
herbicides stop mitosis and cell division, leading to chromosome doubling [17], like
colchicine [18,19]. In contrast, higher concentrations of trifluralin, APM, and oryzalin
revealed equal results of chromosome doubling by colchicine in wheat during in vitro
studies [9]. In maize, flufenacet, oryzalin, and trifluralin were assessed for double hap-
loid production in vitro [20] and in vivo [21], but found unimpressive in terms of the
combinations applied and concentrations used [22]. A high concentration of oryzalin
significantly decreased callus regeneration; whereas, at a low concentration, oryzalin has
been found ineffective regarding chromosome doubling [23]. Oryzalin had a lower survival
rate than colchicine and APM but had better chromosome doubling rates than colchicine
in maize [24]. Another alternative to colchicine developed by [25] employs N20, which is
considered a comparatively safe and effective alternative [22], but the cost of N20 pressure
chamber is relatively higher [25,26]. N20 exposure at 0.6 MPa (MegaPascal) on maize at
V3–V8 growth stage revealed even potential regarding the doubling of chromosomes, but
treatment of adult plants requires big chambers and pots for growth [26].

Colchicine is far more toxic than pronamide, trifluralin, N2O, APM, and
oryzalin [22,24,25], requiring careful handling and disposal [16,21]. “The reported oral
LD50 (lethal dose, 50%) values for pronamide range from 5620 to 8350 mg/kg, oryzalin
5000 (mg/kg), trifluralin >10,000 mg/kg, colchicine 5.8 mg/kg and APM 309 mg/kg in
rats. However, the LD50 for PTX solid dispersion stated 160 mg/kg, which is ~28 times
higher than colchicine.” Colchicine expresses low affinity with plant microtubules, which
means required in higher concentrations [27,28]. However, it has revealed a high affinity
with microtubules of vertebrates [17]. Recently, safer alternatives like N20 and anti-mitotic
herbicides with equal efficacy of doubling chromosomes to toxic colchicine have been
acknowledged. However, some basic limitations confine their usages, such as cost, avail-
ability, higher doses or concentrations, and unregistered sales, such as pronamide and APM
in most African and Asian countries, limit their easy accessibility. The availability of such
chemicals in high-quality pure grade is more expensive than colchicine and is limited [5].
No doubt these antimitotic herbicides (Pronamide, APM, trifluralin, and oryzalin) are
comparatively less toxic but do not meet the expectations to reduce the cost per DH line.
Paclitaxel (PTX) is an effective antineoplastic agent, originally extracted from the bark
of Taxus brevifolia. Although it was generally considered a particular metabolite of Taxus
spp., it was recently found in hazel cell cultures [27]. It is an intravenous injection to treat
several cancers, including breast, cervical, and ovarian. The World Health Organization
(WHO) has enlisted it among essential medicines due to its antitumor activity. According to
Tel-Aviv University Safety Unit issue “Standard Operating Procedure for Paclitaxel (Taxol)
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in Animals,” it is considered a cytotoxic drug with no set safety standards of exposure.
According to medical opinion, reducing exposure as much as possible is the best safety
approach. Due to its lower solubility in water, a formulation is prepared by dehydrated
ethanol (50:50, v/v) and cremophor EL, known as “Taxol” [27]. PTX is an antimitotic drug,
which interferes in the normal function of microtubules, defects in chromosome segregation,
spindle assembly, and cell division. Chromosomes do not achieve spindle configuration in
metaphase, block further progress in mitosis, prolong cell-programmed death, or reverse
the quiescent stage (G0) phase without cell division of the cell cycle. PTX with a functionary
mechanism primarily inhibits the dynamics of microtubule spindle, deoxyribonucleic acid
(DNA) repair, and control cell proliferation [29]. Microtubules consisting of two similar
polypeptides (α and β tubulin dimers) are the key component of the cytoskeleton and mi-
totic apparatus in eukaryotic cells [30]. PTX can selectively bind to the subunit β of tubulin
proteins and promote their polymerization and assembly. This polymerization consumes
intracellular tubulin, stops the function of the cell, averts the formation of the spindle,
causes profound mitotic arrest at G2/M phases, and eventually terminates mitosis [31]. It
is also known as a cytoskeletal drug, which targets tubulin. It stabilizes the microtubule
polymer and shields it from disassembly, whereas colchicine obstructs the microtubule
assembly. It has been found to suppress detachment of microtubules from centrosomes,
a normal process triggered during mitosis. In contrast to traditional anticancer drugs,
PTX neither affects the synthesis of DNA and ribonucleic acid (RNA) in cancer cells nor
damages DNA molecules [32].

Taurine is a non-essential amino acid containing sulfur called 2-amino-ethane-sulfonic
acid [33]. It is a beneficial anticancer agent that inhibits reactive oxygen species (ROS)
buildup in the tumor cells. It stops the advancement of cancer [34], maintains the concen-
tration of calcium and stability of membranes, and sustains the process of phosphoryla-
tion [35,36]. It stimulates tumor suppressors p53 and phosphatase and tensin homolog
(PTEN) [37]. Fluorescence studies revealed that taurine has a significant binding affinity
with cyclin-dependent kinase 6 (CDK6), which is connected with cyclin partner and initiates
a critical role in early phases of cancer development [38]. The muscle toxicities produced
during chemotherapy in cancer patients can be reduced by taurine [39]. Taurine has an
inhibitory concentration 50 (IC50) value equal to 4.44 μM and, according to an enzyme-
inhibition assay, is considered a good inhibitor to treat cancers directed by CDK6 [38]. The
supplemental taurine dose helps to protect C2C12 myoblasts against decreasing cell viabil-
ity and moderately conserve the myotube differentiation capability of cisplatin-impaired
myoblasts [39].

Caffeine can increase the early doubling of chromosomes and haploid plants, the
androgenic induction, and spontaneously produce fertile plants [40]. It can impact cell divi-
sion and phragmoplast microtubules during cytokinesis, observed by [41] in suspension-
cultured cells, BY-2, of tobacco (Nicotiana tabacum “Bright Yellow 2”). Caffeine did not
significantly affect the doubling of chromosomes in wheat anther culture. However, sev-
eral caffeine treatments reported a higher frequency of chromosomes doubled plants [40].
Therefore, we decided to assess the efficacy of caffeine in combination with taurine for a
higher chromosome doubling rate in our study.

Continuous efforts proceed to optimize cheaper, innovative, non-toxic, or less toxic
chemical agents to improve chromosome-doubling efficiency with higher survival rates
than colchicine. To meet this challenge, we designed an advanced study to explore the
ability of PTX and caffeine–taurine (CAF–T) to induce chromosome doubling in maize
haploids. A systematic approach was adopted, and multiple treatments with different
processing times were designed based on replicated field trials to study the chromosomal
doubling efficacy of PTX and CAF–T versus colchicine. Moreover, the impact of PTX versus
colchicine on the morphology and physiology of haploid plants was assessed and analyzed
through seed germination, photosynthetic pigments, plant and ear height, number of
silks/ears, and plant weight.
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2. Results

2.1. Experiment 1
Field Assessment-Based Comparative Efficiencies in Different Treatments of
PTX Application

Under different concentrations and processing periods, the survival rate (SR), doubling
rate (DR), and actual doubling rate (ADR) of PTX-treated haploid seeds and seedlings
were analyzed. In addition, anthers emergence rate (AER), partial fertility rate (PFR),
complete fertility rate (CFR), and total fertility rate (TFR) were also calculated based on
four different types of tassels (Figure 1A) usually observed in the DH nursery field. The
SRs were decreased with the increasing concentration and the processing time in both
treatments of the seed-soaking method (M1) and seedling-immersion method (M2). While
comparing the SR of seeds versus seedlings, M1 treatments (Figure 2A) were higher than
M2 treatments (Figure 2B), which concluded that both coleoptile and root tips were more
sensitive and affected by the chemical treatments. Hence, M1 is a better option than M2 to
achieve higher SR.

 

Figure 1. Paclitaxel (PTX) and Caffeine–Taurine (CAF-T) fertility and seed-setting efficacy. (A) Four
types of maize tassels (a) Sterile, (b) Pollenless anthers, (c) Partially fertile, and (d) Complete fertile
tassel in the DH field. (B) PTX-induced fertility (a) Anthers only, (b) Partial fertility, (c) Complete
fertility. (C) CAF–T-induced fertility (a) Anthers only, (b) Partial fertility, (c) Complete fertility.
(D) Effective pollen fertility induced by PTX. (E) Maximum DH seed quantity produced by (a) PTX
seedling inversion method (M2), (b) Colchicine M2, (c) CAF-T seed soaking method (M1), (d) PTX
M1, and (e) Standard colchicine treatment. (F) Effective pollen fertility induced by CAF-T.
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Figure 2. Paclitaxel (PTX) seed-soaking method (M1) versus seedling-immersion method (M2) efficacy.
(A) Seed SR (survival rate), (B) Seedling SR, (C) Seed DR (doubling rate), (D) Seedling DR, (E) Seed
ADR (actual doubling rate), (F) Seedling ADR, (G) Seed AER (anthers emergence rate), (H) Seedling
AER, (I) Seed PFR (partial fertility rate), (J) Seedling PFR, (K) Seed CFR (complete fertility rate),
(L) Seedling CFR, (M) Seed TFR (total fertility rate), (N) Seedling TFR. CK = control; this treatment
is identical to all other treatments, but PTX, Di-methyl Sulfoxide (DMSO), and tween-80 solution
were replaced by distilled deionized water (ddH2O). Different small letters on bars represent the
significant differences within the treatments calculated using Tukey’s HSD test at p ≤ 0.05. Vertical
bars on graphs indicate the standard error of the mean (n = 3).
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In all treatments of M1, the highest DRs induced by PTX were 19.8% and 21.2% in the
condition of 100 μM for 16 h and 24 h, respectively. However, both conditions for DR, ADR,
PFR, CFR, and TFR were determined to be non-significantly different to each other. The
M2 in PTX produced the highest DR of 54.3% and TFR of 75.2% in the condition of 400 μM
for 16 h, followed by another treatment that produced a DR of 46.9% and TFR of 59.4% in
the condition of 100 μM for 8 h. However, both conditions were statistically non-significant
regarding ADR (42.1% and 42.2%, respectively). While comparing both M1 versus M2, M2
is a better line not only to yield higher DR (Figure 2C,D) but also ADR, AER, PFR, CFR,
and TFR than M1 (Figure 2E–N). AER, PFR, and CFR induced by PTX were photographed
(Figure 1B). The pollen fertility induced by PTX in haploid plants is shown in Figure 1D.

2.2. Experiment 2
2.2.1. Field Assessment-Based Comparative Efficiencies in Different Treatments of
CAF-T Application

In Experiment 2, using different treatments and processing times, CAF–T application
to maize haploid seeds was assessed through SR, DR, ADR, AER, PFR, CFR, and TFR
(Figure 3A–G). The highest DR and TFR produced were 20.9% and 28.1%, respectively, in
caffeine 2 g/L + taurine 12 g/L for 16 h (Figure 3B,G). However, the SR revealed by this
treatment was 95.8% (Figure 3A), disclosing non-significant difference with control (CK).
The SRs decreased non-significantly with the increasing concentration and the processing
time in T1–T6 (except T5) of CAF–T versus CK. Hence, CAF–T disclosed its safe use for
maize seeds. CAF–T did not show doubling efficiency in treatments of 4 g and 6 g, 16 h
and all 24 h treatments (Figure 3B). However, AER was higher than doubling treatments
(T1–T6) (Figure 3D), which might reveal the impact of higher concentrations of CAF–T and
longer time exposure. AER, PFR, and CFR induced by CAF–T are displayed in Figure 1C.
The pollen fertility induced by CAF–T in haploid plants is shown in Figure 1F.

2.2.2. Field Assessment-Based Comparative Efficiencies in Different Treatments of
Colchicine Application

Two treatment methods, i.e., M1 and M2, were employed using different colchicine
concentrations and processing time to calculate SR, DR, ADR, AER, PFR, CFR, and TFR
(Figure 4A–N). In M1 and M2, the survival rates decreased with the increasing concentration
and processing time. However, M1 treatments revealed higher SR than M2 treatments
(Figure 4A,B). In M1, the highest DR induced by colchicine was 29.6%, with SR 87.7% in
the condition of 2.0 mM for 8 h treatment, disclosing ADR 26.0% (Figure 4E).

In M2, the highest DR induced by colchicine was calculated 43.8% with SR 72.9% in the
condition of 0.5 mM for 24 h treatment (Figure 4B,D), revealing ADR 31.9%
(Figure 4F). Hence, M2 was found to be better than M1. Another treatment of M2 in
the condition of 2.0 mM for 8 h revealed the highest AER and TFR 35.9% and 62.1%, respec-
tively (Figure 4H,N) among all treatments. However, DR was only 26.2%, indicating the
impact of sectoral diploidization.

2.3. Comparative DH Seed Quantity Produced by PTX, CAF-T versus Colchicine

In addition to fertility rates, the number of seeds on DH ears subsequent from each
treatment was widely variable (Supplementary Tables S1 and S2). Mostly plants produced
≤ 5 seeds/ear. However, maximum number of seeds produced by PTX (M2), colchicine
(M2), and CAF–T (M1) were counted as 115 (800 μM, 16 h), 95 (0.5 mM, 16 h), and 38
(1 g/L, 16 h), respectively (Figure 1E(a–c)). The following treatments of M1 treated by
PTX produced 7 seeds (100 μM, 16 h), 13 seeds (100 μM, 24 h), 52 seeds (200 μM, 16 h),
and 53 seeds (400 μM, 24 h; Figure 1E(d)) as well. Hence, PTX and CAF–T produced a
comparatively higher seed count than standard colchicine treatment M2 (1.5 mM, 8 h) [16,
42], which produced 21 seeds (Figure 1E(e)).

92



Int. J. Mol. Sci. 2023, 24, 14659

Figure 3. Caffeine–Taurine (CAF–T) seed-soaking method efficacy. (A) Seed SR (survival rate),
(B) Seed DR (doubling rate), (C) Seed ADR (actual doubling rate), (D) Seed AER (anthers emergence
rate), (E) Seed PFR (partial fertility rate), (F) Seed CFR (complete fertility rate), (G) Seed TFR (total
fertility rate). CK = control; this treatment is identical to all other treatments, but distilled deionized
water (ddH2O) replaced CAF–T and Di-methyl Sulfoxide (DMSO) solution. Different small letters on
bars represent the significant differences within the treatments calculated using Tukey’s HSD test at
p ≤ 0.05. Vertical bars on graphs indicate the standard deviation of the mean (n = 3).

93



Int. J. Mol. Sci. 2023, 24, 14659

 

Figure 4. Colchicine seed-soaking method (M1) versus seedling-immersion method (M2) efficacy.
(A) Seed SR (survival rate), (B) Seedling SR, (C) Seed DR (doubling rate), (D) Seedling DR, (E) Seed
ADR (actual doubling rate), (F) Seedling ADR, (G) Seed AER (anthers emergence rate), (H) Seedling
AER, (I) Seed PFR (partial fertility rate), (J) Seedling PFR, (K) Seed CFR (complete fertility rate),
(L) Seedling CFR, (M) Seed TFR (total fertility rate), (N) Seedling TFR. CK = control; this treatment is
identical to all other treatments, but distilled deionized water (ddH2O) replaced colchicine and Di-
methyl Sulfoxide (DMSO) solution. Different small letters on bars represent the significant differences
within the treatments calculated using Tukey’s HSD test at p ≤ 0.05. Vertical bars on graphs indicate
the standard error of the mean (n = 3).
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2.4. Experiment 4
Large-Scale (LS) Field Efficacy-Based Comparative Studies for Validation of the Best
Treatment of PTX for DH Production Pipeline

To establish the efficacy of PTX versus colchicine, 1478 putative haploid seedlings
from two populations were used in this experiment. PTX treatment presented consistent
and significantly better SR, ADR, and TFR in both genotypes as compared to colchicine
treatment (Figure 5A,B). However, DR and CFR were significantly higher in PTX than
colchicine, and AER was significantly lower in PTX than colchicine in variety 1 (V1). The
CFR in colchicine treatment was significantly higher than PTX, but AER presented by PTX
treatment was significantly higher than standard colchicine treatment in variety 2 (V2).
However, DR was non-significantly different in both PTX and colchicine in V2.

Figure 5. Large-scale efficacy comparison between Paclitaxel (PTX) versus colchicine (COL) of two
maize genotypes. (A) V1 and (B) V2. SR (survival rate), DR (doubling rate), ADR (actual doubling
rate), AER (anthers emergence rate), PFR (partial fertility rate), CFR (complete fertility rate), and
TFR (total fertility rate). CK = control; this treatment is identical to all other treatments, but distilled
deionized water (ddH2O) replaced PTX, colchicine, tween-80, and Di-methyl Sulfoxide (DMSO)
solution. Different small letters on bars represent the significant differences within the treatments
calculated using Tukey’s HSD test at p ≤ 0.05. Vertical bars on graphs indicate the standard error of
the mean (n = 3).
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2.5. Experiment 5
2.5.1. Morphological Studies
Comparative Plant and Ear Height of Treated Maize Plants by PTX versus Colchicine
and CK

The plant and ear height were significantly lower for both PTX and colchicine than
CK in both the genotypes. However, PTX treatment was significantly better than colchicine
treatment for both plant and ear height (Figures 6A and 7A,B). Colchicine-treated seedlings
exhibited delayed growth compared to PTX.

Comparative Silks Number/Ear Treated by PTX versus Colchicine and CK

The number of silks/ears was significantly lower for both PTX and colchicine than
CK treatment in both genotypes. However, PTX treatment was significantly better than
colchicine treatment for the number of silk/ear (Figures 6B and 7C), which helps infer that
PTX lower toxicity than colchicine will ensure a greater number of D0 seeds as proved
above as well (Figure 1E). The count of silks per ear for 20 plants ranged between 220 and
255, 190 and 225, and 252 and 280 for PTX, colchicine, and CK, respectively, for V1. The
count of silks per ear for 20 plants ranged between 227 and 270, 175 and 236, and 263 and
320 for PTX, colchicine, and CK, respectively, for V2 (Supplementary Tables S3 and S4).

 
Figure 6. Comparative impact of paclitaxel (PTX) versus colchicine on the morphology of hap-
loid maize plants. (A) Impact on plant and ear height; Scale = 85 cm. (a) CK (control), (b) PTX,
(c) Colchicine. (B) Impact on silks number/ear (a) CK, (b) PTX, (c) Colchicine. (C) Root Growth
(a) CK, (b) PTX, (c) colchicine; scale = 15 cm.

Comparative Plant Weight and Root Growth Treated by PTX versus Colchicine and CK

Our experiment measured plant weight significantly less for PTX and colchicine than
CK in both genotypes. However, PTX treatment was significantly better than colchicine
treatment for plant weight (Figure 7D), which helps to deduce that PTX produced fewer
toxic effects on plant growth. Plant weight measurements per plant ranged between 95.52
and 110.11 g, 63.92 and 85.56 g, and 129.95 and 147.54 g for PTX, colchicine, and CK,
respectively, for Genotype V1. Plant weight measurements per plant ranged between
116.40 and 130.74 gm, 97.520 and 107.62 gm, and 140.12 and 160.24 gm for PTX, colchicine,
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and CK, respectively, for Genotype V2 (Supplementary Tables S5 and S6). Moreover, root
growth was better for PTX than colchicine (Figure 6C).

2.5.2. Physiological Studies
Comparative Photosynthetic Pigments of Treated Seedlings by PTX versus Colchicine
and CK

The chlorophyll a (Chla), chlorophyll b (Chlb), total chlorophyll (ChlT), and carotenoid
(Cx) contents were significantly lower for both PTX and colchicine than CK in both the
genotypes. However, PTX treatment was significantly better than colchicine treatment for
Chla, Chlb, ChlT (Figure 7E,F), and Cx (Figure 7G).

Comparative Germination (%) Impact on Treated Seeds by PTX, CAF–T versus Colchicine

Moreover, to SR, we studied the effects of PTX and CAF–T versus colchicine on seed
germination. However, the impact of colchicine on treated haploid maize seeds has not
been reported. We selected the induced genotype (GO927 × 986) with Stock 6 inducer for
this experiment because of its higher germination of about 97%.

1. Germination (%) Impact on Treated Seeds by PTX
Across all treatments (T1 to T12) of PTX, germination percentage decreased with

increasing concentrations and processing time (Figure 8A). PTX-treated seed germination
percentage was found to range from 95.7% to 86.8% across all respective seed-soaked
treatments. PTX showed a non-significant effect on seed germination percentage from
T1–T6 versus CK.

2. Germination (%) Impact on Treated Seeds by CAF–T

CAF–T-treated seed germination percentage was found between 96.2% and 77.8%
across all respective seed-soaked treatments. CAF–T exhibited a non-significant impact on
seed germination percentages on T1 and T2 versus CK (Figure 8B).

3. Germination (%) Impact on Treated Seeds by Colchicine

The colchicine-treated seed germination percentage ranged from 90.8% to 80.5% across
all respective seed-soaked treatments (Figure 8C). In contrast, no colchicine treatment
showed a non-significant effect versus CK; therefore, colchicine proved its more toxic
effects on seed germination.

In conclusion, PTX revealed a lesser impact on seeds germination percentage ver-
sus colchicine.

2.6. Experiment 6

This experiment aimed to validate the chromosomes doubling induced by PTX and
CAF–T in the field studies through the microscope.

2.6.1. PTX Induced Chromosome Doubling Signals Detected by Fluorescence in Situ
Hybridization (FISH) Using Knob-2 as Probe
PTX Induced Chromosome Doubling by Seed-Soaking Method (M1)

The M1 revealed DR ranging from 60% to 80% across all treatments of PTX based on
chromosome doubling count under the microscope using root tip cells.

Maximum DR in M1 achieved 80% by these treatments, i.e., PTX 800 μM 16 h, 24 h,
and 48 h: PTX 200 μM 48 h (Figure 9A).

PTX-Induced Chromosome Doubling by Root-Immersion Method (M3)

The M3 showed DR ranging from 56.7% to 70.0% across all treatments of PTX. A
maximum DR (70%) was achieved through M3 at concentrations of PTX 400 μM and
800 μM for 16 h (Figure 9B).

In conclusion, M1 exhibited better frequency and DR than M3. In addition, we noticed
48 h treatments were not exceptionally better than 24 h treatments both in M1 and M3.
Therefore, it helps deduce that 48 h treatments cannot improve DR further but decrease SR.
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The CK treatment showed a spontaneous doubling ratio of about 3%. Hence, PTX proved
effective in doubling chromosomes, as shown in Figure 10A,B.

Figure 7. Comparative impact of paclitaxel (PTX) versus colchicine on morphology and physiology
of haploid maize plants. (A) Plant height, (B) Ear height, (C) Number of silks/ears, (D) Plant weight,
(E) Chlorophyll a (Chla), Chlorophyll b (Chlb), and total chlorophyll (ChlT)—variety 1 (V1), (F) Chla,
Chlb and ChlT—variety 2 (V2), (G) Carotenoid contents. COL = colchicine; CK = control; this treatment
is identical to all other treatments, but distilled deionized water (ddH2O) replaced PTX, colchicine,
tween-80, and Di-methyl Sulfoxide (DMSO) solution. Different small letters on bars represent the
significant differences within the treatments calculated using Tukey’s HSD test at p ≤ 0.05. Vertical
bars on graphs indicate the standard error of the mean (n = 3 or n = 4).
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2.7. Experiment 7
2.7.1. CAF–T-Induced Chromosome-Doubling Signals Detected by FISH Using Knob-2
as Probe
CAF–T-Induced Chromosome Doubling by Seed-Soaking Method (M1)

The M1 revealed DR ranging from 53.3% to 86.7% across all treatments of CAF–T based
on chromosome doubling count under the microscope using root tip cells. The maximum
DR in M1 was achieved at 86.7% by caffeine 2 g/L + taurine 12 g/L, 16 h (Figure 9C).

CAF–T-Induced Chromosome Doubling by Root-Immersion Method (M3)

The M3 disclosed DR ranging from 33.3% to 53.3% across all treatments of CAF–T.
The maximum DR (53.3%) was achieved by M3 at a concentration of caffeine at 2 g/L and
taurine at 12 g/L for 8 h; caffeine at 6 g/L and taurine at 36 g/L for 8 h; caffeine at 4 g/L
and taurine at 24 g/L for 24 h; caffeine at 6 g/L and taurine at 36 g/L for 24 h; no further
increases in ratios were observed (Figure 9D).

In conclusion, CAF–T-based M1 exhibited better frequency and DR than M3. In
addition, we observed that 48 h treatments cannot improve DR further but decrease SR.
Hence, CAF–T verified its efficacy in doubling chromosomes, as shown in Figure 10C.

Figure 8. Comparative impact of paclitaxel (PTX), caffeine–taurine (CAF–T), and colchicine on seed
germination with different concentrations and treatment time. (A) PTX impact on seed germination;
(B) CAF–T impact on seed germination; (C) Colchicine impact on seed germination. CK = control;
this treatment is identical to all other treatments, but distilled deionized water (ddH2O) replaced
PTX, colchicine, tween-80, and di-methyl Sulfoxide (DMSO) solution. Different small letters on
bars represent the significant differences within the treatments calculated using Tukey’s HSD test at
p ≤ 0.05. Vertical bars on graphs indicate the standard error of the mean (n = 3 or n = 4).
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Figure 9. Confirmation of chromosome-doubling ratio (DR) under microscope induced by paclitaxel
(PTX) and caffeine–taurine (CAF–T). (A) PTX-treated seeds; (B) PTX-treated seedlings (roots only);
(C) CAF–T-treated seeds; (D) CAF–T-treated seedlings (roots only). CK = control; this treatment is
identical to all other treatments, but distilled deionized water (ddH2O) replaced PTX, colchicine,
tween-80, and Di-methyl Sulfoxide (DMSO) solution.

Figure 10. Fluorescence in situ hybridization (FISH) using knob-2 probe to detect chromosomal
doubling signals induced by paclitaxel (PTX) and caffeine–taurine (CAF–T). (A) PTX-induced chro-
mosomes doubled in the treated seed; (B) PTX-induced chromosomes doubled in treated seedling
(roots only); (C) CAF–T-induced chromosomes doubled in the treated seed; (D) Diploid cells; (H) Hap-
loid cells; (a) DAPI (4’,6-diamidino-2-phenylindole) (Vector) (blue); (b) Knob-2 (green); (c) Gypsy
(red); (d) Merger of a, b, and c.
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3. Discussion

No standard set criteria are used to assess chromosomal doubling agents’ efficacy.
Some studies were based on the microscopic chromosomal count [43], several results were
established on the basis of seed production [5,44], many experiments were based on flow
cytometry [24], and numerous researchers considered pollen production [45] as an indicator
of successful chromosome doubling. We generated results based on field evaluation and
assessment, as well as further confirmation through the microscope. Most researchers
did not bother about the mortality of treated plants with toxic chemicals. However, [46]
suggested three parameters named survival rate (SR), reproduction rate (RR), and overall
success rate (OSR). Basically, to determine the efficacy of chromosome doubling agent and
to achieve economically cheaper DH lines, two or three basic parameters are required, i.e.,
SR, fertility rate, and/or seed setting. Naturally, the haploid plants are weak and prone to
several abiotic and biotic stresses [47]. The poor seed setting due to any biotic and abiotic
factors, such as disease, temperature/heat, sunlight, irrigation, or rainfall, etc., can impact
the efficacy of the chemical agent. Hence, we concentrated on two basic parameters, i.e.,
the SR and fertility rate, which determine the ADR = SR × DR. The OSR suggested by [46],
and the ADR indicated by [24], are similar but differ in that OSR is based on survival and
seed production, whereas ADR is based on survival and fertility. To assess the fertility and
efficacy of chemical agents, we further divided the fertility rate into AER, PFR, and CFR.
According to [48,49], AER is an effective parameter to determine fertility in haploids, but
pollen-less anthers cannot pollinate. However, it can be considered as these plants have
a potential probability of being fertile, but this might be due to genotypic or treatment
effects that could not double all chromosomes. TFR predicts the success probability or
potential of any treatment that might be underrated due to genotypic impact, treatment,
and spontaneous chromosomal doubling. The genotypic influence [48] and spontaneous
chromosomal doubling [50–52] impact on the efficacy of artificially induced chromosome
doubling have been reported.

In our experiments, the CAF–T-based M1 disclosed SR ranges from 80.4% to 99%
across all treatments. The PTX-based M1 and M2 showed SR ranges from 73.4% to 98.5%
and 56.4% to 90.1%, respectively, whereas colchicine-based M1 and M2 revealed SR varies
from 69% to 90.8% and 29% to 82.6%, respectively, across all treatments. After treatment
with colchicine, the established seedlings can be only 40 to 80%, in which 10–30% diploids
or false positives may be observed in the field [53]. The higher SR of PTX-treated maize
seedlings revealed weaker inhibitory action of PTX than colchicine. Colchicine has a toxic
effect that depends upon the germplasm’s background and the treatment method/process,
leading to the loss of many treated seedlings during chromosomal doubling. In conclusion,
M1 proved better SR than M2 in our studies and endorsed [24]. The CAF–T disclosed the
highest SR and declared it the safest chromosome-doubling chemical for maize haploid
seeds compared to PTX and colchicine.

The spontaneous doubling rate was 1.4% in Experiments 1, 2, and 3, which was very
low and almost equal to the reported 1.5% [24]. However, germplasm used in Experiments
4, 6, and 7 revealed a spontaneous doubling rate of 3.1% (V1, Exp. 4), 5% (V2, Exp. 4), and
3.3% (Exp. 6 and 7), which was significantly much lower in CK than treated treatments
by PTX, colchicine, and CAF–T. Spontaneous fertile plants from diverse maize germplasm
groups revealed DR ranging from 0 to 16.7% in Iodent heterotic groups, Lancaster, and
intra-pool crosses from Stiff Stalk [48]. The spontaneous fertility depends upon the maize
genotypes [48,50,53].

Overall, M2 was more effective than M1 in achieving higher DR in our field exper-
iments because many stem cells were exposed to chemical treatments leading to tassel
fertility. M2 also proved better in tetraploids than M1 [54]. However, M1 was observed
to be more effective in Experiments 6 and 7 than M3 because a considerable number of
seed cells are in the phase of mitosis [24]. The difference in results of field experiments
1 and 2 versus microscopic experiments 6 and 7 is based on two reasons: seeds of two
different genotypes were used in these experiments, and, in the microscopic Experiments 6
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and 7, root cells were studied under the microscope. The comparative study of M2 versus
M3 using antimitotic herbicides [21,46] and colchicine revealed poor success for M3 in
field experiments [19,55,56]. Both immersions of roots and crown region exposing the
shoot apical meristem cells were recorded as being more successful in achieving a higher
OSR [5]. In our Experiments 1 and 3, overall, M1 revealed poor results compared to M2,
similar to the studies conducted by [25,46]. Chalyk [45] also reported no fertility using M1.
Successful colchicine treatment depends on exposure time, concentration, and contact with
meristematic cells [54].

In M1, PTX, colchicine, and CAF–T exhibited an AER range from 4.9% to 16.6%, 4.7%
to 32.8%, and 4.5% to 12.4% across all treatments. In M2-based experiments, PTX and
colchicine displayed AER range from 5.9% to 28.7% and 7.8% to 35.9%, respectively, across
all treatments. In diverse China and US germplasm, the reported AER with significant
genetic variance varied from 9.8 to 89.8%. [51].

In the LS field efficacy-validation experiment, PTX and colchicine-treated maize
seedlings showed an ADR of 37.7% and 19.2%, respectively, in V1, 20% and 14.5%, re-
spectively, in V2, whereas [24] reported 20.64% of ADR by colchicine. The DR and AER are
inversely proportional to each other in both genotypes because if DR is higher, AER may
be reduced. However, if AER is higher, DR may be lower due to sectoral diploidization.
According to [53], colchicine treatment may or may not ensure that all cells’ chromosomes
are doubled, which is known as sectoral diploidization. The sectoral diploidization effect
varies from genotype to genotype and colchicine application.

Haploid plant tassels cover a wide range of fertility, from one or two anthers shedding
pollen to the complete tassel [22]. Therefore, we divided the fertility or DR into two types,
i.e., PFR and CFR, to assess the doubling efficacy of the chemical agents. In LS, PTX showed
PFR and CFR 29.4% and 24.5%, respectively; in V1, 16.6% and 11.2%, respectively, in
V2, whereas colchicine showed PFR and CFR 17.1% and 20.7%, respectively, in V1, and
13.9% and 16.5%, respectively, in V2. Hence, PTX showed more CFR in V1 as compared to
colchicine. There is a probability that 0–40% of colchicine-treated plants can have both silks
and the ability to produce pollen (DR) for successful pollination among the remaining true
haploids [53]. In Experiments 1 and 3, PTX and colchicine based M2 showed a maximum of
DR 54.3% and 43.8%, respectively. In LS, PTX and colchicine showed DR 53.9% and 37.8%
in V1, respectively, whereas PTX and colchicine-treated seedlings showed DR 27.8% and
30.4% in V2, respectively. Next, [24] calculated the highest doubling rate of 29.7% using
colchicine, whereas it was reported in the same publication the colchicine chromosome
doubling rates by studies of Wen’s and Liu’s 48.35% and 23.0%, respectively.

Colchicine, PTX, and CAF–T-treated M1 revealed a maximum DR of 21.2%, 29.6%,
(0.08% for colchicine concentration for 8 h), and 20.9%, respectively, but colchicine induced
18% of DR at 0.06% colchicine for 12 h treatment [57–60]. CAF–T did not show doubling
efficiency in treatments of 4 g and 6 g, as well as for 16 h and all 24 h treatments, which
might reveal the impact of higher concentrations of CAF–T and longer time exposure. In
addition, Ref. [61] also suggested caffeine as a fertility-inducing agent by root dipping of
wheat with best-achieved results at the application of 3 g/L for 24 h.

PTX and CAF–T produced comparatively higher seed counts than colchicine. Accord-
ing to [53], only 30–50% of colchicine-treated haploid plants produce seeds. Another fact is
that plants treated with chromosome-doubling chemicals like colchicine produced fewer
seeds than spontaneously doubled haploid plants [62]. Toxic chemicals like colchicine
further stress weak haploid plants [22]. Hence, we can conclude that bio-safe or less toxic
chemicals are suitable for a higher seed setting as in our experiment PTX, and CAF–T
produced more seeds per D1 ear. D1 ears’ ability to produce seeds varies widely. However,
on average, four seeds per D1 ear by colchicine have been reported [48]. At CIMMYT,
according to unpublished data, 40–60% of the D0 plants treated by colchicine produced
more than 25 seed grains depending on the season, whereas the rest exhibited poor seed
setting [22].
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The colchicine effects on the morphology and physiology of treated maize haploid
seeds or seedlings have not been reported. However, only SR of both maize haploid seeds
and seedlings have been widely reported. In addition to SR, PTX unveiled less impact
on seeds germination percentages as compared to colchicine. Severe effects of different
colchicine concentrations were also reported in Phlox drummondi [63]. In Prunella vulgaris
and Dendrocalumus brandisii, a higher colchicine concentration with longer processing times
decreased the germination of seeds [64,65]. Colchicine-treated okra seeds’ germination
was calculated 79.3%, which is significantly lower than untreated plants at 94.8% [66]. We
found PTX treatment to be better than colchicine for plant weight, the number of silks/ear,
and plant and ear height in both the genotypes. Then, Ref. [67] studied the impact of
colchicine on plant height in Jimsonweed (Datura stramonium L.), which decreased linearly
by increasing incubation time and the concentration of colchicine. A decrease in plant height
in Abelmoschus esculentusalso (okra) and Phlox drummondi was measured due to colchicine
effects [63,66]. Colchicine disclosed more adverse effects on the growth of seedlings than
on root growth and seed germination in Dendrocalumus brandisii. Comparatively, colchicine
revealed more negative effects regarding the degradation of sucrose than starch during the
germination of seeds and seedling growth [65].

Chlorophyll is the most essential pigment for photosynthesis because it largely de-
termines the process’s capacity and plant growth. The ChlT directly impacts the plants’
photosynthesis capacity [68]. The carotenoids have three considerable roles in photo-
synthesis: (a) A pigment to harvest accessory light, (b) Wavelengths range extension to
facilitate light for the photosynthetic process, (c) Protection of achlorophyllous pigments
from photo-destructive reaction [69]. Damage in chlorophyll and carotenoid contents de-
creases the efficacy of plants. Therefore, PTX damage to chlorophyll and carotenoids were
significantly lesser than toxic colchicine in our study. Single-Stranded Oligonucleotides
(SSONs) serve as probes that are a popular method for chromosome detection, painting,
and identification [70] because of their versatility, high resolution, sensitivity, and cost
effectivity [71]. SSON probes are used after labelling with detectable stable signals, and
in our experiments, these signals confirmed the efficacy of PTX and CAF–T regarding the
doubling of chromosomes.

4. Materials and Methods

4.1. Germplasm, Chemicals, Instruments and Experimental Locations

Maize haploids seeds were produced at the College of Agriculture, Guizhou University
(26◦25′21′′ N, 106◦40′09′′ E), China. Haploid seeds were separated visually from diploids
by an R1–nj anthocyanin marker expression on kernels. The required sample sizes were
obtained from 16,400 putative haploid seeds for all experiments in this embodiment. The
details of genotypes and experimental locations are demonstrated in Table S7.

All treatments were replicated thrice in Experiments 1, 2, and 3. Each replication has
an average of 70 putative haploids—some treatments have more than 70 seeds/seedlings to
ensure equal stand with lower-dosed treatments because higher doses affect plant stands.
All three replications of each treatment were blocked in a randomized complete block
design (RCBD), including Experiment 4. PTX was purchased from Peptide Biotechnology
Co. Ltd., Xi’an, China, CAF–T from BANNY DEER at Wuhan East–Lake High Tech Region,
China, and colchicine (98%) from Shanghai Macklin Biochemical Co. Ltd., Shanghai
Chemical Industry Park, Shanghai, China. MAPADA P1 UV–Visible Spectrophotometer
was purchased from Shanghai Mapada Instruments Co., Ltd. Shanghai, China.

4.2. Treatments & Concentrations
4.2.1. Experiment 1

The putative maize haploid seeds and seedlings (including roots and stem) were
treated with PTX at 28 ◦C for 8, 16, and 24 h. The stock solution concentrations of PTX
were used for chromosomal doubling, including 100 μM (0.085 g/L), 200 μM (0.170 g/L),
400 μM (0.341 g/L), and 800 μM (0.682 g/L). PTX is highly lipophilic and has a poor water
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solubility of less than 0.1 μg/mL, seriously affecting its bioavailability [72]. The method
adopted to make PTX soluble was suggested by [73], with a surfactant tween-80 at the ratio
of 1:3 diluted in required volume in addition to 2% DMSO (same for each treatment) as a
penetrating agent; this was adjusted by distilled deionized water (ddH2O).

4.2.2. Experiment 2

The putative maize haploid seeds were soaked in CAF–T at 28 ◦C for 8, 16, and 24 h.
The concentrations of CAF–T were used for chromosomal doubling, including caffeine at
1 g/L and taurine at 6 g/L, caffeine at 2 g/L and taurine at 12 g/L, caffeine at 4 g/L and
taurine at 24 g/L, and caffeine at 6 g/L and taurine at 36 g/L, with 0.1% DMSO, which
was adjusted by ddH2O.

4.2.3. Experiment 3

The putative maize haploid seeds and seedlings (including roots and stem) were
treated with colchicine at 28 ◦C for 8, 16, and 24 h. The different concentrations of colchicine
were used for chromosome doubling, including 0.5 mM (0.2 g/L), 1 mM (0.4 g/L), 1.5 mM
(0.6 g/L), and 2 mM (0.8 g/L) [24] with 0.1% of DMSO, which was adjusted by ddH2O.

4.2.4. Experiments 4 and 5

LS field efficacy-based comparative study was designed to further authenticate the
best treatment (concluded in Experiment 1) of the new chemical, i.e., PTX (400μM and
2% of DMSO and 1.02 mL/L of tween-80 for 16 h). The morphological and physiological
measurements were also taken. The putative maize haploid seedlings from two populations,
i.e., V1 and V2, were used to compare PTX with colchicine treatment (2 mM and 0.1% of
DMSO for 8 h treatment) as the best treatment in Experiment 3 regarding TFR and also
suggested by [5] and control (ddH2O).

4.2.5. Experiments 6 and 7

To verify the doubling of chromosomes under the microscope, the same concentrations
of PTX and CAF–T (see Section 4.2.1) were used for seed soaking and root immersion for 8,
16, 24, and 48 h.

4.3. Methods
4.3.1. Seed-Soaking (Method 1/M1)

The putative maize haploid seeds were first soaked in ddH2O for 6 h at 28 ◦C, and
then soaked in three chemical agents, i.e., PTX, CAF–T, and colchicine for 8, 16, and 24 h at
28 ◦C. After chemical treatments, seeds were rinsed with ddH2O for 30 min and shifted
on a wet germination paper in an incubator with a maintained temperature of 28 ◦C [24].
Afterwards, the seedlings of 1–1.5 cm in length were transferred to trays.

4.3.2. Seedling-Immersion (Method 2/M2)

This protocol is a “standard seedling-immersion method” defined in the 1990s [19,43].
The putative maize haploid seeds were soaked in ddH2O at 28 ◦C for 6 h and shifted on
a moist germination paper for 72–96 h in an incubator temperature maintained at 28 ◦C
for germination. When the roots achieved their length up to 1 cm, a 28 ◦C temperature
decreased to 24 ◦C in demand to make shoots grow. When shoots’ sizes increased up to
2 cm, the coleoptiles’ top 2–3 mm [24] and roots above 2 cm [53] were cut and dipped in
distilled water for 30 min for stress recovery. Then, these seedlings were immersed in PTX
and colchicine for 8, 16, and 24 h at 28 ◦C. Later, they were rinsed well, soaked in ddH2O
for 30 min, and then shifted into trays for growing in the greenhouse.

4.3.3. Root-Immersion (Method 3/M3)

We followed the protocol of root immersion as suggested by [24]. The roots were
immersed in the agents (PTX and CAF–T) for 8, 16, 24, and 48 h. Thirty seeds and seedlings
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(roots only) were treated to confirm the efficacy of each treatment under the microscope
using Knob-2 probe.

4.3.4. Acclimatization of Seedlings in Greenhouse and Transplanting in Field

After respective treatments, seedlings were transplanted into trays filled with suitable
soil composition, sand, peat, and compost with pH 6 to 6.5. Treated seedlings were
grown in a greenhouse for 15 h of photoperiod during the day and maintained at about
26–28 ◦C and 24–28 ◦C at night. Nutrients and water were provided on a regular need basis.
Gradually transferring the seedlings from lower light intensity to higher light intensity and
higher-to-lower humidity helped acclimate the treated seedlings [9].

When survived seedlings achieved V2 leaf stage [5] more or less after 15 days (depend-
ing upon growth), they were transplanted [42,53] in the well-ploughed and prepared field.
Transferring treated seedlings from the greenhouse to the field at V2 was a cautious and
delicate process. Survived seedlings’ frequency mainly depends upon the treatment with
chromosomal doubling agents and on growing condition, medium, genetic effect, tech-
nical equipment, and human skills [9]. The chimeric and weak maize seedlings required
much-needed special care and attention, but these seedlings were not found to be useful.
As a rule, these seedlings degenerated and did not survive in the greenhouse and field.
Losses of seedlings lead due to hardening of seedlings [9]. The survived seedlings were
grown to harvest and provided the best agronomy as recommended by [53]. Haploid plants
are commonly weak [47], and chemical treatments enforce further stress. Therefore, they
were handled with extreme care during and after chemical treatments and transplanting
to harvesting. Pollen-producing plants were self-pollinated, and harvested seeds were
visually observed at plant maturity for the marker (should have no marker color) to identify
them as double haploids.

4.3.5. Experiments 6 and 7

The knob-2 probe used in our experiment was developed from tandem repeats of
plasmid clones. The 180-base pair (bp) knob sequence was obtained by dividing the 180 bp
knob sequence into three non-overlapping parts, each containing 59 nucleotides, and then
modifying the 5’ ends with fluorescein amidites (FAM). The knob-2 probe sequence and
maize chromosomes were prepared according to the protocol provided by [70]. This is the
knob-2 probe sequence:

GAAGGCTAACACCTACGGATTTTTGACCAAGAAATGGTCTCCACCAGAAATCC
AAAAAT

The fluorescence in situ hybridization (FISH) procedure was followed as described
by [74].

4.4. Assessment Methodology and Data Collection Procedure
4.4.1. Experiments 1–4

In Experiments 1–4, the following parameters were documented: (a) Number of
seeds or seedlings treated; (b) Germination percentage; (c) Number of survived Do plants
at pollination; (d) Count of Do plants showed anthers only; (e) Sum of Do plants that
exhibited partial fertility; (f) Number of plants presented complete fertility; (g) Number of
false/wrong diploid plants; (h) Number of haploid plants. The following calculations were
made in Experiments 1–4 and expressed in percentages (%).

1. Survival rate (SR) = count of survived plants at pollination/number of seedlings
treated × 100 [46];

2. Doubling rate (DR) = sum of plants showed partial and/or complete fertility/count
of haploid survived plants at pollination × 100;

3. Actual doubling rate (ADR) = SR × DR/100 [24];
4. Anthers emergence rate (AER) = number of plants showed anthers only/number of

haploid plants survived at pollination × 100 [48,49];
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5. Partial fertility rate (PFR) = number of plants that exhibited partial fertility/number
of haploid plants that survived at pollination × 100;

6. Complete fertility rate (CFR) = number of plants presented complete fertility/number
of haploid plants that survived at pollination ×100;

7. Total fertility rate (TFR) = AER + PFR + CFR.

In addition, seed setting data were also collected in Experiments 1–3 and expressed as
follows; (a) Percentage of DH lines with 1–5 seeds; (b) Percentage of DH lines containing
6–25 seeds; Percentage of DH lines containing > 25 seeds [5]; Reproduction rate (RR);
Overall success rate (OSR) [46].

1. Percentage of DH lines with 1–5 seeds = number of D0 plants/D1 ears produced
1–5 seeds/number of haploids survived plants at pollination × 100;

2. Percentage of DH lines containing 6–25 seeds = number of D0 plants/D1 ears produced
6–25 seeds/number of haploid survived plants at pollination × 100;

3. Percentage of DH lines containing > 25 seeds = number of D0 plants/D1 ears pro-
duced > 25 seeds/number of haploid survived plants at pollination × 100;

4. RR = number of D0 plants produced seeds/number of D0 survived haploid plants at
pollination × 100;

5. OSR = number of D0 plants produced seeds/number of putative seeds/seedlings
treated with chemical agent × 100.

4.4.2. Experiment 5
Morphological Studies

1. Plant and Ear Height, Plant Weight, and Number of Silks/Ear

Five plants per repeat were randomly selected (evading three plants at each plot
beginning and end to exclude any impact) from each treatment and genotype. Plant
and ear height were measured randomly from haploid and diploid (false positive) plants.
Plant height was measured from the plant base or soil to the last collar leaf. Ear height
measurements were obtained from the plant’s base (ground/soil) to the node-bearing
upper ear. Plant and ear height data were measured from three replications and analyzed
as means. Cut the plants from the ground surface and weigh them on a scale in grams (g).
The mean plant weight and number of silks/ears were calculated from four replications.

Physiological Studies

1. Measurement of Photosynthetic Pigments (Chla, Chlb, ChlT, and Cx)

Maize leaf samples were obtained randomly at V2 leaf stage in each sample area
and sealed in aluminum foil to measure in the laboratory via MAPADA P1 UV–Visible
Spectrophotometer. Five random plants were selected from four different replicated plots
from each treatment and genotype and analyzed as mean Chla, Chlb, ChlT, and Cx. With
the aid of liquid nitrogen, 0.2 g of fresh leaf sample were ground into a powder and mixed
into 1.5 mL of 95% ethanol [75,76]. The solution was mixed well and placed in darkness for
10 min. Afterwards, the solution was centrifuged at 8000–10,000 rpm for 8–10 min and the
supernatant was separated at 1.2 mL in another glass tube for the spectrophotometer. Then,
1.2 mL 95% of ethanol were employed as a blank. The collected supernatant was measured
for absorbance at 665, 649, and 470 nm in the spectrophotometer. The concentrations of
Chla, Chlb, ChlT, and Cx were calculated in mg. g−1 using the following equations:

Chla = (13.95 × A665 − 6.88 × A649) × 1.5×10−3 ÷ 0.18,

Chlb = (24.96 × A649 − 7.32 ×A665) × 1.5×10−3 ÷ 0.18,

ChlT = Chla + Chlb,

Cx= (1000 × A470 − 2.05 × Chla − 114.8 Chlb) ÷ 245 × 1.5×10−3 ÷ 0.18,
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The leaf samples were obtained in such a way as to avoid unbiased results; 20 leaf
samples were obtained from four replicated plots.

2. Germination Percentages

The impact of PTX and CAF–T versus colchicine on seed germination was assessed
and calculated as the count of germinated seedlings/total number of treated seeds × 100.

4.4.3. Experiments 6 and 7

For each maize seed or root treated with PTX or CAF–T, a slide of root cells was
prepared, and 300 cells/slide were observed for maize chromosomes. Knob-2 probe signals
counted under Olympus BX53 fluorescence microscope. The images were obtained with
Olympus DP80 camera. The following data parameters were observed and recorded:
(a) Total number of maize haploid seeds/roots were treated; (b) The number of treated
seeds or roots doubled with 5–10% cells. The percentage of treated seeds/roots doubled
was calculated as the sum of treated seeds or roots with cells doubled up to 5–10% and
divided by the number of seeds or roots treated × 100.

4.5. Statistical Analysis and Graphics Improvement

In Experiments 1 to 5, the results of all three or four replications (n = 3 or n = 4) were
expressed in graphs based on standard error (SE). The mean comparison was made by the
“Tukey’s Honestly Significant Difference (HSD)” test at p ≤ 0.05, following the Analysis of
Variance (ANOVA). All replicated data were analyzed via IBM SPSS Statistics 21.0 software.
The graphics software known as “Origin” was applied to improve graphics (Version 2022,
Origin Lab. Corporation, Northampton, MA, USA).

5. Conclusions

PTX produced better results than the widely used toxic traditional chemical agent
(colchicine) to improve chromosome-doubling success rates and survivability. The ADR
for PTX and colchicine in maize haploid seedlings were 42.1% (400 M, 16 h treatment)
and 31.9% (0.5 mM, 24 h treatment), respectively. The ADR induced in maize haploid
seeds by colchicine, CAF–T, and PTX were 26% (2.0 mM, 8 h treatment), 20%
(caffeine 2 g/L + taurine 12 g/L, 16 h), and 19.9% (100 μM for 24 h treatment), respectively.
PTX and CAF–T offer occupational health, operational ease, and disposal. PTX guarantees
a cost-effective and better rate of doubling haploid plants at lower concentrations. Optimiz-
ing chromosomal doubling protocols based on less toxic or bio-safe chemicals like PTX and
CAF–T will further enhance the overall efficiency of DH production. The morphological
and physiological effects produced in haploid plants by PTX were significantly lower than
toxic colchicine. PTX will improve the quantity of D0 lines seeds, which may exterminate
the requirement to increase D1 lines seeds, thereby saving time and cost of the additional
cycle to multiply seeds.
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Abstract: Through whole-genome bisulfite sequencing and RNA-seq, we determined the potential
impact of autophagy in regulating DNA methylation in Arabidopsis, providing a solid foundation for
further understanding the molecular mechanism of autophagy and how plants cope with nitrogen
deficiency. A total of 335 notable differentially expressed genes (DEGs) were discovered in wild-type
Arabidopsis (Col-0-N) and an autophagic mutant cultivated under nitrogen starvation (atg5-1-N).
Among these, 142 DEGs were associated with hypomethylated regions (hypo-DMRs) and were
upregulated. This suggests a correlation between DNA demethylation and the ability of Arabidopsis
to cope with nitrogen deficiency. Examination of the hypo-DMR-linked upregulated DEGs indicated
that the expression of MYB101, an ABA pathway regulator, may be regulated by DNA demethylation
and the recruitment of transcription factors (TFs; ERF57, ERF105, ERF48, and ERF111), which may
contribute to the growth arrest induced by abscisic acid (ABA). Additionally, we found that DNA
methylation might impact the biosynthesis of salicylic acid (SA). The promoter region of ATGH3.12
(PBS3), a key enzyme in SA synthesis, was hypomethylated, combined with overexpression of
PBS3 and its potential TF AT3G46070, suggesting that autophagy defects may lead to SA-activated
senescence, depending on DNA demethylation. These findings suggest that DNA hypomethylation
may impact the mechanism by which Arabidopsis autophagy mutants (atg5-1) respond to nitrogen
deficiency, specifically in relation to ABA and SA regulation. Our evaluation of hormone levels
verified that these two hormones are significantly enriched under nitrogen deficiency in atg5-1-N
compared to Col-0-N.

Keywords: autophagy; nitrogen starvation; whole-genome bisulfite sequencing (WGBS); RNA-seq;
hormone

1. Introduction

As a universal mechanism in eukaryotes that promotes cell longevity and nutrient
recycling, autophagy helps plants cope with various biotic/abiotic stresses [1]. Autophagy
in plants primarily encompasses three types: microautophagy, macroautophagy, and mega-
autophagy. In the process of microautophagy, the separation and extraction of components
in vacuoles are realized by direct wrapping within vacuole/lysosome membranes. This is
related to the accumulation of anthocyanidin in vacuoles and the elimination of damaged
chloroplasts in plants [2]. Mega-autophagy is implicated in both programmed cell death
(PCD) that occurs during developmental processes and pathogenic invasion [3]. During
macroautophagy (hereafter referred to as autophagy), cargos are trapped in newly formed
cytoplasmic vesicles, which are created when a cup-shaped phagophore (also known as
an isolation membrane) expands and envelops the cytoplasm, eventually sealing off to
form the autophagosome, a double-membrane-bound structure. Subsequently, the outer
membrane of the autophagosome fuses with the tonoplast, leading to the release of the
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internal vesicle as an autophagic body [3]. The autophagy pathway is regulated by a
sophisticated mechanism for which over 40 ATG genes have been identified in plants [4–8].
In recent years, various studies have indicated that autophagy plays a crucial role in diverse
biological processes in plants, including growth, development, degradation of starch,
senescence, and control of lipid metabolism [9]. In Arabidopsis, autophagy also affects the
growth of pollen tubes. Through the specific mediation of ATG8-family interacting motif
(AIM) recognition sites, ATG8e and mitochondria can bind and interact spatiotemporally,
thereby inducing mitochondrial autophagy [10]. In addition, the relationship between
autophagy and epigenetics in animals has also been validated. Under nutritional deficiency,
fibroblast growth factor-21 (FGF21) signaling activates the global expression of autophagy-
related genes through the histone H3K27-ME3 demethylase Jumonji-D3 (JMJD3/KDM6B),
thus mediating lipid degradation [11]. The autophagy regulatory network may also be
regulated by DNA methylation. It has been reported that MAP1LC3 is a key component
of the core mechanism of autophagy. DNA methylation mediated by the de novo DNA
methyltransferase DNMT3A at the MAP1LC3 locus leads to continuous downregulation of
the transcription level of MAP1LC [12]. The relationship between autophagic function and
epigenetic regulation has been explored in animals. However, it remains unknown whether
plant autophagy and/or nitrogen starvation affect whole-genome DNA methylation.

Numerous studies have examined the function of DNA methylation in the abiotic
stress response. DNA methylation resulting from abiotic stress is not limited to specific
gene regions; it can occur throughout the genome. Moreover, the genes that are susceptible
to modification in response to stress are ostensibly linked to methylation regulation [13]. In
research conducted by Jiang, C. et al. on the methylation profile of Arabidopsis cultivated in
soil with high salt concentration, in comparison to the control group, the stressed lineages
amassed approximately 45% more differentially methylated cytosine positions (DMPs) at
CG sites (CG DMPs), and the majority of these DMPs were observed to be inherited [14]. In
Arabidopsis, exposure to low levels of Pi results in a significant alteration in the methylation
level of the entire genome, which in turn is linked with the regulation of gene expression
for responding to Pi starvation [15]. In a study of DNA methylation of the VRN-A1 gene of
winter wheat, Abdul Rehman Khan et al. reported methylation at both CG and non-CG
sites. Furthermore, they observed that site-specific hypermethylation induced by cold
was transmitted through mitosis at non-CG sites [16]. To date, comprehensive research
has been conducted on the response of various plants and crops to abiotic stress. This
includes studies on the correlation between autophagy and abiotic stress and the regulatory
mechanism of DNA methylation in plants or crops for resistance to abiotic stress [17–21].

Based on the above research background, the response of plants to abiotic stress
seems to have a profound relationship with DNA methylation, so we hypothesized that
DNA methylation may be involved in the response of autophagy-deficient mutants to
nitrogen deficiency. However, up to now, no relevant research has been conducted on the
relationship between autophagy and DNA methylation in plants and how to regulate gene
expression by affecting the DNA methylation level. Thus, in this study, whole-genome
bisulfite sequencing (WGBS) was performed on Arabidopsis autophagic mutants (atg5-1)
developing under nitrogen starvation to address relevant concerns, in conjunction with
transcriptome sequencing (RNA-seq).

2. Results

2.1. The Whole-Genome Methylation Level of Autophagic Mutants Was Strongly Affected under
Nitrogen Deficiency Conditions

To investigate whether autophagy influences plant growth under nitrogen starvation
stress through DNA methylation/demethylation, we performed WGBS and RNA-seq
for Arabidopsis wild-type (Col-0) and autophagic mutant (atg5-1) lines under MS growth
conditions (MS liquid culture medium) or nitrogen starvation conditions (MS-N liquid
culture medium) (Figure 1A). Over 4G clean reads (paired-end reads) were produced for
each sample in the WGBS experiment.
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Figure 1. Autophagy function defects lead to changes in genome-wide methylation levels. (A) Data
analysis workflow for whole-genome bisulfite sequencing (WGBS) and transcriptome analysis (RNA-
seq). (B) PCA of the DNA methylation level in each sample. PCA of Col-0 and atg5-1 genotypes,
displaying obvious differences under MS and nitrogen starvation conditions. (C) The number of
hypomethylated and hypermethylated DMRs in each comparison group. (D) The distribution of
DNA methylation levels. The distribution plot of the methylation level of common sites showed that
DNA methylation was affected by autophagy.

The average mapping ratios for alignment with the reference genome for the differ-
ent treatment groups were 94.06% (Col-0-MS), 92.50% (Col-0-N), 87.64% (atg5-1-MS), and
85.06% (atg5-1-N), and the conversion ratios were >99.5% (Table S1). We then separated
DNA methylation into three context types (CG, CHG, and CHH) and detected methyla-
tion sites based on the above context types [22,23]. According to the methylation level
of common sites in all samples, a principal component analysis (PCA) was performed
and showed obvious differentiation between wild-type Arabidopsis and the autophagic
mutant (Figure 1B).
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To characterize the methylation changes under nitrogen starvation conditions and
in the autophagy mutant, differentially methylated cytosines (DMCs) and differentially
methylated regions (DMRs) were identified in different comparison groups (Col-0-MS vs.
Col-0-N, atg5-1-MS vs. atg5-1-N, Col-0-MS vs. atg5-1-MS, and Col-0-N vs. atg5-1-N).

In Col-0-MS vs. Col-0-N, there were 351, 252, and 31 upregulated DMRs and
565, 375, and 24 downregulated DMRs in the CG, CHG, and CHH contexts, respectively,
and among the comparison groups, the fewest DMRs were identified in Col-0-MS vs.
Col-0-N. Apparently, wild-type Arabidopsis was not significantly impacted by nitrogen
starvation, and relatively obvious differences were observed in the comparison between
the wild-type (Col-0-MS) and autophagic mutant (atg5-1-MS) under normal conditions
(1088, 874, and 602 upregulated DMRs and 6690, 6483, and 3149 downregulated DMRs).
Autophagy seems to have a greater influence on the whole-genome methylation level
than nitrogen starvation, although autophagy is one of the most important pathways for
responding to N stress in plants.

By comparing the DMR numbers of atg5-1 samples in MS and nitrogen starvation
conditions (atg5-1-MS vs. atg5-1-N), 2868, 3265, and 4213 hypermethylated DMRs and
6052, 7070, and 7603 hypomethylated DMRs were identified in the CG, CHG, and CHH
contexts, respectively, showing a dramatic difference in Col-0-MS vs. Col-0-N. Significant
differences in DMR number were observed in atg5-1 genotype samples and wild-type
samples growing in MS and nitrogen starvation conditions, which seemingly indicated
that in wild-type samples, some compensation effects probably resisted the influence of
nitrogen starvation on methylation levels; however, this kind of compensation effect might
be inhibited due to autophagy defects. Under the same nitrogen starvation conditions,
863, 698, and 659 hypermethylated DMRs and 10691, 11110, and 6913 hypomethylated DMRs
were identified in Col-0-N vs. atg5-1-N in the CG, CHG, and CHH contexts, respectively
(Table S2) (Figure 1C). We examined the common methylation site for each treatment group,
and the results showed that the overall methylation level of the atg5-1 sample was significantly
lower than that of the wild-type sample, which further suggested that the decrease in the DNA
methylation level could be largely attributed to the autophagy defect (Figure 1D).

In summary, nitrogen starvation may not have a significant impact on Arabidopsis
in terms of methylation. However, when autophagy in Arabidopsis produces defects, the
impact of nitrogen starvation may be amplified.

2.2. Autophagy Stimulates Global Expression of the Arabidopsis Genome under Nitrogen
Starvation Conditions

To examine the gene expression changes involved in resistance to autophagy and
nitrogen starvation in Arabidopsis, transcriptome profiles under different conditions were
generated by RNA-seq (Table S3), and more than 6G clean reads (paired-end reads) were
obtained for each RNA-seq sample.

The number of upregulated genes was obviously greater than the number of down-
regulated genes in the Col-0-MS vs. Col-0-N comparison group, suggesting that global
gene expression was activated by nitrogen starvation to maintain growth. In atg5-1-MS
vs. atg5-1-N, there were similar changes in differential gene expression, indicating that in
the case of autophagy-related functional defects, nitrogen starvation may still activate the
expression of many genes in response. However, a minimum number of DEGs appeared
in Col-0-MS vs. atg5-1-MS, indicating that autophagy-related functional defects probably
mildly impact plant growth under normal conditions (Figure 2A,B).

In Col-0-MS vs. Col-0-N, the genes associated with the integral component of the
membrane, the intrinsic component of the membrane, and the defense response were
the most significantly enriched among the upregulated DEGs. KEGG analysis showed
that genes associated with ABC transporters were significantly enriched in membrane
transport-related pathways, suggesting that ABC transporters probably play an important
role when Arabidopsis suffers nitrogen starvation. The genes associated with the chloroplast
thylakoid membrane, the plastid thylakoid membrane, and the photosynthetic membrane
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were the most significantly enriched among the downregulated DEGs. Interestingly, most
of the top 10 GO enrichment annotations of the downregulated DEGs seemed to be related
to thylakoids. We performed a KEGG analysis for DEGs annotated in thylakoid-related
functional modules. The DEGs were mainly involved in pathways related to photosynthesis,
ATPase, and NADH dehydrogenase (Table S4).

Figure 2. Nitrogen starvation activates differential gene expression across the whole genome of
Col-0 and autophagic mutants. (A) DEG statistics. Gene expression was activated in the atg5-1 and
Columbia genotype groups under nitrogen starvation, showing the notable influence of nitrogen
starvation. (B) Venn plot of DEGs in different comparison groups. (C–F) GO enrichment of the top
10 upregulated DEGs in Col-0-MS vs. atg5-1-MS, Col-0-MS vs. atg5-1-MS, Col-0-N vs. atg5-1-N, and
Col-0-N vs. atg5-1-N. The arrow represents the GO terms with the most significant enrichment or
that were meaningful for our research.

In Col-0-MS vs. atg5-1-MS, the upregulated DEGs were extremely enriched in protein
self-association, and most of the functional modules in the top 10 enriched GO terms were
associated with protein structure, unfolded protein processing, and hydrolase activity. Un-
derstandably, in autophagy, degradation, and recycling of unwanted content and misfolded
proteins are the main functions (Figure 2C) [24,25]. A KEGG analysis was performed for
these DEGs, which showed that the protein processing in the endoplasmic reticulum and
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tryptophan metabolism pathways were significantly enriched, and the DEGs enriched
in these two pathways were associated with heat-shock-protein- and myrosinase-related
genes. (Table S5). GO enrichment analysis was performed for the downregulated DEGs and
showed that oxidoreductase activity and the oxidation–reduction process were the most
significantly enriched, while other significantly enriched GO terms were mainly related to
the binding of substances and NADH dehydrogenase activity (Figure 2D). KEGG results
produced based on GO enrichment showed that most DEGs were associated with oxidative
reactions and encoded glutathione transferase (Table S6).

To explore the functions that were influenced differentially between Col-0-N and
atg5-1-N, we performed GO enrichment analysis of the upregulated DEGs and removed the
DEGs that were present in Col-0-MS vs. atg5-1-MS. The results clearly showed that most of
the top 10 GO terms were related to oxygen levels and the response to hypoxia, suggesting
that plants with autophagy defects were more sensitive to oxygen under nitrogen starvation
conditions (Figure 2E). Additionally, we annotated the pathways associated with these
upregulated genes using KEGG enrichment. The most upregulated DEGs, which were
enriched in oxygen-level-related functions, were associated with the amino acid metabolism
pathway, while carotenoid biosynthesis, the MAPK signaling pathway, and the biosynthesis
of other secondary metabolites were also enriched (Table S7). Subsequently, exploration of
gene function was carried out through GO and KEGG enrichment for the downregulated
DEGs, from which, for functional analysis, DEGs that genes were also present in Col-0-MS
vs. atg5-1-MS were removed. The DEGs associated with the extracellular region, the
glucosinolate metabolic process, and the glucosinolate catabolic process were significantly
enriched in metabolic pathways and the biosynthesis of secondary metabolites, mainly
including genes encoding various enzymes (Figure 2F and Table S8).

To explore functional changes between atg5-1-MS and atg5-1-N, the DEGs that were
also present in Col-0-MS vs. Col-0-N were removed. The GO results for the upregulated
genes were similar to those for Col-0-N vs. atg5-1-N. The top 10 GO terms were mainly
related to the response to changes in oxygen levels, and the KEGG results for DEGs enriched
in the GO terms mentioned above showed that the significantly enriched terms were
mainly related to metabolic and biosynthetic pathways of various substances, which mainly
involved genes associated with a cytidine/deoxycytidylate deaminase family protein and
genes encoding a cytidine deaminase, a gamma-glutamyltransferase and glycosyl hydrolase
family protein (Tables S9 and S10). For downregulated DEGs, GO enrichment showed that
extracellular function and oxygenase activity-related function were significantly enriched.
KEGG annotation indicated that the genes with the functions mentioned above were mainly
enriched in biosynthesis- and metabolism-related pathways (Tables S11 and S12).

2.3. Autophagy Deficiency May Induce Downregulation of DNA Methylation Levels, Thus
Activating Gene Expression Related to Cell Death and Catabolic Pathways

To investigate the potential influence of DNA hypomethylation induced by autophagy
defects, we counted the number of hypo-DMRs associated with upregulated DEGs. The re-
sults showed that most of the DEGs were identified in Col-0-MS vs. Col-0-N, but only a few
of these DEGs were regulated by DNA methylation, which indicates that DNA methylation
is not closely involved in the mechanism underlying the response to nitrogen deficiency in
the growth process of wild-type Arabidopsis under nitrogen deficiency conditions.

In Col-0-MS vs. atg5-1-MS, atg5-1-MS vs. atg5-1-N, and Col-0-N vs. atg5-1-N, there
were 38, 73, 142 hypo-DMRs associated with upregulated DEGs, respectively, which was
comparable to the number of upregulated DEGs identified in the comparison groups
mentioned above. The number of upregulated DEGs regulated by methylation was also
considerable (Figure 3A). To explain the relationship between DNA methylation and
autophagy and the possible mechanism by which DNA methylation regulates autophagy
mutants’ resistance to nitrogen deficiency, we mainly focused on Col-0-MS vs. atg5-1-MS
and Col-0-N vs. atg5-1-N in the analysis process.
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Figure 3. DNA methylation affects the response of autophagic mutants to nitrogen deficiency.
(A) The number of hypo-DMRs associated with upregulated DEGs. For Col-0-N vs. atg5-1-N, half of
the upregulated DEGs were associated with DMRs. (B) GO enrichment of hypo-DMRs associated
with upregulated DEGs. (C) The expression of methyltransferases and demethylases calculated by
RNA-seq indicated that DNA methylation was involved in the regulation of gene expression. The
asterisks represent the transcription factors.

GO enrichment analysis of hypo-DMRs associated with the upregulation of DEGs
in different comparison groups showed that DNA hypomethylation may have a regula-
tory effect on nitrogen starvation and autophagy defects. This effect may be controlled
by specific genes in different biological pathways. The GO enrichment of hypo-DMRs
associated with upregulated DEGs in Col-0-MS vs. atg5-1-MS showed that the upreg-
ulated DEGs were most significantly enriched in GO terms associated with hydrolase
activity and meta-hydroxylase activity, suggesting that DNA hypomethylation significantly
regulated hydrolase activity under autophagy defects (Figure 3B). The genes encoding
cellulase (glycosyl hydrolase family 5) protein (AT1G13130), glycosyl hydrolase 28 (GH28)
family polygalacturonase (PG) protein, cell wall invertase 5, disease resistance protein
(TIR–NBS–LRR class) family and tricoumaroylspermidine meta-hydroxylase had the high-
est fold change. Surprisingly, several hypo-DMR-associated DEGs were enriched in GO
terms related to various substance metabolic processes and biosynthetic processes, such as
the secondary metabolite biosynthetic process, the lignin biosynthetic process, the lignin
metabolic process, and the negative regulation of starch metabolic process, suggesting
that metabolic and biosynthetic activity is induced by autophagy defects. Interestingly,
the QQS (AT3G30720), ATMYB29 (AT5G07690), XTH6 (AT5G65730), AT4G08160, and
BGLU34 (AT1G47600) genes were enriched in multiple metabolism-related GO terms, and
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in biosynthesis-related GO terms, ATCAD8 (AT4G37990), LAC11 (AT5G03260), and AT-
MYB29 (AT5G07690) were also enriched. In addition, the DNA methylation processes were
probably regulated. For example, DNA methylation on cytosine within a CG sequence,
maintenance of DNA methylation, DNA methylation on cytosine, and all GO terms related
to methylation were enriched, including only ORTH3 (AT1G57800), which indicates that
ORTH3 probably plays an important role in regulating the methylation process induced by
autophagy defects (Table S13).

To explore the functions regulated by the autophagy mutant compared with the wild
type under nitrogen starvation, GO enrichment was performed for Col-0-N vs. atg5-1-N.
The results indicated that hypomethylation greatly affected the response to biotic stimuli
(Figure 3B). The DEGs that exhibited the highest fold change were RLP3 (AT1G17250),
AT1G32763, AIG1 (AT1G33960), LECRK-III.2 (AT2G29250), AT5G10530 (LECRK-IX.1),
AT5G42223, and SAG12 (AT5G45890). In addition, the catabolic processes for many
substances were significantly enriched, and five hypo-DMR-related upregulated DEGs,
AT4G18350, AT4G32810, AT4G39650, AT5G24540, and AT4G29640, were mainly involved
in these processes. AT4G29640 and AT4G39650 exhibited the highest fold change, suggest-
ing that these two genes probably play an important role in resistance when autophagic
mutants are subjected to nitrogen starvation stress. This response mechanism may be
due to the deficiency of autophagy function, which leads to Arabidopsis being unable to
maintain the original level of DNA methylation under nitrogen deficiency, thus activating
the decomposition of some substances. Meanwhile, the regulatory pathways related to cell
death were also affected, and AT2G32460, AT5G10530, AT5G13320, and AT5G45890 were
significantly enriched in these GO terms, suggesting that they may be key for establishing
the relationship between DNA methylation and premature aging caused by autophagy
deficiency. Similar to the catabolic process for many substances, the downregulation of
DNA methylation levels may activate gene expression regulating senescence or death in
Arabidopsis. This regulatory process may be activated by nitrogen deficiency, as there was
no enrichment observed for many cell-death-related functions in the Col-0-MS vs. Col-0-N
comparison group. Therefore, we speculate that defects in autophagy may affect the level of
DNA methylation, and this effect reduces the tolerance of Arabidopsis to nitrogen deficiency.

Additionally, compared with the result for Col-0-MS vs. atg5-1-MS, the response to
organonitrogen compounds was exclusively enriched when Arabidopsis was under nitrogen
starvation, and it was probably influenced by AT2G14610, AT2G46400, AT3G44350, and
AT5G59820, which likely indicates that under nitrogen deficiency, changes in the level of
DNA methylation may be involved in mediating the utilization of nitrogen by Arabidopsis
when the autophagy function has broken down.

We performed Student’s t-tests for the TPM (transcripts per million) value of several
methyltransferases and demethylases of different comparison groups. A maximum number
of methyltransferases and demethylases were differentially expressed in Col-0-N vs. atg5-1-
N, which indicates that DNA methylation might be regulated by autophagy under nitrogen
starvation conditions (Figure 3C).

2.4. Nitrogen Deficiency May Induce Transcription Factors of the ERF and C2H2 Type Zinc Finger
Families to Regulate ABA-Induced Growth Arrest and SA Biosynthesis in atg5-1 Autophagic Mutants

A Venn diagram was plotted for different comparison groups, and most of the upregu-
lated DEGs were methylated exclusively in Col-0-N vs. atg5-1-N (Figure 4A). Hypo-DMR
is usually associated with upregulated expression of genes through the recruitment of
transcription factors (TFs). It has been reported that low-methylation regions (LMRs) can
be used to identify transcriptional enhancers, and TF binding sites can usually be detected
in LMRs, which tend to be occupied by cell-type-specific TFs [26,27]. Thus, we predicted
TFs that can bind to hypo-DMRs for Col-0-MS vs. atg5-1-MS using PlantTFDB, and a total
of 53 TFs were identified, which included 17 types of TF families, the most abundant among
which were the bZIP, Dof, and GATA families [28,29]. However, the TFs associated with
hypo-DMRs did not exhibit significant differences in the expression profiles determined by
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RNA-seq. In Col-0-N vs. atg5-1-N, a total of 26 types of TF families were predicted, the most
abundant of which were the ERF, NAC, MYB, C2H2, LBD, GATA, and Trihelix families.
By analyzing TF expression, AT1G02230 (ANAC004), AT2G40340 (ATERF48), AT3G04060
(ANAC046), AT3G12910, AT3G46070 (C2H2-type zinc finger family protein), AT5G18270
(ANAC087), AT5G51190 (ERF105), AT5G64750 (ERF111), and AT5G65130 (ERF57) were
shown to be significantly differentially expressed (p-value < 0.05; FC ≥ 1.5), and most of
them belong to the NAC and ERF families (Table S14 and Figure 4B). Among the predicted
genes, TFs showed the possibility of binding to the DMRs in the AT2G32460 (MYB101),
AT2G29250, AT1G32763, AT5G13320 (PBS3) and AT5G59820 (RHL41) promoter regions; GO
enrichment analysis showed that these genes are involved in biotic stimulus, cell death
and response to organonitrogen compounds, indicating that these functions were probably
regulated by hypo-DMR-recruiting TFs.

MYB101 has been confirmed to be associated with ABA-induced plant growth arrest,
and transcription factors of the ERF family also play an important role in the mechanism of
plant death. Our results predicted that the transcription factors binding to MYB101 belong
to the ERF family, and these transcription factors were also differentially upregulated in the
RNA-seq-based differential expression analysis. This seems to indicate that under nitrogen
deficiency, the methylation level of the promoter region of MYB101 is downregulated, and
the introduction of ERF family transcription factors binding to this region activates the
ABA-induced plant growth arrest process. In addition, the transcription factor prediction
results indicated that AT3G46070 (C2H2 type zinc finger family protein) could bind to
ATGH3.12 (PBS3). PBS3 is the rate-limiting enzyme in the last two steps of SA biosynthesis,
which controls plant aging. Therefore, we speculate that autophagic deficiency can cause
significant downregulation of the DNA methylation level in the PBS3 promoter region,
thus recruiting AT3G46070 to combine with this low methylation region to promote SA
biosynthesis and control the premature senescence of Arabidopsis.

2.5. The qRT–PCR Experiments on Key Genes Involved in the SA and ABA Synthesis Pathways
Confirmed the WGBS and RNA-seq Analysis Results

Based on our hypothesis, DNA methylation is involved in the process of ABA-induced
growth arrest of Arabidopsis in Col-0-N vs. atg5-1-N. We thus performed qRT–PCR for the
DEGs mentioned above (Figure 5A). We speculate that the level of ABA would increase
if it was involved in the premature senescence of the autophagy mutant under nitrogen
deficiency, and this is also fundamental evidence that ABA-induced senescence is impacted
by DNA methylation. Therefore, we also verified the expression levels of key genes related
to ABA biosynthesis, and the results also corresponded to the RNA-seq profile and our
hypothesis (Figure 5B).

SA biosynthesis was probably also associated with DNA methylation in our WGBS and
RNA-seq analysis results, and DNA methylation might affect the expression of ATGH3.12
(PBS3), which participates in the last two steps of SA biosynthesis. We also performed
qRT–PCR for the genes involved in the SA biosynthesis pathway, and the results showed
that the expression of ATGH3.12 (PBS3) increased dramatically and that of key genes of the
ABA biosynthesis pathway, such as ICS1, also changed significantly (Figure 5C).

The qPCR results of key genes suggested that the levels of the hormones SA and ABA
were significantly upregulated, consistent with our hypothesis. This confirms the accuracy
of the RNA-seq results and indicates that differential DNA methylation is highly likely
related to the mechanism by which ABA and SA regulate plant growth arrest or premature
senescence (Table S15).

2.6. The Levels of the Hormones SA and ABA in the atg5-1 Mutant Significantly Increased under
Nitrogen Deficiency

We hypothesize that the ABA and SA pathways may be regulated by DNA methylation
to affect premature plant senescence. Therefore, we measured the levels of SA and ABA.
The results of ABA determination showed that the hormone levels were significantly higher
in the atg5-1-N group than in the Col-0-N group (Figure 6A). The level of SA showed a
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significant increase in atg5-1-N, exhibiting a more than eight-fold change compared with
Col0-N (Figure 6B).

Hormonal measurements indicated that deficiencies in autophagy function may reduce
the tolerance of Arabidopsis to nitrogen starvation, thus directly or indirectly changing the
DNA methylation level, thereby triggering an increase in SA and ABA levels and leading
to premature aging.

Figure 4. Senescence-related genes were strongly influenced by DNA methylation under nitrogen
deficiency. (A) Venn plot for hypo-DMRs in different comparison groups. (B) Transcription factors
(TFs) predicted to bind to the promoters of hypo-DMRs associated with upregulated DEGs. Most TFs
belonged to the ERF family and NAC family, and most of them were highly expressed exclusively in
atg5-1-N, which shows that these TFs and hypo-DMRs associated with upregulated DEGs probably
play a key role in resisting nitrogen starvation in the atg5-1 genotype. The asterisks and diamond
represent the transcription factors and key genes related to plant death.

Figure 5. qRT–PCR results of key genes and predicted transcription factors that regulate the SA
and ABA hormone pathways. ** Significant difference at p < 0.01 and * significant difference at
p < 0.05. Vertical bars represent the standard deviation. (A–E) qRT–PCR of key genes in ABA
biosynthesis pathway and predicted transcription factors that may be associated with ABA-induced
growth arrest. (F,G) The expression levels of key genes regulated by DNA methylation in the SA
biosynthesis pathway.
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Figure 6. Quantification of the phytohormones ABA and SA. ** Significant difference at p < 0.01 and
* significant difference at p < 0.05. Vertical bars represent the standard deviation. The levels of the
hormones ABA (A) and SA (B) in the autophagic mutant were significantly higher than those in the
wild type under nitrogen starvation.

3. Discussion

DNA methylation is an epigenetic modification that commonly occurs during plant
growth and development and plays an important role in regulating various biological
processes [30], including leaf senescence and plant cell death [31–33]. In research on au-
tophagy in plants, it has been proven that the response to nutrition deficiency, senescence,
intracellular degradation and recycling of amino acids, and other stresses from various
environments can be regulated by autophagy [34,35]. Nitrogen is a crucial nutrient element
required for plant growth, and autophagy, which is associated with plant aging, is activated
as a response to nitrogen deprivation [36–38]. Nevertheless, it remains ambiguous whether
DNA methylation plays a role in autophagy triggered by nitrogen deprivation. In previous
research, Arabidopsis Col-0 and atg5-1 mutant lines exhibited distinct phenotypic charac-
teristics while growing under MS and nitrogen starvation conditions. Notably, the atg5-1
genotype exhibited faster senescence and cell death under nitrogen starvation conditions,
implying that autophagy potentially expedites senescence and cell death in comparison to
Col-0-N. The dynamic changes in DNA methylation in Col-0-N and atg5-1-N corresponded
to phenotype, wherein the number of hypo-DMRs was highest in the CG, CHG, and CHH
contexts (Figure 1C), and among all the groups, 142 upregulated DEGs associated with
hypo-DMRs were the most abundant in this comparison group (Figure 3A). The findings
suggest that under conditions of nitrogen starvation, the atg5-1 genotype may reduce the
expression of methylated regions and potentially attract transcription factors to regulate
gene expression and react to nitrogen starvation [39,40]. Based on the above results, the pre-
diction of TFs that bind to hypo-DMRs was performed on Col-0-N vs. atg5-1-N, identifying
nine TFs (ERF105, ERF57, ATERF48, ERF111, AT3G46070, AT3G12910, ANAC004, ANAC087,
ANAC046) and five upregulated DEGs (ATZAT12, ATMYB101, ATGH3.12, AT1G32763,
LECRK-III.2) binding with the above nine TFs from the GO terms response to biotic stimu-
lus, cell death, catabolic process, and response to organonitrogen compound.
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3.1. DNA Methylation Participates in Arabidopsis Senescence through the Regulation of
ABA Biosynthesis

The process of PCD, known as senescence, has been found to be regulated by endoge-
nous ethylene production under the control of specific transcription factors [41,42]. In
our study, hypo-DMR-associated upregulated DEGs that might be regulated by TFs were
identified, including MYB101 (AT2G32460) and ATGH3.12 (AT5G13320). Previous research
indicates that MYB101 functions as a constructive regulatory element in ABA-stimulated
growth cessation, and an ineffective MYB101 mutant reduces the sensitivity of plants to
ABA [43,44]. It has been observed that ABA has the potential to induce senescence in leaves
through a pathway that is independent of ethylene. Various scientific reports have indi-
cated that the genes that encode rate-limiting enzymes involved in the biosynthesis of ABA
include NCED2, NCED3, NCED5, NCED6, and NCED9 [45,46]. These five genes were dif-
ferentially expressed (p-value < 0.1) in our analysis of gene expression differences between
Col-0-N and atg5-1-N. Notably, NCED3 was identified as the most crucial rate-limiting
enzyme (Figure 5B). It can be inferred that atg5-1 induces high expression of MYB101 under
nitrogen starvation conditions, which consequentially exerts a positive regulatory effect
on ABA synthesis and consequentially regulates Arabidopsis senescence. This regulatory
relationship may be due to the downregulation of the methylation of the MYB101 promoter
region, which is achieved by recruiting TFs. Our investigation revealed that there are five
TFs that have the capacity to bind to hypo-DMRs within the promoter region of the MYB101
gene. Notably, these genes belong predominantly to the ERF family. Several research stud-
ies have demonstrated the participation of transcription factors from the ERF family in the
deterioration and mortality mechanisms of plants. Based on research conducted by Chen,
Y. et al., ERF.F5 plays a pivotal role in the senescence of tomato leaves. Specifically, the
study indicated that ERF.F5 can directly regulate the promoter activity of ACS6 and interact
with MYC2, which ultimately leads to the regulation of tomato leaf senescence [47]. The
transcription factor EPI1, also belonging to the ERF family, plays a negative regulatory role
in dark-induced and JA-stimulated aging [48]. Furthermore, Juanxu Liu and colleagues
discovered a robust correlation between numerous ERF genes and an increase in ethylene
levels in petals and pistils during their examination of petunia blooms. This correlation is
intimately linked with the process of petunia flower aging [49]. Therefore, we speculate
that ERF57, ERF105, ERF48, and ERF111 may be potential transcription factors that affect
the aging of autophagic mutants under nitrogen starvation conditions. They are highly
likely to bind to the hypo-DMR of the MYB101 promoter, which affects the premature aging
of the atg5-1 mutant by upregulating the expression of MYB101.

3.2. SA Biosynthesis Was Probably Regulated by DNA Methylation

The ATGH3.12/PBS3 enzyme belongs to the GH3 acyl adenosylase enzyme family
and plays a vital role in the accumulation of SA. Its main function is facilitating the
conversion of isochorismate to unstable intermediates. Together with EPS1, it forms a
two-step metabolic pathway in Arabidopsis to form SA, and this pathway is involved
in the last two steps of SA formation [50]. SA plays an important role in regulating
innate immunity and various developmental processes in plants. Research conducted by
Niu, F. et al. showed that the transcription factor WRKY42 can regulate the aging process in
Arabidopsis leaves by regulating the synthesis of SA [51,52]. According to reports, ICS1 is the
key enzyme controlling SA synthesis, controlling 90% of this process [53,54]. Our study has
demonstrated that there are significant changes in gene expression for two crucial enzymes,
namely, ATGH3.12(PBS3) and ICS1 (p-value < 0.05; FC > 1.5) (Figure 5), which means
that SA biosynthesis is likely to be regulated, and DNA methylation may be involved in
regulating the expression level of ATGH3.12/PBS3, thereby affecting SA biosynthesis. We
also predicted a transcription factor (AT3G46070) that can probably bind to the hypo-DMR
of the promoter of ATGH3.12 (PBS3) and is differentially expressed; this transcription factor
belongs to the C2H2-type zinc finger family of proteins.
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Based on hormone level determination, our findings indicate that DNA methyla-
tion has a greater impact on SA biosynthesis, which probably contributes greatly to the
premature senescence of Arabidopsis (Figure 7).

Figure 7. DNA methylation may regulate premature aging of atg5-1 mutants under nitrogen star-
vation conditions by mediating the expression level of PBS3. By predicting transcription factors in
the regions where hypomethylation occurs in the PBS3 promoter, it is speculated that AT3G46070
expressing transcription factors may be recruited to the hypomethylation regions, leading to an
upregulation of PBS3 expression levels.
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4. Materials and Methods

4.1. Plant Materials

The Arabidopsis thaliana Col-0 ecotype was used to elucidate methylation and tran-
scription changes under nitrogen starvation and autophagy defects. The seeds were first
cultivated in MS liquid culture medium for 7 days (16 h light/8 h darkness; constant
temperature 22 ◦C; LED lighting; 120 μmol m−2 s−1) and then transferred into MS nitrogen
starvation culture medium (MS-N) (MSP21-50LT) and cultivated for another 60 h (16 h
light/8 h darkness; constant temperature 22 ◦C; LED lighting; 120 μmol m−2 s−1). The sam-
ples were dehydrated and snap-frozen in liquid nitrogen for subsequent WGBS, RNA-seq,
and qRT–PCR analyses.

4.2. WGBS and Data Analysis

The DNA of the samples was extracted, and then an ultrasonic DNA fragmentation
instrument was used to cleave the DNA sample (adding a certain proportion of Lambda
DNA). A QSeq400 was used to verify cleavage (200–400 bp), and magnetic beads were used for
purification. The purified product was subjected to bisulfite treatment and purification using
the Method Gold Kit (ZYMO; Irvine, CA, USA). Finally, the product was amplified by PCR and
sequenced using the Illumina platform at igenebook (www.ignenbook.com). The sequence of
the sample was compared with that of lambda DNA to calculate the bisulfite conversion rate.

We used fastqc to evaluate raw data, and cutadapt [55] was used to remove low-quality
bases from the 3′ ends, keeping the N base at no more than 5% of the total length and the
length of reads at not less than 30 bp. In the mapping process, clean data were mapped
to the Arabidopsis thaliana [56] reference genome by BSMAP [57]. The bisulfite conversion
rate was calculated according to the result of mapping with lambda DNA. The coverage
of cytosine bases across the genome and methylation level of three types of contexts (CG,
CHG, CHH) were determined by CGmaptools. A PCA for each treatment group was
performed according to the methylation level of each cytosine in the whole genome to
evaluate the methylation level of each sample. The DMCs and DMRs were calculated using
the CGmaptools dms and CGmaptools dmr tools (p-value < 0.001, ΔmC ≥ 0.2) [58]. For
DMR-related genes, the differentially expressed genes (DEGs) identified from RNA-seq
data (|log2FC| ≥ 2 and FDR < 0.01) and located within 2000 bp upstream or downstream
of the DMR were defined as DMR-related genes. Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway analyses were established by the Omic-
share cloud platform with a Q-value cutoff of 0.05 (https://www.omicshare.com/tools/
accessed on 9 September 2023).

4.3. Transcriptome Sequencing (RNA-seq) and Data Analysis

Total RNA was extracted from each sample to prepare RNA libraries, and then RNA
sequencing libraries were sequenced by IGENEBOOK Biotechnology Co., Ltd. (Wuhan,
China) Genes with |log2FC| ≥ 2 and p-value < 0.05 were defined as differentially expressed
genes (DEGs) [59]. The Q-values obtained by Fisher’s exact test were adjusted for multiple
comparisons with the false discovery rate [60].

4.4. qRT–PCR and Determination of Hormone Content

Col-0 and atg5-1 plants were grown in complete Murashige and Skoog (MS) medium
for 1 week, which was then changed to −N or +N liquid medium. Sixty hours later,
plants were harvested from different groups (three biological replicates). Total RNA was
extracted by a FastPure Plant Total RNA Isolation Kit (Vazyme, Nanjing, China) and reverse
transcribed to cDNA by HiScript III RT SuperMix (Vazyme) according to the manufacturer’s
protocol. qPCR was performed using a CFX Connect PCR system (Bio-Rad, Hercules, CA,
USA) according to the SYBR protocol (ChamQ Universal SYBR qPCR Master Mix, Vazyme),
and the expression level was determined by the 2 − ΔΔCT method.

An amount of 50 mg of plant sample was weighed into a 2 mL plastic microtube,
frozen in liquid nitrogen, and dissolved in 1 mL of methanol/water/formic acid (15:4:1,
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v/v/v). Ten microliters of internal standard mixed solution (100 ng/mL) were added to the
extract as an internal standard (IS) for quantification. The mixture was vortexed for 10 min
and then centrifuged for 5 min (12,000 r/min, 4 ◦C). The supernatant was transferred to a
clean plastic microtube, evaporated to dryness, dissolved in 100 μL of 80% methanol (v/v),
and passed through a 0.22 μM membrane filter for further LC–MS/MS analysis [61–64].

5. Conclusions

In this study, DNA methylation sequencing and RNA-seq sequencing of the whole
genome of Arabidopsis thaliana showed that the expression of many genes was widely
activated under nitrogen deficiency, especially when the autophagy function was defec-
tive, and the level of DNA methylation changed significantly. Under nitrogen deficiency,
according to the analysis of DNA hypomethylation positions in autophagic mutants, many
hypo-DMRs were found in the promoter regions of genes, which were largely related
to the growth and death mechanisms of Arabidopsis. In our study, we found significant
hypomethylation in the promoter regions of MYB101 and ATGH3.12 (PBS3). Based on
the hypo-DMR sequence, we predicted transcription factors that may bind to the genes
mentioned above (ERF57, ERF48, ERF111, ERF105, and AT3G46070) and verified differential
upregulation of MYB101, ATGH3.12 (PBS3), and related transcription factors through RNA-
seq and qRT–PCR. MYB101 and ATGH3.12 (PBS3) have been confirmed to be associated
with the biosynthesis of ABA and SA and are involved in regulating plant aging. Therefore,
we applied LC–MS/MS technology to determine the hormone content of SA and ABA,
and the results showed that under nitrogen-deficient growth conditions, the levels of SA
and ABA in autophagic mutants were significantly upregulated compared to those in the
wild type. By combining the results of WBGS, RNA-seq, and qRT–PCR, we speculated that
under nitrogen deficiency, the premature senescence of the autophagy mutant of Arabidop-
sis was probably due to the change in DNA methylation level in the promoter region of
MYB101 and ATGH3.12 (PBS3), leading to the recruitment of ERF family and C2H2-type
zinc-finger family transcription factors (AT3G46070) to activate their own expression and
then regulate ABA and SA to promote premature senescence.

In addition, in subsequent studies, we should focus on the molecular mechanism
of autophagy affecting DNA methylation and regulating key genes in SA- and ABA-
related pathways under nitrogen deficiency conditions and evaluate the impact of DNA
methylation during plant growth.
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Abstract: Understanding marine bacterioplankton composition and distribution is necessary for
improving predictions of ecosystem responses to environmental change. Here, we used 16S rRNA
metabarcoding to investigate marine bacterioplankton diversity and identify potential pathogenic
bacteria in seawater samples collected in March, May, September, and December 2013 from two
sites near Jeju Island, South Korea. We identified 1343 operational taxonomic units (OTUs) and
observed that community diversity varied between months. Alpha- and Gamma-proteobacteria were
the most abundant classes, and in all months, the predominant genera were Candidatus Pelagibacter,
Leisingera, and Citromicrobium. The highest number of OTUs was observed in September, and Vibrio
(7.80%), Pseudoalteromonas (6.53%), and Citromicrobium (6.16%) showed higher relative abundances
or were detected only in this month. Water temperature and salinity significantly affected bacterial
distribution, and these conditions, characteristic of September, were adverse for Aestuariibacter
but favored Citromicrobium. Potentially pathogenic bacteria, among which Vibrio (28 OTUs) and
Pseudoalteromonas (six OTUs) were the most abundant in September, were detected in 49 OTUs,
and their abundances were significantly correlated with water temperature, increasing rapidly in
September, the warmest month. These findings suggest that monthly temperature and salinity
variations affect marine bacterioplankton diversity and potential pathogen abundance.

Keywords: metabarcoding; bacterioplankton community; 16S rRNA; Candidatus Pelagibacter;
Pseudoalteromonas; Vibrio; pathogenic bacteria

1. Introduction

Marine bacterioplankton have essential ecosystem functions owing to their ecological
connections with other organisms, and their distribution and abundance in marine environ-
ments are affected by several environmental and geographic factors [1,2]. Understanding
how these environmental factors affect their composition and distribution may help to
elucidate their relationships with other organisms and improve predictions of ecosystem
responses to environmental changes [3]. In particular, examining the effects of seasonal
variations in environmental and geographic factors on community dynamics is essential to
elucidate their ecological roles [4–6].
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Temporal and spatial changes in bacterioplankton communities in response to envi-
ronmental change have been examined in recent studies [7,8]. Marine bacterioplankton
communities, which are finely structured, exhibit discrete phylogenetic clustering and abun-
dant diversity [9]. Metabarcoding, which characterizes taxonomic diversity and community
structure based on the analysis of 16S rRNA gene sequences, has been used to reveal the
high diversity of marine bacterioplankton [10–12]. We previously applied metabarcoding
to investigate bacterioplankton communities and species composition, monthly changes,
and potential pathogenic bacteria [13–18]. For instance, in Goseong Bay (South Korea),
Bacteroidetes and Actinobacteria were identified as the most abundant phyla [19]. Studies on
year-round bacterioplankton diversity may help in forecasting seasonal changes [6], and
metabarcoding may provide insights into the intricate relationships within bacterioplankton
communities owing to changes in various environmental factors [5].

To elucidate these factors, we used metabarcoding to investigate marine bacterioplank-
ton community dynamics and identify potentially pathogenic bacteria in seawater around
Jeju Island, South Korea, in four months in 2013. Our findings elucidated the distribution
of marine bacterioplankton in the waters around this site and established a baseline for
further studies. These findings will improve the prediction of marine bacterioplankton
responses to changes in environmental factors.

2. Results and Discussion

2.1. Seawater Environmental Characteristics

We sampled seawater around Jeju Island, South Korea, in March, May, September,
and December 2013 to characterize the bacterioplankton community in this area, consid-
ering seasonal changes in seawater temperature and salinity. Water temperature (range
17.0–25.3 ◦C) varied seasonally, consistent with the patterns commonly observed for tem-
perate environments: highest in summer and lowest in winter [20,21]. Salinity ranged
from 18.5 to 34.4 and was lowest in September. In South Korea, the summer–autumn rainy
season corresponds to the period from mid-August to mid-September, when typhoons
affect the Korean Peninsula directly or indirectly [22]. The large input of rainwater during
this period rapidly reduces seawater salinity, and this affects the microbial community in
this area [23,24].

2.2. Metabarcoding Results
2.2.1. OTU Diversity

Following quality control filtering, we obtained 8003 reads (average number of reads
per sample) (Table 1). These reads corresponded to 1343 bacterioplankton operational taxo-
nomic units (OTUs). Ranking by month showed the highest number of OTUs in September,
followed by May, December, and March (Figure 1). The high taxonomic diversity and rich-
ness in September may be related to the low salinity and high temperature of the seawater
within this month. These findings are consistent with those of other studies, which revealed
that bacterial species diversity is particularly high in September owing to these climate
conditions [25,26]. In autumn, interspecific interactions between bacterioplankton weaken,
resulting in lower diversity [24]. Further, the active mixing of the water column during this
period alters the water column’s physical and chemical parameters; this, in turn, leads to
significant seasonal differences in diversity and composition [27].

Table 1. Mean read counts, observed operational taxonomic units (OTUs), and alpha-diversity
(Chao1, Shannon, and Simpson indices) for marine bacterioplankton in seawater around Jeju Island,
South Korea, in four months in 2013.

Month Trimmed Reads OTUs Chao1 Shannon Simpson

March 6673 272 406.1 2.92 0.88
May 9782 393 603.4 3.51 0.91

September 9813 567 784.2 4.09 0.93
December 5745 369 625.1 3.16 0.86
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Figure 1. Variation of the number of sequences, operational taxonomic units, and diversity indices
(Chao1, Shannon, and Simpson indices) for the marine bacterioplankton community in seawater
around Jeju Island, South Korea, in four months in 2013.

2.2.2. Diversity of Bacterioplankton

The identified bacterioplankton OTUs were assigned to 21 phyla. The most abun-
dant phyla, accounting for 98.25% of the total relative abundance, were Proteobacteria,
Bacteroidetes, and Cyanobacteria (Figure 2a). The relative abundance of Proteobacteria was
slightly lower in May (at 78.86%) but was >85% in the other months. The second most
abundant phylum was Bacteroidetes. Its abundance increased from 12.54% in March to
19.23% in May and declined to 6.39% in September. Further, Cyanobacteria were two to
five times more abundant in September (3.62%) than in the other months.

Figure 2. Monthly variation of bacterioplankton community relative abundance in seawater around
Jeju Island, South Korea, in four months in 2013. (a) Phylum and (b) class level. Taxa with relative
abundance < 1.0% were categorized as other bacterioplankton groups.

Class-level diversity varied considerably between months (Figure 2b). Specifically,
47 classes were identified, with Alphaproteobacteria, Gammaproteobacteria, Flavobacteriia,
and Cyanophyceae showing dominance in all of the months. Alphaproteobacteria was more
abundant in September (61.84%) and December (62.83%) than in May (35.58%) and March
(53.61%). Gammaproteobacteria and Flavobacteriia were more abundant in May (42.66% and
19.03%, respectively) than in the other months. Cyanophyceae exhibited 1.48% relative
abundance in May and was more abundant in September (3.59%). However, in December,
its abundance decreased (1.25%).
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2.2.3. Changes in Common Bacterioplankton

The genus-level heat map of the bacterioplankton community revealed distinct changes
in diversity over the months (Figure 3a). Of the 719 genera identified, 12 accounted for >5%
of the total bacterioplankton relative abundance. Via nonmetric multidimensional scaling
(NMDS) analysis, the bacterioplankton community was classified into two groups, consid-
ering a 35% similarity level (Figure 3b). Thus, Candidatus Pelagibacter (Alphaproteobacteria)
was identified as the most abundant genus in all the months and was most abundant in
December (29.24%). Aestuariibacter (Gammaproteobacteria), the second most abundant genus,
was detected in all months except September and was most abundant in March (23.18%).
Further, the highest abundances of Lentibacter (8.33%), Nereida (7.20%), Loktanella (5.54%),
and Aliiroseovarius (5.44%), belonging to Alphaproteobacteria, were recorded in March, and
the highest abundances of Marinomonas (11.17%; Gammaproteobacteria) and Aurantivirga
(10.16%; Bacteroidetes) were recorded in May. September showed the highest abundances of
Vibrio (7.80%) and Pseudoalteromonas (6.53%), which are Gammaproteobacteria. Furthermore,
Citromicrobium (6.16%; Alphaproteobacteria) was detected only in September, and December
showed the highest abundance of Leisingera (22.0%; Alphaproteobacteria).

Figure 3. Heatmap of the relative abundances of the operational taxonomic units (OTUs) of com-
mon bacterioplankton (for OTUs with relative abundance > 1% in at least one sample) in seawater
samples collected around Jeju Island, South Korea, in four different months in 2013. (a) Hierar-
chical agglomerative clustering results based on the group average of the relative abundances of
the bacterioplankton OTUs. (b) Nonmetric multidimensional scaling (NMDS) plot for the bacterio-
plankton community based on the Bray–Curtis dissimilarity method. The relative abundances were
square-root normalized.

Candidatus Pelagibacter ubique, which accounts for most species of the genus Pelagibacter,
is distributed in marine environments at temperatures in the range of 12–15 ◦C and can
be cultured at 18 ◦C [28,29]. In this study area, the water is slightly warmer in September,
but still within this range; however, salinity varies substantially, in the range of 18–34.
Reportedly, Candidatus Pelagibacter ubique grows under oligohaline–mesohaline conditions
at salinity values ≥ 30 [29,30]. Thus, the temperature and salinity conditions of the seawater
at our study site favor the growth of species of the genus Pelagibacter.

For Aestuariibacter halophilus, the most abundant species of this genus, the optimum
temperature and pH for growth are 40 ◦C and pH 7–8, respectively, but its growth is still
possible at 15–40 ◦C. This species exhibits strict halophilicity; hence, it requires the saline
conditions of seawater for growth [31]. Low salinity, therefore, limited its growth in this
region in the month of September. Citromicrobium, detected only in September, comprised
one species, C. bathyomarinum, which grows under temperature, salinity, and pH conditions
in the ranges 20–42 ◦C, 0–10, and 6.0–8.0, respectively [32]. Thus, the water around Jeju
Island is most suitable for C. bathyomarinum in September. Given that bacterial growth
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is affected by various environmental factors, it is difficult to clarify the effects of water
temperature and salinity in this regard. In this study, however, these two factors were
identified as the most important factors affecting bacterial growth and distribution.

We performed LEfSe (Linear discriminant analysis Effect Size) analyses to identify
the abundant bacterioplankton taxon based on a comparison between September and
the other months (March, May, and December) (Figure 4; Table S1). Based on the results
obtained, Cyanophyceae, Alphaproteobacteria (Kiloniellales, Rhodospirillales, Sphingomonadales),
Saprospirales, and Pseudomonadales were identified as the major bacterioplankton in Septem-
ber. Conversely, Bacteroidetes and Gammaproteobacteria (Pseudomonadales, Alteromonadales,
and unclassified Gammaproteobacteria) constituted the common taxa in Jeju seawaters in the
other months.

Figure 4. Cladograms of attached bacterioplankton lineages differ significantly between September
and other months. The associated bacterioplankton groups at phylum to genus levels are listed
from the center to the outside. The circle diameters are proportional to bacterioplankton taxon
abundance. Significant discriminatory nodes are colored, and branch areas are shaded according to
the highest-ranked group for the given taxon. Green and red areas indicate September and other
months, respectively.

2.3. Identification of Potential Pathogens

At the class level, we identified the following potentially pathogenic bacteria: Gamma-
proteobacteria (44 OTUs), Flavobacteriia (three OTUs), Betaproteobacteria (one OTU), and Ep-
silonproteobacteria (one OTU) (Table S2). In particular, Vibrio (28 OTUs) and Pseudoalteromonas
(six OTUs) were the most abundant potentially pathogenic genera (Figure 5, Table S2),
and were most abundant in September. Further, potential pathogenic bacteria showed
significantly increased relative abundances in September (p < 0.05, one-way ANOVA).
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Figure 5. Genus-level relative abundances of potentially pathogenic bacteria in seawater around Jeju
Island, South Korea, in four months in 2013. For each genus listed, >1% of the species in the genus are
potentially pathogenic. These results were obtained by performing one-way ANOVA and Scheffe’s
post hoc test. The letters A and B indicate significant differences among months (p < 0.05).

The relative abundance of potentially pathogenic bacteria was significantly and pos-
itively correlated with water temperature (Spearman correlation analysis; p < 0.05). In
particular, the relative abundance of Pseudoalteromonas showed a highly significant cor-
relation with water temperature (p < 0.01, ρ = 0.835). For Pseudoalteromonas, the optimal
temperature for growth is >20 ◦C [33]. Further, Vibrio spp. were 3.5–14 times more abundant
in September than in the other months. Reportedly, Vibrio grows at temperatures > 20 ◦C
(similar to the temperature of the seawater around Jeju Island in September) and can toler-
ate salinity in the range 3–37 [34]. It has also been reported that Vibrio abundance is strongly
associated with water temperature [35,36]. Vibrio and Pseudoalteromonas were the most
common potential pathogens detected in the waters of Kaneohe Bay, Hawaii [37]. These
potentially pathogenic bacteria can infect various marine plants and animals, including
humans (Table S2). In particular, V. kanaloae, V. tasmaniensis, V. chagasii, P. tetraodonis, and P.
nigrifaciens infect marine animals, such as lobsters, fish, oysters, and sea cucumbers.

3. Materials and Methods

3.1. Sample Collection

Seawater samples (1 L) were collected from a 1 m depth at two sites around Jeju Island
(Site 1, 33◦22′89′′ N, 126◦56′53′′ E; Site 2, 33◦23′53′′ N, 126◦56′53′′ E) on 10 March, 21 May,
8 September, and 10 December 2013 (Figure 6). The seawater temperature and salinity at
these sampling points were obtained from the Marine Environment Information System
of Korea (http://www.meis.go.kr, accessed on 15 May 2014). Thereafter, 1 L samples of
the collected seawater were each passed through a polycarbonate filter (3 μm pore size)
(TSTP04700, Millipore, Ireland), harvested, and further passed through a 0.2 μm filter
(A020A047A, Advantec MFS Inc., Tokyo, Japan). Next, they were stored at 4 ◦C until
genomic DNA extraction.

134



Int. J. Mol. Sci. 2023, 24, 13561

Figure 6. Seawater sampling sites around Jeju Island, South Korea, in four different months in 2013.

3.2. Metabarcoding Analysis

The filters containing the microbes were cut into eight pieces before DNA extraction.
Thereafter, total microbial DNA was isolated using the PowerSoil DNA Isolation Kit (MoBio,
Solana Beach, CA, USA) according to the manufacturer’s instructions. The extracted
genomic DNA was then subjected to PCR amplification using primers targeting the V1–V3
region of the 16S rRNA gene [18], i.e., 27F forward primer, 5′-GAG TTT GAT CMT GGC
TCA G-3′ and 518R reverse primer, 5′-ATT ACC GCG GCT GCT GG-3′. Partial 16S rDNA
gene sequences were used to analyze bacterial diversity. Given that the divergence level
varies between the regions of the 16S rDNA gene, the choice of partial sequence regions
can significantly affect analysis results [38]. Thus, it was important to determine whether a
partial 16S rDNA sequence region could support bacterial characterization as reliably as
nearly full-length 16S rDNA genes.

Each primer was tagged using multiplex identifier (MID) adaptors (Roche, Mannheim,
Germany) following the manufacturer’s instructions. The use of MID adaptors enabled the
automatic sorting of metabarcoding-derived sequencing reads. Further, amplification was
performed under the following conditions: pre-denaturation at 95 ◦C for 5 min; 30 cycles
of denaturation at 95 ◦C for 30 s, primer annealing at 55 ◦C for 30 s, elongation at 72 ◦C
for 30 s; and final elongation at 72 ◦C for 5 min. The PCR products were purified using a
QIAquick PCR Purification Kit (cat. 28106; Qiagen, Hilden, Germany). Similar amounts
of extracted PCR products were pooled, and short fragments (non-target products) were
eliminated using the AMPure Bead Kit (Agencourt Bioscience, Beverly, MA, USA). PCR
product size and quality were further evaluated using a Bioanalyzer 2100 device (Agilent,
Palo Alto, Foster City, CA, USA). Thereafter, sequencing was conducted using the 454 GS
Junior Sequencing System (Roche Applied Science, Penzberg, Germany) following the
manufacturer’s instructions.

3.3. Bioinformatics Analysis

Following metabarcoding, bioinformatics analysis was performed as previously de-
scribed [18]. After sequencing, the quality check was performed to remove short sequence
reads (<150 bp), low-quality sequences (quality score < 25), singletons, chloroplast se-
quences, non-bacterial ribosomal sequences, and chimeras [39,40]. Then, using the Basic
Local Alignment Search Tool (BLAST v. 2.14.0), the sequence reads obtained were compared
to the sequences in the Silva rRNA database. Similar sequence reads (E-value < 0.0001)
were considered partial 16S rDNA sequences, and the taxonomic level (class or genus) of
the most similar sequence in the rRNA database was assigned to each of the identified
sequence reads. To analyze OTUs, CD-HIT-OTU software was used for clustering [41],
while Mothur platform (v 1.35.1) was used to estimate Shannon–Weaver diversity and

135



Int. J. Mol. Sci. 2023, 24, 13561

Chao1 richness [42]. The taxonomy of the sequence with the highest similarity was assigned
to the sequence read (species or genus levels with >98 or >94%, respectively).

3.4. Statistical Analysis and Selection of Potentially Pathogenic Bacteria

Data were presented as the mean of samples from two sampling sites. To compare
bacterioplankton community abundances among the four months, hierarchical clustering
analysis was performed via “group average” clustering using the Bray–Curtis dissimilarity
method. This generated a ranked similarity matrix in which the rows represented the
rankings of the column cases based on their similarity to the corresponding row case. OTU
class and family relative abundances were square-root normalized for comparison. Normal
distributions were assessed using the Kolmogorov–Smirnov test. We also considered
OTUs with a relative abundance > 1% in at least one sample as ‘abundant’ and pooled
the remainder.

To examine the relationships between measured parameters, Spearman correlation
analysis was employed. An ordination plot was produced via nonmetric multidimen-
sional scaling (NMDS) using a ranked similarity matrix. Further, the clustering, NMDS,
and correlation analyses were performed using PRIMER 6 (v 6.1.13). Alpha diversity
metrics and OTUs were analyzed using the ‘vegan’ package [43] in R Studio (v. 1.3.959).
Heat maps of the relative abundances of the most abundant OTUs were plotted using
ggplot2 [44] in R Studio. The investigated months were compared via one-way analysis of
variance (ANOVA), followed by Scheffe’s post hoc test. p values < 0.05 were considered
statistically significant.

To perform linear discriminant analysis (LDA), the Kruskal–Wallis test was employed
to assess differences among classes (α < 0.05), while the pairwise Wilcoxon test, acting
as a non-parametric analog, was conducted to compare subclasses (α < 0.05) [45,46]. The
threshold on the logarithmic LDA score was set to 2.0 to determine discriminative fea-
tures [47,48]. After the analysis was completed, the number of differentially abundant
OTUs identified using each tool was assessed at an α level of 0.05. Finally, the potential
presence of taxonomic groups that may explain the difference between bacterioplankton
communities in different samples was explored using Linear discriminant analysis Effect
Size (LEfSe, v 1.0) in the Galaxy framework.

The selection of potentially pathogenic bacteria was based on the literature. The
characteristics and references on the basis of which these potential pathogenic bacteria
were chosen are shown in Table S2.

4. Conclusions

In this study, we examined the variation in bacterioplankton diversity, community
composition, and the presence of potentially pathogenic bacteria in the waters around Jeju
Island for four months in 2013. Thus, we observed that community diversity was highest in
September, within which the highest abundance of potentially pathogenic bacteria was also
observed. This is the first study describing species-level diversity and several pathogenic
bacteria in seawater in the study region. These findings regarding potentially pathogenic
bacteria can be used to develop an early warning system with respect to marine pathogens.
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Abstract: The theory that an itch inhibits pain has been refuted; however, previous research did not
investigate this theory for an interleukin-31 (IL-31)-induced itch. Previously, we have found that
morphine-induced antinociception was partially reduced in IL-31 receptor A (IL-31RA)-deficient (IL-
31RAKI) mice, indicating that IL-31RA may play an important role in morphine-induced peripheral
antinociception. In the present study, we evaluated the effect of IL-31-induced analgesia on a
2,4,6-trinitrochlorobenzene (TNCB)-sensitized mice using a hot-plate test. This test evaluated the
antinociceptive activity of morphine and non-steroidal anti-inflammatory drugs (NSAIDs). Repeated
pretreatment with IL-31 showed significant antinociceptive action. Furthermore, its combination with
morphine, but not with NSAIDs, increased the analgesic action. In contrast, treatment with TNCB
and capsaicin decreased antinociception. Moreover, TNCB increased IL-31RA expression in the dorsal
root ganglia at 24 h, whereas capsaicin inhibited it. The comparative action of several analgesics
on TNCB or capsaicin was evaluated using a hot-plate test, which revealed that the antinociceptive
activity was decreased or disappeared in response to capsaicin-induced pain in IL-31RAKI mice.
These results indicate that the analgesic action of IL-31 involves the peripheral nervous system,
which affects sensory nerves. These results provide a basis for developing novel analgesics using
this mechanism.

Keywords: analgesia; alloknesis; antinociception; interleukin-31 (IL-31); interleukin receptor A
(IL-31RA); IL-31 receptor A-deficient (IL-31RAKI) mice; itch; pain

1. Introduction

Interleukin-31 (IL-31), a possible mediator of itching, induces severe pruritus and
dermatitis in mice [1]. Elevated cutaneous IL-31 expression levels have been observed in
lesional skin atopic dermatitis [2,3]. Moreover, the repeated administration of IL-31 causes
itch-associated scratching behavior, which is significantly increased with the increased
expression of IL-31 receptor A (IL-31RA) in the dorsal root ganglia (DRG) [4]. The interac-
tion between cutaneous IL-31 and neuronal DRG IL-31RA causes severe itch-associated
scratching behavior (long-lasting scratching, LLS) [5].

The central and peripheral nervous systems (CNS and PNS, respectively) are well-
known sites of action for analgesia. Morphine, an opioid, induces analgesia by acting on
both the CNS and PNS [6]. It inhibits the release of neurotransmitters from the primary
afferent terminals in the spinal cord and activates the descending inhibitory controls in
the midbrain [7,8]. However, the site of action of morphine in the PNS and its role in
regulating pain transmission remain unclear. The administration of morphine increases the
scratch counts within 10 min, followed by a return to basal levels approximately 90 min
after administration. A close correlation has been observed between time-course changes
in morphine-induced LLS counts and antinociceptive activity [9]. Moreover, IL-31 causes
characteristic LLS upon administration [5]. In IL-31RA-deficient (IL-31 receptor AtLacZ/+

knock-in) mice, the administration of morphine results in the disappearance of LLS and
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the partial disappearance of antinociceptive activity [9]. Additionally, recent findings have
indicated that IL-31 is partially involved in the peripheral analgesic mechanism. As IL-31
and IL-31RA are not expressed in the CNS, the endogenous opioid system is activated
under pathological conditions. Moreover, morphine-induced antinociceptive activity in
the peripheral site is better than that in the central site of morphine action because central
untoward adverse effects, such as respiratory depression, somnolence, and addiction, are
avoided [10,11]. Although non-steroidal anti-inflammatory drugs (NSAIDs) also mediate a
peripheral analgesic effect, they inhibit peripheral inflammation. In contrast, morphine has
no anti-inflammatory action on the peripheral site.

The hot-plate test using mice is simple and easy to perform [12] and is generally
used for strong-acting analgesics, such as opioids, but not for peripherally acting drugs.
Currently, a few experimental models can evaluate peripherally acting analgesic drugs
in mice. A well-known model for analgesic action for NSAIDs is paw inflammation
induced by an injection of Freund’s complete adjuvant [13] or carrageenin [14] and a
subsequent hyperalgesia assessment in rats [15,16]. However, it is substantially more
difficult to perform long-term tests in mice. Moreover, although these methods cause
inflammation, they can be used to evaluate even weak analgesics, such as NSAIDs and
acetaminophen, if the pain threshold is lowered. Acute contact dermatitis is induced
after a single application of hapten, dinitrochrolbenzen (DNCB) [17]. A modified hot-
plate test on the DNCB derivative 2,4,6-trinitrochlorobenzene (TNCB) has been previously
performed [18]. TNCB was applied to the limbs of mice to reduce the pain threshold, which
allowed the evaluation of antinociceptive activity at a temperature lower than that used in
the hot-plate test [19]. Additionally, it was possible to evaluate the antinociceptive activity
of NSAIDs and IL-31 using TNCB.

Itching elicits a strong desire to scratch; therefore, scratching behavior count is a
useful index to evaluate itching [20]. Mice exhibit two types of scratching behavior, long-
lasting scratching (LLS, scratching behavior lasting more than 1.0 s) and short-lasting
scratching (SLS, scratching behavior lasting from 0.3 to 1.0 s). Current studies on itching
are based on the human perceptive sense, and these nociceptive stimuli have no discernible
differences. However, the sensory perception of a foreign substance and true itching could
be differentiated by dividing the scratching behavior of mice into LLS and SLS [21]. The
number of spontaneous scratches can be automatically detected and objectively evaluated
via a computer. Based on our evaluation standard, we have previously found that histamine
is not a pruritogen [22].

Capsaicin acts on the transient receptor potential cation channel vanilloid subfamily
V member 1 (TRPV1), which modulates nociceptive inputs to the spinal cord and brain
stem centers integrating diverse painful stimuli [23,24]. The sensation of itching can be
reduced by the painful sensations caused by scratching [25]. The inhibition of itching
through painful stimuli has been experimentally demonstrated using various painful
stimuli. NC/Nga mice, an animal model of atopic dermatitis with chronic itching, spon-
taneously develop skin lesions [26]. We have previously demonstrated that cutaneous
prostaglandins (PGs) levels are significantly elevated upon scratching the mouse skin with
a stainless-steel wire brush (mechanical scratching), and these PGs suppressed LLS in
skin-lesioned NC/Nga mice [27,28]. Because PGs are associated with inflammation, their
administration enhances pain [29]. Notably, although the pain-induced suppression of
itching is temporary, the effect of capsaicin lasts more than 72 h, suggesting that this effect
may not only be due to pain but also another action of capsaicin. The partial activation
of TRPV1 by capsaicin results in pain, which, in turn, may partially suppress itching sen-
sations [30]. Paradoxically, the application of capsaicin produces transient burning pain
and induces analgesia for neuropathic pain. The mechanisms underlying these opposing
actions of capsaicin on the onset of pain and the induction of analgesia have not yet been
explained. The application of capsaicin causes the desensitization of TRPV1 [31], the inhi-
bition of nociceptor firing [32], and a decrease in mechanotransduction [33]. These early
effects of capsaicin on the function of primary afferents might contribute to the analgesic
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effects immediately after capsaicin application. However, these effects may be unrelated to
suppressing itching sensations because there are no reports of an analgesic action inhibiting
itching for more than 72 h following capsaicin application. Recently, we reported that
capsaicin suppresses LLS and SLS for more than 72 h; at this point, the expression of
DRG IL-31RA mRNA is significantly decreased, whereas that of cutaneous IL-31RA shows
no significant change. Thus, capsaicin may suppress LLS by inhibiting IL-31RA mRNA
expression in the DRG [34].

Our previous report suggested the partial involvement of IL-31 in the antinociceptive
action of morphine [9]. Moreover, we investigated the effects of pretreatment with IL-31
on morphine-induced antinociceptive activity using a modified hot-plate test and found
a close correlation between morphine-induced LLS and antinociceptive effect. We also
investigated LLS as an indicator of itching by morphine-induced itching and found that the
repeated administration of IL-31 gradually promoted LLS in a dose-dependent manner and
increased DRG neuronal IL-31RA expression. These data show that cutaneously-injected
IL-31 induces LLS and promotes DRG IL-31RA expression [4].

The present study aimed to reveal the mechanism of action of IL-31 on TNCB- or
capsaicin-induced pain models and assess the long-term physiological effects of its applica-
tion. Our results provide important insights into the development of a new type of algesic
based on the antinociceptive mechanism of IL-31.

2. Results

2.1. Effect of IL-31 on TNCB Applied Hot-Plate Test in BALB/c Mice

In the conventional hot-plate test (51 ◦C), IL-31 did not show significant antinociceptive
activity. In contrast, in the TNCB-applied (3%, 45 ◦C) hot-plate test [19], the latency rapidly
decreased 30 min after the TNCB application (Figure 1a, red line). Moreover, a single
pretreatment injection with IL-31 (50 μg/kg, intraperitoneal) showed slight antinociception,
which was not significant compared with that of the vehicle (phosphate-buffered saline,
PBS, 10 mL/kg)-treated group. However, repeated pretreatment with IL-31 (50 μg/kg,
intraperitoneal, every 12 h for 3 days) significantly increased the antinociceptive action
on the TNCB-applied hot-plate test at 45 ◦C (Figure 1a, green line) and the total antinoci-
ceptive index of IL-31 after 0.5–6 h (AUC0.5–6 h) of TNCB application compared with the
vehicle (acetone–ethanol mixed liquor, AEM)-treated group (Figure 1b, red column). These
results suggest that the repeated administration of IL-31 was a suitable condition for the
evaluation of the antinociceptive effect. Therefore, we performed subsequent experiments
with repeated administration of IL-31 (50 μg/kg; Figure 1a, intraperitoneal, every 12 h for
3 days).

In the vehicle (PBS, 10 mL/kg, intraperitoneal) + AEM-treated group, a few LLS counts
were observed (Figure 1c, blue line). And, these LLS counts decreased after TNCB, which
was not significant compared with those of the AEM-treated group (Figure 1c, yellow
line). On the other hand, a single large dose injection of IL-31 (1 mg/kg, intraperitoneal)
increased LLS counts, which gradually increased 4 h after IL-31 administration. This
increase in LLS counts showed a circadian rhythm; in particular, the LLS counts significantly
increased at nighttime. Moreover, the application of 0.2 mL of TNCB to the dorsal skin
surface significantly decreased LLS counts immediately after or within 6 h after application
(Figure 1c, red line). The total LLS counts also significantly decreased in the IL-31 + TNCB
group compared with those in the IL-31 + AEM-treated group (Figure 1d, yellow column).
However, the total LLS counts of IL-31 + TNCB were not significantly changed compared
with those in the PBS + TNCB-treated group.
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Figure 1. Effect of IL-31 on TNCB-applied hot-plate test in BALB/c mice. (a) Effect of repeated pre-
treatment of IL-31 (50 μg/kg, intraperitoneally, every 12 h for three days) on TNCB (3%, 0.04 mL/each
limb, total 0.16 mL/site)-applied hot-plate (45 ◦C) test. # p < 0.05, ### p < 0.001 compared with the
corresponding values in the saline + vehicle-treated group. (b) Total antinociceptive index of IL-31
after 0.5 to 6 h (AUC0.5–6 h). (c) Time-course change of itch-associated scratching behavior (LLS,
counts/h) after the application of TNCB (3%, 0.2 mL/dorsal site). The blue line indicates the
PBS + AEM-treated group; the red line indicates IL-31 + AEM-treated group; the green line indicates
PBS + TNCB-treated group; the yellow line indicates IL-31 + TNCB-treated group. The blue column
indicates the PBS + AEM-treated group; the red column indicates the IL-31 + AEM-treated group;
the green column indicates the PBS + TNCB-treated group; the yellow column indicates the IL-31
+ TNCB-treated group. (a,b) * p < 0.05, *** p < 0.001 compared with the corresponding values in
the PBS + TNCB-treated group. The lateral axis indicates the clock hour, and the shaded area rep-
resents nighttime (dark phase, 7:00 pm to 7:00 am). (d) Total LLS counts for 24 h. The blue column
indicates the IL-31 + AEM-treated group; the red column indicates the IL-31 + TNCB-treated group;
the green column indicates the PBS + TNCB-treated group; the yellow column indicates the IL-31 +
TNCB-treated group. The red arrow indicates the AEM or TNCB application point. The blue arrow
indicates the IL-31 (1 mg/kg, intraperitoneally) administration point. Each value represents the mean
± standard error (S.E.) from 6 mice (total 36 mice). *** p < 0.001 compared with the vehicle (PBS) +
TNCB-treated group. Three-way ANOVA: group × treatment × time: F (5, 120) = 2.760, p = 0.0214,
(a); group × treatment × time: F (23, 480) = 1.230, p = 0.2124, (c). Two-way ANOVA: group ×
treatment: F (1, 20) = 4.303, p = 0.0512, group: F (1, 20) = 18.68, p = 0.0003, treatment: F (1, 20) = 6.296,
p = 0.0208, (b); group × treatment: F (1, 20) = 13.95, p = 0.0013, group: F (1, 20) = 14.16, p = 0.0012,
treatment: F (1, 20) = 27.89, p < 0.0001, (d).

2.2. Effects of the Combination of Morphine and IL-31 on Hot-Plate Test in BALB/c Mice

In a conventional hot-plate test (51 ◦C), morphine (MP, 3 mg/kg, subcutaneously)
significantly increased the latency (Figure 2a, green line) and total antinociceptive index
15–120 min after administration (AUC15–120 min) (Figure 2b, green column) compared with
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the saline-treated group (Figure 2b, blue column). Morphine (3 mg/kg, subcutaneously)
significantly increased the latency (Figure 2a, green line) and total antinociceptive index
15–120 min after administration (AUC15–120 min) (Figure 2b, green column) compared
with the saline-treated group (Figure 2b, blue column) in a conventional hot-plate test
(51 ◦C). In contrast, repeated pretreatment with IL-31 decreased latency (Figure 2a, red
line) and the total antinociceptive index after 15 to 120 min (AUC15–120 min) (Figure 2b,
red column); however, no significant difference was observed. Moreover, the effect of the
combination of morphine and repeated pretreatment with IL-31 significantly enhanced
morphine-induced increasing latency (Figure 2a, yellow line) and the total antinociceptive
index (AUC15–120 min) (Figure 2b, yellow column).

Figure 2. Effects of IL-31 and morphine on conventional hot-plate (51 ◦C) test in BALB/c mice.
(a) Effect of repeated pretreatment of IL-31 (50 μg/kg, intraperitoneally, every 12 h for three days) and
a single dose of morphine (MP, 3 mg/kg, subcutaneously) on conventional hot-plate (51 ◦C) test. The
blue line indicates the phosphate-buffered saline (PBS) + saline-treated group; the red line indicates
the IL-31 + saline-treated group; the green line indicates PBS + morphine-treated group; the yellow
line indicates IL-31 + morphine-treated group. Each value represents the mean ± standard error (S.E.)
from 6 mice (24 mice). * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the corresponding values
in the PBS + saline-treated group. (b) Total antinociceptive index of morphine after 15 to 120 min
(AUC15–120 min). The blue column indicates PBS + saline-treated group; the green column indicates
PBS + morphine-treated group. The red column indicates the IL-31 + saline-treated group; the yellow
column indicates IL-31 + morphine-treated group. Each value represents the mean ± standard error
(S.E.) from 6 mice (total 24 mice). * p < 0.05, ** p < 0.01, *** p < 0.001 compared with each group.
Three-way ANOVA: group × treatment × time: F (7, 168) = 2.360, p = 0.0252, (a). Two-way ANOVA:
group × treatment: F (1, 20) = 12.11, p = 0.0024, group: F (1, 20) = 34.12, p < 0.0001, treatment: F (1,
20) = 5.28, p = 0.0325, (b).

2.3. Effects of the Combination of IL-31 and Loxoprofen on TNCB-Applied Hot-Plate Test in
BALB/c Mice

In the group where the vehicle (acetone–ethanol mixed liquor, AEM, 0.04 mL/each
limb) was applied to the limbs of the mice, latency was not changed during the experi-
mental period on the modified hot-plate test (45 ◦C) (Figure 3a, black line). In the TNCB
(1%)-applied hot-plate (45 ◦C) test, the latency significantly decreased from 30 to 120 min
after TNCB application (Figure 3a, blue line). Loxoprofen (LXP, 15 mg/kg, oral) signifi-
cantly increased antinociception (Figure 3a, green line) and the total antinociceptive index
after 30–120 min (AUC30–120 min) (Figure 3b, green column) compared with the vehicle
(carboxymethyl cellulose sodium, CMC, oral)-treated group (Figure 3a, blue line: Figure 3b,
blue column). Repeated pretreatment with IL-31 also increased latency (Figure 3a, red
line) and total antinociceptive index (AUC30–120 min) (Figure 3b, red column). However, the

146



Int. J. Mol. Sci. 2023, 24, 11563

combination of loxoprofen and IL-31 did not significantly enhance latency (AUC30–120 min)
(Figure 3a, yellow line) and total antinociceptive index (AUC30–120 min) (Figure 3b, yellow
column) compared with treatment with loxoprofen alone.

Figure 3. Effects of IL-31 and loxoprofen (LXP) on TNCB–applied the hot-plate test in BALB/c mice.
(a) Effects of IL-31 and loxoprofen (LXP) on TNCB-applied hot-plate (45 ◦C) test in mice. The black
line and column indicate the non-TNCB-treated group; the blue line indicates phosphate-buffered
saline (PBS) + vehicle (carboxymethyl cellulose sodium, CMC, 10 mL/kg, oral)-treated group; the
red line indicates IL-31 + CMC-treated group; the green line indicates PBS + LXP-treated group; the
yellow line indicate IL-31 + LXP treated group. The red arrow indicates the AEM or TNCB application
point. # p < 0.05, ### p < 0.001 compared with the corresponding values in the saline + vehicle-treated
group. (b) Total antinociceptive index of LXP after 30–120 min (AUC30–120 min). The black line and
column indicate the non-treated group; the blue column indicates the PBS + CMC-treated group;
the green column indicates the PBS + LXP-treated group; the red column indicates the IL-31 + CMC
treated-group; the yellow column indicates the IL-31 + LXP-treated group. Each value represents the
mean ± standard error (S.E.) from 6 mice (total 54 mice). NS, not significant, ### p < 0.001 compared
with the corresponding values in the saline + vehicle-treated group. * p < 0.05, *** p < 0.001 compared
with the corresponding values in the vehicle + TNCB treated group; (c) Effects of IL-31 and LXP on
TNCB-induced increasing cutaneous temperature (fever) after 24 h application of TNCB. (d) Effects
of IL-31 and LXP on TNCB-induced increasing cutaneous weight (swelling) after 24 h application of
TNCB. The blue column indicates saline + vehicle-treated group; the red column indicates vehicle +
TNCB-treated group; the green column indicates IL-31 + TNCB-treated group; the yellow column
indicates LXP + TNCB-treated group. (c,d) Each value represents the mean ± S.E. from 6 mice (total
24 mice), NS, not significant, # p < 0.05, ## p < 0.01 compared with the non-TNCB-treated group.
* p < 0.05 when compared with each group. Two-way ANOVA: time × group: F (24, 175) = 5.382,
p < 0.0001, time: F (6, 175) = 34.22, p < 0.0001, group: F (4, 175) = 37.29, p < 0.0001, (a). One-way
ANOVA: F (4, 25) = 111, p < 0.0001, (b); F (3, 20) = 10.65, p = 0.0002, (c); F (3, 20) = 10.87, p = 0.0002, (d).
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In the preliminary study, we assessed the time-course change of cutaneous temperature
as an indicator of fever, and skin weight as an indicator of swelling, after the 1% TNCB
application to determine the optimal experimental conditions. The cutaneous temperature
decreased within 1 to 6 h after TNCB application, then significantly increased after 24 h of
application and returned to basal level after 72 h. Skin tissue weight significantly increased
between 6 and 72 after TNCB application.

Therefore, we measured the cutaneous weight and temperature for 24 h after TNCB
application in subsequent experiments. Then, IL-31 did not change the cutaneous tempera-
ture or swelling. In contrast, loxoprofen (LXP) significantly decreased TNCB-induced fever
and swelling (Figure 3c,d).

2.4. Comparison of the Effects of TNCB or Capsaicin on Modified Hot-Plate Test in BALB/c Mice

The application of TNCB (3%, 0.04 mL/site of limb) or capsaicin (1%, 0.04/site of limb)
rapidly decreased latency on the hot-plate (45 ◦C) test within 0.5 to 6 h after their topical
application (Figure 4a, red and green lines). Cutaneous prostaglandin D2 (PGD2) contents
significantly increased 1 h after TNCB application, whereas this effect was not observed
in the capsaicin-applied group (Figure 4b). Capsaicin significantly suppressed IL-31RA
expression in the DRG but not the TNCB applications groups (Figure 4c).

Figure 4. Comparative effects of TNCB or capsaicin on latency in modified hot-plate test and
several pain-related parameters in BALB/c mice. (a) Time-course changes of latency caused by
topical application of TNCB (3%) or capsaicin (Cap, 1%) in modified hot-plate (45 ◦C) test. The red
arrow indicates the vehicle (acetone-ethanol mixed liquor, AEM, 0.2 mL/site) or TNCB or capsaicin
application point. The values represent the means ± standard error (S.E.) from 6 mice. *** p < 0.001
compared with the respective value of the AEM-treated group. (b) Effects of TNCB and capsaicin on
cutaneous PGD2 contents 1 h after application. (c) Effects of TNCB or capsaicin on DRG neuronal
IL-31RA mRNA expression 6 h after application. (d) Effects of TNCB or capsaicin on cutaneous IL-31
mRNA expression 1 h after application. € Effects of TNCB or capsaicin on DRG neuronal TRPV1
mRNA expression 6 h after application. The values represent the means ± standard error (S.E.) from
6 mice (total 42 mice). (a–d) NS, not significant, * p < 0.05, ** p < 0.01, *** p < 0.001 compared with
the respective value of the AEM-treated group. Two-way ANOVA: time × group: F (10, 90) = 14.22,
p < 0.0001, time: F (5, 90) = 74.75, p < 0.0001, group: F (2, 90) = 307.4, p < 0.0001, (a); group × treatment:
F (1, 20) = 18.51, p = 0.0003, group: F (1, 20) = 22.51, p = 0.0001, treatment: F (1, 20) = 16.9, p = 0.0005,
(b); group × treatment: F (1, 20) = 10.65, p = 0.0039, group: F (1, 20) = 9.817, p = 0.0052, treatment: F
(1, 20) = 10.65, p = 0.0039, (c); group × treatment: F (1, 20) = 3.016, p = 0.0978, group: F (1, 20) = 3.014,
p = 0.0979, treatment: F (1, 20) = 3.016, p = 0.0978, (d); group × treatment: F (1, 20) = 6.93, p = 0.0160,
group: F (1, 20) = 1.273, p = 0.2725, treatment: F (1, 20) = 6.932, p = 0.0159, (e).
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TNCB markedly increased cutaneous IL-31 mRNA expression 1 h after TNCB ap-
plication; however, the difference was not significant (Figure 4d). Moreover, capsaicin
significantly decreased TRPV1 expression in the DRG but not the TNCB application group
at 6 h after these applications (Figure 4e). The TNCB and capsaicin groups exhibited pain
and had shortened latency from 0.5 to 6 h after application, similarly to the effects observed
at 6 h; however, many differences were observed in the expression of several pain-related
factors. Therefore, we investigated the site of action of IL-31 on PGD2- or capsaicin-induced
pain in mice.

2.5. Effect of IL-31 on ProstaglandinD2- or Capsaicin-Applied Modified Hot-Plate Test in
BALB/c Mice

In the group where the vehicle (ethanol, 0.04 mL/each limb) was applied to the limbs of
the mice, latency was not changed during the experimental period on the modified hot-plate
(45 ◦C) test (Figure 5a,c, blue line). Similar to the group receiving repeated pretreatment
with IL-31, latency was also not changed during the experimental period (Figure 5a,c, red
line). In contrast, prostaglandin D2 (PGD2) significantly decreased latency from 0.5 to 4 h
after PGD2 application (Figure 5a, green line). After repeated pretreatment with IL-31 in
the PGD2-applied group, the PGD2-induced decreased latency was significantly increased
from 0.5 to 1 h after PGD2 application (Figure 5a, yellow line). The total antinociceptive
index of IL-31 after 30 to 120 min (AUC30–120 min) after vehicle (PBS) application was not
significantly different between the PBS and IL-31 pretreatment groups (Figure 5b, left side).
In contrast, the total antinociceptive index of IL-31 after 30 to 120 min (AUC30–120 min)
in the PGD2-applied group showed a significant difference between the PBS and IL-31
pretreatment groups (Figure 5b, right side).

Figure 5. Effects of IL-31 on PGD2- or capsaicin-applied hot-plate test in BALB/c mice. (a) Effect
of IL-31 on PGD2-induced decreasing latency on hot–plate (45 ◦C) test. ** p < 0.01, *** p < 0.001
compared with the corresponding values in the vehicle (ethanol, EtOH, 0.2 mL/site)-treated group;
## p < 0.01, ### p < 0.001 compared with the corresponding values in the vehicle-treated group.
(b) Total antinociceptive index from 30 to 120 min (AUC30–120 min) after PGD2 application. NS,
not significant, * p < 0.05 compared with the corresponding values in the vehicle-treated group.
(c) Effect of IL-31 on capsaicin (Cap)-induced decreasing latency on modified hot-plate (45 ◦C) test.
### p < 0.001 compared with the corresponding values in the vehicle-treated group. (d) After
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capsaicin application, the total antinociceptive index changes from 30 to 120 min (AUC30–120 min).
The blue line indicates the vehicle (phosphate-buffered saline, PBS, intraperitoneal, every 12 h for
3 days) + EtOH-group; the red line indicates the IL-31-pretreated (50 μg/kg, intraperitoneal, every
12 h for 3 days) + EtOH-treated group; the green line indicates PBS + PGD2 (0.1%, 0.04 mL/each
limb)- or capsaicin (3%, 0.04 mL/each limb)-treated group; the yellow line indicates IL-31 + PGD2- or
capsaicin-treated group. The red arrow indicates the vehicle (ethanol, EtOH)- or PGD2 or capsaicin
application point. Values represent the mean ± S.E. from 6 mice (total of 48 mice). NS, not significant,
compared with the respective values of the vehicle-treated group. Three-way ANOVA: group ×
treatment × time: F (5, 120) = 0.885, p = 0.4934, group × treatment: F (1, 120) = 5.631, p = 0.0192,
group: F (1, 120) = 47.782, p < 0.0001, treatment: F (1, 120) = 1.591, p = 0.2096, time: F (5, 120) = 7.123,
p < 0.0001, (a); group × treatment × time: F (5, 126) = 0.824, p = 0.5347, group: F (1, 126) = 903.432,
p < 0.0001, treatment: F (1, 126) = 0.315, p = 0.5759, time: F (5, 126) = 50.026, p < 0.0001, (c). Two-
way ANOVA: group × treatment: F (1, 20) = 1.79, p = 0.1959, group: F (1, 20) = 3.317, p = 0.0835,
treatment: F (1, 20) = 4.791, p = 0.0406, (b); group × treatment: F (1, 21) = 0.2122, p = 0.6498, group:
F (1, 21) = 44.57, p < 0.0001, treatment: F (1, 21) = 0.727, p = 0.4035, (d).

Capsaicin significantly decreased latency from 0.5 to 6 h after application (Figure 5c,
green line). After repeated pretreatment with IL-31 in the capsaicin-applied group, the
capsaicin-induced decreased latency did not change (Figure 5c, yellow line). The total
antinociceptive index of the vehicle (PBS)-applied to the group and the IL-31 pretreatment
group were not significantly different (Figure 5d, left side). Therefore, we investigated
the effects of several analgesics on TNCB- or capsaicin-induced pain in wild-type and
IL-31RAKI mice.

2.6. Effects of Morphine on TNCB- or Capsaicin-Applied Hot-Plate Test in Wild-Type and
IL-31RAKI Mice

In the TNCB-applied hot-plate test (45 ◦C), the latency rapidly decreased 30 min
after TNCB (3%, 0.04 mL/each limb) and capsaicin (1%, 0.04 mL/each limb) application
(Figure 6a, blue and green lines) in BALB/c mice. Morphine (3 mg/kg, subcutaneously)
delayed the latency and the increased antinociceptive index 30 to 120 min after administra-
tion (AUC30–120 min) compared with those of the vehicle (saline)-treated group (Figure 6a,
red and yellow lines). The total antinociceptive index of morphine after 30 to 120 min
(AUC30–120 min) was approximately the same as in those of the TNCB- and capsaicin-applied
hot-plate test groups. However, there was a significant effect for the TNCB-applied hot-
plate test (Figure 6b, left side), but not the capsaicin-applied hot-plate test (Figure 6b,
right side).

In the conventional hot-plate test (51 ◦C), the latency did not change during the exper-
imental period (Figure 6c, blue and green lines) in wild-type (C57BL/6) and IL-31RAKI
mice (C57BL/6 genetic background). Morphine (3 mg/kg, subcutaneously) delayed the
latency and increased antinociception compared with the vehicle-treated group (Figure 6c,
red and yellow lines). The total antinociceptive index of morphine after 30 to 120 min
(AUC30–120 min) was decreased in IL-31RAKI mice compared with wild-type mice in the
conventional hot-plate test. In contrast, a significant effect was not observed in IL-31RAKI
mice (Figure 6d, right side).
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Figure 6. Effect of morphine on TNCB- or capsaicin-applied hot-plate test in wild-type or IL-31RAKI
mice. (a) Effect of morphine (3 mg/kg, subcutaneous) on TNCB- or capsaicin-applied hot-plate (45 ◦C)
test in BALB/c mice. Each value represents the mean ± standard error (S.E.) from 6 mice * p < 0.05
compared with the respective values in vehicle (saline)-treated mice. (b) Total antinociceptive index of
morphine after 30 to 120 min (AUC30–120 min) as per the TNCB or capsaicin-treated hot-plate test. NS,
not significant, * p < 0.05 compared with the respective values in vehicle-treated mice. The blue line
and column indicate the TNCB + vehicle (saline)-treated group; the red line and column indicates the
TNCB + morphine-treated group; the green line and column indicates the capsaicin + saline-treated
group; the yellow line and column indicates the capsaicin + morphine-treated group. The red arrow
indicates the TNCB or capsaicin application point. (c) Effect of morphine on conventional hot-plate
(51 ◦C) test in wild-type (C57BL/6) and IL-31RAKI (C57BL/6 genetic background) mice. * p < 0.05,
and *** p < 0.001 compared with the respective values in vehicle-treated mice. (d) Total antinocicep-
tive index of morphine after 30 to 120 min (AUC30–120 min) of wild-type and IL-31RAKI mice. The
blue line and column indicate the vehicle (saline)-treated group in wild-type mice; the red line and
column indicates the morphine-treated group in wild-type mice; the green line and column indicates
the saline-treated group in IL-31RAKI mice; the yellow line and column indicates the morphine-
treated group in IL-31RAKI mice. Wild, C57BL/6 mice; IL-31RAKI, IL-31 receptor A-deficient mice
(C57BL/6 genetic background). Each value represents the mean ± standard error (S.E.) from 6 mice
(total 48 mice). *** p < 0.001 compared with the respective values in vehicle-treated mice. Three-
way ANOVA: group × treatment × time: F (5, 120) = 1.275, p = 0.2792, group: F (1, 120) = 17.296,
p < 0.0001, treatment: F (1, 120) = 49.027, p < 0.0001, time: F (5, 120) = 73.243, p < 0.0001,
(a); group × treatment × time: F (7, 160) = 2.171, p = 0.0395, (c). Two-way ANOVA: group × treat-
ment: F (1, 20) = 0.007463, p = 0.9320, group: F (1, 20) = 28.95, p < 0.0001, treatment: F (1, 20) = 10.85,
p = 0.0036, (b); group × treatment: F (1, 20) = 19.79, p = 0.0002, group: F (1, 20) = 11.82, p = 0.0026,
treatment: F (1, 20) = 24.87, p < 0.0001, (d).
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2.7. Effects of Loxoprofen on TNCB- or Capsaicin-Applied Hot-Plate Test in Wild-Type and
IL-31RAKI Mice

The latency rapidly decreased 30 min after TNCB or capsaicin was applied in the
hot-plate (45 ◦C) test in BALB/c mice (Figure 7a, blue and green line). Loxoprofen (LXP),
which is a reversible cyclooxygenase inhibitor, (15 mg/kg, oral), significantly delayed
latency 0.5 to 6 h after loxoprofen treatment on the TNCB (3%, 0.04 mL/each limb)-applied
hot-plate test, compared with the respective value of the vehicle (carboxymethyl cellulose
sodium, CMC, 10 mL/kg, oral)-treated group (Figure 7a, red lines).

Figure 7. Effect of loxoprofen on TNCB- or capsaicin-applied hot-plate test in wild-type and IL-
31RAKI mice. (a) Effect of loxoprofen on TNCB- or capsaicin-applied hot-plate (45 ◦C) test in BALB/c
mice. Each value represents the mean ± standard error (S.E.). * p < 0.05 compared with the respective
values in the vehicle (carboxymethyl cellulose sodium saline, CMC, 10 mL/kg, oral)-treated mice.
(b) Total antinociceptive index of loxoprofen after 0.5 to 6 h (AUC0.5–6 h) as per the TNCB- or capsaicin-
applied hot-plate test in BALB/c mice. Each value represents the mean ± standard error (S.E.) from
6 mice. NS, not significant, * p < 0.05 compared with the respective values in the CMC-treated mice.
The blue line and column indicate the TNCB + vehicle (saline)-treated group; the red line and column
indicates the TNCB + loxoprofen-treated group; the green line and column indicates the capsaicin
+ saline-treated group; the yellow line and column indicates the capsaicin + loxoprofen-treated
group. (c) Effect of loxoprofen on TNCB-applied hot-plate (45 ◦C) test in wild-type (C57BL/6) and IL-
31RAKI (C57BL/6 genetic background) mice. Each value represents the mean ± standard error (S.E.).
** p < 0.01 compared with the respective values in the CMC-treated mice. (d) Total antinociceptive
index of loxoprofen (AUC0.5–6 h) of wild-type and IL-31RAKI mice. NS, not significant, compared
with the respective values in vehicle-treated mice. The blue line indicates TNCB + CMC-and column
indicate the vehicle (saline)-treated group in wild-type mice; the red line and column indicates TNCB
+the loxoprofen-treated (15 mg/kg, oral) group in wild-type mice; the green line and column indicates
capsaicin + CMCthe saline-treated group in IL-31RAKI mice; the yellow line and column indicates
capsaicin +the loxoprofen -treated group in IL-31RAKI mice. The red arrow indicates the TNCB or
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capsaicin application point. Wild, C57BL/6 mice; IL-31RAKI, IL-31 receptor A-deficient mice
(C57BL/6 genetic background). Each value represents the mean ± standard error (S.E.) from 6 mice
(total 48 mice). Three-way ANOVA: group × treatment × time: F (5, 120) = 2.430, p = 0.0389, (a);
group × treatment × time: F (5, 96) = 1.095, p = 0.3685, group: F (1, 96) = 6.646, p = 0.0115, treatment:
F (1, 96) = 14.570, p = 0.0002, time: F (5, 96) = 102.550, p < 0.0001, (c). Two-way ANOVA: group
× treatment: F (1, 20) = 0.4223, p = 0.5232, group: F (1, 20) = 24.67, p < 0.0001, treatment: F (1, 20)
= 0.7201, p = 0.4062, (b); group × treatment: F (1, 16) = 4.854, p = 0.0426, group: F (1, 16) = 10.21,
p = 0.0056, treatment: F (1, 16) = 3.69, p = 0.0727, (d).

However, the total antinociceptive index of loxoprofen after 0.5 to 6 h (AUC0.5–6 h) was
not significant increased compared with that of the CMC-treated group (Figure 7b, left side).
However, loxoprofen did not affect the capsaicin-applied hot-plate test compared with the
CMC-treated group (Figure 7a,b, red line and column). On the other hand, loxoprofen
did not affect the capsaicin-applied hot-plate test (Figure 7a,b, yellow line and column,
right side).

In wild-type (C57BL/6) and IL-31RAKI (C57BL/6 genetic background) mice, the
latency time rapidly decreased 30 min after TNCB application (Figure 7c, blue and green
lines). Loxoprofen (15 mg/kg, oral) significantly delayed the latency at 2 h after treatment
and increased antinociception compared with the respective value of the CMC-treated
group (Figure 7c, red line). The total antinociceptive index of loxoprofen after 0.5 to 6 h
(AUC0.5–6 h) was significantly increased compared with that of the CMC-treated group
(Figure 7d, left side). However, loxoprofen did not affect the TNCB-treated hot-plate test
in IL-31RAKI mice (Figure 7c,d, yellow line and column, right side). These results were
similar to those of capsaicin-induced pain on the modified hot-plate test (Figure 7b).

2.8. Effects of Acetaminophen on TNCB- or Capsaicin-Applied Hot-Plate Test in Wild-Type and
IL-31RAKI Mice

The latency rapidly decreased 30 min after TNCB- or capsaicin-applied hot-plate
(35 ◦C) tests in BALB/c mice (Figure 8a, blue and green lines). Acetaminophen (APAP,
300 mg/kg, oral) delayed the latency and increased antinociceptive activity on the TNCB-
applied hot-plate test, compared with the vehicle (carboxymethyl cellulose sodium, CMC,
10 mL/kg, oral)-treated group (Figure 8a, red lines). The total antinociceptive index of
acetaminophen after 30 to 120 min (AUC30–120 min) was significantly increased compared
with that of the CMC-treated group (Figure 8b, red line and column, left side). However,
acetaminophen did not affect the capsaicin-treated hot-plate test, compared with the CMC-
treated group (Figure 8a,b, yellow line and column, right side).

In wild-type (C57BL/6) and IL-31RAKI (C57BL/6 genetic background) mice, the
latency rapidly decreased 30 min after TNCB application on the modified hot-plate (35 ◦C)
test (Figure 8c, blue and green lines). Acetaminophen (APAP, 300 mg/kg, oral) delayed
the latency time and increased antinociception compared with the CMC-treated group
(Figure 8c, red line). The total antinociceptive index of acetaminophen after 30–120 min
(AUC30–120 min) was significantly increased compared with that of the CMC-treated group
(Figure 8d, left side). However, acetaminophen did not affect the TNCB-applied hot-plate
test in IL-31RAKI mice (Figure 8d, yellow line and column, right side). These results were
similar to those of capsaicin-induced pain on the modified hot-plate test (Figure 8b).

2.9. Long-Term Changes after TNCB or Capsaicin Application on Sense of Itch and Pain

In the group where the vehicle (acetone-ethanol mixed liquor, AEM, 0.04 mL/each
limb) was applied to the limbs of the mice, latency was not changed during the experimen-
tal period on the modified hot-plate test (45 ◦C) (Figure 9a, blue line). Both TNCB (3%,
0.04 mL/each limb) and capsaicin (1%, 0.04/each limb) induced a decreased latency after
their application until 6 h. However, their effect differed 24 h after their topical application.
The decreased latency was reversed in the TNCB group after 24 h and showed pain torpor
until 72 h, whereas that in the capsaicin group continued to decrease until 72 h after applica-
tion (Figure 9a, red and green lines). In IL-31RAKI mice, TNCB showed decreased latency
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after application until 6 h (Figure 5a, yellow line) and then returned to basal levels after
24 h (Figure 9a, yellow line). The pain torpor was not observed in IL-31RAKI mice. In the
TNCB group, IL-31RA expression in the DRG increased within 1 to 6 days after application,
whereas that in the capsaicin group continued decreasing until 6 days after application
(Figure 9b, red and green lines). TNCB showed a significant decrease in LLS counts from
immediately after application until 6 h (Figure 9c), which then increased 3 days after admin-
istration, and gradually decreased to basal levels 12 days after administration (Figure 9c,
red line). The capsaicin group also showed significantly decreased LLS counts immedi-
ately after its application until 6 days after (Figure 9c, green line), which did not recover
during the experimental period. We measured IL-31-induced (1 mg/kg, intravenously)
LLS counts for IL-31 reactivity. Before capsaicin application, LLS counts of the vehicle
(PBS) and IL-31 administration groups were 70.3 ± 11.3 and 299.1 ± 39.7 counts/24 h, re-
spectively (Figure 9, green and blue columns). The IL-31-induced LLS counts at 1, 24, 72,
and 144 h (6 days) after capsaicin application were 30.1 ± 4.3, 56.8 ± 23.1, 184.6 ± 2.2, and
124.2 ± 26.2 counts/24 h, respectively (Figure 9d, red columns), which were significantly
decreased compared with those before capsaicin application (Figure 9d, red columns).

Figure 8. Effect of acetaminophen on TNCB– or capsaicin–applied hot-plate (35 ◦C) test in wild-
type and IL-31RAKI mice. (a) Effect of acetaminophen (APAP, 300 mg/kg, oral) on TNCB- or
capsaicin-applied hot-plate (35 ◦C) test in BALB/c mice. Each value represents the mean ± standard
error (S.E.).* p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the respective values in vehicle
(carboxymethyl cellulose sodium, CMC, 10 mL/kg, oral)-treated mice. (b) Total antinociceptive index
of acetaminophen after 30–120 min (AUC30–120 min) as per the TNCB- or capsaicin-applied hot-plate
test in BALB/c mice. Each value represents the mean ± standard error (S.E.). NS, not significant,
* p < 0.05 compared with the respective values in vehicle-treated mice. The blue line and column
indicate the TNCB + vehicle (saline)-treated group; the red line and column indicates the TNCB +
acetaminophen-treated group; the green line and column indicates the capsaicin + saline-treated
group; the yellow line and column indicates the capsaicin + acetaminophen-treated group. (c) Effect
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of acetaminophen on TNCB-applied hot-plate (35 ◦C) test in wild-type (C57BL/6) mice and IL-
31RAKI (C57BL/6 genetic background) mice. Each value represents the mean ± standard error (S.E.).
*** p < 0.001 compared with the respective values in the CMC-treated mice. (d) Total antinociceptive
index of acetaminophen after 30–120 min (AUC30–120 min) of wild-type and IL-31RAKI mice. The
blue line indicatesand column indicate the TNCB + CMC-vehicle (saline)-treated group in wild-
type mice; the red line and column indicates the TNCB + acetaminophenAPAP-treated group in
wild-type mice; the green line and column indicates the capsaicin + CMCsaline-treated group in
IL-31RAKI mice; the yellow line and column indicates the capsaicin + acetaminophenAPAP-treated
group in IL-31RAKI mice. The red arrow indicates the TNCB or capsaicin application point. Wild,
C57BL/6 mice; IL-31RAKI, IL-31 receptor A-deficient mice (C57BL/6 genetic background). Each
value represents the mean ± standard error (S.E.) from 6 mice (total 48 mice). NS, not significant,
* p < 0.05 compared with the respective values in the CMC-treated mice. Three-way ANOVA:
group × treatment × time: F (5, 126) = 1.200, p = 0.3128, group: F (1, 126) = 381.730, p < 0.0001,
treatment: F (1, 126) = 6.316, p = 0.0132, time: F (5, 126) = 44.926, p < 0.0001, (a); group ×
treatment × time: F (5, 120) = 0.248, p = 0.9400, group: F (1, 120) = 2.609, p = 0.1089, treatment:
F (1, 120) = 21.475, p < 0.0001, time: F (5, 120) = 4.594, p = 0.0007, (c). Two-way ANOVA: group ×
treatment: F (1, 20) = 10.33, p = 0.0043, group: F (1, 20) = 9.935, p = 0.0050, treatment: F (1, 20) = 3.516,
p = 0.0754, (b); group × treatment: F (1, 20) = 10.33, p = 0.0043, group: F (1, 20) = 9.935, p = 0.0050,
treatment: F (1, 20) = 3.516, p = 0.0754, (d).

 

Figure 9. Long–term changes after TNCB or capsaicin application on the sense of itch and pain.
(a) Effects of topical application of TNCB or capsaicin on modified hot-plate (45 ◦C) test in BALB/c
mice and IL-31RAKI mice. The blue line indicates the vehicle (acetone-ethanol mixed liquor, AEM)-
treated mice; the red line indicates the TNCB-treated mice; the green line indicates the capsaicin-
treated mice; the yellow line indicates the TNCB-treated IL-31RAKI mice. (b) Effects of topical
application of TNCB or capsaicin on IL-31RA expression in the DRG. The blue line indicates AEM-
treated mice; the red line indicates TNCB-treated mice; the green line indicates capsaicin-treated
mice. (c) Effects of topical application of TNCB or capsaicin on itch-associated behavior counts (LLS
counts/24 h). The blue line indicates AEM-treated mice; the red line indicates TNCB-treated mice; the
green line indicates capsaicin-treated mice. The red arrow indicates the AEM or TNCB or capsaicin
application point. Each value represents the mean ± standard error (S.E.) from 6 mice (total 54 mice).
* p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the respective values of vehicle (AEM)-treated
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group. (d) Time-course change of topical application of capsaicin on IL-31-induced LLS counts. The
blue arrows indicate the IL-31 (1 mg/kg, intravenous) administration point. The red arrow indicates
the capsaicin (1%, 0.2 mL/site) application point. Each value represents the mean ± standard error
(S.E.) from 6 mice. * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with IL-31-induced LLS counts
before capsaicin application. Two-way ANOVA: group × time: F (12, 100) = 7.899, p < 0.0001, group:
F (3, 100) = 18.81, p < 0.0001, time: F (4, 100) = 12.45, p < 0.0001, (a); group × time: F (10, 90) = 15.2,
p < 0.0001, group: F (2, 90) = 63.57, p < 0.0001, time: F (5, 90) = 6.516, p < 0.0001, (b); group × time: F
(8, 75) = 8.204, p < 0.0001, group: F (2, 75) = 31.92, p < 0.0001, time: F (4, 75) = 9.405, p < 0.0001, (c).
One-way ANOVA: F (5, 30) = 12.11, p < 0.0001, (d).

3. Discussion

The IL-31-caused scratching behavior is distinct from other pruritogens (e.g., histamine,
serotonin)-induced scratching [21,35–37]. A single intradermal, or other administration
route (e.g., intravenously), injection of IL-31 elicits LLS but not SLS, with LLS manifesting
gradually approximately 1 h after injection and persisting over 24 h [35]. However, other
pruritogens, injected only via an intradermal route, elicits SLS but not LLS, with SLS
manifesting immediately after the intradermal injection and persisting for at least 30 min.
IL-31 is a neuronal transmitter that causes aloknesis but is not a pruritogens, indicating that
it causes alloknesis-induced itching [38,39]. In a previous study, we showed that repeated
administration of IL-31 gradually increased the LLS counts. Our results indicated that
IL-31-induced LLS counts depend on the interaction of blood IL-31 concentration, DRG
neuronal IL-31RA expression induces LLS, and IL-31 promotes the onset of DRG neuronal
IL-31RA [5]. In this study, a single pretreatment with IL-31 (50 μg/kg, intrapretoneal)
showed no significant antinociceptive activity whereas repeated pretreatment with IL-31
showed significant antinociceptive activity on the TNCB-applied hot-plate test at 45 ◦C.
The repeated administration of IL-31 enhanced the action of IL-31-induced increases in
DRG neuronal IL-31RA expression. Moreover, a single large dose of IL-31 (1 mg/kg,
intraperitoneal) elicited clear LLS, and TNCB-induced pain inhibited the IL-31-induced LLS.
These results suggest that the IL-31-induced itch inhibits TNCB-induced pain. Although it
is well-known that pain inhibits itching [40], the reverse phenomenon that an itch inhibits
pain is controversial. Our results show that IL-31-induced alloknesis inhibits pain. These
data suggest that the sensation of pain and itch may be regulated through their functional
antagonism.

In the present study, the repeated pretreatment of IL-31 decreased latency; however,
this result was insignificant in the conventional hot-plate test (51 ◦C). This result suggests
that IL-31-induced itching is caused by heat stimulation; therefore, pain and itching actions
are indistinguishable. However, morphine-induced antinociception was enhanced with
pretreatment with IL-31, suggesting that the increased analgesic action was caused by the
IL-31-induced peripheral action of morphine and its interaction with the central analgesic
action of morphine. Morphine produces analgesia by acting on both the CNS and PNS, and
it is a one of the few drugs to induce LLS counts and cause alloknesis simultaneously [41,42].
In addition, morphine-induced LLS and antinociceptive effects are closely correlated in
mice; morphine-induced LLS and antinociceptive effects were completely and partially
inhibited in IL-31RAKI mice, respectively [9]. Previously, we reported that IL-31 might
play a significant role in the modulation of peripheral morphine-induced antinociception
by sensory neurons in IL-31RAKI mice compared with wild-type mice [9]. In the present
study, we demonstrated that repeated pretreatment with IL-31 showed antinociceptive
activity. These results suggest that the antinociceptive activity of IL-31 partially contributes
to the antinociceptive action of morphine.

In the present study, loxoprofen, a PGs inhibitor, significantly increased latency and
total antinociceptive activity in the TNCB (1%)-applied hot plate (45 ◦C) test. The applica-
tion of 3% TNCB will show almost the same result. Repeated pretreatment with IL-31 also
increased latency and total nociception; however, the combined effect of loxoprofen and
IL-31 was not significantly enhanced. These results suggest that the antinociceptive activity
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of IL-31 was approximately as effective as that of loxoprofen (NSAIDs). An enhanced action
was not observed because the compound characteristics have the same peripheral action
site. Inflammatory reactions increased tissue PGs’ (PGD2, PGE2, and PGI2) biosynthesis and
are characterized by redness (arterial extension), fever (increased body temperature), and
edema (swelling). Therefore, we examined the comparative effects of IL-31 and loxoprofen
on TNCB-induced fever (surface body temperature) and swelling (cutaneous weight) in
mice. TNCB significantly increased the cutaneous temperature and skin tissue weight 24 h
after application, whereas IL-31 did not change the cutaneous temperature and swelling.
In contrast, loxoprofen significantly decreased TNCB-induced fever and swelling. These
results show that the main action of IL-31 is not to inhibit PGs biosynthesis. Moreover, even
if they share the same peripheral analgesic sites of action, NSAIDs and IL-31 have different
mechanisms of action; NSAIDs suppress inflammation by inhibiting the biosynthesis of
these PGs. However, these inflammatory reactions are spontaneous defense mechanisms of
the body; in particular, fever and swelling are involved in the reproduction of wound tissue
by vasodilatation. Pain is also a part of the defense mechanism; however, the reaction to
stressful psychological damage is more serious than the reaction that induces fever and
swelling. Therefore, NSAIDs, such as loxoprofen (PGs’ inhibitor), are used to treat different
inflammatory diseases. As the substance that specifically inhibits pain, IL-31 may be a more
suitable analgesic drug for patients with various inflammatory diseases.

In the present study, the application of TNCB and capsaicin caused pain and decreased
latency in the hot-plate test (45 ◦C) immediately or within 6 h after treatment. However, the
onset of pain caused by the application of these materials was different. TNCB caused tissue
injury and inflammation. Alternatively, the responses to noxious stimuli may be enhanced
(hyperalgesia), or normally innocuous stimuli may produce pain (allodynia). PGs influence
inflammation, and their administration induces the major signs of inflammation, including
augmented pain [29,43]. However, the topical application of PGD2, PGE2, and PGI2 signifi-
cantly suppressed LLS in skin-lesioned NC/Nga mice, and their inhibitory activities are in
the order of PGD2 > PGI2 > PGE2 [28]. Moreover, PGs significantly enhanced nociceptive
activity on hot-plate tests in mice [43]; PGD2, PGE2, and PGI2 significantly increased the
nociceptive effect in the order of PGD2 > PGI2 > PGE2, which is the same as the order of
their anti-pruritic activities. Although the scratching behavior strips off the epidermis and
removes the alien substance invading the epidermis, it is a physiological reaction to directly
control itching. In other words, scratching increases epidermal PGD2 biosynthesis, and
PGD2-induced pain inhibits itching [27]. These previous and present findings suggest that
cutaneous PGD2 could be mainly produced in response to pain and play a critical role in
regulating the sensation of pain [44]. The significant individual differences in cutaneous
IL-31 expression may be a reaction to TNCB-induced pain. Cutaneous IL-31 expression is
unstable and intermittent; however, DRG neuronal IL-31RA expression always shows a
stable increase through stimulation [5]. This phenomenon may be a physiological reaction
to inhibit pain.

In the present study, capsaicin did not affect cutaneous PGD2 contents but significantly
decreased DRG neuronal IL-31RA expression. These results indicate that the activation of
TRPV1 and inhibition of IL-31RA mRNA expression in the DRG may mediate the antipru-
ritic effects of capsaicin. The decrease in TRPV1 mRNA expression in the DRG triggered by
capsaicin is hypothesized to respond to the onset of TRPV1-stimulated pain [30]. Therefore,
we examined the effect of repeated administration of IL-31 on PGD2- or capsaicin-induced
hyperalgesia on the modified hot-plate (45 ◦C) test. Repeated pretreatment with IL-31
inhibited PGD2-induced pain but not capsaicin-induced pain in the modified hot-plate test,
suggesting that the site of action of IL-31 was after the PGs of the peripheral sensory ner-
vous system. Furthermore, we assessed the effect of several analgesics, such as morphine,
loxoprofen, and acetaminophen, on TNCB- or capsaicin-applied hot-plate (45 or 35 ◦C)
tests to determine the effect of the IL-31-induced antinociceptive activity in wild-type and
IL-31RAKI mice.
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Morphine (3 mg/kg, subcutaneous) showed significant antinociception in the TNCB-
or wild-type mice on the TNCB-applied hot-plate (45 ◦C) test but not in capsaicin- and
IL-31RAKI mice. However, this was a partial inhibitory action as morphine-induced
antinociceptive activity recovered in high doses (10 mg/kg, subcutaneously). Loxoprofen
(15 mg/kg, oral) and acetaminophen (300 mg/kg, oral) showed significant antinociception
on TNCB- or wild-type mice in the TNCB-applied hot-plate (35 ◦C) test; however, these
antinociceptive activities were also completely inhibited by capsaicin- and IL-31RAKI
mice. This result shows that the antinociceptive action of loxoprofen (NSAIDs) and ac-
etaminophen does not develop without the activation of IL-31. Moreover, acetaminophen
does not inhibit PG biosynthesis [45]. Although our present study suggested that the site
of action of acetaminophen is the CNS, these collective results indicate that acetaminophen
functions on the PNS, suggesting that IL-31 participates in the antinociceptive activity
of these drugs. In addition, some antinociceptive activities remained in the morphine
(opioid) group but not in the loxoprofen and acetaminophen groups. Chronic neuropathic
pain shows strong resistance to treatment with opioids and NSAIDs [46]. This reaction is
similar to drug action in chronic neuropathic pain. Therefore, the decrease in DRG neuronal
IL-31RA may play a role in the onset of chronic neuropathic pain (Figure 10).

Figure 10. Schematic diagram of the putative roles of IL-31 and PGD2 in the regulation of the
sensation of cutaneous itch and pain in mice. We evaluated a wave pattern of scratching behavior
from the movement of the hind leg of the mouse, objectively. In normal conditions, the mouse elicits
0.3–1.0 s lasting scratching behavior (SLS) caused by several stimulants. Under itchy conditions,
the mouse elicits over 1.0 s lasting scratching behavior (LLS) caused by IL-31. If this stimulation
continues for a long time, it may become atopic dermatitis. Under painful conditions, the mouse
elicits below 0.3 s lasting scratching behavior (USLS) caused by chronic inflammatory stimulants.
If this stimulation continues for a long time, it may become chronic neuropathic pain. IL-31 can
change non-selective stimulation into itch stimulation. In contrast, PGD2 can change non-selective
stimulation into pain stimulation transmitted by the primary nerves of C-fibers and by second-order
nerves and spinothalamic tract neurons in the spinal cord. This suggests that IL-31 and PGD2 regulate
the perception of sense (pain or itch) through their mutual functional antagonism.

In the present study, we objectively evaluated the distinction between pain and itch us-
ing a wave pattern of scratching behavior by the movement of the hind leg of the mouse [21].
When the mouse skin is in a normal condition, e.g., histamine-injected intradermally, the
mouse elicits 0.3–1.0 s of lasting scratching behavior (LLS), suggesting that the mouse felt
something on the epidermis. When mice experience an itch, e.g., when IL-31 is injected
intradermally, they elicit over 1.0 s lasting scratching behavior (LLS). This itching strips off
the epidermis and removes an alien substance. For example, when a mite irritates the skin,
IL-31 is highly expressed in that region, and an itch sensation is produced in response to
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various kinds of cutaneous stimulation [38]. If this stimulation continues for a long time, it
may become atopic dermatitis due to the overexpression of DRG neuronal IL-31RA [39]
(Figure 10). In contrast, when the mouse skin is experiencing a painful condition, e.g.,
TNCB (PGs inducer) application in the dorsal skin, the mouse elicits ultra-short-lasting
scratching behavior (USLS) (less than 0.3 s) or no scratching behavior. Therefore, in the
present study, we used a modified hot-plate test for a real pain evaluation. When the mouse
was experiencing pain, it did not touch the skin, if possible. PGs is produced in response to
inflammation, such as that in response to a burn, and may be involved in the onset of pain
in response to various kinds of cutaneous stimulation. If this stimulation continues for a
long time, it may induce chronic neuropathic pain due to the decreased expression of DRG
neuronal IL-31RA (Figure 10).

In this study, we evaluated the effects of TNCB- or capsaicin-induced pain and itch
after 24 h of this application on a modified hot-plate (45 ◦C) test. TNCB and capsaicin
induced pain and inhibited itching after the application in a similar manner until 6 h, but
they showed different reactions 24 h later. The TNCB application led to the development
of pain torpor, which was not observed in IL-31RAKI mice. Therefore, this reaction was
considered a result of endogenous IL-31. The itch (LLS counts) increase corresponded with
the increase in the DRG neuronal IL-31RA expression. This reaction might be the cause of
itching during the wound recovery period. The itch observed 24 h after TNCB application
may be due to an increase in DRG neuronal IL-31RA expression after the restoration of
the wound. In contrast, the application of capsaicin induced decreased latency 24 h after
application and a significant decrease 6 days after. Strong pain is sometimes observed after
the application of capsaicin cream when an individual takes a warm water shower. This
pain can be explained by a decrease in DRG neuronal IL-31RA expression after capsaicin
application. Although decreased latency caused by capsaicin was restored after 72 h
of application, IL-31-induced (1 mg/kg, intravenously) LLS counts and DRG neuronal
IL-31RA expression significantly decreased 144 h (6 days) after capsaicin application. IL-
31RAKI mice lack a peripheral analgesic mechanism; therefore, the recovery from this
latency involves the participation of the central analgesic mechanism.

These findings suggest that IL-31 may cause alloknesis; it alters the non-selective
irritant stimulation into itch stimulation in mouse skin [47,48]. Therefore, it is possible that
pain and itch are transmitted on the same nerve fibers, and a sensation is perceived as pain
or itch depending on the operation of IL-31. However, PGD2 decreased LLS counts induced
by the cutaneous injection of pruritogens or algogens in IL-31-induced itchy skin. These
results indicate that PGD2 improves IL-31-induced alloknesis and it alters the non-selective
irritant stimulation into pain stimulation in mouse skin [43]. Collectively, these data suggest
that the sensation of pain and itch may be regulated by PGD2 (allodynia-inducer) [49]
and/or IL-31 (alloknesis-inducer) [38], through their functional antagonism (Figure 10).

The itch can be produced by a gentle touch, pressure, vibration, thermal, and electrical
stimuli, such as transcutaneous or direct nerve stimulation. While itching may have
different causes, it is conceived similarly by our senses. Our study indicates that the
sensation of itch and pain depends on the type of stimulant of the peripheral sensory
nerve ending. A strong pain will be felt, even if it is an itch if the burnt part is gently
touched, suggesting that the sense of itch and pain are not stimulated from the outside, but
from the inside. In this study, we were able to show that pain and itching sensations may
be regulated by their functional antagonism as a phenomenon side, but the adjustment
mechanism involved is still unknown and should be elucidated in future studies. And this
study indicates that the analgesic action of IL-31 involves the PNS, which directly affects
sensory nerves, providing a basis for developing novel analgesics using this mechanism.

4. Materials and Methods

4.1. Animals

Male BALB/c and C57BL/6 mice aged 6–8 weeks were purchased from SLC Japan
(Shizuoka, Japan). Mice lacking IL-31RA (IL-31RA−/−) were generated as described previ-
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ously [50]. The IL-31RAKI (IL-31RA-deficient) mice used in this study were on a C57BL/6
genetic background and were obtained from hybrid mutant mice originally created based
on a 129 SVJ-C57BL/6 background by backcrossing breeding over 15 generations. In this
study, we used male homozygous (IL-31RAKI, IL-31RA−/−) and wild-type (IL-31RA+/+)
mice matched for age. Therefore, we used C57BL/6 mice for the target group in the experi-
ment using the IL-31RAKI mice. The animals were housed under a controlled temperature
(23 ± 3 ◦C), humidity (50 ± 5%), and lighting (lights on from 7:00 am to 7:00 pm). All
animals were provided free access to food and tap water. All procedures for animal experi-
ments were approved by the Committee for Animal Experimentation at the International
University of Health and Welfare following the Guidelines for Proper Conduct of Animal
Experiments (Science Council of Japan, 2006).

4.2. Drugs

The mouse IL-31 cDNA-spanning amino acids 24–163 of IL-31 were cloned in a frame
with pET30A (Novagen), and the construct was transformed into BL-21 cells (Novagen,
Darmstadt, Germany). After induction with isopropyl-β-D-thiogalactopyranoside, IL-31
protein was purified under denaturation conditions using nickel-chelating sepharose (Qi-
agen, Benelux B.V., Hulsterweg, The Netherlands) and dialyzed in PBS [51]. IL-31, at
a dose of 50 μg/kg, was used for subcutaneous or intravenous injection, as previously
described [39]. Morphine hydrochloride (Takeda Pharmaceutical Co., Ltd., Osaka, Japan)
was dissolved in saline and administered at 0.5 mL/kg, subcutaneously. Loxoprofen (Lox-
onin, Daiichi-Sankyou, Tokyo, Japan) and acetaminophen (Tylenol, Towa Pharmaceutical
Co., Ltd., Toyama, Japan) were purchased as commercially available drugs. They were
suspended in 0.3% carboxymethyl cellulose sodium saline (CMC), 0.5 mL/kg, for oral
administration. TNCB (2,4,6-trinitrochlorobenzene, Tokyo Kasei, Tokyo, Japan) or capsaicin
(Wako Jyunyaku, Tokyo, Japan) were dissolved in an acetone ethanol mixture (acetone:
ethanol = 1:4, AEM) or ethanol and applied to the limbs of mice (0.04 mL/site) using a
pipette. The application of 0.16 mL TNCB and capsaicin on the hot-plate test was sufficient
for this method. Aliquots of 0.04 mL/site were applied to the site of application. Scratching
counts can be measured by evaluating the expression of several mRNAs, the measurement
of cutaneous PGD2 contents tests, and the application of 0.2 mL TNCB or capsaicin/site
using a pipette.

4.3. Hot-Plate Test

The hot plate test [12] was used to measure withdrawal latency as described previ-
ously [19]. The hot-plate test was improved to evaluate even weak analgesic drugs such as
NSAIDs: loxoprofen. Mice were placed on a hot-plate maintained at 50 ± 0.5 ◦C, and the
latency to either paw-lick or an attempt to escape by jumping was recorded. To prevent
tissue damage, mice that showed no response within 60 s were removed from the hot-plate
and assigned a score of 60 s. The percentage of nociception (nociceptive index) was cal-
culated according to the formula: [(T1 − T0)/(T2 − T0)] × 100, where T0 and T1 were the
latencies observed before and after the drug administration, respectively, and T2 was the
cut-off time (60 s). The modified hot-plate test applied 2,4,6-trinitrochlorobenzene (TNCB,
0.3, 1, and 3 w/v %) to the limbs of mice at a lower temperature (30 or 45 ◦C) than that
used in the hot-plate test. Animals were tested before and 30, 60, 90, 120, 150, and 180 min
after drug administration. As the number of experiments in which pretreatment of TNCB,
capsaicin, or PGD2 application was over the cut-off level of 60 s was high, it was impossible
to calculate many nociceptive indices at 35 or 45 ◦C. Therefore, the data were transcribed in
latency.

4.4. Measurement of Scratching Counts

Scratching counts were measured as previously described [43]. A small magnet
(1.0 mm diameter, 3.0 mm length) was implanted subcutaneously into both hind paws of
isoflurane-anesthetized mice 24 h before the measurement. Each mouse was placed in an
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observation chamber (11 cm diameter, 18 cm height) surrounded by a circular coil, through
which electric current, induced by movement of the magnets attached to the hind paws,
was amplified and recorded. The number of spontaneous scratches was automatically
detected and objectively evaluated via a computer using MicroAct (Neuroscience, Tokyo,
Japan) [52]. The analysis parameters for detecting waves were as follows: threshold, 0.1 V;
event gap, 0.2 s; minimum duration, 0.3 or 1.0 s; maximum frequency, 20 Hz; and minimum
frequency, 2 Hz.

4.5. Measurement of Dorsal Cutaneous Temperature and Skin Weight

Time-course changes of dorsal cutaneous surface temperature were measured after
0 (pre), 1-, 3-, 6-, 24-, and 72 h after 3 w/v% TNCB application in the dorsal skin of mice.
The dorsal hair of the mouse was shaved off with an electric razor, and 0.2 mL of 3% TNCB
solution was applied using a pipette. The cutaneous surface temperature was measured
using a non-contact type thermometer (HPC-01, Harasawa Co. Ltd., Tokyo, Japan). Mice
were killed by dislocation of the cervical vertebrae after 6, 24, and 36 h of TNCB application.
The dorsal skin of each mouse was removed with a fixed circular area (Φ 1.6 mm) at the
site of the TNCB application. The skin was weighed, and the oncotic index of skin swelling
was measured.

4.6. Measurement of Cutaneous Prostaglandin D2 Content

The mice were injected intravenously with indomethacin (10 mg/kg) 1 h after TNCB
application, as well as 1, 3, 6, and 12 days after TNCB application to prevent further
production of prostaglandins D2 (PGD2). Five minutes after the indomethacin injection,
the mice were killed by dislocation of the cervical vertebrae, and approximately 100 mg
of the back skin of each mouse was removed. The skin was minced and homogenized
in ice-cold phosphate-buffered saline containing 0.1 mM indomethacin with a Polytron
tissue homogenizer for 30 s on ice. Four milliliters of acetone were added to the sample
and mixed. The precipitate was then removed by centrifugation at 2000× g for 10 min at
4 ◦C. The supernatant was carefully poured into a test tube, evaporated under a stream of
nitrogen, and re-suspended in an enzyme immunoassay (EIA) buffer. The amount of PGD2
in the suspension was measured using specific EIA kits (Cayman Chemical, Ann Arbor,
MI, USA) following the manufacturer’s instructions.

4.7. Real-Time Quantitative PCR

The gene expression levels of IL-31, IL-31RA, TRPV1, and β-actin were measured using
real-time polymerase chain reaction (RT-PCR) in the DRG (C4–7, T1–4) neuron cell body
from the shoulder and back of the BALB/c and C57BL/6 mice at each point. Total RNA was
extracted from the dorsal skin of each mouse by Trizol (Invitrogen, Carlsbad, CA, USA) and
digested using amplification-grade DNase I (Invitrogen), according to the manufacturer’s
instruction. cDNA was synthesized by the SuperScript III First-Strand Synthesis System
(Invitrogen). Quantitative RT-PCR was performed with SYBR Green Master Mix, using an
Applied Biosystems 7700 Sequence Detection System (Applied Biosystems, Foster City, CA,
USA). The PCR primers for IL-31 were designed using PRIMER 3 software (v. 0.4.0), and
primers for TRPV1 and β-actin were purchased from TAKARA BIO (Otsu, Shiga, Japan).
Primer sequences were as follows: IL-31 (5′-ATA CAG CTG CCG TGT TTC AG-3′ and 5′
-AGC CAT CTT ATC ACC CAA GAA-3′), IL-31RA (5′-CCA GAA GCT GCC ATG TCG
AA-3′ and 5′-TCT CCA ACT CGG TGT CCC AAC-3′), TRPV1 (5′-CAA CAA GAA GGG
GCT TAC ACC-3′ and 5′ -TCT GGA GAA TGT AGG CCA AGA C-3′), and β—actin (5′
-TGA CAG GAT GCA GAA GGA GA-3′ and 5′-GCT GGA AGG TGG ACA GTG AG-3′).
Relative expression levels were calculated using the relative standard curve method as
outlined in the manufacturer’s technical bulletin. A standard curve was generated using
the fluorescence data obtained from four-fold serial dilutions of the total RNA of the sample
with the highest expression. The curve was then used to calculate the relative amounts of
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target mRNA in test samples. Quantities of all targets in the test samples were normalized
to the corresponding β-actin RNA transcript in skin samples.

4.8. Statistical Analysis

All data were statistically analyzed using GraphPad InStat and GraphPad Prism
(GraphPad Software, Version 7, Inc., La Jolla, CA, USA). Experimental values are expressed
as means and standard errors (S.E.). Data on time-course changes in scratching counts or
the percentage of mRNA expression were analyzed using one-way ANOVA followed by
the Student–Newman–Keuls test. Then, other data were analyzed using one-way, two-way,
or three-way ANOVA followed by Bonferroni or Tukey tests. In some cases, when a main
effect was significant without interaction effect, we did an exploratory and limited pairwise
post hoc comparison consistent with our a priori hypothesis. p-values less than 0.05 were
considered statistically significant.

5. Conclusions

Itch and pain are common senses caused by several drugs and physical stimulations.
However, the onset mechanisms of itch and pain remain unclear. We objectively evaluated
itch and pain via a wave pattern of scratching behavior in mice. Scratching behavior in
mice is divided into two types, LLS (itch-associated scratching) and SLS (hygiene behavior).
Moreover, morphine is one of the few drugs that induce LLS. In IL-31RAKI mice, LLS
disappeared upon the administration of morphine, accompanied by the partial disappear-
ance of antinociceptive action. Moreover, we found that IL-31 was partially involved
in the peripheral analgesic mechanism and that IL-31-induced alloknesis inhibited pain.
The antinociceptive activity of IL-31 was approximately as effective as that of loxoprofen
(NSAIDs). However, the site of action of IL-31 was in the peripheral sensory nerve after
the PGs biosynthesis inhibition, unlike NSAIDs. In addition, cutaneous IL-31 expression
increases at the onset of pain and DRG neuronal IL-31RA expression increased during
recovery. Our results suggest that IL-31 functions via a physiological pain-inhibitory mech-
anism. These results indicate that the analgesic action of IL-31 involves the peripheral
nervous system, which affects sensory nerves and provides a basis for the development of
novel analgesics that utilize this mechanism.
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Abstract: Several molecular mechanisms of thalidomide embryopathy (TE) have been investigated,
from anti-angiogenesis to oxidative stress to cereblon binding. Recently, it was discovered that
thalidomide and its analogs, named immunomodulatory drugs (IMiDs), induced the degradation of
C2H2 transcription factors (TFs). This mechanism might impact the strict transcriptional regulation of
the developing embryo. Hence, this study aims to evaluate the TFs altered by IMiDs, prioritizing the
ones associated with embryogenesis through transcriptome and systems biology-allied analyses. This
study comprises only the experimental data accessed through bioinformatics databases. First, proteins
and genes reported in the literature as altered/affected by the IMiDs were annotated. A protein
systems biology network was evaluated. TFs beta-catenin (CTNNB1) and SP1 play more central roles:
beta-catenin is an essential protein in the network, while SP1 is a putative C2H2 candidate for IMiD-
induced degradation. Separately, the differential expressions of the annotated genes were analyzed
through 23 publicly available transcriptomes, presenting 8624 differentially expressed genes (2947 in
two or more datasets). Seventeen C2H2 TFs were identified as related to embryonic development but
not studied for IMiD exposure; these TFs are potential IMiDs degradation neosubstrates. This is the
first study to suggest an integration of IMiD molecular mechanisms through C2H2 TF degradation.

Keywords: lenalidomide; pomalidomide; cereblon; bioinformatics; zinc finger; microarray; RNA-seq;
teratogen; transcriptome; graph
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1. Introduction

The lack of proper research on and the understanding of reproductive toxicology
had severe consequences in the 1960s. Marketed as a safe drug, thalidomide sales around
the world were used as a panacea [1]; however, its use in early pregnancy occurred soon
after its release associated with the outburst of babies born with a range of congenital
anomalies [2], later named thalidomide embryopathy (TE). It is believed that TE affected
ten-thousand children worldwide before it was withdrawn from the market in 1962 [1].
TE is especially characterized by limb anomalies; however, the drug can compromise the
correct development of almost every organ and system [3,4]. Multidisciplinary research
has focused on the attempt to encounter a safe alternative for thalidomide [5]. The need is
urgent once thalidomide immunomodulatory and anti-angiogenic properties led to its ap-
proval for multiple-myeloma treatment worldwide [6], and the other immunomodulatory
drugs (IMiDs) synthesized later, lenalidomide and pomalidomide, are also used for treat-
ing this condition and are teratogenic in animal models [7–9]. In Brazil, thalidomide has
been mainly used for erythema nodosum for leprosy (ENL) treatment since 1965 [10–12].
Although the studies demonstrate most individuals in treatment with thalidomide for ENL
are male [13,14], a percentage of the subjects refer to women of a reproductive age [13].

Past researchers have discovered relevant molecular mechanisms that might be in-
volved in TE, including anti-angiogenesis [15,16], increased apoptosis through the induction
of oxidative stress [17], and binding to the cereblon protein, which is part of an E3-ubiquitin–
ligase complex, named CRL4-CRBN [18]. The latter has been the main focus of the research
lately because of the identification that CRL4-CRBN induces the degradation of Spalt-like
transcription factor 4 (SALL4) when in the presence of thalidomide [19,20]. SALL4 is a zinc-
finger transcription factor (TF) containing a C2H2 domain, and it is known for its role in
limb development [19,20]. Since the discovery of thalidomide-induced SALL4 degradation,
several researchers have evaluated other C2H2 TFs, which might also be neosubstrates of
IMiD-induced degradation, through the CRL4-CRBN complex [21,22]. Neosubstrates is a
term that has recently been applied to the IMiD research field to denominate CRL4-CRBN
targets that are only degraded in the presence of one of the IMiDs [22], meaning these
proteins are not physiological substrates of the complex. However, degrome screening
performed by Sievers et al. (2018) only identified 11 zinc-finger neosubstrates [23], despite
having more than seven hundred C2H2 zinc-finger TFs registered [24]. Moreover, other
studies have focused on non-zinc-finger neosubstrates, such as tumor protein 63 (p63) [21]
and heart and neural crest derivatives expressed 2 (HAND2) [25], or even non-TF proteins,
such as casein kinase 1 alpha 1 (CK1α) [26]. Hence, this study aims to prioritize TFs
that might be neosubstrates of the IMiDs thalidomide, lenalidomide, and pomalidomide,
through bioinformatic combined strategies. Systems biology and differential gene expres-
sion analyses were performed after rigorous, systematized literature and database research,
only comprising the experimental data. The results demonstrate beta-catenin (CTNNB1)
as a hub in the network of thalidomide-affected proteins and specificity protein 1 (SP1) as
a feasible C2H2 thalidomide neosubstrate. New C2H2 potential neosubstrates were also
identified, resulting from an IMiD widespread effect on gene expression.

2. Results

A scheme of the strategy developed in the present study is described in Figure 1.
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Figure 1. Scheme of the research strategy applied, comprising a literature review, bioinformatics, and
systems biology analyses. CTD = comparative toxicogenomics database.

2.1. Literature Reports of 221 Genes and 80 Proteins Impacted by IMiD Exposure in Embryonic
Cells/Tissues Were Identified

The literature review provided 407 entries from 48 manuscripts regarding the genes
and proteins affected by the IMiDs during embryonic development (Table S1). Most of
these entries (n = 339) were exposed to thalidomide, followed by pomalidomide (n = 42)
and lenalidomide (n = 26). Impacts on genes were reported in 253 of the 407 entries
(62.1%), and 133 of these entries were based on human embryonic stem cell (hESC) assays.
The remaining entries (n = 154) referred to the impact on proteins, reported especially in
human umbilical vein endothelial cells (HUVECs; n = 51). Across the studies, 23 genes and
34 proteins were replicated, meaning these genes/proteins were detected as altered by the
IMiDs in two or more studies. Hence, excluding those replicates, there were 221 distinct
genes and 80 distinct proteins impacted by IMiD exposure, according to the literature
review; only 20 targets were reported to be affected both at the gene and protein levels.
The most annotated gene in the literature review was vascular endothelial growth factor
A (VEGFA) (n = 5), whilst the most reported protein was cereblon (n = 11). The VEGFA
protein was also cited five times as being altered by IMiD exposure; however, no reports
regarding the effects on the CRBN gene were encountered. Impacts on genes were mostly
related to the expression profile, with 174 reports of downregulation and 78 reports of
upregulation. Protein impacts were also related to downregulation (n = 52) and protein
degradation (n = 38). The literature review demonstrated evidence that IMiDs’ impacts
on embryonic cells or tissues were more related to alterations in gene expressions, with
VEGFA being the most studied gene. However, the reports showed that the studied IMiD
effects on proteins were also considerably based on studying the neosubstrates’ degrome
mechanism, especially driven by the amount of research on the CRBN protein.

2.2. Beta-Catenin Is an Essential Protein in the Network of IMiD-Affected Proteins

The 80 proteins reported in the literature review (Table S1) to be affected by the IMiDs
were inserted in the STRING tool to obtain a protein–protein interaction network, then
transferred to Cytoscape v.3.7.2 software for topological analysis. Forty-six proteins (nodes)
presented at least one interaction (edge), and 36 of these proteins were arranged in a
main network with 51 edges, a clustering coefficient of 0.334, and an average number of
neighbors of 2.833 (Figure S1). The full statistics of the main network are presented in
Table S2. The ten proteins that did not interact with the nodes of the principal network
were excluded from the subsequent analyses.

After the network topological analysis, beta-catenin (CTNNB1), a non-C2H2 TF, was
considered the essential protein of the network, being first ranked in degree, closeness,
betweenness, and maximal clique centrality (MCC) (Table 1); the complete results, for all the
nodes, are presented in Table S3. This result indicates that CTNNB1 is (I) a hub based on the
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high degree; (II) a node located where most of the information flows in the network, being
a possible controller of this information, based on the high betweenness centrality; (III) a
node through which the information flows faster, based on the high closeness centrality;
and (IV) an essential protein to the network, based on the centralities’ measures, including
the maximal clique centrality (MCC). Other high-ranked proteins were CRBN and CUL4A,
both members of the CRL4-CRBN complex.

Table 1. Topological analysis of the protein networks and centralities’ definitions.

Topological Analysis Definition
Highest-Ranked Nodes
(Literature Network) 1

Degree
Number of edges that connect to a
node. Nodes with a high degree

are defined as hubs.

CTNNB1 (13), CRBN (9), and
AKT1 (5)

Closeness

Measures how fast the flow of
information travels through the
nodes. High closeness centrality

scores indicate rapid
information flow.

CTNNB1 (20.83), CUL4A
(15.67), and CRBN (15.57)

Betweenness

Demonstrates how crowded a
network is. High betweenness
centrality score indicate nodes

that can control the
information flow.

CTNNB1 (713.67), CRBN
(283), and CUL4A (220)

Maximal Clique
Centrality (MCC)

Maximal clique indicates subsets
of nodes that cannot be extended

by adding additional nodes,
because all the nodes in the

mentioned subset are already
interacting with each other. This

centrality is proposed by the
developers of cytoHubba as the

best method to obtain the
essential proteins in a network.

CTNNB1 (17), CRBN (12), and
CUL4A (7)

1 Network available in Figure 2.

Figure 2 presents the main network obtained. The sizes of the nodes are based on the
MCC score and the colors of the nodes show the molecular mechanisms these proteins are
related to; these mechanisms were obtained through the literature review. When analyzing
the network configuration, it can be concluded that the CTNNB1 central position might
contribute to the propagation of a systemic effect induced by the IMiDs. Hence, thalidomide
binding to the CRL4-CRBN complex (represented by the yellow color) might induce
alterations in molecular signaling pathways. From this perspective, through CTNNB1,
these signaling alterations can be reflected in the angiogenesis mechanisms (orange) or
cell cycle (blue). There is no evidence implicating that CTNNB1 is a neosubstrate of the
CRL4-CRBN complex. However, its central position in the network suggests that molecular
alterations induced by the IMiDs might be easily reflected in beta-catenin and, through
this protein, be transmitted to other non-neosubstrate proteins. This mechanism helps to
explain the IMiDs’ systemic effects on embryonic development.
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Figure 2. Network comprising experimental evidence of the protein–protein interaction, considering
only IMiD-altered proteins, according to the literature review. Node size represents the maximal
clique centrality (MCC) score. The colors of the nodes represent the mechanisms mainly described
in the literature for the selected proteins: CRL4-CRBN binding (yellow), angiogenesis (orange), cell
cycle (blue), and cell adhesion (green). AKT1 and CTNNB1 are presented in purple because of the
association with multiple mechanisms.

2.3. IMiDs’ Exposure Results in a Widespread Impact on Gene Expression

IMiD-induced effects on gene expression were studied using a literature review and
by the analysis of transcriptomes available from the GEO repository. As presented before,
the literature review provided 221 genes affected by the IMiDs, with VEGFA being the
most annotated gene (Table S1). The search performed in GEO provided 166 datasets.
Forty-five datasets met the eligibility for analysis: 11 with thalidomide exposure, 29 with
lenalidomide exposure, and five with pomalidomide exposure. Twenty-two studies were
further excluded because of the low quality of the samples, or because no significant
differential gene expression (DGE) was detected (Table S4). The differentially expressed
genes of the 23 remaining datasets were annotated, providing 8624 differentially expressed
genes across the studies (Table S5). This number represents 30.4% of the genes contained
in the reference genome (GRCh38/hg38) used for alignment (28,395 genes) (Table 2).
The coagulation factor XIII A chain (F13A1) was the gene most frequently differentially
expressed, significantly altered in nine datasets. Galectin-binding protein 3 (LGALS3BP),
implicated in immune response, and Serpin family H member 1 (SERPINH1), a collagen-
specific chaperone, were differentially expressed eight times. Of the 221 genes reported
in the literature, 102 (46.1%) were differentially expressed in at least one dataset that was
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analyzed (Figure S2). The DGE of the most reported literature gene, VEGFA, was found in
three datasets that we analyzed. Following the literature, the CRBN gene did not present
significant expression alterations in any of the datasets analyzed. A description of the
functions of the genes differentially expressed in at least 25% of the studies (six times or
more), representing 41 genes, can be observed in Table S6. The high number of differentially
expressed genes concerning IMiD exposure demonstrated the widespread impact these
drugs can exert in the human cell, altering several biological processes that may result in
thalidomide embryopathy, when this exposure occurs during embryonic development. It is
reasonable to hypothesize that this widespread effect on gene expression might result from
the IMiD-induced TFs’ degradations, unbalancing the transcription regulatory processes.

Table 2. Proportion of genes differentially expressed considering the reference genome and the
number of datasets in which the genes presented differential expressions.

Number of Datasets with Differential
Expressions

Number of Differentially Expressed Genes
(%)

Total number of genes in the GRCh38
(human reference genome) 28,395 (100%)

1 or more 8624 (30.4%)
2 or more 2947 (10.2%)
3 or more 1041 (3.6%)
4 or more 334 (1.2%)
5 or more 118 (0.4%)
6 or more 41 (0.15%)
7 or more 16 (0.05%)
8 or more 3 (0.01%)

9 1 (0.003%)

Despite the focus of this study being the evaluation of TF proteins, non-coding RNA
(ncRNA) data were not excluded from the transcriptome analysis. There were 154 long
non-coding RNAs (lncRNAs), 12 small nucleolar RNAs (snoRNAs), five small nuclear
RNAs (snRNAs), and two microRNAs (miRNAs) differentially expressed in at least two
datasets. The lncRNAs, named MALAT1 and ST7-AS1, were differentially expressed in five
studies. MALAT1 can act as a transcriptional regulator of genes involved in cell cycle and
cell migration, whilst ST7-AS1 does not have ontologies described, but has been associated
with glioma.

2.4. Cell Cycle and Angiogenesis Are among the Top Biological Processes Altered in IMiD Exposure

To better understand the molecular roles of these differentially expressed genes, a
gene-set enrichment analysis (GSEA) was conducted, ranking the genes by the number
of times they were differentially expressed and evaluating the gene ontologies (GOs); the
highest ranked genes were included. Regarding the biological processes, the mitogen-
activated protein kinase 1 (MAPK) cascade was the more enriched ontology in the GSEA
analysis (Table S7); this ontology refers to an important pathway of intracellular signaling
transduction. Other processes already known to be affected by IMiDs were also highly
enriched, such as the cell cycle and angiogenesis ontologies, blood vessel development,
and vasculature development (Figure 3). The cellular component mostly enriched was
the nuclear chromosome, while the molecular function was chromatin binding (Table S7).
The GSEA analysis was consonant with the literature review, demonstrating that the main
biological processes affected by IMiD exposure were the cell cycle- and angiogenesis-related
mechanisms. In addition, the molecular function and cellular components enriched in the
analysis helped to support the assumption of a systemic effect initiated by the degradation
of TFs. This degradation might end up deregulating other biological processes that depend
on strictly regulated transcriptions.
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Figure 3. Gene set enrichment analysis (GSEA) top-ranked ontologies in the following order: (A) mi-
totic cell cycle (upper left), (B) vasculature development (upper right), (C) blood vessel development
(lower left), and (D) angiogenesis (lower right). Legend: The first plot (ranked list metric) represents
the number of datasets where the gene was differentially expressed, according to the 23 transcriptome
datasets analyzed here; hence, the values are presented from 9 to 1. The second plot (running enrich-
ment score) refers to the GSEA performed: the black lines along the x-axis represent the position of
the gene in the ontology analyzed; the green line represents the running enrichment score for each of
the genes; and the red line represents the maximum enrichment score for the analysis.

2.5. SP1, a C2H2 Transcription Factor, Is a Strong Candidate for an IMiD Neosubstrate

To evaluate the TFs that regulate differentially expressed genes, a TF-gene analysis was
performed in the TRRUST database, which only comprised experimental data from humans.
Since gene expression is very dynamic, genes differentially expressed in only one dataset,
without previous literature reports of an IMiD-induced effect, were filtered out from the
subsequent analyses. Hence, after these filters were applied, 3005 genes were queried in
the TRRUST database, 2947 differentially expressed in two or more datasets, plus 58 genes
differentially expressed once, but with a previous literature report regarding an IMiD-
induced effect. As described previously, 119 of the genes provided in the literature were
never differentially expressed in the 23 datasets analyzed, being also ruled out from the
analysis (Figure S2). As a result, the TRRUST tool suggested 203 TFs experimentally known
to regulate the expression of the 3005 queried genes. These 203 TFs were crossed with the
list of proteins obtained from the literature review and with a list of C2H2 TFs, aiming to
comprehend their function better; a Venn diagram presenting the intersection between the
three lists is presented in Figure 4A. Two TFs suggested by TRRUST were C2H2 TFs already
reported in the literature: SALL4 and SP1. The other four TFs suggested by TRRUST
were non-C2H2 TFs; however, there are previous reports in the literature suggesting that
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they can be affected by IMiD exposure: CTNNB1, hypoxia-induced factor subunit alpha
(HIF1A), nuclear factor kappa B subunit 1 (NFKB1), and Spi-1 proto-oncogene (SPI1).
As previously described, CTNNB1 was considered an essential protein in the network
analysis. The other five TFs were also presented in the network generated (Figure 2):
SALL4 was related to the CRBN-CRL4 degradation property (yellow), while SPI1 and
NFKB1 were related to cell-cycle mechanisms (blue), and HIF1A and SP1 were related
to angiogenesis mechanisms (orange). Of the 203 TFs suggested by TRRUST, SP1 had
the greatest number of targets, reported to regulate 127 genes from the list provided to
TRRUST. SP1 targets included VEGFA, the gene of chemokine ligand 2 (CCL2), which was
differentially expressed in seven of the 23 datasets analyzed, and cytochrome P450 family
1 subfamily B member 1 (CYP1B1), deregulated six times in the DGE analysis. A gene
ontology over-representation analysis was performed with SP1 target genes, pointing to
an involvement of these targets in proliferation/apoptosis processes and angiogenesis.
SP1 itself was involved in angiogenesis, as well as VEGFA, CYP1B1, and 25 more of its
target genes.

Figure 4. (A) Venn diagram considering the IMiD-affected proteins, according to the literature review
(blue), transcription factors (TFs) provided by the TRRUST database (red), and the list of C2H2
transcription factors (green). (B) Over-representation analysis of the 17 C2H2 TFs suggested by the
TRRUST analysis.

The TRRUST analysis pointed out SP1 as the TF that regulated the expression of the
greatest number of genes encountered as being differentially expressed. SP1 is a C2H2 TF
previously reported in the literature as being affected by IMiD exposure. Several of the SP1
target genes were related to angiogenesis and proliferation/apoptosis processes. Hence, it
was reasonable to suggest SP1 as a probable neosubstrate of IMiD-induced degradation.

2.6. C2H2 Transcription Factors’ Roles in Embryonic Development Must Be Prioritized in the
Search for IMiDs Neosubstrates

As presented in Figure 4A, 17 TFs suggested by TRRUST are C2H2 TFs never-before
reported in the literature as being affected by the IMiDs. To verify whether they played
a role in embryonic development, a gene ontology over-representation analysis was per-
formed (Table S8). It was observed that these TFs were overrepresented in the development
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of several embryonic structures and organs, especially the eye and heart, which are known
to be part of the spectrum of congenital anomalies reported in thalidomide embryopathy
(Figure 4B). The analysis demonstrated these TFs were also included in relevant pathways
in embryonic development, such as Wnt- and Notch-signaling pathways. A summary of
the main processes related to these 17 TFs analyzed is available in Table 3. Interestingly,
many of these TFs belong to the same families, such as the Kruppel-like family (KLF), here
represented by KLF2, KLF4, KLF6, and KLF8; the snail family transcriptional repressor
(SNAI), with the members SNAI1 and SNAI2; zinc-finger E-box binding homeobox (ZEB),
with the members ZEB1 and ZEB2; and the specificity protein (SP), with the members SP2
and SP3, the same family from SP1, reported previously. This analysis provided several
TFs that might be neosubstrates of the IMiDs, including members of the same family as
SP1. The IMiD-induced degradation of these TFs would lead to several alterations in gene
expression, a strictly regulated process in embryonic development; this mechanism could
be the key to explaining the occurrence of IMiD-induced congenital anomalies in organs,
such as the heart and eyes.

Table 3. Groups and functions of the 17 C2H2 prioritized transcription factors (TFs).

TFs
Chromosomal

Location
Gene Groups 1 Related Pathways or Ontologies 2

BCL6 3q27.3 BTB domain Cytokine signaling in immune
system

CTCF 16q22.1 Cilia/flagella Nervous system development

EGR1 5q31.2 Regulation of cell survival,
proliferation, and cell death

GLI1 12q13.3 Signaling by Hedgehog
HIC1 17p13.3 BTB domain Metabolism of proteins

KLF2 19p13.11 KLF transcription factors
Embryonic and induced pluripotent

stem cells and lineage-specific
markers

KLF4 9q31.2 KLF transcription factors FOXO-mediated transcription
KLF6 10p15.2 KLF transcription factors Adipogenesis
KLF8 Xp11.21 KLF transcription factors Epithelial to mesenchymal transition

SNAI1 20q13.13 SNAG transcriptional
repressors Gastrulation

SNAI2 8q11.21 SNAG transcriptional
repressors Epithelial to mesenchymal transition

SP2 17q21.32 Sp transcription factors Histone deacetylase binding
SP3 2q31.1 Sp transcription factors Metabolism of proteins
WT1 11p13 Nervous system development
YY1 14q32.2 INO80 complex ESR-mediated signaling

ZEB1 10p11.22 ZF class homeoboxes and
pseudogenes

Cytokine signaling in immune
system

ZEB2 2q22.3 ZF class homeoboxes and
pseudogenes TGFB-receptor signaling

1 All the TFs described are also part of the zinc-finger C2H2 type group (HGNC, 2023). 2 Other than transcription
regulation/gene expressions.

2.7. Beta-Catenin and SP1 Might Be Essential to Explaining the Systemic Effects of IMiDs

As described above, the TRRUST analysis provided six TFs previously reported in
the literature, the ones with a C2H2 domain, SALL4 and SP1, and the non-C2H2 CTNNB1,
HIF1A, NFKB1, and SPI1, all of them presented in the analyzed protein–protein interaction
network (Figure 2). Here, a second network was created, including the proteins provided
in the literature and the 17 non-reported C2H2 TFs that were related to embryonic de-
velopment gene ontologies (Figure 5). This new network was assembled similar to the
previous one, queried in STRING, and transferred to Cytoscape for the topology analysis.
Of the 17 TFs presently included in the study, eight presented interactions with the other
nodes of the network were labeled in blue in the image. EGR1, KLF4, KLF6, SP3, and YY1
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interacted directly with SP1 and CTCF indirectly, through YY1. SNAI1 and SNAI2 were
included through their interactions with GSK3B. The colors of the nodes in this network
emphasized the TFs. The C2H2 TFs are represented in green, while the non-C2H2 TFs are
in pink; the gray nodes are the non-TF proteins. A topology analysis was also conducted
via cytoHubba and used to represent the sizes of the nodes. According to this analysis,
CTNNB1 continued to be the hub of the network and the most essential protein, presenting
the highest-ranking values in degree, betweenness, closeness, and MCC criteria (Table 4). In
addition to CRBN and CUL4A, in this analysis, SP1 presented high scores in the centralities
criteria and could be considered an essential protein as well. This change occurred because
six of the eight TFs added interacted with the whole network through SP1, directly or
indirectly. The network configuration demonstrated that an IMiD-induced degradation of
SP1 could negatively impact several C2H2 TFs that were active in embryonic development.
Likewise, SP1 degradation could easily reflect on non-C2H2 TFs, such as HIF1A, NFKB1,
and, especially CTNNB1, hence being spread to other proteins involved in diverse molecu-
lar mechanisms. Hence, these results suggest SP1 as a feasible IMiD neosubstrate and, once
again, beta-catenin is an essential protein in the systemic role of IMiDs; however, it is not
necessarily a neosubstrate for drug degradation.

Figure 5. Systems biology network comprising the literature review proteins and the C2H2 tran-
scription factors non-described as IMiD-affected that have a role in embryonic development; non-TF
proteins (gray), non-C2H2 TFs (red), and C2H2 TFs (green). New TFs added are labeled in blue.
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Table 4. Topological analysis of the protein networks and centralities’ definitions.

Topological Analysis Definition
Highest-Ranked Nodes
(Literature + New TFs) 1

Degree
Number of edges that connect to a

node. Nodes with a high degree are
defined as hubs.

CTNNB1 (14), CRBN (9), and
SP1 (9)

Closeness

Measures how fast the flow of
information travels through the
nodes. High closeness centrality

scores indicate rapid
information flow.

CTNNB1 (26.37), SP1 (21.98),
and CUL4A (19.67)

Betweenness

Demonstrates how crowded a
network is. High betweenness

centrality score indicate nodes that
can control the information flow.

CTNNB1 (1325.67), CRBN
(601), and SP1 (553.34)

Maximal Clique
Centrality (MCC)

Maximal clique indicates subsets of
nodes that cannot be extended by

adding additional nodes, because all
the nodes in the mentioned subset are

already interacting with each other.
This centrality is proposed by the

developers of cytoHubba as the best
method to obtain the essential

proteins in a network.

CTNNB1 (20), CRBN (12), and
SP1 (10)

1 Network available in Figure 5.

3. Discussion

The present study, based on transcriptome and systems biology-allied strategies,
aimed to prioritize TFs that could help to explain the effects of IMiDs on embryonic
development. A systematized literature review was performed, annotating the proteins
and genes altered/affected by the IMiDs. The annotated proteins were studied regarding
their role as TFs through systems biology strategies, while the genes were evaluated
together with 23 publicly available transcriptome datasets (Table S4). The main conclusions
were: (I) IMiDs have a widespread effect on gene expression that might be explained by
their induced TF degradation; (II) beta-catenin (CTNNB1) is an essential node and hub of
the network of IMiD-altered proteins; (III) SP1 is a putative neosubstrate of IMiD-induced
TF degradation; and (IV) there are 17 C2H2 TFs known to regulate the expression of genes
altered by IMiDs that are active in embryonic development and have not been studied
previously.

A transcription factor is a definition applied to describe proteins involved in the
regulation of the transcription process; hence, they are able to affect the expression levels
of a gene [27]. Several processes, such as embryonic development and cell differentiation,
are regulated by TFs [28,29]. IMiD-induced alterations in some TF proteins have been
known for a while [17,30,31]; however, only recently, studies have suggested an IMiD-
induced degradation of these TFs, driven by the binding of drugs to the CRL4-CRBN
complex [19,20]; this mechanism is believed to be mostly centered, but not exclusive, to
TFs with a C2H2 protein domain [21,25]. However, few TFs have been identified when
studying the C2H2 degrome induced by IMiDs [23]. This is an alarming result; however,
it is a potential overestimation of the IMiDs’ impact on gene expression. The evaluation
of the several datasets included here can lead to an overestimation because of the high
heterogeneity between the studies, inherent of the methodologies and study designs.
Nevertheless, IMiDs’ potential effects on gene expression must be evaluated with great
attention because gene expression regulation during embryonic development is known to
be synchronized, complex, and deeply regulated [32]. TF degradation, not necessarily strict
to C2H2 TFs, is a plausible explanation for the IMiDs’ impact on gene expression. Regarding
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non-protein-coding genes, IMiDs’ effects on ncRNAs have been little studied. According to
the literature review, the genes altered by the IMiDs in this study were protein-coding genes
(Table S1). Although transcriptome studies should cover the whole amount of RNA in
the cell, usually, they are designed to target mRNA [33]. In this regard, microarray probes
were mainly designed to cover the protein-coding genes [34]; RNA-Seq library preparation
was preceded by RNA prioritization steps, which included poly-A selection and rRNA
depletion [35]. Even though not all researchers performed poly-A selection, the abundance
of ncRNAs was small in relation to the mRNA; hence, the ncRNA was poorly captured
in transcriptome studies [35]. Because of this limitation, targeted ncRNA transcriptome
analyses were conducted when these molecules were the main objective of the research [36].
Although we did not exclude ncRNA studies, we did not encounter transcriptome datasets
that specifically targeted these molecules or that were registered in the GEO database as
“non-coding RNA profiling” experiments in IMiD exposure. Nevertheless, 173 ncRNA
genes were differentially expressed at least twice, according to the transcriptome analysis
performed here. Since the evaluation of ncRNAs was impaired due to their abundance
compared to the mRNA, the results presented here might be a small representation of the
overall impact of the IMiDs in non-protein-coding genes.

From a systems biology perspective, TFs exert a protein–gene interaction by binding
to sequence-specific DNA motifs. TFs are also known to be part of distinct regulatory
networks, mediating protein–protein interactions [27,37] and defining both target gene
selectivity and chromatin dynamics [37]. In the present study, systems biology analyses
suggested beta-catenin as an essential protein in the network of IMiD-altered proteins.
Thalidomide is known to diminish beta-catenin expression [31] and a pharmacogenetics
study associated variants in the beta-catenin gene, CTNNB1, with lenalidomide adverse
effects in multiple myelomas [38]. Beta-catenin is part of the Wnt canonical pathway,
involved in a series of embryonic development events, including the establishment of the
body axis and the orchestration of tissue and organ development [39]. This regulation
is based upon the integration of two distinct beta-catenin functions: structural, as a cell-
adhesion junction molecule, and signaling, as a TF [40]. In addition, the abundance
of beta-catenin-binding partners provides an interaction with other TFs and signaling
pathways [39]. Hence, beta-catenin deregulation can alter several regulatory networks,
helping to explain the IMiDs’ systemic effects (Figure 6). One protein that has a direct
interaction with beta-catenin is SP1, a C2H2 TF. Thalidomide was shown to inhibit SP1
activity in endothelial cells [41], which led to two hypotheses of SP1 involvement in
thalidomide embryopathy: SP1 can be a second messenger of growth factors involved
in limb development [42], or SP1 transcriptional activity can be blocked by thalidomide,
impeding this TF from binding to its motif [41]. Studies evaluating SP1 in light of the
degrome evidence have not been encountered. Nevertheless, the findings in this study
point to SP1 as a feasible neosubstrate of IMiD-induced TF degradation. First, there are
127 genes experimentally known to be regulated by SP1 that were differentially expressed
in this study, including well-established genes, such as VEGFA; no other suggested TFs
presented so many target genes with their expressions altered. Second, one of the main
mechanisms involving altered genes is angiogenesis, a process that SP1 is known to be
part of [41]. Third, SP1 interacts directly with other TFs known to be affected by IMiDs,
including beta-catenin, NFKB1, and HIF1A, in addition to other suggested C2H2 TFs that
can also be a part of the degrome.
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Figure 6. Representation of beta-catenin (CTNNB1) molecular mechanisms, with possible IMiD-
altered effects (represented by thalidomide) and putative consequences on embryonic development.

According to Mackeh et al. (2018), 3% of human genes refer to C2H2 zinc-finger
proteins, totalizing more than seven hundred proteins described [43]. In chicken embryos,
a species well-established as an animal model of thalidomide embryopathy, C2H2 was
suggested as one of the most dominant types of TFs in embryogenesis [44]. Despite the fact
that the role of human C2H2 proteins is yet to be fully explained, most of the 17 C2H2 TFs
suggested here were involved in embryonic development [45–47]. They are part of families
known to have a role in this period, such as SNAI, ZEB, and KLF [45–47], in addition to other
factors, such as GLI1 [48]. YY1 is also considered essential to embryogenesis [43]. For the
completion of this study, SALL4 was the only C2H2 zinc-finger TF with a well-known role
in limb development that was known to be degraded by the IMiDs [49]. SALL4 pathogenic
variants lead to Duane-radial ray syndrome [50], an autosomal dominant syndrome that
presents a pattern of limb anomalies very similar to the ones identified in thalidomide
embryopathy [51,52]. SALL4 degradation might explain the typical limb anomalies caused
by thalidomide exposure in utero; however, it is rational to affirm new C2H2 targets,
named neosubstrates, and should be studied. From the perspective of an IMiD degrome,
the TFs suggested here might help us to comprehend the effects of drugs in other organs
and systems known to be affected by the embryopathies. Another interesting result was
CYP1B1 as a gene deregulated in six datasets analyzed. Despite being mainly involved
in drug metabolism, CYP1B1 is known to promote angiogenesis by suppressing NF-kB
activity [53]. In cancer cell studies, SP1 was considered a key mediator of CYP1B1 action,
whilst CYP1B1 was shown to activate a epithelial to mesenchymal transition and Wnt/beta-
catenin-signaling pathways, upregulating beta-catenin and other TFs, such as ZEB2 and
SNAI1 [54]. These mechanisms must be studied in light of embryonic development to
understand whether this regulation can also help to explain IMiDs’ effects on embryos.
Nevertheless, it was established that embryonic development and oncogenesis presented
several similarities, especially regarding the biological processes and molecular pathways
involved [55].

One limitation of the present study was the lack of experimental validation of the
prioritized TFs suggested. Nevertheless, all the analyses conducted in our study, from
the literature review to the networks and TF–gene interactions, were only based on the
experimental evidence; thus, no in silico prediction was performed. All the conclusions
presented here were also based on the literature evidence regarding the biological pro-
cesses that the genes encountered were known to be a part of. It is relevant to state that
bioinformatics approaches were conducted well to highlight molecular mechanisms under
different medical conditions and, therefore, should not be observed as pure theoretical,
computational modeling [56,57]. Bioinformatics tools improve experimental validations by
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providing standardized pipelines to access cell and molecular mechanisms [56,57]. Molecu-
lar techniques using animal models and cellular methodologies can be very expensive and
time-consuming [58]. Hence, the studies performed using public databases and providing
a secondary analysis of omic data are helpful to better comprehend the biological processes
altered after drug exposure, following the reduce, replace, and refine strategy in animal
model research [59].

4. Materials and Methods

In summary, combined literature and database research was the basis for all the
systems biology analyses, which included the evaluation of protein–protein interaction
networks and protein–gene-targeted mechanisms. In protein–gene networks, the TFs were
inserted as proteins and the gene its targets. Concomitantly, a second search was performed
in the Gene Expression Omnibus (GEO) repository [60], annotating transcriptome studies
that were evaluated regarding differential gene expressions (DGEs) in IMiD exposure.
For a better comprehension, enrichment analyses and Venn diagrams were performed
and created, respectively, throughout the study, using the data obtained from both DGE
and systems biology strategies. Finally, the results were gathered through a network-
assembling strategy, providing a protein–protein interaction network that presented the
main TFs prioritized in the analyses. A detailed analysis description was presented in
sequence. A scheme is presented in Figure 1.

4.1. Literature Review

A literature review was performed to annotate all the genes and/or proteins pre-
viously reported as disturbed by thalidomide, lenalidomide, or pomalidomide during
embryonic development. The Rayyan tool [61] was used to annotate PubMed (Medline)
and Embase manuscripts with the search terms available from Supplemental Material S1.
The second search was performed in the PubTator repository [62], which was accessed
through R language, using the pubtatordb package (https://github.com/cran/pubtatordb;
URL accessed on 31 May 2023); Medical Subheading (MeSH) terms were applied to this
research as follows: D013792 for thalidomide, D000077269 for lenalidomide, and C467566
for pomalidomide. The third literature search was performed using the Comparative
Toxicogenomics Database (CTD) [63] by typing the name of the drug in the query search
and downloading all the “References” provided.

Duplicates were excluded and the studies were primarily filtered by title and abstract
screening. The selected manuscripts were fully read and the genes and/or proteins dis-
rupted by the drugs we studied were annotated. For “disruption”, we considered any type
of effect driven by the drugs (i.e., expression alteration, binding, activity inhibition, and in-
teraction). Hence, the inclusion criteria for genes and/or proteins disrupted were: evidence
of an experimental assay using human embryonic cells, tissues, or organoids exposed to
one of the IMiDs, thalidomides, lenalidomides, or pomalidomides, and only statistically
significant disrupted genes/proteins were included, according to the cutoffs used in the
study. The exclusion criteria were: transformed cells, knockout studies, exposure to two
or more concomitant drugs, and studies that had abstracts, but not the full manuscript,
available.

4.2. Systems Biology Analysis

The proteins annotated in the literature review or the subsequent TF analyses were
inserted in the STRING tool [64], comprising only experimental evidence of interactions
and co-expressions with a score > 0.400. A network of protein–protein interactions was
obtained and transferred to Cytoscape v.3.7.2 [65]. Topological network analyses, such as
centrality measures, were calculated through the cytoHubba plugin [66]. Essential proteins
were obtained through the maximal clique centrality (MCC) criteria. The MCC score was
used to indicate the size of the node, i.e., MCC = 1 was represented by a node of size 10
and MCC = 5 was represented by a node of size 50. The colors of the nodes were selected
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manually, based on the network-relevant characteristics for each step of the analysis, and
were detailed in the legends of figures.

4.3. Differential Gene Expression Analysis

Publicly available transcriptomes were downloaded from the GEO repository [60] and
a DGE analysis was performed. Since gene expression was very dynamic and transcriptome
analyses might result in several false-positive differentially expressed genes, a wide range
of datasets was included. The terms “thalidomide”, “lenalidomide”, or “pomalidomide”
were queried in GEO, filtered for Homo sapiens, and all the assays were annotated. The
inclusion criteria were assays comprising human cells, tissues, or samples from patients
who were exposed to one of the IMiDs (thalidomide, lenalidomide, or pomalidomide) at
any age or stage of development. Datasets without raw data available, studies without a
control group, knockout studies, and exposure assays or therapeutic schemes that used
combined drugs in the same sample were excluded.

Microarray datasets were evaluated in R language by performing robust multi-averaging
(RMA) normalization for Affymetrix studies with the affy package [67] and variance stabiliz-
ing normalization (VSN), followed by quantile normalization in Illumina or Agilent studies,
using the NetworkAnalyst web interface [68] for sample processing. DGE was calculated
through the limma package [69]. RNA-Seq samples were evaluated regarding quality control
through FastQC software (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/;
URL accessed on 31 May 2023) [70]. Alignment and transcript count were obtained through
the useGalaxy server [71], using Bowtie2 [72] and featurecounts [73], respectively. The
alignment of all the samples was performed using the GRCh38 (hg38) reference genome.
In R, the edgeR package [74] was used to perform a trimmed mean normalization (TMM)
and calculate the DGE. For all the datasets, microarrays, and RNA-Seqs, a surrogate vari-
able analysis (SVA) normalization was performed to remove batch effects. Genes with a
logFC > |1| and an adjusted p-value < 0.05 were annotated for their significant differential
expressions; p-value adjustment was performed by the false discovery rate (FDR). If none of
the genes met the statistical criteria, the whole dataset was excluded from the present study.

4.4. Transcription Factor Analysis

The Transcriptional Regulatory Relationships Unraveled by Sentence-based Textmin-
ing (TRRUST) database [75] was used for the TFs analyses. TRRUST is a curated database
for human TFs and their target genes. Aiming to reduce false-positive results, it was
included in the TF search, only for genes that (I) were differentially expressed in at least
two datasets, or (II) that were differentially expressed in only one dataset but had evidence
of IMiD-induced alterations. Two distinct approaches for TF analyses were conducted.
Proteins obtained in the literature review were inserted in the database and their target
genes were annotated or, contrariwise, the set of the genes obtained by literature review
or DGE strategies were inserted in the tool, then having their regulatory TFs annotated.
In the second approach, only regulations with a p-value < 0.05 were considered signif-
icant. The complete list of human TFs was obtained from the study of Lambert et al.
(2018) [27], available on the website http://humantfs.ccbr.utoronto.ca/ (accessed on 31
May 2023). The list of C2H2 TFs was downloaded from the HUGO Gene Nomenclature
Committee (HGNC) [76]. Venn diagrams used in the analyses were performed in the tool
provided by the Bioinformatics Evolutionary Genomics website, from Ghent University
(http://bioinformatics.psb.ugent.be/webtools/Venn/, URL accessed on 31 May 2023).

4.5. Enrichment and Overrepresentation Analyses

Proteins and genes were obtained through a literature review, and TFs and their
target genes were evaluated regarding gene ontologies (GOs), signaling pathways, and,
specifically for TFs, protein domains. GOs and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways were accessed through the clusterprofileR package [77], using
the over-representation analysis strategy.
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A gene set enrichment analysis (GSEA) was performed with the differentially ex-
pressed genes to rank the ontologies and pathways mainly affected by the IMiDs. Genes
were ranked according to the number of studies where they were significantly differentially
expressed. Hence, a gene differentially expressed in four studies received a score = 4, while
a gene differentially expressed only once received a score = 1; consequently, genes that
never presented differential expressions received a score = 0. Three types of ontologies were
accessed: biological processes, molecular functions, and cellular components. According
to the GO resource, molecular functions referred to the molecular activities performed by
the gene products that, when evaluated together, resulted in a biological process. Cellular
component referred to the anatomical location of the protein in the cell.

5. Conclusions

In addition to the previous fundamental studies that identified crucial molecular
mechanisms behind thalidomide embryopathy [15,17,18], the systems biology approach
presented here allowed us to evaluate these hypotheses in a more integrative manner. More-
over, this was also the first study to provide a systematized, strictly performed literature
review on the genes and proteins altered by IMID exposure in embryonic development.
Furthermore, 35 transcriptome datasets were processed and evaluated regarding differen-
tial gene expressions, making this research the most thorough one known to address IMiDs’
transcriptional effects. The transcriptomics strategy conducted here can also be applied to
other drugs, aiming to evaluate the therapeutic or adverse effects, such as teratogenesis. In
conclusion, not only did this study prioritize SP1 and beta-catenin as strong candidates
for IMiD effects on embryonic development, it also analyzed the large amount of publicly
available data, indicating there is much new knowledge to be integrated to understand an
old challenge.
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Zhang, X.; et al. A survey of best practices for RNA-seq data analysis. Genome Biol. 2016, 17, 13. [CrossRef]
37. Francois, M.; Donovan, P.; Fontaine, F. Modulating transcription factor activity: Interfering with protein-protein interaction

networks. Semin. Cell Dev. Biol. 2020, 99, 12–19. [CrossRef] [PubMed]
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Abstract: The cornea, with its delicate structure, is vulnerable to damage from physical, chemical, and
genetic factors. Corneal transplantation, including penetrating and lamellar keratoplasties, can restore
the functions of the cornea in cases of severe damage. However, the process of corneal transplantation
presents considerable obstacles, including a shortage of available donors, the risk of severe graft
rejection, and potentially life-threatening complications. Over the past few decades, mesenchymal
stem cell (MSC) therapy has become a novel alternative approach to corneal regeneration. Numerous
studies have demonstrated the potential of MSCs to differentiate into different corneal cell types,
such as keratocytes, epithelial cells, and endothelial cells. MSCs are considered a suitable candidate
for corneal regeneration because of their promising therapeutic perspective and beneficial properties.
MSCs compromise unique immunomodulation, anti-angiogenesis, and anti-inflammatory properties
and secrete various growth factors, thus promoting corneal reconstruction. These effects in corneal
engineering are mediated by MSCs differentiating into different lineages and paracrine action via
exosomes. Early studies have proven the roles of MSC-derived exosomes in corneal regeneration
by reducing inflammation, inhibiting neovascularization, and angiogenesis, and by promoting cell
proliferation. This review highlights the contribution of MSCs and MSC-derived exosomes, their
current usage status to overcome corneal disease, and their potential to restore different corneal layers
as novel therapeutic agents. It also discusses feasible future possibilities, applications, challenges,
and opportunities for future research in this field.

Keywords: cornea; mesenchymal stem cells; exosomes; corneal diseases; corneal regeneration

1. Introduction

Loss of vision is an expanding global burden that affects not only the individual but
also society as a whole. The human eye is a highly complex organ that has a crucial role in
our life, but unfortunately, it is susceptible to a broad spectrum of disorders. Despite the
challenges, there have been numerous efforts to address a wide range of eye diseases [1].
The current therapeutic approaches for treating corneal disorders include anti-inflammatory
drugs, limbal stem cell (LSC) transplantation, and corneal transplantation [2]. However,
these modalities are not free from limitations. LSC transplantation has a high risk of
immune rejection [3,4]. Anti-inflammatory drugs are not fully capable of suppressing
angiogenesis, conjuctivalization, and corneal scarring [5]. Although corneal transplantation
is still considered an effective means of restoring vision, graft rejection due to immune
responses remains a significant cause for concern. As estimated in the 2010 World Health
Organization’s report on visual impairment, about 285 million people of all age groups
experience some level of visual impairment, and 39 million people are completely blind [6].

The cornea is one of the main components of the visual system, and it is the prime
layer of the eye. It is crucial for vision, as it focuses light and plays a refractive role [7].
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Structurally, the human cornea consists of five layers, which include the epithelium, stroma,
endothelium, Bowman’s layer, and Descemet’s membrane. Nonetheless, the most signifi-
cant layers among these are the epithelium, stroma, and endothelium [8]. The pathogenesis
of corneal diseases may be attributed to a range of clinical conditions, including traumatic
injury, chemical exposure, infections, deterioration due to aging, limbal stem cell deficiency,
and various types of corneal dystrophies. This latter phenomenon may lead to defects
in the structural and cellular components of the cornea [9]. The corneal functions can
be compromised due to the development of corneal scars, haze, opacities, and edema,
which may lead to visual deterioration. However, early detection and timely treatment can
prevent most cases of corneal blindness.

Corneal transplantation using a healthy donor cornea to replace the damaged cornea
has been successfully carried out for 100 years. It is currently considered one of the standard
treatment strategies for corneal blindness. The cornea is the most frequently transplanted
solid tissue in humans [10]. Although there have been notable improvements in corneal
surgery in recent years, there are still challenges concerning the shortage of donor tissue,
the short lifespan of allografts, the prolonged use of immunosuppressive drugs, legal
and cultural restrictions, and the requirement for specialized surgical skills. A significant
proportion of patients cannot afford corneal transplantation due to the high costs associated
with the surgery and post-operative care. This is especially problematic given the increasing
number of elderly individuals, resulting in significant financial and logistical obstacles,
thus creating a global burden [5].

The transplantation of corneas is the most commonly performed type of transplant
on a global scale, with roughly 180,000 corneal transplantation surgeries being conducted
each year [11,12]. During the year 2012, over 184,000 corneal transplantation procedures
were performed across 116 different nations [11]. As stated by the Eye Bank Association
of America, the quantity of donated corneas and eye globes has been steadily increasing
over the past few years, with a 5.2% increase reported in 2013 relative to 2012 [11]. An
estimated 12.7 million individuals around the world are in need of corneal transplants, but
the availability of donor tissues varies greatly across different regions. In 2019, in the UK,
4504 corneal transplants were carried out, while in the USA, the number of transplanted
corneas was significantly higher, at 85,601 [13]. Nevertheless, the supply of transplantable
donor tissue is consistently insufficient, as the demand for it surpasses the availability [11].

In recent decades, cell therapy and tissue engineering approaches have gained in pop-
ularity as treatments for some corneal diseases [14]. When it comes to tissue engineering,
the cornea is well-suited for regenerative cell therapy using natural or systemic scaffolds,
with or without cells, because of its immune-privileged and avascular characteristics [15].
Compared to other organs or tissues, there is a lower probability of rejection of the trans-
planted cells in the cornea. Today, ophthalmologists and visual scientists are increasingly
interested in mesenchymal stem cells (MSCs) due to their competence to regenerate and
differentiate, making them a potential alternative treatment option for corneal diseases.
MSCs have been suggested to exhibit a therapeutic effect through their paracrine effect,
which is mediated by exosomes (Figure 1) [16,17]. Research investigating the mechanism of
MSC-based therapies has yielded compelling evidence indicating that exosomes facilitate
intercellular communication by transporting various biomolecules, including nucleic acids
and proteins, to the recipient cells. Additionally, they are also involved in essential pro-
cesses such as cell migration and differentiation, and they participate in many physiological
and pathological functions [18,19]. The effectiveness and safety of exosomes for curing
corneal diseases have garnered attention due to the exosomes’ cell-free nature, which
enables them to retain the therapeutic advantages of their parent cells while eliminating the
risks associated with stem-based therapies. As a result, the role of exosomes in regenerative
medicine is expanding. To conduct this review, we performed a thorough search of PubMed
(https://pubmed.ncbi.nlm.nih.gov/ (accessed on 1 May 2023) and Google Scholar using
the terms “corneal diseases,” “exosomes,” and “mesenchymal stem cells” as keywords
from July 2002 to April 2023.
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Figure 1. Cornea can be damaged from both external and internal factors (chemical burns, trauma,
intrinsic–corneal diseases) leading to impaired vision. Different approaches have been employed
to improve the regeneration of the injured cornea. Utilizing MSCs (cell-based therapy) and their
secretions (cell-free therapy) can restore the normal corneal function in the diseased/injured cornea.

2. Mesenchymal Stem Cells (MSCs)

Stem cells can be categorized into two types depending on their source: embryonic and
adult stem cells. Adult stem cells are present in a multitude of organs and tissues within
the body, such as skeletal muscles, brain, bone marrow, dental pulp, liver, spinal cord,
cornea, adipose tissue, and more. Among these, MSCs, regarded as multipotent progenitor
cells, can arise from either embryonic or adult sources [20]. Wharton’s jelly, umbilical cord
blood, placenta, and embryo can provide embryonic stem cells, whereas dental pulp, bone
marrow, adipose tissue, and other tissues are considered adult sources [21]. Embryonic
MSCs contain a large number of primitive phenotypes, more active telomeres, and higher
propagation ability compared to stem cells derived from adult tissues [22]. However,
to obtain a sufficient amount of embryonic MSCs for therapeutic applications, ex vivo
expansion is necessary, which may lead to a decline in their functional activity [23].

Protocols for the in vitro derivation of MSCs from human pluripotent stem cells, such
as induced pluripotent stem cells (iPSCs) and embryonic stem cells, have been formulated
and implemented [24]. Both in vitro and in vivo, MSCs can differentiate into various
mesenchymal lineages, such as osteoblasts, adipocytes, and chondrocytes. Furthermore,
they can migrate to injured sites, where they can differentiate and proliferate, secrete various
anti-inflammatory and growth factors, promote wound healing, and thus reconstruct the
damaged tissues [25].

MSCs play a vital role in the modulation of immune responses via paracrine action
and interact with both innate and adaptive immune cells [26]. MSCs derived from different
sources have different functions. The phenotypic markers CD13, CD73, CD90, CD105, and
STRO-1 are expressed by both bone marrow and adipose MSCs, but they have different
expression patterns of CD34, CD49d, CD54, and CD106 [27]. MSCs derived from adult
tissues like bone marrow show less proliferation, engraftment ability, and differential
potential than MSCs derived from birth-associated tissues (cord blood, umbilical cord,
placenta, and amnion) [28]. Different proteomic profiles can be observed in the MSCs
derived from the umbilical cord, Wharton’s jelly, or cord blood. MSCs derived from
the umbilical cord show ameliorated results in musculoskeletal tissue engineering [29].
Similarly, the MSCs derived from adult adipose tissue sources also demonstrate variations
in functionality [30]. MSCs derived from subcutaneous fat tissue have quicker tissue
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proliferation than those derived from the omental region [31]. MSCs are identified by the
existence of specific markers such as CD90, CD73, CD71, CD44, CD105, and CD271, but
they do not express hematopoietic markers (CD14, CD34, and CD45) nor do they express
stimulant molecules (CD86, CD40, and CD80) [32]. Studies have demonstrated that MSCs
produce a diverse array of exosomes, which perform various tasks like immune modulation,
repairing damaged tissue, and downregulating inflammation via paracrine action [33,34].

MSCs exhibit potential immunomodulatory effects, which contribute to their thera-
peutic potential and ability to evade rejection both in vivo and in vitro. MSCs, considered
to be immune-privileged cells, diminish the presence of major histocompatibility complex
(MHC) class II molecules and co-stimulatory molecules (CD80, CD86, and CD40) on their
cell surface [35]. In vitro, MSCs affect the innate immune system by suppressing the mat-
uration and activation of dendritic cells (DCs) as well as the cytotoxicity of natural killer
cells. Moreover, they suppress adaptive immune responses by inhibiting the proliferation
and secretion of cytokines by T cells, as well as impeding the maturation of B cells [36].
Various soluble factors, such as transforming growth factor-beta (TGF-β), interleukin-6
(IL-6), interleukin-10 (IL-10), matrix metalloproteinases (MMPs), prostaglandin E2 (PGE2),
indoleamine-2, 3-dioxygenase (IDO), human leukocyte antigen-G5 (HLA-G) and nitric
oxide are involved in the immunosupressive function of MSCs [37]. Moreover, MSCs can
suppress the production of interferon-gamma (IFN-γ) by Th1 cells while increasing the
production of IL-4 and IL-10 by Th2 cells. This alteration in cytokine expression facilitates
the immune response of native CD4+ T cells, promoting a shift toward a Th2-type immune
response [38]. In co-culture with native T cells, human MSCs support the differentiation
and proliferation of regulatory T cells (Tregs) during mixed-lymphocyte reactions. This
effect is mediated through the secretion of prostaglandin E2 (PGE2) and TGF-β. Tregs,
which are a specialized subset of T cells, retain their ability to suppress the activation of
other T cells and help regulate immune system activity [39]. In addition, microencapsu-
lation within microspheres or hydrogels can also protect MSCs physically from immune
recognition and prevent cell aggregation, thereby avoiding any direct contact and reducing
the risk of rejection in the transplanted site [40,41].

Even though MSCs have great potential in regenerative medicine, there are concerns
about their uncontrolled proliferation or overgrowth, which can lead to unwanted effects.
Implementing kill switches in the context of MSCs involves incorporating mechanisms to
control and terminate their growth when necessary. One potential approach is to engineer
MSCs with genetic circuits that allow for conditional cell death or growth arrest. These
circuits can be designed to respond to specific signals or triggers in the cellular environ-
ment [42]. Likewise, MSCs can be genetically engineered to control their proliferative
capacity and immunomodulatory effects, preventing over-expansion [43]. In addition to
this, manipulating cell cycle regulators like p16Ink4a or p21cip1 can block cell cycle progres-
sion and reduce their proliferation. Additionally, modulating the activity of key regulators,
such as retinoblastoma protein (pRB) or p53, can also impact MSCs growth [44]. Hypoxic
conditions can slow cell proliferation and promote a quiescent state of MSCs. TGF-β
signaling is involved in cell cycle regulation and can affect growth of MSCs. Modulating
the activity of TGF-β signaling pathway components, such as SMAD proteins or TGF-β
receptors, can help control MSCs proliferation [45]. Incorporating MSCs and growth factors
or bioactive molecules within scaffolds can regulate MSC behavior. Furthermore, some
scaffold materials, such as collagen and gelatin, have been reported to support controlled
MSCs growth and prevent overgrowth [46].

3. MSC Mobilization, Migration, and Homing in Corneal Changes

Injury and inflammation are responsible for inducing the mobilization, migration,
and colonization of stem cells [25,34]. The mechanism of MSC homing to the sites of
injury remains unclear. When the cornea is injured by trauma and infection, specific
chemoattractants stimulate endogenous bone marrow MSCs, causing them to mobilize
and enter the peripheral blood. To promote wound healing, these circulating MSCs travel
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to the site of injury in the cornea and attach themselves to it [47]. In a study of a murine
alkali-burn model of the injured cornea, the researcher demonstrated the vigorous mi-
gration and engraftments into the injured cornea of bone marrow MSCs administered
intravenously [48]. Chemokines such as stromal cell-derived factor 1 (SDF-1) and substance
P have been identified as regulators of MSC mobilization and recruitment to the cornea [47].
Additionally, MSCs’ ability to locate and bind to target tissues is facilitated by robust
mechanisms similar to leukocyte activity, including adhesion mediated by selectin and
integrin, transmigration, and passive entrapment [49]. Efforts have been made to upgrade
the targeting of MSCs to ocular tissues. The sub-conjunctival injection of MSCs and their
co-transplantation with amnion onto the damaged corneal tissue have both resulted in a
substantial enhancement [50–53].

Despite their ability to migrate to the site of injury, it appears that the migration and
homing of MSCs are not essential for their therapeutic effects. In one study, the damage
caused by inflammation in the cornea was reduced by tumor necrosis factor-stimulated
gene/protein-6 (TSG-6) released by MSCs administered systemically, even without MSC
engraftment [54]. Furthermore, MSCs have been found to secrete TSG-6, which has been
shown to have a positive effect on reducing inflammation and improving cardiac function
after a myocardial infarction [55]. A recent study showed that administering human MSCs
through the systemic route can diminish inflammatory damage in the cornea by releasing
anti-inflammatory substances when prompted by injury signals from the cornea, with no
need for engraftment [54]. One potential approach to enhancing the effectiveness of MSCs
in treating corneal injuries is to administer them directly to the affected area using methods
such as subconjunctival injection, transplantation with an amniotic membrane (AM), or
application through a plastic tube. This could result in an increased MSC concentration at
the site of the injury, leading to improved outcomes [51,56–58].

4. Corneal Regeneration with MSCs

There is considerable research indicating that MSCs are capable of reducing inflam-
mation and facilitating the restoration of corneal transparency in the aftermath of ocular
injuries [48,57,59]. Despite the fact that MSCs promote angiogenesis in certain tissues,
they exhibit an opposing effect in the cornea by inhibiting angiogenesis. This distinctive
quality of MSCs represents an intriguing and noteworthy characteristic of these cells [60].
Researchers have explored two primary methods for administering MSC treatment for
corneal injuries: intravenous injection and topical application. A number of studies have
examined the effectiveness of intravenous injection in repairing corneal injuries [61–63].
In a study using adipose-derived stem cells (ADSCs) on an amniotic membrane, the re-
searchers observed a reduction in inflammation, an increase in corneal transparency, and
alleviation of the corneal damage [64]. Similarly, the damage to the cornea was partially
repaired via the secretion of anti-inflammatory proteins by the injected MSCs [54]. Research
has revealed that the culture medium derived from MSCs has the potential to treat corneal
ulcers by suppressing inflammation, enhancing cell viability, stimulating proliferation, and
modulating the immune response [65]. The therapeutic role of MSCs in different layers of
the cornea is shown in Table 1. Figure 2 shows the therapeutic roles of MSCs in regenerating
the cornea.

Table 1. The therapeutic role of MSCs in different layers of cornea.

Corneal
Tissues

MSC Source Aim of Experiment
Human or

Animal
Model

Study
Performed

In Vitro Study
Results

In Vivo Study
Results

References

Human adipose

-To investigate the impacts
of inhibiting glycogen
synthase kinase-3 (GSK3)
and transforming growth
factor β (TGF β) signaling
on the epithelial
differentiation of ADSCs.

Rat In vitro
In vivo

-Downregulation of
the mesenchymal
genes and
upregulation of
epithelial genes
(E-cadherin,
cytokeratins, and
occudin).

-Demonstration of the
human E-cadherin
CK3, and 12 on rat
corneal surface in rat
model of total limbal
stem cell deficiency.

[66]
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Table 1. Cont.

Corneal
Tissues

MSC Source Aim of Experiment
Human or

Animal
Model

Study
Performed

In Vitro Study
Results

In Vivo Study
Results

References

Human adipose

-To study whether
extraocular human
ADSCs exhibit some
characteristics of corneal
epithelial-like cells
cultured in vitro.

- In vitro

-Induction of corneal
epithelial-like cells
from human
adipose-tissue-derived
MSCs including the
expression of CK3 and
CK12 when cultured
in corneal epithelium-
conditioned
media.

- [65]

Rabbit bone
marrow

-To study the potential of
bone-marrow-derived
MSCs (BM-MSCs) to
differentiate into corneal
epithelial cells both
in vitro and in vivo.

Rabbit In vitro
In vivo

-Differentiation of
rabbit MSCs
vigorously into cells
with similar
morphological and
molecular
characteristics to
corneal epithelial-like
cells.
-Induction of CK3
expression with
co-culture with rabbit
limbal stem cells.

-Implantation of the
cells incorporated
with fibrin gel
regenerated the
corneal epithelium in
alkali-induced
corneal deficiency
rabbit model and
expressed CK3.

[67]

Rabbit bone
marrow

-To inspect the suitability
of bone marrow MSCs
trans-differentiating into
corneal epithelial cells in a
rat model with a deficit
of LSCs.

Rat In vitro
In vivo

-Observation of CK12
expression and
epithelial cell
characteristics with
co-culture on rat
corneal stromal cells.

-Differentiation into
epithelial-like cells
expressing CK12,
improving corneal
opacity, and
reconstructing the
corneal surface in rats
with transplantation
on amnion in alkali
injury rat corneal
deficiency model.

[53]

1. Corneal
epithelium

Human bone
marrow

-To explore the potential
of human MSCs to
differentiate into corneal
epithelial cells and to
assess their ability to
regenerate damaged
corneal tissue.

Rat In vivo -

- Restoration of the
injured or damaged
surface of the cornea
in rats.
-Inhibition of corneal
inflammation (CD45,
IL-2, MMP-2) and
angiogenesis in the
presence of amnion in
rat alkali-injured
epithelial defect
model.

[57]

Allogenic bone
marrow

-To show that MSCs used
in transplantation can be
safe and effective and help
in treating corneal
pathology due to limbal
stem cell deficiency
(LSCD).

Human In vivo -

-Improvement of
epithelial damage
and demonstration of
a more corneal
epithelial-like
phenotype in the
central cornea with
allogenic BM-MSCs.

[68]

Rabbit bone
marrow,
adipose tissue

-To investigate whether
MSCs or corneal limbal
epithelial cells (LSCs)
restore the corneal
epithelium and optical
properties in an alkali
burn rabbit model.

Rabbit In vivo -

-Improvement in
corneal optical
properties,
restoration of
antioxidant
protective mechanism
and epithelial
regeneration with
MSCs.

[69]

Conjunctiva-
derived
MSCs (CJMSCs)

-To identify the potential
of hybrid polyurethane
(PU) and silk nanofibrous
scaffold with CJMSCs in
treating corneal
epithelium.

- In vitro

-Improvement in the
function of corneal
epithelium with
CJMSCs incorporated
with silk fibers and
PU fibers.
-CJMSCs differentiate
into corneal
epithelial-like cells.

- [70]
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Table 1. Cont.

Corneal
Tissues

MSC Source Aim of Experiment
Human or

Animal
Model

Study
Performed

In Vitro Study
Results

In Vivo Study
Results

References

Human bone
marrow

-To demonstrate the
aptitude of human MSCs
derived from bone
marrow to differentiate
into functional cells with
epithelial-like
characteristics in vitro.

- In vitro

-Differentiation of
human MSCs derived
from bone marrow
into functional
epithelial cells in the
epithelial
differentiation
medium containing
keratinocyte growth
factor, epidermal
growth factor,
hepatocyte growth
factor, and
insulin-like growth
factor.

- [71]

Human dental
pulp

-To demonstrate the
potential of adult dental
pulp cells to differentiate
into Keratocytes.

Mouse In vitro
In vivo

-Induction of
Keratocan and
Keratan sulfate
proteoglycan (KSPG)
in culture with
keratocyte
differentiation
medium.

-Production of
stromal components
like human type-I
collagen and
Keratocan with
intrastromal injection
in mouse’s corneal
stroma.

[72]

Human adipose

-To determine whether
keratocyte-specific
phenotypic markers are
expressed by ADSCs
when cultured.

- In vitro

-Induction of
expression of stromal
matrix components
like KSPG, aldehyde-
3-dehydrogenase-3A1
(ALDH3A1) in cell
culture under
reduced serum
conditions
supplemented with
insulin and ascorbate.

- [73]

2. Corneal
stroma

Human bone
marrow

-To investigate whether
MSCs can differentiate
into corneal
keratocyte-like cells by
using
keratocyte-conditioned
medium (KCM).

- In vitro

-Expression of
keratocyte markers
such as aldehyde-1-
dehydrogenase-1A1
(ALDH1A1),
Lumican, and Kera in
KCM.
-Demonstrate MSCs
could proliferate and
differentiate into cells
with similar
characteristics to
keratocytes when
cultured in KCM.

- [56]

Rabbit adipose

-To explore if the
combination of
autologous rabbit
adipose-derived stem cells
and polylactic-co-glycolic
acid (PLGA) scaffold
could be used to repair
corneal stromal defects in
a rabbit.

Rabbit In vivo -

-Differentiation of
MSCs into functional
keratocytes, detection
of their presence up
to 24 weeks following
transplantation.
-Differentiation to
Kera and ALDH3A1
expressing cells in
mechanically induced
rabbit stromal defect
model via
transplantation of
cells on a PLGA
scaffold.

[74]

Human
periodontal
ligament (PDL)

-To show the possibility of
using PDL cells as a
potential source for
regenerative corneal cell
therapy to treat corneal
disorders.

- In vivo

-Organ culture shows
the presence of CD34,
ALDH3A1, Kera and
Lumican, collagen
type 8 alpha 2
(COL8A2), CHST6
genes and their
expressions.
-Reduction in fibrosis,
neurogenesis, and
vaculogenesis gene
expression.

- [75]

3. Corneal
endothe-
lium

Human
umbilical cord
MSCs
(HUC-MSCs)

-To study the significance
of HUC-MSCs in treating
corneal endothelial
disease in a rabbit model
with bullous keratopathy.

Rabbit In vivo
In vitro

-Stimulation of the
expression of NA,
K-ATPase in a
medium containing
GSK3β inhibitor.

-Progress in corneal
thickness and
transparency with
cell injection in rabbit
bullous keratopathy
model.

[76]
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Figure 2. MSCs for treating corneal diseases. MSCs are well known to have a therapeutic effect
through paracrine secretions, and by making direct cell contacts with cells in different corneal layers,
such as epithelium, stoma, and endothelium. This can help to promote the survival, growth, and
specialization of cells, while reducing cell death, inflammation, and fibrosis.

4.1. Corneal Epithelial Regeneration with MSCs

The corneal epithelium is fairly uniformly composed of 5–7 layers of stratified non-
keratinized squamous cells, each 50 μm thick, which covers the outermost portion of
the cornea [77,78]. The maintenance of a healthy corneal epithelial layer is essential for
appropriate visual function and translucency of the cornea [79]. The tear film covers
the surface of the epithelium, which is made up of a non-keratinized squamous layer
that originates from the superficial ectoderm during embryonic development at around
5–6 weeks [78]. This layer has a crucial function in correcting any abnormalities present
on the surface of the cornea [6]. Any disruption of the structural soundness of the corneal
epithelium due to physical trauma, infection, or LSC deficiency, could lead to damage
to the epithelium, corneal inflammation, neovascularization, and opacities. Eventually,
this phenomenon can culminate in corneal blindness [80,81]. MSCs can differentiate
into cell lineages derived from the neuroectoderm and epithelial cells [82]. An in vitro
study co-cultured rabbit bone marrow MSCs and rabbit LSCs and found that the cells
displayed a polygonal and cobblestone morphology similar to epithelial cells. Moreover,
these cells expressed cytokeratin 3 (CK3), specific to corneal epithelium [82]. Similarly,
a study involving co-culture of rat corneal stromal cells (CSCs) and MSCs found that
MSCs underwent trans-differentiation into cells that resembled epithelial cells, confirmed
through the observation of CK12 expression. Furthermore, in vivo experiments showed
reduced corneal opacity and neovascularization grades, indicating the potential of MSCs
to improve corneal integrity [53]. When human ADSCs were grown in a culture medium
that had been conditioned by corneal epithelial cells, the result illustrated the upregulation
of the expression of CK3 and CK12 with an epithelial-like cell appearance [83,84]. An
in vivo study on mesenchymal–epithelial transition (MET) was inconclusive. When human
BM-MSCs were tissue engineered onto human amnion and then transplanted into rat
corneas damaged by alkali, there was a decline in inflammation (as demonstrated by the
markers CD45, IL-2, MMP-2) and angiogenesis markers accompanied by reconstruction of
the corneal surface [57].

The utilization of small-molecule chemicals has become increasingly popular since
they have shown potential in initiating and modifying the cellular changes involved in
the transition between mesenchymal and epithelial phenotypes. Furthermore, these small
molecules can also regulate cell fate and facilitate the reprogramming of target genes [85,86].
A protocol has been previously reported for generating corneal epithelial progenitors,
referred to as MET-Epi, from human ADSCs. This protocol involves an approach that
antagonizes both the GSK and transforming growth factor β (TGF β) pathways [47]. These
small molecules can penetrate cell membranes, lack immunogenicity, have modifiable
dosages, are cost-effective, and expedite standardization. In an investigation utilizing a
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rat corneal surface alkali injury model, it was observed that the application of ADSCs-
derived epithelial progenitors engineered on fibrin gel led to an enhancement of corneal
transparency and stability of the surface. The damaged corneal surface was restored with
the creation of a multilayered epithelium. Moreover, higher levels of human epithelial cell
adhesion molecule (EpCAM) and CK3/12 expressions were noted. The sham group had
less reduction of corneal haze and no CK3/12 expression [48].

An alternative surgical approach to corneal epithelial failure, which can arise from
severe limbal stem cell deficiency (LSCD), involves the use of cultivated limbal epithelial
transplantation (CLET) with either an amniotic membrane or fibrin gel acting as a car-
rier [87]. A new procedure that involves ex vivo propagation of autologous or allogeneic
epithelial stem cells from a limbal biopsy can help stabilize the ocular surface, and it has
theoretical advantages over conventional limbal transplantation. A recent study demon-
strated the potential of MSC therapy to achieve similar therapeutic results as CLET [88].
Another study compared the safety and efficacy of allogeneic BM-MSC transplantation and
allogeneic CLET for the restoration of corneal epithelia in LSCD over a one-year follow-up
period, and it was revealed that both treatments were effective and safe [68]. In another
study of transplantation of human foreskin-derived mesenchymal stem cells (hMSCs) into
alkaline damaged rabbit epithelium, differentiation of these cells into corneal cells and their
migration into corneal stroma was observed [89]. Based on the findings of these studies,
MSCs may serve as a viable alternative option for treating damaged corneal epithelium
and promoting the repair of the ocular surface. Although MSC therapy has shown promise
in treating corneal epithelial damage, additional research is necessary to provide evidence
for its clinical effectiveness, safety, and long-term stability.

4.2. Corneal Stromal Regeneration with MSCs

The corneal stroma, the thickest layer of the cornea, consists of specific extracellular
matrix (ECM) elements and collagen fibrils organized into flattened lamellae that run
perpendicular to each other. The corneal stromal keratocytes (CSKs) are typically quiescent
and are located between collagenous lamellae [90]. The cornea remains transparent, biome-
chanically strong, and structurally intact due to the precise arrangement and packing of
collagen fibrils within the stroma, as well as the unique composition of several substances
such as KSPG (lumican, keratocan, mimecan, and decorin), stromal crystalline (transke-
tolase, ALDH3A1, and ALDH1A1) and ECM proteins (collagen type I and V) [90]. When
the cornea is damaged or diseased, the CSKs can die. They are responsible for producing
proteoglycans and maintaining the collagen fibrils. Their death can lead to a reduction in
the production of proteoglycans, the degradation of collagen fibers, and an increase in the
glycation of collagen molecules. Nevertheless, some of the surviving CSKs can be activated
and turned into repair-type stromal fibroblasts near the damaged area, contributing to the
healing process of the cornea. The combined action of serum and cytokines such as PDGF
and TGF β can cause certain fibroblasts to transform into highly contractile myofibroblasts.
This mechanism can lead to the development of corneal haze, opacity, and scar formation.
Such phenomena may disrupt the transmission of light through the cornea, which can
result in visual impairment and ultimately lead to blindness.

Research has revealed that MSCs obtained from bone marrow and the lining of the
umbilical cord can transform into keratocyte-like cells and potentially restore clarity to the
corneal stroma [56,61,63]. A study involving the administration of human umbilical cord
lining MSCs directly into the corneal stroma found improvement in the abnormal collagen
structure, restoration of the corneal thickness, and enhancement of corneal transparency.
In addition, the injected cells downregulated inflammatory cytokines, leading to a low
risk of rejection [61]. In the same way, when human MSCs obtained from bone marrow,
adipose tissue, and limbal stroma were cultured under conditions that promoted keratocyte
differentiation and were supplemented with TGF β 3, basic fibroblast growth factor (bFGF),
and ascorbic acid, genes associated with corneal stromal keratocytes were upregulated
at the RNA and protein levels [56,73,91]. Similarly, in a study of mechanically induced
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corneal stromal defects, transplantation of rabbit adipose MSCs cultivated on a bio-scaffold
made of polylactic-co-glycolic acid could repair the defects via the induction of ALDH1A1
and keratocan expression without triggering corneal neovascularization [74].

Another study showed that corneal stroma stem cells (CSSCs) derived from the limbal
stroma share many characteristics with MSCs. These cells were found to express Pax6
and MSC markers (CD90 and CD73) [92,93]. CSSCs have the potential to repair and
regenerate transparent stromal tissue as well as downregulate inflammation in the cornea
and reduce scarring [93,94]. CSSCs can differentiate into CSKs when grown in a serum-free
environment that has been enriched with bFGF and TGF β3. This suggests that CSSCs
have the potential for stromal regeneration, with the deposition of an ECM similar to that
of the native stroma [95,96]. Likewise, in the lumican-null mouse model, the injection of
human CSSCs into the cornea repairs the defects in collagen fibrils and restores the stromal
thickness, ultimately resulting in complete restoration of corneal transparency [93]. At
the L.V. Prasad Eye Institute in India, medical treatment is being performed to address
patients with unilateral superficial corneal scars resulting from bacterial/fungal keratitis.
This procedure entails the transplantation of cultivated allogeneic limbal stromal cells [97].

Dental MSCs are gaining popularity in regenerative medicine because of their ver-
satility, high adaptability, lack of ethical concerns, and ease of procurement [98]. The
developmental pathways of CSKs are similar to those of periodontal ligament stem cells
(PDLSCs) and dental pulp stem cells (DPSCs) [99]. Transplanting human DPSCs intrastro-
mally into a mouse cornea resulted in the expression of collagen type I and keratocan, and
they exhibited a phenotype resembling that of CSKs while preserving corneal transparency
and maintaining the stromal volume [72]. PDLSCs exhibit multilineage potential and
differentiate into adipocytes, chondrocytes, and osteoblasts. Additionally, they express
markers present on MSCs and embryonic and neural stem cells [100–102]. A preliminary
clinical study was conducted using stromal cell therapy, in which patients with advanced
keratoconus were treated with autologous ADSCs. The cells were injected with 1 mL of
saline into the pocket of the corneal stroma. New collagen was produced, and thus, the
use of autologous ADSCs for cellular therapy for human corneal stroma is regarded as
safe [103]. In addition, a clinical study involving 11 patients with advanced keratoconus
demonstrated positive outcomes after autologous MSC transplantation, with or without
decellularized donor corneal stromal lamina sheets. Within three months after the surgery,
all patients had fully regained their corneal transparency [104]. However, it is necessary to
have a larger group of participants and to follow them up for a longer duration to validate
the effectiveness of this treatment.

In another study, the reconstruction of corneal stroma was observed with human-
processed lipoaspirate derived (PLA). This outcome proved that human ADSCs retained
their morphology up to 10 weeks after transplantation. Similarly, differentiation of these
cells into keratocytes was seen in the rabbit cornea 12 weeks after transplantation with
the synthesis of collagens type I and VI [105]. Likewise, transplantation of MSCs derived
from dental pulp into rat’s eyes induced the production of an extracellular stromal matrix
consisting of collagen type I and keratocon [72].

4.3. Corneal Endothelium Reconstruction with MSCs

The corneal endothelium is a thin, single-cell layer. It is the innermost layer of the
cornea, which forms the boundary between the stromal and anterior chambers. Accord-
ing to one study, around 38% of cases requiring corneal transplantation are attributable
to issues with the corneal endothelium [11]. Maintaining clarity is among the primary
functions of the corneal endothelium [106]. The corneal endothelium transports fluid from
the stromal layer to the anterior chamber, and its cells have a limited ability to undergo cell
division [107]. In the event of any obstruction or dysfunction in the corneal endothelium,
there is a risk of gradual accumulation of fluid in the stromal and epithelial layers, which
can result in corneal edema and ultimately lead to impaired vision and even blindness [108].
One of the important indicators for corneal transplantation is corneal endothelial dysfunc-
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tion. Recently, there has been an increase in the popularity of using Descemet’s stripping
automated endothelial keratoplasty (DSAEK) and Descemet’s membrane endothelial ker-
atoplasty (DMEK) for the treatment of endothelial dysfunctions [109]. Researchers are
also exploring in-cell therapy as an alternative to corneal transplantation, which is of-
ten limited by a shortage of donors, and they are working to overcome the obstacles of
growing endothelial cells in culture. They have discovered that Rho-associated protein
kinase (ROCK) has the potential to repair and regenerate corneal endothelial cells, making
corneal endothelial transplantation a viable option. In the rabbit endothelial dysfunction
model, by using a ROCK inhibitor called Y-27,632, corneal transparency was restored by the
transplantation of corneal endothelial cells. Even though this study is based on an animal
model, there is a high likelihood that this method will yield positive results in clinical
studies [110]. A recent investigation transplanted human corneal endothelial cells (HCECs)
into the corneas of patients with bullous keratopathy after in vitro culture. The cells were
mixed with ROCK inhibitor and transferred into the anterior chamber in a volume of 30
microliters containing 1 million cells. After 24 weeks, the corneas showed an improvement
in transparency and an increase in corneal endothelial cell density. This approach was
declared a less invasive treatment option for bullous keratopathy [111]. However, many
obstacles remain to be overcome before applying this method to large-scale clinical treat-
ment. Acquiring a sufficient number of cells and ensuring their proper proliferation in the
laboratory can be difficult due to variations in cell fate and MET [112].

For corneal endothelial replacement, using MSCs and a conditioned medium is a
promising approach [113]. One study found that exposing HCECs to the conditioned
medium from BM-MSCs resulted in changes in the morphological and phenotypic char-
acteristics of the HCECs [107]. Similarly, in another study, a damaged endothelium was
restored by transplanting BM-MSCs, which were grown on a glutaraldehyde crosslinked
gelatin scaffold, into the endothelial layers of rabbit corneas [114]. Likewise, in a rabbit
model, transplantation of HUC-MSCs cultured on type I collagen sheets into the corneas
resulted in a reduction in edema and an increment in corneal transparency [76]. Another
study involved co-culturing skin-derived precursors (SKPs) and B4G12 cells in a serum-free
medium, which after 4 days resulted in the formation of corneal endothelial-like cells with
characteristics similar to human CECs. The markers of endothelium, NA+/K+ ATPase
and zonula occludens-1 (ZO-1), were expressed well, as confirmed by immunofluorescence
staining. In vivo, these cells were transplanted into rabbits and monkeys after Descemet’s
membrane was mechanically removed, resulting in an increase in corneal transparency and
a sharper appearance of the cornea after just 7 days [115].

Recently, a study demonstrated that hMSCs can differentiate into cells similar to
corneal endothelial (CE) cells. The differentiated cells were found to express the mark-
ers typically found in corneal epithelial cells, such as ZO-1, Na/K-ATPase, COL-8, and
paired-like homeodomain transcription factor 2 (PITX2). The differentiation process was
achieved via the use of Descemet membrane biomimetic microphotography [116]. In this
study, researchers implanted Warton jelly-derived stem cells in a Descemet membrane
that had a collagen-like topography to create an endothelium-like layer. The researchers
found an increase in the expression of genes specific to endothelial cells (COL-8, ZO-1,
Na/K-ATPase, and PITX2). These results suggest that Wharton jelly-derived stem cells
possess the capability to transform into cells with endothelial characteristics. Furthermore,
transplantation of these cells in ex vivo rabbit cornea signified the formation of functional
endothelium and transparent cornea [117].

5. Fate of MSCs in Corneal Inflammation and Angiogenesis

MSCs are recognized for their ability to regulate angiogenesis and reduce inflamma-
tion, making them a promising treatment option for various corneal diseases. Many studies
have indicated that topical or sub-conjunctival administration of BM-MSCs can reduce
inflammation and angiogenesis in murine models with chemical injuries [48,50,57]. Incorpo-
rating MSCs into corneal tissue has been shown to decrease the infiltration of inflammatory
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cells and macrophages expressing CD68. This leads to a reduction in pro-inflammatory
cytokines, including interleukin-2 (IL-2), IL-1, monocyte chemoattractant protein (MCP-1),
and matrix metalloproteinase 2 (MMP2), as well as pro-angiogenic factors. MSC treatment
can also increase the expression of molecules with anti-inflammatory effects, such as IL-6,
IL-10, TGF-β1, and TSG-6, along with anti-angiogenic mediators, such as thrombospondin-
1 (TSP-1) and pentraxin-3 [54,57]. By modifying the pro-inflammatory environment, the
corneal epithelium can be restored, leading to the healing of ocular surface injuries in the
damaged cornea [51].

MSCs express pro and anti-angiogenic factors, depending on the tissue microenviron-
ment. In order to inhibit angiogenesis, MSCs increase TSP-1 by disrupting the signaling
of CD47 and vascular endothelial growth factor (VEGF) receptor 2, and inhibiting the
VEGF-Akt-Enos pathway. The release of TSP-1, a potential inflammatory cytokine with
pro-angiogenic activity, not only induces endothelial cell apoptosis but also decreases the
expression of MMP2 [118]. Recent studies have demonstrated the modulatory actions of
the CSSCs derived from the limbal stroma in corneal inflammation and scarring [119]. One
study implemented CSCs in an acute corneal wound mouse model, and the inhibition
of neutrophils and a decline in the expression of fibrotic markers like tenascin C, alpha-
smooth muscle actin (α-SMA), and secreted protein acidic and rich in cysteine (SPARS),
mediated through the TSG-6 pathway, was observed [94]. Likewise, in murine corneas,
corneal mesenchymal stromal cells also perform an anti-angiogenic role via expression
of PEDF and soluble fms-like tyrosine kinase-1 (sFLT) and suppression of macrophage
infiltration [59]. Suture-induced corneal neovascularization was inhibited with the intra-
venous administration of CMSC, which decreased the expression of various genes involved
in angiogenesis, such as VEGF-C, VEGF-D, TEK, and mannose receptor C type-1 and 2,
within the stromal matrix [120].

6. Corneal Transplantation with MSCs

Numerous studies have explored the functions of MSCs in enhancing the survival
of grafts [118,121,122]. The immune-modulating and anti-inflammatory characteristics of
MSCs make them a promising choice for the transplantation of corneal allografts. Since the
cornea is considered an immune-privileged site, the survival rate of corneal transplants
is higher than other types of solid organ transplant. Regardless of this, corneal graft
immune rejection can sometimes lead to corneal allograft failure [123]. The maturation
of B-cells can be prevented by MSCs, and they can also inhibit the release of cytokines by
T-cells. This modulation helps to sustain tolerance of the allograft and promotes its survival
by influencing the generation of regulatory T-cells [124,125]. MSCs have a cell surface
glycocalyx that contains a high concentration of anti-inflammatory molecules such as TSG-
6, versican, and pentraxin-3. These molecules are involved in regulating the inflammatory
response of the host [125]. The initial immunomodulatory impacts of recipient-derived
MSCs from a pig-to-rat model were examined in the context of penetrating keratoplasty.
When allogeneic rat MSCs were applied topically, they caused T-cells to differentiate into
Th2 cells. However, even though the researchers induced an increase in Th2-type cytokines
using MSCs, they did not observe a notable improvement in the survival of pig corneal
tissue transplanted into rats [126].

Similarly, in a study conducted using a rat corneal transplant model, the researchers
demonstrated the immunosuppressive capabilities of MSCs. Specifically, they injected
MSCs from the donor into the recipient rats at varying intervals and with different doses
of cyclosporine A (CsA). Prolonged corneal graft survival and no corneal allograft rejec-
tion were associated with a post-operative infusion of MSCs, whereas a pre-operative
infusion was ineffective. Furthermore, MSCs in allogeneic keratoplasty inhibited allo-
geneic T cell responses in both in vitro and in vivo rat models, suggesting MSCs prevent
allograft immune rejection and increase the survival rate of allografts by upregulating
the number of Tregs [127]. Similarly, in a study performed on a mouse model of corneal
allotransplantation, the peri-transplant intravenous infusion of human MSCs led to the
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suppression of inflammation and decreased the activation of antigen-presenting cells in the
cornea, thereby increasing the survival rate of allografts and decreasing the risk of immune
rejection [122]. Despite the potential of MSCs as an alternative method to treat and prevent
immune rejection after corneal transplantation, their effectiveness in addressing corneal
allograft rejection in various animal models and clinical scenarios is still unclear.

7. Challenges of MSC Therapy

Despite tremendous applications in regenerative medicine, MSCs have some signifi-
cant risks, and solving this issue is a major challenge [128]. The major problem associated
with MSCs is cellular heterogeneity. MSCs sourced from different origins can result in
inconsistent outcomes. Furthermore, an additional critical aspect of cell therapy is the vari-
ous techniques used to obtain, isolate, and cultivate the cells, which can result in differing
outcomes [129]. One of the considerable problems associated with insufficient reproducibil-
ity of experimental findings is the variation in MSC protocols [128]. Full documentation of
the complete process of MSC isolation, sorting, ex vivo expansion, purification, phenotyp-
ing, and conducting follow-up examinations should be carried out to ensure reproducible
clinical efficacy and outcomes [130]. Prior to the clinical settings, it is necessary to establish
standardized protocols for the isolation and ex vivo preparation of MSCs. However, pa-
rameters such as age, genetic traits, and the medical history of donors can impede corneal
cell therapy. For example, the limited number of MSCs acquired from such cases makes it
difficult to utilize autologous transplantation in elderly patients [131]. Furthermore, some
studies have demonstrated that treatment with MSCs may not be sufficiently safe, as they
are not immune-privileged [132]. However, the cornea itself is immune-privileged, and
this is less important when treating corneal conditions. Likewise, senescence and decreases
in differential capacity can be observed in MSCs after the sixth passage; this may lead to
alterations in gene expression profiles and cell morphology, which can have adverse effects
during cell therapy [133,134]. Another critical concern with MSCs is their tendency to trans-
form into different lineages during ex vivo expansion. Thus, controlling and documenting
the entire MSC expansion procedure should be made mandatory to ensure reproducibility
in the preparation of these cells [135]. Furthermore, ethical challenges should be addressed
before undertaking clinical trials. These challenges involve minimizing harm, appropriately
selecting and recruiting subjects, ensuring informed decision making through the consent
process, and preventing therapeutic misconception [136]. Table 2 illustrates the advantages
and disadvantages of MSCs and MSC-derived exosomes.

Table 2. Advantages and disadvantages of MSCs and MSC-derived exosomes in clinical
applications [137–139].

Origin Pros Cons

MSCs

-Easy to isolate and obtain from accessible sources
-High rate of proliferation, multilineal differentiation
-Easily cultured in vitro
-Low risk of immune-related problems
-High stability in various pathological and
physiological conditions

-Ethical issues
-Risk of potentially transmitting genetic diseases
and infections
-Low number of cells
-After transplantation, risk of teratoma formation is high

MSC-derived exosomes

-Capacity to cross natural barriers like
blood–brain barrier
-Perfect immune-compatibility and non-cytotoxic
-Compared with cells, stable upon freezing and thawing
-Ability of natural homing
-Capacity for intracellular delivery of cargo by fusion
of membranes

-No standard isolation protocol
-No excellent mass production protocol
-Less and immature research on exosome-based therapies
-In vivo, after administration, fast clearance from
the blood
-Hard to isolate and purify the exosomes

8. Paracrine Effect of MSCs

Within the realm of regenerative medicine, MSCs can have a therapeutic impact
by producing soluble factors that aid in the regulation of tissue healing, inflammation,
angiogenesis, and immune responses [82,140]. Most MSCs are naturally found in the
filtering organs like the lungs, liver, and spleen. In one study, the injection of MSCs beneath
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the conjunctiva in corneas injured by alkali exposure facilitated the healing of corneal
wounds, even though the MSCs remained localized in the subconjunctival space [51]. In the
same way, when MSCs or conditioned media from MSCs were topically administered in a
mouse model of corneal epithelial injury, they alleviated corneal inflammation, reduced
the formation of new blood vessels, and facilitated wound healing [141]. The fact that the
majority of the MSCs were present in the corneal stroma rather than the epithelium implies
that the therapeutic impact of MSCs is accomplished via a paracrine mechanism rather
than direct cell substitution. This mechanism involves the release of soluble factors from
MSCs, which can be delivered through extracellular vesicles or exosomes [140,142,143].

9. Mesenchymal Stem Cell-Derived Exosomes

9.1. Exosome Biogenesis

Exosomes, which are a subset of extracellular vehicles (EVs), are membrane-bound
and generated within the endosomal compartment of almost all eukaryotic cells [144].
Exosomes are present in a wide range of biological tissues and fluids, and they are found
in almost all cells, tissues, and bodily fluids, including urine, blood, plasma, cerebrospinal
fluid, sweat, breast milk, semen, gastrointestinal secretions, saliva, and amniotic fluid [145].
Unlike microvesicles, which are formed during apoptosis, exosomes are produced directly
from the plasma membrane and apoptotic bodies, and they originate from endosomes [146].
Once exosomes are secreted into the extracellular space, they bind to multivesicular bodies
(MVBs), which have intraluminal vesicles (ILVs), then merge with the plasma membrane.
The formation and packaging of exosomes are managed by endosomal sorting complexes
required for protein (ESCRT), which are attracted to MVBs. Furthermore, many other
associated proteins, such as Tsg101, Alix, and VPS4, are also actively involved in this pro-
cess [146]. The amount and composition of exosomes released from the same parental MSCs
differ due to the influence of external factors that dictate the secretion of exosomes [33].
Exosomes are internalized by recipient cells in the local microenvironment or transported
to distant regions via the circulatory system. The uptake of exosomes by target cells can
occur through three main mechanisms: (1) interactions between ligands and receptors,
(2) endocytosis by the recipient cells, and (3) direct fusion with the cell membrane [147]
(Figure 3). Once the exosomes have merged with the recipient cells, their contents are
released into the cytoplasmic space.

Figure 3. Exosomes are capable of transferring bioactive molecules to recipient cells through three
mechanisms: (a) intercellular signaling via receptor–ligand interaction, (b) endocytosis by recipient
cells, and (c) direct fusion with the recipient cell membrane, leading to the release of their cargo into
the target cells. These modes of transfer are the result of the biogenesis of exosomes [97,148].
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9.2. MSC-Derived Exosome Components

The molecular composition of exosomes is subject to considerable variability and is
influenced by several factors such as the cell type that produces them, changes made to
them, and the pathological environment in which they are formed. The biological roles that
exosomes fulfill depend on the types of nucleic acids, proteins, and lipids that they contain.
The composition of the exosomes has become well known in recent decades due to massive
progress in the fields of biotechnology, including proteomics, lipidomics, transcriptomics,
and bioinformatics, which provide a theoretical basis for the use of exosome therapy in treat-
ing various diseases [33]. Phosphatidic acid, cholesterol, sphingomyelin, arachidonic acid,
prostaglandins, and leukotrienes are exosomal lipids. They are involved in the formation of
exosomes and the maintenance of their biological stability [145]. Exosomes contain various
multifaceted proteins involved in their production, such as synthenin, ALIX, TSG101, and
ESCRT complex. In addition, exosomes carry membrane transporter and fusion proteins,
including annexins, heat shock proteins, and Rab GTPase [149]. Again, exosomes are
enriched with various nucleic acids, such as genomic DNA, cDNA, mitochondrial DNA
(mtDNA), long coding RNAs (IncRNAs), circular RNAs (CirRNAs), microRNAs (miRNAs),
and mRNAs [150]. They have an indispensable role in modulating biological processes and
the epigenetic remodeling of cells.

MSCs have been demonstrated to produce a greater quantity of exosomes compared
to other types of primary cells [151]. Proteomic analysis of MSC exosomes has revealed
1927 distinct proteins that possess various functions required for their characteristics
and formation [152]. The exosomes derived from MSCs display commonly occurring
exosome surface proteins, such as tetraspanin (CD81, CD63, and CD9), ALIX, and Tsg101.
Furthermore, they also contain heat shock proteins (HSP90, HSP70, and HSP60). Similarly,
MSC membrane proteins for several adhesion molecules (CD73, CD44, and CD29) are also
expressed by exosomes [144]. Likewise, diverse types of nucleic acids including lncRNAs,
miRNAs, and mRNAs are found in MSC-derived exosomes. The miRNAs are given a
greater interest than others, as it is believed that they are a form of non-coding RNA;
they are approximately 22 nucleotides in length and modulate post-transcriptional gene
expression [153]. These miRNAs are crucial molecules in MSC exosomes since they are
involved in several biological activities, such as cell differentiation, angiogenesis, apoptosis,
and inflammatory pathways. Researchers have found that a single miRNA can regulate
several messenger RNAs, and conversely, a single messenger RNA can be influenced by
several miRNAs [154]. Thus, these complex networks demonstrate the potential of MSC
exosomes to alter numerous functional, physiological, and pathological effects.

9.3. Isolation and Storage of Exosomes

Several methods are commonly used for isolating exosomes, such as ultracentrifuga-
tion, size exclusion chromatography (SEC), polymer precipitation, immune affinity capture,
microfluidics, and ultrafiltration (UF). These techniques are utilized to separate exosomes
from other components in biological samples and obtain a pure exosome population for
downstream analysis. Among these, for separating exosomes, ultracentrifugation is the
most commonly used method and is considered the gold standard approach [155]. Ultra-
centrifugation separates proteins, vesicles, cell debris, and cells into uniform suspensions
based on their differential sedimentation rate. SEC uses the size of small-molecule–protein
complexes as the basis for separation. UF separates exosomes according to their size [156].
Immune affinity chromatography separates exosomes based on their interactions with high-
specific-affinity antibodies and antigens [157]. Polymer precipitation alters the solubility or
dispersion of exosomes in body fluids or cell cultures to precipitate them from samples,
usually through the use of polyethylene glycol or agglutinin [158].

To date, there is no standard universally accepted guideline for the proper storage of
exosomes. The integrity of exosome lipid membranes and their therapeutic efficacy can be
influenced by the buffer composition, storage temperature, and the number of freeze–thaw
cycles. One study showed no alterations in the size of MSC exosomes or overall exosomal
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membrane integrity after −20 ◦C freeze–thaw cycles in PBS. However, the size of the
vesicles was significantly reduced after being stored at 37 ◦C for two days and at 4 ◦C
for three days [159]. Likewise, one study found that exosomes could be stored at −20 ◦C
for six months without altering their biochemical activity [97]. Another study found that
when neutrophil-derived exosomes were frozen at −20 ◦C, the vesicle size decreased but it
did not at −80 ◦C [160]. Another study found that adding protease inhibitors to urinary
exosomes prior to freezing at −20 ◦C did not halt the decline in exosomal biochemical
activity. However, complete recovery of activity was observed after seven months of storage
when the exosomes were frozen at −80 ◦C [161]. A recent study showed that the stability of
the exosomal membrane and biochemical function was further improved by adding 25 mM
of trehalose [162]. The findings from these studies have provided evidence that exosomes
can maintain their functional stability even when stored for extended periods at relatively
mild temperatures.

10. Therapeutic Promise of MSC-Derived Exosomes for Ocular Tissue

Several studies have provided evidence that MSC-derived exosomes have a significant
influence on eye tissues. In a rat model of experimental autoimmune uveitis (EAU),
injecting exosomes derived from HUC-MSCs around the eye reduced the movement and
accumulation of immune cells, such as leukocytes, macrophages, and natural killer cells.
This was accomplished by inhibiting the MCP1/C-C motif chemokine ligand 2 (CCL21)
and MYD88-dependent pathways. In addition, these exosomes restored retinal function
and stimulated the expression of Gr-1, CD4, CD68, CD161, and IL17 [163]. Likewise, in a
study of laser-induced retinal injury, injecting exosomes derived from MSCs cultured from
either umbilical cord or adipose tissue into the eye improved visual function and modified
the pro-inflammatory environment. This was achieved by hindering the production of
pro-inflammatory cytokines MCP1, intercellular adhesion molecule-1 (ICAM-1), and TNF-
α [164]. Similarly, in a study conducted on diabetic rats with hyperglycemia-induced retinal
inflammation, injecting HUC-MSC-derived exosomes directly into the eye (intravitreal
injection) improved their visual condition. This was achieved by suppressing the high
mobility group Box 1 (HMGB1) signaling pathway, aided by miR-126 [165]. Furthermore,
in a study involving rats with retinal damage induced by blue light, injecting umbilical
cord MSC-derived exosomes directly into the eye (intravitreal injection) resulted in a dose-
dependent reduction in choroidal neovascularization. This suppression was achieved
by reducing the production of VEGFA and inhibiting the NFkB pathway through the
transfer of miR-16 [166,167]. In addition, in an experiment using a rat model of optic
nerve crush, injecting exosomes derived from BM-MSCs directly into the eye (intravitreal
injection) restored the growth of retinal ganglion cells. This restoration occurred through
the activation of argonaute-2 signaling [168]. Other studies showed that intravenous
administration of MSCs can restore retinal function in models of EAU and laser-induced
retinal injury [169,170]. A clinical trial was conducted recently to explore the impact of
intravitreal injection of HUC-MSCs-derived exosomes on patients with refractory macular
holes. The trial involved five patients and showed the intervention resulted in both
functional and anatomical recovery. However, one of the patients had a severe inflammatory
response [171].

11. MSC-Derived Exosomes and the Cornea

Injuries to the cornea caused by chemical or thermal burns, traumatic injury, immune
disorders, and hereditary conditions can lead to inflammation, neovascularization, scar-
ring, and ulceration. Delayed and careless treatment may cause permanent blindness.
However, MSC therapy is considered a suitable candidate to provide anti-inflammation,
anti-angiogenesis, and immunomodulatory activities during treatment. Several studies
have shown that the paracrine action of MSCs can greatly enhance the process of wound
healing by regulating inflammation, angiogenesis, and tissue regeneration through various
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factors. Moreover, limited studies conducted in vitro and in vivo have shown the healing
benefits of the bioactive molecules present in MSC exosomes on corneal injury models.

In an experiment where rabbit CSCs were cultured with ADSC exosomes, there was a
robust increase in cell proliferation, reduced cell death, downregulation of MMPs, and a
substantial deposition of new ECM molecules, specifically collagen [172]. Furthermore, in a
mouse model of a superficial stromal wound, topical application of exosomes derived from
CSSCs reduced corneal inflammation and scarring by inhibiting the entry of neutrophils
through a TSG-6-dependent pathway and decreasing the activity of genes related to fibrosis
such as actin alpha 2 (ACTA2), collagen type 3 alpha 1 (COL3A1), and acidic and rich in
cysteine (SPARC) [94]. Likewise, exosomes derived from human corneal mesenchymal
stromal cells have the ability to stimulate the recovery of damaged corneal epithelium in
mice [173]. In addition, in a murine model of mucopolysaccharidosis, HUC-MSCs exosomes
that carried β-glucuronidase were found to reduce the accumulation of glycosaminoglycans,
thereby leading to a decrease in corneal haze [34]. Similarly, a study investigated the impact
of MSC-derived factors on the function of keratocytes in vitro and found a significant
improvement in the cells’ performance. Furthermore, the paracrine activity of MSCs
enhanced the survival of keratocytes by inhibiting apoptosis [174]. A research study
utilized exosomes from ADSCs loaded with miRNA 24-3p and incorporated into a modified
hyaluronic acid hydrogel. The resulting miRNA 24-3p-rich exosomes (Exos-miRNA 24-3p)
were observed to enhance corneal epithelial defect healing, cell migration, and maturation
while inhibiting fibrosis and reducing the levels of inflammatory cytokines (CD163, and
MMP9) in both in vitro and in vivo rabbit models of corneal epithelial defects caused by
alkali burns [175]. Additionally, in a study with iPSC-MSCs exosomes combined with
thermosensitive chitosan-based hydrogels (CHI hydrogel) in a rat cornea damage model
using a trephine mold, the iPSC-MSCs exosomes promoted reconstruction of the damaged
corneal epithelium and stromal layer. In vivo, this study documented the downregulation
of mRNA expression of three major collagen types, collagen type I alpha (COL1A), collagen
type V alpha 1 (COL5A1), and collagen type V alpha 2 (COL5A2). Additionally, this led to
the inhibition of scar formation, and ECM decomposition was prevented by inhibiting the
translocation-associated membrane protein 2 (TRAM2) [176].

In a rat model of corneal allograft rejection, transplanting MSC-exosomes resulted in a
significant increase in graft survival time by inhibiting the infiltration of CD4+ and CD25+
T cells, reducing the levels of interferon-gamma (IFN-γ) and C-X-C motif chemokine 11
(CXCL11), and inhibiting the Th1 signaling pathway [177]. In addition, a study using
exosomes derived from HUC-MSCs showed significantly enhanced in vitro proliferation
and the migration of corneal epithelial cells in a corneal mechanical wound healing model
in rats. This was attributed to downregulation of phosphatase and tensin homolog (PTEN)
levels and activation of the PI3K/Akt signaling pathway through the transfer of miRNA-
21, resulting in better corneal repair and regeneration [178]. In an in vitro study using
MSC-EVs in HCECs, it was revealed that MSCs-EVs (5–20 × 103 MSC-EV/cell) were
capable of regenerating damaged HCECs by decreasing the number of apoptotic cells [179].
Exosomal microRNA from ADSCs inhibited the expression of homeodomain-interacting
protein kinase 2 (HIPK2) in rabbit corneal keratocytes, suppressing the transformation of
rabbit corneal keratocytes into myofibroblasts [180]. When comparing MSCs-Exos and
iPSCs exosomes, researchers found that iPSC exosomes showed a better effect in vitro by
inducing proliferation, migration, and cell cycle progression, and inhibiting apoptosis [181].
This study found that BM-MSCs-derived exosomes could promote the expansion and
movement of human corneal epithelial cells in a manner that depended on the dosage
used. This effect was related to the activation of the p44/42 MAPK signaling pathway.
In an animal experiment using a mouse alkali burn model, the injection of BM-MSCs-
derived exosomes was observed to promote the healing of corneal damage by reducing
inflammation and mitigating the overproduction of proteins associated with fibrosis (α-
SMA) and vascularization (CD31) [182]. In a murine corneal damage model caused by
alkali burns, scientists demonstrated promising results by topically administering BM-
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MSCs-derived extracellular vesicles (BMSC-EVs) embedded with methylcellulose. The
BM-MSCs-EVs were found to regulate cell death, inflammation, and angiogenesis in the
damaged tissue, leading to faster corneal regeneration [183]. Similarly, it was demonstrated
that exosomes obtained from HUC-MSCs influenced autophagy in both human corneal
epithelial cells and a mouse corneal injury model. In vitro, this treatment caused an increase
in cell proliferation, migration, and upregulation of proliferating cell nuclear antigen
(PCNA), cyclin-dependent kinase 2 (CDK2), cyclin A, and cyclin E expression. In addition,
when combined with an autophagy activator, HUC-MSCs ameliorated corneal defects by
decreasing apoptotic and inflammatory gene expression in vivo [184]. Likewise, it has
been observed that MSC-derived exosomes can mitigate inflammation and cell death in the
cornea following injury. This is supported by the decreased expression of proinflammatory
molecules like TNF-α, IL-1β, IL-8, and NF-κB, as well as the pro-apoptotic protein Cas-8.
Furthermore, these exosomes have shown the potential to reduce corneal angiogenesis by
inhibiting the expression of pro-angiogenic factors (VEGF) and angiogenesis-associated
genes (MMP-2 and MMP-9) [185]. Moreover, researchers have proven that exosome-
mediated targeting of NF-κB c-Rel can effectively accelerate corneal wound healing. Using
exosomes loaded with c-Rel-specific siRNA on the corneal surface as a topical treatment
reduced the expression of inflammatory cytokines and accelerated corneal wound healing
in mice, including in cases of diabetic corneal injury. The results of this study suggested
that inhibiting c-Rel might be an effective treatment approach for managing a corneal
injury [186].

In a study with a corneal epithelial defect model in diabetic mice, exosomes derived
from BM-MSCs labeled with PKH-26 regenerated the corneal epithelium by inducing the
proliferation, repair, and migration of corneal epithelial cells. Furthermore, infiltrating
inflammatory cells were relatively diminished in the cornea treated with exosomes [187].
A study assessed the effectiveness of ADSCs compared to MSC-derived exosomes for
treating corneal injuries induced by alkali in rats. Both ADSCs and exosomes had the
potential to enhance corneal healing and prevent complications resulting from alkali burns.
This is due to their ability to reduce inflammation and prevent angiogenesis. However,
the researcher came to the conclusion that exosomes from MSCs could be an especially
auspicious alternative since they were less risky than stem cells, and their diminutive
size facilitated their penetration through biological barriers to reach specific organs [188].
Interestingly, in a recent study, when MSC exosomes were treated with a human cornea-
on-a-chip (developed using microfluidic technology), they had a favorable outcome on
corneal epithelial wound healing by reducing the release of MMP-2 protein and acting as
an anti-angiogenetic factor [189]. Furthermore, ADSCs inhibited ECM formation, increased
proliferation, and promoted the reverse migration of C-X-C chemokine receptor type 4
(CXCR4) neutrophils, which alleviated neovascularization. These findings suggest that
ADSCs have an antiangiogenic effect during corneal wound healing and can be a potential
treatment approach that reverses neutrophil migration [190]. In addition, it was observed
that exosomes from CSSC downregulated the fibrotic gene (Acta2) expression, blocked
neutrophil infiltration, reduced scar formation, and restored the corneal morphology by
transferring miRNA to corneal cells [191]. Likewise, in a rat model of corneal scarring,
topically administration of MSC exosomes alleviated corneal injuries by inhibiting angio-
genesis, modulating the immune response, minimizing scar formation and enhancing the
healing process [192]. These studies have demonstrated that MSC exosomes can enhance
the treatment of corneal ocular surface diseases and congenital corneal metabolic disorders
by promoting ECM formation and cell proliferation, migration, and survival (Figure 4 and
Table 3).
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Figure 4. (a) A schematic representation of the experimental administration of MSC-derived exosomes
in cornea. (b) In the cornea, therapeutic molecules are delivered that inhibit angiogenesis, cell
proliferation, cell migration, and differentiation. (c) Regeneration of corneal layers is observed after
treatment with MSC-derived exosomes.

Table 3. Preclinical studies of stem-cell-derived exosomes with their therapeutic potential for treating
various corneal diseases.

Origin of Exosome Aim of Experiment Animal Model
Study
Performed

In Vitro Study Conclusion In Vivo Study Conclusion References

ADSC exosomes

-To study how ADSCs
exosomes may lead to
phenotypic alterations
in vitro in CSCs.

- In vitro

-Inhibition of apoptosis,
downregulation of MMPs,
upregulation of
ECM-related proteins
(collagens and fibronectin)
and significant
proliferation of CSCs by
ADSCs- exosomes.

- [172]

Human corneal
mesenchymal
stromal cell-derived
exosomes

-To investigate the
impact of exosomes
derived from human
corneal MSCs on the
healing of corneal
epithelial wounds.

Mouse In vitro
In vivo

-Observation of corneal
epithelial cell migration,
proliferation, and adhesion.
- Modulation of expression
of genes related to cell
signaling, inflammation,
ECM remodeling.

-Improvement in corneal
epithelial wound healing
by augmenting cell
proliferation.

[173]

BM-MSCs

-To examine how soluble
factors derived from
MSCs affect the
functions of keratocytes
(activation, migration,
proliferation and
synthesis of ECM).

Mouse In vitro
In vivo

-Enhancement of keratocye
survival by inhibiting
apoptosis, upregulation of
ECM genes, increasing cell
viability, and migration.

-Demonstration that
various wound healing
mediators like vascularly
endothelial growth factor
(VEGF), platelet-derived
growth factor (PDGF),
hepatocyte growth factor
(HGF) accelerate corneal
re-epithelization.

[174]
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Table 3. Cont.

Origin of Exosome Aim of Experiment Animal Model
Study
Performed

In Vitro Study Conclusion In Vivo Study Conclusion References

ADSCs exosomes

-To explore the potential
of ocu-micro-RNA 24-3p
to facilitate the
migration and repair of
rabbit corneal
epithelial cells.

Rabbit In vivo
In vitro

-Increase in migration and
proliferation of corneal
epithelial cells.

-Promotion of rabbit
corneal epithelial cell
migration and repair by
inhibiting fibrosis and
keratitis, decreasing
inflammatory reactions.

[175]

iPSC-MSCs
exosomes

-To determine the
effectiveness of
exosomes obtained from
iPSC-MSCs to repair
damaged corneal
epithelium and stromal
layer, by decreasing the
formation of scars and
speeding up the
healing process.

Rat In vitro
In vivo

-Downregulation of mRNA
expression of COL1A, and
COL5A2 in anterior
lamellar stroma damage
model in rats.
-Reducing scar formation
and regenerate corneal
epithelium.

-Suppression of
translocation-associated
membrane protein 2
(TRAM2) by mi R-432-5p
to prevent ECM
decomposition.

[176]

MSC exosomes

-To study the effects of
MSC-exosomes in
corneal allograft
rejection model.

Rat In vivo -

-Subconjunctival injection
of 10 ug exosomes can
effectively prolong the
graft survival time.
-Inhibit infiltration of CD4+
and CD25+T cells,
downregulation of IFN-γ
and CXCL11 levels
in grafts.

[177]

HUC-MSCs-
derived small
extracellular
vesicles (HUMSC-s
EVs)

-To explore the
mechanism through
which HUMSCs-sEVs
impact the healing
process of corneal
epithelial wounds.

Rat In vitro
In vivo

-Promotion of cell
proliferation and migration
via upregulating the
P13k/Akt signaling
pathway, achieved by
restricting PTEN with
transfer of miR-21.

-Corneal fluorescein
staining and histological
staining showed the
healing of corneal wound
in corneal mechanical
wound rat model.

[178]

Stem cell-derived
extracellular
vesicles

-To explore the
contribution of
extracellular vesicles
derived from stem cells
in stem cell-induced
regeneration, by
reprogramming injured
cells and triggering
pro-degenerative
pathways.

- In vitro

-Decline in the quantity of
apoptotic cells and faster
wound repair in human
corneal endothelial cells
treatment with MSC-EVs.

- [179]

ADSCs exosomes

-To examine the impact
of exosomal miRNAs
obtained from ADSCs
on the differentiation
process of rabbit corneal
keratocytes.

- In vitro

-Inhibition of HIPK2
expression suppresses the
differentiation of corneal
keratocytes into
myofibroblasts.
-Reduction in the
expression of markers
promoting pro-fibrosis and
ECM components.

- [180]

iPSCs exos and
MSC exos

-To compare the efficacy
of iPSCs-exos and
MSC-exos in the
treatment of corneal
epithelial defects.

Rat In vitro
In vivo

-More promising result for
iPSCs-exos than
MSCs-exos.
-Greater proliferation,
migration, cell cycle
progression, and inhibition
of apoptosis in human
corneal epithelial cells.

-Demonstration of stronger
effects of iPSC-exos in
healing corneal epithelial
defect model than
MSC-exos.

[181]

BM-MSCs exos

-To explore how
BM-MSCs-exos promote
corneal wound healing
by activating the p44/42
MAPK signaling
pathway.

Mouse In vitro
In vivo

-Enhancing the growth and
migration of human
corneal epithelial cells by
BM-MSCs-exos.

-Downregulation of
inflammation, fibrosis
(α-SMA) fibrosis and
vascularization (CD31) in
corneal tissues of mice
with alkali burn injury.

[182]

HUC-MSCs exos

-To explore the
molecular mechanisms
of HUC-MSCs-exos
affect autophagy in vitro
and corneal injury (CI)
models in vivo.

Mouse In vitro
In vivo

-Combination of HUC- and
MSCs-exos and an
autophagy activator
enhances cell proliferation,
increases migration
capacity, and boosts the
expression of PCNA,
Cyclin A, Cyclin E,
and CDK2.

-Reduction in expression of
apoptotic genes (Bax and
Caspase 3), decrease in the
inflammatory markers
(TNF-α, IL-1β, IL-6 and
CXCL-2) increment in
BCL-2 in CI mice model.

[184]
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Table 3. Cont.

Origin of Exosome Aim of Experiment Animal Model
Study
Performed

In Vitro Study Conclusion In Vivo Study Conclusion References

HUC-MSCs

-To study whether the
use of UMSC
transplantation into
corneal stroma has the
potential to contribute in
breakdown of
glycosaminoglycans
(GAGs), offering a viable
approach for cell-based
therapy for
mucopolysaccharidoses
(MPS)

Mouse In vitro
In vivo

-Release of neutral vesicles
by HUC-MSCs which are
taken by fibroblasts in a
coculture assay

-Restoration of dendritic
and hexagonal
morphology of host
keratocytes and
endothelial cells,
respectively, reduction in
corneal haze.
-Participation in breaking
down extracellular GAGs
and facilitating the host
keratocytes to metabolize
accumulated GAG
products.

[52]

hMSCs exosomes

-To demonstrate the
effectiveness of
c-Rel-specific siRNA
delivered through
exosomes in accelerating
corneal wound healing.

Mouse In vivo -

-Nano-polymers or
exosomes containing
c-Rel-specific siRNA on the
corneal surface as a topical
treatment help speed up
the healing of corneal
wounds in both regular
and diabetic cases.

[186]

BM-MSCs-derived
exosomes

-To examine how
exosomes obtained from
mouse BM-MSCs impact
the regeneration of
corneal epithelium in
mice with diabetes.

Mouse In vivo -

-Restoration of corneal
epithelial injury in diabetic
mice by exosomes labelled
with PKH-26 by
downregulating the
infiltration of cytokines
and proliferation of corneal
cells.
-Detection of exosomes in
the corneal stroma and
nourishing it.

[187]

ADSCs and MSCs
exosomes

-To assess and compare
the effectiveness of
ADSCs versus
MSCs-exosome in
treating corneal injuries
induced by alkali in rats.

Rat In vivo -

-Improvement of corneal
layers with decrease in
inflammation and
anti-angiogenic effects by
MSCs-exosome-treated
group in alkali burn injury
model.

[188]

MSC exosomes

-To study the
wound-healing and
immunomodulatory
effects of MSC exosomes
in a rat corneal scarring
model

Rat In vitro
In vivo

-Exerted
immunomodulatory effect
by modulating the
expression and secretion of
chemo-attractants.

-Improved the corneal
epithelial wound healing
by reducing corneal haze,
supressing corneal
neovascularization,
downregulating
inflamatory cytokines, and
inhibiting angiogenesis in
an excimer laser-induced
rat corneal injury model.

[192]

12. Challenges and Future Perspectives

MSC therapy is considered a promising strategy in different pre-clinical studies for
treating different types of corneal disorders, either by directly repairing the damaged tissue
or communicating with other cells through soluble factors. The immune-privileged nature
of corneas results in a lower risk of rejection and tumorigenesis.

Exosomes play a critical role as mediators in exchanging cellular information in various
non-ocular models. The recipient cells take up the proteins and miRNAs present in the
exosome cargoes, resulting in a reduction in inflammation, immune modulation, induction
of angiogenesis, wound repair, and overall improvements in functional and biological
recovery. The use of autologous serum eye drops has been commonly employed to manage
various conditions like severe dry eyes, persistent epithelial defects, chemical injuries, and
neurotrophic keratopathy [193]. MSC therapy can be a potential option for treating corneal
injuries or diseases, and the topical application of MSC exosomes could be used as an
additional therapy to address corneal inflammation and neovascularization. Exosome eye
drops derived from MSCs may provide a safer alternative compared to cell-based therapies
since they have a lower risk of immunological rejection, uncontrolled proliferation, tumor
formation, toxicity, and higher bioavailability.
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The commercially available autologous serum eye drops are non-specific, typically
focus on lubrication and symptom relief, and hardly restore the immune homeostasis in
the diseased cornea without actively promoting tissue repair. In a prospective clinical
trial, after topical administration of MSC-derived exosomes to patients with a diseased
cornea, there was a reduction in fluorescein scores, a longer rear film breakup time, and
an increment in tear secretion [194]. In addition, to obtain the potential therapeutic and
biological effects of MSCs, coupling MSC therapy with topical MSC exosomes would be a
better option. Thus, with this increasing experimental evidence with attractive advantages
over MSCs, MSC-derived exosomes would be the perfect candidate for cell-free therapy,
having low immunogenicity and less risk of tumor formation. More than 850 unique
proteins and 150 different miRNAs are delivered in the cargoes of MSC-derived exosomes
to affect various pathways in the target cells [115].

Due to their cell-free nature, MSC-derived exosomes can potentially reduce issues
associated with immunological rejection and the first-pass effect often observed with
systemic MSC treatment. This makes MSC-derived exosomes a promising candidate
for use as biological carriers of therapeutic agents. Despite the therapeutic potential
demonstrated by MSC-derived exosomes in numerous studies, it is crucial to address
various ethical concerns before their application in clinical settings. The fact that exosomes
are derived from stem cells but are not actual cells presents a potential hurdle in defining
legal classifications and obtaining approval from regulatory bodies in different countries
for their clinical use [195].

Other challenges remain to be overcome. First, the absence of standardization of the
methods used for the purification, separation, and profiling of MSC-derived exosomes on a
global scale may result in contentious issues arising from varied laboratory investigations.
The transportation, preservation, and storage of exosomes are vital aspects that should
be seriously considered. One study showed that thawed freeze-drying could effectively
purify exosomes and facilitate their transportation and long-term storage. However, it
is necessary to conduct additional research to determine whether this process has any
impact on the characteristics of the exosomes. Second, research has shown the exosomes
derived from MSCs to be safe and effective for the treatment of corneal diseases. Regardless,
the pharmacological characteristics like bioavailability, targeting, pharmacokinetics, and
bio-distribution of exosomes should be studied for proper therapeutic applications of
exosomes. It is essential to closely monitor and understand the precise mechanism of
action of exosomes prior to their use in clinical applications. Third, another important
consideration is determining the optimal route of exosome administration, whether local
or systemic. It is also essential to establish the appropriate dosage and dosing intervals
and to conduct potency assays to evaluate potential toxicity at different doses. Fourth,
optimization of the culture methods and isolation techniques is vital. Finally, the healing
efficacy of exosomes is mainly attributed to their inherent cargoes, such as RNA, DNA,
lipids, and proteins, which should be investigated more thoroughly. Additional research is
necessary to clarify the exact mechanism responsible for the regeneration process. Recent
research has focused on factors that regulate miRNA sorting into exosomes. Still, further
research is necessary to understand the significance of other components, such as IncRNA,
cirRNA, lipids, and proteins, and their effects on the physiological functions of exosomes.
Interestingly, recent research has proposed the use of exosome-mimicking nanovesicles
(NVs) as a substitute for natural MSC-derived exosomes, as they can be produced in larger
quantities. However, a suitable method for producing them in a highly efficient manner
is still lacking [196]. Thus, a comprehensive examination should be carried out before
applying MSC-derived exosomes in clinical trials to guarantee their safety.

13. Conclusions

In conclusion, both MSCs and MSC-derived exosomes have shown diverse functions
in the treatment of corneal diseases. Utilizing exosomes as a cell-free treatment option
may reduce the risk associated with cell therapy. Nevertheless, our comprehension of the
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mechanisms and operations of MSC-derived exosomes is insufficient and requires further
study. Additional research is necessary to determine the optimal dosage, administration
route, interval, and mechanism of action of these exosomes before they can be used in
clinical trials. The low risk of tumor formation and their ability to regulate cell fate make
MSC-derived exosomes a promising approach in regenerative medicine.
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Abbreviations

MSCs Mesenchymal stem cells
LSC Limbal stem cell
iPSCs Induced pluripotent stem cells
TSG-6 Tumor necrosis factor-stimulated gene/protein-6
ECM Extracellular matrix
SPARS Secreted protein acidic and rich in cysteine
PLGA Polylactic-co-glycolic acid
NVs Nanovesicles
TNF-α Tumor necrosis factor-alpha
IL-1β Interleukin 1 β

HMGB1 High mobility group Box 1
PDLSCs Periodontal ligament stem cells
DPSCs Dental pulp stem cells
SEC Size exclusion chromatography
MCP-1 Monocyte chemoattractant protein-1
MMP2 Matrix metallopeptidase 2
ADSCs Adipose derived stem cells
TRAM2 Translocation-associated membrane protein 2
CK3 Cytokeratin 3
GSK Glycogen synthase kinase 3
TGF β Transforming growth factor β
ROCK Rho-associated protein kinase
MVBs Multicellular bodies
ILVs Intraluminal vesicles
ESCRT Endosomal sorting complexes required for protein ESCRT
EAU Experimental autoimmune uveitis
KCM Keratocyte-conditioned medium
NVs Nanovesicles
VEGF Vascularly endothelial growth factor
PDGF Platelet-derived growth factor
HGF Hepatocyte growth factor
HCEC Human corneal endothelial cell
DSAEK Descemet’s stripping automated endothelial keratoplasty
DMEK Descemet’s membrane endothelial keratoplasty
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Abstract: Cocos nucifera L. is a crop grown in the humid tropics. It is grouped into two classes
of varieties: dwarf and tall; regardless of the variety, the endosperm of the coconut accumulates
carbohydrates in the early stages of maturation and fatty acids in the later stages, although the
biochemical factors that determine such behavior remain unknown. We used tandem mass tagging
with synchronous precursor selection (TMT-SPS-MS3) to analyze the proteomes of solid endosperms
from Yucatan green dwarf (YGD) and Mexican pacific tall (MPT) coconut cultivars. The analysis
was conducted at immature, intermediate, and mature development stages to better understand
the regulation of carbohydrate and lipid metabolisms. Proteomic analyses showed 244 proteins in
YGD and 347 in MPT; from these, 155 proteins were shared between both cultivars. Furthermore,
the proteomes related to glycolysis, photosynthesis, and gluconeogenesis, and those associated with
the biosynthesis and elongation of fatty acids, were up-accumulated in the solid endosperm of MPT,
while in YGD, they were down-accumulated. These results support that carbohydrate and fatty acid
metabolisms differ among the developmental stages of the solid endosperm and between the dwarf
and tall cultivars. This is the first proteomics study comparing different stages of maturity in two
contrasting coconut cultivars and may help in understanding the maturity process in other palms.

Keywords: proteomics; coconut cultivars; solid endosperm; maturation stages; carbohydrate and
lipid metabolisms; TMT-SPS-MS3

1. Introduction

The coconut tree (Cocos nucifera L.) is an ancient palm species of great importance
in tropical and subtropical areas [1]. Coconut belongs to the Arecaceae family, which
also includes the oil palm (Elaeis guineensis) and the date palm (Phoenix dactylifera L.);
these palms are sources of oil (the former) and carbohydrates (the latter) for the food and
pharmaceutical industries [2,3].

The coconut tree shows many morphological and genetic variations, e.g., in tree and
fruit sizes, as well as flower pollination, but coconuts are classified into two groups based
on morphology and growth habits: the “tall” and the “dwarf” varieties [1,4]. Additionally,
hybrids exist, which result from cross-pollination between a tall and a dwarf variety [5,6].
Tall varieties begin to flower 5–7 years after planting and continue to produce inflorescences
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and fruits until they are 80 to 100 years old. As adults, the tall palms reach 20–30 m in
height, producing medium- to large-sized fruits with abundant solid endosperm and
high oil content [7]. In the case of dwarf palm varieties, they begin to flower and fruit
3–4 years after planting and continue to produce until they are 50 years old. As adults,
they are 8–10 m tall and produce small to medium-sized fruits with moderate amounts
of solid endosperm, but lower oil content than tall varieties [8]. The seed of the coconut
tree is a drupe; its shape varies from spherical to oval and includes the solid endosperm,
the embryo embedded in the solid endosperm, and the slightly sweet liquid endosperm
(coconut water) [9].

The solid endosperm, also called “coconut meat”, and when dry, “copra”, is a source
of oil composed of triacylglycerol (TAG) with long-, medium- and short-chain fatty acids.
In the solid endosperm, medium-chain saturated fatty acids (MCSFA) predominate, e.g.,
lauric acid (C12:0), myristic acid (C14:0) and palmitic acid (C16:0), among others, and the
total fatty acid content is higher in the tall than in the dwarf variety [10,11]. Coconut oil
contains high levels of lauric acid and exhibits characteristics such as increased oxidative
stability, low melting points and stable emulsion formation, all highly appreciated in the
food and chemical industries [12,13].

The growth and maturation of coconut fruit are intrinsically related to the development
of the different components of the seed, i.e., endosperms, pericarp and embryo. However,
in contrast to the liquid endosperm, the solid endosperm of the coconut fruit does not
accumulate synchronically with fruit maturation because it begins to accumulate around the
internal periphery of the embryo sac sixth months after pollination; early solid endosperm
cells have an appearance of a cream to transparent jelly-like matrix and contain many kinds
of structural carbohydrates [14]. When fruits are ripening, the solid endosperm becomes
thicker, white in color, with a more compact structure; then, endosperm cells stop their
deposition and begin to function as a reservoir of proteins and triacylglycerols [14].

Bourgis et al. [15] analyzed the transcriptomes of oil and date palms, two Arecaceae
species with contrasting metabolisms. They found that the high oil content in E. guineensis
was associated with high transcriptional expression levels of fatty acid biosynthesis genes,
while transcriptional levels of glycolysis enzymes were comparable in both species. Na-
ganeeswaran et al. [16] performed transcriptomics analysis of P. dactylifera embryogenic
calli, identifying 53,251 transcripts. The KEGG-enriched pathways were predominantly
represented by metabolic pathways that include carbohydrate and energy, consistent with
the almost exclusive accumulation of carbohydrates in date palm. In the case of coconut
palm, the seed accumulates carbohydrates in the early stages of development, while in the
intermediate and mature stages, it accumulates fatty acids [5]. Transcriptomics analysis
is highly valuable, but transcript expression does not necessarily correlate with protein
translation; thus, proteomics analysis is also necessary.

Regarding proteomics studies carried out on coconut solid endosperm, D’Amato et al. [17]
reported a proteome of 307 proteins associated with coconut milk, a derivate of the solid
endosperm. Huang et al. [18], using two-dimensional electrophoresis (2-DE), generated a
proteomic map of common proteins in the solid endosperms of 14 coconut samples collected
in different provinces of China, Thailand and Vietnam. They found at least 200 protein spots,
and sequencing some of these proteins by MALDI-TOF-TOF-MS revealed homology to 7S
globulin, glutelin and a putative receptor-like protein kinase. Recently, Ma et al. [19], using
shotgun protein sequencing of coconut solid endosperm, identified 1686 proteins. The in
silico digestion of globulins and antioxidant proteins with pepsin and trypsin helped them
to predict peptides with emulsifying and antioxidant activities. Unfortunately, the database
for this research is not publicly available, preventing further analysis. Moreover, all these
investigations seem incomplete because they omit information about the varieties and devel-
opmental stages of the fruit used, since proteomic changes are influenced, at least in part, by
these factors.

Coconut is a non-climacteric fruit with only a few studies focused on biochemical
maturation processes. The Yucatan green dwarf (YGD) and the Mexican pacific tall (MPT)
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are two coconut cultivars with contrasting characteristics; the fruit of the former is used
mainly for water consumption, while the second is mainly used for copra production and
oil extraction [6]. However, the molecular and biochemical basis for these differences have
not been revealed yet.

This study aims to investigate the regulation of carbohydrate and fatty acid metabolisms
during coconut fruit ripening and uncover the proteins involved in these metabolic pro-
cesses in coconut fruit. Using tandem mass tag–synchronous precursor selection (TMT-SPS-
MS3), proteomic analysis was carried out on the solid coconut endosperm, comparing the
meat of immature, intermediate and mature fruits of the Yucatan green dwarf (YGD) and
the Mexican pacific tall (MPT) cultivars.

A total of 244 proteins were identified in YGD and 347 in MPT cultivars; enzymes
involved in lipid and carbohydrate metabolism were found in both cultivars. Proteins
involved in glycolysis and methylglyoxal pathways were up-accumulated in MPT but
down-accumulated in YGD, consistent with their roles in lipid accumulation in other plants.
Regarding lipid metabolism, the proteins showed higher accumulation in MPT than in
YGD as maturation progressed, which corroborates that the MPT cultivar is best suited for
oil extraction because of their high TAG content.

To the best of our knowledge, this is the first comprehensive proteomics report focusing
on the maturity process of solid coconut endosperms of two contrasting varieties, thus
contributing to a better understanding of lipids and carbohydrate metabolisms in coconut,
but also in other oilseeds, which are poorly studied in terms of their maturation processes.

2. Results

2.1. Physiological and Physicochemical Parameters of the Coconut Fruit

Our study was centered on three coconut ripening stages: immature, intermediate and
mature fruits of the Yucatan green dwarf (YGD) and Mexican pacific tall (MPT) cultivars
(Figure 1A,B). In both cultivars, the main morphological characteristics of coconut fruits
during ripening were associated with changes in color and weight. At the immature stage,
the fruits are green, while at the intermediate, they are yellowish-green, and finally, they
are pale brown at the mature stage. The color modifications were accompanied by the
drying of the pericarp, a decrease in coconut water volume, and a loss of weight of mature
fruits (Figures 1A,B and S1).

Both cultivars exhibited similar morphological features during solid endosperm ripen-
ing (Figure 1A,B). The immature solid endosperm was gelatinous and slightly transparent
to whitish in color. In the intermediate stage, the endosperm was thicker and harder than
in the immature fruit. In the mature stage, the solid endosperm was white, thicker and
harder than in the previous stages (Figure 1A,B).

Complex protein profiles were observed in a 12% SDS-PAGE for each of the different
stages of maturity and in both cultivars, with observed molecular sizes between 17 to
199 kDa. Four major polypeptides with molecular weights of 46, 33, 24.8 and 17 kDa were
present in all stages of both cultivars, but particular differences were also observed. A 30.7
kDa polypeptide was present in all three stages of maturation in the YGD cultivar, whereas
it was only observed in the immature stage of the MPT cultivar. A 20.7 kDa polypeptide
was more abundant in the mature stage in the YGD cultivar (Figure 1C). The comparative-
proteomics-based TMT-SPS-MS3 allowed the identification of 244 and 347 proteins in YGD
and MPT cultivars, respectively (Figure 1D,E and Table S1). Both cultivars shared 155
proteins, indicating that these proteins were the core of the proteome, whereas 89 proteins
were unique to YGD and 192 were unique to MPT (Figure 1E).
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Figure 1. Coconut ripening and proteins identified in Yucatan green dwarf (YGD) and Mexican pacific
tall (MPT) cultivars. Visual changes in fruit ripening of YGD (A) and MTP (B). SDS-PAGE protein
profile of solid endosperm during ripening (C), the protein molecular weight standard is indicated
on the left side of the figure. Number of proteins identified in YGD and MTP by TMT-SPS-MS3 (D).
Proportional Venn diagram representation of proteins identified in each cultivar (E).

2.2. Proteome Landscape of Coconut Solid Endosperm during Ripening

The core clusters of the MPT and YGD cultivars were visualized in TreeMap to analyze
the enriched metabolic pathways. The glycolytic process, including malate metabolism,
protein folding, proteasomal ubiquitin independent protein catabolism, together with the
stress response, were the main biological processes enriched in both cultivars (Figure 2A–C
and Table S2). In addition, YGD exhibited an enrichment of fatty acid biosynthesis, protein
refolding, and embryo development ending in seed dormancy (Figure 2B). The MPT
super cluster was particularly enriched with proteins associated with biological processes
such as the tricarboxylic acid cycle, the glyoxylate cycle, citrate and malate metabolism,
tetrahydrofolate interconversion, chlorophyll biosynthesis, photosynthesis, cytoskeleton
organization, and protein transport (Figure 2C).
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Figure 2. Enrichment of the biological processes found in solid endosperm of coconut visualized as
a TreeMap. Proteins found in both cultivars (core proteome, A). Proteins identified particularly in
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YGD (B) and MPT (C) cultivars. Each box represents the p-value weight within the treemap. Compo-
nents (boxes) of the same color represent semantic similarity (medium allowed similarity, 0.7). The
most enriched biological processes are shown as larger components within the map. 1, microtubule
cytoskeleton org; 2, Fructose 1,6-bisphosphate metabolisms; 3, regulation of vacuole fusion, non-
autophagic; 4, microtubule-based process; 5, response to arsenic-containing substance; 6, retrograde
vesicle-mediated transport, Golgi to endoplasmic reticulum; 7, carbohydrate derivative metabolism;
8, negative regulation of response to water deprivation.

2.3. Dynamics of the Coconut Solid Endosperm Proteome during Ripening

The normalized protein abundance of the biological replicates originating from the
immature, intermediate and mature stages was analyzed by principal component analysis
(PCA). The biological replicates under study were grouped together according to each
stage of maturation and the cultivar (Figure 3A,E). In the YGD cultivar, the accumulated
variance of PC1 (59.8%) and PC2 (25.7%) explained up to 85.5% of the variation observed
between the ripening stages analyzed (Figure 3A); while in MPT, the accumulated variance
of PC1 (72.1%) and PC2 (18.4%) explained up to 90.5% of the variation observed there
(Figure 3E). An additional PCA was carried out to compare the two cultivars and their
stages of maturity between them; the PCA shows differences between cultivars and among
their different stages of maturation (Figure S2).

Figure 3. Comparative proteomics analyses of solid endosperm during ripening. Principal component
analysis (PCA) of protein abundances of YGD (A). Significant differential accumulated proteins
represented in volcano plots in the Log 2 ratios intermediate/immature (B), mature/immature (C)
and mature/intermediate samples (D). PCA of protein abundances of MPT (E). Significant differential
accumulated proteins are represented in (F–H). The x-axis corresponds to the log2 fold change value,
and the y-axis displays the −log10 p-value. The points in blue represent the down-accumulated
proteins (<1/1.5-fold change, FC), those in red represent the over-accumulated proteins (≥1.5 FC) and
those in grey represent proteins with not changes in log2 fold change. Alanine aminotransferase 2
(ALAT2), L-ascorbate peroxidase 2 (APX2), Alpha-galactosidase 2 (AGAL2), Annexin D1 (ANXD1),
Aldehyde dehydrogenase family 2 member B4 (AL2B4), Biotin carboxylase (BC), Calcium-binding
EF-hand family protein (CbEF), Carboxypeptidase (CP), Elongation factor 1-beta 1 (EF1B1), putative
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Elongation factor 1-alpha (EF1A4), early nodulin-like protein 1 (Enod1), Em-like protein (GEA6),
Dihydrolipoyl dehydrogenase 2 (LPD2), Inositol-3-phosphate synthase isozyme 2 (INO2), Probable
fructokinase-6 (PFK6), Glycerol-3-phosphate dehydrogenase (SDP6), Heat shock protein 90-4 (HSP90-
4), Glutathione S-transferase family protein (GST), putative DIS3-like exonuclease 2, UDP-glucose
4-epimerase (GEPI48), putative FAM10 family protein, glucan endo-1,3-beta-glucosidase-like (GbG),
11 kDa late embryogenesis abundant protein (LEA), RHOMBOID-like protein 2 (RBL2), 11 kDa late
embryogenesis abundant protein (LEA), putative DIS3-like exonuclease 2, Protein MOTHER of FT
and TFL1 (MFT), Oil-body-associated protein 1A (OBP1A), T-complex protein 1 subunit theta (TCPQ),
Plastidial pyruvate kinase 2 (PKP1), Plastidial pyruvate kinase 2 (PKP1), Sucrose synthase 4 (SUS4),
serine carboxypeptidase II-3 (SCII-3), putative serine protease (EDA2), UDP-glucose 6-dehydrogenase
3 (UGDH3), vicilin-like antimicrobial peptides 2-2 (AMP2-2), and Villin-4 (VILI4).

Subsequently, the trend in protein accumulation was analyzed during coconut ripening,
focusing on the ratios intermediate/immature (Int/Imm), mature/immature (Mat/Imm),
and mature/intermediate (Mat/Int). According to the log2-fold change (log2FC), a total of
225 differentially accumulated proteins (DAPs) were found in YGD, whereas 251 DAPs were
found in MPT (Table S1). With respect to the Mat/Int in YGD, proteins like putative FAM10
family, ANXD1 and EF1B1 were down-accumulated, while ALAT2, EDA2 and GEP148
were up-accumulated. When comparing the Mat/Imm and Mat/Int of YGD coconut meat,
HSP90-4, BCCP, TCPQ, DIS3, LPD2, PFK6 and ALAT2 were down-accumulated in the
mature stage, while proteins like Enod1, AGAL2, GEA6 and SCII-3 were up-accumulated
(Figure 3B–D). In the MPT coconut cultivar, SUS4 and SPD6 were down-accumulated in the
intermediate and mature stages, while the GbG protein increased during maturation and,
finally, LEA was up-accumulated in the later stages (Figure 3F–H).

2.4. Detoxification of ROS and Methylglyoxal Pathways in MPT and YGD Cultivars

ROS detoxification was more active in MPT than in YGD. Proteins such as superoxide
dismutase (P24704, O81235) and catalase (P25819) were significantly up-accumulated in the
intermediate and late stages of MPT maturation (Figure 4). Furthermore, the glutathione
S-transferase DHAR2 (Q9FRL8), belonging to the glutathione ascorbate cycle, followed a
similar trend. Proteins such as methylglyoxal reductase (Q0PGJ6) and lactoylglutathione
lyase (Q9M8R4, O65398, Q04760), as well as L-ascorbate peroxidase (Q1PER6, Q05431),
involved in the glutathione ascorbate cycle were also up-accumulated in the last two
stages of ripening in MPT compared to YGD, evidencing the activation of methylglyoxal
degradation pathways I and III in the MPT cultivar (Figure 4).

2.5. DAPs Involved in Carbohydrate Metabolism in the YGD and MPT Cultivars
2.5.1. Glycolysis and Gluconeogenesis

Proteins involved in acetaldehyde synthesis were down-accumulated in the imma-
ture and intermediate compared with mature YGD fruits, while proteins involved in
gluconeogenesis, and glycan, starch, sucrose and sugar-nucleotide synthesis were slightly
up-accumulated in the immature YGD; however, these proteins were down-accumulated
in the intermediate and mature fruits compared to immature YGD fruits (Figure 5A). In
the case of the MPT cultivar, the proteins involved in gluconeogenesis and the synthesis
of glycan, glycogen, starch and sucrose were down-accumulated in the immature stage
compared to intermediate and mature fruits; only the proteins involved in the synthesis of
acetaldehyde showed a slight up-accumulation in all the analyzed stages of MPT fruits,
in comparison with YGD fruits. Proteins involved in gluconeogenesis and the synthesis
of glycan, starch, sucrose and sugar-nucleotide synthesis were up-accumulated in the
intermediate and mature stages of MPT cultivar (Figure 5A).

The analysis of proteins involved in the gluconeogenesis pathway showed that
malate dehydrogenase (P57106, Q9SN86), independent 2,3-bisphosphoglycerate (O04499),
phosphoglycerate kinase (Q9LD57, Q9SAJ4), glyceraldehyde 3-phosphate dehydrogenase
(Q9FX54, Q5E924), fructose bisphosphate aldolase (Q9ZU52, Q9SJQ9), and glucose 6 phos-
phate isomerase (P34795, Q8H103) were down-accumulated in the intermediate and mature
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stage of YGD coconut (Figure 5B). In the case of the MPT cultivar, all these proteins started
with low amounts in the immature stage (log2FC −1.07) and increased in the intermediate
and mature stages, reaching log2FC +0.36 and +1.07, respectively (Figure 5B). Phosphoglyc-
erate kinase (Q9LD57, Q9SAJ4) and glyceraldehyde 3-phosphate dehydrogenase (Q9FX54,
Q5E924) showed the highest accumulation among the proteins involved in the gluconeoge-
nesis pathway in MPT coconut, the former in the intermediate and mature stages and the
latter in the intermediate stage (Figure 5B).

The analysis of glycolysis pathway determined the down-accumulation of 6-
phosphofructokinase (Q94AA4), diphosphate-fructose-6-phosphate 1-phosphotransferase
(Q8W4M5, Q9C9K3), Glucose 6-phosphate isomerase (P34795, Q8H103), triose-phosphate
isomerase (Q9SJQ9), glyceraldehyde 3-phosphate dehydrogenase (Q9FX54, Q9LD57, Q9SAJ4,
and Q5E924), 2,3-bisphosphoglycerate-independent phosphoglycerate mutase (O04499), phos-
phoglycerate kinase (Q9LD57, Q9SAJ4, and D7L0K4), enolase (P25696, Q9C9C4), fructose
bisphosphate aldolase (Q9ZU52, Q9SJQ9) and pyruvate kinase (Q9FM97, Q9FNN1, Q94KE3,
Q9LIK0, and Q9FLW9) in the meat of mature YGD coconut; all proteins showed a decrease in
the mature stage in glycolysis I, II and IV (Figures 5C and S3). In contrast, triose-phosphate iso-
merase (P48491) doubled its amount in the mature stage (log2FC +1.07) (Figures 5B,C and S3).

Regarding glycolysis in the MPT cultivar, most glycolytic enzymes increased as ma-
turity progressed. The protein 6-phosphofructokinase (Q94AA4), increased moderately
in the intermediate stage compared to the immature stage, and doubled its amount in
the mature stage (Figures 5C and S3). In the case of diphosphate:fructose-6-phosphate
1-phosphotransferase (Q8W4M5, Q9C9K3), involved in glycolysis IV, it started at a low
level in the immature stage, but then increased during intermediate and mature stages
(Figure S3). Likewise, in YGD, the proteins that increased during the progression of
maturity were triose-phosphate isomerase, glyceraldehyde 3-phosphate dehydrogenase,
2,3-bisphosphoglycerate-independent phosphoglycerate mutase, enolase, pyruvate kinase,
phosphoglycerate kinase, and the fructose bisphosphate aldolase, all of them observed
with low amounts in the immature stage which then increased in the intermediate and
mature stages, eventually doubling the amount of initial protein (Figure 5C). In summary,
glycolysis I, II and IV were more active in the intermediate and mature stages in the MPT
cultivar than in YGD.

2.5.2. The Tricarboxylic Acid Cycle (TCA)

In YGD, proteins involved in the TCA cycle (variation V), i.e., the citrate synthase
(P20115), citrate hydro-lyase (cis-aconitate-forming) (Q9SIB9), the cis-aconitate hydratase
(Q9SIB9), succinate: quinone oxidoreductase (O82663), and malate dehydrogenase (Q9ZP06,
mMDH1, and PMDH1), did not show changes in protein abundance during the maturation
of the solid endosperm; the levels were between −0.444 to +0.444 (Figure 6A,B). In contrast,
succinyl-CoA synthetase (O82662) decreased from the immature to the mature stage,
regardless of whether the TCA type V or II was present. Regarding malate dehydrogenase
(P57106, Q9SN86, c-NAD-MDH2, pNAD-MDH), it showed down-accumulation in the
intermediate and mature stages in comparison with the immature stage (Figure 6A,B).

When proteins in the TCA cycle were analyzed in MPT endosperm, it was found
that citrate synthase, citrate hydro-lyase (cis-aconitate-forming), cis-aconitate hydratase,
PMDH1, pNAD-MDH, c-NAD-MDH2 and mMDH1 were initially low in the immature
stage, and then increased in the intermediate and mature stages (Figure 6A,B), while the
amount of succinate: quinone oxidoreductase (O82663) was stable throughout the maturity
process, as was similarly observed in YGD. Some enzymes, e.g., malate dehydrogenase,
were only active in the immature stage of YGD. In the case of citrate synthase, it was up-
accumulated in the intermediate and mature stages of the endosperm of the MPT cultivar.
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Figure 4. Visual representation of differential proteins associated with enzymes related to reac-
tive oxygen species (ROS) and methylglyoxal detoxification pathways in YGD and MPT cultivars.
Pathway reconstruction was carried out using the “cellular overview” tool on the Plant Metabolic
Network (PMN) database platform. Numbers in squares specify, 1,4: log2 FC intermediate/immature
(Int/Imm); 2,5: log2 FC mature/immature (Mat/Imm); 3,6: log2 FC mature/intermediate (Mat/Int).
Numbers 1,2,3 indicate YGD variety, while 4,5,6 indicate MPT variety. The same applies to the
following figures.
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2.6. DAPs Involved in Lipid Metabolism in the YGD and MPT Cultivars

The proteins involved in fatty acid initiation were up-accumulated in the immature
stage of YGD coconut, while they were down-accumulated in intermediate and mature
stages; proteins involved in fatty acid elongation and palmitate and stearate synthesis were
down-accumulated in the intermediate and mature stages, compared to the immature stage.
They were also down-accumulated in the mature stage compared to the intermediate stage
(Figure 7A). In the MPT cultivar, the proteins involved in fatty acid initiation showed con-
stant accumulation, remaining at the basal level. Proteins involved in fatty acid elongation
and palmitate and stearate synthesis were up-accumulated in the intermediate and mature
stages compared to the immature stage (Figure 7A).

The analysis of palmitate biosynthesis showed that 3-oxoacyl-[ACP] reductase (P33207) and
2,3,4-saturated fatty acyl-[ACP]: NAD+ oxidoreductase (Q9SLA8) were down-accumulated in
the YGD, while the 3-hydroxyacyl-[ACP] dehydratase (Q9LX13) was up-accumulated, starting
from log2FC −1.33 in the immature stage and increasing to log2FC +1.33 in the mature stage
(Figure 7B). Regarding the MPT coconut, 3-hydroxyacyl-[ACP] dehydratase and 2,3,4-saturated
fatty acyl-[ACP]NAD+ oxidoreductase (Q9SLA8) showed an up-accumulation trend during
the maturity stages, with a log2FC from −0.444 to +4 (Figure 7B). The analysis of the protein
dynamics involved in fatty acid elongation-saturation showed that three enzymes were down-
accumulated in the mature stage of YGD, while the same enzymes were moderately up-
accumulated in the mature stage of the MPT coconut (Figure 7C).

2.7. Other Proteins

Some proteins were shared between the two cultivars and the three maturation stages
showing similar behaviors, such as the embryonic proteins DC-8 (A0A8B8ZT31), vicilin-like
antimicrobial peptides 2-2 (A0A8B7BEE0), vicilin-like seed storage protein (A0A8B7BPL4),
elongation factor 2 (AT1G56070), tubulin alpha chain (AT4G14960), tubulin beta-chain
(AT5G12250), heat shock protein 83 (AT5G52640), and late embryogenesis abundant protein
of 31-like (A0A8B7CDB9), whose accumulation increased throughout maturation of both
cultivars (Table S1).

The exclusive DAPs found in the YGD cultivar included a putative mitochondrial
cytochrome c1-1 heme protein (AT5G40810), the ribonuclease TUDOR 1 (AT5G07350),
the coatomer subunit alpha-1 (AT1G62020), the ERBB-3 binding protein 1 (AT3G51800),
the adenylate kinase 4 (AT5G50370), and the hypothetical protein COCNU_10G003830
(AT3G20050), which were down-accumulated along the maturation event (Table S1). In
contrast, DAPs, such as actin-101 (AT5G09810), putative mitochondrial heat shock 70 kDa
(AT5G09590), proteasome subunit alpha type-5 (AT3G14290), putative mitochondrial for-
mate dehydrogenase (AT5G14780), aminotransferase ALD1 (AT4G33680), serine/threonine-
protein kinase SAPK7 (AT1G10940), and glutathione S-transferase 3 (A0A8B7C1W8), in-
creased in the intermediate stage but decreased in the mature stage (Table S1).

In the MPT coconut, DAPs included polyadenylate-binding protein 5 (A0A8B7MTK7),
acetylornithine deacetylase (AT4G17830), putative isopentenyl-diphosphate delta-isomerase
I (AT5G16440), mitochondrial gamma-aminobutyrate transaminase 1 (AT3G22200), actin-
101 (AT5G09810), two-component response regulator 24 (A0A8B7D411), which were down-
accumulated throughout ripening (Table S1). On the contrary, DAPs such as hypotheti-
cal protein COCNU_08G003720 (AT3G01650), putative low-temperature-induced 65 kDa
protein (A0A8B7C9J1), putative coatomer beta’-1 (AT1G79990), FT-interacting protein
7 (AT3G57880), putative seed maturation protein (AT3G10960), monocopper oxidase-
like protein SKU5 (AT4G12420), and cinnamoyl-CoA reductase 1 (AT2G33590) were up-
accumulated throughout the maturation process (Table S1).
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3. Discussion

Metabolic changes linked to physiological, biochemical and molecular processes asso-
ciated with seed and fruit maturity are influenced by endogenous and external signals [20].
Changes include modifications of the cell wall, the accumulation and degradation of starch
and triacylglycerol (TAG), among others [21]. On the other hand, color, hardness/softening
and sugar content are used to monitor fruit development and maturity [22]. Most stud-
ies classify the maturity of the fruits into three main stages: unripe, breaker and ripe,
as in Persea americana Mill. [23], or endosperm development, embryo development, seed
dehydration and maturation like in Brassica napus L. [24].

Coconut seed ripening occurs in three stages: immature, intermediate, and mature [10].
However, the maturation of the coconut fruit does not follow the same pattern as other
fruits; coconut meat begins to develop at the opposite end to the stalk and the embryo; it
grows during maturation, and the amount of different proteins in the solid endosperm
increases [25]. In the immature stage, the endosperm of the coconut has a soft consistency
and hardens as it matures, and the fruit loses water. In this report, coconut cultivars YGD
and MPT were compared; the MPT coconut was heavier and contained a thicker solid
endosperm than YGD (Figures 1 and S1). According to Farooq et al. [26], the development
of the endosperm requires large amounts of energy, which is fulfilled mainly by glycolysis.

The regulation of fatty acid and carbohydrate metabolisms in the developing en-
dosperm of oil seeds is less understood than in legumes [13,27]. In this work, an enrichment
analysis of biological processes identified proteins associated with the response to stress,
particularly to heat and viruses, as the most represented core proteome in the YGD and
MPT cultivars (Figure 2A–C). The identification of stress response proteins among enriched
biological processes is consistent with the fact that coconut palm grows near coastal areas,
where solar radiation and heat are high [28].

Proteomics showed metabolic differences between both cultivars (Figure 2B,C). Re-
garding carbohydrate metabolism (photosynthesis and glycolytic processes), the coconut
is a C3 plant, i.e., initial CO2 fixation is in ribulose 1,5-bisphosphate that immediately
breaks down into 1,3-bisphophoglycerate. After three rounds of CO2 fixation, the first
3-phosphoglycerate is biosynthesized and channeled to produce sucrose or starch, or to
triose catabolism to produce TCA cycle intermediaries and NADH, FADH2 and ATP for
cell redox balance and energy homeostasis [29]. Glycolysis was higher in MPT than in
YGD (Figure 2B,C), and the former accumulated greater amounts of lipids in the solid
endosperm. This was expected since lipid biosynthesis requires carbon and energy sources,
which are provided by glycolysis and the TCA cycle [30].

Increased glycolytic flux results in the accumulation of methylglyoxal, a toxic byprod-
uct of glycolysis [31]. This explains why lactoylglutathione lyase and methylglyoxal reduc-
tase, proteins involved in methylglyoxal detoxification, were over-accumulated as ripening
progressed in the MPT coconut; meanwhile, these enzymes were stably produced in YGD
(Figure 4). The accumulation of methylglyoxal is evident in many plants with intracellular
oxidative stress [32,33]. Similarly, the proteins involved in coping with oxidative stress
were also up-accumulated with the progress of ripening in MPT. Superoxide dismutase,
which detoxifies superoxide and catalase, an efficient hydrogen peroxide scavenger, was
up-accumulated in MPT coconut.

The PCA evidently grouped the replicates of immature, intermediate and mature fruits
from each coconut cultivar, which supported the reproducibility of the sample collection,
processing and analysis (Figure 3A,E). The volcano plots allowed for an analysis of the
fold change vs. the significance of protein up-accumulation in the Int/Imm, Mat/Imm
and Mat/Int in the YGD and MPT cultivars. The ALATA 2 protein, detected in the
Int/Imm of the YGD, is involved in the transamination reactions between L-alanine and
2-oxoglutarate, and the reverse reaction between L-glutamate and pyruvate, an essential
intermediate for the metabolism of carbohydrates and lipids. On the other hand, the UDP-
glucose 4 epimerase (GEPI48) catalyzes the interconversion of UDP-galactose (UDP-Gal)
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to UDP-glucose (UDP-Glc), thus channeling glucose towards more complex carbohydrate
biosynthesis or carbohydrate catabolism to produce pyruvate [34,35].

In the intermediate stage of YGD, there were down-accumulated proteins involved
in chaperone refolding activity (FAM10), as well as annexin D1 (ANXD1), a membrane-
bound protein involved in the reduction in oxidative stress [36] (Figure 3B), suggesting
that the transition from the immature to intermediate stage in this cultivar is a step with
low proteolytic activity and oxidative stress. Likewise, in the mature stage compared to
the immature stage, TCPQ, a subunit of chaperons that assists in the correct folding of
nascent proteins [37], and HSP904, another molecular chaperone involved in the response
to various stresses [38], were down-accumulated (Figure 3C), as well as the BCCP complex
protein that regulates the first step in fatty acid biosynthesis [39], and proteins involved in
fatty acid synthesis initiation and fatty acid elongation saturation (Figure 7A). Therefore,
the transition to the mature stage in YGD occurred with low oxidative stress and, more
importantly, it was strongly associated with a decrease in proteins involved in lipid biosyn-
thesis (Figure 3C). In the mature stage, compared to the intermediate stage in cultivar
YGD, maturity was also accompanied by a decrease in proteins related to carbohydrate
metabolism, for example, phospho-fructokinase-6 (PFK6) and dihydrolipoyl dehydroge-
nase 2 (LPD2) (Figure 3D), in agreement with the decrease in proteins involved in the
synthesis of glycan gluconeogenesis, sucrose and starch, among others, observed in our
study (Figure 5A).

In the case of the MPT cultivar, the transition from the immature to intermediate stage
(Figure 3F,G) was associated with an accumulation of proteins involved in development,
for example, the calcium-binding EF-hand protein family (CbEF), a biological switch that
regulates signal transduction by Ca2+ and controls cell growth and plant development [40].
Similarly, there was an accumulation of proteases, like carboxypeptidases, that supply
nitrogen. Other up-accumulated proteins included glucan endo-1,3-β-glucosidase (GbG),
which is responsible for β-glucan cleavage and releases glucan oligosaccharides, and
the early nodulin-like protein 1 (Enod1), which transports glucose, fructose or sucrose
for plant development [41] (Figure 3F). These proteins increased throughout maturation
(Figure 3G,H), consistent with the cell expansion and development of the seed and fruit.

The proteins most down-accumulated in the intermediate stage compared to the imma-
ture stage in MPT were UDP-glucose 6-dehydrogenase 3 (UGDH3) and sucrose synthase 4
(SUS4) (Figure 3F), with the former being involved in the synthesis of hemicellulose for the
plant cell wall [42] and the latter catalyzing the reversible cleavage of sucrose into fructose
and UDP-glucose or ADP-glucose, which could then be channeled into energy production
or for cell wall synthesis [43]. In MPT, the differentiation from the immature to intermediate
solid endosperm was accompanied by a decrease in hemicellulose biosynthesis, possibly
preventing the reinforcement of the cell wall, therefore facilitating cell expansion.

In the mature stage, compared to the immature stage in MPT, the down-accumulated
proteins included a biotin carboxylase (BC) enzyme that carboxylates the N1′ of biotin [44];
glycerol-3-phosphate dehydrogenase (SDP6) that reduces dihydroxyacetone phosphate
to glycerol-3-phosphate, a key step in glycerolipid metabolism [45]; and the phospho-
fructokinase-6 (PFK6), a key enzyme in the carbohydrate metabolism [46] (Figure 3G). This
is consistent with the decrease in proteins involved in the biosynthesis of carbohydrates
(Figure 5A) and fatty acids (Figure 7A) observed in the mature MPT.

Comparing the proteomics of the mature stage and the intermediate stage in MPT,
a down-accumulation of aldehyde dehydrogenase (ALDH) was observed in the mature
stage (Figure 3H). ALDH has been described in the biosynthesis of aromatic volatiles
during maturation in postharvest banana [47] and in the degradation of fatty acids [48];
its down-accumulation in the MPT coconut is understood since solid endosperm from the
mature fruits of MPT is used for copra production due to its high fatty acid content.

Regarding APX2, it detoxifies the H2O2 during biotic and abiotic stresses [49]. APX2
was down-accumulated in the mature stage, while glutathione S-transferase (GST) was
up-accumulated (Figure 3H), showing that antioxidant proteins are well coordinated in
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the MPT endosperm (Figure 4) to cope with different kinds of stresses. A primary supply
of myo-inositol is more necessary in the intermediate stage compared to the mature stage,
since the INO2 protein was down-accumulated in the latter stage. This coincides with
reports in Arabidopsis thaliana and Glycine max, where the INO2 enzyme is necessary for the
normal development of endosperm and embryo [50].

YGD and MPT coconut cultivars also showed differences in gluconeogenesis (Figure 5B).
During gluconeogenesis and the Calvin–Benson cycle, the photosynthetic activities of the
phosphoglycerate kinase isoenzyme 1 and 3 were down-accumulated in the YGD cultivar;
the decrease in photosynthetic activity and glycolysis may be a strategy for metabolic ad-
justment to optimize plant or fruit growth [51]. Yang et al. [52] reported that most DAPs are
associated with carbohydrate metabolism in other varieties of coconut in response to low
temperature. In Camellia oleifera, Ye et al. [48] found that the metabolism of carbohydrates
and lipids was among the DAPs, but each metabolism integrated the results from all stages,
and, thus, the dynamics of DAPs between these two plants cannot be compared stage
by stage.

Enolase catalyzes the conversion of 2-phosphoglycerate to phosphoenolpyruvate
(PEP), an important step in all classes of glycolysis (I, II, and IV), (Figures 5C and S3).
Hassan et al. [53] found that enolase was up-accumulated during the development of the
mesocarp of oil palm, related to the production of oil in the mesocarp. In other fruits, such
as Chinese bayberry [54] and apricot [55], the production of enolase protein also increased
throughout ripening. In our work, it was found that enolase protein was more accumulated
in MPT than in YGD during seed maturation. Again, this is in agreement with the use of
MPT solid endosperm for oil production. As a product of glycolysis, pyruvate is converted
to acetyl-CoA by the pyruvate dehydrogenase (PDH) complex, and acetyl-CoA has several
fates: as a substrate for the glyoxylate cycle, the TCA cycle, or a precursor for fatty acid
elongation and lipid biosynthesis [15,56]. Glycolysis was more active in MPT than in YGD
(Figure 5C), and pyruvate may be channeled to support lipid biosynthesis in this case.

Regarding malate dehydrogenase (MDH), a key enzyme involved in carbohydrate and
lipid metabolisms, it was found to be up-accumulated in the TCA cycle in the MPT cultivar
(Figure 6), similar to seeds of castor bean, where glycolysis and TCA were among the most
active metabolic processes [57]. Likewise, in Brassica napus, MDH was up-accumulated in
the cytosol and mitochondria of seeds having a higher content of oil [58], supporting a key
role of MDH in oilseeds.

In plants, the synthesis of fatty acids occurs in the plastids while their breakdown
occurs in the peroxisomes, the glyoxysomes, and to a lesser degree in the mitochondria,
and elongation occurs in the endoplasmic reticulum [59,60]. However, although the com-
partment regulation of plant lipid biosynthesis is clear, the temporal and spatial regulation
diverge among plants, and oil content in seeds greatly varies in quantitative and qualitative
terms. Studies show that lauric acid is 65% in C. nucifera and it is 85% in E. guineensis [61,62],
while oleic acid predominates in Arachis hypogaea (45–56%), P. americana (60%), and Styrax
tonkinensis (60%) [63–65]. According to the previous findings, it is necessary to further
understand the metabolic pathways of carbohydrates and lipids of oilseeds such as co-
conut, since there may be differences among the plant families regarding the regulation of
these metabolic pathways [15]. In the case of the coconut tree, Maskromo et al. [66] and
Tenda et al. [11] described significant differences in the fatty acid content of tall and dwarf
varieties, which allows us to hypothesize that there is a correlation between the fatty acid
content and the accumulation of proteins related to that metabolism.

There was a higher accumulation of proteins involved in the biosynthesis of fatty
acids in the intermediate and mature stages of the MPT cultivar than in YGD (Figure 7A),
suggesting a high production of acetyl-CoA. These results are in concordance with coconut
seed uses: MPT for copra and oil extraction and YGD for water consumption (Prades et al.,
2012). Acetyl-CoA carboxylase (ACCase) regulates the most essential step in fatty acid
biosynthesis by converting acetyl CoA to malonyl CoA [67]. In oilseeds, acetyl-CoA
combines with oxaloacetate in the glyoxylate cycle; then, succinate, one of the products
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of this cycle, enters mitochondrial TCA and gluconeogenesis, where it is a precursor to
hexoses, necessary for postgermination growth [68]. Likewise, the enzyme 3-hydroxyacyl-
ACP dehydratase, which transforms 3-hydroxyacyl-ACP to enoyl-ACP and enoyl-ACP
reductase to acyl-ACP in palmitate biosynthesis and fatty acid elongation, showed the
greatest up-accumulation in the MPT cultivar (Figure 7B,C), similar to that reported in
B. napus, R. communis, P. americana, and the mesocarp of E. guineensis [69].

It can be said that during the development and germination of the seed, the proteome
is greatly represented by proteins with enzymatic activities, such as those involved in the
metabolism of lipids and carbohydrates, while the proteome associated with structural or
storage functions is represented by globulins, vicilin, and oleosins, among others, which
play a crucial role in supporting cell shape and structure or as energy reserves for the
development of embryos and seedlings [70].

In our work, during the protein profiling of coconut solid endosperm at different
stages of development of YGD and MPT, it was observed that vicilin, glutelin type A-1,
11S globulin, cocosin 1, late embryogenesis abundant protein 3 (LEA), and heat shock
70 kDa proteins were detected in the “core proteome” (Table S1). Our results were in
line with those of Garcia et al. [71], who reported 11S globulin and 7S vicilin in the solid
coconut endosperm; the former, called cocosin, is known as the main coconut seed storage
protein. Similarly, Patil and Benjakul [72] reported glutelin, and Dave [73] found oleosins
involved in the stabilization of oil bodies in the solid endosperm. Our results evidenced
that coconut storage proteins and heat shock proteins were distributed from the immature
to mature stages in YGD and MPT cultivars, suggesting that their presence is crucial for
endosperm development, accumulation and structural formation. Biochemical evidence
in Arabidopsis suggests that storage proteins contribute to seed germination vigor, sup-
port early seedling growth, and could have a role in seed longevity [74]. Regarding the
heat-shock proteins, these are important in fruit maturation, protein stabilization, protein
refolding, and protection against environmental stresses [30,33].

4. Materials and Methods

4.1. Plant Material Collection

Yucatan green dwarf and Mexican pacific tall coconuts were harvested from a coconut
plantation located at 20◦24′03.95′′ N and 89◦30′56.86′′ W in San Crisanto, Yucatan, Mexico.
The youngest inflorescence is at the top of the palm, closest to the apical meristem, and
shows a closed spathe (0 stage, not one ovule fertilized in the ovaries). Coconut palms pro-
duce one inflorescence per month, with the first fertilized ovules occurring in inflorescence
at stage 1, so from inflorescence stage 0, the age of inflorescences and fruits increases each
month in the direction to the ground [75,76]. The stages of fruit maturity were classified as
immature for fruits from 6 to 8 months, intermediate for fruits from 9 to 10 months, and
mature for fruits from 11 to 14 months. The fruits were disinfested with sterile distilled
water and manually dehusked, the endocarp was cut with a sterile steel knife, and 20 g of
meat was stored at −80 ◦C until further processing.

4.2. Proteome Extraction from Coconut Solid Endosperm

Proteins were extracted according to Islas-Flores et al. [77], with modifications. Briefly,
one gram (1 g) of solid endosperm was ground to a fine powder with a sterile mor-
tar and pestle in liquid nitrogen, and then 1 mL of buffer was added, which contained
50 mM Tris-HCl, pH 7.4, 50 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM EGTA, 5 mM
ß-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1

4 of pill protease
inhibitor cocktail (Roche, Basel, Switzerland). After homogenization, it was centrifuged for
30 min at 13,000 rpm and 4 ◦C, and the supernatant was stored at −20 ◦C until use. Each
sample from each developmental stage was extracted individually; biological replicates
were performed in triplicate.
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4.3. Protein Quantification and Analysis by SDS-PAGE

Protein concentration in each supernatant was determined according to the Brad-
ford method [78]. Protein analysis (30 μg) was performed on 12% SDS-PAGE gel and
electrophoresed at 80 V for 2 h at room temperature. After electrophoresis, the gels were
incubated overnight in Coomassie blue stain and distained in a solution containing 10%
acetic acid, 25% methanol, and 65% sterile distilled water.

4.4. Sample Preparation for Proteomics

For each sample, 1200 μg of proteins was precipitated with chloroform–methanol
according to Burgos-Canul et al. [79]. The proteins (100 μg per sample) were reduced
for 45 min at 60 ◦C with 10 mM Tris (2-carboxyethyl) phosphine (TCEP), alkylated with
30 mM iodoacetamide (IA) for 1 h at room temperature in the dark, then quenched with
30 mM dithiothreitol (DTT). The proteins were then precipitated overnight at −20 ◦C
in cold acetone and centrifuged at 10,000× g for 15 min at 4 ◦C. The pellets were dried
for 15 min at room temperature, and the proteins were suspended in 100 μL of digestion
buffer containing 50 mM triethylammonium bicarbonate (TEAM) and 0.1% sodium dodecyl
sulfate (SDS) and digested overnight at 37 ◦C with trypsin 1:30 (w/w) (Promega, Madison,
WI, USA, Trypsin Gold, Mass Spectrometry Grade). After this period, freshly prepared
trypsin was added 1:60 w/w and incubation occurred for 4 h at 37 ◦C. The digestion
reaction was stopped at 80 ◦C [80]. The trypsin-digested peptides were desalted and dried
at room temperature.

4.5. TMT Labeling and Peptide Fractionation

Tandem mass tags (TMT), in this case TMT-9plex reagent, were added with acetonitrile
and gently agitated. Peptide samples were resuspended in 100 mM triethylammonium
bicarbonate (TEAB) buffer for 5 min and conjugated with TMT at room temperature for 1 h,
following the manufacturer’s instructions. The Yucatan green dwarf (YGD) and Mexican
pacific tall (MPT) samples were labeled and analyzed separately. For each cultivar, the
peptides of coconut in the immature stage were labeled with the reagents 126, 127N,
and 128N; the intermediate stage proteins were labeled with 128C, 129N, and 129C; and
the mature stage proteins were labeled with 130N, 130C, and 131. Peptide labeling was
stopped with 5% hydroxylamine, incubating at room temperature for 15 min. All samples
from the same variety were pooled and fractionated using high-pH reversed-phase C18
cartridges (Thermo Scientific, San Jose, CA, USA). The pooled samples were desalted with
C18 cartridges, cleaned with ZipTip, and dried using a CentriVap (Labconco, Kansas City,
MO, USA).

4.6. Nano-LC-MS/MS and Synchronous Precursor Selection (SPS)-MS3

The dried samples were dissolved with 0.1% formic acid in LC-MS-grade water
(solvent A) and 20 μL of this solution was injected onto a nano-LC platform (UltiMate
3000 RSLC system, Dionex, Sunnyvale, CA, USA) through a nanoviper C18 trap column
(3 μm, 75 μm × 2 cm, Dionex), and fractionated on an EASY spray C-18 RSLC column
(2 μm, 75 μm × 25 cm) at a flow rate of 300 nL/min.

The mobile-phase gradient was as follows: a 10 min gradient was set using Solvent
A and 0.1% formic acid in 90% acetonitrile (Solvent B), 10 min Solvent A, 7–20% Solvent
B for 25 min, 20% Solvent B for 15 min, 20–25% Solvent B for 15 min, 25–95% Solvent B
for 20 min, and 8 min Solvent A. The nano-LC was hyphenated to an Orbitrap Fusion
Tribrid (Thermo-Fisher Scientific, San Jose, CA, USA) mass spectrometer equipped with an
“EASY Spray” nano-ion source (Thermo-Fisher Scientific, San Jose, CA, USA). The mass
spectrometer was operated in positive ionization mode with the nanospray voltage set
at 3.5 kV and a source temperature of 280 ◦C. Caffeine, Met-Arg-Phe-Ala (MRFA) and
Ultramark 1621 were used for external calibration.

Full MS scans were performed on the Orbitrap analyzer at a resolution of 120,000
(FWHM), scan range of 350–1500 m/z, AGC of 2.0 × 105, maximum injection time of 50 ms,
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intensity threshold of 5.0e3, dynamic exclusion 1 at 70 s, and mass tolerance of 10 ppm. For
the MS2 analysis, the 20 most abundant MS1s were isolated with charge states set to 27.
The fragmentation parameters included CID with 35% collision energy and activation Q of
0.25, an AGC of 1.0 × 104, a maximum injection time of 50 ms, a precursor selection mass
range of 400–1200 m/z, a precursor ion exclusion width low of 18 m/z and high of 5 m/z,
isobaric tag loss TMT and in-trap detection ion; MS3 spectra were acquired using a 10-notch
SPS isolation. MS3 precursors were fragmented using HCD with 65% collision energy and
analyzed using the Orbitrap at 60,000 resolution with a 120–500 m/z scan range, 2 m/z
isolation window, 1.0 × 105 AGC and maximum injection time of 120 ms with 1 microscan.

The spectra acquired using MS/MS and (SPS)-MS3 were analyzed with the program
Proteome Discoverer 2.4 (Thermo-Fisher Scientific Inc.). Data were processed using the
search engines Amanda and Mascot server (version 2.4.1, Matrix Science, Boston, MA,
USA) and the Sequest HT algorithm, in which searches were conducted against Arabidopsis
and the sequences of those of the Arecaceae family downloaded from the NCBI protein
database. The sequences were concatenated into one single file and were filtered to remove
the undetermined amino acids. To reduce the protein redundancy, sequences were collapsed
with the CDHIT [81] program using 0.98, 5, and 0 for -c, -n, and -t parameters, respectively.
Full-tryptic protease specificity, two missed cleavages, carbamidomethylation of cysteine
(+57.021 Da) and TMT 9-plex N-terminal/lysine residues (+229.163 Da) were considered.
Methionine oxidation (+15.995 Da) and deamidation in asparagine/glutamine (+0.984 Da)
as dynamic modifications were considered as well.

Protein identification was carried out at a lower resolution in the linear ion trap with
tolerances of ±10 ppm and ±0.6 Da. Peptide hits were filtered for a maximum of 1% false
discovery rate (FDR) using the Percolator algorithm [82]. In addition, TMT quantification
was performed at the MS3 level in the Orbitrap analyzer with the precursor co-isolation
filter set to 45%. Data are available via ProteomeXchange with identifier PXD036949
(https://www.ebi.ac.uk/pride/, accessed on 22 September 2022).

4.7. Bioinformatics Analyses

Protein and peptide abundance were generated on the Proteome Discoverer 2.4 plat-
form. Normalization was carried out based on the total peptide amount. The fold change
in protein abundance was determined in the ratio Int/Imm, Mat/Imm, and Mat/Int. Dif-
ferential proteins (fold change >1.5 and <0.66 (log2 fold change >0.59 and <−0.59)) were
analyzed based on biological process gene ontology (GO) enrichment using the platform
DAVID Bioinformatics Resources 6.8 (https://david.ncifcrf.gov/summary.jsp, accessed
on 22 September 2022), and the resulting GO terms were then summarized by finding a
representative subset with a simple clustering algorithm that relies on semantic similarity
measures using the REVIGO software (http://revigo.irb.hr, accessed on 22 September
2022). We used protein homologues to Arabidopsis, E. guineensis, and P. dactylifera as refer-
ence databases. The output data were presented using Treemaps, displaying a two-level
hierarchy of GO terms—each rectangle is a single cluster representative, and the represen-
tatives were joined into “superclusters” of loosely related terms. PCA-based normalized
protein abundances were calculated to visualize the differences in protein abundances
between conditions. Log2 ratios Int/Imm, Mat/Imm, and Mat/Int; significant values
(p-value −log10), and a Manhattan distance as a criterion for ranking hits in the platform
VolcaNoseR (https://huygens.science.uva.nl/VolcaNoseR2/, accessed on 22 September
2022) were calculated. The plant metabolic database (https://plantcyc.org/, accessed on
22 September 2022) was used and samples were computed using the cell overview/omics
viewer tool to generate pathway diagrams and protein accumulation intensities based on
the Int/Imm, Mat/Imm, and Mat/Int ratios.

5. Conclusions

The present work adds new information to the proteomic landscape associated with
coconut solid endosperm, focusing on the metabolisms of carbohydrates and lipids in the
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immature, intermediate, and mature stages in two contrasting coconut cultivars, MPT and
YGD. The former is a high lipid and fatty acid producer, while the latter is a less efficient
producer of lipids but is highly valued as young (immature) fruits because of the taste
of its coconut water. Interestingly, proteins involved in carbohydrate metabolism, e.g.,
in glycolysis, were more greatly accumulated in the mature stage of MPT than in YGD;
this most likely occurs in order to synthesize precursors for fatty acids through enzymes
such as MDH and enolase, whose products may be channeled for fatty acid production.
Carbohydrate metabolism was higher in the immature stage of YGD, but was reduced in
the intermediate and mature stages. Future studies combining proteomics analysis with
metabolomics may help to elucidate the fate of those carbohydrates during the intermediate
and mature stages of solid endosperm development. In agreement with our hypothesis,
the proteins of solid endosperm involved in fatty acid metabolism were most accumulated
in the intermediate and mature stages of MPT compared to YGD.

By investigating dynamic proteomics in carbohydrate and lipid metabolisms during
solid endosperm maturation, our results, for first time, provide findings that contribute
to a better understanding of the biochemical events related to maturation of the coconut.
Although proteomics revealed differences in carbohydrate and lipid metabolism between
MPT and YGD, the regulation of these metabolisms was found to be conserved with other
fruits, suggesting that the regulation of carbohydrate and lipid metabolisms is ancient and
preserved, regardless of the taxonomy or physiology of the fruits. Further analyses, for
example focusing on the coconut endocarp, mesocarp, and pericarp, can help to unravel
metabolic differences between coconut and other fruits, e.g., climacteric fruits. The present
work greatly expands the current knowledge surrounding the fundamental biology of this
non-climacteric species, which, in general terms, is a group still poorly studied.
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Abstract: Sirtuins, in mammals, are a group of seven enzymes (SIRT1–SIRT7) involved in the post-
translational modification of proteins—they are considered longevity proteins. SIRT6, classified
as class IV, is located on the cell nucleus; however, its action is also connected with other regions,
e.g., mitochondria and cytoplasm. It affects many molecular pathways involved in aging: telomere
maintenance, DNA repair, inflammatory processes or glycolysis. A literature search for keywords or
phrases was carried out in PubMed and further searches were carried out on the ClinicalTrials.gov
website. The role of SIRT6 in both premature and chronological aging has been pointed out. SIRT6 is
involved in the regulation of homeostasis—an increase in the protein’s activity has been noted in
calorie-restriction diets and with significant weight loss, among others. Expression of this protein
is also elevated in people who regularly exercise. SIRT6 has been shown to have different effects
on inflammation, depending on the cells involved. The protein is considered a factor in phenotypic
attachment and the migratory responses of macrophages, thus accelerating the process of wound
healing. Furthermore, exogenous substances will affect the expression level of SIRT6: resveratrol,
sirtinol, flavonoids, cyanidin, quercetin and others. This study discusses the importance of the role of
SIRT6 in aging, metabolic activity, inflammation, the wound healing process and physical activity.

Keywords: sirtuins; SIRT6; gene expression; aging; inflammation; metabolism; aging pathomechanism;
physical activity

1. Introduction

Silent information regulator (Sir) proteins belong to NAD+-dependent deacetylases,
enzymes catalyzing the deacetylation reaction. Sirtuins were first discovered in the yeast
Saccharomyces cerevisiae by virtue of their role in the establishment of transcriptional si-
lencing of mating-type loci. Further studies have shown that Sir2 is also crucial in the
partitioning of carbonylated proteins between mother and daughter cells, as well as for
silencing at yeast telomeres and in the rDNA. The conserved enzymes called sirtuins,
originally discovered in yeast, are produced by almost all organisms, from non-nucleated
prokaryotes, to unicellular archaea and bacteria, to mammals [1,2].

Sirtuins play an important role in maintaining health and affect many pathways that
increase the lifespan of organisms [1]. In mammals, they constitute a group of seven
proteins (SIRT 1–7) belonging to class III histone deacetylases (HDACs). Sirtuins have
a common catalytic domain of NAD+, consisting of about 260 amino acid residues [2].
Individual sirtuin isoforms differ in sequence and length in the N- and C-terminal domains,
which affects their enzymatic activity, cellular localization and substrate specificity [3].

Initially, sirtuins were studied in the context of organism aging and gene silencing,
but many other biological functions of proteins belonging to this group have been revealed
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in mammalian cells [4]. Studies on yeast aging showed a relationship between the Silent
Information Regulator 2 (Sir2) gene and the viability of budding yeast [5].

Sirtuin 6 (SIRT6), belonging to class IV, is in the cell nucleus. SIRT6 promotes the
repair of double-stranded DNA breaks by forming a complex with DNA-dependent protein
kinase (DNA-PK) [6]. It has a hydrophobic pocket where the myristoylated group is located
before being cleaved from the modified protein [7,8]. It has been suggested that this enzyme
exhibits higher deacylase activity than deacetylase activity [4].

In a healthy organism or with minor damage, this protein promotes cell proliferation
and activation of repair processes, while in the case of serious damage, it supports the
apoptosis of damaged cells. It is in this mechanism that SIRT6 prevents the proliferation of
damaged cancer cells [9,10]. SIRT6 slows down the course of gluconeogenesis by inhibiting
the action of the PGC-1α factor. The activity of PGC-1α depends on the degree of its acetyla-
tion. This process is controlled by the acetyltransferase GCN5. SIRT6 causes deacetylation
and phosphorylation of GCN5, which increases its acetylase activity. Over-acetylating
PGC-1α, the acetyltransferase leads to a decrease in its activity and, consequently, to the
inhibition of gluconeogenesis [11,12].

The association of sirtuins with aging is a well-known topic. Imai et al. [13] pointed to
several mechanisms, including: effects on metabolism and regulation of circadian clock
mechanisms, and emphasized that sirtuin activity decreases with age, which should be
associated with a decrease in NAD+. The most important sirtuin described by the paper’s
authors was SIRT1. Furthermore, it has been the most extensively studied protein of the
mammalian sirtuin family. However, it has been shown that not only a loss of SIRT1
activity enhances DNA damage, but also SIRT6 [14]. Therefore, the authors of this review
considered it interesting to examine the significance of SIRT6 in the aging process. The
mechanisms of SIRT6 action indicate that this protein should be considered as an important
element coordinating processes related to maintaining homeostasis and thereby inhibiting
the premature aging of the organism. In this respect, knowledge of the mechanisms of
SIRT6 action and factors modifying its expression becomes an interesting issue for a number
of specialists. Therefore, the aim of this study was to indicate how this protein acts in a
healthy organism, what changes are observed in pathological processes and what internal
and external stimuli modify the process of SIRT6 expression.

2. Structure

SIRT6 is a widely expressed protein [15]. Mahlknecht et al. [15] demonstrated that the
human SIRT6 genomic sequence has one single genomic locus, which spans a region of
8427 bp. The human SIRT6 gene is located on chromosome 19p13.3 and consists of eight
exons ranging in size from 60 bp (exon 4) to 838 bp (exon 8). The mRNA for human SIRT6
encodes a protein of 355 amino acids, with a predicted molecular weight of 39.1 kDa and
an isoelectric point of 9.12 [9]. SIRT6 is composed of two main domains—a large domain
containing a nucleotide binding and Rossmann fold (responsible for binding NAD+) and
a small domain containing a Zn2+ binding loop. Zinc ions play a role in maintaining the
integrity of the catalytic domain and stabilizing the enzyme structure [16].

Activation and Reactivation of Gene Expression

The DNA molecule, which is a long strand, is wound around histone proteins that
constitute a structural element of chromatin. The modification reaction of histone proteins
is histone deacetylation, which involves the detachment of an acetyl group from the N-
terminus of the histone. This reaction is carried out by histone deacetylases [17].

SIRT6, as a histone deacetylase, inhibits the transcriptional activity of several transcrip-
tion factors and deacetylates specific histone lysine residues, such as H3K9 and H3K56,
depending on NAD+ [18].

The N-terminal extension of SIRT6 is important for chromatin association and the
internal catalytic activity of the core domain [16]. As a non-histone protein deacetylase,
SIRT6 deacetylates forkhead box O1 protein, pyruvate kinase M2, C-terminal binding
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protein and GATA-binding protein 3 [18]. The C-terminal extension is essential for proper
nuclear localization [16].

Although SIRT6-mediated histone deacetylation generally correlates with chromatin
condensation and gene silencing [19,20], there is also evidence that SIRT6 can activate cer-
tain genes by mediating histone deacetylation. For example, SIRT6 acts as a transcriptional
coactivator of erythroid 2-related factor 2 (Nrf2) to protect against oxidative stress in human
mesenchymal stem cells, and it has been found that SIRT6 is in a protein complex with Nrf2
and RNAP II [21,22]. Nrf2 is one of the master regulators of antioxidant responses—binds
to the antioxidant response elements (AREs) and activates antioxidant genes, for example,
heme oxygenase 1 (HMOX1), which is known for counteracting reactive oxygen species
(ROS). In aging cells, a decrease in Nrf2-ARE activity is observed, which may be caused
by oxidative stress-related tissue degeneration [21]. Nrf2 activation occurs during evasion
from Keap1-mediated proteasomal degradation in the cytosol [23]. SIRT6 activates Nrf2
by inhibiting Keap1 transcription and directly interacting with Nrf2 [24]. It is indicated
that SIRT6 is required for HOMX1 induction in response to oxidative stress and SIRT6
deficiency increases basal cellular ROS [21] (Figure 1).

Figure 1. SIRT6 and Nrf2 path. ROS—reactive oxygen species; SIRT6—sirtuin 6, Keap1—Kelch-like
ECH-associated protein 1, Nrf2—erythroid 2-related factor 2; ARE—antioxidant response elements;
HMOX1—heme oxygenase 1.

3. Aging

Aging of the body is a physiological, dynamic and inevitable process. It is believed
that the aging process begins at different times in different systems (the skin is one of the
first organs to age). However, aging usually begins in the fourth decade of life and ends at
the end of biological life. Important factors influencing aging are extrinsic, biological and
psychosocial factors. However, the basic determinant of organism aging is the individual’s
genotype [25]. Lopez-Otin et al. [26] proposed nine so-called hallmarks of aging: telomere
attrition, genomic instability, loss of proteostasis, epigenetic alterations, deregulated nu-
trient sensing, mitochondrial dysfunction, stem cell exhaustion, cellular senescence and
altered intercellular communication. There are some symptoms that occur in psychological
aging, but at a younger age [27]. It is associated with accelerated or premature aging, where
interrelated molecular and cellular phenomena are intensified.

Nowadays, it is hypothesized that SIRT6 regulates lifespan by influencing a series
of processes that control aging, such as genome stability, transcriptional processes of
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DNA repair elements, the ability to regulate telomere length and metabolic homeostasis
(including carbohydrate metabolism) [9,28,29] (Figure 2).

.

Figure 2. The role of the SIRT6 in aging.

Mostoslavsky et al. [30] demonstrated that mice deficient in SIRT6 are small and
develop dysfunctions related to the loss of subcutaneous fat, lordokyphosis and severe
metabolic defects by 2–3 weeks of age. These symptoms can be considered similar to those
associated with premature aging. These mice eventually died after about 4 weeks. On
the other hand, Kanfi et al. [8] observed an extended lifespan of transgenic mice with
overexpression of SIRT6 compared to wild-type mice. Interestingly, a significant difference
was only observed in males. The authors suggested that this may be related to lower
levels of insulin-like growth factor 1 (IGF1) in serum, altered levels of phosphorylation of
major IGF1 signaling components and higher levels of IGF1 binding protein, which affects
lifespan regulation [31].

Betry et al. [32] conducted a study on 14 men and 12 women in their sixth and seventh
decades of life with similar anthropometric and metabolic parameters. The participants
underwent six tests: mini-mental state examination—a test that allows for the detection
of cognitive dysfunction; Doubis’ five-word test—a screening memory task specifically
built to discriminate hippocampal memory deficits; Chair Stand Test—allowing for the
detection of fall risk in senior patients; Time Up&Go, walking speed and balance tests—
allowing for the quantifiable assessment of motor function and serving as an important
observation of functional capacity, Center for Epidemiologic Studies Depression scale—
CES-D; and Cognitive Difficulties Scale—CDS. Based on the results obtained in the above
tests, patients were assigned to the frail group (first tercile of the index score) or the robust
group (individuals from the third tercile). The researchers [32] indicated that skeletal
muscle biopsies taken from individuals in the robust group showed significantly lower
expression of SIRT6. However, no differences were observed in the level of expression of
this protein in leukocytes isolated from the patients’ blood. In the Betry et al. [32] study, an
interesting correlation was also noted. The levels of CPT1b mRNA are strongly correlated
with SIRT6 levels in skeletal muscle. The authors suggested that the overexpression of
CPT1b in the robust group may at least partially explain their better metabolic profile,
and the significant inverse correlation with the level of SIRT6 expression in muscle could
be associated.

SIRT6 is a central regulator of mitochondrial activity in the brain. Deficiency of this pro-
tein in the central nervous system leads to mitochondrial deficiency with marked changes
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in metabolite content and global downregulation of mitochondria-related genes [33]. The
metabolomic changes observed in SIRT6 deficiency lead to an increase in ROS genera-
tion. Smirnov et al. [33] indicated that the deficit of SIRT6 in the brain occurs during the
aging process of the human brain, especially in patients with Parkinson’s, Alzheimer’s,
Huntington’s and Amyotrophic lateral sclerosis disease.

Telomeres shorten with increased turnover and chronological age in somatic stem
cells. In early adult life, telomeres help to stabilize the nuclear genome, whereas, in
post-reproductive age, they decrease the intensity of age-related changes [34]. Michishita
et al. [35] indicated that SIRT6 is associated with specific telomeres, and cells with reduced
SIRT6 activity show telomere structures resembling defects observed in Werner syndrome.
The Werner syndrome protein (WRN) plays an important role in telomere metabolism
and during DNA replication. The connection between WRN and chromatin is closely
related to SIRT6-dependent deacetylation of telomeric residues H3K9 and H3K59. Genomic
instability with loss of SIRT6 may thus be related to loss of WRN-chromatin connection and
influence the redirection of the cell towards premature aging [36]. The cited researchers [35]
concluded that SIRT6 contributes to maintaining the specialized chromatin state in mam-
malian telomeres, which in turn is required for proper telomere metabolism and function.
Michishita et al.’s study links SIRT6’s chromatin regulation with telomere maintenance and
premature aging syndrome [35].

Another mechanism in which SIRT6 expression will interfere with the aging process
is its influence on retrotransposon activity. Transposable elements are DNA sequences
capable of integration into other genomic locations [12]. Class I retrotransposons transport
via intermediate RNA. Balestrieri et al. [37] identified L1 retrotransposons as a class of
transcriptional elements that strongly mediate genomic instability and play a role in age-
related pathologies. SIRT6 is a strong repressor of L1 activity, binding to the 5’ UTR of L1
loci. In response to DNA damage and aging, SIRT6 has a reduced ability to bind to L1 loci,
contributing to the activation of previously silenced retroelements [38].

Skin aging is the first and most visible sign of aging in the body. Technical advance-
ments in recent years have allowed for a broader examination of the aging process in
various types of skin cells. Fibroblasts, as the most numerous types of cells in the der-
mis, are directly or indirectly responsible for most skin aging characteristics [39]. Sharma
et al. [6] demonstrated significantly decreased SIRT6 expression in fibroblasts of older
individuals (above 50 years old) compared to younger individuals (below 18 years old).
Furthermore, it was shown that fibroblasts of older individuals were more resistant to
reprogramming into induced pluripotent stem cells (iPSCs) compared to fibroblasts of
younger individuals. The inclusion of SIRT6 with classical Yamanaka factors in older
fibroblasts improved their reprogramming efficiency, which was then similar to that of
younger individuals [6].

MicroRNAs (miRNAs) are a class of non-coding RNAs that play a significant role in
gene regulation; modulating numerous biological processes; including aging. The influence
of miRNAs on the post-transcriptional regulation of SIRT6 is still being studied. Sharma
et al. [6] confirmed that SIRT6 regulates the transcription of miR-766, and blocking miR-766
significantly improves the efficiency of reprogramming aging cells. Higher levels of miR-
766 in older fibroblasts were inversely correlated with SIRT6 levels [6]. Increasing SIRT6
activity in fibroblasts may therefore slow down skin aging.

An important factor accelerating the aging of the organism is an unhealthy diet and
low levels of physical activity and their far-reaching consequences in the form of metabolic
syndrome. SIRT6 is indicated as a potential therapeutic target against metabolic syndrome.
This protein is associated with calorie reduction. Activating SIRT6 is also suggested to have
potentially beneficial effects on age-related metabolic diseases. The development of small
molecule SIRT6 activators could therefore have great therapeutic potential [40].
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4. Metabolic Activity

SIRT6 is involved in regulating glucose homeostasis in the body. It has been shown
that SIRT6 levels are increased during fasting. Additionally, by increasing the expression of
genes involved in gluconeogenesis, it controls this process in the liver. Zhong et al. [41]
discovered that the expression of gluconeogenic genes was increased in livers with SIRT6
deficiency. Researchers also identified the role of SIRT6 as a corepressor of Hif1α (Hypoxia-
inducible factor 1α), a critical regulator of the response to nutritional stress. Cells deficient
in SIRT6 exhibit increased Hif1α activity, thus showing increased glucose uptake. SIRT6,
therefore, acts as a corepressor of the transcription factor Hif1α, reducing glycolysis during
normal nutrition and stimulating mitochondrial fatty acid oxidation [41].

Kim et al. [42] pointed out that liver-specific deletion of SIRT6 in mice leads to pro-
found changes in gene expression, causing increased glycolysis, intensified triglyceride
synthesis, decreased β-oxidation and liver steatosis. Other authors suggest that SIRT6
may therefore be a potential target in the treatment of liver diseases characterized by
lipid accumulation [43].

Dominy et al. [11] indicated the usefulness of activating liver SIRT6 in the therapeutic
treatment of insulin-resistant diabetes. Xiong et al. [44] demonstrated a significant decrease
(50%) in glucose-stimulated insulin secretion in mice subjected to SIRT6 knockdown in
pancreatic beta cells. The mice also had lower levels of ATP in the studied cells compared
to the wild-type control group. An increased number of damaged mitochondria was also
identified. Based on the obtained results, the authors suggested that SIRT6 regulates proper
insulin secretion through the regulation of mitochondrial glucose oxidation. Therefore,
activating the protein may be helpful in improving insulin secretion in diabetic states. The
process described here takes place in the mitochondria. This underscores that SIRT6 acts in
many cellular organelles, so it can be said that it acts throughout the cell.

Further experiments have indicated that mice with SIRT6 knockout were more suscep-
tible to high-fat diet-induced obesity, attributed to adipocyte hypertrophy. Moreover, in-
creased macrophage infiltration into the examined adipose tissue was observed, indicating
an intensified inflammatory process in these mice. It was found that SIRT6 regulates energy
homeostasis by modulating the activity and expression of lipase in adipose tissue [45]. Kanfi
et al. [40] noticed increased glucose tolerance and insulin secretion stimulated by glucose in
mice with SIRT6 overexpression. Their study indicated that SIRT6 overexpression increases
triglyceride clearance in the blood and reduces triglyceride production in adipose tissue.
Mice with SIRT6 overexpression subjected to a high-fat diet accumulated significantly less
visceral fat, LDL cholesterol and triglycerides compared to wild-type mice. This suggests a
protective role of SIRT6 against metabolic consequences of obesity caused by an improper
diet [40]. Tang et al. [46] came to similar conclusions—SIRT6 overexpression in the arcuate
nucleus of the hypothalamus in mice reduced their body weight induced by a high-fat diet.
A decrease in the weight of eWAT (epididymal white adipose tissue) and iWAT (inguinal
white adipose tissue) and adipocyte size was also observed. Furthermore, the impairment
of leptin activity in the POMC neurons of mice subjected to SIRT6 neuron-specific knock-
out was demonstrated. These mice exhibited a predisposition to obesity and increased
food consumption.

Increased SIRT6 levels were observed in in vivo models—in mice after fasting, rats
after caloric restriction and in vitro—in cell cultures in a medium deprived of nutrients. The
authors indicated that the increase in SIRT6 levels is caused by the stabilization of the SIRT6
protein, not an increase in SIRT6 transcription. Moreover, p53 positively regulates SIRT6
protein levels under standard growth conditions but does not play a role in regulating
SIRT6 under caloric restriction [47]. It is widely known that calorie restriction diets (CR)
slow down aging processes and may contribute to extending life [48]. In light of the above
research, it can be suggested that the beneficial effects of a calorie-restricted diet are strongly
related to increased SIRT6 stability, and the increased expression of the protein generated
by factors other than starvation may exhibit similar effects to CR [47]. The role of SIRT6 in
metabolism has been summarized in Table 1.
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Table 1. Role of the SIRT6 in metabolic activity regulation.

SIRT6 and Metabolic Activity

Obesity

SIRT6 plays a protective role against the metabolic consequences
of diet-induced obesity, which suggests a potentially beneficial
effect of SIRT6 activation on age-related metabolic diseases [40].
In obese patients, the expression of SIRT6 is reduced. It suggests
that SIRT6 is an attractive therapeutic target for treating obesity
and obesity-related metabolic disorders [45].

Fat metabolism
SIRT6 plays a critical role in fat metabolism, and may therefore be
a potential target in the treatment of liver diseases characterized
by lipid accumulation [42].

Carbohydrate metabolism
Activation of hepatic by SIRT6 may be therapeutically useful for
treating insulin-resistant diabetes [11].
SIRT6 may be useful to improve insulin secretion in diabetes [44].

Energy balance SIRT6 is an important molecular regulator for POMC neurons to
promote negative energy balance [46].

Other

SIRT6 appears to function as a corepressor of the Hif1α—a critical
regulator of nutrient stress responses [41].
Expression of SIRT6 increased upon nutrient deprivation in
cultured cells. The increase in SIRT6 levels is due to the
stabilization of the SIRT6 protein, and not via an increase in
SIRT6 transcription [47].

The “sirtfoods” diet, combing sirtuin-activating foods belonging to both Mediter-
ranean and Asian diets, may be a promising dietary strategy in preventing chronic dis-
eases, thereby ensuring healthy aging [49]. “Sirtfoods” can be found in: olive oil [50];
red wine [51]; grapes [52,53]; apple, strawberries, onion and cabbage [53]; soybeans [54];
tofu [55]; licorice [56]; shallot [56]. Pallauf et al. [49] suggested that omega-3 fatty acids,
vitamins and antioxidants do not work in isolation. They should synergistically work to
prevent chronic diseases.

5. Inflammation

The role of SIRT6′s involvement in inflammation is complex. This protein can have
both pro- and anti-inflammatory properties, depending on the type of cells involved [36]. It
has been suggested that SIRT6 acts as a pro-inflammatory agent by functioning as a lysine
deacetylase, removing fatty acyl modifications from K19 and K20 of TNF-α and thereby
promoting the secretion of TNF-α from the cell [57].

A characteristic feature of inflammatory diseases is endothelial dysfunction. Fac-
tors associated with this phenomenon include the increased release of pro-inflammatory
cytokines, adhesion molecules and tissue matrix-degrading enzymes (collagenases and oth-
ers). At the transcriptional level, this is regulated by the histone deacetylase SIRT6 through
its action on the pro-inflammatory transcription factor nuclear factor-κB (NF-κB) [58]. In
a study by Lappas et al. [59], the role of SIRT6 in regulating inflammation in endothelial
cells was determined. They evaluated markers of inflammation in human umbilical vein
endothelial cells (HUVECs) in the presence of lipopolysaccharide (LPS) as a model agent
for initiating inflammation. LPS decreased SIRT6 expression in HUVEC cells, which agrees
with previous observations by other authors [60,61]. In contrast, SIRT6 knockdown in-
creased the expression of a number of pro-inflammatory cytokines (IL-1β, IL-6, IL-8), the
COX-prostaglandin system, extracellular matrix remodeling enzymes (MMP-2, MMP-9
and PAI-1), the adhesion molecule ICAM-1 and angiogenesis-related growth factors (VEGF
and FGF-2). Knockdown of SIRT6 increased the expression of NF-κB. In contrast, SIRT6
overexpression was associated with decreased NF-κB transcriptional activity. Thus, they
indicated that the loss of SIRT6 in endothelial cells is associated with the up-regulation of
genes involved in the progression of inflammation and associated vascular remodeling.
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Hence, the authors conclude that the up-regulation of SIRT6 expression is a potential
pharmacological target for drugs that reduce the inflammatory destruction of blood vessels.
Such action will have the potential to nullify the negative manifestations of cardiovascular
disease, diabetes and a range of neurodegenerative diseases. An extensive discussion of
this topic was carried out in the work of Guo et al. [62].

Earlier, the role of LPS was identified as a factor that decreases the expression of
SIRT6. It is suggested that this mechanism is based on the weakening of NF-κB signaling
through H3K39 deacetylation on chromatin. NF-κB is a key factor involved in regulating
cell apoptosis, aging, inflammation and immune system function [63]. Hyperactive NF-κB
signaling can therefore contribute to both normal and premature aging. Hence, the role of
SIRT6 in reducing the activity of this factor is significant [64].

Balestrieri et al. [37] demonstrated reduced SIRT6 expression and lower interstitial
collagen content in cells obtained from homogenates of atherosclerotic plaques from the
carotid arteries of people with diabetes compared to plaques obtained from people without
diabetes. In addition, plaques obtained from patients with diabetes were characterized
by greater inflammation and oxidative stress. Subsequent trials showed that atheroscle-
rotic plaques obtained from diabetic patients treated with GLP-1 (glucagon-like peptide-1
receptor) drugs for 26 ± 8 months indicated higher expression of SIRT6 and collagen, as
well as a lower intensity of inflammation and oxidative stress than cells obtained from
untreated patients. This indicates the involvement of SIRT6 in the inflammatory changes
of atherosclerotic lesions in diabetes and the role of GLP-1 in modulating it. These results
were further supported by observations in an in vitro model. Endothelial progenitor cells
(EPCs) and endothelial cells (ECs) were used as model cells. Both types of cells treated
with high glucose medium (25 mmol/L) in the presence of GLP-1 (100 nmol/liraglutide)
showed higher expression of SIRT6 and lower expression of nuclear factor-κB compared to
control cells (only treated with high glucose). The results obtained by Balestrieri et al. [37]
confirmed the controlling involvement of SIRT6 in the inflammatory pathways of diabetic
atherosclerotic lesions. From the perspective of skin wellbeing, this is an important obser-
vation. The incidence of diabetic complications involving the skin and its appendages is
high, and identifying treatment options to nullify the underlying pathomechanism, i.e.,
vascular destruction, is an important topic here.

The promising role of SIRT6 regulation is indicated to support the treatment of:
atherosclerosis [65]; diabetic atherosclerosis [66]; diabetes-associated inflammatory dis-
eases [67]; diabetic nephropathy [68]; adipose tissue inflammation [69]; oxidative stress in
the heart triggered by high-fat diet-induced obesity [70] and osteoarthritis [61,71].

6. Role in the Wound Healing Process

With age, the loss of homeostasis leads to a series of clinical consequences, including
impaired wound healing. Macrophages play a key role in wound healing, as they are re-
sponsible for suppressing excessive inflammatory states, removing cell debris and initiating
and coordinating tissue remodeling and regeneration [72,73]. Activated macrophages can
be divided into two phenotypes: M1 (mainly involved in pro-inflammatory responses) and
M2 (responsible for anti-inflammatory actions) [19,73].

SIRT6 is considered a key factor in switching macrophage phenotypes and migratory
responses, and therefore, it is believed to play a role in the wound healing process [18]. To
illustrate the effect of SIRT6 on wound healing, Koo et al. [18] created a mouse model with
SIRT6 deletion (mS6KO). Wounds were excised on the dorsal skin of female mS6KO and
control group mice (WT). Slower wound healing was observed in mS6KO mice. Reduced
collagen content in the granulation tissue of mS6KO mice was demonstrated, as well as sup-
pressed angiogenesis gene activity in mS6KO mice. Moreover, increased M1 macrophage
infiltration with decreased M2 macrophage numbers, as well as more pro-inflammatory
cytokines TNF-α, IL-1β and IL-6 were noted. This suggests that the specific deficiency
of SIRT6 in bone marrow cells has an impact on the temporal response of the wound
healing process by inhibiting epithelial regeneration, angiogenesis and collagen deposition.
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Thandavarayan et al. [22] arrived at similar conclusions. In a mouse model with diabetes,
they showed that SIRT6 deficiency reduced VEGF expression, increased the expression
of pro-inflammatory markers (including TNF-α, IL-1β) and intensified oxidative stress
when siRNA against SIRT6 was administered. Yang et al. [74] described the molecular
mechanism that connects SIRT6 and angiogenesis.

Furthermore, exogenous substances that are associated with the modification of the
intensity of sirtuin expression can affect changes in the rate of wound healing. This issue
has been the subject of several research projects [75–79].

Resveratrol, a sirtuin activator, by increasing the proliferation of keratinocytes, acceler-
ates wound healing, while sirtinol, a sirtuin inhibitor, will delay their closure. This suggests
the role of administering natural or synthetic SIRT6 activators as factors accelerating wound
healing processes [77].

Flavonoids are polyphenolic secondary metabolites synthesized by fungi and plants;
possessing various pharmacological activities. It has been shown that compounds from
this group modulate the activity of SIRT6 by altering its structure.

SIRT6 activators presumably bind near the acetylated peptide substrate binding site.
Inhibitors, on the other hand, are likely to bind in a way that disrupts NAD+ binding.
Cyanidin is indicated as the strongest SIRT6 activator [80]. Other activators include: N-
acetylamines [81], icariin [82], ergothioneine [83]. Significant inhibitory power for SIRT6
activity has been shown for galloylated catechins [80]. Compounds that will exhibit
inhibitory activity on SIRT6 activity include quercetin, vitexin [84], peptides containing
netioacetylated lysine [85] and EX-527 [86]. The role of SIRT6 in the wound healing process
is shown in Figure 3.

Figure 3. The role of SIRT6 in the wound healing process.

7. Role of Physical Activity

Appropriate levels of physical activity are an important element in preventing pre-
mature disability, the progression of various lifestyle diseases and aging. Increasing the
endurance capacity of skeletal muscles is a new strategy in the fight against metabolic
diseases associated with obesity, and this can be achieved by shifting skeletal muscle fibers
towards slow-twitch, oxidative fibers. Aging leads to a gradual decrease in physical activity
and disturbances in energy homeostasis. Numerous studies have focused on the correlation
between changes in activity levels and SIRT6 expression [87–92] (Figure 4).
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Figure 4. Modifying role of physical activity and the influence of SIRT6 on metabolism based on: [85,88–90].

The expression of SIRT6 is increased in chronically exercising individuals. Introducing
resistance training as a modification of current physical activity allows for an increase
in SIRT6 concentration in the blood of older men [65]. A factor that increases SIRT6
expression is significant weight loss achieved through diet therapy and exercise in morbidly
obese individuals [88].

SIRT6 regulates aging and a series of metabolic processes. Roichman et al. [89] showed
that SIRT6 overexpression leads to a reduction in frailty and an extension of lifespan in
both male and female mice. Older transgenic SIRT6 mice maintained normal glucose
production in the liver and glucose homeostasis by improving the utilization of two major
gluconeogenic precursors, lactate and glycerol. Therefore, SIRT6 overexpression protected
older individuals from impaired carbohydrate homeostasis. The authors indicated that the
mechanism of this beneficial phenomenon is associated with increased gene expression
for proteins involved in gluconeogenesis in the liver, de novo synthesis of NAD+ (which
is also the basis for the beneficial effects of physical training) and systemically increases
the release of glycerol from adipose tissue. SIRT6 optimizes energy homeostasis in older
age, which is associated with the carbohydrate theory of aging. It was also noted that it is
precisely SIRT6 that mediates the beneficial effect of regular physical activity in preventing
insulin resistance [90].

The study by Song et al. [91] indicated that SIRT6 is crucial in regulating the con-
figuration of muscle fibers toward the oxidative type. They also indicated that a SIRT6
activator (MDL801) could produce the same effects as physical training. Genetic inactiva-
tion of SIRT6 in skeletal muscle decreased, while its transgenic overexpression increased
mitochondrial oxidative capacity and exercise performance in the model animals studied.
The authors indicated that the ablation of SIRT6 in skeletal muscle led to reduced exercise
performance. The authors tested the hypothesis that SIRT6 induction may be mediated
by endocrine/paracrine signaling (Il-6 enhanced SIRT6 expression) and/or a stimulus
effect (stimulating the muscle with electrodes also enhanced SIRT6 expression). SIRT6
ablation also reduces the number of mitochondria; knockout muscles also had significantly
more mitochondria with abnormal structures. Reduced mitochondrial DNA content and
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suppressed expression of genes related to mitochondrial biogenesis were observed. The
consequence was the suppression of basal, ATP-related and maximal respiration in SIRT6
knockout mice observed in this study. SIRT6 ablation impairs the ability to meet the cell’s
energy needs through oxidative phosphorylation [91].

The mechanism linked SIRT6 to the downregulation of Sox6, a key repressor of the
free-fiber-specific gene, by increasing CREB transcription. This mechanism demonstrates
how suppressed SIRT6 expression links to the mitochondrial theory of aging in how the
beneficial effects of regular physical activity on life extension and quality of life binding
can be explained.

It has also been indicated, in studies conducted on young men, that even a single
bout of aerobic exercise (at 80% of peak oxygen uptake) will affect the expression of SIRT6
and telomerase, the enzyme responsible for maintaining the proper length of telomeres
protecting the ends of DNA strands [92]. This observation will again allow for linking
SIRT6 to the telomeric theory of aging.

8. Conclusions

Research suggests that the activation of SIRT6 and its role in various biochemical
processes may have a positive impact on health and longevity. Several pathomechanisms
associated with accelerated aging of the body as a whole, as well as individual systems,
could be inhibited by an increased expression of this protein. Modulating SIRT6 activity
can therefore be a valuable tool for supporting the treatment of age-related diseases and
improving quality of life, thereby contributing to longevity. In addition to well-known
lifestyle modifications, such as caloric restriction and intermittent fasting, research is being
conducted to identify new pharmacologically active molecules and dietary components
with recognized roles in promoting longevity. Furthermore, physical activity might be a
valuable tool for modifying and/or modulating SIRT6 for health and longevity. As seen
in relation to the presented results in this review, not all aspects related to the activity of
SIRT6 are fully understood. Hence, there is a necessity and need for systematic, controlled
research into this continually emerging area of investigation.
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O.C.-L.; validation, M.Ż., O.C.-L. and A.P.; formal analysis, A.D.; investigation, A.D.; resources, A.D.;
data curation, A.D.; writing—original draft preparation, A.D.; writing—review and editing, A.P.,
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Abstract: Luteolin (3′,4′,5,7-tetrahydroxyflavone), a member of the flavonoid family derived from
plants and fruits, shows a wide range of biomedical applications. In fact, due to its anti-inflammatory,
antioxidant and immunomodulatory activities, Asian medicine has been using luteolin for centuries
to treat several human diseases, including arthritis, rheumatism, hypertension, neurodegenerative
disorders and various infections. Of note, luteolin displays many anti-cancer/anti-metastatic prop-
erties. Thus, the purpose of this review consists in highlighting the relevant mechanisms by which
luteolin inhibits tumor progression in metastasis, i.e., affecting epithelial-mesenchymal transition
(EMT), repressing angiogenesis and lysis of extracellular matrix (ECM), as well as inducing apoptosis.

Keywords: phytochemicals; flavonoids; metastasis prevention; signaling pathways

1. Introduction

Cancer is a complex disease, representing the second leading cause of death in the
world [1]. In fact, despite the advances in diagnostic and therapeutic protocols—which
include surgery, radiotherapy and chemotherapy, as well as target and gene therapy—the
survival rate for patients suffering of cancer remains very poor [2–6]. Probably, the real
problem of high cancer mortality is its relapse after months to years, through the occurrence
of metastases, an event that consists in the spread of cancer cells from a primary lesion
to distant sites [7–9]. Currently available cancer/metastatic treatments often induce high
toxicity and are associated with several types of adverse events, which are frequently
unpredictable and unexplained [10–15]. Thus, finding novel and more efficacious strategies
to treat cancer and prevent metastasis is strongly encouraged [8,16–19]. Because of their
low toxicity, and due to their ability to target multiple cell signalings, current therapeutic
compounds for cancer include phytochemicals [20,21].

Luteolin is one of the most widespread food-derived flavonoids showing preventive
and therapeutic effects against several cancer types [22–24]. The main purpose of this review
is to summarize the most relevant knowledge about the antimetastatic properties of luteolin,
emphasizing its interference with key events underlying tumor progression and expansion,
namely (i) epithelial-to-mesenchymal transition (EMT), (ii) angiogenesis, (iii) degradation
of the extracellular matrix (ECM) and iv) induction of apoptosis (Figure 1). In detail, we
report and discuss the most relevant findings from in vitro and in vivo studies (including
animal models) that describe the effects of luteolin at both the cellular and molecular level,
focusing on major signaling pathways involved in tumor metastasis (Table 1).
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Figure 1. Schematic diagram showing the main molecular targets of luteolin during the initial steps
of the metastatic cascade. The flavone interferes with the epithelial-mesenchymal transition (EMT) by
inhibiting the expression of N-cadherin, vimentin and several molecular regulators of mesenchymal
cell phenotype (e.g., miRNs, HIF-1/VEGF axis, etc.), whereas it enhances the epithelial features.
Luteolin exerts anti-angiogenic effects, mainly by blocking the VEGF/VEGFRs signaling pathway
and by inhibiting MMPs. Moreover, this compound hampers cell invasiveness by slowing down the
extracellular matrix (ECM) degradation through the blockade of MMPs activation and a set of related
intracellular pathways. Luteolin induces apoptosis (both the intrinsic and extrinsic routes) by acting
on the expression and activities of correlated effectors.

Table 1. Molecular effects of luteolin in different cancer types.

Tumor Entity EMT Angiogenesis ECM Degradation Apoptosis

Breast Cancer

Reversal of EMT by
suppressing β-catenin
signaling; inhibition of

cancer cell invasion
and metastatic
potential [25].

Inhibition of the
pro-invasive

Ras/Raf/MEK/ERK
signaling; increase of

miR-203
expression [26].

Increase of E-cadherin
expression and

reduction of protein
levels of fibronectin,

N-cadherin and
vimentin; decrease of

transcriptional activity
of YAP/TAZ [27].

Blockade of VEGF
secretion within breast
cancer cells responsive
to natural and synthetic

progestins, both
in vitro and in a

xenograft model [28].
Repression of VEGF

secretion by TNBC cells
and suppression of

their metastatic
potential in vitro and

in vivo [29].
Repression of Notch

signaling and its
downstream targets

Notch-1, Hes-1, VEGF
and gelatinases by

regulating the level of
oncogenic miRs [30].

Modulation of the
biogenesis of specific

miRs, inhibition of
gelatinases secretion

and VEGF/Notch
signaling pathway [30].

Epigenetically
downregulation of

gelatinases expression
and activation of

AKT/mTOR signaling
pathway [31].

Reduction of
telomerase expression

by targeting
NF-κB/c-Myc; increase
of Bax/Bcl-2 ratio and

caspase-3 [32].
By modulating miR-21

and miR-16,
upregulation of
Bax/Bcl-2 ratio;

triggering of both the
intrinsic and the

extrinsic pathways of
apoptosis [33].
Repression of

PI3K/Akt pathway;
induction of FOXO3a

expression and increase
of p21 and p27;

induction of PARP
cleavage and release of

cytochrome c [34].

255



Int. J. Mol. Sci. 2023, 24, 8824

Table 1. Cont.

Tumor Entity EMT Angiogenesis ECM Degradation Apoptosis

Gastric Carcinoma

Reversal of EMT by
inhibiting

Akt/β-catenin and
Notch signaling
pathways [35].

Decreased migration
and invasion by

regulating Notch1/
PI3K/ AKT/

mTOR/ERK/STAT3
and P38 signaling

pathways; regulation of
several oncogenic miRs
expression in vitro and

in vivo [36].

Suppression of VEGF
secretion by acting on

Notch1 expression and
inhibition of the

formation of tube-like
structures of HUVECs
seeded in a Matrigel

layer [37].

, Reduction of
gelatinases expression

via inhibition of
cMet/Akt/ERK
signaling [38].

Suppression of
PI3K/MAPK signaling

with increase of
Bax/Bcl-2 ratio and

cytochrome c
release [39].

Decrease of Bcl-2
expression through

upregulation of
miR-34a [40].

Lung Cancer

Reversal of TGF-β1
induced-EMT by

slowing down the
activation of

PI3K/Akt/IκBa/NF-
κB/Snail pathway [41].

Inhibition of
hypoxia-induced EMT
by blocking integrin β1

expression and
FAK-signaling
pathway [42].

Repression of VEGF
and gelatinases by

upregulating
miR-133a-p69, and by

regulating
MAPK/PI3K/Akt

signaling
pathways [43].

Downregulation of the
pro-metastatic markers

CXCR4, gelatinases
in vitro and
in vivo [44].

Induction of ROS
accumulation via

suppression of SOD
activity; suppression of

NF-kB potentiating
JNK to sensitize cancer

cells to TNF [45].
Upregulation of
miR-34a-5p via

targeting MDM4
oncogene, increase of

p53 and p21expression;
increase of Bax/Bcl-2

ratio, followed by
activation of caspase-3

and -9 [46].

Pancreatic cancer

Deactivation of STAT3
signaling with

consequent reversal of
Il-6-induced EMT [47].

Decrease of VEGF
secretion and VEGF

mRNA expression via
NF-κB inhibition [48].

-

Attenuation of EGFR
signaling pathway and

induction of PARP
degradation followed

by DNA
fragmentation [49].

Melanoma

Upregulation of E-
cadherin/N-cadherin

ratio through inhibition
of HIF-1α/VEGF

axis [50].
Enhancement of

E-cadherin expression
via inhibition of β3
integrin/FAK signal
pathway in vitro and

in vivo [51].

Inhibition of different
pathways of tumor
neovascularization,

including angiogenesis,
vasculogenesis and

vasculogenic mimicry,
by suppressing

PI3K/AKT signaling
pathway [52].

Downregulation of the
pro-metastatic markers,

gelatinases and
CXCR4 [53].

-

Choroidal melanoma -

Reduction of VEGF
secretion, in a
concentration-

dependent manner,
followed by induction

of cell death [54].

Decrease of gelatinase
secretion in vitro via

inhibition of PI3K/Akt
signaling pathway [55].

Increase of Bax/Bcl-2
ratio [52].
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Table 1. Cont.

Tumor Entity EMT Angiogenesis ECM Degradation Apoptosis

Prostate Cancer -

Inhibition of
VEGFR2/AKT/ERK/

mTOR/P70S6K
signaling pathway and
of neovascularization

in ex vivo chicken
chorioallantoic

membrane (CAM)
assay, and in a Matrigel
plug assay, as well as in
a xenograft model [56].

-

Downregulation of
miR-301 that promotes

the expression of
pro-death

DNA-binding effector
domain-containing

protein 2 (DEDD2) [57].

Haemangioma -

Suppression of VEGF-A
expression with
consequential
inhibition of

microvessel density
and vasculogenesis

in vivo targeting FZD6
signaling pathway [58].

- -

Glioblastoma - -

Inactivation of the
p-IGF-

1R/PI3K/AKT/mTOR
signaling pathway and

alteration of the
gelatinase/TIMPs

ratio [59].

Stimulation of PARP
cleavage, DNA

degradation and
caspases

activation [60].

Colon cancer - - -

Activation of
antioxidant enzymes
and MAPK signaling;
by unbalancing ROS,

acting on cytochrome c
release and caspase-9
and -3 activation [61].
Activation of caspases

3, 7, 9 and PARP
cleavage;

downregulation of p21,
survivin, Mcl-1,

Bcl-x(L) and
Mdm-2 [62].

By involving Wnt/β-
catenin/GSK-3β

signaling, increase of
Bax/Bcl-2 ratio and

activation of
caspase-3 [63].

Colorectal Cancer - -

Inactivation of
gelatinases by

suppressing Raf/PI3K
signaling

pathways [64].
Downregulation of

MMP-2, -9, -3 and -16
expression coupled

with an enhancement
of miR-384 biogenesis
and with suppression

of PTN [65].

-
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Table 1. Cont.

Tumor Entity EMT Angiogenesis ECM Degradation Apoptosis

Cholangiocarcinoma - - -

Inhibition of Nrf2 with
consequent

downregulation of the
antioxidant genes
γ-glutamylcysteine

ligase and heme
oxygenase-1, and

increase of
mitochondrial

membrane potential
dissipation and

caspases -3 and 9
activation [61].

Cervical cancer - - -

Disruption of
pro-apoptotic/anti-

apoptotic genes
equilibrium interfering

with the RAS-
RAF/MAPK/AKT/

PI3K signaling
pathway; triggering

collapse of the
mitochondrial

membrane and DNA
fragmentation [33].

Leukemia - - -

Induction of histone H3
hyper-acetylation by
activating the ERK
/JNKs pathways;

increase of Fas and
FasL expression
culminating in
caspases-8/-3
activation [66].

2. Luteolin

Luteolin is a flavonoid belonging to the flavone family; it is isolated from several
vegetables and edible herbs, including radicchio, broccoli, raw brussels sprouts, onion
leaves, parsley, carrots, peppers and rosemary, where it can occur either as aglycone or
bound to one or several carbohydrates as glycoside [67] (Figure 2).

Luteolin is extracted as a yellow crystalline compound and its chemical structure
presents a classic flavone C6-C3-C6 skeleton, consisting in two benzene rings with 4 hy-
droxyl groups located at positions 3, 4, 5 and 7, and one oxygen-containing ring which
presents a C2-C3 double bond [67]. All these functional groups account for the biologi-
cal/biochemical properties of luteolin, some of them being specifically involved in main-
taining redox balance in various pathological processes [68,69] (Figure 3).
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Figure 2. Main sources of luteolin. Edible vegetables, such as radicchio, broccoli, raw brussels sprouts,
onion leaves, parsley, carrots, peppers and rosemary are rich in luteolin.

Figure 3. Chemical structure of luteolin (3,4,5,7-tetrahydroxy flavone). Luteolin is a flavone belonging
to a group of hydrophobic, naturally occurring compounds, named flavonoids. The functional groups
involved in oxido-reductive properties are marked in red.

In fact, preclinical studies ascribed to luteolin several pharmacological properties,
including anti-inflammatory, neuroprotective, antimicrobial/antiviral, cardioprotective,
antidiabetic and pro-/antioxidant effects [70]. Interestingly, since this flavone can interact
with various signaling pathways, experimental evidence attributes to luteolin important
chemopreventive effects, indicating its ability to interfere with almost all cellular processes
underlying cancer development, including metastasis formation [23,24,71]. The available
data related to the pharmacokinetics of the free or glycosylated forms of luteolin derive
mainly from studies on rat models [72–74]. Despite the numerous beneficial effects already
mentioned, studies on absorption, metabolism and bioavailability of luteolin in humans
are very difficult, partly due to its hydrophobicity, which affects bioavailability and limits
the yields of the bioactive flavonoid [70].

3. Luteolin Affects the Epithelial-Mesenchymal Transition

EMT is the differentiation process of epithelial cells toward mesenchymal ones; sev-
eral events are observed during this process, including a disorganization of epithelial cell
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polarity, the dissolution of cellular junctions, as well as a reorganization of the cytoskele-
ton [75–77]. Thus, EMT involves the downregulation of epithelial markers expression, such
as E-cadherin, claudins, zonula occludens-1 (ZO-1), and the acquisition of many facets
of the mesenchymal cells, including the expression of N-cadherin and vimentin, coupled
with a high propensity to cell motility, invasiveness, and resistance to anoikis [76–78]. Sev-
eral signaling pathways have been identified in EMT induction, such as the transforming
growth factor-beta (TGF-β), Notch, Wnt/β-catenin, as well as the Hippo-YAP/TAZ path-
ways [79,80]. Moreover, several transcription factors (and their target genes) promote EMT,
including Snail1/2, Twist1/2, ZEB1/2 and hypoxia-inducible factors 1/2 (HIF1/2) [81].
Physiologically, EMT occurs during embryonic development and in tissue remodeling.
In cancer, this process assumes a crucial role in promoting metastasis [76,77]. There-
fore, blocking or reversing EMT may represent an attractive approach to prevent cancer
spreading [77].

As aforementioned, luteolin inhibits or prevents cell invasion and metastasis in several
cancer types, due to a modulation of EMT [82]. In this regard, both in vitro and in vivo
studies demonstrated that treatment of highly metastatic triple-negative breast cancer
(TNBC) with luteolin reduced β-catenin expression and downregulated mesenchymal
markers, such as N-cadherin, vimentin, Snail and Slug [25]. Moreover, cancer cells regained
their epithelial features by overexpressing cell-cell junctional proteins, such as E-cadherin
and claudins [25].

MicroRNAs (miRs) are small, endogenous, noncoding RNAs that can post-
transcriptionally regulate gene expression and play an important role in maintaining
normal cellular functions [83]. On the other hand, growing evidence shows that some miRs
participate in the initiation and progression of cancer, taking part in the EMT process [84,85].
Luteolin was able to reverse EMT in breast cancer cells (MDA-MB-453 and MCF-7) by
overexpressing miR-230, which, in turn, inhibited the Ras/Raf/MEK/ERK signaling path-
way, known as a marker of cancer invasiveness [26]. Furthermore, luteolin administration
significantly inhibited gastric carcinoma (GC) upregulating miR-139, miR-34a, miR-422a,
miR-107 levels, while suppressing the oncogenic expression of miR-21, miR-155, miR-
224, miR-340 [36]. Regulation of this panel of miRs was accompanied by reduced cell
proliferation, cell cycle arrest, and induction of apoptosis [36]. In a different study, the
flavonoid inhibited the oncogenic properties of YAP/TAZ in highly metastatic breast cancer,
both in vitro and in xenograft models [27]. Moreover, Zang et al. demonstrated that, by
interfering with Notch1 and Akt/β-catenin signaling in GC, luteolin reversed the EMT
process and, consequently, inhibited tumor progression and invasion, both in vitro and
in vivo [35]. By using cultures of human lung adenocarcinoma cells (A549), Chen et al.
showed that luteolin inhibited cell proliferation and migration through an attenuation of
TGF-β1-induced EMT, by activating the PI3K/Akt–NF-κB–Snail signaling pathway [41].
Furthermore, luteolin (in a time- and dose-dependent manner) reversed IL-6-induced EMT
acting on STAT3 signaling and, consequently, reduced the invasiveness of cancer cells by
inhibiting the release of metalloproteases (MMPs) in in vitro models of human pancreatic
cancer (i.e., Panc-1 and SW1990 cells) [47].

As abovementioned, HIF-1 and HIF-2 are implicated in cancer-associated EMT [81].
Based on these premises, Li et al. observed that luteolin, by inhibiting the HIF-1α/VEGF
signaling pathway, decreased the expression of N-cadherin and vimentin mesenchymal
markers, while augmenting the level of epithelial cadherin isoform in human and murine
melanoma cells (i.e., A375 and B16-F10 cell lines, respectively) [50]. The inversion of
hypoxia-induced EMT was also observed in a murine melanoma model, where luteolin in-
hibited lung metastasis formation by stopping the β3 integrin/FAK signaling pathway [51].
Similarly, luteolin prevented hypoxia-induced EMT of human non-small cell lung carci-
noma cells (NSCLC; A549 and NCI-H1975 cell lines), as evidenced by a downregulation
of mesenchymal specific markers, such as vimentin and N-cadherin; contextually, lute-
olin treatment repressed cancer cell motility and adhesion, interfering with integrin β1
expression and with the FAK-signaling pathway [42].
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The ability of luteolin to reverse EMT in cancer cells is often enhanced by adding
other flavonoids, such as quercetin [86,87]. Indeed, a mixture of luteolin and quercetin
was able to attenuate (in a time- and dose-dependent manner) EMT-correlated events,
migration and invasiveness of human squamous carcinoma, both in vivo and in vitro,
by suppressing the Src/Stat3/S100A signaling pathway [86]. Similarly, the addition of
luteolin to quercetin inhibited metastasis of skin squamous carcinoma by blocking the
Akt/mTOR/c-Myc signaling pathway to suppress RPS19-activated EMT signaling [87].

In summary, luteolin appears capable to block or reverse EMT by acting on multiple
molecular targets, hindering the first steps of cancer spreading (Figure 4).

Figure 4. Luteolin interferes with the epithelial-mesenchymal transition. The flavone inhibits or
reverses EMT. TJs: Tights Junctions; AJs; Adherens Junctions.

4. Luteolin Suppresses Angiogenesis

Angiogenesis is the process by which new blood vessels form, starting from pre-
existing vasculature; this event depends on pro-angiogenic mediators, such as vascular
endothelial growth factor (VEGF), basic-fibroblast growth factor (bFGF), metalloproteases,
etc., and on negative regulators of angiogenesis, including thrombospondin and endo-
statin [88]. Angiogenesis plays a crucial role during a variety of physiological processes,
such as wound healing, embryonic development and pregnancy [88]. On the other hand,
neovascularization is a key event for pathological processes, such as tumor progression,
invasion and metastatic cascade [89]. This last aspect is pharmacologically relevant: in fact,
many authorized cancer therapies are directed against the tumor-associated vessels [89–92].

Several investigations demonstrate that various flavonoids—including luteolin—act
as negative regulators of VEGF and other pro-angiogenic factors [93–95]. For instance,
Cai and co-workers demonstrated that luteolin decreased VEGF secretion and VEGF
mRNA expression in pancreatic carcinoma cells (PANC-1, CoLo-357 and BxPC-3 cell
lines), via inhibition of the NF-κB transcriptional factor activity [48]. Furthermore, treating
human choroidal melanoma cells (C918 and OCM-1) with luteolin not only inhibited VEGF
expression, but also increased cancer cell death [54]. Additionally, an in vitro study on
breast cancer showed that luteolin, by interfering with Notch1 expression, inhibited VEGF
secretion from tumor cells, decreased endothelial cell migration, proliferation, and their
propension to form tube-like structures on a Matrigel layer [37]. Cook and co-coworkers
demonstrated the ability of luteolin to block the production of VEGF in human breast
cancer cells (T47-D and BT-474) responsive to (natural and synthetic) progestins, both
in vitro and in a xenograft model [28]. In a similar study, the authors showed that luteolin
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(in a dose- and time-dependent fashion) significantly reduced VEGF secretion in human
TNBC cells (i.e., MDA- MB-435 and highly aggressive MDA-MB-231 (4175) LM2), coupled
with a significantly decreased cell viability and reduced migration and invasion in vitro; at
the same time, the authors showed that the flavonoid inhibited lung metastasis formation
in a dedicated xenograft model [29].

The anti-proliferative/anti-mitotic effect on endothelial cells was also tested in infantile
haemangioma in vitro and in vivo, by using haemangioma-derived stem cells (HemSC) [58].
In detail, the results of this study demonstrated that luteolin suppressed VEGF expression
and inhibited HemSC growth in a dose-dependent manner, and, at the same time, the
flavonoid inhibited both angiogenesis and vasculogenesis, in a murine model, by acting on
the frizzled6 (FZD6) signaling pathway [58]. In prostate cancer, luteolin strongly suppressed
neovascularization in different experimental settings by inhibiting the activation of VEGFR-
2/AKT/ERK/mTOR/P70S6K signaling pathways [56]. In fact, it abolished angiogenesis in
an ex vivo chicken chorioallantoic membrane (CAM) assay and in a Matrigel plug assay;
in addition, the flavone suppressed both vascularization and growth of the tumor in a
xenograft model [56]. Moreover, luteolin inhibited different pathways of vascularization
in an in vitro model of uveal melanoma, including angiogenesis, vasculogenesis and
vasculogenic mimicry, by suppressing the PI3K/AKT signaling pathway [52].

As previously cited, miRs have a role in cancer evolution, including angiogenesis [85].
In an experimental model of NSCLC, luteolin repressed the expression of the rich element
binding protein B (PURB) and crucial proangiogenic factors, including VEGF and MMP-2/-
9, by overexpressing the miR-133a-p69 and by regulating MAPK and PI3K/Akt signaling
pathways [43]. In breast cancer, the flavonoid upregulated the biogenesis of miR-34a, miR-
181a, miR-139-5p, miR-224 and miR-246, while it decreased the level of miR-155, coupled
with a significant inhibition of VEGF/Notch signaling and MMPs downregulation [30].

Tumor growth and its progression also depend on proangiogenic factors secreted by
the surrounding microenvironment cells (e.g., fibroblasts, tumor associated macrophages
(TAMs), etc.) [8]. Fang et al. demonstrated that luteolin inhibited the ability of TAMs to
induce angiogenesis, thereby inhibiting tumor growth and its spreading, in both normoxic
and hypoxic conditions [96].

Taken together, these studies show promise for luteolin as a potent anti-angiogenic
agent, evading tumor evolution and metastatic cascade (Figure 5).

Figure 5. Luteolin blocks neovascularization. The flavonoid blocks angiogenesis by negative regula-
tion of pro-angiogenic mediators.
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5. Luteolin Slows down Extracellular Matrix Degradation

Lysis of extracellular matrix (ECM) molecules occurs through the proteolytic action
of a family of zinc-dependent metalloproteases (MMPs), facilitating angiogenesis and
promoting cancer cell invasion and dissemination [97–100]. Luteolin significantly inhibited
MMP-2 and MMP-9 (also known as gelatinases) and VEGF expression by suppressing
Notch signaling and by modulating specific miRs with a crucial role in breast cancer pro-
gression [30]. Another study showed that the flavonoid repressed the invasiveness of
androgen receptor-positive TNBC cells by epigenetically downregulating MMP-9 expres-
sion (due to a hypoacetylation of the histone H3) via the induction of the AKT/mTOR
signaling pathway [31]. A substantial downregulation of migratory propensity was also
reported in an in vitro model of human glioblastoma, where an unbalanced MMPs/TIMPs
ratio was attributed to inhibition of the pro-invasive p-IGF-1R/PI3K/AKT/mTOR signal-
ing pathway [59]. Furthermore, the flavonoid abolished MMP-2 and MMP-9 activity in a
concentration-dependent effect by suppressing pro-invasive Raf/PI3K signaling in murine
colorectal carcinoma (CRC) [64]. Recent studies have further reinforced the negative effect
of luteolin in CRC dissemination [65]. In fact, in in vitro and in vivo models of this tumor,
luteolin induced a downregulation of gelatinases and MMP -3 and -16 expression, coupled
with enhanced miR-384 biogenesis, as well as suppression of pleiotrophin (PTN), a small
cytokine with a polyhedral role in tumor evolution (PTN promotes cancer cell migration
and invasion, and stimulates angiogenesis) [65]. An independent research showed that the
flavonoid inhibited the spreading of GC, both in vitro and in a xenograft model, due to a
downregulation of MMP-9 associated to a suppression of cMet/Akt/ERK signaling [38].
Chemopreventive properties of the abovementioned compound were further supported
by a B16F10 mouse xenograft model, in which the levels of pro-metastatic markers, in-
cluding MMP-9, MMP-2 and CXCR4, were significantly decreased in the lung tissues
isolated from tumor-bearing nude mice after luteolin treatment [53]. Additionally, Shi and
co-workers showed that luteolin (in a dose-dependent manner) suppressed the prolifer-
ation, migration and invasion of human choroidal melanoma cells in vitro by blocking
the secretion of the gelatinases by cancer cells, essentially interfering with the PI3K/Akt
signaling pathway [55].

In conclusion, luteolin is able to interfere with different initial steps of the metastatic
cascade, including ECM degradation, angiogenesis and cell invasion, by blocking activation
pathways of MMPs (Figure 6).

Figure 6. Luteolin slows down ECM lysis. Cancer cell invasion is inhibited by luteolin through
suppression of proteases activity.
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6. Luteolin Induces Apoptosis

Apoptosis, a programmed cell death, is an essential mechanism involved in several
physiological conditions, including organ development and tissue homeostasis, due to its
role in controlling cell depletion, somehow opposing to mitosis in the regulation of cell prolif-
eration [101]. In the tumor context, the intricate machinery of apoptosis plays a polyhedral
role, ranging from malignant transformation of cells to metastatic cascade or overstepping
anticancer drugs’ resistance, thus suggesting that the balance of pro-survival and pro-death
pathways can be impaired at several steps of the apoptotic process [102]. Apoptosis can
occur through either the death receptor-mediated extrinsic pathway and/or the mitochondria-
mediated intrinsic route, both converging to caspases (cysteine-aspartate proteases) activation,
resulting in characteristic morphological and biochemical cellular changes [103].

Apoptotic cellular death can be triggered by different cellular events, including a
perturbation of the intracellular redox status, followed by reactive oxygen species (ROS)
overproduction and enhanced cellular oxidative stress [44,104]. In this regard, luteolin
exhibits pro-apoptotic effects on various cancer cells, acting both on antioxidant activ-
ity and on ROS overproduction [45,61,104,105]. Luteolin- induced accumulation of ROS,
suppressed NF-κB and potentiated JNK in an in vitro model of NCSLC, hence sensitiz-
ing lung cancer cells to TNF-triggered apoptosis [45]. Furthermore, luteolin caused an
overproduction of ROS, coupled with the release of cytochrome c from collapsed mito-
chondria, and with the activation of caspase-3 and -9 in cholangiocarcinoma cells [61].
These molecular changes were associated with inhibition of the Nrf2 transcription factor,
with resulting downregulation of its antioxidant target genes, including those encoding
γ-glutamylcysteine ligase and heme oxygenase-1 [61]. Kang and co-workers showed that
in vitro treatment of human colon cancer (CC) cells (HT-29 cell line) with luteolin was
able to cause apoptosis [105]. The authors described an upregulation of intracellular and
mitochondrial ROS and enhanced Bax/Bcl-2 ratio, followed by release of cytochrome c
from mitochondria to the cytosol and activation of caspase-9 and -3 [105]. Other studies
further support the pro-apoptotic effects of the flavone in cancer; in fact, HT-29 cells treated
with 60 μM of luteolin for 48 h showed an increased activation of caspase-3, -7, and -9 and
Poly-ADP ribose polymerase (PARP) cleavage, followed by the upregulation of several
members of the Bcl-2 protein family (Bcl-xL, Mcl-1, survivin, p21 and Mdm-2) [62]. Simi-
larly, luteolin induced apoptosis of human colon tumor cells (HCT-15 cell line), increasing
the Bax/Bcl-2 ratio and activating caspase-3 via Wnt/β-catenin/GSK-3β signaling [63].
The intrinsic pro-apoptotic effect of luteolin was also tested in an in vitro model of human
GC [39]. In detail, upon exposure to high concentration of the flavonoid (60 μM), GC
cells (BGC-823 cell line) showed a significant increase of the Bax/Bcl-2 ratio, coupled with
the release of cytochrome c from mitochondria and consequent caspases activation [39].
These molecular events were correlated with the suppression of PI3K/MAPK signaling
pathways [39]. In a very extensive study, luteolin treatment induced apoptosis in HeLa
cells, by either the intrinsic or extrinsic pathways [106]. Indeed, increased expression of
various pro-apoptotic factors, including BAX, BAD, BID, APAF1, TRADD, FAS, FADD,
Caspase-3 and -9, correlated with a reduction of anti-apoptotic mediators, such as MCL-1
and BCL-2. Additionally, in this experimental context, luteolin was found to suppress the
AKT/mTOR and MAPK/ERK1/2 pathways, highlighting the pro-apoptotic features of
protein p53 [106]. Interestingly, luteolin triggered apoptosis through the downregulation
of the human telomerase reverse transcriptase (hTERT) via the NF-κB/c-Myc pathway,
which correlated to increased Bax/Bcl-2 ratio and caspase-3 protein expression in human
breast cancer cells [32]. Another study, performed in HL-60 leukemia cells, demonstrated
that luteolin caused a hyperacetylation of histone H3 by activating the ERK and JNKs
pathways, with consequential increase of Fas and FasL expression, followed by caspase-8
and -3 activation [66].

In addition to the modulation of transcription events and/or epigenetic changes,
several miRs are integrated into critical pathways of cancer spreading [107]. Accordingly,
in vitro studies by Han and collaborators demonstrated that luteolin induced apoptosis
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in prostate cancer (PC3 and LNCaP cell lines) through downregulation of miR-301, cou-
pled with the expression of pro-death DNA-binding effector domain-containing protein 2
(DEDD2) [57]. Another study showed that administration of the flavone to human breast
cancer cells (MCF-7) modulated the level of miR-21 and miR-16, reducing cell viability in a
dose- and time-dependent manner, but also inducing apoptosis through the intrinsic and
extrinsic pathways via upregulation of Bax/Bcl-2 expression [33]. Furthermore, luteolin
decreased Bcl-2 expression by upregulating miR-34a in human GC (BGC-823 and SGC-7901
cell lines) [40]. Moreover, Jiang and co-workers demonstrated that luteolin triggered in-
trinsic apoptosis in NSCLC, in both in vitro and in vivo studies, by enhancing the level of
miR-34a-5p and targeting the oncogene MDM4, thus indirectly increasing the availability
of the pro-apoptotic features of p53 and p21 [46].

Several cancers acquire drug resistance through different mechanisms, including
involvement of PI3K/Akt pathway and tyrosine-kinases activation [4,108–110]. Thus, in-
hibition of PI3K/Akt pathway seems to be crucial to stop cancer progression. Indeed,
Lin and co-workers showed that luteolin suppressed PI3K/Akt phosphorylation in an
in vitro model of human breast cancer (MCF-7 cells), through the induction of forkhead
box O3 (FOXO3a), followed by DNA damage; all these events culminated in mitochondrial
apoptotic cascade [34]. The epidermal growth factor receptor (EGFR) is a tyrosine kinase
receptor which is commonly upregulated in several types of carcinoma [111]. Various
tyrosine kinases inhibitors (TKIs) can suppress EGFR phosphorylation and, consequently,
suppress its downstream signaling pathways, including ERK and AKT, with the final effect
of inducing apoptosis [112]. Nevertheless, first responses to TKIs (or even to EGFR anti-
bodies) are followed by acquisition of drug resistance for several cancer types. Therefore,
studies are consistently searching for new therapeutic alternatives [4,110]. In this scenario,
medicinal plants extracts, including luteolin, have been ascribed surprising efficacy as
promising anticancer and anti-metastatic compounds [5]. For example, human ductal
pancreatic cancer cells (MiaPaCa-2) treated with luteolin showed a markedly decreased acti-
vation of EGFR and its downstream protein kinases activity; indeed, treated cells exhibited
typical apoptosis features, such as shrinkage of the cell morphology, PARP cleavage and
DNA fragmentation [49]. Similarly, luteolin attenuated cell proliferation and growth by
inhibiting EGFR/MAP/ERK phosphorylation in an in vitro model of human glioblastoma
(U-87 MG and U-251 MG cell lines), inducing apoptosis via PARP cleavage and activation
of caspase cascade [60].

To sum up, the anti-metastatic effect of luteolin may depend on its ability to stim-
ulate both intrinsic and extrinsic pathways of apoptosis, by promoting an increase of
Bax/Bcl-2 ratio, cytochrome c release and the activation of caspases cascade, by modulating
the expression of oncogenic miRs and, in some cases, by overstepping drug resistance
(Figure 7).

Figure 7. Luteolin induces apoptosis in cancer cells. Both the extrinsic and intrinsic pathways are
triggered by luteolin.
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7. Conclusions and Perspectives

Luteolin is able to quench the initial steps of the metastatic cascade. In fact, it inhibits
EMT, tumor-associated angiogenesis and ECM degradation. Furthermore, by targeting
multiple cellular signals, this flavone induces apoptosis in malignant cells through both
the intrinsic pathway and receptor-mediated extrinsic route, with minimal side effects
and insignificant toxicity on normal cells [71]. Additionally, luteolin is not only able to
overstep drug resistance, but also represents a good adjuvant to other flavonoids, including
quercetin [86,87]. However, most of the known activities of luteolin have been investigated
only in vitro and/or in animal models, except for a very few non-oncology clinical studies
in humans [113–118]. Besides, to date, no clinical trials using luteolin as cancer therapy
have been performed yet. The main challenges faced by investigators to test this compound
in cancer studies include limited funding, absence of product consistency, contamination,
and manufacturing difficulties. Indeed, its biological applications are currently limited,
due to its hydrophobic nature, although improvement of luteolin bioavailability could
be achieved by using nanostructured lipid carriers, microemulsions, and other similar
devices [118–121]. Since preclinical experiments strongly advise for the potential efficacy of
luteolin in cancer treatment, the development of strategies that improve its bioavailability,
increase its efficacy and decrease its toxicity, will support future clinical studies.
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Abbreviations

Akt Protein-kinase B
Bax BCL2 associated X, apoptosis regulator
Bcl-2 B-cell lymphoma 2
bFGF Basic-fibroblast growth factor
CAM Chorioallantoic membrane
Caspases Cysteine-aspartate proteases
CC Colon cancer
C-Myc bHLH transcription factor
CXCR4 C-X-C motif chemokine receptor-4
DNA Deoxyribonucleic Acid
EGFR Epidermal growth factor receptor
ECM Extracellular matrix
EMT Epithelial-mesenchymal transition
ERK1/2 Extracellular-regulated kinase1/2
FAKs Focal adhesion kinases
FZD6 Frizzled family receptor 6
GC Gastric cancer
GSK-3β Glycogen synthase kinase 3-beta
HIF1/2 Hypoxia-inducible factor 1/2
hTERT human telomerase reverse transcriptase
HUVECs Human umbilical vein endothelial cells
IL-6 Interleukin 6
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JNK Jun N-terminal kinase
MAPK Mitogen-activated protein kinase
MEK MAP kinase-ERK kinase
miRs MicroRNA
MMPs Metalloproteases
mRNA Messenger ribonucleic acid.
mTOR Mammalian target of rapamycin
NF-κB Nuclear factor-κappaB
Notch Signal transducer and activator of transcription
NSCLC Non-small cell lung carcinoma
PARP Poly-ADP ribose polymerase
PI3K Phosphatidylinositol-3-kinase
Raf Rapidly accelerated fibrosarcoma
Ras Small guanosine triphosphatases
Snail Snail homolog 1/2 of drosophila
ROS Reactive oxygen species
RPS19 Ribosomial protein S19
Src Proto-oncogene tyrosine-protein kinase
STAT3 Signal transducer and activator of transcription-3
TGF-β Transforming growth factor-beta
TIMPs Tissue inhibitors of metalloproteases
TNBC Triple-negative breast cancer
TNF Tumor necrosis factor
TWIST Twist family bHLH transcription factor
VEGF Vascular endothelial growth factor
VEGFR2 Vascular endothelial growth factor receptor-2
ZEB Zinc finger E-box binding homeobox
ZO-1 Zonula Occludens-1
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Abstract: The purple tomato variety ‘Indigo Rose’ (InR) is favored due to its bright appearance,
abundant anthocyanins and outstanding antioxidant capacity. SlHY5 is associated with anthocyanin
biosynthesis in ‘Indigo Rose’ plants. However, residual anthocyanins still present in Slhy5 seedlings
and fruit peel indicated there was an anthocyanin induction pathway that is independent of HY5
in plants. The molecular mechanism of anthocyanins formation in ‘Indigo Rose’ and Slhy5 mutants
is unclear. In this study, we performed omics analysis to clarify the regulatory network underlying
anthocyanin biosynthesis in seedling and fruit peel of ‘Indigo Rose’ and Slhy5 mutant. Results showed
that the total amount of anthocyanins in both seedling and fruit of InR was significantly higher than
those in the Slhy5 mutant, and most genes associated with anthocyanin biosynthesis exhibited higher
expression levels in InR, suggesting that SlHY5 play pivotal roles in flavonoid biosynthesis both in
tomato seedlings and fruit. Yeast two-hybrid (Y2H) results revealed that SlBBX24 physically interacts
with SlAN2-like and SlAN2, while SlWRKY44 could interact with SlAN11 protein. Unexpectedly, both
SlPIF1 and SlPIF3 were found to interact with SlBBX24, SlAN1 and SlJAF13 by yeast two-hybrid assay.
Suppression of SlBBX24 by virus-induced gene silencing (VIGS) retarded the purple coloration of the
fruit peel, indicating an important role of SlBBX24 in the regulation of anthocyanin accumulation.
These results deepen the understanding of purple color formation in tomato seedlings and fruits
in an HY5-dependent or independent manner via excavating the genes involved in anthocyanin
biosynthesis based on omics analysis.

Keywords: anthocyanin biosynthesis; purple tomato; HY5; MBW; PIFs

1. Introduction

Anthocyanins comprise a class of primary hydrosoluble pigments belonging to
flavonoids, which are widely distributed in plants and confer various colorations in fruit,
flower, seed and leaf. Anthocyanins are essential antioxidants that not only play their
crucial roles in protecting plants from various biotic and abiotic stressors (i.e., cold, drought,
UV irradiation, pathogen) but also contribute to decreasing the risk of certain types of
cardiovascular and neurodegenerative diseases and cancer in the human body [1–3]. An-
thocyanin biosynthetic pathways have been intensively studied in many species, and
various structural genes and transcription factors have been well characterized in a strongly
conserved pathway [4–6]. The regulation of anthocyanin biosynthesis is controlled by early
biosynthetic genes (i.e., phenylalanine ammonia-lyase (PAL), 4-coumaryl:CoA ligase (4CL),
chalcone synthase (CHS), chalcone isomerase (CHI) and flavanone 3-hydroxylase (F3H))
and late biosynthetic genes (i.e., flavonoid 3′5′-hydroxylase (F3′5′H), dihydroflavonol
4-reductase (DFR), anthocyanidin synthase (ANS), glutathione-S-transferase (GST) and
flavonol-3-glucosyltransferase (3GT)) [7]. Most genes involved in anthocyanins biosynthe-
sis could be activated or repressed by specific transcription factors as well as controlled
by a ternary MYB–bHLH–WD repeat (MBW) transcriptional complex, which consists
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of basic helix-loop-helix (bHLH) R2R3-MYB transcription factors and WD40-repeat pro-
teins [8]. In addition, other regulatory factors, such as HY5, ERFs, PIFs, BBXs, and WRKYs,
also participated in the regulation of anthocyanin biosynthesis [9–12]. Previous studies
have proved that AtBBX21, AtBBX22 and AtBBX23 induced the accumulation of antho-
cyanins in Arabidopsis [13–16], while AtBBX24, AtBBX25 and AtBBX32 inhibit anthocyanin
accumulation [17–19]. SlBBX20 directly binds the promoter of the anthocyanin biosyn-
thesis gene SlDFR to enhance anthocyanin biosynthesis in tomato fruits [20]. MdBBX22
induced mdm-miR858 expression via bounding to its promoter, thus governing antho-
cyanin accumulation in apples [21]. Additionally, members of the B-box (BBX) protein
family (i.e., BBX18/20/21/23/24/33) directly conjunct with HY5 cooperatively regulate an-
thocyanin synthesis in Arabidopsis [22]. Furthermore, results showed that a WRKY gene
negatively regulates the complex MYB-bHLH-WD40 petunia (Petunia hybrida) and Ara-
bidopsis thaliana [23]. PpWRKY44 could significantly promote light-induced anthocyanin
accumulation in red pear fruit via binding to the promoters of PpMYB10 [24].

The tomato (Solanum lycopersicum) is one of the most consumed vegetable products
around the world. In most of the cultivated tomatoes, anthocyanins are generally unde-
tectable in fruit. Cultivation attempts have been made to improve the anthocyanin content
in tomato fruit. ‘Indigo Rose’ (InR), a purple tomato variety that contains the Aft locus
and recessive atv locus, exhibits a high-level accumulation of anthocyanin on the fruit
peel in a light-dependent manner [25]. Thus, ‘Indigo Rose’ has been frequently taken to
underly the molecular mechanism of anthocyanin synthesis in purple tomato fruit [26–28].
Previous studies revealed R2R3-MYB transcription factor SlAN2-like as an active and critical
regulator of anthocyanin biosynthesis, while SlMYBATV was identified as the regulatory
repressor via competing for the binding of SlAN2-like to SlAN1 [27].

HY5 (Elongated Hypocotyl 5), as a vital regulator of light-dependent development in
higher plants, exhibits a dominant function in hypocotyl elongation and lateral root devel-
opment as well as pigment accumulation [29]. To date, most of the genes and transcription
factors involved in anthocyanin regulation were highly associated with HY5. The HY5 pro-
tein directly binds to either G-box or ACE-box in the promoters of anthocyanin biosynthetic
genes such as CHS and DFR, then activates their expression, positively regulating antho-
cyanin accumulation [30]. CaHY5 can bind to the promoter of CaF3H, CaF3′5′H, CaDFR,
CaANS and CaGST, which are well related to anthocyanin biosynthesis or transport, and
thereby promote anthocyanin accumulation in pepper hypocotyl [31]. However, residual
anthocyanins have still been present in hy5 mutants of Arabidopsis, which indicates that
there is an anthocyanin induction pathway that is independent of HY5 in plants [30,32].
This result has been well proved in Slhy5 mutants of tomatoes via analyzing the transcrip-
tome of multiple tissues, which has found eight candidate transcription factors were likely
involved in anthocyanin production in tomatoes in an HY5-independent manner [11]. In
the present study, we found that anthocyanins accumulated on the surface of hypocotyls
in InR tomato seedlings, but not Slhy5 seedlings, at cotyledon emergence. Unexpectedly,
residual anthocyanins also accumulated both in the cotyledon and hypocotyls of Slhy5
seedling, which displayed obvious spatiotemporal specificity. Meanwhile, the InR fruit
peel accumulated large amounts of anthocyanins, particularly in the light-exposing part,
while Slhy5 contained a lower anthocyanin content on the peel of the fruit shoulder and
no anthocyanins accumulated in the peel of the shading part. Therefore, whether other
transcription factors substitute or compensate for HY5 to regulate the anthocyanin accumu-
lation? Advances in transcriptomics and metabolomics play pivotal roles in uncovering
complex biological mechanisms of diversified pathways in plants [33,34].

The objectives of this study were to reveal the anthocyanin variation in seedlings and
fruit of tomato (‘Indigo Rose’ (InR) and Slhy5 mutants) at different developmental stages
and excavate the candidate HY5-dependent or independent transcription factors involved
in anthocyanin biosynthesis in the seedling and fruit via omics analysis.
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2. Results

2.1. Morphological Characterization of InR and Slhy5 Seedling and Fruit

On the stage in which hypocotyl emergence and cotyledons still close, the surface of
hypocotyls of InR seedlings exhibited purple color, whereas Slhy5 seedlings displayed white
color (hardly accumulate anthocyanins) and longer hypocotyl (Figure 1a and Figure S1). Consid-
erable anthocyanins accumulation was observed in cotyledons and hypocotyls of InR seedlings
once exposed to light (Figure 1a and Figure S1). However, Slhy5 seedlings developed an oppo-
site phenotype and displayed obvious spatiotemporal specificity in anthocyanin production.
Briefly, in Slhy5 seedlings, the anthocyanin accumulated first in the upper part of the hypocotyls
and then gradually developed in the lower part in a light-dependent manner (Figure 1a and
Figure S1). The anthocyanin content both in cotyledons and hypocotyls of Slhy5 seedlings was
lower than those of InR seedlings, respectively (Figure 1c and Figure S1).

Figure 1. Morphological characterization of InR and Slhy5 seedling and fruit. (a) Photograph showing
the seedling phenotypes of different stages of InR and Slhy5 seedlings for 4–7 days. (b) The phenotype
of fruit from InR and Slhy5 mutants at the mature green-mature stage and fully mature stage.
(c) The anthocyanin content of InR and Slhy5 seedling in different tissues. (d) The anthocyanin
content of InR and Slhy5 fruit s at the green-mature stage and fully ripened stage both in peel and
flesh. Error bars indicate SD (n > 3).

Anthocyanin content just accumulated in peels at the green-mature stage and fully
mature stage in InR and Slhy5 fruits, and few anthocyanins were found in the fruit flesh
(Figure 1b,d and Figure S2). Additionally, higher anthocyanins accumulated in the light-
exposing peel part of InR fruits than in the shading part (Figure 1b,d). Unexpectedly,
residual anthocyanins have still been present in the peel of the Slhy5 fruit shoulder, though
the anthocyanins contents were lower than the InR fruit peel. However, anthocyanin
accumulation was hardly detected in the shading peel part of the Slhy5 fruit (Figure 1b,d).
These observations suggested that Slhy5 had a predominant role in tomato pigmentation in
a light-dependent manner, and there might be some regulators controlling anthocyanin
biosynthesis in an HY5-independent manner.
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2.2. Changes of Metabolites and Genes Expression in the Cotyledon of InR Seedlings and Slhy5 Seedlings

The color of cotyledon and hypocotyl was transformed continuously from green to
purple during seedling development in InR seedlings and Slhy5 seedlings. To explore
the changes of metabolites and gene expression during InR and Slhy5 seedling develop-
ment, metabolic and transcriptome analysis of cotyledon, the upper and lower part of
the hypocotyl were carried out at different developmental stages, respectively (Figure 1a).
PCA was performed on detected metabolites to demonstrate the similarity in metabolic
profiles among the samples (Figure S3). In the two-dimensional PCA plot, three biological
replicates of each sample tended to group, indicating the high reproducibility of the gen-
erated metabolome data (Figure S3). Many metabolites and genes in the seedling varied
considerably in terms of different tissues of different varieties. Therefore, variation of
metabolites and gene expression in three parts (cotyledon, upper and lower part of the
hypocotyl) of InR seedlings and Slhy5 seedlings was investigated, respectively.

Four metabolite groups were observed in cotyledon based on the level of annotation
of metabolite similarity. Group 1, which metabolites levels of InR seedlings cotyledon
(W_2_C) were obviously higher than those in Slhy5 seedlings (H_2_C, H_3_C and H_4_C),
including tulipanin, rutin, butin etc., belonged to flavonoids, flavones and flavonols,
anthocyanins according to KEGG analyses (Figure S4). So, anthocyanins and flavonoids
might be responsible for the distinction of purple coloration of cotyledon between InR and
Slhy5 seedlings.

The transcriptome data validated the authenticity and accuracy of the metabolic
analysis. A weighted gene co-expression network analysis (WGCNA) was performed on
the genes of cotyledon. A slight relationship with purple coloration was displayed in the
green module (Figure 2b), and the genes related to this module were annotated according to
KEGG pathway enrichment analysis, which involved the flavonoid biosynthesis pathways
(Figure 2c). Anthocyanins metabolism-related transcriptional factors (i.e., SlAN1, SlAN2,
SlAN2-like) and the structural genes (i.e., SlPAL, Sl4CL, SlCHS, SlCHI, SlDFR, SlANS)
displayed higher expression levels in the cotyledon of InR seedlings than Slhy5 seedlings
(Figure 2c,d). Meanwhile, the expression of these genes increased with the development of
Slhy5 seedlings cotyledon, which is consistent with the increasing trend of flavonoid and
anthocyanins contents (Figure 2c,d).

2.3. Changes of Metabolites and Genes Expression in the Upper Part of the Hypocotyl of InR
Seedlings and Slhy5 Seedlings

In the upper part of hypocotyl, the differential metabolites in group 1, which was
positively correlated and had similar consistent patterns with the purple coloration in
the hypocotyl, also contained a variety of flavonoids such as petunidin 3-O-glucoside,
tulipanin, isotrifoliin (Figure 3a). The KEGG enrichment analysis displayed that the terms
‘Flavone and flavonol biosynthesis’, ‘Photosynthesis’, ‘Anthocyanin biosynthesis’, ‘Vitamin
B6 metabolism’, and ‘Starch and sucrose metabolism’ were significantly enriched in the
Group 1 (Figure S5). WGCNA identified genes in the black module with significant
co-expression with the biosynthesis of the metabolite in the flavonoid pathway, which
was responsible for the purple coloration observed in the upper part of the hypocotyl
(Figure 3b).

KEGG enrichment analysis was performed on the genes in the black module and
showed that these DEGs were enriched mainly in flavonoid biosynthesis pathways
(Figure 3c). Consistent with the data from the transcriptomic analysis, both the antho-
cyanin positive regulatory genes, such as SlAN2, SlAN2-like, SlAN1I and SlAN11 (except
for the negative regulatory genes SlMYB7, SlMYB3 and SlMYB32) and the anthocyanin
biosynthetic genes, including SlPAL, Sl4CL, SlCHS, SlCHI, SlF3H, SlF3’H, SlDFR, SlANS and
Sl3GT (Figure 3d,e), exhibited much higher expression in the upper part of InR seedlings
hypocotyl than those of Slhy5 seedlings. Compared with H_1_HU and H_2_HU, the genes
involved in anthocyanins under H_4_HU and H_3_HU displayed higher expression levels
(Figure 3d,e).
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Figure 2. Differentially accumulated metabolites (DAMs) accumulation pattern consisted of the color
variations during seedling development of cotyledon (a). The genes in the green module consisted of
color variations during the seedling development of cotyledon (b). Top 20 enriched KEGG pathway
enrichment of the genes in green module (c). The FKPM values of the transcriptional factors (d) and
the structural genes (e) related to flavonoid and anthocyanin biosynthesis.
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Figure 3. Differentially accumulated metabolites (DAMs) accumulation patterns consisted of color
variations during seedling development of the upper part of the hypocotyl (a). The genes in the green
module consisted of color variations during seedling development of the upper part of the hypocotyl
(b). Top 20 enriched KEGG pathway enrichment of the genes in black module (c). The FKPM values
of the transcriptional factors (d) and the structural genes (e) related to flavonoid and anthocyanin
biosynthesis.

2.4. Changes of Metabolites and Genes Expression in the Lower Part of the Hypocotyl of InR
Seedlings and Slhy5 Seedlings

Similarly, annotated metabolites in the lower part of the hypocotyl could be divided
into several large groups based on similar variation tendencies, respectively. Among
these metabolites, group 1 metabolites were present in higher levels in InR seedlings
than in Slhy5 seedlings, which were consistent with the color variations during seedling
development. These metabolites include petunidin 3-O-glucoside, tulipanin and isotrifoliin
(Figure 4a). KEGG analysis showed that these metabolites in different parts of the seedling
were mainly enriched in flavone and flavonol biosynthesis and anthocyanin biosynthesis
(Figure S6). The genes in mode marked by pale turquoise color according to WGCNA
analysis of transcriptomic data from the lower part of the hypocotyl were consistent with
the increasing trend of anthocyanin contents (Figure 4b). The KEGG enrichment analysis
showed that the term ‘flavonoid biosynthesis’ pathway was significantly more pronounced
(Figure 4c). Meanwhile, the expression levels of anthocyanin biosynthesis genes in the lower
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part of InR hypocotyl were higher than Slhy5 (Figure 4d,e). In addition, the expression
of most anthocyanin biosynthetic genes in the lower part of the Slhy5 seedling hypocotyl
under different stages exhibited the following trend: H_4_HD ≈ H_3_HD > H_2_HD >
H_1_HD.

Figure 4. Differentially accumulated metabolites (DAMs) accumulation patterns consisted of color
variations during seedling development of the lower part of the hypocotyl (a). The genes in the green
module consisted of color variations during seedling development of the lower part of the hypocotyl
(b). Top 20 enriched KEGG pathway enrichment of the genes in the pale turquoise module (c). The
FKPM values of the transcriptional factors (d) and the structural genes (e) related to flavonoid and
anthocyanin biosynthesis.

2.5. Changes of Metabolites and Genes Expression in Different Parts of Slhy5 Seedling

Based on WGCNA analysis, we identified a module (marked in cyan) whose gene ex-
pression pattern was associated with the phenotype of anthocyanin synthesis in Slhy5
seedlings at the third and fourth development stages (Figure 5a,b). Twenty-one co-
expressed genes in the cyan module were significantly correlated with pigment accu-
mulation in Slhy5 seedlings. These indicated that bHLH (SlAN1) was a hub gene involved
in the positive regulation of flavonoid metabolism in Slhy5 seedlings (Figure 5c), possibly
by affecting structural node genes, such as SlCHI, SlCHS, SlAN3, SlDFR and SlRT, etc.
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Figure 5. Hierarchical cluster tree showing seven modules obtained by WGCNA in Slhy5 seedlings
(a). Differential expression of genes in the accumulation pattern consisted of color variations during
seedling development of Slhy5 seedlings (b). Interaction network of DEG in the cyan model in Slhy5
seedling (c).

2.6. Screening of Differentially Expressed Genes of Tomato Fruit

Similar to seedlings, residual anthocyanin production was also observed in the peel of
the Slhy5 fruit shoulder, whereas anthocyanin was almost undetectable in the shading part
of the Slhy5 fruit (Figure 1b,d). To underly gene expression changes over the fruit peel of
InR and Slhy5, RNA-Seq analysis was conducted. The number of differentially expressed
genes had a very high variance among InR and Slhy5 fruit peel. Regarding WT-S-vs-slhy5-S
(purple-colored peel of InR fruit compared to purple-colored peel of Slhy5 fruit), a total of
2995 DEGs, including 1360 up- and 1635 down-regulated genes were detected (Figure S7).
These genes were enriched in KEGG pathways related to photosynthesis, carbon fixation
in photosynthetic organisms, phenylpropanoid biosynthesis, phenylalanine metabolism,
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flavonoid biosynthesis and flavone and flavonol biosynthesis (Figure 6a), which the gene
FKPM values in InR fruit peel was higher than those of Slhy5 (Figure 6c,d). These results
well demonstrated the importance of HY5 in the color formation (both green and purple)
of tomato fruits.

Figure 6. KEGG enrichment of differential genes in WT-S vs. Slhy5-S (a) and Slhy5-S vs. Slhy5-N (b).
The FKPM values of the transcriptional factors (c) and the structural genes (d) related to flavonoid
and anthocyanin biosynthesis.

Meanwhile, to further investigate the DEGs related to Slhy5 fruit peel coloration,
we compared the FPKM values of Slhy5-S-vs-Slhy5-N (purple-colored peel compared to
white-colored peel in Slhy5 fruit). A total of 2393 DEGs were identified from the groups
of Slhy5-S-vs-Slhy5-N (Figure S7). According to KEGG enrichment analysis, the 20 top-
ranked pathways contributed by these DEGs were photosynthesis, carbon fixation in
photosynthetic organisms, porphyrin and chlorophyll metabolism, flavonoid biosynthesis,
phenylpropanoid biosynthesis, flavone and flavonol biosynthesis, carotenoid biosynthesis
and phenylalanine metabolism. A set of genes involved in flavonoid metabolism in the
light-exposing part of the Slhy5 fruit peel displayed a higher expression level than the
shading part (Figure 6b). Therefore, we predicted that the flavonoid biosynthesis pathway
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was leading to the purple peel coloration in Slhy5 fruit peel, that was proved that other
genes or TFs were involved in anthocyanin biosynthesis in an HY5-independent manner.

To further verify expression patterns of the DEGs in seedlings and fruit, the genes
SlAN1, SlPAL, SlCHS, SlCHI, SlF3H, SlDFR, SlANS, Sl3-GT, SlAAC and SlGST were used
for qRT-PCR verification (Figure S8). The qRT-PCR results were consistent with the tran-
scriptomic analysis results.

2.7. The Genes Involved in the MYB-bHLH-WD40 (MBW) Complex That Activates
Anthocyanidins in Tomato Fruit

To explore the regulation of flavonoid metabolism, the possible interaction of flavonoid
metabolism-related genes was tested utilizing yeast two-hybrid (Y2H) assays. SlPIF1,
SlPIF3, SlAN2-like, SlAN2, SlAN11, SlAN1, SlHY5, SlJAF13, SlBBX24 and SlWRKY44 were
selected for the candidate genes based on the RNA Sequencing results, which might
contribute to anthocyanin biosynthesis. We found that SlBBX24 physically interacts with
SlAN2-Like and SlAN2 but not with SlAN11 in yeast, while SlWRKY44 could interact with
SlAN11 protein only and showed no affinity for other genes. Additionally, these results
indicated that SlBBX24 could interact with SlPIF1 and SlPIF3 but not SlPIF4. Unexpectedly,
SlAN1 and SlJAF13 displayed the same physical interaction, which could interact with
both SlPIF1 and SlPIF3 (Figure 7).

Figure 7. Yeast two-hybrid assay of the protein interactions between candidate genes involved in the
components of the MBW complex that activates anthocyanidins in tomato.

2.8. SlBBX24 Physically Interacts with Regulators of Light Signaling and Anthocyanin Biosynthesis

To further explore whether SlBBX24 physically interacts with regulators of light signal-
ing and anthocyanin biosynthesis, we conducted bimolecular luciferase complementation
imaging (LCI) assays in Nicotiana benthamiana leaves. Luminescence was observed in
leaves that co-expressed SlBBX20-nLUC and cLUC-SlHY5, cLUC-SlPIF1, cLUC-SlPIF3,
cLUC-SlAN2-like, cLUC-SlAN2, cLUC-SlAN11. LUC signals were not detectable in the
three controls. These results suggest that SlBBX24 associates with the transcription fac-
tors involved in the light-signaling pathway (SlHY5, SlPIF1, SlPIF3) and anthocyanin
biosynthesis (SlAN2-like, SlAN2, SlAN11) in living plant cells (Figure 8).

2.9. SlBBX24 May Be Involved in Anthocyanin Accumulation in Tomato Fruit Peels

To investigate whether the biosynthesis of anthocyanin is regulated by candidate
genes, a target gene of SlBBX24 was silenced by the VIGS approach. Compared to the
empty vector control, the expression of SlBBX24 was reduced at 7 days after infiltration,
and anthocyanin was less vibrant than that of control fruits (Figure 9). qRT-PCR analyses
were performed to test the expression changes of the genes involved in anthocyanin
biosynthesis. As shown in Figure 8, silencing of SlBBX24 inhibited the expression levels of
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anthocyanin structural genes, including EBGs (SlC4L and SlCHS1) and LBGs (SlDFR and
SlANS) as well as the positive regulators (SlAN1, SlAN2, SlAN2-like, SlAN11, SlHY5), and
increased the expression levels of negative regulators (SlMYBATV, SlTRY and SlMYB76)
(Figure 9). Therefore, it suggests that SlBBX24 might be one of the important regulators in
the regulatory chain of anthocyanin biosynthesis in tomato fruit.

Figure 8. Interactions between SlBBX20 and SlHY5 (a), SlPIF1 (b), SlPIF3 (c), SlAN2-like (d), SlAN2
(e), SlAN11 (f) in firefly luciferase complementation imaging (LCI) assays in planta.

Figure 9. Analysis of VIGS of the SlBBX24 gene. (a) Suppression of SlBBX24 by virus-induced gene
silencing (VIGS) retarded the purple coloration of the tomato fruit peel. (b) Relative expression of
SlBBX24 in fruit peels of TRV2-inoculated and TRV2-SlBBBX24-inoculated for 7 days. (c–e) Relative
expression of anthocyanin structural genes of fruit peels of TRV2-inoculated and TRV2-SlBBX24-
inoculated for 7 days. Statistically significant differences between the purple zone and the green zone
were determined by Student’s t-test. (*** p < 0.001, ** p < 0.01, * p < 0.05).

3. Discussion

3.1. Flavonoids Might Be Attributed to Major Color Differences among InR and Slhy5 Mutant
Seedlings and Fruit Peel

In recent years, integrated metabolomic and transcriptomic analyses as efficient tools
to underly the molecular mechanisms of key metabolic pathways in plants [35–38]. A
detailed description of secondary metabolic changes occurring in the whole germinated
seeds as well as cotyledons, hypocotyls and roots from 3 to 9 days old tomato seedlings via
LCMS profiling, which provided a new perspective to study metabolic networks controlling
flavonoid biosynthesis in tomato [39]. The metabolite variants across 20 major tomato
growth tissues and stages were explored by combining transcriptome and metabolome
approaches, which verified novel transcription factors that control steroidal glycoalkaloids
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and flavonoid pathways [40]. In the present study, an integrated analysis of the transcrip-
tome and metabolome was conducted to reveal the differences between wild-type (InR) and
Slhy5 seedlings at different growth and development stages. A total of 987 metabolic com-
ponents were accumulated specifically in InR and Slhy5 seedlings, of which amino acids
and organic acids, flavanones, flavones and isoflavonoids accounted for a large proportion
(Table S2). Flavonoids, a product of the phenylpropanoid metabolism pathway, are exten-
sively distributed in numerous plants and are composed of various subclasses, including
flavanones, flavones, isoflavonoids, anthocyanins and flavonols. Anthocyanins, as a key
flavonoid subgroup, are responsible for pigmentation in flowers, fruit, seed, and leaf [4].
Our metabolic profiling found metabolites in different parts of the seedling was mainly
enriched in flavone and flavonol biosynthesis (Figure 2). Meanwhile, levels of flavonoids,
including anthocyanins, in InR seedlings were obviously higher than those of Slhy5
(Table S2). A KEGG analysis in WT-S-vs-Slhy5-S, Slhy5-S-vs-Slhy5-N were related to phenyl-
propanoid biosynthesis, phenylalanine metabolism, flavonoid biosynthesis and flavone
and flavonol biosynthesis (Figure 5a). These genes were enriched in KEGG pathways
related to photosynthesis, carbon fixation in photosynthetic organisms, phenylpropanoid
biosynthesis, phenylalanine metabolism, flavonoid biosynthesis and flavone and flavonol
biosynthesis (Figure 5a), and the gene FKPM values in InR fruit peel was higher than those
of Slhy5. These results were well indicated that the main pigment components in InR and
Slhy5 seedlings and fruit peel were flavonoids.

3.2. SlHY5 Acts as a Master Regulator to Control Anthocyanin Biosynthetic in Seedlings and
Fruit of Tomato

Anthocyanin biosynthetic genes are regulated directly by the MBW complex consisting
of MYB, bHLH and WDR proteins. Aft and Atv are two important loci that are well-associated
with anthocyanin biosynthesis in tomatoes. MYB TFs occupy the major determinant position
in the control network of anthocyanin biosynthesis and have been well demonstrated [41,42].
Four R2R3 MYB TF genes (SlAN2, SlANT1, SlANT1-like and SlAN2-like) were previously
identified to regulate anthocyanin biosynthesis in tomatoes [43–45]. Two bHLH TFs, SlAN1
and SlJAF13, were recently reported to regulate anthocyanin production [46]. Otherwise, a
tomato WDR protein, SlAN11, was also involved in anthocyanin synthesis [47].

HY5 was well characterized as a positive regulator of anthocyanin synthesis in a
light-dependent manner. Knock-down SlHY5 transcription significantly reduced the antho-
cyanin levels both in seedlings and fruit of tomatoes [11]. HY5 is involved in the regulation
of anthocyanin biosynthesis by directly binding to MYB transcription factors, such as
the production of flavonol glycosides (MYB12/PFG1 and MYB111/PGF3), production of
anthocyanin pigment1 (MYB75/PAP1) and MYB-like Domain (MYBD) [48]. HY5 activates
the expression of PAP1 expression via direct binding to G-and ACE-boxes in the promoter
region, positively inducing the accumulation of anthocyanin in Arabidopsis [22]. Consis-
tently, PyHY5 alone or interacted with PyBBX18 activates the expression of PyMYB10 and
PyWD40, which subsequently regulate the anthocyanins accumulation in red pear [49].
In this study, expression levels of SlAN2-like, SlAN2, SlAN1 and SlAN11 were higher in
InR than Slhy5 both in seedlings and fruit, and the expression pattern of these genes was
consistent with pigment accumulation (Figures 2–4 and 6). Two-hybrid (Y2H) assays
determined SlHY5 regulated anthocyanin biosynthesis through interaction with SlAN2
(Figure 7), consistent with the result that SlHY5 is a positive regulator of anthocyanin
biosynthesis in vegetative tissues of tomato [50]. Therefore, SlHY5 might be the master
regulator to control anthocyanin accumulation in InR seedlings and fruit via mediating
the transcriptional activity of an MBW complex and the enhanced expression of key genes,
such as SlCHI, SlCHS, SlF3H, SlDFR and SlANS.

3.3. Possible Regulatory Mechanisms of Anthocyanin Biosynthesis in an HY5-Independent
Manner in Tomato

Besides MYB and bHLH, other TF families also regulate anthocyanin biosynthesis.
SlBBX20 could directly bind to the promoter of SlDFR to activate its expression, thus pro-
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moting anthocyanin accumulation in tomatoes [20]. In apple, MdBBX37 interacted with
MdMYB1 and MdMYB9, two key positive regulators of anthocyanin biosynthesis, and
inhibited the binding of those two proteins to their target genes and, therefore, negatively
regulated anthocyanin biosynthesis [10]. PpBBX18 and PpBBX21 antagonistically regulate
anthocyanin biosynthesis via competitive association with PpHY5 in the peel of pear fruit.
Also, discoveries have emphasized the importance of WRKY protein in the control of the
flavonoid pathway and its relationship to the MBW complex [9]. PpWRKY11 was able
to bind to W-box cis-elements in the promoters of PpMYB10, then regulated anthocyanin
synthesis in pear flesh [23]. In the present study, different from InR seedlings, some TFs
were detected in Slhy5 seedlings by RNA-Seq, such as WRKYs, BBXs and NACs, which
might compensate for the function of HY5 and contribute to the expression of related
genes involved in anthocyanin synthesis. Y2H assays revealed that SlBBX24 could inter-
act with SlAN2-like and SlAN2, which likely had a positive function in the regulation of
anthocyanin biosynthesis (Figures 7 and 8). In addition, SlWRKY44 also could interact
with the SlAN11 protein (Figure 7), which was consistent with the result that the WRKY
factor physically interacted with the AN11 in yeast two-hybrid analysis [51]. Silencing
of SlBBX24 via virus-induced gene silencing (VIGS) led to the downregulation of the ex-
pression of structural genes and caused a decrease in anthocyanin accumulation (Figure 9).
Additionally, PIFs play a role in the biosynthesis of plant pigments. PIF3 could specifically
bind to the G-box element of anthocyanin biosynthesis-related structural genes promoter
to up-regulate anthocyanin accumulation in an HY5-dependent manner under far-red
light [30]. Furthermore, PIF4 negatively regulated anthocyanin accumulation by inhibiting
PAP1 transcription in Arabidopsis seedlings [52]. In this study, SlPIF1 and SlPIF3 could
physically interact with SlAN1 and SlJAF13, as well as SlBBX24. We speculated that SlPIF1,
SlPIF3, SlBBX24 and SlWRKY44 might be involved in anthocyanin biosynthesis in a manner
independent or dependent on SlHY5.

Taken together, given the PIFs and MBW were the key regulators of anthocyanin
biosynthesis, we proposed a model to clearly illustrate this mechanism (Figure 10). In
InR, SlHY5 expression was induced by light and then activated the activity of the MBW
complex to regulate the anthocyanin accumulation. While in Slhy5 seedlings and fruit,
PIFs or several other transcription factors might be involved in coordinating anthocyanin
biosynthesis, such as BBXs and WRKYs. More thorough and rigorous molecular studies
should be performed to explore the relationship of PIFs or other transcription factors which
might be involved in anthocyanin biosynthesis.
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Figure 10. A putative model showing the anthocyanin induction pathways that might be dependent
or independent of HY5 in tomatoes.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

The experiment was carried out in an artificial light plant factory at South China
Agricultural University. The tomato seeds of wild-type (cv. ‘Indigo Rose’ (InR)) and Slhy5
mutant were generously provided by Dr. Qiu of the College of Horticulture of South
China Agriculture University [11]. Seeds were sanitized in 0.5% sodium hypochlorite for
15 min, then rinsed with distilled water. After being soaked in distilled water for 5 h at
25 ◦C, seeds were sowed in sponge cubes (2 cm × 2 cm × 2 cm) with distilled water in
the plant growth chamber in the dark at 25 ◦C for 3 days. Then, the seedlings were grown
under 300 μmol m−2 s−1 white LEDs (Chenghui Equipment Co., Ltd., Guangzhou, China;
150 cm × 30 cm), 10/14 h light/dark photoperiod, 24 ± 2 ◦C, and 65–75% relative humidity.
The seedlings grown for the 4th, 5th, 6th and 7th days were sampled and divided into
three parts: cotyledon (except for the samples on the 4th day, which cotyledons still closed),
upper 1 cm of the hypocotyl, and bottom 1 cm of the hypocotyl (Figure 1a). Three biological
replicates were collected for analyses, with each replicate composed of 60 seedlings. Fruits
from the Slhy5 mutants and ‘Indigo Rose’ were sampled at the green-mature stage and
fully mature stage with three biological replicates (each replicate consisted of six fruits
from different plants). The fruit peel and flesh were carefully split with a scalpel blade.
The above-mentioned samples were immediately frozen in liquid nitrogen and stored at
−80 ◦C for further analysis.
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4.2. Anthocyanin Assay

The anthocyanin content was performed as described in a previous study with some
modifications [53]. Samples (100 mg) were extracted with 1 mL buffers of pH 1.0 (50 mmol KCl
and 150 mmol HCl) and pH 4.5 (400 mmol sodium acetate and 240 mmol HCl), respectively,
and incubated overnight at 25 ◦C. The absorbance of the extract liquor was determined at
510 nm using a UV-spectrophotometer (UV-1600, Shimadzu, Kyoto, Japan).

4.3. RNA Sequencing and Data Analyses

Total RNA was extracted from different parts of the seedling (Figure 1a) and the peel
of fruit (Figure 1b) using the RNeasy Plant Mini kit (Qiagen, Hilden, Germany). Total
amounts and integrity of RNA were assessed using the RNANano 6000 Assay Kit of the
Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). Three indepen-
dent biological replicates were performed. The RNA-seq sequencing and assembly of
seedling and fruit peel were performed by NovoGene Science and Technology Corpo-
ration (Beijing, China) and Genedenovo Biotechnology Co., Ltd. (Guangzhou, China),
respectively. A total of 3 μg RNA was prepared for sequencing libraries using the NEB-
Next UltraTM RNA Library Prep Kit for Illumina (NEB, Beverly, MA, USA) according
to the manufacturer’s instructions and sequences attributed to each sample by adding
index codes. The library preparations were sequenced on an Illumina Hiseq 4000 plat-
form to generate paired-end reads. The raw sequence reads were filtered by removing
adaptor sequences and low-quality sequences, and raw sequences were changed into clean
reads. Then the clean reads were then mapped to the tomato reference genome sequence
(ITAG 4.0) (https://solgenomics.net/organism/Solanum_lycopersicum/genome/, accessed
on 18 November 2021). Padj ≤ 0.05 and |log2(foldchange)| ≥ 1 were set as the thresh-
old for significantly differential expression. WGCNA analyses were constructed in the
BioMarker cloud platform (http://www.biocloud.net, accessed on 10 March 2022).

4.4. Metabolite Extraction

Samples of different parts of seedling preparation, extract analysis, metabolite identifi-
cation and quantification were performed by the NovoGene Database of NovoGene Co.,
Ltd. (Beijing, China). Tissues (100 mg) were individually ground with liquid nitrogen, and
the homogenate was re-suspended with pre-chilled 80% methanol and 0.1% formic acid
by vortexing. The supernatant was injected into an LC-MS/MS system. UHPLC-MS/MS
analyses were performed using a Vanquish UHPLC system (ThermoFisher, Dreieich, Ger-
many) coupled with an Orbitrap Q ExactiveTM HF mass spectrometer (ThermoFisher).
Structural analysis of metabolites was determined using standard metabolic operating
procedures. MRM was used to conduct metabolite quantification. All metabolites identified
were subject to partial least squares discriminant analysis. Principle component analy-
sis (PCA) and Orthogonal Partial Least Squares Discriminate Analysis (OPLS-DA) were
carried out to identify potential biomarker variables. For potential biomarker selection,
variable importance in projection (VIP) ≥ 1 and fold change (FC) ≥ 2 or ≤0.5 were set for
metabolites with significant differences.

4.5. Yeast Two-Hybrid Assay

The amplified full-length CDSs of SlPIF1, SlPIF3, SlAN2-like, SlAN2, SlAN11, SlAN1,
SlHY5, SlJAF13, SlBBX24 and SlWRKY44 were amplified and inserted into pGADT7 and
pGBKT7 vectors, respectively. Primers used for amplified and plasmid construction are
listed in Supplementary Table S1. Different combinations of bait and prey vectors were co-
transformed into Y2Hgold and then cultured on SD/-Leu-Trp (SD-LT) medium supplemented
at 28 ◦C for 2–3 days. Next, 2.5 μL of aliquots were patched on SD/Ade/His/Leu/Trp plates
with 5-bromo-4-chloro-3-indolyl-α-D-galactopyranoside (X-α-Gal) and incubated at 28 ◦C for
3 days.
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4.6. Virus-Induced SlBBX24 Gene Silencing in Tomato

Specific coding regions SlBBX24 fragment were selected for VIGS vector construction by
the VIGS design tool (http://solgenomics.net/tools/vigs, accessed on 10 November 2022). A
300 bp fragment of the coding region of SlBBX24 was amplified using the forward primer
(5′-gtgagtaaggttaccgaattc ATGAAGATACAGTGTGATGTG-3′) and the reverse primer (5′-
cgtgagctcggtaccggatcc AGTGGCTAAGAAGCGTTGGTG-3′). The PCR product was ligated
into the pTRV2 vector to construct the TRV2::SlBBX24 vector. The recombinant plasmid and
TRV1 vector were transferred into Agrobacterium GV3101. Resuspensions of pTRV1 and pTRV2
(as a negative control) or its derivative vectors were mixed at a 1:1 ratio and then infiltrated into
a mature green-stage tomato. The injected fruits were grown in a growth chamber at 22 ± 2
◦C, and 12 h of light/12 h of darkness, and relative humidity was controlled in the range of 70
± 5%. After two weeks, fruits were harvested and stored at −80 ◦C for RNA and qRT-PCR
analysis to assess the degree of silencing.

4.7. Luciferase Complementation Imaging Assays (LCI)

The full-length CDS of SlBBX24 was amplified and cloned, and ligated into
pCAMBIA1300-35S-cLUC to produce SlBBX24-nLUC. SlHY5, SlPIF1, SlPIF3, SlAN2-like,
SlAN2, SlAN11 were fused with pCAMBIA1300-35S-cLUC to generate the cLUC-SlHY5,
cLUC-SlPIF1, cLUC-SlPIF3, cLUC-SlAN2-like, cLUC-SlAN2 and cLUC-SlAN11. Agrobac-
terium strains GV3101 containing the above constructs were infiltrated into the leaves of
6-week-old N. benthamiana plants. The leaf images were captured after a 1 d incubation in
darkness at 22 ◦C and an additional 1 d incubation under a 16-h light/8-h dark photoperiod.

4.8. RNA Extraction and Quantitative Reverse Transcription PCR

Total RNA was extracted from different parts of the seedling and the peel of fruit using
RNAex Pro Reagent (Accurate Biotechnology Co., Ltd., Changsha, China), and its quality
and quantity were evaluated using a Nanodrop ND-1000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). The first cDNA strand was synthesized using Evo
M-MLV RT for PCR Kit (Accurate Biotechnology Co., Ltd., Changsha, China). The relative
expression levels were determined by performing a quantitative reverse transcription PCR
(qRT-PCR) analysis using a LightCycler 480 system (Roche, Hercules, Switzerland) with
an Evo M-MLV RT-PCR kit (Accurate Biotechnology Co., Ltd., Changsha, China). The
PCR thermocycling protocol was as follows: 95 ◦C for 30 s, followed by 40 cycles of 95 ◦C
for 15 s and annealing for 60 ◦C for 30 s. Three biological replicates and three qRT-PCR
technical replicates were performed for each sample. The relative expression levels were
normalized with the results of mean values of SlUBI using the 2−ΔΔCt method [54]. The
primer sequences used for the qRT-PCR analyses are listed in Table S1.

4.9. Statistical Analysis

All values are shown as the means of three replicates with standard error (SE). Analysis
of variance was performed by Duncan’s multiple range test using the SPSS 22.0 program
(SPSS 22.0, SPSS Inc., Chicago, IL, USA). Different significance of means was tested by LSD
at p < 0.05. Graphs were plotted using Origin 2021 (Origin Lab Corporation, Northamp-
ton, MA, USA). The heat map analysis was visualized by TBtools software (TBtools-II
v1.120) [55].

5. Conclusions

HY5 has a pivotal role in regulating anthocyanin accumulation in tomatoes. Slhy5 mu-
tants were created via the CRISPR/Cas9 system from ‘Indigo Rose’. Slhy5 mutants displayed
significantly lower anthocyanin accumulation than InR, both in seedlings and fruit. Interest-
ingly, detectable levels of anthocyanins were present in hy5 mutant seedlings and fruit, and
the pigment accumulation displayed obvious spatiotemporal specificity in the Slhy5 seedling.
These results indicated that other regulators existed to regulate anthocyanin biosynthesis in
an HY5-independent manner. The total amount of flavonoids in InR was significantly higher
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than in the Slhy5 mutant, and most of the genes associated with anthocyanin biosynthesis
displayed higher expression levels in InR. SlBBX24 likely regulated anthocyanin biosynthesis by
interacting with SlAN2-like, SlAN2, while SlWRKY44 interacted with SlAN11. Moreover, SlPIF1
and SlPIF3 seemed to be involved in anthocyanin biosynthesis by interacting with SlBBX24. We
identified SlBBX24 as a target to silence to produce fewer anthocyanins in tomato fruit peel,
indicating the important role of SlBBX24 in the regulation of anthocyanin accumulation. These
results deepened the understanding of purple color formation in tomato seedlings and fruits in
an HY5-dependent or independent manner via excavating the genes involved in anthocyanin
biosynthesis. This study will help with the functional analysis of candidate genes controlling
the color components of tomatoes and provide a theoretical basis for the breeding of tomatoes
with high anthocyanin accumulation.
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Abstract: Soybean is a cereal crop with high protein and oil content which serves as the main source
of plant-based protein and oil for human consumption. The symbiotic relationship between legumes
and rhizobia contributes significantly to soybean yield and quality, but the underlying molecular
mechanisms remain poorly understood, hindering efforts to improve soybean productivity. In this
study, we conducted a transcriptome analysis and identified 22 differentially expressed genes (DEGs)
from nodule-related quantitative trait loci (QTL) located in chromosomes 12 and 19. Subsequently,
we performed functional characterisation and haplotype analysis to identify key candidate genes
among the 22 DEGs that are responsive to nitrate. Our findings identified GmTCP (TEOSINTE-
BRANCHED1/CYCLOIDEA/PCF) and GmNLP (NIN-LIKE PROTEIN) as the key candidate genes
that regulate the soybean nodule phenotype in response to nitrogen concentration. We conducted
homologous gene mutant analysis in Arabidopsis thaliana, which revealed that the homologous genes
of GmTCP and GmNLP play a vital role in regulating root development in response to nitrogen
concentration. We further performed overexpression and gene knockout of GmTCP and GmNLP
through hairy root transformation in soybeans and analysed the effects of GmTCP and GmNLP on
nodulation under different nitrogen concentrations using transgenic lines. Overexpressing GmTCP
and GmNLP resulted in significant differences in soybean hairy root nodulation phenotypes, such
as nodule number (NN) and nodule dry weight (NDW), under varying nitrate conditions. Our
results demonstrate that GmTCP and GmNLP are involved in regulating soybean nodulation in
response to nitrogen concentration, providing new insights into the mechanism of soybean symbiosis
establishment underlying different nitrogen concentrations.

Keywords: TCP transcription factor; nodulation; nitrate concentration

1. Introduction

Soybean is considered one of the most important crops due to the high oil and protein
content in its seeds [1]. As the demand for soybeans continues to increase in many countries
around the world, scientific cultivation and management of soybean farming have become
essential issues. Legumes have a unique feature that distinguishes them from other plants:
symbiosis with Rhizobium. In other words, legumes have the ability to fix nitrogen for root
nodule formation through symbiosis with Rhizobium [2]. Biological nitrogen fixation is a
process in which nitrogen is converted into a usable form with the help of living organisms.
Soybean has the capacity to form symbiosis with Rhizobium, which allows it to acquire
nitrogen from the air [3,4].

Identifying the genes responsible for establishing symbiotic interactions between
soybean and rhizobium is essential for understanding the molecular mechanism underlying
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their interaction. In recent years, the development of molecular marker analysis techniques
and the construction of molecular genetic maps, quantitative trait-related QTL analysis and
gene cloning of many crops have become a hot spot in molecular breeding [5,6]. The in-
depth analysis of quantitative genetic traits is closely related to the development of modern
molecular biology techniques [7]. The application and development of molecular markers,
population mapping and statistical analysis methods have greatly improved the efficiency
of candidate gene discovery [8,9]. In one study, a total of 22 QTLs for the two nodule
traits (nodule number and nodule dry weight) were mapped to 12 different chromosomes
in the soybean genome, and 17 candidate genes were selected by the previous RNA-seq
analysis after infection with Sinorhizobium fredii HH103 (a fast-growing rhizobial strain) [10].
S. fredii strain HH103 was isolated from a soil sample of Honghu County (Hubei, China) and
was first described in 1985, and through its complete genome sequencing and annotation
provided a valuable basis for the study of S. fredii HH103 and soybean [11].

The TEOSINTE-BRANCHED1/CYCLOIDEA/PCF (TCP) transcription factors are
a family of plant-specific proteins that play critical roles in plant growth, development
and stress response [12,13]. TCP transcription factors are characterised by a conserved
region, a non-canonical basic helix-loop-helix (bHLH) DNA-binding domain called the
TCP domain [14,15]. TCP proteins can be divided into two classes. Class I lacks four
conservative amino acids in the structure, whereas class II has four conservative amino
acids inserted. Class II can be further subdivided into CIN and CYC based on sequence
differences [16,17]. In recent years, the regulatory roles of various TCP transcription
factors have been extensively studied [18,19]. Arabidopsis TCP14 and TCP15 can regu-
late plant height [20], while TCP11 and TCP16 can regulate the vascular bundle and
pollen development [21,22]. In addition, TCP3 can regulate leaf development [23], and
TCP17 can regulate hypocotyl elongation by regulating light and auxin signalling [24].
Arabidopsis TCP20 is involved in the regulation of shoot, flower and embryo development.
In particular, TCP20 has a tubular function in the systemic signalling pathway of nitrate
uptake by the Arabidopsis root system [25,26]. TCP20 mutants have normal primary and
lateral root growth in uniform nitrate media, but lateral root growth is inhibited in non-
uniform media [17]. In addition, even when ammonium ions are uniformly present in
the culture medium, the preferential lateral root growth of the mutant is still clearly in-
hibited. In the TCP20 mutant complemented by the transformation of the TCP20 cDNA
clone, the preferential lateral root growth was restored to WT levels [17]. These data
demonstrate that TCP20 regulates nitrate responses and root development. A total of
54 GmTCPs have been identified in soybean, and the GmTCPs have been divided into
two homology classes: Class I and Class II. Class II was further subdivided into two sub-
classes: CIN and CYC/TB1 [27,28]. GmTCP1, GmTCP2, GmTCP6, GmTCP8, GmTCP12,
GmTCP17 and GmTCP43 were the best orthologues of Arabidopsis AtTCP14 and AtTCP15,
suggesting their potential functions in plant height regulation [27]. One researcher found
that overexpression of the flowering repressor gene E1 could affect leaf development
in soybean by directly repressing a large number of leaf development-related CIN-type
TCP genes, thus regulating leaf development and flowering time [29]. GmTCP30 and
GmTCP33 respond to drought stress, GmTCP42 to heat stress and GmTCP47 to salt and heat
stress [27]. In a study, Agrobacterium-mediated transformation was used to introduce the
CRISPR/Cas9 expression vector into the soybean cultivar ‘Williams 82’ and generate tar-
geted mutants of the GmTCP19L gene, which has been implicated in soybean responses to
Phytophthora sojae [30]. Although the TCP gene has recently been found to play an impor-
tant role in abiotic stress and hormone signalling responses in many plant species, it is
still unexplored how TCP family genes affect growth and responses to abiotic stress, and
whether TCP genes involved in nitrate response affect nodulation or not.

NIN-LIKE PROTEIN (NLP) consists of three domains including the N-terminal con-
served domain, an RWP-RK DNA-binding domain and a PB1 domain. The N-terminal
conserved domain is required for the nitrate response, while the RWP-RK domain is essen-
tial for protein–protein interaction [31]. The PB1 domains adopt a ubiquitin-like β-grasp
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fold containing two α-helices and a mixed five-stranded β-sheet, and are classified into
groups containing an acidic OPCA motif (type I), the invariant lysine residue on the first
β-strand (type II), or both (type I/II). The PB1 domain is also a conserved domain required
for protein–protein interaction [32]. Although the PB1 domain of NLP transcription factors
appears to mediate protein–protein interactions associated with nitrate-inducible gene
expression in higher plants, its precise role in nitrate-inducible gene expression has not
been characterised [33]. In the model legume Lotus japonicus, LjNLP1—previously iden-
tified as a NIN-like protein—directly regulates the expression of LjNRT2.1 and LjNLP4,
which are involved in regulating the expression of nodulation-related genes [34,35]. In
Medicago truncatula, MtNLP1 also inhibits nodulation by directly inducing a negative regu-
lator of nodulation, MtCLE35 [34]. NLP6 and NLP7 are activators of nitrate assimilation
genes [26]. AtNLP6 and AtNLP7 have been identified as key transcription factors for the
primary nitrate response (PNR) in Arabidopsis [33]. Under N starvation, TCP20-NLP6&7
heterodimers accumulate in the nucleus and then down-regulate the expression of the
G2/M cell cycle marker gene CYCB1;1 and up-regulate nitrate assimilation [26]. The
NLP protein is a homologue of NIN (NODULE INCEPTION) and is found in a variety of
plants. GmNINa interacted with NNC1 (Nodule Number Control 1) and predominantly
inhibited the transcriptional activation of GmRIC1 (Rhizobia-Induced CLE1), GmRIC2 and
miR172c by GmNINa, thereby controlling nodulation [36]. The NIN-like protein (NLP)
transcription factors NLP2 and Nodule Inception (NIN) directly activate the expression of
leghemoglobins through a promoter motif that resembles a ‘double’ version of the nitrate
responsive elements (NREs) targeted by other NLPs, and has conserved orientation and
position across legumes [37]. Few studies have been carried out on NLP in soybean. TCP
and NLP proteins belong to an evolutionarily conserved family that appears to play an-
cient roles. TCP and NLP proteins may be an important factor in the nitrate response. In
soybean, TCP and NLP are involved in the nitrate response pathway and affect symbiotic
nitrogen fixation.

There is a significant interaction between soil nitrogen content and symbiosis estab-
lishment. In this study, genes’ responses to rhizobium infection were identified by mining
the different expression genes induced by rhizobium. Two candidate genes, GmTCP and
GmNLP, were identified. Complementation analysis of GmTCP and GmNLP in Arabidopsis
response to nitrogen content was performed. Moreover, the roles of GmTCP and GmNLP
regulating the nodule phenotype depending on different nitrogen contents were elucidated.
Our results will contribute to the functional analyses of GmTCP and GmNLP genes and
genetic modification in the soybean symbiotic character.

2. Results

2.1. Identification of Candidate Genes Associated with Nodulation Traits

In the previous RNA-seq analysis, we determined two chromosome regions that
might respond to rhizobium induction and identified 22 DEGs in those two regions
(Figure 1a). Among the DEGs, Glyma.19G095300, Glyma.19G095400 and Glyma.19G094800
exhibited a tendency for their expression levels to gradually increase until 6 h of infection by
Sinorhizobium fredii HH103. Conversely, the expression levels of Glyma.12G185700,
Glyma.12G184900, Glyma.19G095900, Glyma.12G185200 and Glyma.12G186000 decreased
after infection with S. fredii HH103. Furthermore, we also detected the single nucleotide
polymorphism support of GmTCP and GmNLP in the chromosome segments’ substituted
lines [10]. A high degree of single nucleotide polymorphism (SNP) between the parents
and lines of chromosome segments’ substituted lines was identified [10] (Figure 1b). These
results led us to the hypotheses that GmTCP and GmNLP could respond to rhizobium.

2.2. TCP and NLP Homolog Genes’ Responses to the Nitrogen Concentration in Arabidopsis

Firstly, in order to study the function of candidate genes in Arabidopsis thaliana, se-
quence blast was used to identify the homolog protein with GmTCP/GmNLP in Arabidopsis
thaliana. The homology between these genes and GmTCP/GmNLP was found to be 61.0%
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and 86.5%, respectively. Since the TCP and NLP family are related to nitrogen response,
it is important to understand their function. We detected the gene response to different
nitrogen levels in Arabidopsis thaliana. Using the knockout mutant, we could also detect the
complementation effect of GmTCP/GmNLP on different nitrogen contents. Furthermore,
we investigated how the primary root growth of the tcp20 mutant responded to nitrate
concentration. Specifically, the change in the primary root length phenotype of the tcp20
mutant was examined across nitrate concentrations ranging from 0 to 5 mM. Under nitrate
starvation, the primary root length of the TCP20 mutant was significantly different from
that of the wild type. However, at high nitrate concentrations (5 mM KNO3), the difference
in primary root length between the mutant and the wild types was not apparent. At lower
nitrate concentrations, the primary root length of the TCP20 mutant was significantly
shorter, but this difference gradually decreased at higher concentrations (Figure 2a,c).

Figure 1. The expression profiles of DEGs and haplotype analysis. (a) Heat map of DEGs lo-
cated in QTL locus. (b) Haplotype analysis of two candidate genes in the chromosome segments’
substituted lines.

It has recently been reported that the NIN-like protein LjNLP1 directly regulates the
expression of LjNRT2.1 and LjNLP4, as well as nodulation-related genes. It has also been
shown that certain NLP genes encode the factors that activate the nitrate assimilation
genes. To further investigate the response of NLP1 to nitrate concentrations, primary root
length was examined in the nlp1 mutant. The results showed a significantly reduced
primary root growth under N starvation and low nitrate concentrations; however, this
difference was not significant under high nitrate conditions (Figure 2b,d). Multiple com-
parison analyses showed that there was no correlation between AtTCP20 and AtNLP1.
Two-way ANOVA analysis showed that the interaction effect between N treatment and
genotypes was statistically significant in regulating growth phenotypes, such as primary
root length (p < 0.05).
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Figure 2. Root phenotype and primary root length of WT, single mutants under 0~5 mM nitrate
treatment. (a) Root phenotype of WT, tcp20 mutants under 0~5 mM nitrate treatment. (b) Root
phenotype of WT, nlp1 mutants under 0, 1, and 5 mM nitrate treatment. (c) Primary root length of
WT, tcp20 mutants under 0~5 mM nitrate treatment. (d) Primary root length of WT, nlp1 mutants
under 0, 1, and 5 mM nitrate treatment. For root phenotype and primary root length, Arabidopsis
seedlings were grown on 5 mM KNO3 plates for 6 days and then were transferred to new 0~5 mM
KNO3 plates for three days. Error bars show SEM (n = 10). One-way ANOVA was performed and
followed by t-test to calculate the p-value (using WT as control). Different letters represent statistic
difference between WT and mutants under same nitrate condition (p < 0.05).

Finally, the mutation of these genes resulted in a limitation of the primary root length
under N starvation and low nitrate concentrations, suggesting that they may encode key
factors in the development of nitrate-responsive root formation.

2.3. Response of GmTCP and GmNLP to Different Nitrate Concentrations

Previous experiments on AtTCP20 and AtNLP1 confirmed that these genes are in-
volved in the nitrate response signalling pathway. We further investigated the functions
of GmTCP and GmNLP in the soybean nitrate response pathway using GmTCP/GmNLP
transgenic hairy roots. Six plants were selected from each overexpressed line and used for
RNA extraction and the subsequent evaluation of GmTCP/GmNLP expression by qRT-PCR.
The expression of GmTCP and GmNLP was significantly higher than that of the empty
vector (Figure 3a,d). Three lines with the highest GmTCP/GmNLP expression levels were
then used for further phenotype analysis. In the knockout transgenic lines, a mutation
effect of two to seven base deletions in a target region was observed, and the nodulation
phenotype of plants with this mutation was observed at different nitrogen concentrations.
The overexpression of GmTCP had a negative effect on nodule number and nodule dry
weight (Figure 3b), although the nodule number was reduced more at high nitrogen con-
centrations than at low nitrogen concentrations (0 mM and 1 mM KNO3) (Figure 3b). When
GmTCP was knocked out, the nodule number and nodule dry weight had no significant
difference but at the high nitrogen concentration (5mM KNO3) (Figure 3b,c). These re-
sults support GmTCP being able to regulate the nodule phenotype depending on the high
nitrogen concentration.

The overexpression of GmNLP also showed a slight difference with increasing ni-
trate concentrations, but it was significantly reduced compared to the wild type. The
GmNLP mutant lines showed some reduction in nodule formation with increasing nitrate
concentrations (Figure 3e,f). Under different nitrogen concentrations, the difference in
nodule phenotype was not significant, however, compared with the wild type at high nitro-
gen concentration being able to inhibit the nodule number, and the knockout mutant of
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GmNLP could recover the nodule phenotype as wild type at a lower nitrogen concentration
(Figure 3e,f). Taken together, these results support GmTCP and GmNLP being involved in
the formation and regulation of nodulation at a high nitrate concentration but not at a low
nitrogen concentration.

Figure 3. WT, overexpression, and mutant lines’ response to different nitrate concentrations in
soybean. (a,d) The identification of GmTCP and GmNLP overexpression. (b,c) Overexpression,
knockout of GmTCP response to different nitrate concentrations. (e,f) Overexpression, knockout of
GmNLP response to different nitrate concentrations. The nodule phenotype (nodule number, nodule
dry weight) of WT, overexpression and mutant lines was observed 28 days after inoculation with
S. fredii HH103. Error bars show SEM (n = 20). Different letters indicate statistically significant
differences (p < 0.05, one-way ANOVA followed by multiple comparisons).

2.4. Effects of GmTCP and GmNLP on the Nodulation

We demonstrated that GmTCP and GmNLP were involved in the formation and
regulation of nitrate-induced nodulation. To investigate the effects of GmTCP and GmNLP
on nodule phenotype, overexpression and knockout lines were constructed via the soybean
hair root system. The effects of GmTCP and GmNLP on the nodule number and nodule
dry weight were detected at 28 post inoculation with S. fredii HH103. The five plants
were selected from the overexpressed line and used for RNA extraction and subsequent
evaluation of the GmTCP/GmNLP expression through qRT-PCR. The expression was
significantly higher in GmTCP and GmNLP than in the empty vector (Figure 4b,e). These
lines were used for further phenotype analysis. In knockout transgenic lines, a mutant
effect of two to seven base deletions was observed and the nodulation phenotype of plants
with this mutation was observed at different concentrations. It was observed that when
compared with the wild type, the overexpression of GmTCP resulted in a decrease in the
nodule number and the nodule dry weight compared to the wild type. This finding was
consistent with the above experimental data that showed the inhibition of the nodulation in
the overexpression lines. In contrast, the mutant had a nodule phenotype that was almost
indistinguishable from or slightly higher than that of the wild type. This indicates that
GmTCP function loss resulted in the removal of the inhibition of nodulation (Figure 4a,c,d).
Consistent results were obtained for GmNLP; the overexpression resulted in a more reduced
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nodule phenotype than that of the wild type, while the mutant had a higher nodule
phenotype than that of the wild type (Figure 4a,f,g). These results support the upregulation
of GmTCP and GmNLP being able to inhibit nodule formation, and the result of the nodule
number and nodule dry weight, suggesting that GmTCP and GmNLP are involved in the
regulation of nodulation.

Figure 4. The influence of WT, overexpression and knockout of GmTCP and GmNLP in nodule. The
growth of transgenic hairy roots 30 d after inoculation with S. fredii HH103. KO showed that the
target gene was silenced in hairy roots, OE showed that the target gene was overexpressed in hairy
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roots, WT, and soybean hairy roots with the empty vector pSOY1-hairyred. (a) Photographs of
root development and growth performance of nodules. (b) The identification of overexpression of
GmTCP. (c) The nodule number of overexpression, knockout of GmTCP. (d) The nodule dry weight
of overexpression, knockout of GmTCP. (e) The identification of overexpression of GmNLP, (f) the
nodule number of overexpression, knockout of GmNLP. (g) The nodule dry weight of overexpression,
knockout of GmNLP. The nodule phenotype (nodule number, nodule dry weight) of WT, overex-
pression and mutant were observed 28 days after inoculation with S. fredii HH103. Error bars show
SEM (n = 20). Different letters indicate statistically significant differences (p < 0.05, one-way ANOVA
followed by multiple comparisons).

2.5. Expression Pattern of GmTCP during Root Growth and Nodulation

To determine the spatial expression pattern of GmTCP, we performed a promoter-
GUS reporter analysis. First, the promoter fragment (3.0 Kb) of GmTCP was constructed
on the pCAMBIA3301 vector. The GmTCPpro:GUS construct showed that GmTCP was
expressed throughout root development and nodulation. At the stage of nodulation,
the GmTCPpro:GUS construct showed strong GUS expression throughout the nodule. In
addition to its expression in the nodulation cell line, GmTCP was also expressed in the roots,
especially in the root tips (Figure 5). Furthermore, the higher the nitrate concentration,
the higher the GUS expression. These results, that GmTCP was expressed in roots and
nodules, support that GmTCP was involved in the formation and regulation of nodulation
under varying nitrate concentration. The promoter activity analysis showed as a primary
result that the high nitrogen concentration might have more activity to active the promoter
function than lower nitrogen concentration at 5 d post inoculation with rhizobium.

Figure 5. After inoculation with rhizobia, at different nitrate concentration expressions and localisa-
tion patterns of GmTCPpro::GUS during nodule and lateral root formation.

3. Discussion

In this study, we identified the candidate genes under soybean nodule character re-
sponse to nitrogen concentration by integrating QTL mapping, RNA-seq data and single nu-
cleotide polymorphism analysis, and we characterised the function of
two candidate genes.

AtTCP20, the Arabidopsis homologous gene of GmTCP, has been known to regulate
genes related to bud, embryo, and flower development. In particular, AtTCP20 can bind
to 100 or more nitrate-induced genes, being a crucial factor in the nitrate signalling path-
way [17,25,26]. In this study, there was found a significant difference in primary root length
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between the AtTCP20 mutant and wild type under nitrogen-free conditions, while under
high concentrations of nitrate (5 mM KNO3), no significant difference in primary root
length was observed between the mutant and the wild type. Additionally, at low nitrate
concentrations, the primary root length of AtTCP20 mutants and wild types was signifi-
cantly different, but the difference decreased as the concentration of nitrate increased. These
results demonstrate that AtTCP20 responds specifically to nitrate starvation or imbalance
and then regulates root growth. Previous research on single mutants of AtTCP20 showed
normal primary and lateral root growth on a homogenous nitrate medium, but lateral root
growth was restricted on a heterogeneous nitrate medium. AtTCP20 mutants still inhib-
ited lateral root growth on a uniform ammonium salt medium, suggesting that AtTCP20
may respond to other nitrogen sources such as ammonium salt [17]. TCP20 binds to the
GCCCR motif in the promoter of the mitotic cyclin gene CYCB1;1, regulating its expression.
Under nitrogen-free conditions, the mRNA level of CYCB1;1 was significantly increased
in the whole root of TCP20 mutants, indicating that nitrogen starvation induced the ex-
pression of the TCP20 gene. The mutation of TCP20 resulted in the improper regulation of
CYCB1;1, thereby causing a premature exit from the cell cycle and eventually inhibiting
root growth [26]. In summary, AtTCP20 is an important factor that responds to nitrogen
starvation or imbalance. We also studied the response of AtNLP1 mutant plants to nitrate
concentration in Arabidopsis. Under nitrogen-free and low nitrate conditions, the primary
root length of NLP1 mutants was significantly limited, whereas under high concentrations
of nitrate the difference was not significant. NLP6/7 regulates the expression of CYCB1;1
in the same way as TCP20, ultimately leading to limited primary root development [26].
To date, there have been few reports on the roles of NLP, particularly on the molecular
mechanism of NLP in plant growth and abiotic stress.

The GmTCP gene may also respond to nitrogen status. In order to verify the responses
of GmTCP overexpression lines to different nitrate concentrations, this study constructed
GmTCP overexpression and knockout transgenic lines via hairy root transformation and
examined their nodulation responses after treatment with different concentrations of nitrate
and the inoculation of S. fredii HH103. The results showed that in hairy roots transformed
with empty vector, NN and NDW were significantly reduced under high nitrate concentra-
tion. Under low nitrate concentration, compared with nitrogen deficiency, NN and NDW
decreased, but the effect was not significant. In GmTCP overexpressing hairy roots, NN and
NDW decreased with the increase in nitrate concentration. However, compared with the
wild type, the nodulation of GmTCP overexpressing hairy roots was significantly limited,
and NN and NDW were significantly reduced. This experiment shows that GmTCP gene
overexpression can inhibit nodulation at different nitrate concentrations; in GmTCP knock-
out hairy roots, NN and NDW decreased slightly with the increase in nitrate concentration,
but the nodule phenotype of GmTCP knockout hairy roots did not differ much from that
of hairy roots transformed with the empty vector under nitrogen-starved conditions, and
there was no restriction on the nodule phenotype. Overall, the GmTCP gene is involved
in the response to different nitrate concentrations. There are many studies on how plants
absorb and transport nitrate, and the representative proteins in this process are nitrate
transport proteins NRT1 and NRT2. Under N starvation, nitrate can induce the expression
of nitrate transporter protein GmNRT2 in soybean roots, thereby increasing the absorption
and transport of nitrate by roots [34]. Different nitrogen concentrations in the soil will affect
the dry weight and number of nodules, and the activity of nitrogenase will decrease when
the nitrogen source is abundant. The activity of nitrogenase is highest under nitrogen-free
conditions. This indicates that the nitrogen-fixing activity of rhizobia is related to the con-
centration of nitrate. In hairy roots transformed with empty vector, the GmTCP gene may
respond to high concentrations of nitrate, thereby regulating the expression of NRT1 and
NRT2 genes and restricting the nodule phenotype. This hypothesis can explain the results
obtained from our experiments on GmTCP gene overexpression and mutant strains.

This study also constructed GmNLP gene overexpression and knockout transgenic
roots. The gene’s response to different nitrate concentrations was tested by treating the
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roots with various concentrations of nitrate and inoculating them with S. fredii HH103. The
results showed that in GmNLP-overexpressing hairy roots, NN and NDW decreased as the
nitrate concentration increased. However, compared with the wild type, overexpression
significantly limited the nodulation and reduced both NN and NDW. In GmNLP-knockout
hairy roots, the nodule phenotype slightly decreased with increasing nitrate concentration,
but the nodule phenotype of GmNLP-knockout hairy roots did not differ significantly from
that of empty vector-transformed hairy roots under nitrogen starvation conditions. In
summary, the GmNLP gene is involved in responding to different nitrate concentrations. In
L. japonicus, LjNLP4 and LjNLP1 play critical roles in the response to nitrate. High nitrate
concentrations can induce LjNLP1, which, in turn, can induce LjNRT2.1 expression [35].
The expression of MtNRT2.1 is impaired due to mutations in the homologous gene MtNLP1.
Such NLP1-NRT2.1 regulatory modules may be conserved in many plants [38]. LjNLP1
may induce the expression of LjNRT2.1 when nitrate is present in the culture medium. In
turn, the expression of LjNRT2.1 may promote nitrate uptake and transport, ultimately
triggering the accumulation of LjNLP4 in the nucleus. Then, LjNLP4 may induce or
suppress the expression of symbiosis genes to regulate nodule formation [35,39]. This
may be a way to respond to nitrate and regulate symbiotic relationships. The tissue-
specificity experiment results of GmTCP promoter expression showed that the GmTCP gene
was strongly expressed throughout nodule formation, supporting the hypothesis that the
GmTCP gene is involved in symbiotic nodule formation. Further experiments are needed
to confirm this hypothesis.

In summary, GmTCP and GmNLP encode important regulatory factors that respond to
nitrogen concentrations for soybean nodulation. Further analysis of these genes would be
of great significance for better understanding the symbiotic mechanism between soybean
and rhizobia, as well as for improving soybean’s nitrogen fixation ability.

4. Materials and Methods

4.1. Candidate Gene Identification Based on RNA-Seq Data

DEGs (with logFC > 1 and FDR < 0.05) were extracted from the previous RNA-seq
data [10] for soybean roots infected with the rhizobium of one wild type and two mutants.
Specifically, DEGs were identified in chromosomes 12 and 19, and the chromosome sub-
stitution segments were further compared to screen the key root-nodulation-associated
candidate genes [7].

RNA-seq was performed on the root samples obtained from the soybean cultivar
Suinong 14 (SN14) inoculated with different rhizobia at various time points [40]. A
total of 180 samples were taken from the roots of SN14 at various points (0.5, 3, 6, 12,
and 24 h) after infection with rhizobia injected with HH103, ΩNopAA, or ΩRhcN. For
each injection, 3 biological replicates of the plants were used. The TruSeq Stranded
mRNA Library Prep Kit from Illumina was used to create PolyA+ libraries, and the
mRNA sequencing was carried out on the Illumina HiSeq 4000 PE 150 platform [7]. The
transcriptome raw sequencing data have been submitted to the NCBI (https://www.
ncbi.nlm.nih.gov/bioproject/?term=PRJNA854816, accessed on 15 July 2022) database
as individual BioProjects: PRJNA854816.

FastQc and MultiQc were employed to detect the raw Fastq sequence files for the
initial quality check. The low-quality reads were trimmed with Trim galore at the cri-
terion of [-q 20] [-length 140] [-e 0.1] [-stringency 3]. Then, FastQc and MultiQc were
used again for quality testing to screen qualified reads (19.7 ≤ M SEQS ≤ 32.7 after
treatment). Indexes were built by hisat2 with the Glycine max genome annotation file
Gmax_275_Wm82.a2.v1.gene_exons.gff3 (http://www.phytozome.net/, accessed on
15 July 2022) [41].

4.2. Strains, Plant Materials and Growth Conditions

The E. coli DH5α cells used were grown at 37 ◦C in Luria–Bertani (LB) medium [42].
Sinorhizobium fredii HH103 were grown at 28 ◦C in tryptone yeast (TY) medium [43].
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All Arabidopsis thaliana plants were of Columbia ecotype. The tcp20 (SALK_041906),
nlp1(SALK_125809) mutants were obtained from ABRC. The tcp20 and nlp1 mutants were
produced by selfing the F1 plants and selecting F2 homozygous progeny by PCR analysis.

For primary root length, Arabidopsis seedlings were grown on 5mM KNO3 plates for
6–7 days and then were transferred to different nitrate concentration plates or N-free plates
for three days. The medium used in this experiment was N-free 1/2MS medium.

4.3. Plasmid Construct

The CDS fragment of GmTCP and GmNLP was constructed into the vector Fu28-GFP,
and then LR recombination reactions were used to construct the overexpression vector
pSOY1-GmTCP-GFP and pSOY1-GmNLP-GFP (Supplemental Table S1, Figures S1−S10).
The online Crispr-P tool was used to design the sgRNA primer for these genes, and the
designed sqRNA was attached to the pGES201 vectors. The designed sgRNA sequence
and the experimental results of the pGES201 vector construction process are shown in
Supplemental Table S1, Figures S6–S8.

This fragment, including a 3.0-kb sequence directly upstream of the initiation codon
of GmTCP, was cloned into pCAMBIA3301-GFP. For promoter-GUS analysis using hairy
roots on soybean, a 3.0 kb fragment of the GmTCP promoter region was amplified by PCR
from WT genomic DNA and cloned upstream of the GUS gene in the pCAMBIA3301-GUS
vector (Supplemental Table S1, Figures S9 and S10).

4.4. Agrobacterium Rhizogenes-Mediated Transformation of Soybean to Study Root Biology

The sterilised seeds were placed into wet vermiculite at a depth of 1–2 cm which was
then transferred into a growth chamber or greenhouse at 28 ◦C. Meanwhile, Agrobacterium
strain(s) harbouring the desired construct(s) (from glycerol stock) were inoculated onto
the surface of LB plates containing the appropriate antibiotics and incubated at 28 ◦C for
2 days, then a single colony was transferred onto a fresh plate. The fresh bacterial culture
from the plate was suspended in 1 mL of liquid LB medium containing 15% (v/v) glycerol,
and then each 200 μL of the suspension culture liquid was spread onto the surface of four
LB plates containing the appropriate antibiotics and incubated at 28 ◦C overnight. Bacteria
from the plates were collected and then inoculated into the healthy plantlets with unfolded
green cotyledons by stabbing at the cotyledonary node and/or at the hypocotyl proximal
to the cotyledon. The plants were then placed under 12 h light/12 h dark at 28 ◦C/25 ◦C
in a growth chamber (humid chamber only) for 2–3 weeks until the hairy roots grew to
approximately 5–10 cm in length and were long enough to support growth of the plant.
During this period, the plants were supplied with sterile B&D solution containing 0~2 mM
KNO3 as a nitrogen source. When the hairy roots were approximately 5–10 cm in length, the
primary root was removed by cutting the hypocotyl ~1 cm under the wounding site where
the hairy roots were formed. The six plants were selected from each overexpressed line
and used for RNA extraction and subsequent evaluation of GmTCP/GmNLP expression
through qRT-PCR. The highest GmTCP/GmNLP expression levels were then used for
further phenotype analysis. These lines moved into new pots after 5 days’ infection with
S. fredii HH103. After 28 days, the two phenotypes of the nodules in all soybean materials
were investigated [44].

4.5. Biological Nitrogen Fixation Traits

At 28 days of S. fredii HH103 inoculation, the two phenotypes of the nodules in all
soybean materials were investigated. The NN and NDW were evaluated. To determine the
NDW, the nodules were placed in an oven at 65 ◦C for 36 hr.

Root samples were harvested at 28 days post-inoculation with S. fredii HH103, and
wild-type plants were used as the control. In overexpression lines, the total RNA was
isolated from the roots using the TRIzol Reagent (Invitrogen, Carlsbad, CA, USA), and
then each RNA sample was converted into cDNA using the HiScript®II Q RT SuperMix
(Vazyme Biotech Co., Nanjing, China). The qRT-PCR was performed with the TB Green
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Fast qPCR Mix (TaKaRa, Dalian, China) on the Roche LightCycler 480 II System (Roche,
Basel, Switzerland). The qRT-PCR program was as follows: denaturation at 95 ◦C for 30 s,
followed by 40 cycles of 95 ◦C for 5 s, 58 ◦C for 20 s and 72 ◦C for 30 s. All RNA extractions
were performed in three biological replicates, and each cDNA sample was analysed three
times. Specific primers were designed to the Williams 82 gene sequences retrieved from the
Phytozome website [45]. GmActin was used as the reference gene to calibrate the transcript
abundance values among different samples. Ct values were calculated by the Roche
LightCycler 480 II software. In knockout transgenic lines, genome DNA was extracted from
the root, the corresponding gene region was amplified with a specific primer, and then
sequencing was conducted to see if there was a mutation in the region, and the NN and
NDM were measured for the mutated roots.

4.6. GUS Staining

Root tissues were gently pre-fixed in 90% acetone (pre-cooled at −20 ◦C) under
vacuum infiltration for 5 min, and then placed on ice for 20 min. Next, they were rinsed
with cold water for 5 min and vacuum infiltrated for 5 min on ice with a pre-cooled
staining solution. After that, they were incubated at 37 ◦C for 12 h. Samples were
changed through 30 min steps of 20% ethanol, 30% ethanol, 50% ethanol, and FAA. The
FAA was then removed, and 70% ethanol was added and the solution was left for two h,
during which ethanol was replaced with fresh twice. Finally, the samples were stored at
4 ◦C before observation with a dissecting microscope [46].

5. Conclusions

In this study, we identified two candidate genes, GmTCP and GmNLP, that regu-
late soybean nodule phenotype in response to nitrogen. Homologous genes of these
two candidates have been shown to be important factors in regulating root development
in response to nitrogen concentration in Arabidopsis thaliana. Overexpression and gene
knockout in GmTCP and GmNLP in soybean resulted in different responses to different
nitrate concentrations, leading to different nodule phenotypes. These results highlight
the involvement of GmTCP and GmNLP in the regulation of soybean nodulation under
nitrogen concentration. The role of these genes in the symbiotic mechanism between
soybean and rhizobia is of great importance for improving nitrogen fixation efficiency,
and therefore further analysis of their functions may provide valuable insights into the
mechanism of nodule formation in response to nitrate.
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Abstract: Root-lesion nematodes (genus Pratylenchus) belong to a diverse group of plant-parasitic
nematodes (PPN) with a worldwide distribution. Despite being an economically important PPN
group of more than 100 species, genome information related to Pratylenchus genus is scarcely available.
Here, we report the draft genome assembly of Pratylenchus scribneri generated on the PacBio Sequel
IIe System using the ultra-low DNA input HiFi sequencing workflow. The final assembly created
using 500 nematodes consisted of 276 decontaminated contigs, with an average contig N50 of 1.72 Mb
and an assembled draft genome size of 227.24 Mb consisting of 51,146 predicted protein sequences.
The benchmarking universal single-copy ortholog (BUSCO) analysis with 3131 nematode BUSCO
groups indicated that 65.4% of the BUSCOs were complete, whereas 24.0%, 41.4%, and 1.8% were
single-copy, duplicated, and fragmented, respectively, and 32.8% were missing. The outputs from
GenomeScope2 and Smudgeplots converged towards a diploid genome for P. scribneri. The data
provided here will facilitate future studies on host plant-nematode interactions and crop protection
at the molecular level.

Keywords: root-lesion nematode; genome; ultra-low DNA input; contigs; sequencing; BUSCO; diploid

1. Introduction

Root-lesion nematodes (RLN) are recognized as the top three plant-parasitic nematode
groups of the world and lie behind root-knot (Meloidogyne) and cyst nematodes (Heterodera)
in terms of economic importance [1]. Unlike sedentary endoparasites (Meloidogyne and
Heterodera), nematodes in the genus Pratylenchus do not establish permanent feeding sites
(giant cells or syncytia) and move freely between soil and roots throughout their lifecycle.
This feeding behavior results in the development of characteristic reddish-brown necrotic
lesions on root tissue, which construct pathways for secondary invaders, such as bacteria,
fungi, etc., resulting in severe yield losses [1,2]. Pratylenchus spp. have a cosmopolitan
distribution and are known to parasitize more than 400 host plant species. They have a
wide host range and impact crops of major economic importance, such as potato, wheat,
corn, and soybean [3]. The use of chemical nematicides is a common management strategy
for controlling RLNs, but their toxic effects on non-target organisms and environmental
health call for alternative control strategies based on novel gene targets [4].

The root-lesion nematode, Pratylenchus scribneri Steiner 1943, is found commonly
associated with the major crops grown in the northern Great Plains region of North Amer-
ica [5–7]. Considering the importance of P. scribneri, several molecular detection methods
for identifying and quantifying this nematode in soil and roots have been developed to
enhance the management decisions and practices [8–10]. More recently, it has been reported
as an important nematode pest infecting corn, soybean, wheat, and tomato in China [11–14].
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In Nigeria, yield losses in corn have been reported to be between 26 to 37% based on the
population densities of P. scribneri [15].

Despite the ubiquity and significant importance of Pratylenchus species in agriculture,
the availability of genome information on these species is limited as compared to the seden-
tary PPN. So far, the genome sequence of only one Pratylenchus species, P. coffeae, is available,
and the published genome size of 19.7 Mb is the smallest among the metazoans [16]. This
raises questions regarding its entirety, especially due to the lack of a complete physical map.
Additionally, the genomes of Pratylenchus spp. are expected to have complex ploidy similar
to root-knot nematodes (Meloidogyne spp.) [17], but this is still an unexplored area. Ploidy
determination could provide important insights into the developmental and evolutionary
biology of Pratylenchus spp. Moreover, the genome data for different Pratylenchus spp. are
needed to help better understand the parasitism mechanism of the nematodes in this genus.
Jointly, this information could help reveal novel gene targets for employing specific control
strategies for P. scribneri and other related species. In light of this, the main objective of the
current study is to generate a contiguous and relatively complete annotated genome of
one of the important root-lesion nematodes, P. scribneri, and make it publicly available. We
also explored two different genomic DNA isolation methods to prepare sequencing quality
DNA for P. scribneri, and the advantages of one over the other have been presented.

2. Results

2.1. Library Preparation and Assembly

The raw PacBio HiFi sequencing yields and assembly metrics for the libraries prepared
using two different DNA isolation methods are presented in detail in Table 1. The library
resulting from DNA extracted using 500 handpicked nematodes (Method 2) had greater
sequencing yield (19.3 Gb) as compared to Method 1 (14.9 Gb), which involved DNA
isolation directly from nematode suspension. Fewer contigs were assembled in Method 2.
The contig N50 increased from 222 kb in the first method to 1.70 Mb in the second method.
The average GC% was 37.6% and 32.8% for sequencing libraries prepared using Method 1
and Method 2, respectively.

Table 1. Sequencing yield and assembly metrics for Pratylenchus scribneri raw hifiasm libraries
constructed using two different DNA isolation methods.

Sequencing Yield Method 1 a Method 2 b

Total Number of Bases (bp) 14,985,187,925 19,351,261,593
Total Number of Reads 1,665,292 2,749,471

Maximum Read Length (bp) 42,009 43,956
Minimum Read Length (bp) 295 68

Mean Read Length (bp) 8999 7038

Assembly Metrics
Number of Contigs 9447 492
Total number of bp 714,324,379 361,758,083

Shortest (bp) 5119 5897
Longest (bp) 6,863,581 6,221,503

Average length (bp) 75,613 735,280
Median (bp) 30,718 334,760

Average GC% 37.60% 32.80%
Non-ACGT bases 0 0
Contig N50 (bp) 222,427 1,701,422

a 8000 to 10,000 P. scribneri directly from nematode suspension harvested from carrot cultures used for DNA
extraction using the DNAeasy Plant Mini Kit. b 500 P. scribneri juveniles and adults handpicked and DNA
extracted using the MagAttract HMW DNA kit.

2.2. Assembly Decontamination and Completeness Analysis

The Blobplot in Figure 1 represents the preliminary contig taxonomic assignments,
contig read coverage, contig lengths, and contig GC% obtained for the two DNA extraction
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methods. Figure 1a,b show the Blobplot analyses from the “core” nematode genome
contigs as red points, and that the library constructed using Method 2 showed >30×
P. scribneri read coverage than the library constructed using Method 1. In Method 2, out of
the 39 contigs classified into phyla other than Nematoda, only one contig was determined to
be a bacterial contaminant sequence which was removed prior to further genome analysis.
All others had very weak hits to a variety of phyla tested or no hits at all. The assembly
obtained from Method 2 was used for further analyses and subject to haplotig purging.
The final purged decontaminated assembly contained 276 contigs summing to ~227 Mb.
The BUSCO scores for raw, purged, and decontaminated assembly are provided in Table 2.
The final decontaminated assembly had a completeness score of 65.4%, with 24.0% being
single copy, 41.4% duplicated, 1.8% fragmented, and 32.8% missing BUSCOs out of the
total 3131 orthologs used.

(a) 

(b) 

Figure 1. Blobplot contaminant analysis of Pratylenchus scribneri assembly obtained using two DNA
extraction methods, before removing contaminants. The contig length is represented by circles pro-
portionally scaled and colored by taxonomic annotation based on BLAST similarity search results.
Nematode genome contigs are represented by red circles for: (a) Method 1 (library prepared from 8000
to 10,000 mixed-stage P. scribneri in nematode suspension obtained from carrot culture); (b) Method 2
(library prepared from 500 hand-picked P. scribneri juveniles and adults). Contigs are placed based on
the GC proportion (X-axis) and the coverage of reads (Y-axis). The legend box on the top right of each
Blobplot provides a color-coded description of the different taxonomic groups identified.
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Table 2. Genome summary statistics and benchmarking universal single-copy ortholog (BUSCO)
score estimation for raw, purged, and decontaminated Pratylenchus scribneri genome assemblies
obtained using DNA extraction Method 2.

BUSCO Category Raw Assembly
Purged

Assembly a
Decontaminated

Assembly b

Complete (C) 2084 c

(66.5%) d
2048

(65.4%)
2047

(65.4%)

Complete and single copy (S) 530
(16.9%)

753
(24.0%)

752
(24.0%)

Complete and duplicated (D) 1554
(49.6%)

1295
(41.4%)

1296
(41.4%)

Fragmented (F) 36
(1.1%)

57
(1.8%)

56
(1.8%)

Missing (M) 1011
(32.3%)

1026
(32.8%)

1025
(32.7%)

Total BUSCO groups searched 3131 3131 3131
a Assembly with haplotypic and duplicate content removed from the primary set of contigs with purge_dups
v.1.2.5 using default parameters. b Purged assembly with a single 40 kb contig determined to be a bacterial
contaminant sequence removed. c Number of single-copy orthologues represented in each category out of the
total BUSCO groups searched in Nematoda lineage (Nematoda_odb10). d Percentage of single-copy orthologues
versus total BUSCO groups searched in Nematoda lineage (3131) for each category.

2.3. Genome Ploidy Estimation and Structural Annotation

The P. scribneri genome ploidy estimations were made using the final assembly con-
structed using Method 2. After manually setting the estimated monoploid peak from
GenomeScope and Smudgeplot, the models and output converged on ploidy = 2. The
presence of two major peaks in GenomeScope output and coverage and distribution of
k-mer pairs into two bright smudges in Smudgeplot pointed towards a diploid genome for
P. scribneri (Figure 2).

(a) (b)

Figure 2. Genome ploidy estimation of Pratylenchus scribneri genome assembly: (a) Smudge-
plots showing the coverage and distribution of k-mer pairs that fit to diploid genome model;
(b) GenomeScope k-mer (k = 21) profile plot of the P. scribneri showing the fit of the GenomeScope
model (black) to the observed k-mer frequencies (blue) with two major peaks.

For predicting proteins, the BUSCO analysis was run in “long mode” on the final decon-
taminated assembly. The predicted proteins (single copy (23.5%)/multi-copy (42.7%)/frag-
mented (1.4%)) were then merged together into 3966 protein sequences as additional
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protein input for BRAKER annotation. The structural annotation ran using BRAKER and
TSERBA with RNA-seq and protein evidence resulted in a total of 51,146 predicted protein
sequences. The BUSCO scores for the TSEBRA-combined BRAKER2 predicted protein had
72% complete BUSCOs (single copy: 12.0%, duplicate: 60.0%, fragmented: 1.2%) and 26.8%
missing BUSCOs.

3. Discussion

Recently, long-read PacBio HiFi sequencing has emerged as a powerful tool to generate
high-quality de novo genome assemblies. However, the technique has not been explored
to its full potential for microorganisms such as nematodes, due to the relatively high
DNA input requiring a larger number of nematodes. Here, we present, for the first time,
the de novo draft genome assembly of the root-lesion nematode Pratylenchus scribneri
constructed using 5 ng of input DNA from 500 nematodes as an example. In this study,
the libraries prepared from two different DNA extraction methods were sequenced using
the PacBio ultra-low DNA input protocol which uses as low as 5 ng of DNA as input
and therefore, significantly fewer nematodes. The library prepared using DNA extracted
from 500 handpicked nematodes (Method 2) was much cleaner (fewer contaminants) as
compared to the library prepared from DNA extracted directly from nematode suspension
(Method 1). This could be attributed to the presence of carrot tissue and other organisms in
the library prepared using the nematode suspension obtained directly from carrot cultures.
As a result, the number of assembled contigs specific to different taxonomical groups were
reduced from 9.5 k in Method 1 to 492 in Method 2. It is difficult to get the sequencing
library from nematodes grown on carrots to be completely free of any contaminants. For
optimal results, the handpicking of nematodes required for Method 2 should be carried out
in a laminar flow hood under sterile conditions, but Method 2 is also tedious due to the
handpicking of 500 nematodes, which could be a limitation for preparing the nematode
sample for DNA extraction.

There are only a few reports available on the de novo genome assembly construction
of small organisms based on the ultra-low DNA input protocol. Kingan et al. [18] generated
a high-quality de novo genome assembly using a single mosquito with the ultra-low DNA
protocol. DNA isolation for this study was performed using the MagAttract HMW kit as
used in Method 2 for the current study. However, no reports on de novo genome assembly
of a plant-parasitic nematode using the ultra-low DNA input protocol are available thus far.
The use of MagAttract HMW kit for genomic DNA isolation for whole genome sequencing
has mostly been observed for bacterial pathogens and insects [18–20]. In the present study,
the library prepared using 5 ng of input DNA from 500 active P. scribneri individuals
(Method 2) was sequenced with a single PacBio SMRT cell 8 M chip on the Sequel IIe
System. Nearly 2.7 million reads producing 19.3 Gb of raw data with mean read length of
7 kb were obtained and the genome size was predicted to be around 227 Mb. Similar raw
sequencing yield results were obtained for the sand fly (Phlebotomus papatasi) sequenced on
the Sequel IIe System using just 5 ng of input DNA following PacBio’s ultralow DNA input
protocol (https://www.pacb.com/wp-content/uploads/Korlach-PAG-2020-High-Quality-
PacBio-Insect-Genome-from-5-ng-of-Input-DNA.pdf, accessed on 30 November 2022).

The BUSCO completeness scores for the final decontaminated assembly tested against
3131 orthologs were fairly average and the presence of more than 65% complete genes in
our study are comparable with previous studies [21,22]. However, the gene duplication
content of our assembly was higher, and could be related to the likely repetitive gene
content of P. scribneri genome and usage of orthologs from different reference datasets
in other studies on PPNs [19,22]. This in part may also explain the presence of fewer
complete and duplicated BUSCOs in genome assemblies of other migratory endoparasitic
nematodes such as Radopholus similis and Bursaphelenchus xylophilus [22,23]. Additionally,
the genome assembly of P. scribneri generated in this study had a GC content of 32.8%,
which is consistent with other PPNs sequenced on a PacBio RSII platform [24,25]. However,
the completeness and quality of the set of 51,146 predicted proteins in P. scribneri assessed
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using BUSCO showed 72% completeness. The BUSCO scores for predicted proteins were
improved over the genome assembly; however, duplicated complete genes were still high
(60%). Similar observations related to higher duplicated genes in the protein set of a
root-knot nematode Meloidogyne enterolobii were noted by Koutsovoulos et al. [26]. The
227.2 Mb genome assembly size of P. scribneri is much bigger than 19.6 Mb of P. coffeae, the
only Pratylenchus species sequenced and reported so far [16]. The above observation is
supported by the underlying genome organization of P. scribneri containing a fair amount of
gene duplication. This study suggests a diploid genome for P. scribneri which is consistent
with ploidy estimations of another migratory endoparasitic nematode, B. xylophilus [27].
Further studies on comparative and functional genomics analysis are needed to validate
these results and take a deeper look into the common genes and their functions between
the two species.

To the best of our knowledge, this is the first report of de novo draft assembly of the
P. scribneri genome generated using the PacBio ultra-low DNA input protocol. The new
workflow described here will facilitate the sequencing and assembly of new and existing
species of plant-parasitic nematodes that are important for crop production. In vitro cul-
turing of nematodes is a common technique to increase pure nematode population. The
DNA preparation and sequencing method described here is recommended for sequencing
genome of the nematodes that are difficult to be mass-produced. Overall, the strategy
of hand-picking nematodes under sterile conditions performed better in our study and
resulted in an almost contaminant free library and can be considered for other endoparasitic
and ectoparasitic plant-parasitic nematodes. The long-read-based sequencing and genome
assembly of P. scribneri would enable the identification of parasitism genes/effectors in-
volved in the host and nematode interaction mechanism. Additionally, the comparative
genome analysis of Pratylenchus species with that of sedentary endoparasites could facilitate
studies associated with evolutionary and lifestyle mechanisms of plant-parasitic nematodes
based on the effectors present in different groups.

4. Materials and Methods

4.1. Nematode Collection, DNA Isolation, and Evaluation

Pratylenchus scribneri isolate was originally collected from a potato field (in rotation
with corn) located in Sargent County, ND and, thereafter, maintained aseptically on carrot
discs in our lab as suggested by Lawn and Noel [28]. For preparing nematode suspension,
the inoculated carrot discs in the Petri plates were cut into thin slices using a sterile razor
blade. The carrot pieces were left suspended in water for 3 h for the nematodes to move out
of the carrot tissues. The nematodes along with the carrot tissues were then passed through
a 60-mesh sieve placed on a 635-mesh sieve. The nematodes retained on the 635-mesh
sieve were later collected into a 50 mL tube using a wash bottle containing distilled water
with 50 mg/L carbenicillin and 50 mg/L kanamycin. Starting with nematode suspension,
two different methods were used to isolate P. scribneri genomic DNA. In the first method, a
1 mL nematode suspension containing 8000 to 10,000 mixed-stage individuals of
P. scribneri was ground to a fine powder in liquid nitrogen. The crushed nematodes
were then subject to DNA extraction using the DNAeasy Plant Mini Kit (Qiagen, Hilden,
Germany). The DNA quality was assessed using a ND-1000 Nanodrop spectrophotometer
(Thermo Scientific, Waltham, MA, USA) and the samples with 260/280 above 1.8 were
selected for further analyses (Method 1). For the second method, 500 P. scribneri adults and
juveniles from the original nematode suspension were handpicked and transferred under a
microscope on a sterile glass slide containing 100 μL double-distilled water with antibiotics
(50 mg/L carbenicillin and 50 mg/L kanamycin). Using a 200 μL pipette, the nematodes
were then transferred to a 1.5 mL tube and centrifuged at 4000 rpm at 4 ◦C for 10 min.
The nematode pellet was snap frozen in liquid nitrogen and stored in a −80 ◦C freezer
(Method 2). For subsequent DNA extraction and sequencing, the frozen sample was sent
off to the Roy J. Carver Biotechnology Center, University of Illinois at Urbana-Champaign
on dry ice through overnight shipping. The nematode pellet was then pulverized under
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liquid nitrogen. Two hundred microliters of CTAB (OPS Diagnostics, Lebanon, NJ, USA)
were added, mixed with the powder, and the sample was incubated at 60 ◦C for 60 min
and cooled to room temperature. The MagAttract HMW DNA (Qiagen, Hilden, Germany)
kit was used for the rest of the procedure, with some modifications. Briefly, proteinase K
and RNAase were added to the mixture and incubated overnight at room temperature. The
mixture was cleaned up with 1× volume of chloroform/isoamyl alcohol, gently inverted
10 times to mix, and incubated at room temperature for 5 min, followed by centrifugation
for 2 min at 10,000× g. The supernatant was transferred to a new 1.5 mL tube, and mag-
netics beads from the MagAttract kit were added, washed twice, and the DNA was eluted
from the beads in AE buffer at 37 ◦C for 30 min. The DNA was quantitated with Qubit
using the High-Sensitivity dsDNA kit (ThermoFisher Scientific, Waltham, MA, USA) and
the integrity was evaluated in a Femto Pulse system (Agilent, Santa Clara, CA, USA).

4.2. Library Preparation and Sequencing

Five nanograms of purified genomic DNA were sheared with Megaruptor 3 (Diagen-
ode, Denville, NJ, USA) to an average size of 10 kb. The sheared gDNA was amplified
using the PacBio Ultra-Low DNA Input kit following the manufacture’s recommendations
(Pacific Biosciences, Menlo Park, CA, USA). The amplified gDNA was converted into a
PacBio library with the SMRTbell Express Template Prep kit version 2.0 (Pacific Biosciences,
Menlo Park, CA, USA). Briefly, the sheared genomic DNA was first added to an enzymatic
reaction to remove single-stranded overhangs followed by treatment with repair enzymes
to repair the DNA ends. The ends of the repaired, double-stranded fragments were then
tailed with an A-overhang. After that, the T-overhang SMRTbell adapters were ligated and
the SMRTbell library was purified with two rounds of AMPure PB bead clean up (Pacific
Biosciences, Menlo Park, CA, USA). The library was quantitated with Qubit and then run
on a Femto Pulse to confirm the presence of DNA fragments of the expected size. The
library was sequenced on one SMRT cell 8 M on a PacBio Sequel IIe system with 30 h
movie time. The circular consensus analysis was performed in real time in the instrument
with SMRT Link V10.1 software (Pacific Biosciences, Menlo Park, CA, USA) using default
parameters, which include 3 minimum passes and a minimum accuracy of 99%.

4.3. Genome Assembly, Decontamination, and Completeness Analysis

Raw PacBio HiFi reads were filtered with Seqkit v2.0.0 [29] to remove reads < 5 kb.
Filtered reads were assembled with Hifiasm-v0.16.1 [30], turning off the parameter for
automatic internal haplotig purging, and the GFA data output was converted to FASTA
format with Gfatools v0.4 (https://github.com/lh3/gfatools, accessed on 25 April 2022).
Primary contig assembly contamination by non-nematode sequences was assessed using
Blobtools v1.1.1 [31]. Read depth was calculated by aligning the filtered PacBio HiFi reads
to the primary contig assembly with Minimap v2.21 [32] and processing the bam file with
SAMtools v1.12 [33]. Contigs were taxonomically assigned to phyla using Diamond v2.0.9
blastx [34] with the long reads option and e-value limit of 1 × 10−25 against the UniProt
Reference Clusters UniRef100 dataset [35]. Thirty-nine contigs classified into phyla other
than Nematoda were then further analyzed manually by BLASTN/BLASTX against the
NCBI non-redundant (nr) datasets. The remaining primary contigs were then purged of
haplotypic and duplicate content using the purge_dups v.1.2.5 tool [36]. The ortholog
completeness was evaluated with benchmarking universal single-copy ortholog (BUSCO)
v4.1.4 [37] using the nematoda_odb10 lineage dataset.

4.4. Genome Ploidy Estimations

To estimate the ploidy level of the genome, KMC v3.1.1 [38] was used to count k-mers
(k = 21) in the filtered PacBio HiFi reads (>5 kb). The k-mer histogram was analyzed
by GenomeScope 2 [39] with ploidy tested from p = 2 to p = 6. Haplotypic and dupli-
cate genome content were also analyzed using heterozygous kmer pairs with the tool
Smudgeplot [34].
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4.5. Genome Structural Annotation

RepeatMasker v4.1.2 (http://www.repeatmasker.org, accessed on 5 July 2022) was
used to soft-mask repeats from the final purged and decontaminated genome assembly
file. Two separate runs of BRAKER2 [40] used RNA-seq and protein evidence with default
parameters. The raw P. scribneri RNA-seq reads (read length = 100 bp) used for the
above analysis were generated in our previous study through paired-end sequencing of
cDNA libraries prepared from good quality total RNA extracts of several thousand pre-
parasitic and parasitic nematodes on an Illumina NovaSeq 6000 sequencer (unpublished
work). The reads were trimmed with Fastp v0.20.0 [41] and then aligned to the masked
genome assembly using STAR v.2.7.10a [42]. Protein evidence was provided using NCBI’s
Nematoda RefSeq dataset containing 18,060 protein sequences. In addition, BUSCO v5.3.2
running in “long mode” [43] was used to predict protein sequences using the 3131 “lineage
nematoda_odb10” orthologs from the final purged/decontaminated/unmasked genome
assembly file. The outputs from the two independent BRAKER runs were then combined
with the tool TSEBRA v.1.0.3 [38] to obtain GTF and amino acid formats using Cufflinks
v2.2.1 [44].
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Abstract: AT-hook motif nuclear localization (AHL) proteins play essential roles in various plant
biological processes. Yet, a comprehensive understanding of AHL transcription factors in walnut
(Juglans regia L.) is missing. In this study, 37 AHL gene family members were first identified in the
walnut genome. Based on the evolutionary analysis, JrAHL genes were grouped into two clades, and
their expansion may occur due to segmental duplication. The stress-responsive nature and driving of
developmental activities of JrAHL genes were revealed by cis-acting elements and transcriptomic data,
respectively. Tissue-specific expression analysis showed that JrAHLs had a profound transcription in
flower and shoot tip, JrAHL2 in particular. Subcellular localization showed that JrAHL2 is anchored
to the nucleus. Overexpression of JrAHL2 in Arabidopsis adversely affected hypocotyl elongation
and delayed flowering. Our study, for the first time, presented a detailed analysis of JrAHL genes in
walnut and provided theoretical knowledge for future genetic breeding programs.

Keywords: AT-hook gene family; Juglans regia; hypocotyl; flowering; Phylogenetics

1. Introduction

The AT-hook motif nuclear localized (AHL) gene family encodes the conserved transcrip-
tion factor that widely distributed in plants species [1]. The AHL proteins are generally
distinguished by two characteristic domains: the AT-hook motif and the Plant and Prokary-
ote Conserved (PPC) domain. The AT-hook motif was first described as a high mobility
group (HMG) non-histone chromosomal protein HMG-I/Y [2]. The AT-hook motif contains
conserved core sequence ‘Arg-Gly-Arg’ that can bind to the minor groove of the AT-rich
B form of DNA [3]. AT-hook motifs can be divided into two categories according to the
conserved amino acid sequence: Type-I AT-hook motif contains ‘Gly-Ser-Lys-Asn-Lys’
consensus sequences at the end of the ‘Arg-Gly-Arg’ core, while the Type-II contains ‘Arg-
Lys-Tyr.’ The PPC domain, also known as the Domain of Unknown Function #296 (DUF296),
is also found in, archaea, prokaryotes, and higher plants. The PPC domain was involved in
the physical interaction with other AHL (or themselves) or nuclear proteins [1,4]. According
to sequence differences, the PPC can be divided into two categories: Type-A and Type-B.
Type-B contains the conserved core ‘Phe-Thr-Pro-His’ in the upstream region, while the
core sequence within the PPC domain in Type-A is more variable (‘Leu-Arg-Ser-His’ or
‘Leu-Arg-Ala-His’, etc.) [5]. The AHL genes in land plants have been grouped into Clades
based on the phylogenetic relationship: Clades-A and Clades-B. The Clade-A AHLs are
intron-free and encode proteins containing only one Type-I AT-hook motif and Type-A
PPC domain. The Clade-B AHLs contain introns, and Clade-B AHL proteins can be further
divided into two types: one type of AHLs contains a Type-II AT-hook motif and a Type-B
PPC domain, and the other type of AHLs contains two AT-hooks (Type-I and Type-II) and
a Type-B PPC domain [6].

Int. J. Mol. Sci. 2023, 24, 7244. https://doi.org/10.3390/ijms24087244 https://www.mdpi.com/journal/ijms316



Int. J. Mol. Sci. 2023, 24, 7244

The AHL gene family plays vital roles in plant growth, development, and stimulus
response. In Arabidopsis (Arabidopsis thaliana), the biological functions of several AHLs
have been extensively studied. A number of AHL genes redundantly inhibit the elongation
of hypocotyl, such as AHL22 [7], SOB3/AHL29 [6,8], and ESC/AHL27 [9]. AHL18, which is
involved in the regulation of the length of the proliferation domain and the division in the
root apical meristem, and inhibiting primary root growth and lateral root development [10].
In M. truncatula, the MtAHL1 and MtAHL2 were involved in the formation of nitrogen-
fixing nodules [11].

The AHL gene is related to regulating flowering time and reproductive development
differently. The TEK/AHL16 directly binds to the floral suppressor gene FLC’s repressive
regulatory region, leading to its transcriptional silencing. Knockout of the TEK/AHL16
activates a variety of transposons, and up-regulate the expression of floral suppressor gene
FLC through epigenetic regulation (histone acetylation and DNA methylation), thereby
delaying flowering [12]. TEK/AHL16 also contributes to nexine formation and pollen
wall development by directly binding to the nuclear matrix attachment region (MAR)
and the promoter of AGP6, an arabinogalactan protein coding gene [13,14]. In addition,
overexpressing AHL delays flowering by inhibiting FT expression [7,15]. AHL22 binds to
the AT-rich sequence in the FT locus and then alters the structural design of the chromatin
region by regulating both histone acetylation and methylation [15]. AHL18, which is in the
same phylogenetic clade as AHL22, conferred a similar late-flowering phenotype when
overexpression in Arabidopsis to that of AHL22 [7]. AHLs were also reported to be involved
in hormone-related pathways. SOB3/AHL29 inhibited PIF4 protein accumulation, thereby
reducing the binding of PIF4 to target loci involved in hormone transport, homeostasis,
or response such as auxin, brassinosteroid, and ethylene [16]. SOB3/AHL29 also targeted
downstream genes associated with auxin-related genes, such as YUCCA8 and SAUR19 [8].
AGF1/AHL25 regulated gibberellins homeostasis in Arabidopsis by targeting the GA
3-oxidase gene AtGA3ox1 [17]. In addition, AHLs participated in the biotic and abiotic
stress responses. AHL13, AHL15, AHL19, AHL20, and AHL27 were reported to implicate
in PAMP-triggered immunity [18–20]. Overexpression of AHL20 and its closely related
family members (AHL15, AHL19, and AHL27) in protoplasts inhibited the innate immune
response [19]. Especially in Arabidopsis, AHL13 regulated key factors in the jasmonic acid
(JA) pathway and affected immunity toward Botrytis cinerea and Pseudomonas syringae
pathogens [20]. AHL10 played a critical in response to low-water potential stress, and in
the regulation of auxin- and jasmonic acid -related gene expression [21]. AtAHL4 was
involved in the regulation of lipid catabolism during seedling establishment [22] and of
root xylem development [4]. Interactions between AHL proteins are also crucial for their
functions. In Arabidopsis roots, the AHL3 physically interacted with AHL4 and facilitated
intercellular trafficking [23]. In maize (Zea mays), the AT-hook protein BAF1 is capable
of forming homodimers and heterodimers with other members of the AT-hook family,
controlling the formation of maize ears [24].

In recent years, the AHL gene family has been identified and analyzed in several
species, such as Arabidopsis, soybean (Glycine max) [25], cotton (Gossypium raimondii) [26],
Brassica napus [27], grape (Vitis vinifera) [28], carrot (Daucus carota subsp. sativus) [29], and so
on. Walnut (Juglans regia L.) is an economically vital nut trees in China and other temperate
parts of the world, but the long period before flowering and bearing fruiting after seed
germination limits the progress of walnut breeding work. In addition, functional charac-
terization of AHL genes in walnut is still missing. In this study, the AHL gene family was
characterized in walnut based on the high-quality genome data [30]. The chromosomal
locations, phylogenetic relationships, gene expansions and structures, conserved domains,
putative protein interaction, and cis-elements in the promoter region were analyzed. Fur-
thermore, the JrAHL2, a Clade-A member highly expressed in flower, was isolated, its
protein subcellular localization was analyzed, and its functions involved in floral transition
and hypocotyl elongation were dissected. The current study will provide a theoretical
basis for further investigation of the functions of the JrAHL gene family, and an improved
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understanding of the molecular mechanisms underlying its role in regulating growth and
development in walnut.

2. Results

2.1. AHL Genes in Walnut

The HMMscan was executed against the protein databases using the PPC/DUF296
(PF03479) and AT-hook as queries. After manual checking, the 37 unique AHL genes
were obtained from walnut (Juglans regia L.). The JrAHL genes were named according to
their chromosomal locations (JrAHL1–JrAHL37) (Table 1). The gene lengths of JrAHL genes
ranged from 667 bp to 7791 bp, which encode polypeptides from 221 to 406 amino acids with
predicted molecular weights ranging from 20.04 kDa to 42.63 kDa. The theoretical pI ranged
from 5.08 to 10.61. Approximately 92% of JrAHL proteins (except for JrAHL10/11/33)
were predicted to be located in the nucleus (Supplementary Table S2), consistent with the
previous report [1].

Table 1. Information of the AHL genes in J. regia L.

Name Gene ID
Location

(Start)
Location

(End)
Strand Length CDS (bp)

Peptide
(aa)

pI
MW

(kDa)

JrAHL1 JreChr01G12984 39,611,176 39,611,994 + 819 819 272 6.08 28.02
JrAHL2 JreChr01G12992 47,390,686 47,391,612 − 927 927 308 6.59 32.84
JrAHL3 JreChr01G13333 47,470,900 47,477,455 + 6556 1005 334 9.59 34.79
JrAHL4 JreChr01G13761 50,056,338 50,057,327 − 990 990 329 5.08 34.44
JrAHL5 JreChr02G10898 7,160,919 7,167,725 − 6807 1035 344 9.91 35.36
JrAHL6 JreChr02G11467 21,601,290 21,602,144 + 855 855 284 6.45 29.38
JrAHL7 JreChr02G11474 26,318,938 26,319,843 − 906 906 301 6.80 31.86
JrAHL8 JreChr02G11687 26,371,944 26,376,879 + 4936 1068 355 8.83 36.83
JrAHL9 JreChr02G11978 27,859,904 27,860,884 − 981 981 326 5.60 34.15
JrAHL10 JreChr03G13350 4,426,812 4,430,966 − 4155 795 264 10.46 27.04
JrAHL11 JreChr04G10741 8,368,413 8,372,787 + 4375 1014 337 9.21 35.15
JrAHL12 JreChr04G12210 20,642,675 20,643,481 + 807 807 268 9.24 28.25
JrAHL13 JreChr06G10970 6,003,983 6,011,773 + 7791 930 309 9.61 32.44
JrAHL14 JreChr07G10387 23,875,413 23,876,234 − 822 822 273 9.74 28.01
JrAHL15 JreChr07G11230 16,643,389 16,644,297 − 909 909 302 5.77 31.30
JrAHL16 JreChr07G11239 27,147,611 27,148,277 − 667 666 221 10.09 23.04
JrAHL17 JreChr07G11616 27,252,429 27,256,966 + 4538 1107 368 10.09 36.49
JrAHL18 JreChr08G11927 30,383,998 30,384,978 + 981 981 326 7.07 34.60
JrAHL19 JreChr08G12220 5,871,308 5,872,264 − 957 957 318 6.36 33.92
JrAHL20 JreChr08G12225 8,400,985 8,408,164 − 7180 1182 393 10.33 39.80
JrAHL21 JreChr09G12239 8,457,851 8,459,672 + 1822 696 231 9.87 23.85
JrAHL22 JreChr10G11635 644,863 648,220 + 3358 1089 362 8.49 37.48
JrAHL23 JreChr11G10743 358,990 361,864 + 2875 1068 355 9.12 36.87
JrAHL24 JreChr11G11355 23,940,903 23,941,778 − 876 876 291 5.96 30.42
JrAHL25 JreChr11G11477 30,455,540 30,459,915 + 4376 1017 338 10.61 35.04
JrAHL26 JreChr11G11481 31,577,477 31,578,376 − 900 900 299 6.16 32.00
JrAHL27 JreChr12G10636 31,622,448 31,628,198 + 5751 939 312 9.63 31.89
JrAHL28 JreChr12G10638 18,010,455 18,017,606 + 7152 1134 377 9.37 38.78
JrAHL29 JreChr12G10640 18,021,521 18,027,959 − 6439 1140 379 9.59 38.92
JrAHL30 JreChr12G10998 18,039,195 18,040,085 − 891 891 296 6.10 31.07
JrAHL31 JreChr12G11092 21,387,711 21,392,430 + 4720 1020 339 10.00 35.22
JrAHL32 JreChr12G11095 22,118,819 22,119,700 − 882 882 293 6.30 31.42
JrAHL33 JreChr13G10464 22,173,675 22,179,704 + 6030 1221 406 9.59 42.63
JrAHL34 JreChr13G10846 1,739,954 1,740,790 − 837 837 278 5.80 28.67
JrAHL35 JreChr13G10963 23,001,456 23,006,865 − 5410 963 320 9.73 33.66
JrAHL36 JreChr14G10308 24,429,650 24,430,551 − 902 795 264 6.37 26.99
JrAHL37 JreChr01G12984 1,416,877 1,417,719 − 843 843 280 6.04 29.02
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2.2. Phylogenetic Analysis of JrAHL Genes

To infer the evolutionary relationship among the JrAHL proteins, phylogenetic analysis
was performed on the full-length protein sequences. The result showed that the JrAHL
proteins in walnut could be divided into two clades, as in Arabidopsis (Figure 1)-Clade-A
and Clade-B. JrAHL were further classified into Type-I, Type-II, and Type-III (Figure 2 left
panel), based on the presence and combination of the two characteristic functional units-the
PPC domain and the AT-hook motif (Figure 2 right panel). Clade-A contained 20 JrAHLs, and
it was also classified into Type-I, harboring the Clade-A PPC domain and the Type-I AT-hook
motifs in their putative protein sequence (Figure 2 right panel). The higher abundance of Type
I members (54%) in walnut is also consistent with observations in other land plants [25,27,31].
There were 17 JrAHL members in Clade-B, which all harbored the Clade-B PPC domain.
Clade-B was further divided into two types: 11 Type-II members and 6 Type-III members.
Type-II members contained Type-I and Type-II AT-hook motifs, whereas the Type-III JrAHLs
only contained the Type-II AT-hook motif (Figure 2 right panel).

Figure 1. Neighbor-joining tree representing phylogenetic relationships among AHL genes from walnut
and Arabidopsis. The evolutionary history was inferred using the Neighbor-Joining matrix-based
method and are in the units of the number of amino acid substitutions per site. The rate variation among
sites was modeled with a gamma distribution. Evolutionary analyses were conducted in MEGA7.
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Figure 2. Phylogenetic (left panel) and sequence alignment (right panel) analysis of the walnut
AHL proteins. The obtained phylogenetic tree by MEGA7 is shown on the left. Multiple sequence
alignment analysis was performed using DNAMAN software, and the conserved domain is displayed
on the right.

2.3. Gene Structure and Duplication of JrAHLs

The distribution of introns and exons was investigated to explore the diversity of gene
structure. The structures of JrAHL genes could be divided into two types, one contained
no or only one intron, and the other contained multiple introns (Figure 3 left panel). All
Type-II and Type-III JrAHLs contained four to five introns, while the JrAHLs in Type-I were
intronless except for JrAHL21 and JrAHL26. Furthermore, the number and arrangement
of introns are relatively conserved within the same clade, implicating the evolutionary
similarity between these members. A total of seven conserved motifs in which two motifs
(motif 1 and motif 2) have highly conserved ‘R-G-R-P’ amino acid sequences (Figure 3 right
panel), which are the typical characteristic sequences of the AT-hook motif family.

Gene duplication leads to the expansion of AHL family through segmental and tandem
duplications [1]. We speculated the exact mechanism has driven the expansion of the AHL
gene family in walnut. We analyzed gene duplication events in the JrAHL gene family. As
shown in Figure 4, a total of 37 JrAHL genes were unevenly mapped onto 16 chromosomes
of walnut. Chromosomes 00 and 14 did not contain duplicated genes, whereas Chromosome
12 had the highest number of duplications. More than twenty pairs of JrAHL genes, such
as JrAHL1/6, JrAHL4/9, JrAHL24/34, and JrAHL31/25, were located in duplicated genomic
regions. Duplicated pairs showed similar motifs (Figure 2), patterns of gene structure
(Figure 3), and clustered tightly in the evolutionary tree (Figure 1), suggesting the JrAHL
genes have duplicated segmentally during the evolution.
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Figure 3. Gene structure analysis and conservative motif prediction of the AT-hook motif gene family
in walnut. The gene structure map was obtained with the GSDS online tool (left). The x-axis shows
the inferred length of the different genes (5′ to 3′) and their respective CDS (red). Domain structure
and motif were elucidated with the MEME platform (right).

Figure 4. Chromosomal distribution and collinearity of walnut AHL genes. The gray lines in the
background indicate the collinear blocks in the genomes of J. regia, while the colorful lines emphasize
the segmental duplication of the walnut AHLs.
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2.4. Cis-Acting Element Analysis of JrAHLs Promoter

The promoter is critical for transcriptional regulation because of its responsiveness
to specific hormone levels and environmental cues and plays a vital role in the biological
regulation of gene expression under stress. We investigated the possible regulatory mecha-
nisms by searching the promoter region of 1500 bp upstream of the JrAHL gene family. Four
categories of cis-elements were identified related to hormone response, stress response,
tissue-specific expression, and transcription factor binding (Figure 5). Hormone response el-
ements, such as gibberellin response element (GARE-motif), salicylic acid response element
(TCA-element), abscisic acid-responsive element (ABRE), auxin-responsive (AUXRR-core),
and MeJA-responsiveness (CGTCA-motif) were abundant in JrAHL promoter regions.
Stress response elements, including defense responsive element (TC-rich repeat), low-
temperature response (LTR), and drought response element (MBS), were discovered in
most of the promoter regions of JrAHL genes. As for cis-acting regulatory elements related
to tissue-specific expression, endosperm- and meristem-expression elements were found
in 4 and 14 JrAHL promoter regions, respectively (Figure 5 and Figure S2). Four JrAHL
genes contained the AT-rich element, which provided the binding site of ATBP-1, a class
of AT-rich DNA binding proteins. These results imply that JrAHLs are involved in many
biological processes.

 

Figure 5. Predicted cis-elements in the JrAHL promoters. The 1.5-kb sequence upstream from the
start codon of JrAHL genes was analyzed using the PlantCARE database. Different colored graphics
represent different cis-acting elements.
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2.5. Protein-Protein Interaction Analysis JrAHLs

Members of the AHL family are partially involved in various plant biological pro-
cesses via protein-protein interaction [23]. We constructed the protein interaction networks
between the JrAHL proteins. Consistent with the previous report [16,24], the JrAHLs are
shown to interact with each other (Figure 6). Additionally, JrAHL3/JrAHL8/JrAHL11/
JrAHL13/JrAHL27/JrAHL33 were predicted in the networks, which were clustered with
the physically-interacting proteins AHL3/AHL4 from Arabidopsis [23]. In Poncirus trifoli-
ata, both PtrAHL14 and PtrAHL17 could interact with other proteins to target the same
downstream genes [32]. However, the interaction between JrAHL proteins must be further
verified in vitro and in vivo.

Figure 6. Predicted protein-protein interaction network of JrAHL protein. The network nodes
represent proteins. The line color indicates the type of interaction evidence.

2.6. Gene Expression Patterns of JrAHLs

The JrAHLs expression profiles of F26 (anthracnose-resistant) and F423 (anthracnose-
susceptible) fruit bracts at five-time points after infection were analyzed based on the
transcriptomic data. In the anthracnose-resistant F26, more than half of the JrAHLs gene
members were up-regulated within 24 hours after inoculation. However, the up-regulation
of these JrAHL genes was delayed in the susceptible F423 (Figure 7). This result suggested
that JrAHLs are involved in the immune regulation of pathogens. Expression profiles
of JrAHLs at different developmental stages of endopleura, one of the walnut’s most
commercially essential organs, were analyzed. More than half of JrAHL genes showed
high transcription levels in the early endopleura development stage (Figure 8). The tissue-
specific expression profile of some JrAHL genes from different clades was determined by
real-time quantitative PCR (Figure 9). JrAHL1, JrAHL2, JrAHL7, JrAHL19, and JrAHL28
were highly expressed in the shoot tip. JrAHL1, JrAHL2, and JrAHL7 also showed high
expression levels in pistillate flowers. Two genes were preferentially expressed in the
vegetative organs, such as JrAHL10 in root and JrAHL33 in leaf. The JrAHL11 is highly
expressed in fruit. In addition, JrAHL14 and JrAHL31 showed no tissue-specific expression.
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Figure 7. JrAHL gene expression profiles in F26 and the F423 fruits in response to anthracnose infection.
The heat map was generated based on the transcriptomic data of the anthracnose-resistant F26 fruit bracts
and anthracnose-susceptible F423 fruit bracts at five time points after infection with C. gloeosporioides.

2.7. Gene Cloning and Subcellular Localization of JrAHL2

JrAHL2 was cloned from walnut and found to contain a 927-bp CDS (Figure 10A)
that encodes a protein of 307 amino acids. Multiple sequence alignment analysis re-
sults showed that the JrAHL2 shared 59.75% sequence identity with AtAHL22. The
amino acid sequence within the AT-hook motif and the large PPC/DUF296 domain are
highly conserved (Figure 10B). JrAHL2 protein is predicted to be localized in the nu-
cleus (Supplementary Table S2). JrAHL2 was fused to a green fluorescent protein (EGFP)
(Figure 10C) and transiently expressed in tobacco leaf cells. The GFP signal was targeted to
the nucleus (Figure 10D), suggesting that JrAHL2 functions as a transcription factor.

2.8. Functional Analysis of JrAHL2 in Transgenic Arabidopsis

To dissect the function of JrAHL2, we generated JrAHL2-overexpressing (OE) trans-
genic Arabidopsis plants. The homozygous JrAHL2-OE plants flowered significantly later
than the WT controls (Figure 11A,B). Additionally, the flowering genes AtFT is expressed at
a lower level in the JrAHL2-OE Arabidopsis plants (Figure 11C). Overexpression of JrAHL2
also leads to a dominant-negative long hypocotyl phenotype under both long day and dark
conditions (Figure 12). Thus, JrAHL2 inhibits floral transition and hypocotyl elongation.
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Figure 8. JrAHL gene expression profiles at different developmental stages of endopleura in walnut.
The heat map was generated based on the transcriptomic data of the endopleura at different (35, 63,
91, 119, and 147) days after pollination (DAP).
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Figure 9. JrAHL gene expression profiles in different tissues. Each value represents the mean ± standard
error of three replicates. Different letters (a, b, c, d) indicate significant differences, as determined by
Student’s t-test at the 0.05 level.

 
Figure 10. JrAHL2 gene cloning and subcellular localization. (A) Gene cloning of JrAHL2 coding
region. (B) Putative protein sequence analysis of the cloned JrAHL2 gene. (C) Schematic diagram of
the JrAHL2 overexpression vector for subcellular localization. (D) Subcellular localization of JrAHL2
in tobacco leaves.
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Figure 11. JrAHL2 affects flowering in Arabidopsis. (A) Flowering phenotype of JrAHL2-
overexpressing (JrAHL2-OE), wide type (Col-0), and AtAHL mutant (ahl22-1) Arabidopsis lines,
respectively. (B) The number of rosette leaves at flowering. (C) The expression level of flowering-
related gene FT. The columns represent the mean values of three replicates ± standard deviations.
The asterisk (*) indicate significant differences, as determined by Student’s t-test at the 0.05 level.

Figure 12. JrAHL2 affects hypocotyl elongation. Samples were photographed (A), (upper panel) for
darkness, and (lower panel) for normal photoperiod and the length of the hypocotyl was analyzed (B).
Bar = 2 mm. The columns represent the mean values of three replicates ± standard deviations. Different
letters (a, b, c) indicate significant differences, as determined by Student’s t-test at the 0.05 level.
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3. Discussion

3.1. Identification and Analysis of JrAHL Gene Family Members

The walnut (Juglans regia L.) is one of the most economically essential nut trees, and
the research on walnut focused on flowering and molecular breeding in recent years.
However, less attention was paid to walnut than other plants because of the problems in
the walnut industry development, such as the long juvenile phase, difficulty in flowering,
and hypocotyl elongation through the husk. The high-quality walnut genome has been
published [30], providing a reference for systematic research on the genetic composition
and potential function. To date, some gene families from walnut have been identified,
such as the Basic leucine zipper (bZIP) [33] and General Regulatory Factor (GRF) [34] genes,
which may be involved in the regulation of flowering. However, the role of the AT-Hook
Motif Containing Nuclear Localized (AHL) gene family has not been explored in higher
plants beyond herbaceous plants. In this work, 37 JrAHL members were identified in the
walnut genome (Table 1). More member was identified in walnut compared to Arabidopsis
(29 members) [6], probably because the walnut genome (540 Mb) is larger than that of
Arabidopsis (125 Mb). The JrAHL members were divided into two Clades, based on
the phylogenetic tree (Figure 1) and PPC/DUF domain (Figure 2) as reported in other
species [1]. AHL proteins interact with each other through their PPC domain [35]. Thus,
the variability increase in PPC domains may extend the range of biological functions. The
Clade-B is further divided into two types based on the AT-hook motif, Type-II and Type-III.
At the same time, the Clade-A is referred to as Type-I (Figure 2). Because the AT-hook
motif is responsible for recognizing and binding a specific nucleotide sequence as well
as changing the chromatin structure [36], it is, of course, possible that JrAHLs from the
different branch can target different downstream genes. The sequences of conserved motifs
(Figure 2), the gene structure (Figure 3), and the arrangement of distinct domains (Figure 3)
and are highly consistent within each evolutionary branch. High consistency may be caused
by segmental duplications (Figure 4) or the whole-genome duplication process [27], which
are the major driving forces of AHL family evolution. Similarly, domain-swapping analyses
showed that the N-terminus of AHL4 is required for its DNA-binding activity [4]. All JrAHL
genes in Clade-B contain multiple exons, whereas all the Clade-A members are intronless
(Figure 3). Introns are ubiquitous in eukaryotic genomes, which affect gene function by
affecting gene expression regulation [37]. For example, the number of introns in soybeans
certainly affects the expression of AHL genes [25]. In addition to regulating the rate of
gene evolution [38], introns also provide specific functional elements for selective splicing
and exon shuffling, and some functions of non-coding DNA [39], and in so doing allow
the occurrence of diversity in JrAHLs protein accumulation, structures (Supplementary
Figure S1), and physically interactions (Figure 6). Because the eukaryote genomes gained
introns during or after prokaryote-eukaryote divergence [13], an early divergence occurred
between the Type-I JrAHLs and the other two types (II and III) of JrAHL genes, and the
JrAHLs of Clade-B in the walnut genome have diverged from Clade-A. Gene duplication,
one of the most important features of plant genome structure, contributed to the evolution
of novel functions [40] (Panchy et al., 2016). The ratio of non-synonymous to synonymous
mutations in genes (Ka/Ks) of duplicated gene pairs was < 1, suggesting that purifying
selection was the main source [40] of evolution for the JrAHL gene family. It is thus plausible
that introns acquisition may cause the structural and functional changes of JrAHLs during
duplication (Figures 3 and 4).

In addition to introns, the promoter, another important non-coding region, plays a critical
role in regulating gene transcription. The cis-acting elements of some duplicated gene pairs are
not the same, such as JrAHL1/6 and JrAHL4/9. These differences would allow the regulation
of different aspects of plant development and the responses to hormones and stresses. Studies
of promoters, especially cis-acting elements (CREs) are crucial for improving our fundamental
understanding of gene regulation and function towards different environmental cues and
stress. The CREs that regulate plant development and confer resistance stresses are found in
the JrAHL promoters (Figures 5 and S2). Stress-related hormone response elements, including
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ABA, MeJA, and SA, are widely distributed on multiple JrAHL promoters. Fifteen JrAHLs
contained GARE-motif, especially JrAHL6, contains up to four of these elements, suggest-
ing a cross-talk between JrAHLs and GA hormones, such as negative feedback regulation
as previously reported [17]. Aux-responsive CREs are predicted in ten JrAHL promoters.
Specifically, JrAHL28 is homologous to AHL10 in Arabidopsis, which regulates genes related
to the auxin signaling pathway, suggesting a cross-talk between JrAHLs and auxin [8,21].
AHL also negatively regulates jasmonic acid (JA) levels and affects the gene expression in
the JA pathway [20]. Notably, two AT-Hook proteins, PtrAHL14/17 in Poncirus trifoliata,
were reported to modulate cold tolerance [32]. Adversity stress-related CREs, including low
temperature, drought, and defense, suggest that JrAHLs are relevant to controlling these
processes. Four JrAHL genes contained the AT-rich element, which provided the binding
site of AT-rich DNA binding protein (ATBP-1) [41]. It is plausible that there is reciprocal
transcriptional regulation among the JrAHLs family members, in addition to the predicted
protein-protein interactions (Figure 6). In addition, tissue-specific elements such as endosperm-
and meristem-expression (Figures 5 and S2) suggested that JrAHLs regulate embryogenesis
and meristem maturation like previously reported [35,42]. Specifically, JrAHL17 contains both
endosperm- and meristem-expression CREs and is homologous to AtAHL10 from Arabidopsis,
which affects the expression of the transcription factor STM (Shootmeristemless) required for
meristem maintenance [21]. qRT-PCR revealed that the JrAHL genes containing meristem-
expression tissue-specific elements in the promoter were highly expressed in the shoot tip
(Figures 5 and 9). Transcriptome data facilitate a comprehensive understanding of expression
levels of multiple genes. Multiple JrAHL genes showed differential expression by analyzing
the transcriptome data of two walnut materials after inoculation with Colletotrichum gloeospo-
rioides. In response to C. gloeosporioides infection, more than half of the JrAHL genes were
rapidly activated in F26 at the initial stage of inoculation. At the same time, the activation
of JrAHL in F234 was relatively delayed, suggesting that JrAHL is involved in the immune
regulation of pathogens and that early expression may confer high resistance to anthracnose
in F26 fruits (Figure 7). In fact, there is already established evidence that AHL is involved in
plant immunity and positively regulates plant resistance to pathogen infection [20,43]. More
than half of the JrAHL genes are highly expressed at the beginning of endocarp development
(Figure 8), including JrAHL11, which showed a profound expression in walnut fruit (Figure 9).
JrAHL11 was clustered into the same clade with the Arabidopsis AHL4, and the latter is
involved in the regulation of lipid mobilization and fatty acid β-oxidation [22], suggesting that
the JrAHL11 plays an important role in fruit development. The three detected Type I JrAHL
genes, JrAHL1, JrAHL2, and JrAHL7, were highly expressed in pistillate flowers and shoot tip
(Figure 9). JrAHL1 was homologous to the AHL20, JrAHL2 and JrAHL7 were homologous to
the AHL22 (Figure 1) in Arabidopsis, respectively. Both AHL20 and AHL22 were involved
in controlling flowering time in Arabidopsis [7,15,44], suggesting that these three genes are
involved in floral regulation.

3.2. JrAHL2 Delayed Flowering and Inhibited Hypocotyl Elongation

Hypocotyl elongation is an essential event in the photomorphogenesis of walnut
seeds, and flowering is an important trait for economic forest species. The functions and
mechanisms of AHL genes from Arabidopsis have been extensively studied, whereas the
function dissection information about the specific JrAHL gene in walnut is still unavailable.
The JrAHL2 were highly expressed in the pistillate flower and was homologous to the Ara-
bidopsis AHL22, which stimulates us to investigate the function of JrAHL2 in controlling
flowering and hypocotyl elongation. The transgenic Arabidopsis with constitutive expres-
sion of the JrAHL2 gene was prepared. Overexpression of JrAHL2 caused a significant
inhibition of hypocotyl elongation, whereas the Arabidopsis ahl22 (homologous to JrAHL2)
mutant is longer in the hypocotyl length than wide type (Figure 10) under both long-day
conditions and darkness. It reported that AHL22, SOB3/AHL29, ESC/AHL27 [6–8] are
negative modulators of hypocotyl growth in Arabidopsis [9]. This result indicates that
JrAHL2 plays a negative role in controlling hypocotyl elongation and functions in both
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photomorphogensis and skotomorphogenesis. In addition to repressing the hypocotyl
growth, JrAHL2 also inhibits the transcription of FT and delays flowering (Figure 9). Never-
theless, no perturbations to flower phenotype and FT expression were recorded in the ahl22
mutant (Figure 9), possibly because of extensive functional redundancy between AtAHL22
and other AHL genes [15]. These results suggested that the JrAHL2 has a much stronger
effect on hypocotyl elongation than its effect on flowering regulation (Xiao et al., 2009).
Additionally, despite the report that AHL regulates the expression of target genes, including
FT, by directly binding to a specific nuclear MAR containing A/T-rich sequences within
their promoter [15,32,44], the ubiquity of A/T-rich sequences in the promoter region makes
it difficult to discriminate the elements specifically bound by JrAHL2. Thus, a systems
approach such as ChIP-seq/qPCR could be used further to dissect the network of JrAHL.

4. Materials and Methods

4.1. Identification of the AHL Gene Family

For the discovery of the AHL family members in walnut, the high-quality com-
mon walnut (Juglans regia L.) reference genome data was downloaded [30]. The Hidden
Markov Model scan (HMMscan) was used on the complete walnut protein database using
PPC/DUF296 (PF03479) as well as AT-hook (PF02178) Pfam IDs obtained from the Pfam
database (https://pfam.xfam.org/ (accessed on 7 January 2022)) [45] as queries. All non-
redundant putative protein sequences were manually checked with the NCBI Conserved
Domains Database (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi (accessed on
12 January 2022)). The unique sequences containing the AT-hook motif and the PPC domain
were selected as putative JrAHLs. The online ExPASy program (http://www.expasy.org/
tools/ (accessed on 12 February 2022)) was used to predict protein physicochemical charac-
teristics. The online system Cell-PLoc (http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/
(accessed on 15 February 2022)) [46] was used to predict the subcellular localization of these
JrAHL proteins.

4.2. Phylogenetic Analysis of AHL Proteins

A Neighbor-Joining tree was constructed to infer the phylogenetic relationship be-
tween the AHL proteins from Arabidopsis and walnut. Sequence alignment was carried
out using ClustalW in MEGA7 [47] with default parameters. The 1000 Bootstrap replicates
were applied to present the evolutionary history. Multiple alignments were also performed
with DNAMAN software (LynnonBiosoft, San Ramon, CA, USA. version 8.0).

4.3. Genes and Protein Structure Analysis

The GSDS 2.0 (Gene Structure Display Server, http://gsds.cbi.pku.edu.cn) was utilized
to draw the structure of JrAHL genes. MEME (http://meme-suite.org/ (accessed on 15
April 2022)) was employed for functional motif analysis. The three-dimensional structure
of JrAHL proteins was predicted by the PHYRE server v2.0 (http://www.sbg.bio.ic.ac.uk/
phyre2 (accessed on 22 April 2022)).

4.4. Collinearity Analysis

The OrthoMCL algorithm [48] was used to identify paralogous genes within the
walnut genome, and then the MCScan [49] algorithm was applied to detect syntenic blocks
containing walnut AHL. The Circos [50] was used to visualize the syntenic relationships
between the walnut genomes. The Ka/Ks ratio was calculated to estimate the selection
pressure among duplicated JrAHL genes as previously described [51]. All plugins are used
in TB tool software (TBtools-II v1.108) [52].

4.5. Promoter Sequence Analysis

The 1.5-kb upstream region of the start codon of each JrAHL gene was retrieved. The
online PlantCARE database (https://bioinformatics.psb.ugent.be/webtools/plantcare/
html/ (accessed on 16 July 2022)) was used to identify the potential cis-acting elements.
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4.6. Interactive Protein Network Analysis

The STRING database predicted the interaction network of AHL proteins (https://
string-db.org/ (accessed on 25 July 2022)). All JrAHL proteins were used as the query
to search for the walnut data in the STRING database. Both the functional and physical
protein associations were included in the network. The minimum required interaction
score was selected as medium confidence (0.400).

4.7. Expression Profiles of JrAHL Genes

Gene expression data from the anthracnose-resistant F26 and the anthracnose-susceptible
F423 fruits in response to anthracnose (Colletotrichum gloeosporioides) infection were down-
loaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo/ (accessed on 20 July
2022)) at accession GSE147083 [53]. Transcriptomic data of the walnut endopleura during its
development was also downloaded from GEO database at accession GSE185230 [54]. The log2
transformed FPKM (Fragments Per Kilobase of exon model per Million mapped fragments)
values were used for preparing the heatmaps. Root, stem, leaf, flowers, fruits, and shoot tip
were taken, frozen immediately in liquid nitrogen, and stored at −80 ◦C until use.

4.8. Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted from different tissues using the RNA extraction kit (OMEGA,
Doraville, GA, USA). The RNA concentration was determined by spectrophotometer, and
RNA integrity was verified by electrophoresis. First-strand cDNA was synthesized using
the EasyScript® One-Step cDNA Synthesis SuperMix (TransGen Biotech, China) following
the manufacturer’s instructions. Primer pairs for qRT-PCR were designed using Primer
Premier 6.0 (Premier Biosoft, San Francisco, CA, USA) (Supplementary Table S1). qRT-PCR
was performed on a Bio-Rad CFX96 thermal cycler (Bio-Rad Laboratories, Hercules, CA,
USA). The 18S rRNA gene was used as a standard internal control. The relative expression
levels were calculated by the comparative 2−ΔΔCt method [55].

4.9. Gene Cloning, Vector Construction, and Subcellular Localization

The coding sequence (CDS) of the JrAHL2 was cloned from the walnut pistillate
flower’s cDNA and then inserted into the modified pCAMBIA2300-EGFP vector. Subcel-
lular localization was carried out according to our previously published article [56]. The
leaves of 5-week-old tobacco plants were infiltrated with the Agrobacterium strain GV3103
cells containing the recombinant vector. After 3 d, the green fluorescent protein signals
were detected with an Olympus fluorescence microscope (Japan). All primers used for
gene cloning and vector construction were listed in Supplementary Table S1.

4.10. Plant Transformation and Phenotype Analysis

Arabidopsis was transformed with the Agrobacterium strain GV3103 mentioned above,
according to the A. tumefaciens mediated floral dip method [57]. The transformants were
identified based on kanamycin resistance, and the T3 generation seedlings were used for
functional analyses. The flowering phenotype of different Arabidopsis lines, including JrAHL2-
overexpressing (JrAHL2-OE), wild type (Col-0), and AtAHL22 mutant (ahl22-1, Salk_018866),
were identified according to the previous description [58]. To analyze the hypocotyl growth
phenotype, Arabidopsis seeds were surface-sterilized and sown on Murashige & Skoog (MS)
medium [56]. The plate was held at 4 ◦C for 3 days, exposed to white light for 4 h to stimulate
germination, and then cultured for 6 days at 22 ◦C with a 16-h light/8-h dark photoperiod
(light intensity of 150 μmol m−2 s−1) (long day) or darkness.

5. Conclusions

Thirty-seven AHL genes were identified in the walnut (Juglans regia L.) genome and
found to be unequally distributed on 16 chromosomes. The phylogenetic tree divided
JrAHLs into two clades. Segmental duplications were the major driving forces of AHL
gene family expansion and evolution. Promoter and expression analysis indicated that
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JrAHLs were involved in multiple biological processes. Functional analysis showed that the
nuclear-localized JrAHL2 plays a negative role in floral transition and hypocotyl elongation.
The first systematic exploration of the AHL gene family in walnut will provide helpful
information for future work in walnut breeding.
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Abstract: Basic helix–loop–helix (bHLH)/HLH transcription factors are involved in various aspects
of the growth and development of plants. Here, we identified four HLH genes, PePRE1-4, in moso
bamboo plants that are homologous to Arabidopsis PRE genes. In bamboo seedlings, PePRE1/3 were
found to be highly expressed in the internode and lamina joint by using quantitative RT-PCR analysis.
In the elongating internode of bamboo shoots, PePRE genes are expressed at higher levels in the
basal segment than in the mature top segment. Overexpression of PePREs (PePREs-OX) in Arabidopsis
showed longer petioles and hypocotyls, as well as earlier flowering. PePRE1 overexpression restored
the phenotype due to the deficiency of AtPRE genes caused by artificial micro-RNA. PePRE1-OX
plants showed hypersensitivity to propiconazole treatment compared with the wild type. In addition,
PePRE1/3 but not PePRE2/4 proteins accumulated as punctate structures in the cytosol, which was
disrupted by the vesicle recycling inhibitor brefeldin A (BFA). PePRE genes have a positive function
in the internode elongation of moso bamboo shoots, and overexpression of PePREs genes promotes
flowering and growth in Arabidopsis. Our findings provided new insights about the fast-growing
mechanism of bamboo shoots and the application of PRE genes from bamboo.

Keywords: HLH; PRE; fast-growth; shoot elongation; moso bamboo; transcription factor; flowering

1. Introduction

Moso bamboo (Phyllostachys edulis) is one of the fastest growing non-timber tree plants
all over the world, with considerable ecological, economic, and cultural value [1,2]. In spring,
it can grow up to 1 m in less than 24 h and reach a final height of 20 m in 45–60 days [3].
The rapid expansion of bamboo stems is driven by the cell division and elongation of
internodes, which are regulated by a combination of endogenous phytohormones and
environmental factors such as auxin, gibberellin acid (GA), brassinosteroids (BRs), and
light [4]. Recent studies demonstrate that the BR, auxin, GA, and phytochrome pathways
converge through direct interactions among their transcription factors/regulators, then
pass to a tripartite module of helix-loop-helix (HLH) and basic helix–loop–helix (bHLH)
factors, which is named the HHbH module [5]. The HLH/bHLH cascade regulates cell
elongation downstream of various hormonal and environmental signaling pathways [6,7].

Paclobutrazol-resistant (PRE) proteins are a typical bHLH transcription factors, ho-
mologs to the human Id-1 (inhibitor of DNA binding 1) protein which lacks the basic
domain required for DNA binding. PRE proteins dimerize with other bHLH factors to
inhibit their DNA-binding activity [8,9]. IBH1 (ILI1 binding bHLH protein) interacts with
HBI1 (homolog of BEE2 interacting with IBH1), a positive regulator of cell elongation,
and inhibits its transcriptional activity, thereby promoting the hypocotyl elongation by
inhibiting the DNA-binding activity of HBI1 [10,11]. PRE1 and ILI1 promote cell elongation
both in Arabidopsis and rice by interacting with IBH1 and forming a pair of antagonistic
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HLH/bHLH transcriptional factors that function downstream of BZR1 (brassinazole resis-
tant 1) to mediate BRs regulation of cell elongation [12]. PIF4 (phytochrome-interacting
factor 4) had a major role in the multiple signal integration for plant growth regulation [13].
PIF4 and BZR1 are direct targets of PRE1, PRE5, and PRE6/KIDARI [14]. PRE3/TOM7 is
involved in regulating a plant’s growth response to light signals [9]. PAR1 (phytochrome
rapidly regulated 1)–PRE1 and PAR1–PIF4 heterodimers form a complex HLH/bHLH
network that controls cell elongation and plant development in response to light [15]. PRE6
regulates photomorphogenesis by inhibiting the activity of HFR1 (the long hypocotyl in
far-red 1) [16,17]. Another study showed the CIB1 (cryptochrome-interacting bHLH 1)–
PAR1 and PIF4–PAR1/HFR1 systems antagonistically regulate cell elongation in response
to light and high temperature [18]. Auxin works independently of and in conjunction
with the PIF and GA pathways to regulate expression of growth-associated genes in cell
elongation [19,20].

On the other hand, GA, BR, and auxin enhance cell elongation by inhibiting many
inhibitory bHLH factors by inducing the expression of PRE family genes [6,16]. Overex-
pression of PRE1 suppressed GA-deficient phenotypes of the ga2 mutant and impacted
several aspects of GA-dependent response, indicating that PRE1 plays a regulatory function
in GA-dependent development in Arabidopsis [21]. Overexpression of PRE3 suppresses
the dwarf phenotype of the bri1-301 mutant, indicating PREs are involved and functional
redundancy in BR signaling and response [9]. PRE1 acts downstream of ARF10 (auxin
response factor 10) in regulating hypocotyl elongation, whereas PRE6 is a transcriptional
repressor that is directly regulated by ARF5 and ARF8 in Arabidopsis [22].

PRE homologs are also involved in the regulation of plant development in other
species. In rice, the PRE homologous gene OsILI1 (increased leaf inclination 1) stimulates cell
elongation in the lamina joint and OsILI1 overexpression results in a large leaf angle phe-
notype [10]. FaPRE (Fragaria × ananassa paclobutrazol resistant) promotes the expression
of genes involved in the ripening process while suppressing the expression of growth-
promoting genes in the receptacle of octoploid strawberries [23]. GhPRE1 (Gossypium
hirsutum paclobutrazol resistant 1) overexpression results in longer fibers with higher qual-
ity characteristics in cotton [24]. In a recent study, moso bamboo PRE homolog genes were
downregulated by a BR biosynthesis inhibitor (propiconazole (PPZ)) treatment, according
to the transcriptome profile [25].

Recently, transcriptome sequencing and epigenetic-modification profiling in fast-
growing moso bamboo shoots identified a large number of putative fast-growing genes [3].
Among these genes, the transcription factors act as regulatory switches for gene expression,
which will deepen and expand understanding the fast-growth mechanism. However, the
role of moso bamboo PRE genes, putative growth-promoting transcription factors, remains
unclear. In this study, we identified four PRE genes from the moso bamboo genome.
Specific expression patterns of PePRE genes were observed in the seedling and elongating
bamboo shoots, as well as in the different parts of the internodes. Overexpressing PePRE1
in Arabidopsis resulted in phenotypes including a long petiole, slightly pale green leaves,
and early flowering. PRE1 and PRE3 proteins accumulated as punctate structures in
the cytosol. Our study suggests that PePREs may play a positive role in the fast-growth
processes of moso bamboo. Our results will benefit the future identification of more growth-
promoting genes from moso bamboo genome and will provide basis for further functional
characterizations of PRE family genes.

2. Results

2.1. Identification of PePREs in Moso Bamboo

Four homologous PRE genes were identified from the moso bamboo genome by
BLAST-P searching in the moso bamboo protein database (http://www.bamboogdb.org/,
accessed on 8 May 2017) [26] with AtPREs amino acids sequences. These were named as
PePRE1 (PH01000065G2010), PePRE2 (PH01000068G1560), PePRE3 (PH01000519G0840),
and PePRE4 (PH01000960G0260). When compared with rice and Arabidopsis PREs, all
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bamboo PRE proteins are clustered with rice PREs but not AtPREs (Figure 1b). Protein
sequence alignment of the PREs showed that all bamboo PREs proteins have highly con-
served helix–loop–helix (HLH) domains but not basic domains that are critical for DNA
binding (Figure 1a). The expression patterns of PePRE genes were investigated in different
tissues of moso bamboo seedlings by quantitative reverse transcription PCR (qRT-PCR)
(Figure 1c,d). PePRE2 and PePRE3 are found highly expressed in roots, whereas PePRE1
and PePRE4 were hardly detected (Figure 1d). Interestingly, only the PePRE1 gene was
detected in leaves, suggesting its unique function in leaf development (Figure 1d). Con-
sistent with a previous report about the critical function of PRE genes on the lamina joint
bending [12], four bamboo PRE genes were found to be expressed in the lamina joint
(Figure 1d). As all PePREs were expressed in the internode and sheath, PePRE1 and PePRE3
showed predominant expressions in the sheath and internode, respectively (Figure 1d).
Together, these results suggested that PePRE genes showed tissue-specific patterns in moso
bamboo seedlings.

 

Figure 1. PePREs in moso bamboo. (a) Sequences alignment of PRE proteins. Identical or similar
amino acid residues are indicated by colorful shading and the helix and loop domains are highlighted.
(b) Phylogenetic analysis of PRE proteins from rice and Arabidopsis. Full amino acid sequences were
used. Bootstrap values of 1000 replications were shown. Pe, Phyllostachys edulis; Os, Oryza sativa; At,
Arabidopsis thaliana. (c) The tissue of the aerial part of moso bamboo seedling. Scale bar represents
1 cm. (d) Expression level of PePREs in different tissues of 3-week-old seedlings by qRT-PCR analysis.
Different letters above the data columns indicate significant differences (p < 0.05; Duncan’s test).
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2.2. Expression of PePRE Genes in Elongating Bamboo Shoots

Bamboo shoot growth is attributed to cell proliferation in the intercalary meristem
and subsequent cell elongation in the elongation zone of the internodes. The expression
patterns of bamboo PRE genes were investigated in the elongating bamboo shoot (Figure 2a).
PePRE1 and PePRE3 transcript levels were highest in the elongating internode (EIN) and
scale leaves, whereas PePRE2 and PePRE4 transcript levels were highest in the scale leaves
(Figure 2b). All PePREs showed higher expression levels in the internodes than in the nodes
(Figure 2b). To further explore the role of PePRE genes in internode growth, the elongating
internode of bamboo shoots was divided into top, middle, and basal regions (Figure 2a
bottom right). Generally, expression of PePRE genes accumulated in the middle and basal
regions, whereas PePREs were hardly detected in the upper parts. PePRE1 and PePRE3
were predominantly expressed in the middle and basal regions (Figure 2c). There was high
PePRE2 expression in scale leaves, followed by the unelongated internodes. Interestingly,
PePRE4 showed the lowest expression levels in the internodes and had relatively higher
expression in the upper parts. Collectively, these data suggest that PePREs have a prevalent
accumulation in the elongating tissue of bamboo shoots.

Figure 2. Expression pattern of PePREs in the elongating bamboo shoot. (a) Structure of an elongating
moso bamboo shoot. Samples are collected from a 1.8 m bamboo shoot. SAM, shoot apical meristem;
SL, scale leaf; UIN, unelongated internode; UNO, unelongated node; EIN, elongating internode; ENO,
elongating node. Scale bar represents 10 cm. (b) Expression levels of PePRE genes in the elongating
bamboo shoot. (c) Expression levels of PePRE genes in different parts of an elongating internode. T,
top part; M, middle part; B, bottom part. Different letters above the data columns indicate significant
differences (p < 0.05; Duncan’s test).

2.3. Overexpressing PePREs in Arabidopsis

To further understand the biological function of PePREs, we generated overexpression
transgenic lines with the 35S promoter driving the PePRE cDNAs fused with green fluores-
cent protein (GFP) in a Col-0 background. A total of 59, 42, 64, and 14 transgenic lines for
PePRE1, 2, 3, and 4 were generated, respectively, with 31 (52.5%), 34 (81%), 22 (34.4%), and
3 (21.4%) lines for each gene, respectively, showing an early flowering phenotype. Days to
bolting for PePRE1-OX #19 and PePRE2-OX #21 were found to be reduced by 13.3% and
14.0%, respectively, whereas the total rosette leaf numbers of PePRE-OX plants were also
reduced with exception of PePRE4-OX. Under long-day conditions, PePRE1-OX transgenic
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plants exhibited longer petioles and had paler green leaves than control plants (Figure 3a),
which were similar to the AtPRE1 overexpression lines reported in a previous study [27].
This suggested that PePREs have a conserved function similar to AtPRE1 on flowering
control. A total of 45% and 82.5% of PePRE1 and PePRE3 overexpression transgenic lines,
respectively, showed a stem-bending phenotype, which was mainly due to a broken stem
with a longitudinal crack (Figure A2). We further crossed PePRE1-OX transgenic plants with
pre-amiR transgenic lines, in which four AtPREs (AtPRE1/2/5/6) were knocked-down using
artificial microRNA [14]. Due to the lack of AtPREs, pre-amiR exhibited extreme dwarfism,
delayed flowering, and had a reduced fertility phenotype [21]. All F1 plants showed a nor-
mal phenotype similar to the wild type (Figure 3d). Overexpression of PePRE1 rescued the
AtPRE (1/2/5/6)-deficient phenotypes of the pre-amiR mutant, including late flowering and
curled leaves. To exclude AtPRE1 expression interference, the expression level of AtPRE1 was
detected in all plants. Only in the AtPRE1-OX line did the AtPRE1 expression level increase;
there was no difference in the Col-0 and PePRE1-OX lines (Figure 3e). These studies suggest
that PePRE genes play a conserved role similar to AtPRE genes on flowering promotion and
cell elongation.

Figure 3. Overexpression of PePREs promoted plant flowering and growth in Arabidopsis. (a) Overex-
pression of PePREs in Arabidopsis increased petiole elongation. Panels from top to bottom are pictures
of plants grown in soil for 4 weeks (left to right: Col-0, AtPRE1-OX (35S::AtPRE1-YFP), and PePREs-
OX (35S::PePREs-GFP)), Western bolt of PRE proteins using GFP antibody, and protein loading control
by Ponceau S. Days of bolting (b) and rosette leaf numbers (c) when plants started bolting. A total of
10 plants were used for calculations. (d) Overexpression of PePRE1 suppressed the dwarf phenotype
of pre-amiR. Panels from top to bottom are morphology of 4-week-old plants of Col-0, PePRE1-OX,
pre-amiR, and PePRE1-OX (+/−) pre-amiR (+/−), 5-weeks-old plants of Col-0, PePRE1-OX, pre-amiR,
and PePRE1-OX (+/−) pre-amiR (+/−), expression level of PRE1 using GFP antibody, and the protein
loading control by Ponceau S. (e) Quantitative analysis of AtPRE1 in Col-0, PePRE1-OX, pre-amiR,
and PePRE1-OX (+/−) pre-amiR (+/−). Different letters above the data columns indicate significant
differences compared between Col-0 and transgenic lines (p < 0.05; Duncan’s test).

339



Int. J. Mol. Sci. 2023, 24, 6886

2.4. Subcellular Localization of PePREs in Arabidopsis

To determine the intracellular localization of PePRE proteins, the fluorescence sig-
nals of 35S::PePRE-GFP were examined in transgenic Arabidopsis plants. PePRE-GFP sig-
nals were mainly located in the nucleus, cytosol, and plasma membranes, whereas 4′,
6-diamidino-2-phenylindole dihydrochloride (DAPI) staining was used as the indicator of
nuclear area. Interestingly, PePRE1-GFP and PePRE3-GFP proteins specifically displayed
small punctate structures in the cytosol (Figure 4a), which are different from the AtPRE1
protein. When treated with BFA, a vesicle trafficking inhibitor [28], aggregation of PePRE1
fusion proteins in the punctate structures was reduced. Moreover, these signals were
recovered by removing BFA (Figure 4b). Taken together, PePREs are located in the nucleus,
cytosol, and membrane, whereas PePRE1 and PePRE3 are distributed in the cytosol in
punctate structures.

 

Figure 4. Subcellular localization of PRE proteins in Arabidopsis. (a) The root tip of the PePREs’
transgenic lines was observed by confocal microscope. Seedlings were grown on half MS medium
with constant light for 7 days. Cells were stained with DAPI. Scale bar indicates 10 μm. (b) Subcellular
localization of PePRE1-GFP by treating with or without BFA. The root tips of PePRE1-OX #19 were
observed by confocal microscope. Seedlings were grown on half MS medium with constant light for
4 days vertically. Scale bar indicates 100 μm.
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2.5. BR Regulates the Expression Levels of PePREs

The expression levels of PePRE1 and PePRE2 dramatically decreased in the aerial part,
whereas BR increased the expression of PePRE1 and PePRE2 in bamboo shoot [25]. We
further examined the expression profile of PRE homologous genes in various tissues of
bamboo seedlings with PPZ and eBL (Figure 5). Expression of PRE1, 3, and 4 was decreased
by PPZ but recovered by subsequent BR treatment in most tissues. However, mRNA levels
of PePRE2 increased in the internode and sheath and decreased in the lamina joint and
root. In addition, PePRE2 did not further respond to eBL treatment. Overexpression of the
PePRE1 gene resulted in longer hypocotyl in comparison with the wild type (Figure 6a,b;
Figure A1). Compared with the wild type, PePRE1 overexpressing plants have longer
hypocotyls and roots (Figure 6a,b), similar to AtPRE1 overexpressing plants. Additionally,
compared with AtPRE1-OX, the shoot and root parts of PePRE1-OX plants showed more
sensitivity and less sensitivity to PPZ, respectively (Figures 6c,d and A3).

Figure 5. The expression levels of PePREs after eBL or PPZ treatment in bamboo seedlings. Quantita-
tive RT-PCR analysis of PePREs (a–d) in different bamboo seedling organs after PPZ or eBL treatment.
The bamboo seedlings were grown on half MS medium for 18 days. For PPZ treatment, plants were
transferred to half MS medium containing 50 μM PPZ for another 4 days. For eBL treatment, the
seedlings were transferred to half MS medium containing 10 μM PPZ and 1 μM eBL solution for 4 h.
Different lowercase letters above the data columns indicate significant differences (p < 0.05; Duncan’s
test); nd, no data available.
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Figure 6. PePRE1-OX transgenic Arabidopsis exhibited longer hypocotyls and roots that were hy-
persensitive to PPZ treatment. (a) Representative seedlings of Col-0, AtPRE1-OX, and PePRE1-OX.
The seeds were sown on half MS medium and grown for 7 days vertically. Scale bar presents 1 cm.
(b) The hypocotyl and root lengths of the control and PePRE1-OX plants. Hypocotyl length (c) and
root length (d) of different lines of PePRE1-OX compared with Col-0 with a gradient concentration
(0 nM, 10 nM, 100 nM, and 1000 nM) of PPZ treatment. Values are the means calculated from at least
20 seedlings. Error bars represent mix/max values. Different letters above the data column indicate
significant differences (p < 0.05; Duncan’s test).

3. Discussion

Although the rapid growth of woody bamboo plants has been widely studied, little
is known about the molecular mechanism underlying the elongation of moso bamboo. In
this study, we investigated the unique patterns of PePRE genes, the conserved growth-
promoting function in Arabidopsis, and the potential important role for PePREs in the
elongation of moso bamboo.

3.1. PePREs Have Tissue-Specific Expression Patterns in Moso Bamboo

PePRE1 and PePRE4 are highly expressed in the shoot, whereas PePRE2 and PePRE4
are specifically expressed in the roots of seedlings. Consistent with these tissue-specific
expressions, a rice homologous gene of PePRE, PGL1 (positive regulator of grain length 1),
was expressed in the floral organs, young panicle, and predominantly in the root but not the
leaf [29]. The expression level of BU1 (brassinosteroid upregulated 1) is high in the lamina
joint in vegetative organs and the panicle at the heading stage [30]. OsILI1 is ubiquitously
expressed in rice, whereas the highest expression of OsILI1 was observed in the lamina
joint [12]. OsBUL1 (O. sativa brassinosteroid upregulated 1-like1), an AtPRE homolog in
rice, is preferentially expressed in the lamina joint where it controls cell elongation and pos-
itively affects leaf angles [31,32]. FaPRE1 was proposed as a ripening-associated gene and
showed a rapid increase in expression in the receptacle during fruit enlargement [33]. In
our study, all four PRE genes were highly expressed in the elongating tissues but not in the
mature tissues such as the nodes of the bamboo shoot (Figures 1 and 2), which is consistent
with their function in promoting cell elongation. During the rapid growth of monocots,
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elongation generally occurs from top to bottom in each individual internode [34]. From our
results, PePRE1 is highly expressed in the basal part of the elongating internodes, with a
gradient distribution from the basal to the top parts (Figure 7), which may contribute to
the fast growth of bamboo shoot. A previous report showed that GRFs (growth-regulating
factors) and ARF genes were highly expressed in the basal region of the elongating intern-
ode, in which ARF6 and two ARF8s targeted by miR167 and 11 GRFs targeted by miR396
were in the top region [35]. The DsEXLA2 (Dendrocalamus sinicus expansin-like A2) gene
is highly expressed in the elongating internode and accelerates the plant growth rate of
Arabidopsis [36]. PeGT43s (P. edulis Glycosyltransferase 43) and lignin biosynthesis are
significantly upregulated within the shoot [3]. Considering the roles for PRE in Arabidopsis,
PePRE genes may work downstream of ARF or GRF genes to regulate target genes in the
elongating bamboo.

 

Figure 7. Diagram of PePRE1 gene expression and function. (a) Gradient expression levels of PePRE1
in the elongating internodes of moso bamboo shoots. (b) Overexpression of PePRE1 genes leads
to early flowering, longer hypocotyl, and growth promotion in Arabidopsis. Green dots indicate
PePRE genes.

3.2. Phytohormones Regulates PRE Function in Bamboo Elongation

The stem elongation was contributed to by the division and expansion of individual in-
ternodes [37]. Transcriptome analysis revealed that multiple signaling pathways, including
GA, auxin, and ABA, may play a role in regulating internode elongation [38]. GA plays an
antagonistic regulatory role in regulating internode stem elongation in rice [39]. OsbHLH073
encodes an atypical bHLH protein and regulates plant height, internode elongation, and
panicle extension by regulating GA biosynthesis genes [40]. The content of GAs in dwarf
bamboo varieties is also lower than that in normal bamboos, implying that GA plays a
major role in the height of Shidu bamboo [41]. Exogenous application of GA resulted in a
significant increase in internode length in bamboo seedlings [42]. Those results hint that
GA may play a dual role in internode elongation between shoots and seedlings of bamboo.
PREs were reported to act as hostile antagonists of the bHLH family of transcription factors,
which positively regulate cell elongation via multiple signaling pathways [6,7].
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Bamboo PRE proteins showed different subcellular localizations, and only PRE1 and
PRE3 showed punctate structures that were disturbed by BFA treatment. BFA treatment
may lead to rapid protein aggregation within the endoplasmic reticulum and collapse of
the Golgi apparatus [28]. The specific localizations of PePRE1 and PePRE3 may be related
to the tuning of protein stability or function. PePREs are localized in both the nucleus and
cytoplasm, whereas the punctate structures in cytoplasm were only observed in PePRE1
and PePRE3 in transgenic lines (Figure 4). Considering synchrony in phenotype, expres-
sion pattern, and subcellular localization, we proposed that the difference in subcellular
localization may contribute to its functional variation. Certain PePRE overexpressing plants
were easily dislodged caused by a broken stem (Figure A2). PRE1 was reported to promote
cell elongation by preventing IBH1 from inhibiting HBI1, which directly activates genes
encoding cell-wall-loosening enzymes (e.g., EXP, etc.) [10,43]. The accumulation of PePRE
may change the stem segment structure, especially the composition of the cell wall, leading
to the rupture and hollowness of the stem (Figure A2).

3.3. Various Functions of PRE in Regulating Plant Growth through Multiple Signaling Pathways

PRE proteins are important parts of the signaling pathways involved in physiological
development and reproduction [21,27,44]. Due to the limitation of the transformation
of moso bamboo, the function of PePREs was checked in Arabidopsis in this work. The
overexpression of PePREs was associated with early flowering and promoted growth,
such as longer petioles, hypocotyls, and roots (Figure 7). PREs are involved in regulating
the growth of floral organs in Arabidopsis [27,45]. FaPRE1 antagonistically modulates the
transcription of genes related to both receptacle growth and ripening [23,33]. GhPRE1 has
contributed to spinnable fiber formation in cotton; overexpressing GhPRE1 leads to longer
fibers with improved quality parameters, indicating that this bHLH gene is useful for im-
proving cotton fiber quality [24]. SlPRE2 was reported to regulate fruit development via the
gibberellin pathway and tomato fruit pigment accumulation in tomatoes [46]. Those results
suggest that PRE affects multiple aspects of the development of plants. PRE6 is a positive
regulator of shade avoidance and interacts with a number of negative growth regulators
(PAR1, etc.) [17]. Transcriptional regulators (ARFs and BZR1) and post-transcriptional
regulators (HFR1, etc.) were key modules of the signaling network controlling shade avoid-
ance [47,48]. Interestingly, PePRE genes are regulated by brassinosteroid levels (Figure 5)
in the elongating bamboo, and the transgenic lines also shown an altered response to PPZ
treatment (Figure 6). Shade avoidance syndrome (SAS) allows plants that are grown in
densely populated environments to maximize their sunlight access [48]. As mentioned
above in the relationship between those TFs and PRE, PePREs may play a positive role in
rhizome elongation underground and shoot elongation aboveground. Functional analyses
of PePREs will help to elucidate the mechanism of fast growth in plants as well. Light
affects the dynamic growth and development of the P. pygmaeus rhizome–root system [49].
Taken together, PePRE genes show a conserved function in controlling flowering and pro-
moting growth by responding to multiple signaling pathways. This is similar to the PRE
genes from other species.

Our analysis identified PePRE genes with specific expression patterns in the seedling
and shooting stage and demonstrated that PePREs are brassinosteroid-regulated genes.
Overexpression of the PePRE1 gene will promote flowering, hypocotyl elongation, and root
growth. The current results indicate a key role for PePRE genes in bamboo growth and
development. Our findings will provide the basis for further functional characterizations
of PRE family genes and the molecular mechanism of bamboo fast growth and will benefit
the application of growth-promoting gene resources from bamboo.

4. Materials and Methods

4.1. Plant Material and Growth Conditions

The moso bamboo shoots (approximately 1.8 m above ground height) were obtained
from the Bamboo Garden of Fujian Agriculture and Forestry University, Fuzhou (coordinate

344



Int. J. Mol. Sci. 2023, 24, 6886

119◦14′ E, 26◦50′ N). Moso bamboo seeds were collected from Gong city, Guanxi province,
China (118◦48′ E, 24◦51′ N). The seeds of moso bamboo were soaked in tap water for 24 h to
induce seed germination and then sown on the soil. Seedlings were cultivated for 3 weeks
in a greenhouse (long-day conditions, 22 ◦C).

Columbia (Col-0) wild-type seeds of Arabidopsis were germinated on half MS medium
(pH = 5.8) with 1% sucrose, then transferred to a greenhouse (long-day conditions, 22 ◦C).
PePRE-OX was crossed with pre-amiR to generate PePRE-OX pre-amiR plants.

4.2. Protein Sequence Alignment and Phylogenic Tree Construction

Alignment of the protein sequences was performed using Clustal Omega and ana-
lyzed in the GENEDOC program with the default settings. A phylogenic tree based on the
sequence alignment was generated using MEGA-X by the neighbor-joining method [50].
Accession number: The protein sequences reported in this article can be found in the
database (http://www.bamboogdb.org/, accessed on 8 May 2017) [26], the rice genome
database (http://rice.plantbiology.msu.edu/, accessed on 8 May 2017), and TAIR (http:
//www.arabidopsis.org/, accessed on 8 May 2017) under the following accession numbers:
OsILI1 (Os04g54900.1), OsILI2 (Os11g39000.1), OsILI3 (Os03g07540.1), OsILI4 (Os06g12210.1), Os-
ILI5 (Os02g51320.1), OsILI6 (Os03g07510.1), OsILI7 (Os10g26460.1), PePRE1 (PH01000065G2010),
PePRE2 PH01000068G1560), PePRE3 (PH01000519G0840), PePRE4 (PH01000960G0260), At-
PRE1 (AT5G39860.1), AtPRE2 (AT5G15160.1), AtPRE3 (AT1G74500.1), AtPRE4 (AT3G47710.1),
AtPRE5 (AT3G28857.1), and AtPRE6 (AT1G26945.1).

4.3. Gene Expression Analysis

Total RNA was isolated from various tissues with the Plant Total RNA Kit (Sigma,
ATRN50) and extensively treated with RNase-free DNase I (Sigma, St. Louis, MO, USA,
DNASE70-1SET). cDNA was generated by RT-PCR using the PrimeScriptTM RT reagent Kit
(Takara, Kusatsu, Japan, RR047A). qRT-PCR analysis was performed with SYBR Premix Ex
Taq II (Takara, RR820) on a QuanStudio 6 Flex instrument (Applied Biosystems, Waltham,
MA, USA). For each sample, qPCR was performed with three technical replicates on three
biological replicates. The bamboo PeTIP41 gene [51] was used as an internal control for
the qRT-PCR. The relative expression levels were calculated as E−ΔCq and normalized to
PeTIP41. The primer sequences used in this study are listed in Table A1.

4.4. Vector Construction and Transformation

The full-length PePRE1 sequence was amplified and ligated into pAGM1311. A 35S-
promotor-driven PePRE C-terminal fused with a GFP tag was constructed into a pAGM4673
backbone. Through Agrobacterium tumefaciens strain GV3101, these constructions were
transformed into Arabidopsis (Col-0). T1 seeds were screened by an RFP selection marker
and then further confirmed by qRT-PCR and Western blot.

4.5. Hypocotyl Measurements and Statistical Analysis

For hypocotyl and root length measurements, seedlings were grown for 7 days on
vertically oriented plates. Seedlings were flattened and photographed before taking quanti-
tative measurements using ImageJ software (http://rsb.info.nih.gov/, accessed on 8 April
2018) to analyze the scanned images of the seedlings. The differences among groups were
assessed by one-way ANOVA and Duncan’s multiple comparisons test using SPSS 23.0.
GraphPad Prism 8.0 (http://www.graphpad.com/, accessed on 26 April 2018) was used to
plot figures. At least 20 seedlings were measured, and experiments were repeated more
than two times.

4.6. BFA Treatment

For BFA treatment, 4-day-old seedlings of PePRE1-OX were incubated in 50 μM BFA
for 90 min before viewing the seedlings; control seedlings were incubated in a solution
without BFA but with DMSO at the same concentration as the BFA-treated seedlings. After
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BFA treatment, the seedlings were washed with half MS liquid media several times and
the root tips were observed for the formation of BFA compartments using a confocal laser
scanning microscope (Leica Microsystems, Wetzlar, Germany). For recovery, BFA was
removed from seedlings and supplied with half MS media for another 40 min followed by
immediate observation with the confocal microscope.

5. Conclusions

Our study identified an atypical bHLH transcription factor (PRE homologs) in moso
bamboo via gene expression analysis, heterologous overexpression, etc. We verified that
PePREs function as a positive regulator in the promotion of internode elongation during
the fast-growth process. Overexpressing PePRE promoted Arabidopsis growth and peti-
ole/hypocotyl elongation. Our findings shed light on bHLH-mediated fast growth to
provide preliminary knowledge for fast-growing plants.
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Appendix A

Table A1. The primers used for quantitative PCR (RT-qPCR) and amplification of full-length coding
sequences of PePREs in Phyllostachys edulis.

Primers Sequences (5′-3′) Note

PePRE1 qPCR F1 ATTATGTCCATGGATCTCTG Gene expression level detection of PePRE1
PePRE1 qPCR R1 ACTTAGTCCTTAGGTATCGA Gene expression level detection of PePRE1
PePRE2 qPCR F1 CCCGCAGGCAGACATCAT Gene expression level detection of PePRE2
PePRE2 qPCR R1 GTGCTTCGAACTGAGTAAAT Gene expression level detection of PePRE2
PePRE3 qPCR F1 CAAGACCTCACCCAGCTTAG Gene expression level detection of PePRE3
PePRE3 qPCR R1 TGCCGCGCGACGACCTTC Gene expression level detection of PePRE3
PePRE4 qPCR F1 TGAGTTTAAGCTCACACTACTC Gene expression level detection of PePRE4
PePRE4 qPCR R1 AGAGGTCGCGATCTCCTAGC Gene expression level detection of PePRE4

qPeTIP41-F1 AAAATCATTGTAGGCCATTGTCG Internal control gene in Ph. edulis
qPeTIP41-R1 ACTAAATTAAGCCAGCGGGAGTG Internal control gene in Ph. edulis

AtPRE1 qPCR F GTTCTGATAAGGCATCAGCCTCG Gene expression level detection of AtPRE1
AtPRE1 qPCR R CATGAGTAGGCTTCTAATAACGG Gene expression level detection of AtPRE1

UBQ10-F ATCACCCTTGAAGTGGA Internal control gene in Arabidopsis
UBQ10-F ATCACCCTTGAAGTGGA Internal control gene in Arabidopsis

PePRE1 MoClo F tttgaagacaaAATGTCGAGCCGGAGGTCGCG For amplifying CDS of PePRE1
PePRE1 MoClo R tttgaagacaacgaaccGCGGAGGAGGCTGCGGATGA For amplifying CDS of PePRE1
PePRE2 MoClo F1 tttgaagacaaAATGTCGAGGCGGCGGGGG For amplifying CDS of PePRE2
PePRE2 MoClo R tttgaagacaacgaaccGCTAGGAGGACCGGAGCTGA For amplifying CDS of PePRE2
PePRE3 MoClo F tttgaagacaaAATGTCGGGCCGAAGGTCGTC For amplifying CDS of PePRE3
PePRE3 MoClo R tttgaagacaacgaaccGGAGCGGAGGATGTTGCGGA For amplifying CDS of PePRE3
PePRE4 MoClo F tttgaagacaaAATGTCGGGGCGCAGAGCCGG For amplifying CDS of PePRE4
PePRE4 MoClo R tttgaagacaacgaaccGGATGAGCGGAGGAGACTGC For amplifying CDS of PePRE4

PePRE4 MoClo F(-R)1 tttgaagacaaGTCaTCGGCGTCGAACCTGCTG For amplifying CDS of PePRE4
PePRE4 MoClo (F-)R tttgaagacaatGACTGCAACAAAAACATTA For amplifying CDS of PePRE4

level 0 F CGTTATCCCCTGATTCTGTGGATAAC MoClo cloning general primer
level 0 R GTCTCATGAGCGGATACATATTTGAATG MoClo cloning general primer
level 1 F GAACCCTGTGGTTGGCATGCACATAC MoClo cloning general primer
level 1 R CTGGTGGCAGGATATATTGTGGTG MoClo cloning general primer
level 2 F GTGGTGTAAACAAATTGACGC MoClo cloning general primer
level 2 R GGATAAACCTTTTCACGCCC MoClo cloning general primer
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Appendix B

Figure A1. The phenotypes of T1 transgenic plants overexpressing PePREs in Col-0 background. Over-
expression PePRE-GFP caused longer hypocotyls in Col-0. Hypocotyl measurement of light-grown
PePRE-GFP transgenic plants compared with Col-0 (the red line indicates the average hypocotyl
length of Col-0).

Figure A2. The morphology of T1 transgenic plants overexpressing PePREs (35S::PePRE1-GFP #19
phenotype) in Arabidopsis. The plants were grown in a growth room for 4 weeks.
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Figure A3. The PePRE1-OX transgenic seedlings were treated with PPZ. The relative hypocotyl
length (a) and relative root length (b) of PePRE1-OX and control plants were treated with mock
solution and a gradient concentration of PPZ. Seedlings were grown on medium containing different
concentrations of PPZ for 7 days under constant light. The relative hypocotyl/root length was the
average of at least 20 seedlings and normalized to the untreated seedlings. Error bars represent
standard deviations.
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Abstract: Vanilla planifolia is an orchid of cultural and economic value. However, its cultivation in
many tropical countries is threatened by water stress. In contrast, V. pompona is a species that is
tolerant of prolonged periods of drought. Due to the need for plants’ resistant to water stress, the use
of hybrids of these two species is considered. Therefore, the objective of this study was to evaluate the
morphological and physio-chemical responses of in vitro vanilla seedlings of the parental genotype
V. planifolia, and the hybrids V. planifolia × V. pompona and V. pompona × V. planifolia, which were then
exposed over five weeks to polyethylene glycol-induced water stress (−0.49 mPa). Stem and root
length, relative growth rate, number of leaves and roots, stomatal conductance, specific leaf area,
and leaf water content were determined. Metabolites potentially associated with the response to
water stress were identified in leaves, through untargeted and targeted metabolomics. Both hybrids
exhibited a smaller decrease in the morphophysiological responses compared to V. planifolia and
exhibited an enrichment of metabolites such as carbohydrates, amino acids, purines, phenols, and
organic acids. Hybrids of these two species are considered as a potential alternative to the traditional
cultivation of vanilla to face drought in a global warming scenario.

Keywords: climate change; crops; genetic improvement

1. Introduction

Vanilla (Vanilla planifolia Andrews) is an important crop worldwide [1]. Its fruit,
whose commercial value recently reached USD 600 per kg, is used in food, perfumes,
and pharmaceuticals [1,2]. Vanilla’s fruit is appreciated because of its aromatic quality,
which is provided by phenolic compounds, of which vanillin is the most important [2].
Despite its economic importance, in Mexico, V. planifolia is subject to special protection
(NOM-059-SEMARNAT-2019) and it is also protected worldwide by the Convention on
International Trade in Endangered Species of Wild Flora and Fauna, and the International
Union for Conservation of Nature Red List [3]. V. planifolia is seriously threatened due to
overexploitation and habitat loss [4]. In addition, genetic erosion has occurred due to the
fact that plants for cultivation are always propagated asexually [4,5], making vanilla more
susceptible to several biotic and abiotic factors, including water deficiency [5].

Vanilla, like many other crops, is threatened by water stress due to drought, which
is expected to increase in the face of climate change [6]. Originally cultivated in Mexico,
vanilla is mainly cultivated in tropical countries such as Madagascar and Indonesia [3,4].
Tropical countries will be seriously affected by climate change, with increased temperatures
and longer drought periods [6,7]. In a future scenario of climate change, V. planifolia will
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be affected in terms of its growth and development [2,4,8], because it lacks the efficient re-
sponse mechanisms to deal with water stress [3–5]. Therefore, vanilla plants with improved
tolerance to water stress are needed.

Plants that are resistant to water stress are capable of adapting their physiology,
growth, and anatomy in order to cope with the lack of available water [9]. Roots production
and elongation must be increased [10], and stomata are closed in order to reduce the water
lost by transpiration [11,12]. Stomatal closure also reduces CO2 uptake and consequently
decreases photosynthetic activity, which reduces the specific leaf area (SLA) and therefore,
the relative growth rate (RGR) [11,13,14]. For this reason, water-stress-tolerant plants
usually are smaller in surface area than drought-sensitive plants under full hydration [14].

In addition to the anatomical and physiological responses, plants must modify their
metabolism in order to tolerate water stress [11,14]. Due to the decrease in turgor, plants
accumulate within their cells’ metabolites, which act as osmolytes to keep membranes and
proteins stable [15,16]. Due to the effects of water stress on photosynthesis, reactive oxygen
species (ROS) accumulate within the cells causing cell damage [17]. For this reason, the ac-
cumulation of metabolites with antioxidant activity is also necessary [17,18]. Consequently,
the accumulation of osmolytes and antioxidants, such as carbohydrates [16,19], amino
acids [15,20,21], purines [15,20,22], organic acids [23], and phenols [24,25], among other
specialized metabolites [26,27], has been reported in plants that are tolerant to water stress.

Through genetic improvement it is possible to obtain plants with enhanced morpho-
logical and physio-chemical responses to water stress [28,29]. The generation of hybrids
might allow a combination of phenotypical characteristics of the parental species and also
the appearance of new characters [28–30]. In the case of vanilla, hybrids between local
Mexican species V. planifolia (PL) (favored for aroma and flavor) [1] and V. pompona (PO)
(described as more resistant to water stress) [31] could display the necessary tolerance to
water stress, while preserving the aromatic qualities required by the industry [4,28,29].
These hybrids have already been shown to have improved resistance to Fusarium oxysporum
f. sp. vanillae [32], vanilla’s most important pathogen, but their response to water stress has
not been addressed yet.

For the study of water stress, previous research has used osmotically active sub-
stances such as polyethylene glycol (PEG) to reduce the water potential in the medium
in vitro [33,34]. Few studies have simultaneously focused on the study of morphological
and physio-chemical responses to understand the possible mechanisms of tolerance to
induced water stress [15,16,35–37]. Thus, the objective of this work was to determine the
morphological and physio-chemical responses to PEG-induced water stress of V. planifo-
lia (PL) and V. pompona (PO) hybrids as a potential alternative to face the challenges of
climate change.

2. Results

2.1. Morphological and Physiological Responses to Water Stress

The morphological and physiological parameters evaluated in the parental genotype
PL, and in the hybrids V. planifolia × V. pompona (PL × PO) and V. pompona × V. planifolia
(PO × PL) exposed to PEG-induced water stress (−0.49 mPa) during five weeks were
stem and root length, relative growth rate (RGR), number of leaves and roots, stomatal
conductance (SC), specific leaf area (SLA), and leaf water content (LWC). Stem length (SL)
was reduced due to water stress in PL and PL × PO (χ2

(2,57) = 8.78, p < 0.05), whereas
no reduction was observed in PO × PL (Figure 1A). RGR decreased due to water stress
in PL and PL × PO (F (2,57) = 6.37, p < 0.01). The most affected genotype was PL, while
PL × PO RGR was not affected (Figure 1B). The root length (RL) was modified due to
water stress in all genotypes evaluated; it decreased in PL and PL × PO and increased in
PO × PL (χ2

(2,57) = 19.76, p < 0.01) (Figure 1C).
The number of new leaves (NL) was significantly reduced by water stress in PL and

PL × PO (χ2
(2,57) = 6.35, p < 0.01) while in PO × PL, it remained unchanged (Figure 1D). In

contrast, there was a higher number of new roots (NR) that were produced under water
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stress in PL (χ2
(2,57) = 0.015, p < 0.01), which doubled the number of roots in comparison

to its controls. However, in the hybrids, differences between the two conditions were not
significant (Figure 1E). The leaves of all vanilla genotypes were smaller under water stress
(Figure 2D–F) than the controls (Figure 2A–C).

Figure 1. Water stress affects growth of Vanilla planifolia (PL) seedlings and V. planifolia × V. pompona
(PL × PO) and V. pompona × V. planifolia (PO × PL) hybrids. (A) Stem length (SL); (B) relative growth
rate (RGR); (C) root length (RL); (D) number of new leaves (NL); and (E) number of new roots (NR).
Gray bars: 0% PEG (control group, −0.08 mPa). Black bars: 5% PEG and hydric stress (−0.49 mPa).
Bars with different letters are significantly different (p < 0.05), according to GLM test.
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Figure 2. Leaves of vanilla seedlings without and with PEG-induced water stress. (A,D) Vanilla
planifolia (PL); (B,E) V. planifolia × V. pompona (PL × PO); (C,F) V. pompona × V. planifolia (PO × PL);
(A–C) control leaves (−0.08 mPa); and (D–F) leaves produced under water stress (−0.49 mPa). Scale
bars = 10 mm.

The ratio of stem length/longest root length (SL/RL) was modified by water stress
only in the PO × PL hybrid (χ2

(2,57) = 16.77, p < 0.01), suggesting a sign of the prioritization
of roots compared to the leaves (Figure 3A). The ratio of the number of leaves/number
of roots (NL/NR) was significantly reduced by water stress in all the vanillas studied
(χ2

(2,57) = 3.88, p < 0.05) (Figure 3B). Stomatal conductivity (SC) decreased due to water
stress in PL and in PL × PO (F (2,57) = 41.1, p < 0.01). In contrast, the reduction in SC in
PO × PL by water stress was not significant (Figure 3C). Similarly, the specific leaf area
(SLA) was significantly reduced under water stress in PL and PL × PO, but not in PO × PL
(F (2,57) = 12.28, p < 0.01) (Figure 3D). All vanillas exhibited a significant decrease in leaf
water content (LWC) in water stress (F (2,57) = 14.7, p < 0.01) (Figure 3E).
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Figure 3. Water stress affects growth ratios and physiology of Vanilla planifolia (PL) seedlings and
V. planifolia × V. pompona (PL × PO) and V. pompona × V. planifolia (PO × PL) hybrids. (A) Stem
length/longest root length ratio (SL/RL); (B) number of leaves/number of roots ratio (NL/NR);
(C) stomatal conductance (SC); (D) specific leaf area (SLA); and (E) leaf water content (LWC). Gray
bars: 0% PEG (control group, −0.08 mPa). Black bars: 5% PEG, hydric stress (−0.49 mPa). Bars
with different letters are significantly different (p < 0.05), according to GLM or ANOVA and post hoc
Tukey test.

2.2. Physio-Chemical Response to Water Stress

Untargeted metabolomic analysis based on mass spectrometry detected 812 signals
(retention time–mass/charge features; RT-m/z) in the positive mode of ionization (elec-
trospray) and 382 signals in the negative mode. The effect of water stress on the vanilla
plants was evidenced by a heatmap (Figure 4A). Two major clusters were identified with
distinct patterns of altered metabolite abundances: all the vanillas under full hydration
(control groups) were grouped in one cluster, and those exposed to water stress in another,
except for PL at 20 days of water stress, which grouped in the clade with all the vanillas
under full hydration. Metabolites belonging to the pathways of amino acids, carbohydrates,
lipids, phenols, and organic acids, among others, were found (Figure 4B). The names of the
identified metabolic pathways, as well as the names of the tentatively identified metabo-
lites, are shown in Tables S1 and S2, respectively. Principal component analysis (PCA)
was performed for drought and full hydration plants at the two exposure times. The first
component (PC1) explained 58.4% of total variation, whereas the second component (PC2)
explained 12.6% variation. The scores between PC1 and PC2 revealed two distinct groups
associated with drought and hydration conditions, suggesting a physio-chemical change
due to water stress (Figure 4C). Similar to the heatmap (Figure 4A), PL at 20 days of water
stress exposure also grouped with all the vanillas under full hydration. The metabolite in-
teraction network analysis (Figure 4D) allowed us to identify the amino acids L-tryptophan,
L-phenylalanine, L-arginine, L-glutamic acid, and ornithine, as well the purine adenosine,
as main nodes among all the metabolites were detected and tentatively identified.
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Figure 4. Metabolomics of Vanilla plants with and without water stress. (A) Hierarchical ordering
heatmap, (B) pathway analysis, (C) principal component analysis (PCA), and (D) network analysis of
metabolomic data obtained by UPLC-MS-QTOF from vanilla seedlings exposed to 20 and 40 days of
PEG-induced water stress. The heatmap was generated using Pearson and Ward for distance measure
and clustering algorithm, respectively. The pathway analysis was determined by Mummichog
algorithm, KEGG database, and Oryza sativa library. PL: Vanilla planifolia, PLPO: V. planifolia × V.
pompona, POPL: V. pompona × V. planifolia, 0 PEG: control group (−0.08 mPa), 5 PEG: hydric stress
(−0.49 mPa), 20: 20 days of water stress exposure, and 40: 40 days of water stress exposure.

In order to go deeper into the physio-chemical changes exhibited by PL, PL × PO,
and PO × PL plants, we performed a fold change analysis comparing both hybrids against
PL at two different times of water stress exposition (Figure 5). At 20 days of water stress
exposure, both hybrids accumulated 9,10-epoxystearic acid, butyric acid, gluconic acid,
hexadecanedioic acid, sphinganine, adenosine, guanine, biotin, ketoleucine, L-glutamic
acid, L-arginine, L-tryptophan, L-tyrosine, L-phenylalanine, p-hydroxybenzoic acid, su-
crose, and a disaccharide, in comparison to PL. Xanthine, sphingosine, galabiose, and
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pheophorbide a were accumulated only in PL × PO; α-linoleic acid, 8,11,14-eicosatrienoic
acid, ascorbic acid and L-asparagine were accumulated only in PO × PL (Figure 5A,B;
detailed information in Tables S3–S6). At 40 days of water stress exposure, both hybrids ac-
cumulated 8,11,14-eicosatrienoic acid, ascorbic acid, butyric acid, gluconic acid, α-linolenic
acid, γ-linolenic acid, adenosine, guanine, ketoleucine, L-tryptophan, L-phenylalanine,
galabiose, sucrose, and a disaccharide, in comparison to PL. Xanthine was accumulated
only in PL × PO, while 9,10-epoxystearic acid, phytosphingosine, sphinganine, sphin-
gosine, deoxyguanosine, L-glutamic acid, L-arginine, L-asparagine, p-hydroxybenzoic
acid, L-tyrosine, pheophorbide a, and lotaustralin were accumulated only in PO × PL
(Figure 5C,D; detailed information in Tables S3–S6).

Figure 5. Volcano plots of metabolomic data obtained by UPLC-MS-QTOF comparing V. planifolia ×
V. pompona (PL × PO) and V. pompona × V. planifolia (PO × PL) hybrids versus V. planifolia (PL) under
water stress exposure. (A) PL × PO/PL at 20 days of water stress exposure. (B) PO × PL/PL at 20 days
of water stress exposure. (C) PL × PO/PL at 40 days of water stress exposure. (D) PO × PL/PL at
40 days of water stress exposure. Some differential metabolites (fold change >2) that are tentatively
identified are shown in each subfigure; the complete list is in Tables S3–S6.

In addition, ten phenolic compounds and one amino acid were identified and quan-
tified through targeted metabolomics in all the vanillas exposed to water stress and full
hydration. The phenolics identified in both conditions were salicylic acid, vanillic acid,
vanillin, ferulic acid, sinapic acid, 4-coumaric acid, trans-cinnamic acid, luteolin, protocate-
chuic acid, and 4-hydroxybenzoic acid. In addition, phenylalanine, which is a phenolics
precursor, was also identified and quantified (Figure 6; the concentration of each phenolic
compound is shown in Table S7). Phenylalanine had the highest concentration among
all the compounds quantified. Salicylic acid was detected only in PO × PL at 20 days,
and a decrease in its concentration was observed at 40 days. Luteolin was identified in
all vanillas under full hydration, but under water stress, it could be observed only in
PL × PO at 40 days. The content of vanillic acid, vanillin, ferulic acid, trans-cinnamic acid,
protocatechuic acid, and 4-hydroxybenzoic acid decreased in all the vanillas, and only
sinapic acid and 4-coumaric acid exhibited an enrichment under water stress.
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Figure 6. Hierarchical ordering heatmap of phenolic compounds identified by targeted metabolomics
as result of exposure of vanilla seedlings to 20 and 40 days of PEG-induced water stress. The heatmap
was generated using Pearson and Ward for distance measure and clustering algorithm, respectively.
PL: Vanilla planifolia, PLPO: V. planifolia × V. pompona, POPL: V. pompona × V. planifolia, 0 PEG:
hydration status (control group, −0.08 mPa), 5 PEG: hydric stress (−0.49 mPa), 20:20 days of water
stress exposure, and 40:40 days of water stress exposure. Complementary information about the
phenolic compounds is shown in Table S7.

3. Discussion

3.1. Morphological and Physiological Responses

Plants use various strategies to improve their water management efficiency when
water is limited, several of which were observed in the vanilla seedlings exposed to water
stress. In this work, we determined the morphological and physio-chemical responses to
PEG-induced water stress of V. planifolia and V. pompona hybrids and the parental V. planifolia
genotype. PO × PL hybrid increased root length rather than root number, which allowed
for an increased water uptake, a strategy observed in water-stress-tolerant orchids [9,38,39],
whereas the PL × PO stem length and the number of leaves produced under water stress
were reduced, reducing water loss [11,40].

The decrease in LWC is considered a direct indicator of the decrease in water uptake
by the plant due to water stress [20]. In order to conserve water, the production of leaves
decreases, stomatal closure is induced, and SLA is reduced as well [41–45]. This might
explain why PL and PL × PO exhibited the greatest reduction in leaves produced, stomatal
closure, and SLA as a possible strategy to conserve water [18]. In contrast, PO × PL
exhibited the lowest reduction in LWC, perhaps explaining why it produced more leaves
than the other genotypes, and why it was able to maintain the stomata open and not
reduce SLA.

Although transpiration is reduced by the morphological responses previously men-
tioned, they have a negative effect on CO2 uptake and the energy investment capacity,
and the RGR is affected [11,13,18,43]. The RGR is closely and positively associated with
the SLA, as it is an indicator of the plant’s investment capacity [43,44]. PL (compared to
PO × PL) exhibited lower values of both the RGR and SLA and thus, it had the shortest
stem length. The SLA is highly plastic in several environmental gradients (light, nutrients,
and water stress) and its responses are consistent in different groups of plants, including
orchids [46,47]. It is related to the LWC, SC, RGR, and biochemical changes [41–45]. The
unchanged SLA in PO × PL may be explained because this genotype exhibited higher LWC,
SC, and RGR, as well as an accumulation of several osmolytes and salicylic acid (discussed
later), allowing it to conserve water without having to reduce the leaf area [41,43].

358



Int. J. Mol. Sci. 2023, 24, 4690

3.2. Physio-Chemical Responses

Under water stress, plants often modify primary and secondary metabolism with the
aim of accumulating metabolites that act as osmolytes and antioxidants [16,45]. Changes
in the metabolic response of both hybrids can be observed either in the heatmap or the
PCA (Figure 4A,C). Both hybrids exhibited metabolic changes at 20 days of water stress
exposure, as has been seen in other drought-tolerant plants [10,35]. In contrast, PL at
20 days of exposure did not change, suggesting that this species might be slower to modify
its metabolism. This could be one of the reasons why PL was more susceptible to water
stress [36]. Both hybrids accumulated carbohydrates at 20 and 40 days of water stress
exposure (Tables S3–S6). Sucrose is reported to act as an osmolyte and antioxidant, and it
could contribute to osmotic maintenance and ROS clearance in the system, and promote
root elongation (Figure 7) [19–21]. Amino acids are an important part of osmotic regulation
because they are both osmolytes and antioxidants [33,48]. In both hybrids (compared to
PL) we found the accumulation of L-asparagine, ketoleucine, L-glutamic acid, L-arginine,
L-tryptophan, L-tyrosine, and L-phenylalanine (Tables S3–S6), suggesting they play a role
in the response to water stress conditions (Figure 7).

Regarding purines, xanthine was observed in PL × PO at 20 and 40 days of water stress
exposure, and deoxyguanosine in PO × PL just at 20 days, while guanine and adenosine
were present in both hybrids at both time points (Tables S3–S6). Purines are suggested to
play a key role in tolerance to water stress given their antioxidant activity, as it has been
reported in orchids of the genus Dendrobium [15,16]. In addition, they participated in other
metabolic processes, such as the synthesis of nucleic acids, as precursors for the synthesis
of primary and secondary metabolites and as a source of energy [14–16,48–51].

In vascular plants, organic acids contribute to osmotic maintenance, in addition
to the cell structure, energy storage, and signaling, mitigating the negative impact of
environmental stressors [15,33,52]. Linoleic acid, gluconic acid, and hexadecanedioic acid
were accumulated at 20 and 40 days of water stress exposure in both hybrids, potentially
because of their antioxidant activity [53–55] Ascorbic acid was also found (Tables S3–S6),
which may have a role as growth promotor [56].

The change in the concentration of phenols in plants after water stress exposure has
been previously reported [16,48]. Phenylalanine (precursor of phenolic compounds in the
shikimate pathway), ferulic acid, trans-cinnamic acid, sinapic acid, 4-coumaric acid, and
protocatechuic acid were found in higher concentrations in both hybrids compared to PL.
This may reflect their osmoprotective and antioxidant activity, and because they might
have contributed to maintain photosynthesis, as has been reported [10,57–65] (Table S7).
The accumulation of these phenolic compounds could also be related to the greater RGR
value found in both hybrids (Figure 7). On the other hand, 4-hydroxybenzoic acid, vanillic
acid, vanillin, and luteolin decreased in all the plants studied when exposed to water stress
(Table S7), which is possibly related to ROS clearance [66–71].

Salicylic acid only appeared in PO × PL. This phenolic compound is commonly called
“the stress hormone” since it activates various plant defense mechanisms under biotic and
abiotic stress [72]. The mechanisms of action of salicylic acid include the accumulation of
osmolytes such as amino acids and soluble sugars in order to maintain osmotic homeosta-
sis [73]; however, it also promotes the production of secondary/specialized metabolites,
such as terpenes, other phenols, and nitrogenous compounds, stimulating the antioxidant
system [72–74]. In addition to biochemical responses, salicylic acid can play a role in
morphological and physiological responses, since it promotes root elongation, as well as
stomatal closure [74,75] (Figure 7), which agrees with our results. The presence of salicylic
acid only in PO × PL might be related to a better response to water stress, in comparison
with the reciprocal hybrid and the parental genotype.
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Figure 7. Morphological and physio-chemical responses of vanilla hybrids exposed to PEG-induced
water stress. Water-stress-tolerant plants exhibit changes in morphology such as root elongation and
reduction in leaf production and size, which increase water uptake. Additionally, stomatal closure is
induced. Primary and secondary metabolism is modified in order to promote the accumulation of
metabolites that act as osmolytes and antioxidants. Red arrows indicate an increase in the content of
certain metabolites, while purple arrows indicate a decrease. Figure includes data from the present
study and from the literature [11,14,16–20,40,41,45–49,57–62,73–75].

Overall, both hybrids had multiple responses to tolerate PEG-induced water stress.
However, the PO × PL hybrid exhibited better tolerance than the reverse cross. In plant
hybrids, there is usually a greater expression of the characteristics of the ovule donor over
those of the pollen donor [76,77]. This may partly reflect the expression of maternal traits
in chloroplasts and mitochondria DNA [78]. Both organelles are usually inherited from
maternal parent [78,79]. Another plausible explanation for the discrepancy between the
reciprocal hybrids is epigenetic regulation, since this regulation in plants is more sensitive
to environmental stress [80,81]; however, the hypothesis must be tested in the future.
Although V. pompona has been previously used in hybridization programs [76,82,83], it has
rarely been used as a maternal species. The present study suggests that in future work,
V. pompona should be used as a donor of ovules instead of pollen, and also, future work
must provide specific evidence of the advantages of these V. pompona × V. planifolia hybrids
over the parental species.

4. Materials and Methods

4.1. Biological Material

In vitro seedlings of V. planifolia (PL), V. planifolia × V. pompona (PL × PO) and
V. pompona × V. planifolia (PO × PL) were used [84]; the first species mentioned is the
ovule donor and the second is the pollen donor. Previous subcultures were performed in
full-strength Murashige and Skoog medium (MS) supplemented with 6-benzylaminopurine
at 0.2 mg/L [85] for vegetative multiplication to acquire enough plant material. Once the
seedlings reached 2 cm in height and generated at least one root of 1 cm in length [86],
they were subcultured in MS without PEG (control group, −0.08 mPa), and MS medium
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with PEG 5% w/v was added to induce moderate water stress (−0.49 mPa) [31]. The water
potential in the medium was calculated using the following formula [87]:

ϕ = 0.84[PEG]2T − 118[PEG]2 − 0.267[PEG]T − 11.8[PEG]

where ϕ: water potential in megapascals (mPa); [PEG]: grams of PEG per milliliters of
distilled water; and T: temperature of the medium (◦C). There was one vanilla seedling per
bottle, 10 repetitions per treatment, and they were placed in random blocks. The seedlings
were placed in glass jars with a capacity of 235 mL (10.51 cm high × 6.5 cm diameter) on
25 mL of culture medium. Exposure to PEG-induced water stress lasted five weeks. The
PEG-induced water stress condition was established at the beginning of the experiment
and no further evaluations of the culture medium were conducted [33]. However, we
performed comparisons at the same time between water-stressed versus full-hydrated
(control groups) seedlings and between hybrids versus the parental genotype. In this work,
V. pompona seedlings were not included because of the difficulty of germinating them in
in vitro conditions.

4.2. Morphological and Physiological Responses to Water Stress

The increase in shoot length was recorded once a week during the five weeks. The
comparison between treatments was made from the final values. The relative growth rate
(RGR) was calculated from the weekly measurements, using the following formula [88]:

RGR =
LnM2 − LnM1

Δt

where LnM1: natural logarithm of the initial measurement and LnM2: natural logarithm of
the following measurement. The length of the longest root produced by each plant was
recorded at the end of the stress exposure time. The number of leaves and roots produced
by the vanillas under the two water conditions and the leaf: root ratio and stem: longest
root ratio were calculated. At the end of the period of exposure to water stress, three
seedlings for each treatment were randomly selected, and one leaf of each seedling was
harvested to be used for the evaluation of stomatal conductance (SC), specific leaf area
(SLA), and leaf water content (LWC). Stomatal conductance was measured on the abaxial
side of the leaves using a porometer (Decagon Devices, model SC-1); the vapor flow over
the leaf surface was recorded (μ mol/m2 s) hourly between 9:00 and 14:00 h. For the
determination of SLA, the area of the freshly cut leaves was measured with the Imagej 1.8.0
program [89] and was calculated with the SLA formula for in vitro seedlings [90]:

SLA =
f resh lea f area

(
cm2)

dry lea f weight (mg)

For the measurement of the leaf water content, the leaves of each treatment were
weighed at the moment of being cut (fresh weight), and later, they were dried in an oven at
60 ◦C for 24 h to obtain the dry weight [91]. The leaf water content was calculated as the
difference between fresh weight and dry weight.

4.3. Physio-Chemical Response to Water Stress
4.3.1. Untargeted Metabolomics

Seedling leaves of each treatment were harvested at 20 and 40 days of exposure
to water stress. The leaves were placed in liquid nitrogen immediately after being cut
and then stored at −80 ◦C until subsequent analyses. The samples were lyophilized
(Freezone 1, Labconco, Kansas City, MO, USA), and pulverized in a mortar and pestle
with liquid nitrogen. To obtain the crude extracts, accelerated solvent extraction system
was used (ASE350, Dionex, Thermo Scientific, Waltham, MA, USA) [44]. The solvent
used was methanol (HPLC grade) and water (MilliQ) in 80:20 ratio. Excess solvent was
removed by evaporation under reduced pressure in rotary evaporator (Rotovap® RII, Büchi,
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Newmarket, UK). From the resulting extracts, 500 μL of each sample was taken, and they
were then placed in 1.5 mL UPLC tubes. The extract was filtered using a 0.45 μm filter prior
to analysis. The samples were injected at a concentration of 20 mg/mL. The samples were
evaluated in triplicates.

For the identification of distinctive metabolites associated with water stress, untargeted
metabolomic analyses were carried out [92]. It was performed on an ultra-high-performance
liquid chromatography system (UPLC, Acquity class I, Waters™, Milford, MA, USA),
coupled to a high-resolution quadrupole time-of-flight mass spectrometer (QTOF, HDMI
Synapt G2-Si model, Waters™). Chromatographic separation was carried out on an Acquity
BEH column. (1.7 μm, 2.1 × 50 mm) at a temperature of 40 ◦C and 15 ◦C for the sample. The
mobile phase consisted of (A) water and (B) acetonitrile, both with 0.1% formic acid. The
conditions of the mobile phase gradient were 0–13 min linear gradient 1–80% B, 13–14 min
80% B isocratic, and 14–15 min linear gradient 80–1% B (total analysis time was 20 min).
The flow rate was 0.3 mL/min and 5 μL of each extract was injected.

Mass spectrometry analysis was performed with an electrospray ionization source
in positive and negative mode. The sampling cone, capillary, and source offset voltages
were 3000, 40, and 80 V, respectively. The source temperature was 100 ◦C and the desol-
vation temperature was 20 ◦C. The desolvation gas flow was 600 L/h and the nebulizer
pressure was 6.5 bar. The mass range was from 50 to 1200 Da, function 1 CE, and 6 V;
function 2 CER 10–30 V and exploration time 0.5 s. Leucine–enkephalin (556.2771 [M + H]+;
554.2615 [M−H]−) was used as reference solution. Mass/charge ratios (m/z), retention
time (RT), and peak intensity (total counts) were obtained and analyzed using Masslynx
and MarkerLynx software (version 4.1, Waters™).

4.3.2. Identification of Phenolics Compounds by UPLC-MS-MS

The extracts prepared for untargeted metabolomics were also used for the identifi-
cation and quantification of individual phenolic compounds in leaves. Phenolic-targeted
metabolomics was performed by ultra-high performance liquid chromatography (Agilent
1290 series) coupled with a triple quadrupole mass spectrometer (Agilent 6460), with a
dynamic multiple reaction monitoring (dMRM) acquisition method, following the protocol
established by [93] that included a total of 60 phenolic compounds. The chromatographic
analysis was carried out on a ZORBAX SB-C18 column (1.8 μm, 2.1 × 50 mm; Agilent
Technologies) with the column oven temperature at 40 ◦C. The mobile phase consisted of
(A) water and (B) acetonitrile, both containing 0.1% formic acid. The gradient conditions
of the mobile phase were as follows: 0 min 1% B, 0.1–40 min linear gradient 1–40% B,
40.1–42 min linear gradient 40–90% B, 42.1–44 min isocratic 90% B, 44.1–46 min linear
gradient 90–1% B, and 46.1–47 min 1% B isocratic (total run time 47 min). The flow rate
was 0.3 mL/min, and 2 μL was the sample injection volume. The ESI source operated in
positive and negative ionization modes. The desolvation temperature was 300 ◦C, the cone
gas (N2) flow was 5 L/min, the nebulizer pressure was 45 Psi, the sheath gas temperature
was 250 ◦C, the sheath gas flow was 11 L/min, the capillary voltage (positive and negative)
was 3500 V, and the nozzle voltage (positive and negative) was 500 V. The fragmentor
voltage was 100 V and the cell accelerator voltage was 7 V for all compounds. The identity
was confirmed by co-elution with authentic standards under the same analytical condi-
tions described above for each compound. For quantitation of each phenolic compound
a calibration curve in a concentration range of 1–9 μM was prepared (r2 values ≥ 0.97
were considered for the linearity range). The data were processed using the MassHunter
Workstation Software, version B.06.00 (Agilent Technologies). The results were expressed
as μg/g of sample (dry weight).

4.4. Statistical Analysis

For the morphological and physiological responses, two-level factorial arrangement
was used: PEG concentration and vanilla genotype. Total length, longest root length,
and the relationships between total length/root length and number of leaves/number
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of roots were analyzed using generalized linear model (GLM), gamma distribution, and
inverse link function (p < 0.05). The number of leaves and roots produced was analyzed
using GLM, Poisson distribution, logarithm link function (p < 0.05). RGR, SLA, stomatal
conductance, and leaf water content, which were then analyzed by two-way analysis of
variance (ANOVA) and Tukey’s post hoc test (p < 0.05). R 4.0.3 software was used [94],
with packages Rmisc [95], agricolae [96], multcomp [97], and ggplot2 [98].

For the biochemical response, the intensities of the RT_m/z signals were used to
elaborate heatmaps, PCA, network analysis, and volcano plots, using the MetaboAnalyst 5.0
software [99]. The main purpose of heatmap is to display grouping based on the abundance
of the different spectrometric features (m/z_Rt) detected. The analysis of the enrichment
of metabolic pathways was performed through the Mummichog algorithm, using the
same MetaboAnalyst 5.0 software. For this, the KEGG database (Kyoto Encyclopedia
of Genes and Genomes) was used [100], with Oryza sativa library for monocots. The
RT-m/z signals that contributed to the discrimination between analyzed groups (fold
change (FC) values greater or equal than 2) were considered differential chemical markers
between conditions [101–104]. For the tentative identification of the distinctive metabolites
(markers) that could be associated with changes in water potential, the KEGG databases
were used [105] with a literature review, with a maximum mass error less than or equal to
±5 parts per million (ppm). The comparison between the concentration of the quantified
phenols was carried out by two-way ANOVA and Tukey’s post hoc test (p < 0.05).

5. Conclusions

This is the first study in which both the morphological and physio-chemical responses
to water stress of vanilla are addressed simultaneously. Additionally, it represents one of
the few studies in which V. planifolia physiology is studied. Tolerance to PEG-induced water
stress was achieved through root elongation to increase the water uptake and reduction in
the number of leaves, as well as in the stomatal opening and the SLA, in order to reduce
water loss. We observed an accumulation of carbohydrates, amino acids, purines, organic
acids, and phenols; osmolyte and antioxidant activity was needed to achieve tolerance to
water stress. The performance shown by the hybrid organisms suggests their ability to resist
PEG-induced water stress under in vitro conditions. The V. pompona × V. planifolia hybrid
exhibited the best PEG-induced water stress performance, possibly due to the maternal
inherence of V. pompona. Vanilla hybrids are a potential alternative to the traditional
cultivation of V. planifolia, especially given the difficulties that this crop will face due to the
lack of water as a result of climate change; however, future studies should be carried out to
determine the composition and content of the aromatic compounds in the fruits of these
organisms. The approach of this study should be extended to other hybrids of V. planifolia
and V. pompona, and also, to varieties of both species that are currently in cultivation, to
determine which are likely to be best adapted for growth in water-limited conditions. These
efforts will help protect Vanilla farmers from future extreme weather events and the Vanilla
industry and consumers from future shortages and price fluctuations.
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57. Hura, T.; Grzesiak, S.; Hura, K.; Thiemt, E.; Tokarz, K.; Wędzony, M. Physiological and biochemical tools useful in drought-
tolerance detection in genotypes of winter triticale: Accumulation of ferulic acid correlates with drought tolerance. Ann. Bot.
2007, 100, 767–775. [CrossRef] [PubMed]
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