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From Omics Analysis toward Physiological Mechanism
Research in Plants

Yan Lu 1, Sen Meng 2,* and Jie Luo 3,*
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3 College of Horticulture and Forestry Sciences, Hubei Engineering Technology Research Center for
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* Correspondence: mengsen021124@126.com (S.M.); luojie@mail.hzau.edu.cn or jie.luo@vip.163.com (J.L.)

With the development of big data in system biology researches, the high-throughput
omics analysis has become the most popular high technology in the fields of plant re-
search [1,2]. Increasing studies have applied multi-omics such as genomics, transcriptomics,
proteomics and metabolome to uncover the underlying mechanisms of plant physiology,
bringing many new discoveries [3–6]. Undoubtedly, it is significant to combine omics and
traditional physiology techniques to explore the insights into plant development, abiotic
stresses responses, hormonal and environmental signaling and key trait formation. In this
Special Issue, a total of ten papers were collected, including eight research papers and two
review papers.

Cutting propagation is an important vegetative propagation method for rapid and
large-scale reproduction samplings in agricultural practices [7]. Many plants can form
adventitious root easily with cuttings without any treatment, but some plants need special
treatments for efficient rooting [8]. Exogenous applications of hormones such as auxins
are widely used for stimulating cutting rooting capacities, especially for some difficult-
to-root plants [8–10]. Quan et al. compared different effects of phytohormones on the
rooting capacities of Catalpa bignonioides softwood cuttings and found that applications
of 1 g L−1 IBA significantly promoted rooting rate compared to control and other growth
regulator treatments (Contribution 1). The exogenous application of growth regulators
also triggered the changes in endogenous hormone levels and ratios in the phloem of C.
bignonioides softwood cuttings, which might be beneficial for rooting (Contribution 1). In
another paper, Sun et al. evaluated the effects of different types and concentrations of
hormones as well as the influence of soaking times on the rooting capacities of Morus
‘Yueshenda 10’ softwood cuttings and found that applications of 800 mg L−1 commercial
rooting powder ABT1 for 30 min could significantly improve the rooting ratio up to 66.24%
(Contribution 2). These two papers provided a reference to select optimal hormones for
stimulating the rooting ratio of softwood cuttings in woody plants.

Santalum album L. is a semi-parasitic evergreen tree with important economic value [11].
Taking advantage of the sandalwood transcriptome, Zhang et al. identified eight basic
helix–loop–helix (bHLH) gene member using bioinformation methods (ontribution 3). The
authors further found that SaMYC1 could function as transcription factors and activate the
expression of two genes (SaSSy and SaCYP736A167) that participate in the biosynthesis
of the main sandal sesquiterpenes (Contribution 3). Similarly, Chen et al. identified nine
plant-specific Rac/Rop small GTPases gene members with the full-length transcriptome
data of S. album and evaluated the gene expression levels of Rac genes in response to
drought and hormone treatments (Contribution 4). The authors also identified several
key Rac genes that closely related to the formation of haustoria in S. album, which is
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important for their semi-parasitic lifestyle (Contribution 4). Due to the lack of complete
genome information and effective transgenic methods for S. album, a gene functional
study could not be applied in S. album, which might be a bottleneck to understand the
molecular mechanism underlying the growth and environmental adaptations in S. album
for now. However, with the acknowledgement obtained from the bioinformation analysis
combined with molecular techniques, the fundamental molecular mechanisms underlying
the synthesis of sandal sesquiterpenes and formation of haustoria will be uncovered soon
in the future.

Volatile aroma is an important trait determining the quality of fruits [12]. Taking
advantage of RNA-seq, Li et al. conducted a time-series transcriptomic analysis in nine
sample stages from fruit development to the fruit storage to uncover the molecular network
underlying the volatile aroma formation in pears (Contribution 5). Several key modules
related to fatty acid formation were detected using the WGCNA methods, and hub genes
in the modules related to the volatile aroma were identified by gene co-expression analysis
(Contribution 5).

Disrupted meiotic cDNA (DMC1) is an important gene that controls DNA recombination
through crossing over in meiosis [13]. Kumar et al. applied the RNA interference approach
to produce asynaptic mutants by knockdown of the StDMC1 gene (Contribution 6). The
StDMC1 RNAi lines significantly reduced the pollen viability compared to Kufri Jyoti
control plants, with reduced expression levels of the StDMC1 gene (Contribution 6). Isodon
rubescens (Hemsl.) Hara is an important medicinal plant in China; its active ingredients
show anti-tumor effects [14]. Lian et al. cloned a UDP-glycosyltransferase gene (UGT)
IrUGT86A1-like in I. rubescens and predicted the protein properties and cellular location
(Contribution 7). The IrUGT86A1-like gene was highly expressed in leaves and its expression
levels in tissues were highly correlated to the oridonin contents (Contribution 7). Further-
more, gene expression analysis revealed that IrUGT86A1-like was positively regulated by
NaCl and MeJA treatments, but negatively regulated by abscisic acid (ABA) treatment
(Contribution 7). Chen et al. reported that the maize Constitutively Photomorphogenic 1
(ZmCOP1) gene could significantly promote maize mesocotyl lengths and plant height
(Contribution 8). By using RNA-seq techniques, the authors identified several different
expression genes between B73 and the zmcop1-1 mutant; pathway analysis indicated the
major changes in phytohormone signal transduction (Contribution 8). The results collec-
tively supported that the ZmCOP1 gene regulates maize architecture by affecting hormone
pathways, the underlying mechanisms need to be further explored.

Two review papers were published in this Special Issue. Lin et al. nicely summa-
rized the recent advances of phosphate-binding loop guanosine triphosphatases (P-loop
GTPases) in plant growth and stress response (Contribution 9). The authors introduced in
detail the structure of the G domain of G proteins, the G domain of YchF, and compared
different protein structures (Contribution 9). The critical roles played by YchF in plant
oxidative stress, environmental stress response, protein biosynthesis and degradation,
and maintaining proteostasis were extensively reviewed by the authors (Contribution 9).
miRNAs play crucial roles in plant growth and development, as well as environmental
responses. Teng et al. reviewed the recent advances in the transcriptional regulation of
miRNAs in plants (Contribution 10). The authors summarized the recent methods used
for identifying microRNA promoters, and the important roles played by miRNA in plant
growth and development, synthesis of secondary metabolites, disease resistance, abiotic
stress, phytohormone signaling pathways, and so on (Contribution 10).

These research papers collectively highlight the significance of applying multiple
techniques to understand the mechanisms underlying the physiology of plant development,
environmental stresses, and key trait formation. Key genes involved in these physiological
processes have been identified, and it is significant for us to build targeted strategies for
plant resource protection and utilization. Moreover, these studies encompass a wide array
of plant species, mainly including non-timber woody plants, medical plants and crops.
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As guest editors, we believe that this Special Issue offers a valuable compilation of
research findings that contribute to omics analysis toward physiological mechanism in
plants. The diversified species and omics technique outline the potential of combining
omics and physiological analyses to enhance plant conservation, sustainable production
and utilization. However, more research using innovative omics techniques such as ATAC-
seq and single cell RNA-seq to unravel the underlying mechanisms of plant physiology is
urgently needed to further expand our knowledge. We thank all contributing authors for
their work on this Special Issue.

Author Contributions: Y.L., S.M. and J.L. wrote the paper. All authors have read and agreed to the
published version of the manuscript.

Funding: The study was supported by the Fundamental Research Funds for the Central Universities
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Advances in the Study of the Transcriptional Regulation
Mechanism of Plant miRNAs

Caixia Teng †, Chunting Zhang †, Fei Guo, Linhong Song and Yanni Fang *
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Abstract: MicroRNAs (miRNA) are a class of endogenous, non-coding, small RNAs with about
22 nucleotides (nt), that are widespread in plants and are involved in various biological processes,
such as development, flowering phase transition, hormone signal transduction, and stress response.
The transcriptional regulation of miRNAs is an important process of miRNA gene regulation, and it
is essential for miRNA biosynthesis and function. Like mRNAs, miRNAs are transcribed by RNA
polymerase II, and these transcription processes are regulated by various transcription factors and
other proteins. Consequently, the upstream genes regulating miRNA transcription, their specific
expression, and the regulating mechanism were reviewed to provide more information for further re-
search on the miRNA regulatory mechanism and help to further understand the regulatory networks
of plant miRNAs.

Keywords: plant; miRNAs; promoter; transcription regulation; molecular mechanism

1. Introduction

Small RNAs, which range in size from 20 to 24 nucleotides, are derived from dsRNAs
through processing mediated by the RNase III enzyme [1]. They can be categorized into
several groups based on differences in their biogenesis and function [1]. miRNAs and small
interfering RNAs (siRNAs) are two major classes of endogenous small RNAs in plants.
siRNAs can be subdivided into trans-acting siRNAs, repeat-associated siRNAs (rasiRNAs),
heterochromatic siRNAs (hc-siRNAs), and nat-siRNAs in plants (nat-siRNAs) [1,2].

Most plant miRNAs originate from intergenic regions and are transcribed from their
own promoters [3]. Some other miRNAs originate from non-coding RNAs or the introns
of coding genes [3]. Under the action of RNA polymerase II (Pol II), miRNA genes are
transcribed into precursor transcript pri-miRNAs in the nucleus. With the help of Dicer
enzymes DCL1, pre-miRNAs are cleaved from pri-miRNAs, form into stem–loop structures,
and are subsequently cleaved into double-stranded miRNA/miRNA* complexes [3,4].
After the miRNA* is degraded, the mature miRNA binds to the Argonaute1 (AGO1)
protein, which forms the RNA-induced silencing complex (RISC) to regulate the expressions
of target genes post-transcriptionally through direct transcript cleavage or translation
repression [5,6]. To analyze the biological functions and regulatory mechanism mediated
by miRNAs, many target genes have been identified using degradome sequencing, and
some of them have been validated in vitro or in vivo in recent years. Most target genes
of conserved miRNA are transcription factors, such as MYB (myeloblastosis oncogene),
SPL (AQUAMOSA promoter-binding protein-like), NAC (NAM, ATAF1/2, CUC1/2),
AP2 (APETALA2), the Zinc finger protein HD-ZIP (homeodomain leucine zipper) family,
GRF (growth-regulating factor), and ARF (auxin-responsive factor), etc. (Figure 1) [6–10],
which make miRNAs key players in the plant regulatory network [11,12]. In addition to
transcription factors, some miRNAs target resistance genes [13], ubiquitin-conjugating
enzymes, and other genes [14]. Numerous studies have shown that miRNAs play wide and
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Life 2023, 13, 1917

important roles in plant growth and development (Figure 1), the flowering cycle, hormone
signal transduction, the stress response, and so on [8,15–23].

Figure 1. Regulatory functions of miRNAs on plant growth and development. MYB (myeloblasto-
sis oncogene), SPL (AQUAMOSA promoter-binding protein-like), NAC (NAM, ATAF1/2, CUC1/2), AP2
(APETALA2), GRF (growth-regulating factor), ARF (auxin-responsive factor), CUC (cup-shaped cotyledon),
AGL (AGAMOUS-Like), HD-ZIP III (class III homeodomain leucine zipper), UBC (ubiquitin-conjugating en-
zyme), TAS (trans-acting short-interfering RNA), LCR (leaf curling responsiveness), TCP (teosinte branched),
NF-YA2 (nuclear transcription factor Y subunit alpha), SCL (SCARECROW-Like), and AFB (auxin receptor
F box protein).

Transcriptional regulation is important for miRNA expression. Like protein-coding
genes, the transcription of miRNA genes is regulated by various transcription factors
and other proteins. In general, transcription factors regulate the specific expressions of
miRNA genes through binding to the DNA-binding domains and cis-acting elements on the
miRNA promoters. In addition to transcription factors, some proteins can regulate miRNA
transcription by binding to RNA polymerase II to affect the accumulation of polymerase
in the miRNA promoter region. It is widely known that miRNAs play significant roles
in various processes of plant development by targeting and regulating many genes post-
transcriptionally. But how are these miRNAs transcribed from miRNA genes? What studies
have been conducted in plants on the upstream regulators of miRNAs? What proteins or
transcription factors regulate the transcription of miRNAs to obtain spatiotemporal-specific
expression, and how do miRNAs obtain transcription and expression in response to exter-
nal signals to adapt to environmental changes? To answer these questions, studies on the
upstream regulatory factors of miRNAs have been carried out in several plants to analyze
the spatiotemporal-specific expressions and transcriptional regulatory mechanisms of miR-
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NAs. Therefore, this review summarizes the progress of the research on the transcriptional
regulatory factors of miRNA genes, which will help to deepen our understanding of the
regulatory network and molecular mechanisms of miRNAs in the plant lifecycle.

2. Identification of Promoters and cis-Acting Elements of miRNAs

Many plant miRNA genes are located in intergenic regions as independent transcrip-
tional units. A few miRNAs are located in the intron region of protein-coding genes, which
is co-transcribed with the host genes [3,24]. Like coding genes, eukaryotic miRNA genes
are transcribed by Pol II under the regulation of general and specific transcription fac-
tors [25,26]. The miRNA promoter consists of the core promoter region and distal upstream
region. The core promoter region contains elements such as an initiator, TATA box motifs,
CAAT box motifs, and cis-acting elements. The initiator is a conserved sequence located
near the Transcription Start Site (TSS), while the TATA box is a conserved AT-rich sequence
about 30 bases upstream of the TSS, which regulates transcription initiation together with
the initiator. The CAAT box is located about 85 bases upstream of the TSS and controls
the frequency of transcription initiation. The upstream distal region comprises multiple
cis-acting elements that specifically bind to trans-acting factors to synergistically regulate
the transcription of miRNAs and the spatiotemporal-specific expressions of miRNAs. Trans-
acting siRNAs (ta-siRNA) are a class of endogenous small RNAs that are produced from
non-coding TAS genes. nat-siRNAs are derived from the overlapping transcript of two
adjacent genes located on opposite strands [27]. TAS genes are transcribed from their own
promoter by the RNA polymerase II as long primary RNAs [28]. nat-siRNA biogenesis
also relies on the transcription of a pair of antisense genes produced by RNA polymerase
II. Therefore, the precursors of ta-siRNAs and nat-siRNAs are transcribed by the Pol II
promoter, which is similar to miRNA. Different from the other classes of small RNAs, the
precursors of hc-siRNAs are generated by RNA polymerase IV on repetitive regions and
transposable elements [29].

miRNA promoter and cis-acting element identification is important for transcriptional
regulation analyses of miRNAs. Previously, researchers identified 63 miRNA transcrip-
tional start sites in Arabidopsis using 5’RACE technology and found that the majority of
miRNA promoters contained TATA-boxes [30]. In recent years, the promoters of many
miRNA genes have been identified in a variety of plants using multiple bioinformatic
prediction methods (Table 1). By applying their self-developed computational sequence-
centric method, common query voting (CoVote), Zhou et al. [26] predicted the putative
core promoters for the most known intergenic miRNA genes of Arabidopsis and rice. TSSP
(http://linux1.softberry.com, accessed on 12 September 2023) is a tool that predicts the
TSS, combing characteristics describing the functional motifs of common core promot-
ers and the composition of these sites. The promoters of miRNAs can be obtained after
TSSs are predicted based on the general rule that the promoter region of each gene is lo-
cated 1500 bp upstream of the TSS [31]. Using the promoter prediction method developed
by Zhou et al. [26], the sequences for the TSS were predicted through the TSSP database
after searching the 2000 bp upstream of the 5′ end of the pre-miRNA or the sequences
between 400 bp downstream of the neighboring protein-coding gene and the pre-miRNA.
By these means, a total of 249 promoter sequences for 158 miRNAs precursors in rice [32],
229 promoters for 139 miRNA precursors in poplar [33], 191 promoters for 122 miRNA loci
downloaded in the miRBase, and 64 TSSs for 22 phosphorus-deficient responsive miRNAs
in soybean [34,35] have been successfully identified. Additionally, 132 TSSs of 42 miRNA
were discovered in Arabidopsis using a computational method developed from the genome-
wide profiles of nine histone markers, including H3K4me2, H3K4me3, H3K9Ac, H3K9me2,
H3K18Ac, H3K27me1, H3K27me3, H3K36me2, and H3K36me3 [36]. A total of 699 promot-
ers and 440 miRNA TSSs have been predicted in soybean using degradome libraries and the
TSSP software [37]. In total, 21 high-quality promoters of 23 intergenic miRNAs in cassava
were predicted via a hybrid computational method combining PromPredict and the TSSP
software based on the DNA free energy change and a common core regulatory element
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analysis [38]. Another computational sequence-centric method, named the Query-Ranked
Frequent Rule (QRFR), was developed by Zhou et al. for identifying the core promoter
regions of miRNA genes [39]. In total, 47 core promoters of 40 miRNA genes in Arabidopsis
studied in [30] were tested using the QRFR, and 34 were correctly confirmed [30,39].

Table 1. Genomic identification methods of microRNA promoters.

Species
Counts of

miRNAs Loci
Counts of Identified
miRNAs Promoters

Identification
Methods

Reference

Arabidopsis 52 63 5’ RACE [30]

Arabidopsis 95 98 Common query voting
(CoVote) [26]

Rice 114 104 CoVote [26]

Rice 158 249 TSSP [32]

Soybean 22 64 TSSP [35]

Soybean 12 191 TSSP [34]

Populus 139 229 TSSP [33]

Soybean 440 699 Degradome libraries
and TSSP [37]

Soybean 298 132 Genome-wide profiles
of nine histone markers [36]

Arabidopsis 40 34 Query-Ranked
Frequent Rule (QRFR) [39]

Cassava 23 21 PromPredict and TSSP [38]

Today, small RNA sequencing and computational prediction technology have been
rapidly developed to help with the genome-wide identification of miRNAs and their
precursors. Unlike for protein-coding genes, the distance from TSSs to pre-miRNAs is
longer and more irregular. Presently, except for model plants such as Arabidopsis, the TSSs of
the miRNAs in other higher plants are mainly obtained through biotech software prediction
due to the high cost of experimental methods. Consequently, the promoter identification of
miRNAs in previous publications has usually been limited to beginning upstream from
mature or pre-miRNAs due to the lack of the exact TSS information of the miRNAs. This
may cause false positives for miRNA promoters. Therefore, more experimental validation
is needed to determine the location of the TSSs and promoters of miRNAs in future studies.

In addition to miRNA promoters, numerous cis-acting elements of these miRNA
promoters have been identified in several species, such as elements regulating plant growth
development, hormone response elements, and stress response elements. In the previous
study, AtMYC2, ARF, SORLREP3, and LFY transcription-factor-binding site motifs were
discovered in Arabidopsis to be enriched in miRNA promoters by comparing the promoter
elements of 63 miRNA genes and coding genes, as well as randomly selected genomic
sequences, using a PWM (Position Weight Matrix) analysis, showing that these transcription
factors may be involved in the transcription of Arabidopsis miRNAs [40].

PLACE (http://www.dna.affrc.go.jp/htdocs/PLACE, accessed on 12 September 2023) [41]
and the PlantCare database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html, ac-
cessed on 12 September 2023) [42] are widely used for miRNA promoter cis-acting element
analyses. In soybean, numerous P-responsive cis-elements from the promoters of miRNAs
in response to P deficiency were predicted using the PlantCare database [35]. It was found
that the frequency of occurrence of the PHR1-binding element, PHO-like-binding element,
W-box, and TC element in the promoters of miRNA genes in response to P deficiency
(miR156, miR159, miR166, miR167, and miR168, etc.) was higher than that of miRNA genes
not responding to P deficiency [35]. In cassava, cis-regulatory elements relevant to defense
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and stress responsiveness, fungal elicitor responsiveness, and hormonal responses were
discovered to be abundant in the promoter region of miR160 and miR393 that responds to
anthracnose disease, including anaerobic inducible elements (AREs), heat stress response
elements (HSE), salicylic acid response elements (TCA-element), TC-rich repeats, fungal
inducible response elements (Box-W1), drought-inducible response elements (MBS), and
methyl jasmonate response elements (TGACG-motif) [43]. Multiple TC-rich repeats and
TCA-elements were also discovered on the promoters of 15 Arabidopsis miRNAs responding
to Bacillus velezensis FZB42 [44].

An analysis of the miRNAs involved in plant salt stress (miR169, miR319, miR393,
miR396, and miR398, etc.) in rice revealed that they contained common regulatory elements
on their promoters, including GC-boxes, GATA-boxes, MYB response elements, MYC response
elements, ABA response elements (ABRE), W-boxes, and zinc finger protein DNA-binding
elements (DOF) [45]. Moreover, cis-elements for the miRNA genes involved in environmental
changes have also been discovered in plants. Environmental SO2 is a major air pollutant
that has a severe impact on plant growth and development. It was found that the regulatory
mechanisms of plant miRNAs in response to SO2 stress have similarities with pathogen-
mediated stress responses [46]. An analysis of the promoters of 32 differentially expressed
miRNAs in response to SO2 stress revealed that the fungal-inducer response element Box-W1
and hypoxia response elements (HREs) were more frequently present in the promoters of the
SO2-stress-responsive miRNAs than in the promoters of other miRNAs [46]. miR397, miR398,
and miR408 are copper-deficient responsive miRNAs. To investigate the effect of copper
concentration on the expression of miRNAs, in vitro cultured grape seedlings were treated
with different copper concentrations for 30 days [47]. The miR397a, miR398a, miR398b/c,
and miR408 expressions in the grape leaves and roots decreased with an increasing copper
concentration [47]. Subsequently, abundant (6–9) CuRE (GTAC core motif) elements were
identified on the promoters of four miRNAs, revealing the molecular mechanism of CuRE
elements in the plant response to copper deficiency [47].

In addition, cis-elements for miRNA genes have been identified in woody plants
as well. Multiple hormone response-related elements were identified in the promoters
of 13 miRNAs in rubber tree and miR475b in Populus suaveolens that responded to low-
temperature stress, including the auxin response element (AuxRR-core), gibberellin re-
sponse element (GARE), salicylic acid response element (TCA-element), ethylene response
element (ERE), and jasmonic acid response element (CGTCA-motif, TGACG-motif) [48,49].
In total, 101 classes of cis-acting elements were identified in poplar, including abscisic
acid response elements (ABREs), heat stress response elements (HSEs), anaerobic-induced
elements (AREs), MYB binding sites, low-temperature-induced response elements (LTRs),
chloroplast differentiation elements (HD-Zip 1), leaf shape development elements (HD-Zip
2), and endosperm expression elements (GCN4 and Skn-1 motifs) [33].

From these studies, we can see that different stress-responsive miRNAs in different
plants have some cis-regulatory elements in common and also share some features. The
TC-rich element is present in the promoters of the disease-responsive miRNAs of cassava
and Arabidopsis. W-box is present in the promoters of multiple stress response miRNAs,
including P deficiency in soybean, anthracnose disease in cassava, SO2 stress in Arabidopsis,
and salt stress in rice. The TCA-element is present in the promoter of the miRNA response
to cold in rubber trees and the miRNA response to Bacillus velezensis FZB42 in Arabidopsis.
In the same situation as that for the identification of TSSs and promoters of miRNAs, taking
advantage of the biotech software, a large number of cis-regulatory elements can be obtained
through computational methods. In future studies for certain miRNAs, experimental
validation, such as the deletion mutation method, can be applied to determine the core
elements of miRNA promoters.

3. Mechanisms of miRNA Transcriptional Regulation

miRNA transcription is regulated by general and specific transcription factors. Tran-
scription factors can bind to cis-acting elements on the promoters of miRNAs to activate the
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transcription of these miRNAs, which is essential for the spatiotemporal-specific expres-
sions of miRNAs or their adaptation to environmental changes. In addition to transcription
factors, several other proteins have been found to regulate miRNA transcription by pro-
moting or repressing miRNA transcription directly or indirectly through binding to RNA
polymerase II or the miRNA promoter. At present, multiple transcription factors and other
proteins have been identified in several species involved in the regulation of multiple
biological processes in plant growth and development (Table 2).

Table 2. Summary of upstream transcription factors of miRNAs.

Organism miRNA

Upstream
Transcription

Factors of
miRNAs

Positive or
Negative

Regulation of
miRNA

Functions of the
Modules

Reference

Arabidopsis

miR156 FUS3 Positive Seed development [50]

miR156 ABI3 Positive and
negative

Positive regulation in
early seed

development but
negative regulation in
late seed development

[51]

miR775 HY5 Positive and
negative

Cell wall remodeling,
positive regulation in

root growth but
negative regulation in

aerial organs
development

[52]

miR165/166 HD-ZIP II and III
family genes Negative Leaf development [53]

miR172 AP2, LUG, SEU Negative Flower development [54]

miR172 PWR Positive Flower development [55]

miR161 and
miR173 AGO1 Positive Salinity response [56]

miR156 PIFs Negative Shade response [57]

miR163 HY5 Positive Light response [58]

miR399 MYB Positive Phosphate starvation
response [59]

miR160 and
miR167 ARF and GARF Positive Auxin response [37]

miR397b/miR857 EIN2 and EIN3 Positive
Lignin synthesis in

response to ethylene
signaling

[60]

Arabidopsis and
tomato miR169 HSF Positive Heat stress [61]

Rice miR156 and
miR167h OsCAMTA4 Positive Drought response [62]

Rice miR396 IDD2 Positive Stem elongation [63]

Apple miR399 SERRATE Positive Drought response [63]

Apple miR166, miR172
and miR319 SERRATE Negative Drought response [51]

Apple miR828 MdMYB1 Positive Anthocyanin synthesis [64]

Pummelo miR167a DREB Negative Flower development [65]

Mulberry miR172 SPLs Positive Flower development [62]
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3.1. The Involvement of Transcriptional Regulation of miRNA in Plant Growth Processes

In Arabidopsis, a B3 transcription factor, FUS3, binds to the promoters of MIR156A and
MIR156C and positively regulates the expression levels of pri-miR156a and pri-miR156c [50].
ABI3, an anabolic acid-insensitive protein in the B3 transcription factor family, promotes
MIR156 expression in early seed development, but represses it in late seed development,
which is involved in the regulation of the transition from embryo to seedling [51]. The
photomorphogenic transcription factor HY5 negatively regulates the expression of MIR775a
in the aerial organs of Arabidopsis and positively regulates its expression in the roots, partic-
ipating in the process of cell wall remodeling [52]. In rice, the OsIDD2 protein, containing
four zinc finger motifs, binds to the OsmiR396 promoter to promote the transcription of
miR396 and reduce the expression level of its target gene, GRF [63]. Plants overexpressing
OsIDD2 gene show a dwarf phenotype with a higher expression of OsmiR396 and a lower
expression of GRF1 [63].

3.2. The Involvement of Transcriptional Regulation of miRNA in Plant Leaf Development

The REVOLUTA (REV), PHABULOSA (PHB), and PHAVOLUTA (PHV) genes are three
HD-ZIP III family genes regulating leaf adaxial–abaxial patterning. They are targeted and
repressed by abaxially expressed miR165/166 to regulate leaf polarity [66]. However, REV,
PHB, and PHV proteins can interact with the HD-ZIP II transcription factors HOMEOBOX
ARABIDOPSIS THALIANA 3 (HAT3) and ARABIDOPSIS THALIANA HOMEOBOX 4
(ATHB4) proteins, and the interacting protein complex can bind to conserved cis-elements
on the MIR165/166 promoter to repress MIR165/166 transcription adaxially, which, in turn,
represses the expressions of HD-ZIP III genes to maintain leaf polarity [53].

3.3. The Involvement of Transcriptional Regulation of miRNA in Plant Flower Development

As a target gene of miR172, the class A gene APETALA2 (AP2) is downregulated
in inner floral whorl organs such as stamens and carpels [54], while in the outer floral
whorl organs of Arabidopsis, it has been confirmed that AP2 can recruit LUG, a co-repressor
protein of SEU, to the MIR172 promoter through ChIP, BiFC, yeast two-hybrid, and yeast
three-hybrid crosses experiments. Moreover, the miR172 expression is significantly up-
regulated in lug, seu, and ap2 mutants, showing that AP2 can interact with the LEUNIG
(LEU) and SEUSS (SEU) proteins to repress miR172 transcription [54]. SPLs have been
found to be target genes of miR156. In mulberry, six SPL transcription factors recognized
the promoter of MIR172 and activated miR172 expression, revealing that SPL genes regulat-
ing the transcription of miR172 are involved in the flowering development in perennial
woody plants [62]. From a study on citrus flower development, miR167a was found to be
specifically expressed in the stamen filaments and anthers of pummelo [65]. The DREB
transcription factor can bind to and interact with the MIR167a promoter to repress its
expression by yeast-one hybrid and dual luciferase assays, revealing the regulatory mecha-
nism of MIR167 and its upstream element in citrus stamen development [65]. In addition
to specific miRNA genes, some transcription factors or proteins can generally bind the
promoters of multiple miRNAs. Yeast two-hybrid, pull-down fusion protein sedimentation,
and immunoblotting experiments have confirmed that the NOT2 (Negative on TATA less2)
protein can bind RNA polymerase II to stimulate miRNA transcription and elongation to
regulate miRNA biosynthesis [67]. The expressions of multiple miRNA precursors and
mature miRNAs (miR158a, miR159a, miR164b, miR167a, and miR168a) were decreased
in not2 mutants of Arabidopsis, leading to severe male organogenesis defects, similar to
miRNA mutants [67]. Similar to NOT2, the SANT structural domain protein, the PWR
protein, can regulate MIR172 transcription and floral organ development by promoting the
accumulation of RNA polymerase in the promoter regions of MIR172a and MIR172b [55].
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3.4. The Involvement of Transcriptional Regulation of miRNA in the Synthesis of
Secondary Metabolites

miR828 plays an important role in the biosynthesis of the anthocyanins in the peel
of apple fruit. The expression of miR828 in this peel is maintained at a comparatively
low level during the apple fruit coloration stage and increases rapidly during the late
trans-color stage [64]. An overexpression of miR828 in apple and Arabidopsis decreases
anthocyanin synthesis. Yeast one-hybrid and dual luciferase assays have shown that
MdMYB1 binds the miR828 promoter and positively regulates miR828 expression, revealing
the involvement of MYB-regulated MIR828 transcription in the biosynthesis mechanism of
plant fruit anthocyanins [64].

3.5. The Involvement of Transcriptional Regulation of miRNA in Plant Disease Resistance

The TPR1 (transcriptional corepressor1) gene is a transcriptional repressor of an NBS-LRR
gene encoding the disease-resistance protein SNC1 (Suppressor of npr1-1). An overex-
pression of the TPR1 gene causes reductions in the levels of several pri-miRNAs and
miRNAs (miR164, miR173, miR319, miR390, and miR159) [68]. As a negative regulator
of SNC1, the F-box protein CPR1 can mediate the degradation of the SNC1 protein. The
cpr1aba1 mutant results in a large accumulation of the SNC1 protein in the nucleus, causing
transcriptional reductions in several miRNAs (pri-miR159a, pri-miR159b, pri-miR164b,
pri-miR166a, and pri-miR167a). Since miRNAs (miR173 and miR390, etc.) can target and
trigger some disease-resistance genes to produce phasiRNAs, the cpr1aba1 mutant causes
a reduction in the abundance of phasiRNAs produced on four disease-resistance genes,
resulting in an upregulation of the expressions of 70 resistance genes. Therefore, miRNA
genes are transcriptionally regulated by the SNC1 gene to participate in plant resistance to
pathogens [68].

In addition to the disease resistance originating from the endogenous miRNA targeting
and regulation on resistant genes, artificial miRNAs (amiRNAs) and miRNA-induced gene
silencing (MIGS) have recently become miRNA-based strategies for obtaining pest and
disease resistance [2,69]. Artificial microRNAs (amiRNA) are generally designed from an
endogenous miRNA precursor (pre-miRNA), which is used as a structural support in which
the miRNA:miRNA* is replaced with a specific miRNA complementary to the desired target
sequence [70]. The MIGS approach exploits a special 22-nuclotide miRNA of Arabidopsis
thaliana, miR173, which can trigger the production of trans-acting small RNAs [71]. Different
from the miRNA transcription on their own promoter, pre-amiRNAs and the MIGS vector
are generally constructed using a plasmid containing an effective constitutive-like 35S
promoter to mediate the targeted viral RNA cleavage to confer resistance to various diseases,
such as the Cassava brown streak virus (CBSV), Ugandan cassava brown streak virus
(UCBSV), cotton leaf hopper (Amrasca biguttula), cotton whitefly (Bemisia tabaci), and so
on [2,69].

3.6. The Involvement of the Transcriptional Regulation of miRNA in Plant Abiotic Stress

Environmental stresses (such as saline, nutrient deficiency, and heavy metal) greatly
constrain normal plant growth and development [72–76]. miRNAs are involved in various
abiotic stresses, including salinity, drought, heat, cold, nutrient deficiency, oxidative stress,
UV radiation, heavy metal toxicity, and so on [77]. In recent years, the regulation mechanism
of miRNAs in the abiotic response has been discovered in some plants. In Arabidopsis and
tomato, the HSF transcription factor is involved in heat stress tolerance through binding
to the MIR169 promoter to positively regulate the transcription of MIR169 and negatively
regulate the expression of its target gene NF-YA9/10 [61]. The SERRATE protein, a conserved
RNA processing factor in eukaryotes, encodes a C2H2 zinc finger protein. The SERRATE
protein can regulate the drought tolerance in apple by positively regulating the transcription
of MIR399 and negatively regulating the transcriptions of MIR166, MIR172, and MIR319 [51].
In rice, a Calmodulin-binding Transcription Activator (OsCAMTA4) binds to the promoters
of MIR156 and MIR167h to activate the expressions of two miRNAs, participating in the
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plant response to abiotic stress [62]. In addition to being part of the RNA-silencing complex
to cleave mRNA in the cytoplasm, AGO1 also plays roles in miRNA biogenesis at the
transcriptional level in the nucleus. From an immunoprecipitation analysis, it was found
that AGO1 can bind to the chromatin of miR161 and miR173. In the ago1 mutant, the
expression levels of miR161 and miR173 markedly decreased under sanity stress [56].

Many miRNAs are responsive to environmental signals. The miR156 regulating net-
work is involved in plant adaptation to shade. In shade conditions, the bHLH class protein
PHOTOCHROME-INTERACTING FACTORS (PIFs) can bind five MIR156 promoters, re-
press their expressions, and concomitantly enhance the expressions of SPL family genes to
mediate the plant’s shade response syndrome (SAS) [57]. The leucine zipper (bZIP)-like
transcription factor HY5 (ELONGATED HYPOCOTYL5) can bind to two G/C box elements
on the promoter MIR163 and positively regulate its expression in response to light signals,
in order to promote primary root elongation in seedlings without affecting lateral root
growth [58].

The MYB transcription factor in Arabidopsis thaliana can activate miR399 expression
and reduce the expression of its target gene UBC (ubiquitin-conjugating enzyme) by binding
to the MYB binding site on the MIR399 promoter in response to phosphate starvation [59].
The restricted expression of UBC relieves the inhibition of the phosphorus transporters by
UBC to promote phosphorus uptake and transport [59].

3.7. The Involvement of Transcriptional Regulation of miRNA in Phytohormone
Signaling Pathways

Plant hormones play important roles in plant growth and development [78–80]. Sev-
eral members of the soybean MIR160 and MIR167 families contain multiple auxin response
factor (ARF)-binding elements and gibberellin response factor (GARF)-binding elements in
their promoter regions, suggesting that ARF and GARF transcription factors may bind to
the promoters of MIR160 and MIR167 to regulate their expressions. Since ARF transcription
factor family members such as ARF17, ARF18, ARF6, and ARF8 are target genes of both
miR160 and miR167, a potential feedback regulatory mechanism between miR160 and
miR167 and the ARF- and GRF-binding elements was revealed [37]. EIN2 and EIN3 are
important transcription factors in the ethylene signaling pathway. An overexpression of
EIN2 in Arabidopsis elevates the expression level of miR397b/miR857, as well as reduces the
expressions of the target genes LAC4 and LAC17, resulting in a significant reduction in the
lignin accumulation in vascular bundles [60]. Yeast one-hybrid experiments have confirmed
that EIN2 and EIN3 can bind to ethylene response factors (ERFs) on the MIR397b/MIR857
promoter to promote transcription, revealing the molecular mechanisms of the miRNAs
involved in the regulation of plant lignin synthesis in response to ethylene signaling [60].

3.8. miRNA Transcriptional Regulation Mediated by General Transcription Factors

The transcription of miRNA genes requires the participation of a mediator complex,
which can not only recruit RNA polymerase II during transcription, but also interact
with specific transcription factors (Figure 2). This mediator complex can bind directly
to the miRNA promoters in the presence of some activating proteins to initiate miRNA
genes’ transcription (Figure 2). In the mediate complex med20a mutant, the expressions
of six detected miRNA precursors (pri-miR159, pri-miR163, pri-miR165a, pri-miR166a,
pri-miR167a, and pri-miR171a) were downregulated by 20%–70% compared to the control
and caused abnormal phenotypes such as smaller plants, shorter petioles, the downward
bending of leaves, late flowering, and reduced fertility [81,82]. CDC5 (cell division cycle
5), a kind of conserved DNA-binding protein widely found in eukaryotes, is involved in
various processes of plant development through binding to the Pol II promoters of multiple
miRNAs and then regulating miRNA transcription [83]. In Arabidopsis cdc5 mutants, several
miRNAs (miR166/165, miR167, miR159/319, miR390, miR171, miR172, miR173, miR156,
and miR163) were significantly downregulated, resulting in various developmental defects,
including plant size, leaf shape, delayed flowering, and sterility [83]. CDF is a kind of
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DNA-binding with one finger family protein [84]. Arabidopsis CDF2 can bind to miRNA
promoters to promote or repress miRNA transcription [85]. In the cdf2 mutant, two miRNA
precursors (pri-miR172a and pri-miR394a) were significantly upregulated, and 17 other
miRNA precursors were significantly downregulated [85]. PP4R3A, a regulatory subunit
of the phosphatase protein PP4, can bind to Pol II and recruit the polymerase to the
promoter regions of miRNAs, thereby promoting miRNA transcription and enhancing
the expressions of multiple miRNAs [86]. In addition, SMA1, a homolog of the Prp28
spliceosomal protein, is also required for miRNA transcription [87]. A mutation of the
SMA1 gene resulted in a significant downregulation of 11 miRNA precursors and mature
miRNAs and a significant decrease in the Pol II bound to the promoter regions of five
miRNAs [87]. In addition, an ATPase chromatin remodeling factor CHR2 and transporter
HST can also bind to Pol II to promote the accumulation of polymerase at the miRNA
promoter regions [58,87,88].

Figure 2. The transcriptional regulation of miRNA by the general transcription factors. DCL1
(DICER-LIKE 1), HYL1 (methyltransferase HUA ENHANCER 1), HEN1 (HUA ENHANCER 1), AGO1
(ARGONAUTE1), RISC (RNA-induced silencing complex), TPR1 (transcriptional corepressor1), SNC1 (sup-
pressor of npr1-1, constitutive 1), CPR1 (constitutive expresser of PR genes), CDF (Dof transcription factor),
SMA1 (Prp28 homolog SMALL 1), CHR (chromatin remodeling factor), CDC5 (CELL DIVISION CYCLE 5),
PP4R3A (phosphatase protein PP4), NOT2 (NEGATIVE ON TATA LESS 2), and TF (transcription factor).

Currently, upstream regulatory elements have been focused on Arabidopsis and few
have been identified in other plants. From the present studies, for the same conserved
miRNAs, the upstream transcription factors of miRNAs are probably totally different in
different developmental stages, such as miR156 in seed development and in leaves (Table 2).
And the upstream transcription factors of a same miRNA are probably different in different
plant species, such as miR399 in Arabidopsis and in apple, demonstrating that miRNAs
are tissue-specifically and species-specifically regulated by transcription factors through
combining with different cis-elements. Although the mechanisms of miRNA transcriptional
regulation are complex, many effective identification methods, such as yeast hybridization,
EMSA, ChIP, BiFC, and transgenic, etc., have been shown in previous research and provide
a reference for applications in the other miRNAs of different plants.
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4. Summary and Prospects

Several studies have been conducted on the transcriptional regulation of miRNA,
including multiple miRNAs in model plants and some woody plants, which are involved
in multiple biological processes such as plant growth and development, stress response,
and signal transduction, etc. However, compared to the number of identified miRNAs,
there is still a lack of analysis of the upstream regulators and transcriptional regulation
mechanism of miRNA genes. Until now, the transcription factors for only a small number
of conserved miRNAs have been demonstrated. How some other conserved and species-
specific miRNAs are regulated at the transcriptional level is still unknown. With more
and deeper research on the miRNA function in different plants, future research on miRNA
promoters and transcriptional regulatory mechanisms will be more extensive. Researchers
can identify miRNA promoters and functional elements using 5’ RACE, the GUS staining
activity assay, and other techniques, and identify more miRNA upstream regulatory factors
using yeast hybridization, EMSA, ChIP, BiFC, and transgenic, etc., to further enrich the
study of plant miRNA regulatory mechanisms from upstream to downstream and provide
new valuable functional elements and genetic resources for a plant’s genetically engineered
traits improvement.
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Abstract: The morphogenesis of crops is critical to their yield performance. COP1 (constitutively
photomorphogenic1) is one of the core regulators in plant morphogenesis and has been deeply
studied in Arabidopsis thaliana. However, the function of COP1 in maize is still unclear. Here, we
found that the mesocotyl lengths of zmcop1 loss-of-function mutants were shorter than those of
wild-type B73 in darkness, while the mesocotyl lengths of lines with ZmCOP1 overexpression were
longer than those of wild-type B104. The plant height with zmcop1 was shorter than that of B73
in both short- and long-day photoperiods. Using transcriptome RNA sequencing technology, we
identified 33 DEGs (differentially expressed genes) between B73′s etiolated seedlings and those
featuring zmcop1, both in darkness. The DEGs were mainly enriched in the plant phytohormone
pathways. Our results provide direct evidence that ZmCOP1 functions in the elongation of etiolated
seedlings in darkness and affects plant height in light. Our data can be applied in the improvement
of maize plant architecture.

Keywords: ZmCOP1; mesocotyl elongation; plant height; RNA sequencing; phytohormone

1. Introduction

Plants exhibit different morphological characteristics when grown in darkness and
in light; together, these phenomenon is called morphogenesis [1,2]. The elongation of
the hypocotyl or mesocotyl is critical to seedling emergence [3–5]. In Arabidopsis thaliana,
COP1 (constitutively photomorphogenic 1) plays a central role in morphogenesis [6–8].
In darkness, the Arabidopsis thaliana hypocotyl elongates, while weak cop1 mutants have
shown a short hypocotyl length and open cotyledons [9].

In darkness, COP1 usually binds SPA1 (suppressor of phya 1) to form the COP1–SPA
complex [10]. PIF1 (phytochrome interacting factor 1) interacts with the COP1–SPA complex to
induce degradation of HY5 (elongated hypocotyl 5), resulting in hypocotyl elongation [11–14].
COP1 also participates in the degradation of WDL3 (wave-dampened 2-like 3) through the
26S proteasome-mediated pathway, leading to hypocotyl elongation [1,15].

In light, CRY (cryptochrome) inhibits the regulation activity of the COP1–SPA complex
and stabilizes HY5 [16–20]. The Pfr (far-red light-absorbing form) of the photosensitive pig-
ment induces phosphorylation of PIFs. Phosphorylated PIFs are recognized by COP1–SPA,
then ubiquitinated and degraded by the 26S proteasome [14,21]. Thus, the stability of HY5
and the degradation of PIFs inhibit hypocotyl elongation. COP1 is also involved in the
regulation of the circadian clock (Bhatnagar et al., 2020). A weak cop1 mutant showed a
short circadian clock gene expression cycle and an early flowering phenotype under short
daylight [9,15,22–24].
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Hormones such as BR (brassinolide), JA (jasmonic acid) and ETH (ethylene) play
important roles in the regulation of morphogenesis. In Arabidopsis, BR promotes skoto-
morphogenesis. BRI1 (BR-insensitive1) and BIN2 (BR-insensitive2) promote accumulation
of BBX28 and BBX29. BBX28 and BBX29 interact with BEE1 (BR-enhanced expression1),
BEE2 (BR-enhanced expression2) and BEE3 (BR-enhanced expression3) [25]. HY5 enhances
the activity of GSK3-like kinase BIN2 (brassinosteroid-insensitive 2) to repress skotomor-
phogenesis [24]. Ethylene inhibits EBF1 (ethylene response factor1) and EBF2 (ethylene
response factor2) to stabilize EIN3 (ethylene-insensitive 3) and EIL1 (EIN3-like 1), respec-
tively, inhibiting the opening and expansion of Arabidopsis cotyledons and maintaining
skotomorphogenesis [26,27].

COP1 homologs have been identified in various plants, including Arabidopsis thaliana,
Sorghum bicolor, Zea mays and Oryza sativa (Huai et al., 2020). Although ZmCOP1 has been
shown to restore the atcop1-4 phenotypes in Arabidopsis, the function of ZmCOP1 in maize
has not been well studied. Here, we have phenotypically characterized zmcop1 mutants and
overexpression lines and identified DEGs between zmcop1 mutants and wild types using
RNA sequencing technology. We have shown that ZmCOP1 may inhibit the elongation of
the mesocotyl through the BR signal transduction pathway. We have provided evidence
that ZmCOP1 has a conserved function in Zea mays and Arabidopsis thaliana.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

zmcop1-1 and zmcop1-2 mutants were collected from the maize EMS mutant library
(www.elabcaas.cn, accessed on 14 September 2021). The wild type (B73 inbred line) from
the same library was used as a control.

For the wild type (WT), zmcop1-1 and zmcop1-2, a mesocotyl elongation analysis and
an RT-qPCR analysis were performed. In a chi-square test, the WT and zmcop1-1 were
crossed to generate F1 hybrid lines; then, F1 hybrid seeds were self-fertilized to generate
F2 lines. Around 140 seeds from one F2 ear were planted in soil in a greenhouse. The F2
seedlings were grown in the dark for 5–7 days. For plant height analysis, WT and zmcop1-1
were planted in Jiaozhou (36.26429, 120.03192) in the summer of 2021, in Ledong (36.26429,
120.03192) in the winter of 2021 and in Jiaozhou again in the summer of 2022. The mesocotyl
length and the plant height of the 7 day old etiolated seedlings were measured according
to the standard methods.

ZmCOP1 overexpression transgenic lines were generated by Beijing Bomei Xing’ao
Technology Co., Ltd. In general, the ZmCOP1 coding sequence was amplified and inserted
into the 521 plasmid, furthered by the ZmUBI promoter. The transformation was performed
following the standard Agrobacteria-mediated transformation protocol for maize, using
B104 immature embryos. Positive transformation events were selected based on kanamycin
and bar herbicide resistance. Positive transgenic lines were confirmed with PCR.

2.2. DNA Extraction and Genotyping

The CTAB method was used to extract the total DNA from leaves grown for 7 days.
Two pairs of primers were designed near two mutation sites using primer5.0. To perform
PCR, 2x Taq PCR StarMix with Loading Dye (GenStar) was used. A 1% agarose gel
electrophoresis experiment was used for the last step of genotype detection.

2.3. Measurement of SPAD Value

The SPAD values (relative content of chlorophyll) of the ear leaf and the first leaf
between the WT and zmcop1 were measured with SPAD502 (Zhejiang Top Cloud-Agri
Technology Co., Ltd., Hangzhou, China). The measuring position of the ear leaf was about
6 cm from the base of the first ear, and the measuring site of the first leaf was about 10 cm
from the tip of the leaf. At least 15 groups of data were collected.
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2.4. RNA Sequencing
2.4.1. RNA Extraction

The construction of a cDNA library and an RNA sequencing analysis was completed
with Wuhan MetWare Biotechnology Co., Ltd. (Wuhan, China).

Seven-day-old etiolated seedlings were collected for RNA isolation. Four biological
replicates were used. The RNA purity was checked using a NanoPhotometer® spectropho-
tometer (IMPLEN, Westlake Village, CA, USA). The RNA concentration was measured
using a Qubit®2.0 Fluorometer (Thermo Fisher Scientific, Carlsbad, CA, USA). The RNA
integrity was assessed using an RNA Nano 6000 Assay Kit of a Bioanalyzer 2100 system
(Agilent Technologies, Santa Clara, CA, USA).

2.4.2. Library Preparation for Transcriptome Sequencing

A total of 1 μg of RNA was used for each sample library preparation. Sequencing
libraries were generated using a NEBNext® UltraTM RNA Library Prep Kit for Illumina®

(New England Biolabs, Ipswich, MA, USA), following the manufacturer’s recommenda-
tions. Briefly, mRNA was purified from the total RNA using poly-T oligo attached magnetic
beads. Fragmentation was carried out using divalent cations and under elevated temper-
atures in NEBNext First Strand Synthesis Reaction Buffer (5X). The first-strand cDNA
was synthesized using a random hexamer primer and M-MuLV Reverse Transcriptase
(RNase H-). Second-strand cDNA synthesis was performed using DNA Polymerase I and
RNase H. cDNA fragments (preferentially 250~300 bp in length) were purified with an AM-
Pure XP system (Beckman Coulter, Indianapolis, IN, USA). The PCR products were purified
(AMPure XP system), and the library quality was assessed with the Agilent Bioanalyzer
2100 system.

2.4.3. Clustering and Sequencing

Clustering of the index-coded samples was performed with a cBot Cluster Generation
System using a TruSeq PE Cluster Kit v3-cBot-HS (Illumia, San Diego, CA, USA), according
to the manufacturer’s instructions. After cluster generation, the library preparations were
sequenced on an Illumina platform and 150 bp paired-end reads were generated.

2.4.4. Analysis of the RNA-Seq Data

The raw sequencing data were filtered using fastp v0.19.3 with adapters and then
aligned to Zm-B73-REFERENCE-NAM-5.0. The aligned reads were calculated with Fea-
tureCounts v1.6.2. HISAT v2.1.0 was used to construct the index and to compare the clean
reads to the reference genome [28].

Afterward, StringTie v1.3.4d was used for the prediction of new genes [29]. fea-
tureCounts v1.6.2 and StringTie v1.3.4d were used to calculate the gene alignment and
the FPKM. DESeq2 v1.22.1 and edgeR v3.24.3 were used to analyze the differentially ex-
pressed genes between the two groups [30–32], and the p-values were corrected using the
Benjamini–Hochberg method. The corrected p-values and |log2foldchange| were used as
the thresholds for significant difference expression. A hypergeometric distribution test was
used for KEGG and GO term analyses [33–35].

2.5. RT-qPCR Analysis

A SteadyPure plant RNA extraction kit (AG) was used to extract the total RNA.
MonScriptTM RTIII ALL-in-One Mix with dsDNase (Monad) was used for reverse tran-
scription. SYBR Green Pro Taq (AG) was used with an ABI 7500 Real-Time PCR System
for fluorescence quantification; the amplified product was diluted to 500 ng/μL. The rela-
tive gene expression was calculated with the ΔΔCt method. UBQ and AT1 were used as
actins [36,37]. The primers used in this experiment are listed in Supplementary Table S1.
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2.6. Statistical Analysis

Statistical analyses were performed using an ANOVA of Student’s t-test (p < 0.05; LSD
and Duncan test) in GraphPad Prism8 software (version 8.0.2, GraphPad Software, San
Diego, CA, USA). All experiments were repeated at least three times. p = 0.05 indicated
significant values.

3. Results

3.1. zmcop1-1 and zmcop1-2 Are Two Loss-of-Function Mutants

First, to understand the conservation of COP1 in different species, we downloaded and
analyzed COP1 sequences. We found that ZmCOP1 is highly similar to AtCOP1 at the DNA
sequence level (Figure S1). We then ordered two loss-of-function zmcop1 mutants from the
EMS mutant library (www.elabcaas.cn/memd/ (accessed on 14 September 2021)), naming
them zmcop1-1 and zmcop1-2, respectively. The two mutants were generated from B73 and
self-fertilized for four generations. Through a Sanger sequencing analysis, we confirmed
that both zmcop1-1 and zmcop1-2 were zmcop1 stop-gain mutants that changed from TGA to
TAA at the 1157th nucleotide and the 4608th nucleotide (Figure 1A,B), respectively. The
mutation in zmcop1-1 was located in the COIL helix domain; the base change led to the
losses of the COIL and WD40 domains. The mutation in zmcop1-2 was located between the
COIL domain and the WD40 domain (Figure 1C), affecting the latter. It has been reported
that WD40 is important in seedling and flower development as well as in light signal
transmission and perception [38]. Thus, we propose that zmcop1-1 and zmcop1-2 may affect
plant growth and development.

Figure 1. Genotyping expression patterns of ZmCOP1. (A) Illustration of the mutation sites in
zmcop1-1 and zmcop1-2. (B) Genotyping of zmcop1-1 and zmcop1-2. B73 was used as a reference. As
shown in the figure, G was mutated to A at the 1157th nucleotide in zmcop1-1 and G was mutated
to A at the 4608th nucleotide in zmcop1-2. (C) A model of the affected protein domains in zmcop1-1
and zmcop1-2. (D) Expression patterns of ZmCOP1 in different tissues (root, mesocotyl, leaf and leaf
sheath). The maize seedlings were grown in darkness and at room temperature for 5 days. Data are
means ± SD of at least three biological replicates; * p < 0.05, ** p < 0.01.

To understand the expression pattern of ZmCOP1 in maize seedlings, we carried out
an RT-qPCR analysis. We found that in 5-day-old etiolated seedlings in B73 and zmcop1-1,
ZmCOP1 was expressed in almost all tissues, indicating its role. The expression of ZmCOP1
decreased significantly in zmcop1-1 compared to in B73 by 42%, 40%, 38% and 31% in the
root, mesocotyl, leaf sheath and leaf, respectively (Figure 1D).

3.2. zmcop1-1 and zmcop1-2 Shortened Mesocotyl Elongation

In order to study the function of ZmCOP1 in mesocotyl elongation, we phenotypically
analyzed the mesocotyl lengths of zmcop1-1 and zmcop1-2, using B73 as a control (Figure 2A).
When grown in the dark, B73 had a mesocotyl length of about 7.4 cm, while zmcop1-1 and
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zmcop1-2 each had a mesocotyl length of about 6.5 cm (Figure 2B). The mesocotyl length
of zmcop1-1 and zmcop1-2 was significantly shorter than that of B73, with about a 12%
reduction. The seedling length was 16.0 cm in the wild type, 12.1 cm in zmcop1-1 and
14.6 cm in zmcop1-2. zmcop1-1 and zmcop1-2 showed significantly lower seedling lengths
than the wild type (Figure 2C).

Figure 2. Phenotypic analyses of zmcop1 mutants and overexpression transgenic lines. (A) Seedling
phenotypes of wild-type B73, zmcop1-1 and zmcop1-2 grown in darkness for 7 days. Bars: 3 cm.
(B) Quantification of mesocotyl length. (C) Quantification of seedling length. (D) Mesocotyl length
segregation from a zmcop1-1 heterozygous ear. (E) Seedling phenotypes of wild-type B104 and
ZmCOP1 overexpression lines (OE18, OE24, respectively) in darkness for 7 days. Bars: 3 cm.
(F) Expressions of ZmCOP1 in WT B104 (OE18, OE24), which was grown in darkness for 7 days.
(G) Quantification of mesocotyl length. (H) Quantification of seedling length. Data are means ± SD
of at least 10 biological replicates. Asterisks indicate significant differences in a two-way ANOVA
(* p < 0.05, ** p < 0.01).

To understand whether the phenotype was caused by the zmcop1 mutation, we per-
formed a chi-square test using zmcop1-1. We found that in 121 seedlings, 100 showed the
wild-type phenotype while 21 showed the short mesocotyl phenotype, which is inconsis-
tent with the 3:1 segregation ratio (χ2 = 3.160, df = 1). These data indicate that the short
mesocotyl phenotype is caused by one gene.

We then genotyped the zmcop1-1 seedlings and found that the length was 4.9 cm
for the wild-type genotype, 5.0 cm for the heterozygous genotype and 4.2 cm for the
mutated homozygous genotype. A statistical analysis showed that there were no differ-
ences between the wild-type and the heterozygous genotype (Figure 2D), indicating that
the mutation genotype is recessive. This result is consistent with the phenotype of cop1
in Arabidopsis thaliana grown in the dark, which has a short hypocotyl length and plant
height [9].

3.3. ZmCOP1 Overexpression Lines Showed Longer Mesocotyl Lengths

To understand whether overexpression of ZmCOP1 promotes the length of etiolated
seedling mesocotyls, we generated and planted transgenic lines while using B104 as a
genetic background (Figure 2E). We gained more than 20 ZmCOP1 OE lines and verified
with RT-qPCR that the ZmCOP1 in line 18 and line 24 was overexpressed more than tenfold
compared with that in wild-type B104 (Figure 2F). We found that in darkness, the length
of the etiolated seedling mesocotyl was about 10.8 cm in OE18, about 9.9 cm in OE24 and
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about 8.9 cm in wild-type B104 (Figure 2G). Thus, the mesocotyl lengths of the OEs were
significantly longer than that of the wild type. We further measured the whole seedling
length using these materials and found that the seedling length was 20.4 cm in OE18,
24.0 cm in OE24 and 19.8 cm in wild-type B104 (Figure 2H). The results showed that the
high expression of ZmCOP1 promoted the seedling hypocotyl length.

3.4. The Expressions of ZmHY5 and Other Light Genes Are Regulated by ZmCOP1

HY5 and HY5L have been reported to interact with COP1 to inhibit the morphogen-
esis of the hypocotyl elongation of Arabidopsis seedlings [9,22]. To understand whether
ZmHY5 is regulated by ZmCOP1, we detected the expressions of ZmHY5 and ZmHY5L
in the 5-day-old etiolated seedlings. We found that the ZmHY5 and ZmHY5L in zmcop1-1
decreased by 20% and 13%, respectively (Figure 3A,B), indicating that the ZmCOP1 led
to expression changes for ZmHY5 and ZmHY5L in the etiolated maize seedlings. How-
ever, contrasting the fact that AtHY5 is degraded by AtCOP1 [39], it seems that ZmHY5 is
stabilized by ZmCOP1. This needs to be studied further.

Figure 3. Gene expressions in and plant architecture of zmcop1-1. (A,B) Expressions of ZmHY5
and ZmHY5L in wild-type B73 and zmcop1 seedlings that were grown in darkness for 5 days.
(C–E) Differential expressions of several light-regulating genes in wild-type B73 and zmcop1 seedlings
grown in darkness for 7 days. (C) Expressions of ZmPHYA in wild-type B73 and the zmcop1-1
mutant. (D) Expressions of ZmCHS in wild-type B73 and the zmcop1-1 mutant. (E) Expressions of
ZmNIA2 in wild-type B73 and the zmcop1-1 mutant. (F) Plant architecture of zmcop1-1 at silking time.
(G) Quantification of plant height during the silking stage. (H) Quantification of ear height during the
silking stage. Asterisks indicate significant differences between WT B73 and zmcop1 using a Student’s
t-test and a two-way ANOVA (* p < 0.05, ** p < 0.01).

In order to understand whether ZmCOP1 is involved in the absorption and utilization
of light in maize, we identified the the expressions of several key light-regulating genes,
such as ZmPHYA, ZmCHS and ZmNIA2 [15]. We found that the expression of ZmPHYA in
zmcop1 was slightly but not statistically significantly lower than that in the WT (Figure 3C).
The expressions of ZmCHS and ZmNIA2 in zmcop1 were higher than those in the WT,
increased by 30% and 74%, respectively (Figure 3D,E). The phenomenon of ZmCOP1
affecting the expression of photoregulatory factors indicated that the function of ZmCOP1
is conserved for AtCOP1.
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3.5. ZmCOP1 Affects Plant Height

In order to explore whether ZmCOP1 affects plant development in the light, we carried
out plant height phenotyping between WT B73 and zmcop1 at the silking stage (Figure 3F).
We found that the plant height was 204.8 cm in wild-type B73 and 170.4 cm in zmcop1-1.
The plant height was lower by 17% in zmcop1-1 than in the WT (Figure 3G). The ear height
in the zmcop1-1 mutant was also lower than that in the WT, reduced by 27% (Figure 3H).
However, there was no significant difference in either the plant height or the ear height
between the zmcop1-2 mutant and wild-type B73; this needs to be studied further.

Chlorophyll is one of the most important photosynthetic pigments in plants, and its
content directly affects the intensity of plant photosynthesis [40]. In order to clarify the
effect of ZmCOP1 on light absorption during maize’s growth period, we determined the
relative content of chlorophyll in its leaves. We found that there was little difference in the
SPAD values of wild-type B73, zmcop1-1 and zmcop1-2 in the first and ear leaves (Figure S2).

3.6. GO Analysis Showed That the DEGs Are Related to Hormone Signal Transduction

To further explore the functional mechanism of ZmCOP1, we performed a RNA
sequencing analysis using zmcop1-1 and wild-type B73. We found 33 DEGs, of which
19 were up-regulated and 14 were down-regulated (Figure 4A). To verify the expression
patterns of the DEGs, we performed RT-qPCR. We confirmed that the results thereof were
consistent with those of the RNA-seq (Figure 4B). A volcano map was used to show the
overall distributions of differential genes in the WT and zmcop1 (Figure 4C). Based on the
expression patterns between the WT and zmcop1, we clustered the differentially expressed
genes into groups (Figure S3). The genes that showed consistent expression patterns in all
of the zmcop1 replicates were speculated to have similar functions.

Figure 4. RNA-seq results showed that zmcop1-1 mutation led to expression changes in some genes.
(A) Differentially expressed genes between wild-type B73 and the zmcop1-1 mutant. (B) Verification of
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the DEGs with RT-qPCR. Asterisks indicate significant differences between WT B73 and zmcop1 using
a Student’s t-test and a two-way ANOVA (** p < 0.01. (C) DEG volcano map. Red dots represent
up-regulated differential genes in zmcop1-1, green dots represent down-regulated differential genes
and blue dots represent non-differentially expressed genes. (D) GO bar chart. The abscissa denotes
secondary GO entries, and the ordinate indicates the number of differential genes in the GO entries.

To understand the biological information of the DEGs, a GO (gene ontology) analysis
was performed. According to the threshold of p ≤ 0.05, the DEGs were divided into three
main functional categories: BP (biological process), CC (cellular component) and MF (molec-
ular function) (Figure 4D). The regulations of biological (10 DEGs), metabolic (16 DEGs)
and cellular processes (21 DEGs) were enriched in the BP category. The cellular anatomical
entity (19 DEGs) was enriched in the CC category. The catalytic activity (15 DEGs) and
binding (20 DEGs) were enriched in the MF category. The GO analysis showed that the
DEGs are related to plant hormone signal transduction and metabolite biosynthesis.

3.7. KEGG Showed That DEGs Are Related to Hormone Signal Transduction

To understand which biological processes DEGs participate in, KEGG (Kyoto Encyclo-
pedia of Genes and Genomes) enrichment analyses were conducted (Figure 5A) [35]. We
found that ZmCOP1 regulates a wide range of KEGG pathways, such as those for MAPK
hormone signal transduction, ribosome formation, RNA transport, glyoxylic acid and
dicarboxylic acid metabolism and biosynthesis of secondary metabolites. These path-
ways are closely related to plant hormone production, genetic material changes and
metabolite biosynthesis.

It has been reported that ZmCOP1 regulates plant cell elongation and division by
regulating the BR signal transduction pathway [41]. In Arabidopsis thaliana, both JA and
BR play an important role in regulating cell and hypocotyl elongation [41–43]. We found
that Zm00001eb309760 was rarely expressed in zmcop1 (Figure 5B). Zm00001eb309760 is
annotated to encode a leucine-rich repeat receptor-like protein kinase family protein.
Zm00001eb309760 may participate in the biosynthesis of BR. In addition, we found that a
new gene, named novel.1754, was increased in the zmcop1 mutant (Figure 5C). The KEGG
analysis showed that novel.1754 participates in the biosynthesis of jasmonic acid by reg-
ulating MYC2 and also regulates the α-linolenic acid metabolic pathway (Figure 5D). In
summary, based on our KEGG results, we propose that ZmCOP1 participates in the ETH,
BR and JA plant hormone pathways.

Figure 5. KEGG analysis of DEGs. (A) KEGG enrichment analysis scatter plot. The ordinate represents
the KEGG path. The abscissa represents the rich factor. The larger the rich factor, the greater the degree
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of enrichment. The larger the point, the larger the number of differential genes enriched in the
pathway. The redder the color of the dot, the more significant the enrichment. (B) Expression of
Zm00001eb309760 in RNA-seq. Asterisks indicate significant differences between wild-type B73 and
the mutant material using a Student’s t-test (** p < 0.01). (C) Expression of novle.1754 in RNA-seq.
Asterisks indicate significant differences between wild-type B73 and the mutant material using a
Student’s t-test (** p < 0.01). (D) KEGG pathway maps. The substances marked in red boxes represent
up-regulated genes, while those marked in green boxes represent down-regulated genes.

4. Discussion

A previous study showed that ZmCOP1 could restore the phenotype of an atcop1-4
mutant in Arabidopsis thaliana, including the gene expressions for hypocotyl length, cotyle-
don openings, chlorophyll levels and light response [9]. In our study, the mesocotyl of the
zmcop1 mutants was significantly shorter than that of the WT in maize seedlings grown in
the dark for 7 days (Figure 2B). By measuring the height of the seedlings, we found that
the seedling height of the zmcop1 mutants was also shorter (Figure 2C). However, unlike
with the atcop1 phenotype in Arabidopsis thaliana, we did not observe significant changes
in the cotyledons at the maize seedling stage. We speculate that the function of COP1 in
Arabidopsis thaliana and maize is conservative, but there are also some differences.

COP1-HY5 forms the core complex that controls plant photomorphogenesis [22,44].
COP1 and HY5 play antagonistic roles in response to light signals and in the regulation
of seedling morphogenesis. HY5 is a key transcription factor involved in the inhibition
of hypocotyl elongation. We found that the contents of ZmHY5 and ZmHY5L were both
decreased in the zmcop1 mutants (Figure 3A,B). It has been reported that AtHY5 is degraded
by AtCOP1 [39], and our results showed that ZmHY5 is stabilized by ZmCOP1 at the
RNA level. Whether ZmHY5 is degraded by ZmCOP1 at the protein level needs to be
studied further.

Low expression of AtCOP1 has been found to lead to differential expression of normal
light-regulated genes in dark-treated materials. atcop1 mutation inhibits photomorpho-
genesis and the elongation of hypocotyl [45,46]. In our research, through RT-qPCR, we
confirmed that the expression of the light-regulated gene ZmPHYA in the zmcop1 mutant
seedlings treated in darkness for 7 days was slightly lower than that in the WT (Figure 3C).
We speculate that some light-regulating genes in maize zmcop1 are also affected, and that
mutation of zmcop1 affects plant morphogenesis.

It has been reported that nia1 and nia2 blossom and mature earlier than the WT in
Arabidopsis thaliana, indicating that AtNIA1 and AtNIA1 are involved in the regulation of
plant flowering [47]. We observed that the tasseling and flowering times of the zmcop1
mutants were 3−5 days later than those of B73. Additionally, the expression of ZmNIA2 was
increased in the zmcop1 mutants compared to in B73 (Figure 3E). Therefore, we speculated
that the late flowering phenotype was caused by the high expression of ZmNIA2 in the
zmcop1 mutants.

Studies have shown that under low light intensity, HY5 in Arabidopsis is down-
regulated by COP1-mediated ubiquitination and degradation. BIN2 is partially inactivated
with repression of the transcriptional activity of HY5. In contrast, BZR1 is accumulated
(Li et al., 2020). As a result, the hypocotyl length is promoted by the enhanced transcrip-
tional activity of the related genes. With an increase in light intensity, the elongation of
Arabidopsis hypocotyls would be inhibited. Our RNA-seq results showed down-regulation
of BRI1 in zmcop1 mutants (Figure 5B). Considering the function of AtCOP1, we propose
that zmcop1 mutation first affects the downstream BR synthesis pathway, inhibiting cell
elongation and division, and affects plant height afterward (Figure 5D).
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5. Conclusions

We experimentally demonstrated the roles of ZmCOP1 in maize morphogenesis. We
found that ZmCOP1 affects the elongation of maize mesocotyl in darkness and affects plant
height in the light. We confirmed that ZmCOP1 regulates the expressions of several key
light factors in the same way as AtCOP1. Finally, we identified some DEGs and showed
that ZmCOP1 may control maize morphogenesis by regulating genes involved in the plant
phytohormone pathway. Our data can be applied in maize performance improvement.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life13071522/s1, Figure S1: Phylogenetic analysis of ZmCOP1.
(A) Homology analysis of COP1 proteins in maize, sorghum, rice, grape, Arabidopsis, soybean and
poplar. (B) Phylogenetic tree analysis showed that ZmCOP1 and AtCOP1 proteins are highly similar;
Figure S2: Measurement of relative content of chlorophyll. (A) The leaf site of relative content of
chlorophyll. (B) SPAD of the ear leaves. (C) SPAD of the first leaves. Data are mean ± SD of at least
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Abstract: The ancient guanine nucleotide-binding (G) proteins are a group of critical regulatory
and signal transduction proteins, widely involved in diverse cellular processes of all kingdoms
of life. YchF is a kind of universally conserved novel unconventional G protein that appears to
be crucial for growth and stress response in eukaryotes and bacteria. YchF is able to bind and
hydrolyze both adenine nucleoside triphosphate (ATP) and guanosine nucleoside triphosphate
(GTP), unlike other members of the P-loop GTPases. Hence, it can transduce signals and mediate
multiple biological functions by using either ATP or GTP. YchF is not only a nucleotide-dependent
translational factor associated with the ribosomal particles and proteasomal subunits, potentially
bridging protein biosynthesis and degradation, but also sensitive to reactive oxygen species
(ROS), probably recruiting many partner proteins in response to environmental stress. In this
review, we summarize the latest insights into how YchF is associated with protein translation and
ubiquitin-dependent protein degradation to regulate growth and maintain proteostasis under
stress conditions.

Keywords: YchF; growth; stress response; P-loop NTPase; ribosome; proteosome; protein translation;
protein degradation

1. Introduction

The ancient guanine nucleotide-binding (G) proteins, namely phosphate-binding-
loop guanosine triphosphatases (P-loop GTPases), play crucial roles in protein synthesis
and cellular signaling transduction among all kingdoms of life [1]. G proteins possess an
active guanosine triphosphate (GTP) bound state and inactive guanosine diphosphate
(GDP) bound state in a cyclic manner through loading GTP and hydrolyzing GTP to
GDP [2,3]. G proteins receive upstream environmental signaling and transduce to down-
stream effectors. G protein molecular switches between “on” and “off” are coordinated
by three G-protein-regulator families, including GTPase-activating proteins (GAPs),
guanine nucleotide exchange factors (GEFs), and guanosine nucleotide dissociation
inhibitors (GDIs). Nucleotide hydrolysis is accelerated by GAPs with the results of
signal termination, while GEFs relieve GDP and replace GTP with G proteins, thereby
activating the G proteins and turning on the signal transduction [1,4,5]. In contrast
to GEFs, GDIs prevent the exchange of GTP with GDP and maintain G proteins in an
inactive GDP-bound state, but the inhibition is revertible by the GEFs depending on the
environmental stimuli [2,6,7].

On the basis of sequence and structural features, G proteins can be divided into
two large distinct superclasses: The translation Factors (TRAFAC) superclass and Signal
Recognition GTPases and the MinD and BioD (SIMIBI) superclass [8]. Secondly, signal-
transducing G proteins comprise heterotrimeric G proteins, small G proteins, and many
unconventional G proteins [4,9]. First, heterotrimeric G proteins are composed of G
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protein α subunits (Gα), Gβ and Gγ subunits. The GTPase (G) domain of heterotrimeric
G protein is in the Gα subunit. The seven-transmembrane-spanning (7TM) G protein-
coupled receptors (GPCR) work as GEFs to catalyze the exchange of GDP for GTP on the
Gα subunit, while regulator of G-protein signaling (RGS) stimulates Gα subunit GTPase
activity as GAPs [10,11]. In the presence of GDP, the GDP-bound Gα subunit integrates
with the Gβγ heterodimer as a ternary complex intracellularly anchoring to GPCR at
the plasma membrane. In the presence of GTP, however, the GTP-bound Gα subunit
goes through a conformational change that allows heterotrimeric G protein dissociation
into the Gα subunit and Gβγ heterodimer. Then, the Gα subunit and Gβγ heterodimer
couple to their own effectors for signaling transduction [12]. Secondly, small G pro-
teins hold a ~170 amino acid residue core G domain along with extra N-terminal and
C-terminal extensions and can be divided into five families, such as Ras (Rat sarcoma),
Rho (Ras homology), Arf (ADP-ribosylation factor), Rab (Ras-like in the brain), and Ran
(Ras-like nuclear) [13]. Finally, heterotrimeric G proteins and small G proteins belong to
the extended Ras-like family in the TRAFAC superclass, whereas the unique, unconven-
tional G protein YchF subfamily is a part of the Obg family in TRAFAC superclass of
G proteins [8,14].

2. Structure of G Domain among G Proteins

2.1. Structural Characterization of G Domain of G Proteins

All G proteins utilize the G domain to bind and hydrolyze nucleotides, which
contains five structurally conserved motifs (G boxes): G1 motif (G1 box) adopting the
sequence pattern GxxxxGK(S/T), G2 motif (G2 box) adopting the sequence pattern
x(T/S)x, G3 motif (G3 box) adopting the sequence pattern hhhDxxG, G4 motif (G4 box)
adopting the sequence pattern (N/T)KxD and G5 motif (G5 box) adopting the sequence
pattern (T/G)(C/S)A [5] (Figure 1A). The so-called P-loop or walk A motif is the G1 box
that binds to α- and β-phosphate of nucleotides. The walk B motif consists of a G2 box
and a G3 box that anchor to the terminal γ-phosphate of nucleotide. The G3 box has a
conserved aspartic acid (Asp/D) residue in contact with the co-factor magnesium (Mg2+),
which is crucial for nucleotide binding and hydrolysis (Figure 1A). In addition, the walk
B motif overlapping with the switch I and switch II regions undergo a conformational
change accompanied by nucleotide hydrolysis, which governs effector binding. The
G4 box determines the guanosine or adenosine signature, and the G5 box supports
specific recognition.

2.2. Structural Characterization of G Domain of YchF

The G domain of universally conserved unconventional G protein YchF maintains five
fingerprint motifs as other G proteins. The G1, G2, G3, and G5 boxes are invariant with other
G proteins, but the G4 box in the YchF subfamily shows a nontypical (N/T)(M/L/V)xE
amino acid sequence instead of (N/T)KxD (Figure 1A,B; Table 1). Thus, the members
in the YchF subfamily are capable of binding and hydrolyzing both adenine nucleoside
triphosphate (ATP) and guanosine nucleoside triphosphate (GTP) [9].
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Table 1. Summary of function-related amino acid residues in YchF subfamily.

Homolog Species Residues Location Supportive Reasons/Effects Functions References

E. coli YchF Escherichia
coli His114

A highly
flexible loop
of G domain

Supporting the flexible loop to
reach a catalytically active

conformation

Critical for ATPase
activity (+) [15]

E. coli YchF Escherichia
coli Cys35 G2 motif Allows YchF dimerization via

a disulfide bridge
Critical for ATPase

activity (−) [16]

E. coli YchF Escherichia
coli Lys78 (Arg) G domain

YchF-K78A mutant shows
similar hydrolysis activities in

presence of Na+ or K+, but
K78R mutant retained

potassium specific stimulation
of ATPase activity

Plays a key role in
determining the

potassium
dependent

ATPase activity

[17]

hOLA1 Homo
sapiens Leu96

G domain
(next to

G3 motif)

A conserved Gln residue
involved in GTP hydrolysis in

Ras-like GTPases has
been replaced

Inactivates
Ras-like GTPases [14]

E. coli YchF Escherichia
coli

Ser16
(Ser36 in

H. sapiens)
G1 motif

Ser16 phosphorylated when
H2O2 absence; Dissociation

of KatG

Supports the
ATPase activity;
Detoxifies H2O2

[14,18]

E. coli YchF Escherichia
coli Leu76 G3 motif Hallmark for HAS-NTPase Slightly affects

ATPase activity (+) [15]

hOLA1 Homo
sapiens Thr37 G domain

The main chain amide of
Thr37 contacts the

α-phosphate of AMPPCP

Supports the
ATPase activity [14]

hOLA1 Homo
sapiens Ser36/Val33 G1 motif

The main chain amide of Ser36
and Val33 contacts the

β-phosphate of AMPPCP

Supports the
ATPase activity [14]

hOLA1 Homo
sapiens Asn32 G1 motif

The main chain amide of
Asn32 forms a hydrogen bond

to the γ-phosphate
of AMPPCP

Supports the
ATPase activity [14]

hOLA1 Homo
sapiens Asn230 G4 motif Its mutation to alanine

abolished nucleotide binding
Contribute to

nucleotide binding [14]

hOLA1 Homo
sapiens Leu231 G4 motif

Specificity for adenine binding
is based on the interaction
between the adenine N-6

group and Leu231 main chain
CO in G4 motif

Make YchF
preference for ATP

rather than GTP
[14]

hOLA1 Homo
sapiens Ser310 TGS domain

The H-bond between Ser310
Oγ and the exocyclic N-6 of an
adenine is formed in a position

similar to the ppGpp O-6

Make YchF
preference for ATP

rather than GTP
[14]

hOLA1 Homo
sapiens Phe127 Coiled-coil

domain

Mutating this residue to Ala
diminishes ATP

binding drastically

Contribute to
base recognition [14]

AtYchF1 Arabidopsis
thaliana Glu345 TGS domain Conserved and

solvent-exposed

Most critical for its
interaction with the

regulator, GAP1
[19]

Amino acids in brackets indicate that there are other known residues presenting at the same position in the
orthologs; In the “functions” column, (+) means upregulation, and (−) means down-regulation.
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Figure 1. Structural characterization of the evolutionarily conserved unconventional G protein YchF.
(A) Schematic representation of the structure of universally conserved unconventional G protein
YchF. (B) Structural alignment of the nontypical G4 motif (N/T)(M/L/V)xE in the YchF subfamily
(E. coli YchF is green, hOLA1 is cyan, S. pombe YchF is yellow, OsYchF1 is brown, T. thermophilus YchF
is red). The amino acid residues are shown as sticks. (C) Electron density surface of the apo-structure
of OsYchF1 (Protein Data Bank (PDB) code: 5EE0). Negatively charged amino acid residues are red,
and positively charged amino acid residues are blue.

2.3. Structural Comparison of G Domains among Selected YchF, Small G Protein,
and Heterotrimeric G Protein α-Subunit

Herein, a heterotrimeric G protein α-subunit in the rat (Rattus norvegicus) and a hu-
man (Homo Sapien) small G protein Ras-related G protein C was chosen to compare with
OsYchF1, a rice (Oryza sativa) ortholog of YchF in plants. In contrast to R. norvegicus het-
erotrimeric G protein α-subunit and human Ras-related G protein C, the novel G4 motif
and G5 motif of OsYchF1 support either ATP or GTP binding in the nucleotide-binding
site of OsYchF1 (Figures 1B and 2A). According to the crystal structure of OsYchF1 in the
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presence of the ATP non-hydrolyzed homolog AMPPNP (Protein Data Bank (PDB) code:
5EE3), the backbone carboxyl group of methionine (M231) in the G4 motif of OsYchF1 forms
a hydrogen bond with the adenine 6-amino group of AMPPNP (Figure 2A) [9,20]. This al-
lows for the non-hydrolytic AMPPNP to be able to fit into the OsYchF1 nucleotide-binding
site (Figure 2A). The structural alignments of OsYchF1 with R. norvegicus heterotrimeric G
protein α-subunit (PDB code: 1SVS) and human Ras-related G protein C (PDB code: 3LLU)
revealed that the side chain of asparagine (Asn) in the G4 motif of OsYchF1 could not
turn back and interact with the 2-amino group of guanosine, unlike the other two proteins.
However, the crystal structure of OsYchF1 in the presence of GppNHp (PDB code: 5EE9),
a non-hydrolyzed homolog of GTP, showed that the G5 motif of OsYchF1 can form a
hydrogen bond with the guanosine base group of GppNHp. This finding partially ex-
plains why OsYchF1 is capable of binding to GTP as well (Figure 2B) [9,20]. Moreover,
the G1 motif (P-loop) is highly conserved and consistent among OsYchF1, R. norvegicus
heterotrimeric G protein α-subunit, and human Ras-related G protein C (Figure 2A,B). The
G1 motif of OsYchF1 interacts with the triphosphate of nucleotides, resembling the G1
motif of R. norvegicus heterotrimeric G protein α-subunit and human Ras-related Protein C
(Figure 2A,B). In the OsYchF1 G4 motif mutant, however, methionine (Met) and glutamine
(Glu) were replaced by lysine (Lys) and aspartic acid (Asp), respectively. With this change
in amino acids, OsYchF1 obtained GTP priority again, indicating that the OsYchF1 G4
motif indeed determines ATP or GTP recognition [9,20].

Figure 2. Structural alignments of OsYchF1 hOLA1 H. sapiens Ras-related G protein C and R. norvegi-
cus heterotrimeric G protein α-subunit nucleotide-binding sites in the complex with nucleotides.
(A) Structural alignments of OsYchF1 (PDB code: 5EE3), hOLA1 (PDB code: 2OHF), human Ras-
related G protein C (HsRas C) (PDB code: 3LLU), and R. norvegicus heterotrimeric G protein α-subunit
(RnHetero) (PDB code: 1SVS) nucleotide-binding site in the complex with the ATP non-hydrolyzed
homolog AMPPNP. (B) Structural alignments of OsYchF1 (PDB code: 5EE9), hOLA1, HsRas C, and
RnHetero nucleotide-binding site in the complex with the GTP non-hydrolyzed homolog GppNHp.
AMPPNP, GppNHp, M-231, L-231, K-138, and K-277 are shown as sticks. The G1 motif (P-loop), G4
motif, and G5 motif are shown as cartoons (OsYchF1 is green, hOLA1 is yellow, human Ras-related G
protein C is cyan, and R. norvegicus heterotrimeric G protein α-subunit is pink).
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3. YchF Is Critical for Growth and Stress Response

3.1. YchF Works as a Conserved Negative Regulator in Response to Oxidative Stress

YchF is a universally conserved unconventional G-proteins in most organisms except
archaea and consists of an N-terminal core G domain, inserted large coiled-coil domain,
and C-terminal TGS (ThrRS, GTPase, and SpoT) domain potentially favoring the RNA
binding and ubiquitin-dependent protein degradation (Figure 1A,C). Thus far, the available
results suggest that YchF is probably a nucleotide-dependent translational factor associated
with the ribosome and proteasome and likely links with other partner proteins as a unique
negative regulator of the oxidative stress response (Table 2).

Table 2. Summary of main cellular elements interacting with the members of the YchF subfamily.

Homolog Organism Interactive Factors Effects References

OsYchF1 Oryza sativa OsGAP1 Activating OsYchF1 GTPase and
ATPase activity [2,19,21,22]

AtYchF1 Arabidopsis thaliana AtGAP1 Activating AtYchF1 GTPase and
ATPase activity [2,19,21,22]

AtYchF1 Arabidopsis thaliana ppGpp
AtYchF1 might be a critical regulator in

controlling the cytosolic ppGpp-mediated
growth inhibition in plants

[23]

E. coli YchF Escherichia coli 30S ribosome, 70S
ribosome

The 70S ribosome act as an ATPase
activating factor (AAF) to stimulate

YchF’s ATPase activity
[17,24]

E. coli YchF Escherichia coli tRNA
YchF interacts with the 3′-CCA end of

tRNA through its TGS-domain, indicating
that YchF is involved in protein synthesis

[25]

T. cruzi YchF Trypanosoma cruzi 26S Proteasome

T. cruzi YchF co-immunoprecipitates with
a regulatory subunit of the T. cruzi
proteasome, involving in protein

degradation

[26,27]

E. coli YchF Escherichia coli KatG
YchF interacts with KatG and inhibit its

catalase activity, revealing that YchF
regulates the oxidative stress response

[16]

S. cerevisiae YchF Saccharomyces
cerevisiae

Eukaryotic translation
elongation factor 1

(eEF1)

Supporting a role for YchF
during translation [28,29]

E. coli YchF Escherichia coli Translation initiation
factor 3 (IF3)

YchF enhances the anti-association
activity of IF3, stimulates the translation

of leaderless mRNAs
[30]

E. coli YchF Escherichia coli Thioredoxin 1 (TrxA) YchF dimer is dissociated by TrxA, which
stimulates the ATPase activity [16]

hOLA1 Homo sapiens Eukaryotic elongation
initiation factor 2 (eIF2)

hOLA1 effectively blocks the formation of
TC (ternary complex) through its intrinsic

GTPase activity, leading eIF2 unable to
deliver Met-tRNAi

Met to the 40S ribosome
to initiate translation

[31]

hOLA1 Homo sapiens Heat shock protein 70
(HSP70)

OLA1 can interfere with the binding and
function of the E3 ligase CHIP to HSP70,
leading to the stabilization of HSP70, and

response to heat shock

[32]

hOLA1 Homo sapiens Superoxide dismutase
2 (SOD2)

OLA1 deficiency can enhance CHIP
affinity for HSP70-SOD2 complexes,

facilitating SOD2 degradation, supporting
OLA1 plays a role in response to

mitochondrial oxidative stress

[33]
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hOLA1 (human Obg-like ATPase1) (~45 kDa) is a human ortholog of YchF that is
expressed in the cytoplasm [30,34]. The hOLA1 overexpression cells showed increased
sensitivity to oxidant-induced cytotoxicity. Conversely, hOLA1-knockdown cells conferred
tolerance to oxidizing agents, such as tert-butyl hydroperoxide (tBH) and diamide, and
hOLA1-knockdown cells demonstrated reduced cellular reactive oxygen species (ROS)
production [34].

Escherichia coli YchF expression is growth phase-dependent and down-regulated under
oxidative stress conditions [30]. E. coli YchF overexpression enhanced cellular sensitivity to
H2O2-induced oxidative stress, while the E. coli YchF deletion strain displayed increased
resistance against H2O2 and diamide [18]. Although E. coli YchF physically interacts with
the E. coli catalase KatG and E. coli YchF overexpression inhibits KatG enzyme activity
in vivo, there is no effect on KatG enzyme activity in the presence of the purified E. coli
YchF in vitro, suggesting that the reduced catalase activity should be an indirect effect
in vivo (Figure 3; Table 2) [18].

Figure 3. Sequence alignments of E. coli YchF (EcYchF), hOLA1, OsYchF1, AtYchF1, H. sapiens
Ras-related G protein C and R. norvegicus heterotrimeric G protein α-subunit using software Jalview
version 1.6 (https://www.jalview.org). E. coli YchF NCBI Protein code is VWQ02248.1, hOLA1 NCBI
Protein code is NP_037473.3, OsYchF1 NCBI Protein code is BAD03576.1, AtYchF1 NCBI Protein
code is Q9SA73.1, human Ras-related G protein C (HsRas C) NCBI Protein code is NP_071440.1, and
R. norvegicus heterotrimeric G protein α-subunit (RnHetero) NCBI Protein code is XP_010846404.1.
The conserved amino acid residues are marked in the dark, and the more conserved amino acid
residues are much darker, and the specific amino acid residues in Table 1 were marked with *.
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Moreover, E. coli YchF functions as a redox-regulated monomer-dimer equilibrium
through a conserved cysteine residue 35 within the E. coli YchF nucleotide-binding site
(Table 1) [16]. The E. coli YchF dimer shows a low ATPase activity, but the E. coli YchF
monomer displays significantly increased E. coli YchF ATPase activity (Figure 3; Table 2) [35].
Thioredoxin 1 (TrxA) maintains the redox balance in vivo and directly interacts with the G
domain and coiled-coil domain of E. coli YchF to dissociate E. coli YchF dimer. Interestingly,
wild-type E. coli cells effectively outcompete the E. coli YchF deletion strain, indicating that
E. coli YchF might influence E. coli cell growth, but the mechanism is unclear [30].

3.2. YchF Is Crucial for Environmental Stress Response

A fatal marine bacterium Vibrio vulnificus, ortholog of YchF, elicits macrophage cytotox-
icity. It shows a significant negative effect of macrophage cytotoxicity on iron-overloaded
mice through the rtxA1 pathway that stimulates cytotoxicity to macrophages [31,36]. The
V. vulnificus YchF deletion strain displayed retarded growth and reduced transcription level
of the rtxA1 gene [31,36]. In addition, Propionibacterium acidipropionici ortholog of YchF is
crucial for the regulation of propionic acid tolerance [31,36].

The expression of hOLA1, namely DNA damage-regulated overexpressed in cancer 45
(DOC45), was strongly down-regulate by DNAdamage-inducing agents, such as etopo-
side, doxorubicin (adriamycin), and ionizing and UV radiation, but not endoplasmic
reticulumstress-inducing agents [20]. Compared with normal human cells, hOLA1 expres-
sion is notably upregulated in established colon cancer cells at both mRNA and protein
levels [20]. hOLA1-knockdown human colon cancer cells show a negative impact on cell
proliferation and hypersensitivity to Adriamycin-induced cell death [20,34,37].

3.3. YchF Bridges Protein Biosynthesis and Degradation

YchF anchors to ribosomes and polysomes, suggesting that YchF is involved in protein
biosynthesis (Table 2) [17,24]. The ribosome is likely in contact with the N-terminal G
domain of YchF [34]. Consistently, the 70 S ribosomal subunit is able to enhance E. coli
YchF ATPase activity, although E. coli YchF hardly influences the assembly and steady-state
amounts of ribosomes [38]. E. coli YchF preferentially binds to the translation initiation
factor 3 (IF3) and several ribosomal proteins at the surface of the 30 S ribosomal particle,
while the interaction of E. coli YchF with 50 S ribosomal particle seems probably only
transient [17,24].

The percentage of leaderless mRNAs is only 0.7% in E. coli BW25113 under normal
growth conditions, but the ribonuclease MazF generates leaderless mRNAs by cleav-
ing off the Shine-Dalgarno (SD) sequence close to the start-codon upon environmental
stress [39,40]. The MazF-generated leaderless mRNA modulation is necessary for bacte-
rial survival under environmental stress [41]. Compared with wild-type E. coli cells, the
E. coli YchF deletion strain showed increased resistance against MazF-generated leaderless
mRNAs [30]. In other words, E. coli YchF suppresses the translation of MazF-processed mR-
NAs upon stress conditions and declines the resistance towards the endoribonuclease [30]
(Figure 3; Table 2). In addition, the E. coli YchF deletion strain demonstrated increased
resistance to hydroxyurea (HU), a ribonucleotide reductase inhibitor, and fusidic acid, an
elongation factor G (EF-G) inhibitor [42,43].

A tandem-affinity purification and mass spectrometry (TAP-MS) approach shows
the interaction between yeast Saccharomyces cerevisiae ortholog of YchF (YBR025C) and
eukaryotic translation elongation factor 1 (eEF1), committed with protein translation
(Table 2) [28,29]. Additionally, hOLA1 interacts with eukaryotic initiation factor 2 (eIF2) me-
diates ribosomal recruitment of the initiator methionyl-tRNA (tRNAi) and interferes with the
eIF2-mediated formation of a ternary complex with GTP and tRNAi [26] (Figure 3; Table 2).

In the protozoan Trypanosoma cruzi, the ortholog of YchF (~44.3 kDa) is associated with
not only ribosomal particles and polysomes but also proteasomal subunits allowing protein
degradation by the ubiquitin-proteasome pathway (Table 2) [26]. Immunoprecipitation
assays exhibited that T. cruzi YchF co-sediments with the non-ATPase subunit RPN10
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of the T. cruzi proteasome, which might mediate damaged protein degradation during
protein biosynthesis under stress conditions [26]. An integrated mass spectrometry-based
proteomic approach also indicated that the 26S proteasome links with S. cerevisiae YchF
(YBR025C) in yeast [27]. Due to the structural similarity of the TGS domain to ubiquitin-like
proteins, the C-terminal TGS domain of YchF is a potential candidate for the interaction
between YchF and the subunits of the proteasome [44]. Noticeably, the absence of T. cruzi
YchF restrains the cellular growth of T. brucei as well as the procyclic forms of the para-
site [26]. As hOLA1 and E. coli YchF, T. cruzi YchF also bind and hydrolyzes ATP more
efficiently than GTP [14,17].

3.4. YchF Is a Key Molecule in Maintaining Proteostasis

The well-known heat-shock response is a major strategy towards environmental
stimuli by the rapid biosynthesis of the molecular chaperone heat-shock proteins [32]. Heat-
shock proteins are essential for maintaining intracellular homeostasis by assisting in the
damaged proteins [32]. Heat-Shock Protein 70 (HSP70) plays a key role in multiple primary
human cancers, and high expression of HSP70 is related to poor tumor progression [33,37].
hOLA1 interacts with the C-terminal variable domain of HSP70 to prevent contact with the
C-terminus of Hsp70-binding protein (CHIP), an E3 ubiquitin ligase for HSP70, thereby
inhibiting HSP70 from the CHIP-mediated ubiquitination. Thus, hOLA1 stabilizes HSP70
to improve survival under stress conditions [32]. Additionally, Hsp70 is also a molecular
chaperone for mitochondrial superoxide dismutase 2 (SOD2), which is responsible for
keeping normal mitochondrial reactive oxygen species (ROS) [33]. hOLA1 directly recruits
Hsp70 and SOD2 to hinder them from ubiquitin-dependent protein degradation under
stress conditions [33]. In conclusion, YchF controls multiple proteostatic mechanisms in
response to environmental stresses.

4. OsYchF1/AtYchF1 and Its Activator OsGAP1/AtGAP1 in Plants

In nature, plants are often exposed to various environmental stresses during growth
and development, including flooding, drought, salt, cold, insect herbivores, and mi-
crobes [45,46]. Plants have to evolve sophisticated mechanisms to guard themselves
against these environmental challenges [45,47]. Rice (O. sativa) GTPase-activating pro-
tein 1 (OsGAP1), a C2 domain-containing protein involved in plant defense response
pathway, was originally identified using suppression subtraction hybridization (SSH) of a
Xa14 rice cDNA library derived from a rice line harboring the Xa14 resistance gene against
the bacterial pathogen Xanthomonas oryzae pv. oryzae (Xoo) [1]. OsGAP1 was constructed as
a bait to capture the prey OsYchF1 by yeast two-hybrid assay. The transgenic Arabidopsis
thaliana ectopically overexpressing OsGAP1 showed increased resistance with upregulating
expressions of both salicylic acid (SA)-related (PR1 and PR2) and jasmonic acid (JA)-related
(Thi2.1 and PDF1.2) defense marker genes on Pst DC3000 was dependent on [1]. Fur-
thermore, the resistant effects of OsGAP1 on Pst DC3000 are dependent on the key plant
biotic stress response regulator NONEXPRESSOR OF PATHOGENESIS-RELATED GENES
1 (NPR1) [1]. OsGAP1 ectopically overexpressed in the A. thaliana npr1-3 mutant never
showed increased resistance towards Pst DC3000 [1].

OsYchF1 almost utilizes ATP and GTP equally, unlike protozoan, bacterium, and
human YchF orthologs that give priority to ATP over GTP [1]. OsGAP1 significantly
enhances OsYchF1 ATPase and GTPase activities and turns OsYchF1 into the inactive GDP
or ADP-bound state [1]. Moreover, OsGAP1 might control the subcellular localization of
OsYchF1 by recruiting cytosolic OsYchF1 to the intracellular plasma membrane subjected
to wounding treatment [1]. OsYchF1 and its activating protein OsGAP1 play opposite roles
in response to environmental stimuli (Figure 3; Table 2). On the one hand, the OsYchF1
overexpressors are sensitive to the bacterial pathogen Pseudomonas syringae pv. tomato
DC3000 (Pst DC3000), but the A. thaliana YchF (AtYchF1) knockout mutant and OsGAP1
overexpressors confer tolerance to the bacterial pathogen in A. thaliana [1,48]. On the
other hand, the overexpression of OsYchF1 and AtYchF1 in transgenic A. thaliana results in

39



Life 2023, 13, 1058

decreased resistance to high salinity-induced oxidative stress, while the overexpression of
OsGAP1 or AtGAP1 (OsGAP1 ortholog in A. thaliana) and the AtYchF1 knockout mutant
alleviate salt stress [21].

In order to dissect the interaction of OsYchF1 with OsGAP1, firstly, site-directed
mutagenesis identifies three clusters (D23, D28; R117, N119, E123, E124; R141, R143, E146,
E149) of OsGAP1 surface amino acid residues that are essential for binding to phospholipids,
which play an important role in enhancing defense responses. Additionally, the effects of
OsGAP1 on high salinity tolerance are dependent on the interaction between the other two
clusters (L5, L8, T58, S60, and Ser-60; K37, K39, K41, R43) of OsGAP1 and OsYchF1 [19,20].
Secondly, a recent study explains that four critical amino acid residues (Lys-325, His-334,
Glu-345, and Glu-354) in the OsYchF1 TGS domain are required for the interaction of
OsGAP1 with OsYchF1 [19].

Slot blot analysis demonstrates that the OsYchF1 TGS domain interacts with the 26S
RNA in rice, suggesting that OsYchF1 is committed to protein biosynthesis as well [1].
Additionally, recent co-crystallization and biochemical data showed that AtYchF1 in the
complex with ppGpp inhibits the interaction of AtYchF1 with other molecules, including
ATP, GTP, and 26S rRNA [23]. The available data indicate that ppGpp works as an alarmone
in response to environmental stimuli, and the concentration of ppGpp in the cytoplasm
can increase to the millimolar level upon stress conditions [3,23,49]. Most importantly, the
accumulation of ppGpp attenuates plant growth and development [23]. In conclusion,
AtYchF1 might be a critical regulatory factor in controlling the cytosolic ppGpp-mediated
growth inhibition in plants (Table 2).

5. Conclusions and Outlook

YchF subfamily universally exists in both bacteria and eukarya except archaea [1,8].
The N-terminal G domain consists of five motifs that are highly conserved among all
P-loop GTPases [14,50], of which G4 and G5 motifs determine specific ATPase or GTPase
activities. YchF plays a critical role in regulating growth and stress responses among
different organisms and life processes. In the current review, we have listed the important
and conserved amino acid residues of YchF in not only Table 1 but also the interactive
partner proteins in Table 2.

The unique YchF is probably a guanosine or adenosine nucleotide-dependent trans-
lational factor associated with the ribosomal particles and subunits of the proteasome,
potentially bridging the protein biosynthesis [1,24,51] and ubiquitin-dependent protein
degradation to maintain proteostasis [26,32,33]. YchF is also involved in life response to
environmental challenges by recruiting many partner proteins [1] (Figure 4). In prokaryotes,
YchF might function as a GTP-dependent translation factor, participating in the translation
process as part of the nucleoprotein complex [17,24,30,38] and being involved in oxida-
tive stress response [18]. In yeast, as a representative of eukaryotes, a YchF homologous
YBR025c is induced by H2O2 and participates in the degradation of damaged proteins by
interacting with the 26S proteasome in response to oxygen stress [27]. The human Obg-like
ATPase1 (hOLA1) is a human homolog of YchF that is overexpressed in several human
malignancies and acts as a negative regulator of multiple oxidants [34,37].

OsYchF1 is a novel unconventional G protein in rice. The molecular mechanisms of
OsYchF1 in rice still remain largely unknown. The gain-of-function OsYchF1 overexpression
transgenic lines and loss-of-function OsYchF1 knockout or knockdown mutants have not
been constructed and monitored in rice, and the agronomic traits of OsYchF1 need to
be observed. Moreover, YchF is not only related to stress responses but also appears
to influence the metabolic processes in diverse species, which should be delineated and
clarified in the future.
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Figure 4. Working model to explain the structure-function relationship of YchF. The interaction of
OsYchF1 (PDB code: 5EE0) and its activating protein OsGAP1 (PDB code: 4RJ9) participate in stress
response. OsYchF1 is activated when binding ATP/GTP and inactivated when binding ADP/GDP.
The possible role of members of the Ychf subfamily might be involved in protein balance. OsYchF1
can interact with OsGAP1 and 26S RNA, while T. cruzi Ychf can interact with 26S proteasome,
suggesting that the Ychf subfamily may act as a bridge between protein synthesis and degradation.
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Abstract: Enhancing the capacity of fruit trees to propagate via cuttings is an important endeavor
for the high-quality development of the fruit industry. Optimizing the conditions for the cutting
propagation of mulberry seedlings is an important factor that influences the industrial production
of this plant; however, the currently used mulberry breeding technology system is not mature. In
this experiment, an orthogonal design was used to intercept semi-woody shoots of Yueshenda 10 as
cuttings and set different hormone concentrations (200, 500, 800, and 1000 mg/L), different hormone
types (NAA, IBA, IAA, and ABT-1), and different soaking times (10, 30, 60, and 120 min) for cuttings.
The effects of the three factors on the rooting of mulberry cuttings were investigated by soaking the
cuttings in clean water for 10 min as a control. The results showed that the primary and secondary
order of the three factors affecting the rooting rate of cuttings was hormone concentration > hormone
type > soaking time, and the concentration of exogenous hormones had a significant impact on
all rooting indicators (p < 0.05). In addition, the rooting rate (66.24%), average number of roots
(7.54 roots/plant), and rooting effect index (4.23) of Yueshenda 10 cuttings reached the optimal level
when soaked with 800 mg/L ABT-1 for 30 min. The longest root length (10.20 cm) and average root
length (4.44 cm) of cuttings achieved the best results when soaked with 800 mg/L NAA for 60 min
and 500 mg/L NAA for 30 min, respectively. On balance, it is considered that the preferred solution
is to soak the cuttings of Yueshenda 10 with 800 mg/L ABT1 solution for 0.5 h.

Keywords: mulberry; softwood cutting; growth regulator; orthogonal experiment; root morphologi-
cal index

1. Introduction

Mulberry (Morus) belongs to the family Moraceae and is a perennial woody plant. The
fruit mulberry is a type of mulberry tree chosen from the Moraceae family of plants specifi-
cally for producing appropriate mulberries for either direct consumption or processing [1].
The production, life, and ecological functions of mulberry fruits, leaves, and branches make
fruit mulberry not only an economically valuable forest tree but also a tree species with
significant value for environmental management and ecological optimization [2].

The need for healthy, green, and efficient development of the fruit mulberry industry
calls for improvement of the breeding and cultivation ability, starting with the provision
of sufficient high-quality seedlings. Currently, there are three commonly used asexual
reproduction techniques for mulberry seedling cultivation: tissue culture, grafting, and
cutting [3]. When compared to tissue culture, which has high prerequisites, and grafting,
which has a lengthy cycle [4], cutting propagation, particularly softwood cutting, can
propagate substantial quantities while retaining the superior characteristics of the parent
plant and preventing deterioration. Furthermore, it is straightforward to manage and
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promote at a lower cost [5–7]. Therefore, cutting propagation has become one of the main
seedling breeding methods that is ideal for the large-scale planting needs of mulberry
orchards [8–10].

Investigations into the effects of plant growth regulators on the rooting of cuttings
dates back to 1934 when Went explored the types, concentrations, and treatment times of
exogenous hormones [11,12]. The formation of adventitious roots is a process regulated
by various factors, including the lignification degree of the cutting, the season of cutting,
the rooting environment, and exogenous hormones [13]. Among these factors, the cutting
medium and hormone application are two essential external factors affecting the rooting
and root quality of cuttings [14].

In the 1930s, indole-3-acetic acid (IAA) was proven to be effective in promoting the
formation of adventitious root [15]. Indole-3-butyric acid (IBA) has become the most com-
monly used natural auxin for plant reproduction in horticulture and forestry because of its
stability and effectiveness in promoting rooting of stem cuttings [16,17]. A-naphthylacetic
acid (NAA) plays an important role in promoting cell division and expansion, inducing
adventitious root formation, increasing fruit setting, and preventing fruit drop [18]. Differ-
ent phytohormone concentrations also result in different plant growth, development, and
responses to external stimuli [19,20].

Currently, these plant growth regulators are widely used in cutting seedling cultivation.
ABT1 and ABT2 rooting powders have been reported to increase rooting rates up to 95%
in green stem cuttings [21]. For Morus alba L., the application of 0.10% to 0.13% IBA and
ABT rooting powder No. 6 resulted in a survival rate of over 81% [22–24]. Other studies
have demonstrated that the combination of NAA and IAA may be better compared with
NAA alone in the propagation of mulberry [25,26]. Deng et al. compared the effects of
IAA-3-acetic acid and ABT1 rooting powder alone and in combination and found that the
combination of the two had more benefits compare to the use of either of the two alone [27].

These studies have demonstrated that auxins can promote the growth of adventitious
rooting of cuttings. The aim of this study was to determine the most suitable hormone
combination for softwood cutting propagation of mulberry to provide a basis for developing
high-quality mulberry seedlings within a short time to meet the high market demand. The
results are expected to provide a theoretical basis and technical guidance for the propagation
of mulberry through softwood cutting. Therefore, a green stem cutting experiment was
conducted on Yueshenda 10, and the effects of different influencing factors on the rooting
characteristics of Yueshenda 10 softwood cuttings were compared using an orthogonal
experimental design based on previous studies.

Therefore, this study aims to explore the most suitable hormone combinations for
mulberry shoot cutting based on existing research in order to breed more excellent mulberry
seedlings in a short period of time, meet market production and market demand, and
provide a theoretical basis and technical guidance for mulberry shoot cutting propagation.
To this end, we conducted a green branch cutting experiment on Yueshenda 10. By applying
orthogonal experimental design, we compared the effects of different influencing factors
on the rooting characteristics of Yueshenda 10 during the tender branch cutting process.

2. Materials and Methods

2.1. Materials

The experiment was conducted in the third residential area of Henan Agricultural
University in Zhengzhou City, Henan Province. Henan Province is the birthplace of
silkworm production, which includes subtropical and warm temperate regions with an
average annual temperature of 12~15 ◦C, annual rainfall of 600~1200 mm, and 2000~2600 h
of sunshine per year. The region has a large temperature difference between day and
night [28]. The third residential area of Henan Agricultural University is located at 113.22◦ E
and 34.28◦ N and is equipped with a fully-illuminated automatic spray greenhouse with a
propagation pool measuring 11 m in length, 6 m in width, and 0.4 m in depth. The pool is
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evenly divided into five small propagation pools, each with a length of 6 m, width of 2 m,
and depth of 0.4 m.

The mulberry cuttings used for experiments were obtained from 3-year-old mul-
berry trees in the experimental mulberry orchard located in the third residential area of
Henan Agricultural University. “Yueshenda 10” (Morus atropurpurea Roxb. ‘Yueshenda
10’) is a fruit mulberry variety selected by the Institute of Sericulture and Agroprocess-
ing, Guangzhou Academy of Agricultural Sciences, Guangdong Province, China. This
germplasm was introduced and preserved in the ex situ conservation bank of mulberry
germplasm resources of Henan Agricultural University. The test material was selected
from 3-year-old live seedlings of “Yueshenda 10” in the mulberry garden of the third living
area of Henan Agricultural University.

The cuttings were made from semi-lignified branches, measuring 15 cm long with
two to three semi-leaves (retaining half of the leaf blade), a flat cut on the upper end, and
a 45◦ oblique cut on the lower end. The indole-3-acetic acid (IAA), indole-3-butyric acid
(IBA), naphthaleneacetic acid (NAA), and ABT1 rooting powder used in this study were
all purchased from Solabio Technology Co., Ltd. in Beijing, China. The growth factors
used in this experiment were indole-3-butyric acid (IBA), indole-3-acetic acid (IAA), and
naphthalene acetic acid (NAA) produced by Beijing Solarbio Science & Technology Co.,
Ltd., Beijing, China. Rooting powder (ABT1) was produced by the Forestry Research
Institute of China Academy of Forestry Science. The propagation substrate was river sand
purchased from the market.

2.2. Experimental Design

We designed an experiment to investigate the effects of plant growth hormones, the
concentration, and the immersion time on the rooting of mulberry cuttings. This experiment
adopts an orthogonal design with three factors: the exogenous hormone concentration
type, exogenous hormone concentration, and soaking time, represented by A, B, and C.
Each factor has four levels as shown in Table 1. For each factor, the tests were performed at
four levels as shown in Table 1. The L16(43) orthogonal experimental design was employed
(Table 2) with 17 treatments, including a control group (CK). Each treatment was replicated
three times, and 150 cuttings were used in each repeat. Using the orthogonal experimental
design of L16 (43) (Table 2), a total of 17 treatments were added with water treatment (CK).
Each treatment was repeated three times, with 50 cuttings per repetition, resulting in a total
of 2550 cuttings.

Table 1. Test factors and levels.

Experimental Level

Experimental Factors

Types of
Hormones(A)

Concentration/mg/L(B)
Soaking

time/Min(C)

1 NAA(A1) 200(B1) 10(C1)

2 IBA(A2) 500(B2) 30(C2)

3 IAA(A3) 800(B3) 60(C3)

4 ABT1(A4) 1000(B4) 120(C4)

Initially, the soil in each cutting pot was disinfected by spraying with a 1:400 dilution
of carbendazim, turned over at least three times, and dried for 3 days. On the day of cutting,
the cuttings were dipped in a 5% water solution of carbendazim for 10 s, while cuttings
for the CK group were treated with water. The cuttings were then inserted into the pots
according to the experimental design. After cutting, an automatic spray device was used to
enhance the moisture and maintain the relative humidity of the air at 70% to 80%. Before
cutting, according to a 1:400 dilution of carbendazim, spray application for each cutting
pool was performed three times for soil disinfection, and the samples were dried for 3 days.
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On the morning of the cutting day, cuttings were cut from a well-growing and pest-free
mother tree and immediately treated.

Table 2. L16(43) three-factor four-level orthogonal experimental design.

Treatment
Number

Treatment
Combination

Types of
Hormones(A)

Concentration/
mg/L(B)

Soaking
Time/Min(C)

1 A1B1C1 NAA(A1) 200(B1) 10(C1)

2 A1B2C2 NAA(A1) 500(B2) 30(C2)

3 A1B3C3 NAA(A1) 800(B3) 60(C3)

4 A1B4C4 NAA(A1) 1000(B4) 120(C4)

5 A2B1C2 IBA(A2) 200(B1) 30(C2)

6 A2B2C1 IBA(A2) 500(B2) 10(C1)

7 A2B3C4 IBA(A2) 800(B3) 120(C4)

8 A2B4C3 IBA(A2) 1000(B4) 60(C3)

9 A3B1C3 IAA(A3) 200(B1) 60(C3)

10 A3B2C4 IAA(A3) 500(B2) 120(C4)

11 A3B3C1 IAA(A3) 800(B3) 10(C1)

12 A3B4C2 IAA(A3) 1000(B4) 30(C2)

13 A4B1C4 ABT1(A4) 200(B1) 120(C4)

14 A4B2C3 ABT1(A4) 500(B2) 60(C3)

15 A4B3C2 ABT1(A4) 800(B3) 30(C2)

16 A4B4C1 ABT1(A4) 1000(B4) 10(C1)

17 Control group (CK) Water 0 10

First, we used 50% carbendazim water at 800 times liquid speed for 10 s. Secondly,
we prepared solutions for orthogonal experiments. The method is as follows: We used a
balance to weigh 500 mg of IAA. First, we dissolved 500 mg of IAA in a small amount of
75% ethanol, and then we added 1 L of water to prepare a 500 mg · L−1 IAA solution. We
prepared IAA solutions of other concentrations and IBA, NAA, and ABT1 solutions in the
same way. Finally, we placed the cuttings in the prepared plant growth regulator solution
and slowly soaked them according to the experimental arrangement (Table 2). After cutting,
the humidity was increased by automatic intermittent spraying facilities arranged in the
shed to maintain the relative humidity of the air at 70–80%.

2.3. Measurement of Indicators

Three stems with similar stages of development were collected from each treatment
group on days 1, 10, 20, 30, and 40 after cutting, and 2 cm of the bark was promptly sliced
and blended with scissors. This process was repeated three times, and the samples were
wrapped in tin foil, stored briefly in liquid nitrogen, and then stored at −80 ◦C until further
measurement.

Analysis of rooting traits: at 50 days after cutting, several rooting traits, including
the rooting rate, number of roots, average root number, average root length, longest root
length, and rooting effect index [29], were evaluated for the 17 treatments. The formulae
for these indicators are as follows:

Rooting rate = Number of cuttings rooted/Total number of cuttings × 100%
Average root number = Total root number of cuttings/Number of rooted cuttings
Average root length = Total root length of cuttings/Number of roots
Rooting effect index = (Average root length × Number of rooted cuttings)/Total

number of cuttings.
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2.4. Data Analysis

Data preprocessing and statistical analysis were conducted using Excel 2003. Range
analysis was performed to preliminarily identify the optimal combination of treatments.
Multiple-factor variance analysis was performed using SPSS 24.0 to determine the influence
of each factor on the experimental results, and the least significant difference method (LSD)
was employed to conduct multiple comparisons. The membership function method was
applied to perform comprehensive evaluation of the rooting and propagation effects of
each treatment combination. We drew the chart using Origin 2021.

The membership function calculation method was as follows: U(Xj) = (Xj − Xmin)/
(Xmax − Xmin). The membership values of different indicators for each treatment were
summed, and the average value was ranked. The larger the average value, the better the
rooting effect.

3. Results and Analysis

3.1. Rooting Types and Process of Cutting Propagation

The rooting types of softwood cuttings were observed after planting, and the results
showed that the main rooting type was callus formation (type II), followed by epidermal
rooting (type I), and few roots were formed at the junction of callus and epidermis, which
was classified as the mixed rooting (type III) (see Figure 1). The rooting process of cuttings
was divided into five stages (see Figure 2): the callus formation stage (stage II) from 0 to
10 days after planting, the induction stage of root primordium (stage III) from 10 to 20 days,
the expression and formation stage of adventitious roots (stage IV) from 20 to 30 days,
and the elongation and development stage of adventitious roots (stage V) after 40 days.
The control treatment resulted in the delayed formation of callus and adventitious root
formation and had a lower rooting rate compared to the experimental treatments.

 

Figure 1. The rooting type of cuttings. (I) the root epidermis rooting, (II) the callus rooting, and (III)
mixed rooting.

 

Figure 2. The rooting process of cuttings. Sorted according to the rooting process of cuttings (I–V).
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3.2. Analysis of Primary and Secondary Effects of Different Factors

Figure 3 demonstrates that if the rooting rate is only taken as the primary indicator,
the rooting rates for different types, concentrations, and treatment times of hormones were
29.11, 23.66, and 12.45, respectively. This demonstrates that the main factors affecting
the softwood cutting rooting of mulberry were hormone type > hormone concentration >
treatment time.

The values of K1, K2, and K3 indicated that the treatment combination with the best
rooting promotion effect was the slow immersion of the cuttings in 800 mg/L ABT1 solution
for 60 min (A4B3C3) with the highest rooting rate of 66.24%. When only the average root
number was considered as the primary indicator, from the R-value of the range, it can be
inferred that hormone concentration (3.30) > hormone type (2.38) > treatment time (1.57)
had the least influence on the average root number, implying that hormone concentration
had the strongest effect, and treatment time had the least effect.

 

 

Figure 3. Cont.
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Figure 3. Range analysis for the influence of various test factors on the rooting index.
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The K values indicate that the theoretical optimal combination is to soak the cuttings
with 800 mg/L ABT1 for 60 min (A4B3C3). Considering only the indicator of average
root length, the K1, K2, and K3 values of each factor indicated that the longest average
root length of fruit mulberry could be obtained by soaking 500 mg/L ABT1 for 30 min
(A4B2C2).

The R-values influencing the average root length of cuttings were treatment time
(2.42) > hormone type (1.77) > hormone concentration (1.10), which suggests that treatment
time was the most important factor influencing the average root length, whereas hormone
concentration showed the smallest effect. If the longest root length was taken as the primary
indicator, we observed that the order of influence on the longest root length of cuttings was
hormone concentration > hormone type > treatment time, indicating that concentration
(3.37) was the most important factor influencing the longest root length of softwood cuttings,
whereas hormone type (2.55) and treatment time (1.77) had the least effects.

Based on the K1, K2, and K3 values of the three factors, the optimal combination of
plant growth regulators was determined to be soaking cuttings with 800 mg/L NAA for
30 min (A1B3C2). Taking only the rooting effect index as the primary indicator, the R-value
showed that the main factor influencing the rooting effect index of green shoot cuttings
was the hormone type (1.93) > hormone concentration (1.39) > treatment time (1.25). In
addition, analysis of the K1, K2, and K3 values of each factor revealed that A4B3C2 was the
best combination for the mulberry softwood cutting rooting effect index, i.e., soaking in an
800 mg/L ABT1 solution for 30 min achieved the best rooting effect index of 4.23.

In terms of the rooting rate and average number of roots, soaking cuttings with
800 mg/L ABT1 for 30 min (A4B3C3) was the best combination. However, the other three
theoretically optimal combinations were not observed in the experiment. It remains to
be further tested whether the effectiveness of these combinations is influenced by the
interaction of factor levels.

3.3. Effects of Hormone Types, Concentrations, and Soaking Time on Rooting Indicators of
Yueshenda 10 Cuttings

Five indicators, including the rooting rate, average number of roots, average root
length, longest root length, and rooting index, were used to evaluate the rooting effect of
Yueshenda 10 green cuttings. The results were subjected to variance analysis (Table 3) and
LSD multiple comparison tests (Figure 3) as shown in the table below.

Table 3. Correlation analysis between different hormone types, concentrations, and treatment times
and changes in the rooting index of cuttings (* p < 0.05 and ** p < 0.01).

Source of
Error

Rooting Rate
Average Number of

Roots
Average Root

Length
Longest Root

Length
Rooting Index

F p F p F p F p F p

A 6.245 * 0.016 3.730 0.060 1.977 0.165 0.016 0.901 4.555 * 0.039

B 24.746 ** 0.000 59.980 ** 0.000 7.157 * 0.011 32.649 ** 0.000 12.957 ** 0.001

C 3.070 0.087 3.034 0.089 0.978 0.328 11.926 ** 0.001 1.035 0.315

A × B 0.000 0.983 0.829 0.368 3.415 0.072 0.996 0.324 0.165 0.687

A × C 0.172 0.680 0.016 0.900 1.079 0.305 6.899 * 0.012 0.004 0.950

B × C 5.706 * 0.021 3.272 0.076 1.523 0.024 0.011 0.917 8.492 ** 0.006

A × B × C 0.000 0.997 0.264 0.610 7.060 * 0.011 2.222 0.143 1.496 0.228

Note: A: hormone type; B: Concentration; and C: Processing time. The “*” shows significant differences between
each treatment while p < 0.05, and the “**” shows very significant differences between each treatment while
p < 0.01. Data on the rooting rate were squared, and then the arcsine was subjected to analysis of variance.
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3.3.1. Effects of Factors and Their Interactions on Rooting Indicators of Cuttings

Visual and straightforward representation of the experimental results can be achieved
through range analysis; however, this does not convey information about the magnitude
and precision of errors. Therefore, variance analysis should be performed [30]. The
results of three-factor variance analysis (Table 3) showed that the concentration of growth
regulators had the greatest impact on the rooting of cuttings (p < 0.05), except for the
average root length. This concentration also had a significant effect on the rooting rate,
average number of roots, longest root length, and rooting index (p < 0.01).

Hormone type caused a secondary effect and significantly affected the rooting rate
and rooting index. The effect of the treatment time on rooting indicators was relatively
small, only significantly affecting the longest root length, that is, hormone concentration
> hormone type > treatment time. In terms of interaction among two factors, the interac-
tion between the hormone concentration and treatment time had the greatest impact on
rooting with significant and highly significant effects on the rooting rate and rooting index,
respectively.

The interaction between hormone type and treatment time had a smaller effect, only
significantly affecting the longest root length. The interaction effect between hormone type
and concentration had no significant effect on any tested parameter. A comprehensive
analysis concluded that the interaction effect between hormone concentration and treatment
time was the main factor affecting the rooting of mulberry green cuttings.

3.3.2. Effects of Hormone Types on Rooting Index of Yueshenda 10 Cuttings

The data presented in Table 3 suggest that the significant probabilities (p values) of
the rooting rate and rooting effect index among the five rooting indices of plant growth
regulators were both below 0.05, indicating significant differences in the rooting rate
and rooting effect index between hormone types. However, the differences in the other
three rooting indices were not significant. Figure 4 also illustrates that the rooting rate,
average root number, and rooting effect index were consistent among the four plant growth
regulators and CK (distilled water) treatments.

The ranking of the five rooting indices from best to worst was as follows: ABT1, NAA,
IBA, IAA, and CK. ABT1 treatment was significantly or extremely significantly different
from other hormones, with ABT1 and NAA showing superior performance compared to
IAA and CK. The rooting rate (47.73%), average root number (5.40 per plant), average
root length (4.98 cm), and rooting effect index (2.54) under ABT1 treatment were the best,
whereas those of NAA, IBA, and IAA were the worst.

3.3.3. Effects of Concentration on Rooting Index of Cuttings

As shown in Table 3, the F-values of the variance analysis results of different concen-
trations for each index are larger than the critical value, indicating significant differences.
According to the multiple comparison results shown in Figure 4, the rooting rate, average
number of roots, and longest root length exhibited similar responses to the four concen-
tration levels and the CK (control) treatments. The optimal treatment was observed at a
concentration of 800 mg/L, followed by concentrations of 1000 and 500 mg/L, whereas
concentrations of 200 mg/L and CK were the least effective.

The longest average root length was observed at a concentration of 500 mg/L, and
there were no significant differences between the four concentration levels and the CK
treatment at the 0.05 and 0.01 significance levels, but all were significantly higher com-
pared with the values for CK. The rooting rate and rooting effect index revealed were not
significantly different among concentration levels 2, 3, and 4 but were significantly higher
than levels 1 and the control treatment. The rooting rate (40.39%), average number of
roots (5.97 per plant), longest root length (8.61 cm), and rooting effect index (2.03) were all
optimal at a hormone concentration of 800 mg/L.
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Figure 4. LSD multiple comparisons of the effects of the hormone type, hormone concentration, and
time on the cutting rooting parameters of Yueshenda 10. Under each influencing factor, different
uppercase letters indicate extremely significant differences between treatments (p < 0.01), while
different lowercase letters indicate significant differences between treatments (p < 0.05).

3.3.4. Effects of Treatment Time on Rooting Indexes of Stem Cuttings

The rooting rate (37.65%) and mean root number (5.26 cm) were the highest after
60 min of treatment. At the three treatment durations of 30, 60, and 120 min, the above
parameters were not significantly altered at the 0.05 and 0.01 levels but were significantly
higher than the 10 min and water treatments with extremely significant differences com-
pared to the water treatment. The mean root length, maximum root length, and rooting
effectiveness index showed consistent results among the four treatment durations and the
water treatment, with the rooting effectiveness rankings being 30 min, 60 min, 120 min,
10 min, and water treatment, in that order.
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The mean root length (5.82 cm), maximum root length (7.46 cm), and rooting effective-
ness index (2.19) were optimal at the 30 min treatment duration. Significant differences
were recorded in the mean root length among different soaking times, with the 30 min
treatment being extremely significant higher compared with the levels at the 60 and 120 min
treatments, and levels 3 and 4 being extremely significantly higher than the 10 min and
water treatments. The maximum root lengths of the 30 and 60 min treatments were not
significantly different at the 0.05 and 0.01 levels but were significantly higher than the
120 min treatment and were extremely significantly higher relative to the other treatment
levels.

The rooting effect index showed no significant difference between the 60 min and
120 min treatments (p > 0.05), but the effect between the 60 min and 120 min treatments
and the 10 min and clear water treatments was extremely significant (p < 0.01).

3.4. Fuzzy Function Analysis of the Optimal Combination of Hormone Type, Concentration, and
Soaking Time for the Rooting of Yueshenda 10 Stem Cuttings

The study discovered notable variations in the four rooting indicators across the
16 treatment combinations. The various rooting indicators did not exhibit identical levels
of effectiveness within the same treatment combination. Therefore, using the membership
function method, a comprehensive analysis was conducted on the five rooting indicators,
including the rooting rate, average root number, average root length, longest root length,
and rooting effect index, under the 16 treatment combinations. The ranking of each
treatment U(Xj) is shown in Table 4.

Table 4. Effects of different factor combinations on indexes of mulberry softwood cutting and
evaluation of the membership function.

Treatment Combination
Rooting Rate

(%)

Average Root
Number

(Root/Plant)

Average Root
Length/cm

Length of
Longest Root/cm

Rooting Effect
Index

Mean of
Membership

Function
Sequence

15 A4B3C2 66.240 ± 0.430 7.538 ± 0.024 a 6.378 ± 0.004 b 8.833 ± 0.088 c 4.225 ± 0.028 a 0.959 1

14 A4B2C3 52.953 ± 0.454 5.111 ± 0.016 e 6.230 ± 0.004 c 7.800 ± 0.100 e 3.299 ± 0.026 b 0.747 2

3 A1B3C3 47.290 ± 0.337 6.885 ± 0.015 b 4.371 ± 0.002 j 10.200 ± 0.058 a 2.067 ± 0.014 e 0.720 3

4 A1B4C4 52.780 ± 0.284 5.726 ± 0.014 d 5.089 ± 0.012 f 8.567 ± 0.088 d 2.686 ± 0.009 c 0.712 4

2 A1B2C2 36.400 ± 0.243 3.747 ± 0.018 g 6.444 ± 0.013 a 8.900 ± 0.058 c 2.346 ± 0.014 d 0.635 5

8 A2B4C3 42.300 ± 0.560 6.860 ± 0.016 b 4.463 ± 0.006 i 6.633 ± 0.033 f 1.888 ± 0.024 f 0.596 6

16 A4B4C1 41.653 ± 0.269 5.557 ± 0.030 d 3.792 ± 0.003 k 6.433 ± 0.033 g 1.579 ± 0.010 g 0.500 7

7 A2B3C4 32.303 ± 0.527 6.097 ± 0.050 c 4.530 ± 0.002 h 9.100 ± 0.115 b 1.464 ± 0.025 h 0.466 8

12 A3B4C2 24.667 ± 0.333 4.056 ± 0.056 f 5.180 ± 0.004 e 5.867 ± 0.033 i 1.278 ± 0.018 i 0.416 9

6 A2B2C1 31.550 ± 0.165 3.103 ± 0.052 i 4.680 ± 0.003 g 5.233 ± 0.067 k 1.476 ± 0.009 h 0.377 10

5 A2B1C2 16.910 ± 0.240 2.361 ± 0.073 kl 5.277 ± 0.006 d 6.233 ± 0.033 h 0.892 ± 0.012 k 0.325 11

13 A4B1C4 30.060 ± 0.394 3.411 ± 0.048 h 3.535 ± 0.022 l 5.367 ± 0.033 k 1.063 ± 0.012 j 0.319 12

11 A3B3C1 15.723 ± 0.182 3.361 ± 0.073 h 2.273 ± 0.002 o 6.300 ± 0.058 gh 0.357 ± 0.004 m 0.207 13

10 A3B2C4 25.997 ± 0.508 2.533 ± 0.033 jk 2.045 ± 0.003 p 5.533 ± 0.033 j 0.532 ± 0.011 l 0.191 14

1 A1B1C1 11.870 ± 0.406 2.722 ± 0.147 j 2.852 ± 0.008 n 4.800 ± 0.058 l 0.339 ± 0.011 m 0.152 15

9 A3B1C3 8.057 ± 0.471 2.167 ± 0.167 l 3.348 ± 0.004 m 4.567 ± 0.033 m 0.270 ± 0.015 n 0.125 16

17 CK 10.413 ± 2.309 1.833 ± 0.167 m 1.628 ± 0.015 q 3.067 ± 0.088 n 0.169 ± 0.003 o 0.008 17

Note: The data in the table are the average values of three repetitions ± the standard error; Different letters in the
same column indicate significant differences between treatments (p < 0.05), while the same letter indicates no
significant difference between them (p > 0.05).

The results showed that, among the top five treatments in terms of the overall cutting
effect U (Xj), the main types of exogenous hormones were ABT1 and NAA, and the rooting
rates of the top four combinations were also in the top four. It can be seen that hormone
types have a significant impact on the rooting rate of cuttings, which is consistent with
the results of the analysis of variance. The membership function value of the three-factor
treatment combination 15 was the highest, i.e., the rooting effect of cuttings was optimal
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under the A4B3C2 treatment, which is consistent with the optimal combination analysis of
the rooting effect index.

The rooting rate (66.24%), average root number (7.54), and rooting effect index (0.96)
were ranked the best, whereas other indicators ranked were ranked among the top four.
In other words, the best softwood cutting effect of Yueshenda 10 was achieved following
treatment of ABT1 at a concentration of 800 mg/L and a treatment time of 30 min. The
combination of soaking with 500 mg/L ABT1 for 60 min was the second best, with the
rooting rate (52.95%), average root length (6.23 cm), and rooting effect index (3.30) being
ranked among the top three.

Although the rooting rate (47.29%) of the combination of soaking with 800 mg/L NAA
for 60 min was not ranked among the top three, its longest root length (10.30 cm) and
average root number (6.89) both showed excellent performance, making it ideal for the
cultivation of high-quality seedlings with developed root systems in areas with abundant
cutting materials.

4. Discussion

Root cuttings can be divided into three types: epidermal rooting [31], callus
rooting [32,33], and combined rooting, with the number and proportion of roots in each
part being the main classification criterion. In this study, basal morphological analysis
of rooting cuttings revealed that the majority of roots of the Yueshenda 10 tender shoot
cuttings originated from callus tissue, whereas a small number of cuttings developed
adventitious roots originating from the epidermis, and very few had roots originating from
both sites.

This is consistent with the results reported by Shen et al. [34] for mulberry cutting
seedlings, indicating that softwood cuttings of fruit mulberry belong to the callus rooting
type, and that fruit mulberry is a difficult-to-root species. In addition, by observing the
growth of cuttings’ roots, it can be seen that the devel-opment of adventitious roots of
mulberry branches went through five main stages. Next, the anatomical structure of roots
is studied to confirm whether this judgment is sufficiently correct.

The process of cutting propagation is not only affected by the genetic characteristics,
ecology, and biology but is also modulated by several external factors, such as light,
air, temperature, and humidity [35]. Many studies have shown that exogenous plant
hormones can promote the formation of adventitious roots in cuttings and can induce
rooting in plants that are difficult to root. Different types of exogenous hormones promote
the formation of adventitious root to different degrees [36–38]. In this study, the effects
of different types of growth regulators, different concentrations, and treatment times,
as well as their interactions on the rooting of softwood cuttings of Morus alba L., were
comprehensively explored.

4.1. Effects of Plant Growth Regulators on Mulberry Cuttings

Currently, the hormones commonly used in production include ABT rooting powder,
indole-3-acetic acid (IAA), indole-3-butyric acid (IBA), naphthylacetic acid (NAA), naph-
thaleneacetic acid amide, and other benzoxycarboxylic acid compounds. In this study, all
plant growth regulators used promoted the rooting of softwood cuttings of mulberry.

This may be because exogenous IBA can potentially enhance the nutritional level
of the rooting zone of trees, the content of endogenous hormones, and the activity of
peroxidase, thus, providing suitable conditions for the formation of adventitious roots and
increasing rooting rate and root growth [39–41]. ABT can not only potentiate the effects
of exogenous hormones and rooting substances needed for cutting rooting but also can
promote the synthesis of endogenous auxin, which accelerates the healing of the lower
cutting surface and promotes rooting [42]. Some studies have also reported that NAA is a
potential treatment for plants that show an impaired ability to root [43,44].

Significant research has shown that ABT No. 1 is suitable for plants with high economic
value and that are difficult to root [45]. It has been found that ABT No. 1 is more effective
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than NAA and IBA in rooting studies of Catalpa bungei [46], wild European plum [47] and
Ulmus macrocarpa [48]. There is also evidence that IAA is less effective than IBA and NAA
in promoting cutting rooting [49,50]. Geng Wenjuan et al. [47] reported that the survival
rate of cuttings treated with 800 mg/L ABT rooting powder was as high as 80.00%, and the
rooting rate was as high as 76.67%.

In this study, NAA, IBA, IAA, and ABT1 were used to treat cuttings at four levels, and
the results showed that ABT1 had the best seedling growth effect with the highest rooting
rate, average number of roots, average root length, and rooting effect index. In comparison,
NAA and IBA were less effective than ABT1, whereas IAA had the poorest effect. The
effects of the four growth regulators on the seedling growth were consistent with those
reported previously.

In addition, evidence from similar studies has shown that the effect of cutting rootings
under mixed treatment with plant growth regulators is better than that of using a single
growth regulator [22,51]. For example, when using a mixture of NAA and IBA to treat
softwood cuttings, the mixed treatment showed better outcomes compared with NAA or
IBA alone [52]. However, the combined use of growth regulators was not explored in this
study and, thus, needs to be further investigated.

4.2. Effects of Plant Growth Regulator Concentration on the Rooting of Mulberry Cuttings

Plant growth regulator (PGR) concentration is one of the main factors affecting the
rooting of plant cuttings. Appropriate concentrations can improve the rooting and root
growth, while excessively high concentrations can damage the cutting tissues and impair
the rooting process [53,54].

Plant growth regulator concentrations showed significant effects (p < 0.05) on the
rooting of hairy rosemary [55] and hops [56] plug cuttings in rooting studies. Meng Haisan
et al. [57] concluded that the effect of exogenous hormone concentrations on the rooting rate,
mean root length, and mean root number of blueberry cuttings reached significant levels
(p < 0.05). In addition, the main factor affecting the root length of baldcypress cuttings was
also the hormone mass concentration [58]. Our results are consistent with those of previous
studies, suggesting that the PGR concentration significantly affects all the tested indicators.
Wang Bangqin et al. found that, with an ABT1 soaking time of 0.5 h, the rooting rate of
cuttings increased with the PGR concentration, reaching a peak before decreasing [59].

Luo Xuemei et al. [60] and Xu Yin et al. [61] reported that, in softwood cutting experi-
ments, ABT rooting powder had the best overall cutting performance at a concentration of
800 mg/L, which is consistent with the results of this study.

Furthermore, this study observed a relatively uniform pattern of response from the
different indicators to varying levels of PGR concentration. As the concentration of PGR
quality increased, the rooting rate, average number of roots, maximum root length, and
rooting efficiency index all demonstrated an initial increase followed by a subsequent de-
crease. As the concentration gradually increased within the range of 0~200~500~800 mg/L,
it began to decrease at 1000 mg/L. The optimal treatment was at 800 mg/L, and within
a certain range, the higher the quality concentration, the better the rooting effect, but
excessive PGR concentration can inhibit rooting.

In contrast, Rovier, V. et al. concluded, in a study on Brazilian native medicinal
plants, that the application of high concentrations of IBA could better promote the root
development of the spike with a maximum rooting rate of 79.17% [62]. The differences
between the results of this study and theirs may be due to differences in the variety, genetics,
and physiological conditions of the cuttings or may be related to the experimental design.

4.3. Effects of Treatment Time on the Propagation of Mulberry Cuttings

The soaking time of plant growth regulators can affect the propagation index of
cuttings. Cheng et al. found that the rooting rate of softwood cuttings in maple was the
highest when soaked in NAA or ABT for 30 min [63]. Chen et al. demonstrated that soaking
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time significantly affected the survival rate, total number, and length of roots in Betula
albosinensis cuttings with the best results obtained after a 2 h soaking period [64].

In the study, soaking time only had a significant effect on the longest root length of
tender mulberry cuttings, and it had no significant effects on the rooting rate, average
number of roots, average root length, and rooting effectiveness index, which is inconsistent
with the results by Chen et al. This discrepancy may be related to the plant’s own genetic
factors, physiological conditions, and environmental conditions during propagation.

The results of the orthogonal test conducted revealed that the best treatment approach
for enhancing the rooting rate of delicate mulberry softwood cuttings was immersing
them in 800 mg/L ABT1 for 30 min. However, this particular approach was not deemed
the most effective for increasing the average or maximum length of the roots. In the
actual reproduction production of “Yueshenda 10”, different combinations of plant growth
regulators can be selected based on the desired propagation index. For example, if a longer
average root length is required, cuttings can be soaked in 500 mg/L NAA for 30 min, while
if a longer longest root length is desired, cuttings can be soaked in 800 mg/L NAA for 1 h.

4.4. Effects of Interaction on the Propagation of Mulberry Cuttings

Numerous studies have shown that the hormone type, concentration, and time not
only individually affect the rooting of cuttings but also have significant interactive effects
on each other [65,66]. Quan et al. reported that the concentration and soaking time
of IBA, as well as their interaction, significantly influenced the rooting rate, number of
roots, root length, and rooting index of cuttings [67]. Shen et al. discovered that different
concentrations and soaking times of NAA had significant effects on cutting rooting, and
the interaction between different concentrations of NAA and soaking time also affected the
rooting [68].

Moreover, the interaction between different concentrations of ABT1 and soaking time
showed strong modulatory effects on the rooting of semi-lignified shoots in the current year.
However, Jussara et al. found that the interaction between hormone types and treatment
time did not significantly affect the rooting of cuttings [69]. In this study, we found that the
interaction between hormone concentration and treatment time significantly and extremely
significantly affected the rooting rate and rooting index of cuttings, respectively.

Yi et al. found that the interaction effect of the rooting hormone and soaking time had
an extremely significant effect on the rooting of stem cuttings of Cyclocarya paliurus [70];
Hu et al. found that the interaction effects of hormone type × hormone concentration,
hormone type × soaking time, and three-factor interaction significantly affected the rooting
percentage and longest root length of Picea abies cuttings [71].

Our results show that the interaction effects of hormone type × treatment time mainly
influenced the longest root length of the cuttings, while the three-factor interaction only
had a significant effect on the average root length. Moreover, none of the interactive effects
influenced the average number of roots. These results are consistent with the findings by Ou
et al., who reported that the interaction effect between rooting promoters and concentration
did not affect the rooting percentage, average number of roots, and total root length of
cuttings [72], and this was different from the findings by Yi et al. [70].

5. Conclusions

This study indicates that the Yueshenda 10 mulberry cultivar belongs to the type
of callus rootings, and its softwood cuttings undergo five developmental stages during
the propagation process. Among the factors affecting the softwood cuttings, hormone
concentration was the key factor, followed by hormone type, while soaking time had little
effect. In addition, the optimal treatment combination for softwood cuttings (800 mg/L
ABT1, soaking for 30 min, and using river sand as the rooting substrate) was determined,
which achieved a rooting rate of 66.24% and effectively solved the practical problem of
difficult rooting in this cultivar of mulberry. These treatment settings can, therefore, be
applied in large-scale seedling cultivation.
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Exogenous auxin treatment altered the growth level and interrelationships among the
five rooting indicators during the rooting process of Yueshenda 10 softwood cuttings, which
indicated specific changes and was closely related to the rooting initiation and development.
However, the rooting of softwood cuttings is an extremely complex physiological process,
and subsequent research based on this study will focus on the composite physiological
and biochemical characteristics and genetic traits of mulberry seedlings to further reveal
the rooting mechanism of Yueshenda 10 softwood cuttings and clarify the mechanisms
underlying the mulberry rooting process.

The exogenous auxin treatment changed the growth level and relationship of five
rooting indicators in the rooting process of “Yueshendashi” cuttings, which showed a
certain regularity in the rooting process and was closely related to the occurrence and
development of cuttings rooting. This experiment found that hormone concentration was
the key factor affecting the rooting changes of cuttings, followed by hormone type, and
treatment time had little effect.

In addition, the optimal treatment combination for softwood cutting was determined
to be soaking the cuttings in 800 mg/L ABT1 for 30 min using river sand as the rooting
medium, and the highest rooting rate reached 66.24%. This treatment effectively solves
the problem of the actual rooting difficulties for this variety of mulberry tree and can be
considered for large-scale seedling cultivation. In the future, we will further study the
molecular mechanism of adventitious roots of mulberry in terms of auxin regulation.
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Abstract: Fixing the genomic composition and multiplication through true potato seed (TPS) is an
important challenge in autotetraploid potato. Disrupted meiotic cDNA (DMC1) is a meiotic gene that
plays a central role in DNA recombination through crossing over in meiosis. Using the Arabidopsis
DMC1 (AtDMC1) gene sequence, we retrieved Solanum tuberosum DMC1(StDMC1) from the diploid
potato genome, and subsequently, sense and antisense regions of the StDMC1 gene were amplified in
potato cv. Kufri Jyoti. The sense and antisense fragments were confirmed by Sanger-sequencing and
cloned in the pRI101 vector. Agrobacterium-mediated transformation of the RNAi construct resulted in
44% transformation efficiency, and a total of 137 mutant lines were obtained. These mutant lines were
further validated through pollen viability testing, and selected lines were used for gene expression
analysis. The acetocarmine-based pollen staining showed reduced pollen viability ranging from 14 to
21% in four DMC1 mutant lines (DMC4-37, DMC4-41, DMC6-20, and DMC6-21), as compared to the
Kufri Jyoti control plants, which on average exhibited 78% pollen viability. The phenotypic data was
supported by the reduced expression of the StDMC1 gene in these four mutant lines compared to the
control Kufri Jyoti. The results confirmed the generation of StDMC1 knockdown lines. This is the
first report of StDMC1 mutant line generation in tetraploid potatoes and will be a step forward in
generating non-recombinant mutants through sexual reproduction in potatoes.

Keywords: Asynapsis; cross-over; StDMC1; meiosis; recombination; RNAi

1. Introduction

The potato (Solanum tuberosum L.) is the world’s third most important food crop
after wheat and rice [1] and is grown in all major countries [2]. Most of the cultivated
potato varieties are autopolyploid and extremely heterozygous [3]. In potato breeding,
heterozygous varieties are crossed with donor heterozygous genotypes to pass on desirable
features, and the desired genotypes are chosen and released as new varieties in the F1
generation [4]. The hybrids cannot be recreated in the form of true potato seed (TPS) by
crossing the same parental lines since each TPS in the F1 generation is genetically unique
in potato [4]. Potato varieties are maintained in vitro and propagated clonally [5]. This is
a significant distinction between potato breeding and that of key food crops such as rice,
wheat, and maize, where homozygosity is first achieved before new varieties are released
as open-pollinated homozygous lines or hybrid varieties. A constant influx of new genes
and allelic diversity into the S. tuberosum gene pool is required to improve potato genetics
for diverse economic traits. However, the introgression of new genes changes the genetic
background of a genotype or a variety in potatoes [6], which has also been observed in
other vegetables and crop wild relatives (CWRs) [7].

Potato seed production currently faces considerable challenges, such as low multi-
plication rates, high storage and transportation costs, virus carry-over, and performance
reductions over generations [8]. Heterozygous genotypes cannot be sexually reproduced to
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form botanical seeds or TPS in light of the fact that parental chromosomes will recombine
to produce different combinations and the same genotype cannot be reconstituted [9]. The
favorable allele combinations are lost in the sexual cycle due to the segregation of traits.
This is the reason that potatoes are reproduced clonally to maintain the favorable allelic
combinations of genotypes/varieties [10]. Although apomixes is considered a solution
to fix heterozygotes, it has not been applied in practical plant breeding in any crop [11].
Thus, fixing the genomic composition and multiplication through TPS is an important
challenge in potato breeding [12]. An alternate method is the suppression of recombination
and identification of asynaptic mutant lines, which could possibly recreate the parental
type gametes and true-to-type botanical seeds similar in genetic constitution to starting
clone/hybrid. The development of haploids and doubled haploids from asynaptic gametes
is further required to create a set of parental lines, which, upon selection and hybridization,
will recreate the original cultivar.

Homologous recombination (HR) is required for preserving genomic integrity across
all domains of life, and it is also required for the repair of planned double-strand breaks
(DSBs) during meiosis [13]. Meiotic HR results in chromosome segregation because of
crossovers, while the purpose of mitotic HR is to repair DNA damage without crossovers.
In mitotic cells, crossovers are less desirable since they can result in loss of homozygosity
and other chromosomal rearrangements [14]. Crossovers, on the other hand, are preferred
during meiosis because they are required for chromosome segregation and serve to increase
genetic variation among offspring. Meiosis is an important step in the sexual reproduction
cycle. It is an atomic division in which the number of chromosomes is reduced to half,
which is essential for the arrangement of haploid cells in living organisms that reproduce
sexually [15].

Meiotic recombination protein disrupted meiotic cDNA (DMC1) is a homologue
of the bacterial strand trade protein RecA. DMC1 assumes the focal job in homologous
recombination in meiosis by amassing at the destination. The protein encoded by this
gene is basic for meiotic HR. Hereditary recombination in meiosis assumes a significant
role in creating an assorted variety of hereditary data and encourages the reductional
isolation of chromosomes that must happen in the development of gametes during sexual
multiplication.

Meiotic recombination requires two types of RecA-like proteins, DMC1 and RAD51,
that play an important role in HR. RecA protein is essential for the repair of DSBs, while both
Rad51 and DMC1 are essential to generate a crossover between homologous chromosomes,
which confirms the segregation of the chromosomes at meiotic division I [16]. The first
eukaryotic RecA homologues, RAD51 and DMC1, were reported in budding yeast [17].
RAD51 expresses during mitosis and meiosis, whereas DMC1 expresses only during
meiosis [18]. DMC1 disruption results in defects in reciprocal recombination, inability
to form synaptonemal complexes, accumulation of DSBs, and abnormal chromosome
synapses, showing D-loop formation and strand exchange activities [19]. The plant DMC1
orthologues were reported in Lilium longiflorum [20], Arabidopsis thaliana [21,22], Oryza
sativa [23–26], and Hordeum vulgare [27]. The concept of deficient mutants in the meiotic
recombination process arrests the meiotic recombination, crossing over, and pairing of
chromosomes. This is the first step of reverse breeding to generate asynaptic mutants
through which the parental-type gametes can be recovered in the progenies to fix the
genomic composition and multiplication through TPS. Keeping this in mind, the present
study aimed to silence the StDMC1 gene in the Kufri Jyoti variety of potato to generate
asynaptic mutants.

2. Materials and Methods

2.1. Plant Materials

The study was conducted using a popular tetraploid Indian potato variety, “Kufri
Jyoti”. Kufri Jyoti is an old potato variety (1968) developed by the ICAR-Central Potato
Research Institute, Shimla, Himachal Pradesh, India, through clonal selection from a
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cross 3069d(4)/2814a(1). The variety has wide adaptability and is still popular among
stakeholders. The virus-free in vitro tubes of Kufri Jyoti were obtained from the germplasm
repository, Division of Crop Improvement and Seed Technology, ICAR-Central Potato
Research Institute (CPRI), Shimla, Himachal Pradesh, India. The cultures were further
multiplied in vitro on Murashige and Skoog media containing sucrose 30 g/L, calcium
pantothenate 2 mL/L and gelrite 3 g/L). The pH of the media was adjusted to 5.7. A
sufficient number of plants were generated for planting in a glass house. After 28 days
of planting, leaf samples were collected for RNA isolation, and at the time of flowering,
anthers and carpels were also collected for RNA isolation.

2.2. Identification of StDMC1 CDS, Sense and Anti-Sense Region

The Arabidopsis thaliana AtDMC1 coding DNA sequence (CDS) was retrieved from
the Arabidopsis Information Resource (TAIR) database. The potato StDMC1 region was
obtained by using the AtDMC1 CDS as a query in the Potato Genome Sequencing Con-
sortium (PGSC) database using the BLAST tool. The StDMC1 CDS sequence was used
to select the siRNA by using the bioinformatics tool siRNA-scan (http://bioinfo2.noble.
org/RNAiScan.htm, accessed on 17 January 2021). Based on the CDS region, sense and
antisense fragments were selected for RNAi construct development. The BLAST tool was
used to ensure that there was no off-target silencing. The primers were designed using
FastPCR version 4.0 [28] (Table 1).

Table 1. Details of primers used in this study. The red color denotes the restriction sites of different
enzymes in the primer sequences.

Primer Sequence with Restriction Enzyme Size (bp) Enzymes

StDMC1 Sense-F CGCGTCGACGAAGATAGTGAACTTCGGC 526 Sal 1

StDMC1 Sense-R CCCGGGTACCCTTTATCAATCGGGACAGC Kpn 1

StDMC1 Antisense-F CGCGGATCCGAAGATAGTGAACTTCGGC 433 Bam H1

StDMC1 Antisense-R CCCGGGTACCAGAATCCACAATCAGAAGTC Kpn 1

NPT II-F TTTGTCAAGACCGACCTGTC 530

NPT II-R CCAACGCTATGTCCTGATAG

2.3. Sense and Anti-Sense Amplification

The RNA isolation was performed by a NucleoSpin Macherey-Nagel RNA Plant kit
(GmbH & Co. KG, Germany). The cDNA was synthesized using a High-Capacity cDNA
kit by Applied BiosystemsTM (Waltham, MA, USA). The sense and anti-sense regions
were amplified using the reaction: 1 μL cDNA, 15 μL EmeraldAmp PCR master mix
(Takara™, Kusatsu, Japan), 1 μL of each forward and reverse primer, and 2 μL of RNase-
free water to make a final reaction volume of 20 μL. The PCR conditions were as follows:
4 min at 95 ◦C followed by 35 cycles of 45 s at 94 ◦C, 45 s at 54 ◦C and 1 min at 72 ◦C,
and terminated with one cycle of 5 min at 72 ◦C (Figure 1a). The same PCR conditions
were followed for the antisense region except for the annealing temperature (52 ◦C). The
amplified fragments were resolved on a 1.5% agarose gel (Figure 1b), and the eluted PCR
products were sequenced using the BigDye v3.1 reaction kit, Applied BiosystemsTM (USA)
and analyzed on the ABI 3500 Genetic Analyzer, Applied BiosystemsTM (USA).
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Figure 1. (a) PCR amplification of the StDMC1 gene of a sense fragment with StDMC sense primers
flanked with restriction sites Sal 1 and Kpn 1, resulting in a product size of 526 bp. (b) Amplification
of an antisense gene fragment with StDMC1 antisense primers flanked with restriction sites Bam HI
and Kpn 1, resulting in a product size of 433 bp.

2.4. Development of siRNA Construct

The StDMC1 sense fragment (526 bp) was amplified with gene-specific primers flanked
with restriction sites for Sal 1 and Kpn 1, and the antisense gene fragment (433 bp) with
restriction sites for Bam H1 and Kpn 1, respectively. These amplified PCR fragments were
eluted from agarose gel and ligated in the pTZ57R/T TA cloning vector. The gene constructs
pTZ57R/T::Sense StDMC1 and pTZ57R/T::antisense were first cloned in Escherichia coli
strain DH5α on a Luria Bertani (LB) agar plate containing Ampicillin (100 μg/mL). The
colonies were confirmed via colony PCR as well as by restriction digestion. Later, these
were subcloned into the binary vector pRI101AN. The sense plasmid and vector were
digested with Sal 1 and Kpn 1 restriction enzymes for ligation. The ligated product was
transformed using the heat shock method and maintained in E. coli strain DH5α selective
media containing Kanamycin (50 μg/mL). The colonies obtained were confirmed through
colony PCR using 35S forward and gene-specific reverse primers.

Similarly, the antisense fragment was amplified using antisense primers flanked with
restriction sites for Bam H1 and Kpn 1 and subjected to restriction digestion for cloning
in the StDMC1 sense::pRI101AN vector backbone. The ligated products were maintained
in E. coli strain DH5α. The confirmation of colonies obtained on selective LB agar plates
containing Kanamycin was performed through colony PCR using 35S forward and NOST
reverse primers. The whole cassette (StDMC1-sense::StDMC1-antisense::pRI101AN) was
reconfirmed through restriction digestion using Sal 1 and Bam H1 enzymes.

2.5. Transformation of RNAi Construct in Agrobacterium Strain GV3101

The positive RNAi clone (StDMC1-sense::StDMC1-antisense::pRI101AN) was trans-
formed into Agrobacterium strain GV3101 using the freeze-thaw method. Agrobacterium
strain GV3101 carrying the RNAi gene cassette was grown in LB broth containing antibi-
otics (50 μg/mL of Kanamycin and 15 μg/mL of Rifampicin) in an incubator shaker at
28 ◦C for 48 h. From this culture broth, the plasmid was isolated using a Macherey-Nagel
Nucleospin plasmid isolation kit (Germany). The transformed colonies were confirmed
through restriction digestion using Bam H1 and Hind III enzymes.
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2.6. Agrobacterium-Mediated Plant Transformation

The internodal stem cuttings of in vitro tissue-cultured plants were used as explant
for genetic transformation. Agrobacterium culture harboring the StDMC1 RNAi construct
grown at 28 ◦C with an OD of 0.6, was used for transformation. For co-cultivation, the in-
ternodal cuttings were placed on pre-selective media containing basal MS medium for 48 h.
Co-cultivation was performed with the Agrobacterium culture suspension obtained after
centrifugation and resuspension in sterile MS liquid media. Acetosyringone (1 mg/mL)
was added to the cell suspension containing cuttings to enhance virulence. The treated
cuttings were dried using sterile tissue papers and then transferred to regeneration media
containing Indoleacetic acid (IAA) (1 mg/mL), Naphthalene acetic acid (NAA) (0.01 mg/L),
Gibberellic acid (GA3) (3 mg/mL), Cefotaxime (100 mg/mL), Kanamycin (50 μg/mL), and
Carbenicillin (100 mg/L). The inoculated plates were kept at 20 ± 2 ◦C under fluorescent
light at 100 μmol m−2 s−1 with 16 h of light and 8 h of dark until putative shoots emerged.
These shoots were transferred into tubes containing MS media, Kanamycin (50 μg/mL),
and IAA (300 μg/mL) for root initiation. The plantlets that survived were transplanted into
the soil and grown under controlled conditions. Transformation efficiency was calculated
using the following formula:

Transformation efficiency (%) =
Number of positive transformants

Total number of regenerated plantlets
× 100

2.7. Screening of Putative Transformants

DNA was isolated from the leaves of transformed plants using a QIAGEN DNeasy kit
as per the manufacturer’s instructions (North American manufacturing in Germantown,
MD, USA). NPTII expression was tested by using NPTII forward and reverse primers. The
PCR reaction contained 10 μL of Emerald PCR master mix (Takara™, Japan), 1 μL of each
primer at a concentration of 1 μM, and 1 μL DNA templates in a reaction volume of 20 μL.
PCR program was followed as 4 min at 94 ◦C; followed by 30 cycles 40 s at 94 ◦C, 50 s
at 54 ◦C, 1 min at 72 ◦C, and 6 min at 72 ◦C. The transformed lines harboring the NPTII
backbone were confirmed with an NPTII-specific primer on 1.3% agarose gel (Table 1).

2.8. Pollen Viability Analysis

The transformed lines as well as control plants were grown under controlled conditions.
The flower buds were collected from transformed lines for pollen viability analysis. The
pollen viability was tested using a 2% acetocarmine stain. An EVOS XL Core Imaging
System (InvitrogenTM, Waltham, MA, USA) microscope was used to examine the pollen
viability. Five frames of each slide were examined to count the viable and non-viable pollen
grains. Viable pollen grains retained the stain, whereas the non-viable pollen grains were
unable to retain the stain. The percent viability was calculated by dividing the amount of
stained pollen grains per field of view by the total number of pollen grains in that view.

2.9. Quantitative Real-Time PCR (qRT-PCR)

After the confirmation of pollen viability, non-viable lines along with Kufri Jyoti
controls were used for quantitative real-time PCR (qRT-PCR). The qRT-PCR was performed
in triplicates in reference to the housekeeping gene elf (elongation factor). The qRT-PCR
reaction mixture contained 10 μL of SYBER GREEN® (Applied BiosystemTM, USA), 1 μL
cDNA, 1 μL of each forward and reverse primer, and the final volume was adjusted by
adding 2 μL dH2O (Table 2). Using the StepOnePlusTM Real-Time PCR System (Applied
BiosystemsTM, USA), the expression of each gene, in comparison to the average Ct values
of the housekeeping gene, was determined and analyzed. The 2−ΔΔCt technique was used
to quantitatively measure the relative changes in gene transcript levels [29].
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Table 2. Details of primers used in the real-time PCR (qRT-PCR).

Real-Time Primer Sequence

StDMC RT-F TACATTACTGGGGAGTGAGGC

StDMC RT-R CCCCAAAAGCTTCAGTTATTGC

elf-F CGTTGTATCATGAATTTGTTTCTCTGT

elf-R CCCCCTGAGGTTTCAACG

3. Results

3.1. Characterization of the DMC1 Gene in the Kufri Jyoti Potato Cultivar

The CDS sequence of the DMC1 gene from Arabidopsis was used as a query in the PGSC
database (https://spuddb.uga.edu/index.shtml, accessed on 25 June 2021) via the BLAST
tool. The CDS sequence of the AtDMC1 gene showed 81% similarity with the diploid potato
DMC1 CDS sequence. Primers designed from the gene sequence (Soltu.DM.09G025170.1)
were used to amplify the DMC1 gene sequence in the tetraploid Kufri Jyoti cultivar. The
sequence of Kufri Jyoti for the DMC1 gene was analyzed for sequence similarity using the
NCBI nucleotide BLAST tool. The phylogenetic analysis carried out using MEGA 11.0.13
revealed that Kufri Jyoti’s DMC1 has high sequence similarity with Solanum lycopersicum
and Capsicum spp., followed by Nicotiana tomentosiformis and N. tabacum (Figure 2).

 

Figure 2. Phylogenetic analysis and comparison of the potato StDMC1 gene sequence with that of
major crops by the maximum likelihood method. In this phylogenetic tree, red color circles represent
dicot species, and black squares represent monocot species.

3.2. Confirmation of pRI101 RNAi Construct

The sense fragment was confirmed through colony PCR. A band of 1.3 Kb gene size
(526 bp StDMC1 sense::801 bp::35S CaMV::58 bp 5′UTR) confirmed the insertion of the gene
in the vector (Figure S1). Likewise, the antisense fragment was confirmed using colony
PCR. A band of 1.8 Kb fragment size (801 bp 35S CaMV::526 bp Sense StDMC1::58 bp
5′UTR::433 bp StDMC1 antisense::264 bp NOST) confirmed the successful integration of
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the full gene cassette in the pRI101AN vector (Figure S2). The whole cassette (StDMC1
sense::StDMC1 antisense::pRI101AN) was reconfirmed through restriction digestion using
Sal 1 and Bam H1 (Figure 3). The sense fragment, being complementary and longer than
the antisense fragment, would turn back and form a hairpin loop for knocking down the
gene function, i.e., gene silencing.

 
Figure 3. The plasmid containing the StDMC1:RNAi construct was digested with Sal 1 and Kpn 1 and
Bam H1 and Kpn 1 restriction enzymes, respectively, to confirm sense and antisense insertion into the
pRI101AN binary vector having the CaMV35S promoter and the NOS terminator. Lane 1: StDMC1
sense with a product size of 526 bp digested with Sal 1 and Kpn 1, Lane 2: StDMC1 antisense with a
product size of 433 bp digested with Bam H1 and Kpn 1, Lane 3: Full cassette containing StDMC1
sense::StDMC1 antisense with a product size of 959 bp digested with Sal 1 and Bam H1, Lane 4: uncut
pRI101AN plasmid with a product size of 10,417 bp, Lane 5: 1 Kb molecular marker.

3.3. Agrobacterium-Mediated Plant Transformation

Agrobacterium strain GV3101 harboring the complete RNAi cassette carrying StDMC1
sense::StDMC1 antisense::pRI101AN (Figure 4) was used to transform the Kufri Jyoti
internodal explants for the generation of DMC1 mutated lines. The callus formation was
observed 40 days after the co-cultivation, followed by putative shoot generation (Figure 5).
In total, 310 putative transgenic lines were obtained, which were grown in a glass house
under controlled conditions and were screened using the NPTII marker. Out of 310 lines,
137 lines were found positive, with the NPTII marker showing a product size of 530 bp
(Figure 6). Overall, a transformation efficiency of 44% was obtained for mutants (Table 3).
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Figure 4. A schematic diagram of the RNAi vector construct. The hairpin structure consisting of a
sense StDMC1 sequence (oriented in Sal 1-Kpn 1 site) and the antisense StDMC1 sequence (oriented
in Bam HI-Kpn I site) was inserted between the (CaMV) 35S promoter and the nopaline synthase gene
(NOS) terminator.

Figure 5. Agrobacterium harboring the StDMC1 RNAi construct used for genetic transformation.
(a) In vitro 15-day-old tissue culture internodal stem cuttings were placed on pre-selective basal
MS medium for 48 h. (b) The treated cuttings were transferred to regeneration medium containing
Indoleacetic acid (IAA) (1 mg/mL), Naphthalene acetic acid (NAA) (0.01 mg/L), Gibberellic acid
(GA3) (3 mg/mL), Cefotaxime (100 mg/mL), Kanamycin (50 μg/mL), and Carbenicillin (100 mg/L)
and plates were kept at 20 ± 2 ◦C under fluorescent light at 100 μmol m−2 s−1 with 16 h light and 8 h
dark for callus formation. (c) Shoot development in putative transformants.

 

Figure 6. Validation of transformed lines by PCR amplification using NPTII primers resulting in a
product size of 530 bp. Lane 1: 1 Kb Ladder, Lane 2–11: Transformed lines, Lane 12: Non-transformed
line, i.e., Kufri Jyoti (control), and Lane 13: Positive plasmid containing StDMC1 sense::StDMC1
antisense:pRI101AN.
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Table 3. Transformation efficiency of potato cultivar “Kufri Jyoti” genetically transformed with
Agrobacterium strain GV3101 harboring binary vector pRI101.

Explant (Internode) No. of Cuttings Callus
No. of Regeneration

of Shoots
NPTII Positive

Percentage of
Transformation Efficiency

Kufri Jyoti 140 100 310 137 44

3.4. Pollen Viability

The acetocarmine-based pollen staining revealed that four DMC1 mutant lines had
reduced pollen viability of 14–21% in comparison to the Kufri Jyoti control plants, which
showed 78% pollen viability. Out of 137 positive lines, four mutant lines showed reduced
pollen viability (Table 4; Figure 7). All other lines exhibited moderate-to-high pollen
viability, as observed in the control Kufri Jyoti plants. The results confirmed the generation
of DMC1 knock-out mutant lines.

Table 4. Pollen viability in putative DMC1 mutant lines.

Mutant Lines Viable Pollens Non-Viable Pollens Total % Viability

DMC4-37 18 107 125 14.4

DMC4-41 12 53 65 18.46

DMC6-20 26 97 123 21.14

DMC6-21 18 88 106 16.98

Kufri Jyoti- Control 112 31 143 78.32

 

Figure 7. Pollen viability using acetocarmine (2%) under an EVOS XL Core Imaging System Micro-
scope (InvitrogenTM). Five frames of each slide were examined to count the viable and non-viable
pollen grains. Viable pollen grains retained the stain, whereas the non-viable pollen grains were
unable to retain the stain. (a) Control “Kufri Jyoti” pollen grains (scale bar = 200 μm), (b) RNAi
lines showing non-viable pollen (scale bar = 200 μm), (c) control “Kufri Jyoti” pollen grains (scale
bar = 50 μm), and (d) RNAi lines showing non-viable pollen (scale bar = 50 μm).
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3.5. Quantitative Real-Time PCR (qRT-PCR)

qRT-PCR was carried out to measure the expression level of the DMC1 gene in mutant
lines as well as in the control plant. The results of qRT-PCR clearly showed that DMC1
gene expression was significantly downregulated in four putative RNAi mutant lines
in comparison to the control plant (Figure 8a). The expression of the DMC1 gene was
downregulated to levels of 60-fold in DMC4-37, 56-fold in DMC4-41, 35-fold in DMC6-20,
and 42-fold in DMC6-21. These findings support the pollen viability data and indicate the
silencing of the DMC1 gene in these Kufri Jyoti lines.

 
Figure 8. Real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis
of control vs. RNAi lines. The expression of the StDMC1 gene in comparison to the average Ct
values of the housekeeping gene (elf) was determined and analyzed using the 2−ΔΔCt method.
(a) Expression analysis of control vs. putative mutant lines. (b) The fully grown control (left) and
RNAi lines (right) plants of Kufri Jyoti.

4. Discussion

TPS could be a popular choice for the commercial production of potatoes, since it is
simple to handle, transport, and is virus-free; however, due to its genome complexity and
autotetraploid nature, it cannot remain true to type through sexual reproduction. There-
fore, the production of non-recombinant gametes by arresting the crossing over among
non-sister chromatids could be the first step towards achieving parental-type gametes for
reconstitution of true-to-type varieties through sexual reproduction in potatoes. Here we
aimed to develop non-recombinant gametes of the potato cultivar Kufri Jyoti by silenc-
ing the expression of the StDMC1 gene through RNAi hairpin loop technology. At first,
we identified the DMC1 gene in potato through in silico analysis of Arabidopsis thaliana
AtDMC1 CDS, which showed 81% sequence identity with the StDMC1 CDS sequence
(Soltu.DM.09G025170.1). We found only one DMC1 gene on chromosome 9 in the potato
genome (http://spuddb.uga.edu/index.shtml, accessed on 25 June 2021), similar to bar-
ley [30], wheat [31], and maize [27]. Phylogenetic analyses revealed that the StDMC1 gene
of S. tuberosum had more similarity with Solanaceous crops, viz., S. lycopersicum and Capsicum
annum, followed by Nicotiana tomentosiformis and N. tabacum; however, the DMC1 gene
from monocot species formed a separate cluster except for Hordeum vulgare. The DMC1
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nucleotide sequences of S. tuberosum, S. lycopersicum, and C. annum, which are all members
of the same family, were found to be the most identical. The results provide strong evidence
that the isolated cDNA homologue employed in this study is an accurate orthologue of the
potato DMC1 gene.

The RNAi technique has been successfully used in potatoes to knock down the function
of various genes, including the beta-carotene hydroxylase gene [20,32], susceptibility factors
for late blight [33], and RNA viruses [34]. However, meiotic cycle genes have not been
targeted in any autopolyploid to date. Although DMC1 and its orthologues have been
studied for their functions in Arabidopsis [35], rice [23], wheat [36], and barley [37], this is
the first attempt in any autopolyploid crop, the potato, to silence the function of the meiotic
cycle gene StDMC1. We also chose the same strategy to knock down the function of the
important meiotic cell division gene StDMC1 in the popular Indian potato variety Kufri
Jyoti as followed earlier in rice [25]. Kufri Jyoti is an old but widely adapted popular potato
cultivar in India and has been successfully used in transformation studies previously [38].
The RNAi cassette consisting of sense and antisense strands (StDMC1 sense::StDMC1
antisense::pRI101AN) was successfully transformed into the potato variety Kufri Jyoti via
Agrobacterium-mediated transformation, as has been demonstrated in an earlier study [39].
We used Kanamycin (50 mg/L) in the selection medium for shoot formation, while Deng
et al. [25] used Hygromycin B (40 mg/L) in Oryza sativa. The transformation efficiency after
screening with NPTII primers was found to be 44% in Kufri Jyoti putative mutants, which
was considerably higher in comparison to 10–16% in Kufri Chipsona 1 cultivar [40].

Although there were no morphological differences observed between the mutant lines
and control plants (Figure 8b), the gametic cells (pollen grains) showed reduced viability
in mutants in comparison to control plants. Four mutant lines showed pollen viability
of 14–21%, indicating partial sterility. It is well known that the plants with a defective
DMC1 gene show reduced pollen viability compared to the control plants [25]. A similar
type of study in Arabidopsis has already proven that silencing the DMC1 gene can alter the
shape of pollens and reduce their viability [41]. Barley plants carrying mutations in the
HvDMC1 gene lead to unusual synapsis and chromosomal missegregation [25,42]. Likewise,
Tian et al. [43] performed cytological studies to decipher the function of AtDMC1 as well
as ASY1 in Arabidopsis and showed that polyploidy can potentially alleviate lethal effects
brought by mutations during plant reproductive life cycles. This indicates that DMC1
mutants may revert to normal meiosis in potato, which have an autopolyploid genome.

The analysis of putative four mutants through quantitative real-time PCR (qRT-PCR)
revealed substantial down-regulation of DMC1 gene expression in four mutant lines,
DMC4-37, DMC4-41, DMC6-20, and DMC6-21, in comparison to control Kufri Jyoti plants,
indicating that the RNAi construct was successful in silencing the DMC1 gene in these
transformed lines. Similar down-regulation and low transcript levels for the DMC1 gene
have been observed earlier in maize calli transformed by pART-DmRNAi [27].

The results revealed and verified the role of StDMC1 in potatoes, which acts as a
platform for the generation of non-recombinant gametes and could play an important
role in the development of a TPS-based breeding program in potatoes. However, these
lines need further characterization in advanced sexual generations for use as asynaptic
mutants in potatoes. We have also summarized our results in Figure 9, which illustrates
the experimental procedure for the silencing of the StDMC1 gene in potatoes.
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Figure 9. Schematic illustration of the mechanism of silencing of StDMC1 gene through RNA
interference (RNAi) technique. Arabidopsis thaliana AtDMC1 CDS sequence was used as a query in
the Potato Genome Sequencing Consortium (PGSC) database and the StDMC1 gene sequence was
retrieved for designing the siRNA target through in silico analysis. The target gene sequence was
cloned in a binary vector, i.e., pRI101AN, and transferred in plants through Agrobacterium-mediated
transformation. The process included shearing dsRNA into smaller dsRNA intermediates by the
RNase-III type endonuclease known as Dicer. The small interfering RNA (siRNA) containing the
complementary sequence of the target RNA acts as a guide RNA, and the other strand, known as the
passenger RNA, gets degraded. The mutant lines were obtained by using internodal explant cutting
on Kanamycin-selective MS medium. Reduced pollen viability was observed in silenced StDMC1
gene lines.

5. Conclusions

To prevent cross-over and recombination in potatoes, we used the RNAi method to
target the production of StDMC1 mutants. The CaMV35S promoter was employed to direct
the creation of an RNAi construct using an efficient siRNA. The pollen viability of putative
mutants was lower than that of the control, Kufri Jyoti plants. Four mutant lines showing
partial pollen sterility also exhibited low expression levels of StDMC1 in comparison to
the control. These four lines will be further investigated in sexual generations for use as
asynaptic mutants in potatoes. This is the first study on knocking down the function of the
StDMC1 gene in auto-tetraploid potato to develop asynaptic mutants. The characterization
of four mutant lines generated in this study could open new research opportunities to
study asynaptic mutants of potatoes. Our findings show that meiosis in S. tuberosum can be
controlled to produce meiotic mutants and parental lines for TPS breeding. We also show
how RNAi-mediated meiosis modification can pave the way for the creation of effective
plant breeding techniques in potatoes.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/life13010174/s1. (Figure S1: Validation of StDMC1:sense fragment in
pRI101AN binary vector using Colony PCR. The transformants were confirmed with 35S forward
and gene specific reverse primer. The 1.3 Kb gene fragment (526 bp StDMC1:Sense + 801 bp 35S
CaMV + 58 bp 5′UTR) confirmed the insertion of gene in vector and Figure S2: Validation of StDMC1
sense::StDMC1 antisense fragment in pRI101AN binary vector using Colony PCR. The transformants
were confirmed with 35S forward and NOST reverse primers. The 1.8 Kb gene fragment (526 bp
StDMC1: sense + 433 bp StDMC1 antisense + 801 bp 35S CaMV + 58 bp 5′UTR) confirmed the
insertion of gene in vector).
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Abstract: Plant-specific Rac/Rop small GTPases, also known as Rop, belong to the Rho subfamily.
Rac proteins can be divided into two types according to their C-terminal motifs: Type I Rac proteins
have a typical CaaL motif at the C-terminal, whereas type II Rac proteins lack this motif but retain a
cysteine-containing element for membrane anchoring. The Rac gene family participates in diverse
signal transduction events, cytoskeleton morphogenesis, reactive oxygen species (ROS) production
and hormone responses in plants as molecular switches. S. album is a popular semiparasitic plant that
absorbs nutrients from the host plant through the haustoria to meet its own growth and development
needs. Because the whole plant has a high use value, due to the high production value of its perfume
oils, it is known as the “tree of gold”. Based on the full-length transcriptome data of S. album,
nine Rac gene members were named SaRac1-9, and we analyzed their physicochemical properties.
Evolutionary analysis showed that SaRac1-7, AtRac1-6, AtRac9 and AtRac11 and OsRac5, OsRacB and
OsRacD belong to the typical plant type I Rac/Rop protein, while SaRac8-9, AtRac7, AtRac8, AtRac10
and OsRac1-4 belong to the type II Rac/ROP protein. Tissue-specific expression analysis showed
that nine genes were expressed in roots, stems, leaves and haustoria, and SaRac7/8/9 expression
in stems, haustoria and roots was significantly higher than that in leaves. The expression levels of
SaRac1, SaRac4 and SaRac6 in stems were very low, and the expression levels of SaRac2 and SaRac5 in
roots and SaRac2/3/7 in haustoria were very high, which indicated that these genes were closely
related to the formation of S. album haustoria. To further analyze the function of SaRac, nine Rac genes
in sandalwood were subjected to drought stress and hormone treatments. These results establish a
preliminary foundation for the regulation of growth and development in S. album by SaRac.

Keywords: Santalum album; Rac gene family; haustorium; tissue-specific expression; drought stress;
hormone treatments

1. Introduction

S. album is a small semiparasitic tree belonging to the genus Santalum in the family
Santalaceae. This family is composed of 29 genera with approximately 400 species, 19 of
which are specific to the Santalum genus [1–3]. It is distributed in India, Malaysia, Australia
and Indonesia and is also cultivated in Guangdong and Taiwan [4]. S. album is known
as the “tree of gold”, and its heartwood is widely used in high-end craft sculpture and
high-end furniture manufacturing [5,6]. The essential oil extracted from its heartwood is
mainly used in the cosmetic and pharmaceutical industries due to its special aroma [7,8].
Sandalwood usually yields 3–7% essential oil depending on the region and hemisphere [9].
The value of a sandalwood tree depends on three important characteristics: the volume
of heartwood and the concentration and quality of its heartwood oil [10]. S. album grows
for a long time; generally, it begins to form heartwood after 7 or 8 years of growth in
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natural environments. Unsustainable exploitation of wild trees, combined with increasing
global demand for sandalwood products has threatened native sandalwood populations in
some places, such as southern India. Because of the contradiction between the increasing
market demands for its heartwood and the shortage of S. album heartwood on the market,
the shortage of heartwood with its destruction of natural resources has become increasingly
complicated [11].

S. album is a semiparasitic plant; its roots have a special organ, the haustorium, which,
through the haustorium’s contact with the host plant root, absorbs its own water and
nutrients [12]. Therefore, the growth and development of haustoria play a vital role in the
growth and development of S. album and the formation of heartwood. As far as the current
scientific progress is concerned, the study of the regulatory genes related to haustoria in S.
album is still limited.

ROS can regulate plant growth and development, hormone transduction, root hair
development and so on. In sandalwood, Rboh is significantly induced by the haustorial
inducer DMBQ, and the ROS signal produced by Rboh protein is necessary for the de-
velopment of sandalwood haustoria [13]. At present, the growth and development of
sandalwood is related to the size, quantity and quality of haustoria. According to the
available literature, Rac and Rboh can regulate ROS concentrations through interactions
and then promote the formation of sandalwood haustoria. In conclusion, the interaction
between Rac and Rboh is an indispensable link in the formation of ROS for haustorium
development.

Plant-specific Rac small GTPases belong to the plant Rho subfamily [14]. In animals,
Rho is divided into several subfamilies, including Rho, Cdc42 and Rac. Rop is also called
Rop in plants [15]. Rac is the sole plant subfamily of the conserved Rho family of small
GTPases [16–19]. They are soluble proteins that localize and function at the plasma mem-
brane by way of posttranslational lipid modifications [20–22]. Rac proteins can be divided
into two types according to their C-terminal motifs: Type I Rac proteins, which have a
typical CaaL motif at the C-terminal, and Type II Rac proteins, which have a truncated and
functional motif. Whereas type-I Racs probably undergo prenylation, type-II Racs undergo
S-acylation but not prenylation [23]. All type-II Racs have an additional exon at the 3′ end
of the gene, probably resulting from the insertion of an intron into an ancestral Rac [24,25].
Most if not all plant Racs act at the plasma membrane [26], and they are molecular switches
that regulate diverse signaling cascades [27,28]. They are widely involved in plant sig-
nal transduction [29–31], cytoskeleton morphogenesis, polarized cell growth [32,33], cell
morphogenesis, defense, responses and reactive oxygen species (ROS) production [34–36].
Taken together, Rac small GTPases act as a simple binary switch capable of receiving a
wide variety of inputs and accordingly generating a multitude of specific outputs. Some
members of the plant Rac gene family have been shown to regulate the growth and develop-
ment of S. album through ROS production. Based on previous studies, nine Rac genes were
obtained from the transcriptome and genomic data of S. album and compared with eleven
Rac family members in A. thaliana and seven Rac family members in rice. The bioinformatics
data of these sequences and tissue-specific expression were analyzed and these results will
provide a basis for further analysis of the related functions of S. album Rac genes and its
relationship with haustorium formation. Additionally, the expression levels of SaRac1-9
under drought stress and hormone treatments were studied, which play an important role
in the growth and development of sandalwood.

2. Materials and Methods

2.1. Plant Materials and Treatments

The materials used in the experiment are stored in this laboratory, Institute of Tropical
Forestry, Chinese Academy of Forestry Sciences (Guangzhou, 23◦11′ N, 113◦23′ E). Four
tissues were collected: root, stem, leaf and primary haustorium (after collection, they were
immediately immersed in liquid nitrogen), each with three biological replicates, and stored
in a −80 ◦C refrigerator. Sandalwood seedlings grew in a greenhouse in the soil for
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approximately 2 months, until they reached 15 cm. Saplings displaying similar growth
were subsequently used for analysis. The soil water was withheld to drought for 0, 3 and
9 d, in which the soil relative water content was reduced from 70% to 32%. The soil relative
water content of control plants was maintained at 80%, which represents a suitable soil
environment for sandalwood growth. For hormone treatments (ABA, IAA, ethephon),
the plants were divided into four zones (ABA, IAA, ethephon, CK), which were treated
with different hormones at a concentration of 100μM/L. Three biological replicates were
included. After 48 h, samples were collected at the same time and immediately immersed
in liquid nitrogen.

2.2. Genome-Wide Identification and Sequence Analysis of Rac Genes in S. album

According to the gene annotation information of the sandalwood transcriptome,
the coding sequence of Rac was obtained, and the DNA sequence and promoter sequence
of Rac were obtained from S. album genome data by homologous alignment. The nucleotide
sequence homology of Rac in sandalwood was analyzed using TBtools.

The conserved domains of nine SaRac proteins were predicted using NCBI-Conserved
Domain Search, and the structure of SaRac was analyzed using TBtools. Novel putative
motifs were explored using the MEME server (https://meme-suite.org/meme/, accessed
on 13 July 2022). By selecting a motif of full length, eight conserved motifs located in the
SaRac domain were identified. To analyze the cis-regulatory element in the putative SaRac
promoter, we performed a cis-regulatory element analysis of the 2000 BP promoter sequence
of the nine SaRac genes using TBtools and the Plant CARE website (http://bioinformatics.
psb.ugent.be/webtools/plantcare/html/, accessed on 1 August 2022), and their functions
and numbers were predicted.

2.3. Analysis of Physicochemical Properties of SaRac

The basic physical and chemical properties of the protein, including molecular weight
(MW), isoelectric point (pI) hydrophilicity and number of amino acids, were analyzed
using ProtParam online software (https://web.expasy.org/protparam/, accessed on 25
August 2022). Protein subcellular localization was predicted by using the WoLF PSORT
website (https://wolfpsort.hgc.jp/, accessed on 27 August 2022).

2.4. Phylogenetic Analysis

A multiple sequence alignment of 27 Rac proteins from S. album and other species,
including A. thaliana and rice, was performed. The 11 Rac members of A. thaliana were
obtained from TAIR (https://www.arabidopsis.org/, accessed on 12 July 2022), and the 7
Rac members of rice were obtained from NCBI (https://www.ncbi.nlm.nih.gov/, accessed
on 12 July 2022) using the MUSCLE method. A phylogenetic tree was constructed by using
the NJ method implemented in MEGA-X. The parameters for tree construction were as
follows. Phylogenetic analysis parameters: bootstrap (1000 replicates); gaps/missing data:
pairwise deletion; model: Dayhoff model; pattern among lineages: same (homogeneous)
and rates among sites: uniform rates. Finally, the phylogenetic tree was constructed.

2.5. Chromosome Location and Gene Structure Analysis

Positional information and gene structures of SaRac genes on chromosomes of S.
album were obtained from the gene annotation information of the S. album transcriptome.
The chromosomal locations were displayed with TBtools (github.com/CJ-Chen/TBtools,
accessed on 30 August 2022). The numbers and organization of introns, exons and gene
structures were drawn and displayed using TBtools.

2.6. Collinearity of the SaRac Gene

The chromosomal locations of SaRac genes were obtained by TBtools software. Using
TBtools software, the synteny relationships of orthologous Rac genes among S. album, A.
thaliana and rice were evaluated. The parameters for collinearity of the SaRac gene were
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as follows: the genome file was used to construct the chromosome skeleton to obtain the
gene density file, and then TBtools was used to prepare the collinearity file, extract the
location of the SaRac gene, highlight the collinearity region of the target gene and finally,
visualize it.

2.7. Expression Profiles of SaRac Genes in Different Tissues and under Drought and Hormone
Treatments

According to the instructions of the plant RNA extraction kit (R6827, Omega Bio-tek,
Norcross, GA, USA), total RNA was extracted from S. album. The SaRac1-9 gene sequence
was obtained by reverse transcription of cDNA with a reverse transcription kit (DRR037S,
Takara, Dalian, China), and quantitative primers were designed according to the whole-
field sequence of the SaRac1-9 gene (Table S1). Real-time quantitative PCR primers were
designed using Primer 3.0 software with S. album. Actin was used as an internal reference
gene. Using cDNA as a template, real-time quantitative PCR was performed according to
the instructions of the SYBR Green Premix Ex Taq II Kit (Qiagen, Dusseldorf, Germany).
The qPCR mixture were 0.5 μL of primers, 1 μL of cDNA, 10 μL of 2 × Mix and 8 μL of dd
H2O. The reaction procedure was 95 ◦C for 10 s, 60 ◦C for 10 s and 72 ◦C for 20 s, and 40
cycles were performed. Three biological replicates and 3 technical replicates were carried
out. SPSS 25 software was used to analyze the significance of the data, and OriginPro 2019b
software was used to draw the graph.

3. Results

3.1. Sequence Analysis of the SaRac Gene Family in S. album

Nine cDNA and DNA sequences of SaRac were isolated from the transcriptome and
genome of S. album and named SaRac1-9. The basic physical and chemical properties of the
protein were analyzed by ProtParam (Table 1). The nine predicted full-length Rac proteins
varied from 196 (SaRac5) to 211 (SaRac7) amino acid residues, and the relative molecular
mass ranged from 21.45 (SaRac5) to 23.28 (SaRac7) kDa, with isoelectric points in the range
of 9.18–9.62.

Table 1. Chemical properties of proteins in the SaRac gene family.

Gene Name Name
Number of

Amino
Acids

Molecular
Weight
(kDa)

PI
Instability

Index

Total Number of
Negatively

Charged
Residues (Asp +

Glu)

Total Number of
Positively
Charged

Residues (Arg +
Lys)

Grand
Average of

Hydro-
pathicity
(GRAVY)

In Silico
Prediction

WOLF
PSORT

Sal10G07090.1 SaRac1 197 21.58 9.20 38.58 18 25 −0.075 plas

Sal10G04200.1 SaRac2 198 21.83 9.43 34.09 16 27 −0.129 chlo

Sal8G02490.1 SaRac3 198 21.81 9.38 40.23 18 25 −0.042 chlo

Sal7G05910.1 SaRac4 197 21.55 9.32 41.48 18 27 −0.106 chlo

Sal9G31620.1 SaRac5 196 21.45 9.25 39.09 16 28 −0.047 chlo

Sal9G09920.1 SaRac6 196 21.74 9.62 38.96 17 25 −0.083 chlo

Sal6G04230.1 SaRac7 211 23.28 9.18 44.44 19 28 −0.069 chlo

Sal9G07020.1 SaRac8 209 22.94 9.27 36.73 19 27 −0.141 plas

Sal9G04490.1 SaRac9 196 21.63 9.55 40.28 18 27 −0.120 cyto

3.2. Analysis of SaRac Protein Homology

The conserved domains of the nine SaRac proteins were predicted using NCBI-
Conserved Domain Search, and the results showed that all nine Racs contained Rop-like
domains (Figure 1A) belonging to the Rop gene family. The structure of the SaRac gene
family was analyzed using TBtools (Figure 1B). To investigate the structural diversity
of Racs, a total of 10 conserved motifs in the Racs were captured by the MEME website,
and we obtained five conserved motifs located in the Rac domain. We further analyzed
the sequence structures of nine SaRac genes and aligned them to eleven Rac members in
A. thaliana [37] and seven Rac members in rice [38] (Figure 1C,D). It is worth noting that

80



Life 2022, 12, 1980

the type and distribution of the C-terminal domains of most Racs are similar. The results
showed that the nine SaRac proteins all had five conserved motifs, which were the same as
the Rac proteins in Oryza sativa and A. thaliana.

Figure 1. The gene structures and conserved motifs of Rac family members in S. album based on
evolutionary relationships. (A) Rop-like domains of SaRac proteins. (B) The exon-intron structure of
SaRac proteins. (C) Conserved motifs of SaRac proteins. (D) Tree of evolutionary relatives: rice, A.
thaliana and sandalwood.

3.3. Sequence Analysis of the SaRac Gene Family

Novel putative motifs were explored using the MEME server. By selecting a motif of
full length, we identified eight conserved motifs located in the SaRac domain (Figure 2A,B).

To analyze cis-acting elements in putative SaRac promoters, the 2000 BP promoter
sequences of nine SaRac genes were identified as cis-regulatory elements by TBtools and
the Plant CARE website, and their functions and numbers were predicted (Figure 2C).
There were differences in the types and numbers of regulatory elements in the promoters
of the nine SaRac genes, but all of them had multiple hormone response elements and
stress response elements. For example, SaRac1 and SaRac4 have two hormone response
elements, while SaRac2 and SaRac3 have three hormone response elements, SaRac6-8 have
four hormone response elements and SaRac5 and SaRac9 have five hormone response
elements. In addition, SaRac3/6/8 have one stress response element, SaRac4/7/9 have
two stress response elements and SaRac5 and SaRac2 have three and four stress response
elements, respectively. Among them, SaRac6 has ten CGTCA motifs, and we can further
speculate that this gene may be related to the chemical defense response of S. album.

3.4. Chromosome Distribution of the SaRac Gene Family

To clarify the distribution of SaRac on the chromosomes of S. album, we used TBtools
software to map the location of SaRac family members (Figure 3A). The SaRac family
members of S. album showed irregular distribution on the chromosome and did not form a
large number of gene clusters. The graph shows that nine SaRac genes are located on chr6,
chr7, chr8, chr9 and chr10 of S. album, and more than half of them have one SaRac gene
member on the chromosome. The remaining two chromosomes have four and one SaRac
gene members. Notably, in S. album linkage groups6/7/8/9/10, the eight SaRac genes
were classified into five segmental duplication events (SaRac4/SaRac1, SaRac4/SaRac3,
SaRac3/SaRac1, SaRac9/SaRac1 and SaRac6/SaRac1) (Figure 3A,B) (Table S2).
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Figure 2. Sequence analysis of the SaRac gene family. (A) Motif locations of SaRac. (B) Discovered
motifs. (C) Cis-acting Elements in Putative SaRac Promoters.

Figure 3. Interchromosomal relationships of SaRac genes. (A) The location of SaRac genes on the S.
album chromosome. (B) Interchromosomal relationships of Rac genes in S. album. Gray lines indicate
all synteny blocks in the S. album genome, and red lines indicate segmental duplication events.

To further infer the phylogenetic relationship between sandalwood, A. thaliana and
rice, we constructed two syntenic maps of sandalwood with A. thaliana and rice. A total of
three SaRac genes showed syntenic relationships with Racs in O. sativa (Figure 4A). In A.
thaliana, there are many SaRac genes that are in common with Racs (Figure 4B) (Table S3).
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Figure 4. Synteny analysis of Rac genes between sandalwood and two representative plant species.
(A,B) Gray lines in the background indicate the collinear blocks within sandalwood and other plant
genomes, while the red lines highlight the syntenic Rac gene pairs.

3.5. Phylogenetic Comparison of Rac in Different Species

To further evaluate the phylogenetic relationship between SaRac and other plants,
11 and 7 Rac sequences from A. thaliana and rice were compared with 9 Rac sequences
from S. album, and the phylogenetic tree of the whole protein sequence alignment was
constructed by MEGA-X. The results showed that the Rac genes of these three species
can be divided into five subgroups: I, II, III, IV and V (Figure 5). From the available
literature, we further obtained the role of Rac in A. thaliana and rice. For instance, in A.
thaliana, AtRac1/6/11 are highly expressed in mature pollen and play an important role in
pollen tube growth [37]. AtRac2 overexpression inhibits the growth of root tips. AtRac3/8
inhibit ABA-induced responses, including actin recombination in guard cells, stomatal
closure, seed germination, root elongation and gene expression [39,40]. AtRac4 is a positive
regulator of root hair initiation and apical growth [41]. AtRac5 acts on actin dynamics,
polar growth, root hair growth and so on; finally, AtRac10 participates in the regulation
of membrane transport. On the other hand, in rice, OsRac1 is a resistance and grain size
gene [42,43]. OsRac4/5 are negative regulators of blast resistance, and OsRacB is a direct
effector of OsRopGEF2/3/6. It is a potential downstream target of OsRopGEF2/3/6/8 and
confers salt tolerance, a negative regulator of disease resistance [44]. In addition, we can
more accurately estimate the functions likely to be contained in the members of the nine
SaRac gene families.

3.6. Analysis of Rac/Rop Multibase Regions in S. album, A. thaliana and O. sativa

The members of the Rac gene family are divided into type I Rac/Rop protein and
type II Rac/Rop protein. Type I proteins have a conserved CaaL motif at the C-terminus.
However, type II has a truncated, but functionally modified, posttranscriptional motif. Nine
SaRac, eleven AtRac and seven OsRac proteins were sequenced, and the results showed
that SaRac1-7 and AtRac1-6, AtRac9 and AtRac11 as well as OsRac5, OsRacB and OsRacD
belong to the typical type I, while SaRac8-9 and AtRac7, AtRac8 and AtRac10 and OsRac1-4
belong to type II (Figure 6).

The conserved G domains in the N-terminal region of these proteins were GTPase
active domains (G1, G3), Mg2+ binding domains (G2) and GTP binding sites (G4, G5).
The G2 and G3 domains are also called switch I and II loops, and the C21 and C156
positions are the conserved L-cysteine residues of the G domain (Figure 6).
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Figure 5. Phylogenetic analysis of Racs from three species (A. thaliana, O. sativa, S. album). Full-length
polypeptide sequences were used to make the interspecific phylogenetic tree.

Figure 6. Protein sequence multialignment and domain structure of Racs from S. album, O. sativa and
A. thaliana. Conserved motifs are highlighted by blue boxes.
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3.7. Tissue Specificity of Rac Expression in S. album

We first investigated the tissue-specific expression of nine Rac gene family members in
roots, stems, leaves and primary haustoria of S. album by green fluorescent quantitative PCR
with gene-specific primers. Nine genes (SaRac1-9) were expressed in roots, stems, leaves and
primary haustoria, but there was a difference in their expression levels. The expression of
SaRac7/8/9 in stems, haustoria and roots was higher than that in leaves, but the expression
of SaRac1, SaRac4 and SaRac6 in stems was lower in leaves. The expression levels of
SaRac2 in stems and primary haustoria were high. It is worth noting that the expression
levels of SaRac2 and SaRac5 in roots were approximately 6 and 13, respectively, relative to
leaves (Figure 7). Therefore, we can further speculate that SaRac2 and SaRac5 may have a
strong positive correlation with the growth and development of haustoria in sandalwood.
In contrast, a high expression of SaRac2 and SaRac5 may inhibit the expression of SaRac2 and
SaRac5 in leaves. The tissue-specific expression of Rac showed that different Rac members
play different roles in different signaling pathways of S. album.

Figure 7. Expression profiles of SaRac genes in S. album across different organs. The expression level
of SaRac genes in S. album in four organs (leaf, stem, haustoria, root). The relative expression level
was calculated by setting the expression value of SaRac genes in the leaves of S. album at 1. * indicates
significant difference by t test at p < 0.05.

3.8. Expression of SaRac Genes under Drought and Hormones Treatments

To better understand the function of SaRac in response to abiotic stress, nine SaRac
genes were selected for further analysis. Under drought stress, the expression of more
than a third of the genes, including SaRac1, SaRac3, SaRac4 and SaRac7 were increased.
The general trend of SaRac1, SaRac3, SaRac4 and SaRac7 expression was first increased
and finally decreased at 9 d. However, the expression levels of SaRac2 and SaRac9 were
downregulated. Only two genes, SaRac6 and SaRac8, showed higher expression under
long-term drought treatment than those under control conditions (Figure 8A).
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Figure 8. Expression of SaRac genes under drought and hormone treatments. (A) Expression of SaRac
genes under drought stress. (B) Expression of SaRac genes in response to hormones. * indicates
significant difference by t test at p < 0.05; ** indicates significant difference by t test at p < 0.01;
*** indicates significant difference by t test at p < 0.001.

The expression levels of SaRac1, SaRac6, SaRac7 and SaRac8 increased after 48 h of IAA
treatments, indicating that these genes were responsive to IAA. On the contrary, the expres-
sion levels of SaRac2, SaRac4, SaRac5 and SaRac9 were lower under IAA treatments than
those under control conditions. Furthermore, more than half of the genes, including SaRac1,
SaRac3, SaRac5 and SaRac6, showed higher expression under ethephon treatments. It is
worth mentioning that the expression of SaRac5 under ethephon-treated conditions was
8 times higher than that under control conditions. Moreover, ABA treatment significantly
induced the expression of SaRac1, SaRac3, SaRac7 and SaRac8. However, SaRac2, SaRac4
and SaRac9 expression were decreased in response to both ethephon and ABA treatments.

4. Discussion

Rac small GTPases are members of the plant-specific Rho subfamily and are involved
in many signaling events, such as defense responses, pollen tube growth, root hair develop-
ment, reactive oxygen species (ROS) production and phytohormone response, and play
a very important role in the abovementioned events [45,46]. Rac protein is a soluble pro-
tein that localizes in the plasma membrane and functions through posttranslational lipid
modification [23,47,48]. For example, 11 Rac genes have been identified in A. thaliana, and
there are eight type I Rac genes: AtRac1-6, AtRac9, and AtRac11. Seven Rac gene family
members were identified in rice, while seven Rac family members were identified in H.
vulgare, indicating that the copy number of Rac genes is not the same in different species.
Studies have shown that AtRac1/6/11 are highly expressed in mature pollen, and AtRac4/2
are a pair of positive and negative regulators of root hair tips. At present, most of the
research on Rac genes focuses on medicine and animals, while research on plants focuses
on model plants, such as A. thaliana, O. sativa and Hordeum vulgare. Little is known about
the mechanisms by which SaRac impacts the growth of S. album.

Reactive oxygen species (ROS) produced by NADPH oxidase have been shown to
play many important roles in signaling and development in plants, such as in plant defense
response, cell death, abiotic stress, stomatal closure, and root hair development [49–53].
In sandalwood, they control the development and formation of haustoria [13]. At present,
studies have shown that the interaction between Rac GTPases and the N-terminal extension
is ubiquitous and that a substantial part of the N-terminal region of Rboh, including the
two EF-hand motifs, is required for the interaction [54]. The interaction between Rac and
Rboh also provides further theoretical help for the study of the mechanism of Rac. At the
same time, the regulation of Rboh ROS production by Rac provides a theoretical basis for
the development of sandalwood haustoria.
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Auxin, abscisic acid (ABA) and ethephon play key roles in the development of many
plants. These three hormones are often used as the main substances in plant hormone
response experiments. In this study, we treated nine Rac genes with drought and hormones.
Only two genes, SaRac6 and SaRac8, showed higher expression under long-term drought
stress than those under control conditions.

The results of hormone treatments indicated that the expression of SaRac1, SaRac3,
SaRac7 and SaRac8 were higher under ABA treatments. Moreover, more than half of the
genes, including SaRac1, SaRac3, SaRac5 and SaRac6, showed higher expression under
ethephon treatments. Furthermore, the expression levels of SaRac1, SaRac6, SaRac7 and
SaRac8 increased after 48 h of IAA treatments, indicating these genes are responsive to
IAA. Previous studies had demonstrated that auxin biosynthesis is essential for haustorium
in haustorium formation in the root-parasitic plants [55,56]. Thus, these genes may be
involved in the ontogeny of the S. album haustorium and further influence the growth and
development of sandalwood.

In our study, to better understand the evolution of the Rac gene family in sandalwood,
the structure, conserved motifs, phylogenetic relationships and collinearity of SaRac genes
were characterized. One conserved motif was located in the Rac domain, suggesting that
the Rac domain is conserved among A. thaliana, rice and sandalwood. Most of the SaRac
genes exhibited similar numbers of exons. Phylogenetic analysis revealed that SaRac, AtRac
and OsRac proteins could be classified into five subgroups. Groups IV and V contain more
Racs that come from all three species, and groups I and II also contain Racs from all three
species. Moreover, group III contains one Rac in A. thaliana. For instance, SaRac5 to SaRac9
in group IV and SaRac4 to AtRac1 in group V could have expansive functions surrounded
by AtRac, SaRac or OsRac proteins with different functions.

Additionally, synteny maps between two representative species and sandalwood were
constructed to better understand the phylogenetic relationships. More than 10 pairs were
detected in A. thaliana, and three pairs were detected in rice, indicating a strong homologous
relationship between sandalwood and A. thaliana, and a weak homologous relationship
between sandalwood and rice.

Gene duplication is a major mechanism underlying the evolution of novel protein
functions. We detected five SaRac genes that were assigned to segmental duplication events,
implying high segmental duplication. These results indicated that some SaRac genes were
possibly generated by gene duplication.

Most Rac proteins identified to date have been functionally characterized in A. thaliana
and rice, and their roles include the regulation of root hair initiation and apical growth,
hormonal responses, stress responses and so on. Among them, the best-described Rac
proteins are the members of group IV (Figure 5). These Rac genes are involved in root hair
formation and disease resistance. In the phylogenetic tree, we can more accurately estimate
the functions likely to be contained in the members of the SaRac gene family. For instance,
we can predict the role of SaRac gene by the AtRac members of group IV. Similarly, we can
make a preliminary prediction of the role of SaRac members in groups I/II/V.

Sandalwood is considered one of the most valuable trees in the world. Its heartwood
is often used in carving crafts, cosmetics, medicine and other industries, but its main value
lies in the essential oils extracted from the heartwood [57]. Therefore, it is important to
investigate whether SaRac may be related to their accumulation in sandalwood haustorium
tissue, thereby affecting the growth and development of the heartwood of sandalwood and,
in turn, the quality of heartwood essential oils [58].

In gene expression, promoters play an important role in regulation, through which
gene expression can be changed to change the characteristics of plants. Therefore, the study
of promoters is a key step in genetic engineering and gene expression research [59]. In ad-
dition to the typical core promoter, there are many regulatory elements controlling the
functional expression of genes. Analysis of cis-acting elements revealed that most of the
SaRac promoters contained a large number of elements related to hormones and stress
response. The abscisic acid response element (ABRE) was found in the promoters of
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SaRac2-9, and the gibberellin response element (P-box) was found in the promoters of
SaRac1/2/4/5/6/7/8/9 However, SaRac2/3/5/8/9 all had TC-rich repeats related to de-
fense and stress responses, suggesting that these Rac genes may be involved in disease
resistance and stress resistance of S. album.

To understand the function of nine SaRac members more accurately, based on the
functional prediction of gene promoters, in this study, the expression levels of nine genes at
four sites were detected by green fluorescent quantitative PCR. The results showed that,
compared with the expression levels of leaves in each gene, the expression levels of SaRac1,
SaRac4 and SaRac6 in stems were very low, while the expression levels of SaRac2 in stems
and primary haustoria were very high, and the expression levels of SaRac2 and SaRac5 in
roots were approximately 6 and 13, respectively. In general, the level of protein expression
in specific tissues is closely related to its function. The high expression of SaRac2 and SaRac5
in roots and SaRac2/3/7 in haustoria may indicate that these genes are closely related to
the formation of haustoria in S. album.

5. Conclusions

Because of the lack of research on the molecular mechanism of growth and develop-
ment in S. album at present, in this study, the biological information and expression pattern
of 9 Rac genes in S. album were analyzed (Figure 9). These results lay the physical and
chemical foundation for further studies of the Rac family genes involved in the growth and
development of S. album and regulation its functions. The perspectives of research on the
semiparasitic sandalwood will develop towards the Rac-dependent generation of ROS in
promoting haustorium development, which more effectively provides a data base for the
growth mechanism of sandalwood.

 

Figure 9. Framework figure. Protein and gene sequences of SaRacs were obtained from genome.
Bioinformatic analyses were conducted, and the expression profiles of SaRac genes in different tissues
and under drought and hormones treatments were obtained. These results established a preliminary
foundation for the functional study of SaRac genes.
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Simple Summary: Pear is a widely eaten fruit all over the world. Volatile aroma is an important
factor affecting fruit quality and the fatty acid metabolism pathway is important in synthesizing
volatile aromas. In this study, Panguxiang (Pyrus spp. Panguxiang) is a new variety bred from P.
bretschneideri Rehd. cv. ‘Biyang piaoli’ and, unlike most white pear varieties cultivated in China, its
aroma is also vital. The study aimed to explore unique pear resources of rich fruit aroma and to clarify
the metabolism and regulation mechanism of the aromatic components in pear fruit. This paper
used physiological and transcriptome methods to explore the molecular network behind volatile
aroma formation in Panguxiang revealed via fatty acid metabolic pathways. Through transcriptome
sequencing, weighted gene co-expression network analysis (WGCNA) identified yellow functional
modules and several biological and metabolic pathways related to fatty acid formation. Finally,
we identified seven and eight hub genes in the fatty acid synthesis and fatty acid metabolism
pathways, respectively. Further analysis of the co-expression network allowed us to identify several
key transcription factors related to the volatile aroma, including AP2/ERF-ERF, C3H, MYB, NAC,
C2H2, GRAS, and Trihelix, which may also be involved in fatty acid synthesis and further influence
the formation of aroma.

Abstract: Pears are popular table fruits, grown and consumed worldwide for their excellent color,
aroma, and taste. Volatile aroma is an important factor affecting fruit quality, and the fatty acid
metabolism pathway is important in synthesizing volatile aromas. Most of the white pear varieties
cultivated in China are not strongly scented, which significantly affects their overall quality. Pan-
guxiang is a white pear cultivar, but its aroma has unique components and is strong. The study
of the mechanisms by which aroma is formed in Panguxiang is, therefore, essential to improving
the quality of the fruit. The study analyzed physiological and transcriptome factors to reveal the
molecular network behind volatile aroma formation in Panguxiang. The samples of Panguxiang
fruit were collected in two (fruit development at 60, 90, 120, and 147 days, and fruit storage at 0,
7, 14, 21, and 28 days) periods. A total of nine sample stages were used for RNA extraction and
paired-end sequencing. In addition, RNA quantification and qualification, library preparation and
sequencing, data analysis and gene annotation, gene co-expression network analysis, and validation
of DEGs through quantitative real-time PCR (qRT-;PCR) were performed in this study. The WGCNA
identified yellow functional modules and several biological and metabolic pathways related to fatty
acid formation. Finally, we identified seven and eight hub genes in the fatty acid synthesis and fatty
acid metabolism pathways, respectively. Further analysis of the co-expression network allowed us to
identify several key transcription factors related to the volatile aroma, including AP2/ERF-ERF, C3H,
MYB, NAC, C2H2, GRAS, and Trihelix, which may also be involved in the fatty acid synthesis. This
study lays a theoretical foundation for studying volatile compounds in pear fruits and provides a
theoretical basis for related research in other fruits.
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1. Introduction

Aroma is an important indicator of fruit quality [1], and rich fruit aromas can alter
trends in consumption, improving human standards of living and increasing demand for
fruits. The study of fruit aroma is therefore receiving increasing attention [2].

The types and proportions of the molecular components of fruit aroma can differ
significantly between species, and there are also differences between different varieties
of the same species. Pears are a vital fruit globally, with white pears (Pyrus bretschneideri)
being the most widely cultivated varieties in China, therefore being often referred to as
“Chinese pears”. Panguxiang (Pyrus spp. Panguxiang) is a new variety bred from P.
bretschneideri Rehd. cv. ‘Biyang piaoli’. Panguxiang is highly nutritious and tastes sweet,
crisp, and slightly sour. The aroma has unique components, but unlike most white pear
varieties cultivated in China, the aroma is also strong. Due to scattered operations and poor
management by farmers, the quality of Panguxiang has gradually decreased. Therefore, it
is of great significance to study the anabolic mechanism behind the aroma of Panguxiang
and effectively promote the regulation and accumulation of volatile substances.

Research into the volatile substances produced by pears began in 1964 [3]. Since then,
there have been many studies on the characteristic volatiles of different pear species or
varieties [4,5], including on the synthesis of aromatic compounds [6] and on the influence
of ripening [7] and storage [8] stages on the aroma. Researchers have detected more
than 300 volatile substances released by pear fruits, including aldehydes, alcohols, esters,
terpenes, hydrocarbons, and sulfur-containing compounds [9]. Of these compounds,
volatile esters and alcohols are known to be the most significant contributors to the aroma
of certain fruits, including apple [10], strawberry [11], and banana [12]. A previous study
reported that fatty acid metabolism is a major pathway through which volatiles (particularly
esters) are formed in pears following the incubation of fruits with linoleic acid (LA, C18:2)
and linolenic acid (LNA, C18:3) [13].

Straight-chain aliphatic alcohols, aldehydes, ketones, and esters are mainly gener-
ated via the fatty acid metabolic pathway [14]. In this pathway, the synthesis of volatile
substances begins with C18 organic compounds, such as unsaturated fatty acids. The
LA and LNA can generate straight-chain aldehydes, alcohols, and esters through the
lipoxygenase (LOX) enzymatic system, which comprises four key enzymes, including LOX,
hydroperoxide lyase (HPL), alcohol dehydrogenase (ADH), and alcohol acyltransferase
(AAT) [15]. After LA and LNA enter the LOX pathway, they first form two intermediates—
9-hydroperoxide and 13-hydroperoxide—under the catalysis of LOX, which are then further
metabolized through the LOX pathway [16]. Next, these two hydroperoxide fatty acid
derivatives are converted into C6 and C9 aldehydes through the action of HPL. These
aldehydes are reduced to alcohols under the action of ADH and are further converted into
esters under the action of AAT [14]. The ester compounds catalyzed by AAT are responsible
for the strong aromas of fruits.

There have been many studies on volatile compounds in different pear varieties [5,17–20].
However, limited research has concentrated on the mechanism of volatile compound
synthesis in Panguxiang. The current study focuses on the changes in volatile substance
synthesis during the development and storage of Panguxiang fruits. In addition, the
molecular regulatory network of volatile substance synthesis during fruit ripening and
storage was analyzed with the WGCNA package. The results lay a theoretical foundation
for the mechanism of fruit aroma synthesis and provide a theoretical basis for improving
Panguxiang aroma.
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2. Materials and Methods

2.1. Plant Materials and Sample Preparation

This experiment was carried out in the Key Laboratory of Forest Resources Cultivation
of Henan Agricultural University and the State Forestry Administration (112◦42′114◦14′ E,
and 34◦16′34◦58′ N). The soil condition at the experimental site was sandy loam with a pH
value of 7.0. The study was conducted in 2021. A 6-year-old Panguxiang pear tree with
strong growth was selected as the test tree. Thirty days after full flowering (May 2021), the
middle and upper parts of the fruit tree in the four cardinal directions without diseases
and pests were selected, and uniform fruits were produced for bagging.

To analyze the variations of the parameters in different stages (growth and develop-
ment and storage period), a total of nine stages were selected to sample the fruits. Four
stages of pear fruit growth and development were sampled: 60 days (S1), 90 days (S2),
120 days (S3), and 147 days (S4) after anthesis. When the fruits on the tree were ripe,
samples of similar size were picked and stored in an artificial incubator (temperature 20 ◦C,
humidity 70%) as samples for the storage period. Five stages of pear fruit storage were
sampled: 0 days (Z1), 7 days (Z2), 14 days (Z3), 21 days (Z4), and 28 days (Z5) of storage.
After sampling, all samples were stored in a −80 ◦C refrigerator. All samples at the nine
stages were used for the RNA extraction and paired-end sequencing (samples from each
period were collected in triplicate).

2.2. Determination of Volatile Substances

The samples taken at the nine different stages were removed from the −80 ◦C storage
freezer and separately ground in liquid nitrogen. The samples taken at each stage were
evenly divided into three 15 g replicates, and a total of 27 samples were used to determine
the content of volatile substances. The specific test method follows that described by
Fan et al. [21].

2.3. RNA Quantification and Qualification

Total RNA was isolated and purified using the CTAB method [22]. The integrity, purity,
and concentration of the purified RNA were assessed using an Agilent 2100 Bioanalyzer
and a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA). The mRNA extracted from the total RNA in the samples was isolated using Oligo dT.

2.4. Library Preparation and Sequencing

Libraries were generated and purified using the NEBNext® Ultra™ RNA Library
Prep Kit for Illumina® (New England Biolabs Inc., Ipswich, MA, USA) and AMPure XP
Beads (Beckman Coulter, Inc., Indianapolis, IN, USA), using the fragmented mRNA as
the template and following the manufacturer’s recommendations. The concentration,
integrity, and quantification of the library were determined by using a Qubit™ Fluorometer
(ThermoFisher Scientific, Waltham, MA, USA), the KAPA Library Quantification Kit (KAPA
Biosystems, Wilmington, MA, USA), and a Qsep100 DNA Analyzer (KAPA Biosystems),
respectively. The denatured libraries were subjected to high-throughput parallel sequencing
of both ends of the library using an Illumina HiSeq X™ Ten System sequencing platform.
The quality of the raw data was evaluated using default settings.

2.5. Data Analysis and Gene Annotation

The raw data were filtered through fastp v0.19.3 [23] to obtain clean data. HISAT
v2.1.0 [24] was used to map clean reads to the reference genome. The transcripts were
quantified using featureCounts v1.6.2 [25], and the lengths of the transcripts in the sample
were normalized to FPKM (fragments per kilobase of exon per million fragments mapped)
values. The differential gene expression was analyzed between different groups using
DESeq2 v1.22.1 [26]. After the difference analysis, the p value was corrected using the
Benjamini and Hochberg method to obtain the false discovery rate (FDR). Genes with
an expression-level change of |log2 (fold change)| ≥ 1 and FDR < 0.05 were considered
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to be differentially expressed genes (DEGs). The transcript sequences were mapped to
seven public databases: the NCBI non-redundant protein sequences database (NR) (https:
//www.ncbi.nlm.nih.gov/ accessed on 25 August 2022) [27]; Swiss-Prot [28,29]; Gene
Ontology (GO) [30]; euKaryotic Ortholog Groups (KOG) [31]; Protein family (Pfam) [32];
Kyoto Encyclopedia of Genes and Genomes (KEGG) [33]; and TrEMBL [34]. Mapping was
conducted using BLAST software (E-value ≤ 10−5) to obtain annotation information for
the transcripts [35]. The protein sequences were submitted to iTAK [36] to identify the
transcription factors.

2.6. Gene Co-Expression Network Analysis

All the identified DEGs were used to construct a co-expression network using the R
package WGCNA [37]. The co-expression modules were obtained using the automatic net-
work construction function (blockwiseModules) with power = 18 and minModuleSize = 60.
The TOM type was unsigned and the modules with highly correlated eigengenes (correla-
tion > 0.85) were merged. The eigenvalue was calculated for each module based on Pearson
correlation. The networks were visualized by Cytoscape [38].

2.7. Validation of DEGs through Quantitative Real-Time PCR (qRT–PCR)

Total RNA extracted from the fruit of Panguxiang was reverse transcribed using the
FastQuant RT Kit with DNase (TianGen Biotech Co., Ltd., Beijing, China) to synthesize
first-strand cDNA. A qRT–PCR assay was performed with an optical 96-well reaction
plate, the ABI PRISM 7500 Real-time PCR system (Applied Biosystems, Foster City, CA,
USA), and SuperReal PreMix Plus SYBR Green (TianGen Biotech Co., Ltd.). Each reaction
contained 12.5 μL SYBR Premix ExTaq, 0.5 μL ROX reference dye, 2.0 μL cDNA, and 1.0 μL
gene-specific primers in a final volume of 25 μL. All the primers were at concentrations
of 10 μM. The primer sequence of genes is presented in Table 1. The PCR program was as
follows: 95 ◦C for 10 s and then 45 cycles at 95 ◦C for 5 s and 60 ◦C for 40 s; tubulin was used
as a reference. The qRT–PCR data were analyzed using the 2−ΔΔCT method [39]. The RNA
concentration ranged from 600 ng/μL to 800 ng/μL, and the A260/A280 value ranged
from 1.8 to 2.0. The initial concentration of cDNA was 1 μg/μL. The cDNA was diluted
to four concentrations: 100, 10−1, 10−2, and 10−3 (1 μg/μL). The E-value (amplification
efficiency) of the qRT–PCR was between 90% and 110%, and R2 was greater than 0.99. The
qRT–PCR of each gene was carried out three times to give three experimental replicates,
and each experiment comprised three biological replicates [40].

Table 1. The primer sequence of genes.

Gene Name Gene ID Primer Sequence (5′-3′) The Size
Products

long-chain acyl-CoA synthetase LOC103949217 F:AACCGACTATCTTCTGTGCTGTTCC R:AGCCGCCTGATGAAATCTTCTGTG 81 bp
lysophospholipid acyltransferase LOC103931841 F:CCAATGCTACTCGGCTATGCTTCC R:CGATTCCTCCTTCCTTCCATGCG 139 bp
alcohol dehydrogenase (NADP+) LOC103952287 F:CACCAGCATTGGGCTTGAAATCG R:CACCTCCATCCCTGCCTCCTTC 121 bp

endogenous reference gene AY338250 F:CAGGCTGACTGTGCTGTCCT R:TCACACCGAGGGTGAAAGCA 115 bp

3. Results

3.1. Sampling and Determination of Volatile Substance Content

We measured the fruit weight and size at the time of sampling. With the ripening
of the fruits, their weight and size also increased, with the weight at stage S4 reaching
260 g. (Figure 1a–d). To analyze the aroma components of Panguxiang fruits at different
stages, we determined the volatile substances present in the nine stages of the fruits. These
volatiles included alcohols, ketones, aldehydes, esters, and terpenes. The levels of alcohols,
ketones, and aldehydes in the nine stages initially decreased with ripening, but increased
significantly starting at stage S3. The concentrations of aldehydes and ketones continued to
increase throughout the first storage stages, reaching maxima at Z3 and Z4, after which they
decreased once more. In contrast, the concentrations of alcohols, although lower than those
of the other chemical groups, continued to rise throughout storage. The concentrations of
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esters and terpenoids remained unchanged throughout the ripening stages, but increased
sharply during the first three stages of storage to a maximum at stage Z3 (4265 ng. g−1

and 4394 ng. g−1, respectively), after which they decreased again. At the early stage
of storage, from Z1 to Z3, fruit esters and terpenoids rose rapidly; at the later stage of
storage, the decrease rate of ester concentrations was slightly slower than that of terpenoid
concentrations (Figure 1e,f).

Figure 1. Phenotypic analysis of Panguxiang in different ripening and storage stages. (a) The
phenotype of Panguxiang over the nine studied stages. (b–d) Visualized phenotypic analysis of
ripening fruits. (e,f) Determination of concentrations of volatile compound groups in fruit over the
nine studied stages.

3.2. Transcriptomic Analysis of Pyrus spp. Panguxiang Fruits

This study investigated the transcriptomic sequences of 27 samples taken at different
fruit ripening and storage stages. A total of 183.32 GB of clean data was obtained. The clean
data from each sample reached 6 GB and the Q30 score was >91% in each case (Table S1).
The clean read sequences were aligned to the reference genome using HISAT2. The overall
alignment ratio of each sample was higher than 70% (Table S2). The FPKM distribution of
the transcriptome sequence data was visualized with box plots and violin plots to compare
the overall transcript expression levels in the different samples. Gene expression was stable
between the 27 samples (Figure S1a,b). Principal component analysis (PCA) and Pearson
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correlation coefficient (PCC) confirmed that the transcriptome characteristics were highly
correlated between the biological replicates of each group of samples (Figure S1c,d).

A BLAST search was conducted to explore the functions of the unigenes and obtain
annotation information for the transcripts. Functional annotations were performed using
multiple public databases, including Nr, KEGG, GO, SwissProt, KOG, TrEMBL, and Pfam.
The numbers of transcripts annotated by the seven databases were as follows: 39,707 in
Nr, 34,069 in GO, 29,399 in KEGG, 24,306 in KOG, 33,220 in Pfam, 29,449 in SwissProt,
and 40,424 in TrEMBL (Table S3). In identifying the DEGs in the nine different study
stages, RNA sequencing (RNA-Seq) was performed to profile the dynamic changes in
genome-wide transcript abundance and pairwise DESeq2 analysis between different time
points was carried out. Hierarchical cluster analysis was then conducted according to the
FPKM expression data after the standardization of differential genes, and cluster heatmaps
were drawn (Figure S1e). We found large and significant differences in the number of
DEGs among the nine study stages. In the comparative analysis of DEGs in different
storage periods, the number of DEGs decreased from Z2/Z1 4382 (2638 upregulated and
1744 downregulated) to the subsequent period Z3/Z2 1184 (635 upregulated and 549 down-
regulated), respectively (Table S4). There were 1137 DEGs in Z4/Z3 (770 upregulated and
367 downregulated) and 1917 DEGs in Z5/Z4 (1285 upregulated and 632 downregulated).
In the early stage of fruit storage, most DEGs were found in Z2/Z1. It is also possible that
the transcriptional expression level of genes precedes the phenotypic changes observed
(Figure S1f, Table S2).

3.3. Functional Annotation and Classification of DEGs

We analyzed the GO, KOG, and KEGG pathways to elucidate the biological functions
of DEGs. The GO annotation system consists of three major branches: “biological process”,
“molecular function”, and “cellular component”. These unigenes were further divided into
49 to 57 major functional terms. The “cellular process”, “cell part”, and “binding” were
the most over-represented terms in the three GO categories mentioned above (Figure S2).
The unigenes enriched by KOG could be assigned to 25 groups. Group R (general function
prediction only) was the most highly represented. Groups T (signal transduction mecha-
nisms) and O (posttranslational modification, protein turnover, chaperones) also shared a
high percentage of genes. Only a few genes were assigned to Groups Y (nuclear structure),
W (extracellular structures), and N (cell motility) (Figure S3). The “fatty acid metabolism
pathway” was also indicated in the KEGG signaling pathway (Figure S4).

3.4. Co-Expression Analysis Identifies Key Gene Modules Involved in the Formation of
Aroma Volatiles

To fully understand the correlation of gene expression during the formation of aroma
volatiles, all DEGs were used in WGCNA and 15 co-expressed gene modules were iden-
tified (Figure S5). Module size ranged from 87 to 11,092 genes, with black (721 genes),
blue (3377 genes), brown (3111 genes), cyan (136 genes), green (1519 genes), green-yellow
(350 genes), grey (287), magenta (625 genes), midnight blue (87 genes), pink (662 genes),
purple (613 genes), red (827 genes), salmon (263 genes), tan (346 genes), yellow (1953 genes),
and turquoise (11,092 genes) represented.

The gene expression profile was visualized with the eigengene values for each module
and showed distinct co-expression patterns across modules (Figure S5). The expression
trend of the yellow and purple modules is consistent with the changing trend of aroma
components in pear fruit. None of the other 13 modules were correlated with any variable.
These results suggest that the yellow and purple modules may be the key to understanding
the mechanism of pear aroma formation. However, the network formed by key genes in the
purple module was less extensive, so we focused here on the analysis of the yellow module.

Transcription factors (TFs) are important regulators in plant development [41], and
we therefore investigated the distribution of TF genes in all modules (Table S5). Statistical
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analysis suggested that the prominent TF families present in the yellow module were the
AP2/ERF-ERF, C3H, MYB, NAC, C2H2, GRAS, and Trihelix families (Table 2, Table S6).

Table 2. The number and types of TFs in different modules.

TF Family Black Blue Brown Cyan Green
Green-
Yellow

Grey Magenta
Midnight

Blue
Pink Purple Red Salmon Tan Yellow Turquoise

AP2/ERF-
ERF 21 7 1 10 10 2 8 38

C2H2 1 4 8 5 2 3 2 6 1 5 32
C3H 13 9 1 10 2 2 2 5 1 7 22

GRAS 4 10 10 5 26
MYB 1 7 1 7 1 4 3 2 2 7 37
NAC 2 4 11 8 1 4 2 6 36

Trihelix 2 1 4 1 2 6 22
Total 4 48 53 3 54 0 3 9 1 24 6 13 2 2 44 213

3.5. Co-Expression Network Analysis

To explore the correlations between each module and the samples taken at different
stages, we drew a heatmap illustrating the correlations between the samples and the mod-
ules. The yellow and purple modules had the strongest correlations with later storage
stages (Figure 2a), which is consistent with the previous result. The co-expression network
analysis showed correlations between gene expression patterns and we constructed a
network of detected co-expressed modules to identify key hub genes. A few hub genes
interact with many other genes in gene networks. In this study, we analyzed the co-
expression networks of the fatty acid synthesis pathway and the fatty acid metabolism
pathway in the yellow module. We identified seven and eight key hub genes, respec-
tively. The important regulatory genes involved in the fatty acid synthesis pathway were
identified in those from the alcohol dehydrogenase (ADH 1, lysophospholipid acyltrans-
ferase LOC103931841; ADH 2, phospholipase A1LOC103965089; ADH 3, alcohol dehy-
drogenase (NADP+)LOC103949386; ADH 4, shikimate O-hydroxycinnamoyltransferase
LOC103944272; ADH 5, 1-acyl-sn-glycerol-3-phosphate acyltransferaseLOC103938216; and
ADH 6, palmitoyltransferase LOC103940564) and alcohol acyltransferase (AAT; alcohol de-
hydrogenase (NADP+) LOC103952287) genes, and the important regulatory genes involved
in the fatty acid metabolism pathway were identified (acetyl-CoA carboxylase, biotin car-
boxylase subunit LOC103928973; 3-oxoacyl-[acyl-carrier protein] reductaseLOC103944413;
long-chain acyl-CoA synthetaseLOC103949217; acetyl-CoA carboxylase biotin carboxyl car-
rier proteinLOC103950990; enoyl-[acyl-carrier protein] reductaseLOC103953997; long-chain
acyl-CoA synthetaseLOC103954143; acetyl-CoA carboxylase biotin carboxyl carrier protein
LOC103955683, and novel.2114 (glycerol-3-phosphate acyltransferase)). (Figure 2b,c).

3.6. Verification of the Expression Profiles of Key Genes

To verify the RNA-Seq data, we used qRT–PCR to analyze the expression levels of three
genes involved in the modules from the fatty acid synthesis and metabolism pathways. The
gene expression patterns were then compared with the FPKM values. The results showed
that the expression patterns suggested by the two analysis techniques were consistent,
indicating that our data were reliable (Figure 3 and Table 1).
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Figure 3. Verification of the expression profiles of representative genes from different modules using
quantitative real-time PCR. Relative gene expression levels were calculated using tubulin as the
internal reference. The results are presented as the means ± SE, and each sample represents three
biological replicates.

4. Discussion

4.1. Effect of Fruit Ripening and Storage on Aroma Content

The synthesis of fruit aroma is a dynamic process and most substances important
for fragrance appear in the later stage of fruit development, stimulated by the release of
ethylene [42]. Of the different classes of volatile chemicals, research suggests that esters and
aldehydes are the most abundant in pears, regardless of species or cultivar [6,43]. Unripe
fruits mainly contain “green flavor” aroma substances such as aldehydes and alcohols,
with aldehyde and alcohol concentrations gradually decreasing and ester concentrations
gradually increasing as the fruits mature [44]. As the most abundant class of volatiles, esters
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contribute ‘sweet’ and ‘fruity’ notes to the aroma of different fruits [45]. This is consistent
with our findings. In our study, the size and weight of the fruits increased as they matured,
and the concentrations of alcohols, ketones, and aldehydes decreased. At the same time,
ester concentrations tended to remain constant, which may result from accumulation. Esters
were significantly upregulated when the fruits were fully ripe, with the upregulation lasting
until the Z3 stage. The concentrations of volatile aroma components showed a similar trend
during storage, increasing first and then decreasing, but during the storage stages, the esters
and terpenoids were at much higher levels than the aldehydes and alcohols. It is possible
that the fruits continued to ripen, even after picking, until stage Z3. At stage Z3, the volatile
aroma content peaked, after which the fruits were affected by the low storage temperature
and the concentrations of volatile aroma components began to decrease. In general, the
main volatile aromas produced by Panguxiang during fruit growth and development are
alcohols and aldehydes, while the main volatile aromas released during storage are esters
and terpenoids.

4.2. WGCNA Explores the Formation of Volatile Aromas in Pear Fruits

WGCNA is a widely used data mining method. Exploration of the genes whose ex-
pression patterns closely correlate with each other can be achieved through the application
of WGCNA [46]. Although WGCNA can be applied to most high-dimensional data sets, it
is most widely used in genomes, especially transcriptomes [47]. It allows the definition of a
module’s network nodes, hub, and membership, as well as the study of the relationship
between the co-expressed modules and the comparison of the topologies of different net-
works [37]. Through this algorithm, the genes that are co-expressed with high correlation
are placed in one module, and different modules may contain key genes implicated in the
volatile aroma formation process [48].

Our results showed that the purple and yellow modules had the strongest correlation
with the S3, S4, and S5 stages, and samples taken at the later storage stages also had
the highest volatile aroma content. Based on our choice, the yellow module was also an
essential factor. In the yellow module, we analyzed the co-expression networks of two
pathways: the fatty acid synthesis pathway and the fatty acid metabolism pathway. We
identified seven and eight key hub genes from these two pathways.

4.3. Key Factors in the Formation of Volatile Aroma in Pears

It should be noted that the biosynthesis of esters via the LOX pathway is largely
dependent on an adequate supply of substrate [49]. Aldehydes are reduced to alcohols
by ADH [50], and fruit esters are then biosynthesized by AAT, with the expression of
AAT being ethylene-dependent in climacteric fruits such as apple [51] and pear [6]. In
our study, ADH genes (LOC103931841, LOC103965089, LOC103949386, LOC103944272,
LOC103938216, LOC103940564, and novel.2114) and AAT genes (LOC103952287) in the
fatty acid metabolism pathway were identified by co-expression network analysis. A large
amount of ethylene is produced during the maturation and storage of Panguxiang. The
AAT gene is induced by ethylene and regulates the production of volatile esters, resulting
in the development of a rich fruit flavor during ripening and storage. Pears have a “green”
aroma when they are not ripe, which is caused by volatile alcohol. ADH genes are the key
genes in the regulation of volatile alcohol production. Our research shows that alcohol
concentrations are higher when fruits are riper and stored for longer, which may result
from the accumulation of ADH, providing further evidence that ADH and AAT genes play
an important role in forming volatile aromas.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life12101494/s1, Figure S1: RNA-Seq analysis of Panguxiang
over different growth and development stages and storage stages. (a,b) Boxplots and violin plots
of gene expression levels. (c) Principal component analysis and (d) sample correlation based on
the RNA-Seq count matrix. (e) Heatmap of DEGs. (f) Numbers of differentially expressed genes in
different pairs of samples. Figure S2: GO analysis diagram of growth and development period and
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storage period. Figure S3: KOG-enriched analysis of growth and development period and storage
period. Figure S4: Analysis of KEGG pathway enrichment, growth and storage period. Figure S5:
15 co-expressed gene modules of growth and development period and storage period. Table S1:
Data preprocessing results statistics. Table S2: The results of the genomic comparison. Table S3: The
number of differentially expressed genes. Table S4: Summary of functional annotation. Table S5: The
number of TFs in different modules. Table S6: The number and types of TFs in different modules.

Author Contributions: Conceptualization, Z.L. (Zhen Liu) and X.G.; methodology, J.Q. and Q.C.; val-
idation, H.L.; formal analysis, H.L.; resources, Z.L. (Zhen Liu); data curation, H.L.; writing—original
draft preparation, H.L.; writing—review and editing, J.Q. and S.R.; visualization, H.L. and S.R.; super-
vision, Y.W. and Z.L. (Zhi Li); project administration, Z.L. (Zhen Liu) and S.M.; funding acquisition,
J.Q. and Z.L. (Zhen Liu). All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant num-
ber 31700549) and the Achievements Transformation Fund Project (grant number 2014D00000150).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We are grateful to the reviewers for their constructive comments and valuable
suggestions, which have helped improve the quality of the paper. The authors also thank Pengcheng
Li, Shunfu Li for his guidance on the production of figures in the manuscript and Huimin Wang and
Lisha Fang for their advice on the experiment.

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

References

1. Sun, Q.; Zhang, N.; Wang, J.; Zhang, H.; Li, D.; Shi, J.; Li, R.; Weeda, S.; Zhao, B.; Ren, S.; et al. Melatonin Promotes Ripening and
Improves Quality of Tomato Fruit during Postharvest Life. J. Exp. Bot. 2015, 66, 657–668. [CrossRef] [PubMed]
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Abstract: The synthesis of secondary metabolites in plants often includes glycosylation modifications.
Often, the final step of constructing plant secondary metabolites is completed by glycosylation
transferases, which are also involved in many cell processes. In this study, a UDP-glycosyltransferase
gene (UGT) was amplified from Isodon rubescens (Hemsl.) Hara with RT-PCR and named IrUGT86A1-
like (GenBank: MZ913258). Here, we found that IrUGT86A1-like gene is 1450 bp in length and encodes
for 479 amino acids. Bioinformatics analysis revealed that IrUGT86A1-like is a stable and hydrophilic
protein, located in the cytoplasm with a transmembrane domain. Phylogenetic analysis showed
that IrUGT86A1-like protein has the closest genetic relationship with the UDP-glycosyltransferase
86A1-like protein (XP_042054241.1) of Salvia splendens. RT-qPCR analysis demonstrated that the
expression of IrUGT86A1-like gene varied in different tissues; leaves had the highest expression
followed by flowers, stems, and roots had the lowest expression. This expression trend is similar to
the distribution of oridonin content in different tissues of I. rubescens. Additionally, IrUGT86A1-like
gene was found to be positively enhanced by NaCl and MeJA treatment, and in contrast was down-
regulated by ABA treatment. Finally, the prokaryotic expression vector pEASY®-Blunt E1-IrUGT86A1
was successfully used to express about 53 KD of IrUGT86A1-like protein. This research builds a
foundation for further investigation on the function of this gene in the synthesis and modification of
secondary metabolites.

Keywords: Isodon rubescens; UDP-glycosyltransferase; RT-qPCR; prokaryotic expression

1. Introduction

The “Donglingcao”, a Chinese herb, refers to the dry aboveground part of the Labiatae
plant Isodon rubescens (Hemsl.) Hara, and is a commonly used for its medicinal properties.
Harvested in summer and autumn when the stems and leaves are lush, “Donglingcao”
tastes both bitter and sweet, and is consumed slightly cold [1]. It is used for inflammation,
antipyretic detoxification, promoting blood circulation, promoting stomach health, and
anti-tumor effects. The herb is commonly used in the treatment of sore throat, bronchitis,
acute laryngitis, acute suppurative tonsillitis, abdominal mass, and snake bite, [1,2]. Mod-
ern pharmacological studies have shown that the main active ingredients in I. rubescens
plants are diterpene components, oridonin, ponicidin, and water-soluble components, such
as rosmarinic acid, among which oridonin is the most active component in the pharma-
copoeia [3]. These active ingredients of I. rubescens confer significant curative effects on
breast cancer, esophageal cancer, colon cancer, and other cancers [4]. Therefore, as an
anti-tumor plant with evidence of strong pharmacological activity and low hepatorenal
toxicity, I. rubescens has been a research focus of pharmacological scientists worldwide
regarding the development of molecular pharmacognosy technology and the analysis of
the biosynthesis of the main components of I. rubescens, including oridonin [5]. In addition
to I. rubescens’ medicinal properties, it is also a strong and hardy plant with characteristics
such as drought resistance, cold resistance, barren resistance, developed root system, and
soil amendments and water conservation effects [6].
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A form of translational and post-translational modification, glycosylation is an enzyme-
mediated process in which sugars are added to proteins or lipids [7]. Glycosylation is not
only a key factor in maintaining the stability of the intracellular environment; it also plays
an important role in the diversity and complexity of plant secondary metabolites synthesis.
Specifically, glycosyltransferases (GTs) are the main enzymes in glycosylation [8,9]. In
living organisms, catalyzed activated sugars are connected to different receptor molecules,
which contributes to the hypothesis that obtained glycosylation products have many
biological functions, and thus regulate various biological functions of plants [9,10]. Among
them, GT1 plants are the largest of the GT family. As GT1s use uridine diphosphate-
glycosyltransferases as a donor molecule, GT1s are also known as “UGTs” [11]. Previous
studies in plants have shown that UGTs are involved in the biosynthesis of terpenoids,
phenols, flavonoids, steroids, and other natural products [12]. Furthermore, UGTs catalyze
the glycosyltransferase-mediated conversion of uridine diphosphate-activated sugars to
substrates such as hormones and secondary metabolites, thus contributing to diverse and
complex substrates in plants, which in turn regulate various biological processes such as
plant growth, development, disease resistance, and abiotic stress resistance [13–15]. In
Arabidopsis, UGT79B1 and UGT91A1 are specifically involved in the modification processing
steps of anthocyanin synthesis, and they also contribute to cold, salt, and drought stress
tolerance [16]. Similarly, in wheat, overexpression of Ta-UGT3 gene significantly enhances
Fusarium Head Blight resistance [17]. Moreover, in rice, a UDP-glucosyltransferase gene
regulates rice grain size and biological stress response by changing the reflow of plant
metabolic flow [18]. Additionally, UGT85C2, UGT74G1, and UGT76G1 in Stevia rebaudiana,
have been found to have activity in the synthesis of stevioside and rebaudioside A, which
are two main glycosides of Stevia [19]. Furthermore, a UDP-Glucosyltransferase gene was
found to be beneficial to the biosynthesis of flavonoid glycosides in Cyclocarya paliurus [20].

Because of the high abundance of terpenoids, flavonoids, alkaloids, steroids, volatile
oils, amino acids, organic acids, monosaccharides, and other components in I. rubescens [21],
glycosylation plays an important role in these plants as it is essential to the synthesis and
modification of these compounds. However, research on glycosyltransferase in I. rubescens
has not yet been reported. Therefore, it is essential to investigate the glycosyltransferase
of I. rubescens in order to understand the biosynthesis of important secondary metabolites.
In a previous transcriptome data analysis with two tissues: callus with undetectably
low levels oridonin and adventitious buds with oridonin, a significant difference in the
expression in UDP-Glucosyltransferase (UGT) gene was found, suggesting that it may
modify and regulate oridonin synthesis. With these previous transcriptomic analysis
results, this significant differential expression in the UGT sequence was used as a reference,
and this UGT candidate gene was cloned by RT-PCR. The physicochemical properties,
protein structure, and evolutionary relationship were analyzed by the bioinformatics. The
differential expression in different tissues and responses to different abiotic stresses were
further analyzed with fluorescent quantitative PCR (RT-qPCR). Finally, the protein was
successfully expressed in E. coli bacteria. Overall, this foundational research enables further
investigation into the role of the enzyme system encoded by IrUGT86A1-like gene in the
synthesis of active ingredients in I. rubescens and research on the function of this gene with
genetic engineering.

2. Materials and Methods

2.1. Plant Material and Sample Preparation

I. rubescens plants were cultivated in artificial intelligence climate boxes with the fol-
lowing conditions: nutrient soil and vermiculite (2:1), photoperiod 14 h/10 h (light/dark),
relative humidity 60%, and culture temperature 25 ◦C. After six months of growth at flow-
ering, the roots, stems, leaves, and flowers of I. rubescens were collected for quantification
of oridonin and RNA extraction (stored at −80 ◦C). For the simulated salt stress treatment,
uniformly developed seedlings of I. rubescens were fully watered using a 200 mM NaCl
solution, and the leaves between three and six nodes were harvested at 0, 2, 8, 12, 24, and
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72 h. For the MeJA and ABA treatments, 200 μmol MeJA, and 300 μmol ABA, were evenly
sprayed on the leaves of I. rubescens, respectively, and the leaves between three and six
nodes were harvested at six time points at 0, 2, 4, 8, 12, and 24 h. All collected samples were
frozen in liquid nitrogen immediately and then preserved at −80 ◦C for RNA extraction
and expression analysis of the IrUGT86A1-like gene.

2.2. Total RNA Extraction and cDNA Reverse Transcription

Frozen samples of roots, stems, leaves, flowers, and other tissues of I. rubescens were
individually ground into a fine powder with a pestle and mortar using liquid nitrogen.
The total RNA was extracted according to the EASYspin Plus plant RNA extraction kit
protocol (AidLab, Beijing, China). An ultramicro spectrophotometer was used to measure
quality and quantity of RNA, and all RNA samples were stored at −80 ◦C refrigerator for
downstream analysis. Next, the reverse transcription kit BCS HIScriptTM AII-in-One Mix
with dsDNAse was to remove genomic DNA contamination, and then to synthesize the
first strand of cDNA was synthesized via reverse transcription. The obtained cDNA was
adjusted to the corresponding concentration according to quantification with the ultramicro
spectrophotometer and stored in a refrigerator at −20 ◦C for further use.

2.3. Cloning of IrUGT86A1-like Gene

First, primers of UGT-F and UGT-R were designed, and the first strand of I. rubescens
cDNA was used in cloning to obtain IrUGT86A1-like gene sequence. The PCR reaction
consisted of 2× Taq Plus Master Mix 12.5 μL, cDNA 1 μL, UGT-F 1 μL, UGT-R 1 μL, and
ddH2O 9.5 μL. The PCR procedure was as follows: pre-denaturation at 95 ◦C for 3 min;
denaturation at 95 ◦C for 15 s, annealing at 53 ◦C for 30 s, extension at 72 ◦C for 90 s,
35 cycles; and extension at 72 ◦C for 10 min. The PCR products were detected with 1%
agarose gel electrophoresis in which DNA was separated based on length, and target
DNA band was recovered with SanPrep Column DNA Gel Extraction Kit (Sangon Biotech,
Shanghai, China). The obtained target fragment was further ligated using the cloning
vector pEASY®-Blunt Zero Cloning Kit (Transgen, Beijing, China), and transformed into
E. coli T1 competent cells. The positive clones were selected and sent to Sangon Biotech
(Shanghai) Co., Ltd. for sequencing, and the correct pEASY-Blunt-IrUGT86A1 prokaryotic
strain was obtained. The primers for PCR are included in Table S1.

2.4. Bioinformatics Analysis

DNAMAN6.0 software was used to analyze sequencing results and investigate and
predict proteins. Conserved domain prediction was performed with the NCBI online
tool Conserved Domains (https://www.ncbi.nlm.nih.gov/cdd, accessed on 6 May 2022).
Protein physical and chemical properties were predicted using the online tool ExPASy
(http://www.expasy.ch/tools/protparam.html, accessed on 6 May 2022). Subcellular localization
was predicted and analyzed using the online tools WoLF PSORT (https://wolfpsort.hgc.jp/,
accessed on 6 May 2022) and PredictProtein (https://predictprotein.org/, accessed on
6 May 2022) results. Protein signal peptides were predicted using online tools SignalP 5.0
Server (http://www.cbs.dtu.dk/services/SignalP/, accessed on 7 May 2022) and TargetP-
2.0 (http://www.cbs.dtu.dk/services/TargetP/, accessed on 7 May 2022). The protein
transmembrane domain was predicted with TMPred (https://www.expasy.org/resources/tmpred,
accessed on 7 May 2022) and the TMHMM Server v.2.0 (http://www.cbs.dtu.dk/services/
TMHMM/, accessed on 7 May 2022). Protein secondary structure and coil structure were
analyzed using the online tools PredictProtein (https://predictedprotein.org/, accessed on
8 May 2022) and COILS (https://embnet.vital-it.ch/software/COILS_form.html, accessed
on 8 May 2022). Three-dimensional modeling of protein domains was performed using
SWISS-MODEL (http://swissmodel.expasy.org/, accessed on 8 May 2022).
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2.5. Multi-Sequence Alignment and Construction of Phylogenetic Tree

Similar amino acid sequences to the IrUGT86A1-like gene encoding protein of I.
rubescens were obtained using blastp on the NCBI database, and the amino acid sequences
of UGT86A1 from other plants were downloaded from NCBI database. These UGT86A1
protein sequences including IrUGT86A1-like of I. rubescens were processed with to mul-
tiple sequence alignment analysis using MEGA7.0 software [22], and the phylogenetic
tree was constructed using the neighbor-joining method with the following parameters:
bootstrap = 1000 repeat times, and default values were used for other parameters.

2.6. Fluorescence Quantitative Expression Analysis

The cDNA of roots, stems, leaves, flowers, and callus of I. rubescens were used as
templates, while GADPH was used as the internal reference gene for RT-qPCR of the
IrUGT86A1-like gene. The reaction system was as follows: 10 μL of 2 × TransStart® Top
Green qPCR SuperMix, 0.4 μL of 50 × Passive Reference Dye II, and 0.4 μL of forward and
reverse primers (10 μM), respectively, sample cDNA 2 μL, and ddH2O 6.8 μL. Reaction
conditions were the following: 94 ◦C 30 s; 94 ◦C 5 s, 60 ◦C 30 s, and 45 cycles. qPCR
was repeated three times, and the relative expression of genes was calculated by 2−ΔΔCt

method [23]. The primers for RT-qPCR are included in Table S1.

2.7. Determination of Oridonin in I. rubescens

Oridonin was extracted and detected according to the reference: Pharmacopoeia of the
People’s Republic of China [1]. The roots, stems, leaves, and flowers of I. rubescens plants
were respectively placed in an oven at 60 ◦C and baked to a constant weight. Then they
were powdered with a mortar. We accurately weighed 1 g of this product powder, put it
in a conical flask with a stopper, accurately added 50 mL methanol, weighed and set the
weight, placed it for 30 min, gave it ultrasonic treatment (power 250 W, frequency 40 kHz)
for 30 min, made up the lost weight with methanol, shook it well, and filtered 0.22 μm to
obtain the sample to be tested. Preparation of control solution: an appropriate amount of
isodon reference solution was taken, accurately weighed, and methanol was added to make
a solution containing 60 μg per 1 mL. An amount of 10 μL of each of the control solution
and the test solution were precisely absorbed and injected into the liquid chromatograph
for determination. The chromatographic conditions were the following: Waters e2695/2998,
Phenomenex C18 column (250 mm × 4.6 mm, 4 um), mobile phase methanol–water (55:45),
detection wavelength 239 nm, flow rate 0.8 mL·min−1, and column temperature 25 ◦C.

2.8. Prokaryotic Expression Analysis

Using the sequence of the IrUGT86A1-like gene and characteristics of the pEASY®-
Blunt E1 Expression Vector, a pair of prokaryotic expression primers UGT-YF and UGT-YR
for IrUGT86A1-like gene were designed with DNAMAN software. The ORF sequence of
IrUGT86A1-like gene was amplified with the TransStart® FastPfu Fly DNA Polymerase
High Fidelity DNA Polymerase Kit (TransGen, Beijing, China) and cloned into the prokary-
otic expression vector pEASY®-Blunt E1 Expression Vector (TransGen, Beijing, China).
The recombinant prokaryotic expression vector pEASY-Blunt E1-IrUGT86A1 with 6×HIS-
IrUGT86A1-like fusion protein was obtained with PCR identification, sequencing identifi-
cation, and transformed into BL21 (DE3) prokaryotic expression competent cells. Protein
expression was induced by 0.2 mmol/L IPTG for 16 h in the constant temperature vibration
incubator with 200 rpm at 18 ◦C, and SDS-PAGE protein electrophoresis was performed to
analyze the expression results.

3. Results

3.1. Cloning of IrUGT86A1-like Gene from I. rubescens

A UGT candidate gene sequence was obtained with bioinformatics analysis of second-
generation transcriptome data. Primers were designed and the cDNA from I. rubescens
leaves was used as the template for cloning. RT-PCR gel electrophoresis results confirmed
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that the target fragment of about 1500 bp was amplified (Figure 1). Sequencing results
showed that the obtained band was 1450 bp in length, containing a 10 bp 5′ untranslated
region (5′ UTR) and a 1440 bp open reading frame (ORF), which encodes for 479 amino
acids. The blastp comparison results from NCBI showed that the cloned IrUGT86A1-like
gene had high homology (query coverage greater than 95%) with UDP-glycosyltransferase
86A1-like genes in the database, indicating that the successfully cloned gene is a UGT gene
of I. rubescens and accordingly was named IrUGT86A1-like. Sequences are available on
NCBI (Genbank Accession Number: MZ913258).

Figure 1. PCR amplification result of IrUGT86A1-like gene. M: 5000 ladder marker; 1–2: Amplification
bands of IrUGT86A1-like.

3.2. Physicochemical Properties and Localization Analysis of IrUGT86A1-like Protein

ExPASy analysis showed that IrUGT86A1-like protein encodes 479 amino acids, has
a molecular weight of 53.03 kD, theoretical isoelectric point of 5.33, molecular formula
of C2404H3723N633O708S15, and contains 7483 atoms. There were 59 negatively charged
residues (Asp + Glu) and 41 positively charged residues (Arg + Lys). The instability
coefficient is 36.16, the fat solubility coefficient is 94.82, and half-life length in E. coli
is >10 h. The total average hydrophilicity is −0.057 indicating that the protein encoded by
IrUGT86A1-like protein is a stable hydrophilic protein. Signal peptide analysis of SignalP-
5.0 and TargetP-2.0 did not detect a signal peptide on this protein. WoLF PSORT protein
subcellular localization prediction revealed that there are eight localization sites in the
cytoplasm, four sites in the chloroplast, and two sites in the nucleus. Further analysis of
protein subcellular localization with PredictProtein predicted that the protein is also located
in the cytoplasm (Table S2).

The program TMpred was further used to predict the transmembrane region of
IrUGT86A1-like protein. The results showed that there are seven transmembrane re-
gions from inside to outside, and six transmembrane regions from outside to inside. This
predicted transmembrane topological model contained four strong transmembrane helix
regions at the N-terminal, namely, the inner–outer transmembrane helix region at 23~41 aa,
the outer–inner transmembrane helix region at 140~158 aa, the inner–outer transmembrane
helix region at 339~364 aa, and the outer–inner transmembrane helix region at 364~387 aa
(Figure 2A). The prediction results with the TMHMM Server v. 2.0 revealed that there is a
transmembrane region of N-terminal in the cytoplasm (Figure 2B).
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Figure 2. Transmembrane structure prediction of IrUGT86A1-like protein by TMpred (A) and
TMHMM Server (B).

3.3. Structural Analysis of IrUGT86A1-like Protein from I. rubescens

Conserved domains analysis in NCBI (Figure 3A) demonstrated that the protein had
GT1_Gtf-like site-specific and non-specific sites of PLN02448 and UDPGT, which indicted
that IrUGT86A1-like belongs to the Glycosyltransferase_GTB-type superfamily. The pre-
dicted secondary structure of the IrUGT86A1-like protein according to PredictProtein
is shown in Figure 3B, in which 33.82% of the secondary structure is composed of and
alpha-helix structure (H, α-helix), 11.27% is strand structure (E, β-sheet), and the remaining
54.91% is categorized as “other structure”. Solvent-accessibility predicted that 38.41% of
the protein is exposed, 54.91% is buried, and 6.68% is intermediate. Therefore, these results
predicted that IrUGT86A1-like protein is a mixed protein. The COILS prediction indicates
that there are seven coiled helix regions when window = 14. Moreover, when window = 21,
there are three coiled regions. In the case of window = 28, there is a coil region (Figure 3C).
Finally, SWISS-MODEL was used to predict the three-dimensional structure of IrUGT86A1-
like protein. As shown in Figure 3D, the UGT85H2 (ID: 2pq6.1) of Medicago truncatula was
used as the template for system modeling, and the modeling range of IrUGT86A1-like
protein was 7~465 aa. The model coverage was 95%, sequence similarity was 37%, and
identity coincidence was 76.35%. It is evident in the tertiary structure diagram that the
structure composition is consistent with the secondary structure, mainly composed of
alpha-helix and loop/coil.

3.4. Phylogenetic Analysis of IrUGT86A1-like in I. rubescens

The amino acid sequence of IrUGT86A1-like protein was uploaded and searched
against the nr non-redundant protein database with using the online software Protein
BLAST from NCBI, and other plant UGT86A1 proteins with high homology to the query
amino acid sequence of IrUGT86A1-like in I. rubescens were obtained. The amino acid
sequences of IrUGT86A1-like from I. rubescens, Salvia splendens, Sesamum indicum, Phthemo-
spermum japonicum, Scoparia dulcis, Strobilanthes cusia, Morella rubra, Camellia sinensis, Morus
notabilis, Ziziphus jujuba, and Hevea brasiliensis were compared with MEGA software. The
UGT86A1 protein of different species was found to be highly conserved in the conserved
region (Figure 4).
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Figure 3. Structural analysis of IrUGT86A1-like protein. Conserved domains (A), secondary structure
(B), COILS analysis (C), and 3 D structure (D) prediction of IrUGT86A1-like protein.

 

Figure 4. Conserved regions alignment analysis of IrUGT86A1-like protein homologous sequences.

MEGA7 was further used to construct the phylogenetic tree of the aforementioned
11 UGT86A1 protein sequences, as shown in Figure 5. Phylogenetic analysis revealed that
the 11 UGT86A1 protein sequences were generally divided into two branches: woody
plants and herbaceous plants. The IrUGT86A1-like protein of I. rubescens belongs to the
herbaceous branch, grouping with the Labiatae and most closely genetically similar to
Salvia splendens. Furthermore, the IrUGT86A1-like protein of I. rubescens has close genetic
relationships with Strobilanthes cusia, Phthemospermum japonicum, and Sesamum indicum.
Scoparia dulcis is an erect herb or semi-shrub-like herb, also belonging to this branch of herbs.

112



Life 2022, 12, 1334

As a transitional stage between herbs and woody plants, Scoparia dulcis is closer to woody
plants than I. rubescens. The evolutionary relationships of the IrUGT86A1-like protein found
here are reflective of the evolutionary relationships between herbs and woody plants.

Figure 5. Phylogentic tree construction of IrUGT86A1-like protein. The black dot represents the
target IrUGT86A1-like protein.

3.5. IrUGT86A1-like Expression and Oridonin Content in Different Tissues of I. rubescens

The expression of IrUGT86A1-like gene in different tissues of I. rubescens was detected
and measured with RT-qPCR (Figure 6A). Leaves had the highest expression levels of
IrUGT86A1-like gene, about 9.95-fold than that in roots. Flowers had the second-highest
expression levels, about 5.33-fold than that in roots. Stems expressed about 1.84-fold as
much as roots.

In addition to the expression profiles of the IrUGT86A1-like gene in different tissues of
I. rubescens, the content of oridonin in these tissues was determined. Leaves contained the
greatest oridonin content, followed by flowers, then stems, and roots had the extremely low
oridonin content (Figure 6B,C). These results showed that the content of oridonin in differ-
ent tissues varied with the expression level of the IrUGT86A1-like gene in different tissues.

3.6. IrUGT86A1-Like Expression under Different Abiotic Treatments of I. rubescens

Expression of the UGT gene has been reported increase in plants subjected to various
stress conditions. Herein, the expression of IrUGT86A1-like under abiotic stress was further
investigated here, and our results demonstrated that IrUGT86A1-like expression changed
with NaCl, ABA, or MeJA treatments (Figure 7). For NaCl and MeJA treatments, the
expression of IrUGT86A1-like gene initially increased and then decreased over time. The
expression of IrUGT86A1-like gene was the greatest after 12 h of NaCl treatment, which
was 3.03-fold higher than the baseline expression of the untreated control (Figure 7A).
The expression of IrUGT86A1-like was the highest after 8 h of MeJA treatment, which was
2.37-fold higher than the untreated control expression level (Figure 7B). In regards to the
ABA treatment, the expression of IrUGT86A1-like gene was significantly decreased, and the
expression was the lowest 2 h after ABA spraying, indicating that IrUGT86A1-like gene is
sensitive to ABA (Figure 7C).
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Figure 6. IrUGT86A1-like gene expression (A), oridonin content (B), and HPLC chromatogram (C) in
different tissues of I. rubescens. Results presented by mean value of triplicate ± SE.
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Figure 7. Relative expression analysis of IrUGT86A1-like gene at various time periods after abiotic
treatments with NaCl (A), ABA (B), and MeJA (C). Results presented by mean value of triplicate ± SE.

3.7. Prokaryotic Expression Analysis of IrUGT86A1-like Protein in I. rubescens

With E. coli containing pEASY-Blunt-IrUGT86A1 vector as a template, the target
fragment was amplified using IrUGT-YF and IrUGT-YR primers and cloned into the
prokaryotic expression vector pEASY®-Blunt E1 Expression Vector. PCR gel electrophoresis
was performed using primers IrUGT-YF and T7 Terminator. The results demonstrated that
the vector which completed the correct direction of connection and transformed into E. coli
T1 competent culture could amplify a band of 1500 bp by PCR. The bacterial culture of the
vector with incorrect connection direction or failure connection could only amplify a band
of less than 100 bp or no band, and only the correct band was sent to sequencing verification.
The results showed that the prokaryotic expression vector pEASY-Blunt E1-IrUGT86A1
was successfully constructed (Figure 8A). The successful recombinant plasmid pEASY-
Blunt E1-IrUGT86A1 was further transformed into BL21 (DE3) prokaryotic expression
competent cells.

Figure 8. PCR identification and SDS-PAGE analysis of recombinant protein of IrUGT86A1-like.
(A) PCR identification of recombinant plasmid of IrUGT86A1 (M: DL5000 DNA Maker; 1~8: PCR
identification of pEASY-Blunt E1-IrUGT86A colony); (B) SDS-PAGE analysis of IrUGT86A recom-
binant protein (M: Standard molecular weight of protein; 1: pEASY-Blunt E1-IrUGT86A induced
by IPTG; 2: pEASY-Blunt E1-IrUGT86A was not induced by IPTG); The arrow indicate the target
IrUGT86A1-like protein.

Furthermore, prokaryotic cells containing the target fragment were induced and ex-
pressed. The results of protein electrophoresis are shown in Figure 8B. Consistent with pre-
dicted results, the target band of E. coli strain induced by IPTG was approximately 53 kDa.
Compared with the strain without IPTG induction, the same band was not obviously
apparent (Figure 8B, Figure S1). Therefore, the IrUGT86A1-like protein was successfully
expressed in E. coli BL21, which thus lays an important foundation for further study of the
IrUGT86A1-like protein’s modification characteristics.
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4. Discussion

Secondary metabolites play a major role in the plant response to adversity stresses.
In plants, for the most part of secondary metabolites accumulate as glycoconjugates. Gly-
cosylation is one of the most common modifications of secondary metabolites, and is
carried out by enzymes called glycosyltransferases. In addition, glycosylation on small
molecular metabolites modulates various biological events in plants [10,24]. At present,
glycosyltransferase genes with various functions have been cloned, and the corresponding
enzyme activation and related functions have been verified [9–20]. However, due to the
specificity of secondary metabolites in different plants, the functions of glycosyltransferases
in different species are species-specific. Therefore, the cloning of glycosyltransferase genes
from different species is still a hot topic in the field of secondary metabolic molecules
in plants.

In this study, we used transcriptome analysis to screen a UGT gene, which had signifi-
cantly higher expression in the leaves (high oridonin content) than the callus (extremely
low oridonin content), and speculated that this gene may be involved in the regulation
of oridonin synthesis. Based on the sequence of second-generation transcriptome data,
the cDNA of IrUGT86A1-like with 1450 bp in length, containing a 1440 bp open reading
frame (ORF), which encodes for 479 amino acids was amplified by qPCR. Bioinformatics
analysis indicating that the protein encoded by IrUGT86A1-like gene is a stable hydrophilic
protein with several transmembrane domains. It is speculated that IrUGT86A1-like protein
is located in the cytoplasm, which is consistent with previously reported results that glyco-
sylation modification mainly occurs in the endoplasmic reticulum and Golgi apparatus [25].
ExPASy analysis showed that IrUGT86A1-like protein has a molecular weight of 53.03 kD,
and the IrUGT86A1-like protein approximately 53 kDa was successfully verified and ex-
pressed in E. coli BL21, which thus lays an important foundation for further study of the
IrUGT86A1-like protein’s modification characteristics.

The blastp comparison results from NCBI showed that the cloned IrUGT86A1-like gene
had high homology (query coverage greater than 95%) with UDP-glycosyltransferase 86A1-
like genes in the database. In addition, conserved domains analysis in NCBI demonstrated
that the protein had GT1_Gtf-like site-specific and non-specific sites of PLN02448 and
UDPGT, which indicted that IrUGT86A1-like belongs to the Glycosyltransferase_GTB-type
Superfamily. Phylogenetic analysis revealed that IrUGT86A1-like protein is most closely
genetically similar to Salvia splendens. Thus, it is believed that IrUGT86A1-like gene belong
to the UGT86 gene subfamily.

Previous studies have shown that glycosyltransferases are involved in a wide range
of biological processes essential to plant life, particularly in plant secondary metabolic
pathways where they often play an important role in the modification of secondary
metabolites to synthesize final compound that the UGT86C11 acts as a novel plant UDP-
glycosyltransferase involved in the products [8,26]. For example, during the synthesis of
flavonoids, the glycosylation catalyzed by UDP-glycosyltransferase is a key step at the
end of the flavonoid biosynthesis pathway [20,24]. Additionally, it has been shown that
glycosylation can improve the stability, diversity, and biological activity of flavonoids [26].
In particular, Payal Srivastavaa et. Al. found synthesis of neoandrographolide and an-
drograpanin, which belong to the labdane diterpenes [27]. In our study, these results of
IrUGT86A1-like expression and oridonin content in of I. rubescens showed that the content
of oridonin in different tissues varied with the expression level of the IrUGT86A1-like
gene in different tissues. However, although no oridonin content was detected in roots,
the IrUGT86A1-like gene was expressed in roots. This implies that perhaps IrUGT86A1-
like gene plays roles in other functions in roots. In addition, congruent relationship of
IrUGT86A1-like expression and oridonin content are consistent with previous laboratory
studies in which the leaves (high oridonin content) had significantly higher expression of
IrUGT86A1-like than the callus (extremely low oridonin content). In summary, these results
suggest that the IrUGT86A1-like gene may be involved in the regulation of oridonin synthe-
sis. Furthermore, based on homologous genes that have similar functional properties, the
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IrUGT86A1-like gene, as one of the members of the UGT86 subfamily, may also be involved
in diterpene biosynthesis. Therefore, based on the results of this study, it is speculated that
IrUGT86A1-like gene may play a regulatory role in the synthesis of oridonin. However,
whether IrUGT86A1-like gene plays a modification role in oridonin synthesis or not requires
further investigation.

In addition, expression of the UGT gene has been reported increase in plants subjected
to various stress conditions [28–30]. Previous studies on Arabidopsis thaliana have shown
that the expression of UGT79B2 and UGT79B3, could be highly induced by various abiotic
stressors such as cold, salt, and drought. Additionally, UGT75C1, UGT78D2, UGT79B2,
and UGT79B3 in A. thaliana can make plants more resistant or more sensitive to stress
through glycosylation of flavonoids [31]. In addition, previous reports on the UGT86A1
gene in A. thaliana UGT86A1 knockout lines and overexpression lines found that the
glycosyltransferase gene plays an important role in enhancing the adaptation of plants
to abiotic stress by altering the expression of stress-related genes [32]. In our study, it
also indicated that IrUGT86A1-like gene also played a certain regulatory role in stress
regulation. At the same time, abiotic stressors also affect the accumulation of secondary
metabolites [33]. Therefore, IrUGT86A1-like gene may also be involved in the regulation of
oridonin synthesis under the influence of different stresses. Whether the change of UGT
gene expression under different stressors has a specific mechanistic relationship with the
shifts in oridonin abundance needs further verification.

5. Conclusions

In this study, the IrUGT86A1-like gene of I. rubescens has been isolated with RT-PCR
and characterized with RNA expression analysis, bioinformatics, and prokaryotic expres-
sion. IrUGT86A1-like gene encodes for a protein with stable and hydrophilic characteristics,
containing a transmembrane domain, and located in the cytoplasm. According to RT-qPCR
results, the patterns in expression levels of the IrUGT86A1-like gene in different tissues were
similar to the distribution of oridonin content in the different tissues of I. rubescens, prelimi-
nary evidence that IrUGT86A1-like gene may be involved in the regulation or modification
of oridonin synthesis. Moreover, the expression of IrUGT86A1-like gene was found to be
altered by abiotic stressors (NaCl, ABA, and MeJA treatments). Expression IrUGT86A1-like
gene was found to be up-regulated by NaCl and MeJA treatments, and down-regulated
by ABA treatment. Finally, prokaryotic expression of IrUGT86A1-like protein successfully
expressed the approximately 53 kD IrUGT86A1-like protein, thus contributing an impor-
tant foundation for further functional research of IrUGT86A1-like protein. Overall, the
results of this study provide a theoretical basis for elucidating the potential function of the
IrUGT86A1-like gene in I. rubescens, and enabling future investigation of the function of this
gene in the synthesis and modification of secondary metabolites.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life12091334/s1, Figure S1: Original Western bolt images of
pEASY-Blunt E1-IrUGT86A induced by IPTG (Figure 8B). The marker from top to bottom are 180 kDa,
140 kDa, 100 kDa, 80 kDa, 60 kDa, 45 kDa, 35 kDa, 25 kDa, 15 kDa, 10 kDa.; Table S1: All primers
used in this paper.; Table S2: Physicochemical properties and localization analysis of IrUGT86A1-
like protein.
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Abstract: (1) Background: To further improve the rapid reproduction and large-scale application of
Catalpa bignonioides. (2) Methods: With young softwood cuttings from a 3-year-old C. bignonioides
mother plant used as materials, the effects of indole-3-acetic acid(IAA), indolebutyric acid(IBA) and
rhizogenic powder-1(ABT-1) growth regulators at different concentrations on cutting indexes and the
dynamic changes in endogenous hormone contents during the rooting of the C. bignonioides cuttings
were studied. (3) Results: The rooting of C. bignonioides cuttings could be divided into five stages.
There were three types of rooting of adventitious roots. IBA treatment resulted in a high rooting rate
and beneficial root morphology. The morphological indexes of the cutting roots after treatment with
1000 mg·L−1 IBA had the best overall quality, which was significantly higher than that of the roots in
the control (CK) group (p < 0.05). Although the average longest root length (20.51 cm) under ABT-1
was the longest, its overall average rooting rate was slightly lower than that under IBA. The rooting
effect under IAA was generally lower than that under IBA and ABT-1. The endogenous hormone
content of the cuttings was found to be closely related to rooting; the IAA and zeatin nucleoside (ZR)
content was high, and the ratios of IAA/ABA and IAA/ZR were high. The contents of gibberellin3

(GA3) and abscisic acid (ABA) were low, which had a promoting effect on the rooting of the cuttings.
(5) Conclusions: All three kinds of auxin can promote rooting and, of the three treatment groups, the
rooting effect of cuttings in the IBA treatment group was the strongest, with 1000 mg·L−1 being the
optimum concentration.

Keywords: Catalpa bignonioides; softwood cutting; growth hormone; rooting index

1. Introduction

Catalpa bignonioides, also known as cigar tree, American catalpa and Indian bean tree,
is a deciduous tree species of the family Bignoniaceae and is native to North America.
C. bignonioides is grown mainly in parts of Canada and the central and southern United
States. In recent years, C. bignonioides has also been introduced in the northern region of
China to central Xinjiang, Heilongjiang, Jilin, Liaoning, and south to Yunnan and other
provinces [1]. Owing to its strong vigor, large leaves, and floral fragrance, as well as its
ability to produce dense shade, C. bignonioides is mainly used as garden ornamental or street
tree. Its flowers are white and bell-shaped, with yellow or lavender spots. The pods are
similar to long beans and hang throughout the tree canopy, which is very attractive. There
are different leaf colors, including green, yellow, and purple, as well as multicolored leaves.
Attractive features of these trees are visible in three seasons, namely, its leaves in the spring,
its flowers in the summer, and its fruits in autumn. The leaves are large and rough and have
the ability to strongly absorb particles and heavy metals, such as lead and cadmium. Owing
to its broad canopy, C. bignonioides is often used as a wind barrier [2]. Wei Zuoping et al. [3]
reported that C. bignonioides is an important primary landscaping tree species with optimal
landscape effects. Bi Huitao et al. [4] treated softwood cuttings of C. bignonioides with
different concentrations of IBA, and its rooting rate increased by 84% compared with that
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of the cuttings in the CK group. In recent years, although research on C. bignonioides has
mainly focused on trees of the same family and genus, relatively few studies have focused
on seedling propagation [4]. Chen Suchuan et al. [5] and Liang Youwang et al. [6] con-
ducted preliminary research on the sowing of Catalpa species and the rooting of softwood
cuttings, and Zhao Xiyang et al. [7] and Peng Chan et al. [8] explored the seed germination
characteristics of Catalpa eucalyptus and the effects of exogenous hormones on the growth
of Eucalyptus seedlings. Cui Lingjun et al. [9] carried out subjected Catalpa bungei seeds to
different hormone treatments and concluded that IBA promotes seed germination. How-
ever, the speed of propagation via seed is slow due to the dormancy characteristics of these
species [3]. In addition, limited domestic seed resources prevent rapid and large-scale
promotion and application. The cutting propagation technique has advantages that include
the stable maternal inheritance of excellent traits, a short growth cycle, ease of operation,
and rapid prototyping; thus, propagation by cuttings has been considered to be the most
cost-effective reproduction method in recent years and can hasten and promote the propa-
gation of large numbers of seedlings [10]. Therefore, the cutting propagation technique is
beneficial to accelerate the promotion and application of C. bignonioides reproduction.

At present, there has been no research on C. bignonioides cutting propagation tech-
niques in China and other countries. The low rooting rate of cuttings has been a major
bottleneck in forestry development in China. To overcome this limitation, many researchers
have carried out related research on the effects of growth regulators on various species,
such as Chionanthus virginicus, Lonicera korolkowi, Quercus mongolica, Mytilaria laosensis, and
other tree species. According to the research results, the rooting rate of cuttings treated with
exogenous growth regulators was found to be significantly higher than that of untreated
cuttings [11–14]. The selection and application of auxin is also a key factor for improving
the rooting rate of cuttings. In addition, treatment with growth regulators whose concen-
trations are too high or too low is not conducive to the rooting of cuttings [15] because
low or high concentrations of exogenous growth regulators can disrupt the balance of
endogenous hormone contents within the cutting itself, resulting in an inability to promote
adventitious root production [16]. Wang Qing et al. used Chukrasia tabularis shoots cultured
in MS-containing medium as the research object and found that adding IBA and ABT-1 at
a concentration of 500 mg·L−1 induced rooting after 10 days. Furthermore, IBA processing
outperforms ABT-1 processing, with a rooting rate over 85% [17]. By using three kinds of
growth regulators (naphthaleneacetic acid (NAA), IBA, and IAA) at different concentrations
and treatment times, Zhai Yafang et al. conducted a cutting propagation test on Lonicera
tartarii cuttings. According to the test results, the rooting rate under IBA 500 mg·L−1 was
the best at 86% [18]. Wang Xiaoling et al. soaked tetraploid Robinia pseudoacacia softwood
in different concentration gradients (500 mg·L−1, 1000 mg·L−1, 1500 mg·L−1) of different
hormones (IBA, NAA, and IAA) for 6 h. The best treatment group was IBA at a concen-
tration of 1000 mg·L−1 with a rooting rate of 80.4% [19]. Zhang Enliang treated Catalpa
softwood with IBA at a concentration of 2000 mg·L−1, with a rooting rate of 85.6% [20].
Ma Lingling et al. evaluated the cutting rooting ability of five species of Catalpa softwood.
After soaking in IBA with a concentration of 3000 mg·L−1 for 1 min, the rooting rate of
Catalpa was as high as 94.5% [21]. Wang Gaiping used NAA, IAA, and ABT-1 at a concen-
tration of 1000 mg·L−1 to analyze the rooting development and root characteristics of the
cuttings of Catalpa softwood. Among them, the ABT-1 treatment group with a concentration
of 1000 mg·L−1 was the best with a rooting rate of 92% [22]. Zhang Mei et al. used different
concentrations of ABT-1, NAA, and IAA to treat 1-year-old cuttings of Brassica chinensis.
Among them, the rooting rate of ABT-1 with a concentration of 500 mg·L−1 was the highest,
followed by the IAA treatment group [23]. In order to determine a suitable cutting plan
for cold-resistant plum root stocks, Wang Xuesong et al. soaked the rooting powder in
NAA, IAA, IBA, and ABT-1 at concentrations of 1, 3, and 5 g·L−1 for 40 min. The best
treatment group was ABT-1 at a concentration of 3 g·L−1 [24]. Liang Xiaochun et al. used
different concentrations of the exogenous hormones IAA and IBA to treat Huangguohougui
softwood and found that the IAA treatment group with a concentration of 250 mg·L−1
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was the best, with a rooting rate of 66.7% [25]. Li Huimin et al. studied the effect of
different concentrations of plant growth regulators (IBA, IAA, and NAA) on the rooting
survival rate of cuttings of original varieties of perfume rose. Among them, the survival
rate of cuttings treated with IAA solution with a concentration of 500 mg·L−1 was the
highest [26]. Wu Kaiyun et al. used various concentrations of plant growth regulators (IBA,
ABT-1, NAA, shuang ji er-GGR6, and IAA) to soak hardwood cuttings from the persimmon
rootstock Yalin 6 and then inserted them into a sterile matrix. The highest rooting rate was
found for the IAA treatment group with a concentration of 500 mg·L−1, followed by the
ABT-1 treatment group [27]. The best growth regulators widely used to rapidly increase
the rooting rate of cuttings are IBA, ABT-1, and IAA, which are suitable at concentrations
ranging from 500 mg·L−1 to 2000 mg·L−1.

According to a large number of studies in recent years, the changes in the contents of
endogenous hormones during the rooting process of cuttings are more important for regu-
lating the occurrence of adventitious roots than their contents in a specific developmental
period. In addition, treatment with growth regulators whose concentrations are too high or
too low is not conducive to the rooting of cuttings [28,29]. In a study by Zhang Xiaoping
et al. [30] on Liriodendron chinense × L. tulipifera and a study by Li Chaochan et al. [31] on
Rhododendron stamineum, IAA was found to promote the formation of adventitious roots
and ABA had a certain inhibitory effect on root formation. Exogenous hormone treatment
can promote the synthesis of endogenous IAA and inhibit the synthesis and transport of
endogenous ABA. In research on Rhododendron scabrifolium [32] the increase in the GA3
content had a positive correlation with the induction of cutting calli and the occurrence of
adventitious roots. According to an experiment on Swida wilsoniana by Li Yongxin et al. [33]
a high concentration of ZR is beneficial to the growth and development of root primordia,
while a low concentration of ZR is beneficial to the formation of root primordia. In research
by Dong Shengjun et al. [34] on Armeniaca sibirica and by Shi Fenghou et al. [35] on Tilia
miqueliana, plant growth regulators could affect the changes in endogenous hormones in
cuttings and promote cutting rooting.

With the use of young softwood cuttings of 3-year-old C. bignonioides mother plants
as materials, this experiment involved applying three different growth regulators, namely,
IAA, ABT-1, and IBA, at concentrations of 500 mg·L−1, 1000 mg·L−1, and 1500 mg·L−1

on the materials to study their impact on the rooting index of the cuttings. The cuttings
displaying optimal rooting across the treatment groups were screened, and the dynamic
changes in the contents of four main endogenous hormones IAA, ABA, GA3, and ZR
and their ratios during the rooting process were measured. This study identified the
best growth regulator to deal with the rooting rate of cuttings and the survival rate of
C. bignonioides softwood for the first time and provided a theoretical basis for future
studies. From the perspective of physiology and biochemistry, the rooting mechanism
was explained and can be used for the establishment of a rapid propagation technology
system of C. bignonioides seedling cuttings and the rapid large-scale production of seedlings
with excellent genetic traits. Moreover, technical support and theoretical guidance on the
industrialization development of C. bignonioides were provided.

2. Materials and Methods

2.1. Test Materials, Cutting Treatments, and Sample Collection

In this research, the materials were softwood cuttings of C. bignonioides collected in
mid-July from a 3-year-old mother plant at an experimental station in Ruzhou city, Henan
Province. The mother plants were all similar in terms of their height. The cuttings were
collected from vigorously growing, young branches and were 0.6–0.8 cm in diameter, after
which they were all pruned to a length of 12–15 cm. The upper end of each cutting was cut
flat, and the base incision was beveled at 45◦.

Three growth regulators, ABT-1(Beijing EbTY Biotechnology Co., Ltd., Beijing, China),
IAA, and IBA (Beijing Solaibao Technology Co., Ltd., Beijing, China) were applied sepa-
rately. IAA, IBA, and ABT-1 at 0.5 g, 1 g, and 1.5 g, respectively, were dissolved with 100%
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alcohol and then diluted with 1 L of water to a concentration of 500, 1000, and 1500 mg·L−1

to soaking 2–3 cm of the cutting’s base for 1 h. There were 9 treatments, each of which was
replicated 3 times. A total of 80 cuttings constituted a bundle (one replication). Cuttings
soaked in water for 1 h were used as CKs, as shown in Table 1.

Table 1. Orthogonal design of different growth regulator treatments. IAA: Indole-3-acetic acid; IBA:
Indolebutyric acid; ABT-1: Rhizogenic powder-1; T1: IAA 500 mg·L−1 1 h; T2: IAA 1000 mg·L−1 1 h;
T3: IAA 1500 mg·L−1 1 h; T4: IBA 500 mg·L−1 1 h; T5: IBA 1000 mg·L−1 1 h; T6: IBA 1500 mg·L−1

1 h; T7: ABT-1 500 mg·L−1 1 h; T8: ABT-1 1000 mg·L−1 1 h; T9: ABT-1 1500 mg·L−1 1 h; CK: Control.

Treatment Number A Growth Regulators B Concentration (mg·L−1) C Treatment Time (h)

T1 IAA 500 1
T2 IAA 1000 1
T3 IAA 1500 1
T4 IBA 500 1
T5 IBA 1000 1
T6 IBA 1500 1
T7 ABT-1 500 1
T8 ABT-1 1000 1
T9 ABT-1 1500 1
CK Water

For each bundle of 80 cuttings, the base was first soaked in 50% carbendazol wettable
powder (Jiangsu Lanfeng Bio-Chemical Co., Ltd., Nanjing, China) diluted 800 times with
water for 1 min. To accurately observe the morphological changes in the base of the
cuttings, three cuttings were randomly selected from each treatment every other day for
observations, and the rooting status of the cuttings was recorded. Sampling was performed
on days 0, 7, 15, 30, and 50 after treatment. Three cuttings were randomly selected for
each treatment. First, the cuttings were rinsed with water and dried. Then, the cortex
within 2 cm of the cutting was immediately removed. After being cut into pieces, they were
wrapped in aluminum foil and put into liquid nitrogen. Finally, the cuttings were stored in
a −80 ◦C ultra-low-temperature freezer in the laboratory for the subsequent determination
of endogenous hormone contents.

2.2. Cuttings and Post-Management Processes

In this study, a softwood cutting system used for breeding was adopted. A seedbed
with a length of 5 m, a width of 4 m, and a depth of 0.5 m surrounded by bricks was
used. The matrix in the seedbed consisted of pure fine river sand:vermiculite:perlite = 3:1:1.
An automatic spraying system was installed 1.5 m above the seedbed, and a shading net
was placed 10 cm above the automatic spraying system. One week before the cuttings were
transplanted, 50% carbendazol wettable powder diluted 800 times with water was evenly
sprayed around the seedbed and the substrate. At the same time, the substrate was tumbled.
Before the cuttings were transplanted, the seedbed substrate was watered to loosen the
matrix particles. The cuttings were transplanted such that the density was 40 m−2 and their
depth was 7–8 cm. After the cuttings were transplanted, water was sprayed every 30 min
from 8:00 to 18:00 every day. To prevent excessive water spraying or high temperatures
and water shortages in the summer, a moisture timer controller produced by staff at the
Beijing Academy of Forestry was used to monitor the water spraying intervals and times
(Chinese Academy of Forestry Sciences, Beijing, China). On sunny days from 10:00 to
16:00, a shade net was placed over the cuttings. The moisture of the cutting substrate was
moderate. Moreover, the relative humidity at 1.5 m above the cuttings was maintained at
approximately 70%.
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2.3. Determination of Rooting Indicators

Beginning on day 5, three cuttings were randomly taken each time to observe the
changes in cutting morphological indicators. On day 50, the rooting of all the cuttings
in the seedbed was investigated. First, the counting method was used to quantify the
callus production rate and rooting rate in each cutting group. Then, an Epson root analyzer
(Epson Perfection 4990 Photo scanner, Epson, Nagano, Japan) manufactured in Nagano,
Japan, was used to determine the root number, maximum root diameter, and maximum
root length of each cutting group.

Rooting rate (%) = (number of rooted cuttings/total number of cuttings tested) × 100% (1)

Callus production rate (%) = (number of cuttings that produced calli/total number of cuttings) × 100% (2)

Root number = sum of root number/total number of roots (3)

Average maximum root diameter (mm) = sum of maximum root diameter/total roots (4)

Average maximum root length (cm) = sum of maximum root length/total number of roots (5)

2.4. Determination of Physiological and Biochemical Indicators

For the determination of physiological indicators of the phloem of C. bignonioides
cuttings, the method proposed by He Chongdan et al. [29] was used to extract endogenous
hormones. Enzyme-linked immunosorbent assays (ELISAs) were used to determine the
contents of rooting-related endogenous hormones, including IAA, GA3, ABA, and ZR, in
units of nanograms per gram of fresh weight (FW). Each sample was replicated 3 times.

2.5. Data Processing

SPSS 24.0 software (IBM Corp., Armonk, NY, USA)was used for analysis of variance
and correlation analysis. Origin 8 software(Originlab, Northampton, MA, USA) was used
for mapping. Duncan’s method was used for multiple comparisons, and the mean ± SE
was used to represent the test results.

3. Results and Analysis

3.1. Rooting of C. bignonioides Softwood Cuttings

The morphological changes in the C. bignonioides cuttings are as follows. Beginning on
day 10, some cutting bases produced a small amount of milky calli (Figure 1A). On day 15,
the calli gradually increased (Figure 1B) and on day 20, the calli continued to gradually
increase (Figure 1C). On day 30, some adventitious roots continued to extend from inside
the calli (Figure 1D). A few adventitious roots had been generated from the bark of the
cuttings (Figure 1E). Some adventitious roots arose from the interior and cortex of the
calli of the same cutting (Figure 1F) and elongated. In addition, new roots had formed on
these roots. Finally, a complex interlaced root system formed (Figure 1G). According to
the phenotypic changes in the rooting of the C. bignonioides cuttings (Figure 1), the process
could be divided into five stages, namely, the initiation stage, callus stage, root primordium
induction stage, adventitious root generation period, and elongation stage. According to
previous research, the different rooting types can be divided into bark rooting types, callus
rooting types, and mixed rooting types [16,36]. Figure 1 shows that the rooting process of
the C. bignonioides cuttings involves these three rooting types.
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Figure 1. Development process of adventitious roots of C. bignonioides cuttings. (A) A small amount of
callus was generated; (B) A large number of calli were generated; (C) Callus increase; (D) Adventitious
roots protruding from the calli; (E) Adventitious roots protruding from the bark; (F) Calli and bark of
the same cutting producing adventitious roots; (G) Calli and the bark of the same cutting producing
adventitious roots that have elongated.

3.2. Comparison of Rooting Rate and Callus Production Rate in Response to Different
Growth Regulators
3.2.1. Influence of Growth Regulator on the Rooting Rate and Callus Production Rate of
C. bignonioides Softwood Cuttings

Table 2 shows that the rooting rate and callus production rate of C. bignonioides cuttings
under the three growth regulator treatments were higher than those under the CK treatment,
with a consistent trend. The impact of the growth regulators on these two indicators was in
the order of IBA > ABT-1 > IAA. Among the cuttings under the three growth regulators,
the rooting rate under IBA was 62.44%, which was 7.81 times that under the CK and was
significantly greater than that under the other growth regulators. Moreover, the rooting rate
in response to ABT-1 was significantly greater than that under IAA. The callus production
rate under IBA was 18.44%, which was 9.22 times that under the CK; this production was
not significantly different from that under ABT-1 but was significantly greater than that
under the other growth regulator treatments. The difference between the IAA and CK
treatments was not significant. Overall, the rooting rate under the three growth regulators
treatments was greater than the callus production rate, and the IBA treatment elicited the
best response.

Table 2. Effects of growth regulators on the rooting rate and callus production rate of C. bignonioides
softwood cuttings. IAA: Indole-3-acetic acid; IBA: Indolebutyric acid; ABT-1: Rhizogenic powder-
1,CK: Control. The data in the table are the mean of 3 replications. The different lowercase letters (a,
b, c, and d) after the data in the same column indicate significant differences at the p < 0.05 level, and
the different capital letters (A, B, C, and D) indicate significant differences at the p < 0.01 level.

Growth Regulator Rooting Rate/% Callus Production Rate/%

IAA 32.89 ± 1.68 cC 8.22 ± 3.15 bAB
IBA 62.44 ± 2.14 aA 18.44 ± 3.67 aA

ABT-1 49.33 ± 1.76 bB 17.56 ± 5.35 aA
CK 8.00 ± 2.00 dD 2.00 ± 2.00 bB
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3.2.2. Effects of Growth Regulator Concentration on the Rooting Rate and Callus
Production Rate of C. bignonioides Softwood Cuttings

The rooting rate of cuttings treated with different growth regulators is shown in
Figure 2A. Overall, the rooting rate of cuttings in the IBA treatment group was the best
(43–84%) and was significantly higher than that of the cuttings in the IAA and ABT-1
treatment groups. With an increase in IBA concentration, the rooting rate tended to first
increase and then decrease. Among the different concentrations tested, the maximum rate
was 84.00% in response to 1000 mg·L−1, which was 90.48% higher than that under the
CK (the rooting rate of which was 8.00%). The second greatest rooting rate was detected
in the ABT-1 treatment group. With the increase in ABT-1 concentration, the rooting rate
also increased first and then decreased. The rooting rate of the cuttings was the best after
treatment with 500 mg·L−1 ABT-1 compared with other concentrations, which was 86.52%
higher than that of the CK. In general, the rooting rate of the IAA treatment group was the
lowest (28–38%); IAA had no significant effect on the rooting rate.

Figure 2. Effects of different growth regulator concentrations on the rooting rate and callus production
of C. bignonioides softwood cuttings. (A) The rooting rate of cuttings treated with different growth
regulators, (B) The callus production rates of cuttings treated with different growth regulators,
IAA: Indole-3-acetic acid, IBA: Indolebutyric acid, ABT-1: Rhizogenic powder-1. a, b, c: Different
superscripts show significant differences (p < 0.05) and the same letters indicate no difference (p > 0.05).
Bars represent the standard error (n = 3).

As shown in Figure 2B, the callus production rates of the cuttings in the IBA and ABT-1
treatment groups were similar, and the difference between the different concentrations
of hormones was not significant (15–22%); however, the production rates in response
to both were significantly higher than that of the CK. Among the treatment groups, the
callus production rate of the IBA treatment group first increased and then decreased with
increasing concentration, which is consistent with the rooting rate trend shown in Figure 2A.
The callus production rate of the cuttings in the ABT-1 treatment group showed a gradually
increasing trend with increasing concentration, which is different from the rooting rate
trend shown in Figure 2A. The cuttings in the IAA treatment group presented the lowest
callus production rate (4–13%), which was lower overall than that in the IBA and ABT-1
treatment groups. In addition, the overall trend and significance between the different
hormone concentrations were essentially consistent with those of the rooting rate, as shown
in Figure 2A.
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3.3. Comparison of Root Morphology in Response to Different Growth Regulator Treatments
3.3.1. Effects of Growth Regulators on Root Morphology of C. bignonioides
Softwood Cuttings

The root morphological changes of the C. bignonioides softwood cuttings are shown in
Table 3. The three growth regulators significantly affected the number of roots produced,
average maximum root length, and average maximum root diameter of the cuttings. In the
IBA treatment, the number of roots produced reached 16.56, which was 2.37 times that in
the CK. This was significantly greater than the numbers in the ABT-1 treatment (10.11 roots)
and IAA treatment (8.33 roots) (p < 0.05). Second, ABT-1, IBA, and IAA all significantly pro-
moted the average maximum root length of the C. bignonioides softwood cuttings. Among
these treatments, the promoting effect of ABT-1 was the strongest (20.51 cm on average),
which was significantly higher than that of CK (10.40 cm). Finally, the average maximum
root diameter in response to the three growth regulators ranged from 1.27–1.61 mm, which
equates to the roots being 41.67~58.82% thicker than those of the CK (0.7 mm on average).
Therefore, overall, the hormone treatment of C. bignonioides softwood cuttings has a signifi-
cant promoting effect on maximum root diameter. Among the treatments, the effect of IBA
was the strongest and was significantly better than that of ABT-1.

Table 3. Effects of growth regulators on the root morphological indicators of C. bignonioides softwood
cuttings. IAA: Indole-3-acetic acid; IBA: Indolebutyric acid; ABT-1: Rhizogenic powder-1; CK: Control.
The data in the table are the mean of three replications. The different lowercase letters (a, b) after the
data in the same column indicate significant differences (p < 0.05), and the different capital letters (A,
B) indicate significant differences (p < 0.01).

Growth Regulator Number of Roots/n Average Maximum Root Length/cm Average Maximum Root Diameter/mm

IAA 8.33 ± 2.91 bA 16.34 ± 7.38 abA 1.47 ± 0.28 aA
IBA 16.56 ± 3.42 aA 18.31 ± 0.88 aA 1.61 ± 0.30 aA

ABT-1 10.11 ± 3.79 bA 20.51 ± 0.62 aA 1.27 ± 0.19 aAB
CK 7.00 ± 3.00 bA 10.40 ± 1.13 bA 0.70 ± 0.10 bB

3.3.2. Effects of Growth Regulator Concentration on the Root Morphology of C. bignonioides
Softwood Cuttings

As shown in Figure 3A, the number of roots produced by the cuttings in the IBA
treatment group was the highest. In addition, the number of roots in response to IBA at
concentrations of 1000 mg·L−1 and 1500 mg·L−1 were significantly higher than those in
response to ABT-1 and IAA. The number of roots first increased and then decreased slightly
with increasing IBA concentration. The maximum value was 22.00 under the 1000 mg·L−1

IBA treatment, which was approximately 2.36 times that under the CK treatment. Therefore,
IBA concentrations that are too high or too low are not conducive to the development of
adventitious roots. The effects of the ABT-1 and IAA treatments on the number of roots
produced were relatively weak (5~14 roots); there was no significant difference in number
of roots produced by the cuttings between the concentrations of these hormones or between
the CK. Therefore, the promoting effect of ABT-1 and IAA on the number of roots was not
obvious. When the IAA and ABT-1 concentrations reached 1500 mg·L−1, root production
(7.33 and 5.00) became inhibited, and the number produced was significantly lower than
that in the CK treatment (9.33).
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Figure 3. Effects of growth regulator concentrations on the root morphological indexes of C. bignonioides
softwood cuttings. (A) The number of roots produced by the cuttings treated with different growth
regulators, (B) The average maximum root length by the cuttings treated with different growth
regulators, (C)The average maximum root diameterby the cuttings treated with different growth
regulators, IAA: Indole-3-acetic acid; IBA: Indolebutyric acid; ABT-1: Rhizogenic powder-1. a, b,
c: Different superscripts show significant differences (p < 0.05) and the same letters indicate no
difference (p > 0.05). Bars represent the standard error (n = 3).

As shown in Figure 3B, all three growth regulators had a significant promoting effect
on the average maximum root length. The maximum root length of the cuttings in the IBA
treatment group with a concentration of 1500 mg·L−1 was the largest (27.53 cm) among all
the treatment groups; this value was significantly higher than that in the other treatment
groups (across concentrations) and was 62.22% higher than that in the CK group. Second,
the average maximum root length under the ABT-1 treatment fluctuated in the range of
17–23 cm; there was no significant difference between the different concentrations, but the
length in response to the different concentrations were significantly higher than that in the
CK treatment. The average maximum root length under the IAA treatment first increased
and then decreased with increasing IAA concentration. However, there was no significant
difference in average maximum root length between the concentrations or the CK.

As shown in Figure 3C, IBA at a concentration of 1000 mg·L−1 resulted in the great-
est average maximum root diameter (2.18 mm), which was 67.89% thicker than that in
the CK group (0.7 mm). The average maximum root diameter of the cuttings in the IBA
treatment group with a concentration of 1500 mg·L−1 was slightly lower than that in the
1000 mg·L−1 IBA treatment group but was significantly higher than that in the 500 mg·L−1

and CK treatment groups. The average maximum root diameter under IAA treatment first
increased and then decreased with increasing IAA concentration. The average maximum
root diameter under the 500 mg·L−1 IAA treatment was the greatest (2.07 mm) and was
66.18% thicker than that under the CK. The average maximum root diameter under the
ABT-1 treatment fluctuated in the range of 1.03–1.54 mm. Among the various ABT-1 concen-
trations tested, the average maximum root diameter under the treatment of 1500 mg·L−1

ABT-1 was the greatest, the value of which was significantly different from that under the
CK. The average maximum root diameter in response to the other concentrations of ABT-1
was not significantly different from that of the CK group.
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3.4. Changes in the Contents of Hormones in the Phloem of C. bignonioides Cuttings under
Different Treatments
3.4.1. Changes in the Content of IAA in the Phloem of C. bignonioides Cuttings

Figure 4A shows that the content of IAA in the phloem of C. bignonioides cuttings
treated with growth regulators during the rooting process first increased and then de-
creased with time. Specifically, the IAA content increased on days 0–15 and decreased on
days 15–50. Among them, treatment 5 corresponded to the largest increase. On day 15,
the IAA content peaked at 122.10 ng·g FW, which was 5.26 times the initial content of
the cuttings (23.22 ng·g FW). Moreover, the content was higher than that under the other
treatments. The CK treatment yielded the smallest increase, and the value remained the
lowest throughout rooting.

Figure 4. Changes in the content of IAA, GA3, ABA, and ZR in the phloem of C. bignonioides
cuttings during rooting. (A) Changes in the content of IAA in the phloem of C. bignonioides cuttings
during rooting, (B) Changes in the content of GA3 in the phloem of C. bignonioides cuttings during
rooting, (C) Changes in the content ofABA in the phloem of C. bignonioides cuttings during rooting,
(D) Changes in the content of ZR in the phloem of C. bignonioides cuttings during rooting, IAA:
Indole-3-acetic acid; T1: IAA 500 mg·L−1 1 h; T2: IAA 1000 mg·L−1 1 h; T3: IAA 1500 mg·L−1 1 h; T4:
IBA 500 mg·L−1 1 h; T5: IBA 1000 mg·L−1 1 h; T6: IBA 1500 mg·L−1 1 h; T7: ABT-1 500 mg·L−1 1 h;
T8: ABT-1 1000 mg·L−1 1 h; T9: ABT-1 1500 mg·L−1 1 h; CK: Control.

The rooting type and time points of the cuttings were analyzed. At the callus stage,
the IAA content gradually increased. During the formation stage of adventitious roots,
the content of IAA decreased. The analysis of the rooting effect of cuttings revealed
obvious differences in IAA content among the treatments. Treatments in which the cuttings
presented a high rooting rate also had a high IAA content. Among them, the cuttings
under the CK had the lowest IAA content and exhibited the lowest root production. Taken
together, these analysis results show that the higher the IAA content is, the better the
rooting effect.
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3.4.2. Changes in GA3 Content in the Phloem of C. bignonioides Cuttings

As shown in Figure 4B, the GA3 content in the phloem of C. bignonioides cuttings
during rooting showed a trend of “down–up–down” with time. On days 0–7, the GA3
content in all the treatments decreased sharply, with treatments 5, 6, and 7 showing the
greatest decrease. On days 7–50, the GA3 contents in treatments 5, 6, and 7 were essentially
stable, while those in the other treatments decreased by 50%. On the 15th day, the content
of GA3 showed an increase–decrease trend again, among which the cuttings in the CK
treatment presented the largest change. During the whole rooting process, the GA3 content
in the CK treatment was always the highest. Among the various contents, the GA3 contents
in treatments 5, 6, and 7 were maintained at lower levels.

The root morphology and root timing of the cuttings were analyzed. At the callus
stage, the GA3 content decreased. However, the GA3 content increased during the root pri-
mordium and adventitious root generation stage. During the adventitious root elongation
stage, the GA3 content decreased. According to the rooting analysis, the different growth
regulators have obvious effects on the GA3 content and the range of variation within the
cuttings. The lower the GA3 content, the stronger the rooting effect.

3.4.3. Changes in Content of ABA in the Phloem of C. bignonioides Cuttings

Figure 4C shows that the ABA content of the phloem of C. bignonioides cuttings under
each treatment during the rooting process showed a trend of “rising–falling–rising”. On
days 0–7, the ABA content increased. Among the treatments, the ABA content in the CK
increased the most, from the initial value of 117.19 ng·g FW to 218.51 ng·g FW, with an
increase of 46.37%. On days 7–30, the ABA content decreased, but on days 30–50, the ABA
content increased. On days 0–30, the ABA contents of all treatments were lower than those
of the CK. Among the treatments, treatment 5 presented the lowest ABA content.

The rooting morphology and timing of the cuttings were analyzed. At the early callus
stage, the ABA content increased. With the production of calli, root primordia, and adven-
titious roots, the ABA content decreased gradually. During adventitious root elongation,
the ABA content began to increase again. Through the analysis of the effects of different
growth regulators, concentrations, and treatment times on the cuttings, the lower the ABA
content was, the stronger the rooting effect.

3.4.4. Changes in the ZR Content of the Phloem of Cuttings of C. bignonioides

Figure 4D shows that the ZR content of the phloem of C. bignonioides cuttings under
each treatment showed a trend of first decreasing and then increasing with rooting time. On
days 0–30, the ZR content increased, but on days 30–50, the ZR content decreased. Among
the treatment, treatment 5 presented the largest decrease in ZR content: at the initial cutting
stage, the content was 20.59 ng·g−1 FW, and the lowest value was 1.93 ng·g−1 FW on the
30th day—a decrease of 90.63%. The decrease in ZR content in the CK was the smallest,
from the initial value to 9.45 ng·g−1 FW on the 30th day—a decrease of 54.10%. Moreover,
the ZR content decreased the sharpest in the CK treatment.

The rooting morphology and timing of the cuttings were analyzed. At the callus stage,
the ZR content dropped sharply. During the root primordium generation and adventitious
root formation stages, the ZR content continuously decreased, with a relatively small rate of
decrease. During adventitious root elongation, the ZR content began to increase. Through
the analysis of the effects of the different growth regulators, concentrations, and treatment
times on the cuttings, the lower the ZR content was, the stronger the rooting effect.

3.4.5. Changes in the IAA/ABA Value of the Phloem of C. bignonioides Cuttings

Figure 5A shows that the IAA/ABA value of the phloem of the C. bignonioides cuttings
under each treatment during the rooting process showed a trend of first increasing and
then decreasing. On days 0–30, the IAA/ABA value increased, but on days 30–50, the
IAA/ABA value decreased. (The IAA/ABA value for treatment 8 increased on days 0–15
and decreased on days 15–50.) The IAA/ABA values of treatment 5 and treatment 6
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increased more than those of the other treatments did. The IAA/ABA value under the CK
was always the lowest during rooting. The IAA/ABA values of treatment 5 and treatment 6
peaked on day 30 (1.21 and 1.36), which were 2.81 and 3.16 times the peak values in the
CK (0.43), respectively.

Figure 5. Changes in the IAA/ABA and IAA/ZR value of the phloem of C. bignonioides cuttings
during rooting. (A) Changes in the IAA/ABA value of the phloem of C. bignonioides cuttings during
rooting, (B) Changes in the IAA/ZR value of the phloem of C. bignonioides cuttings during rooting,
IAA/ZR: Indole-3-acetic acid /Zeatin nucleoside; T1: IAA 500 mg·L−1 1 h; T2: IAA 1000 mg·L−1 1 h;
T3: IAA 1500 mg·L−1 1 h; T4: IBA 500 mg·L−1 1 h; T5: IBA 1000 mg·L−1 1 h; T6: IBA 1500 mg·L−1

1 h; T7: ABT-1 500 mg·L−1 1h; T8: ABT-1 1000 mg·L−1 1 h; T9: ABT-1 1500 mg·L−1 1 h; CK: Control.

The rooting morphology and timing of the cuttings were analyzed. The IAA/ABA
values peaked from the initial period until the formation of adventitious roots. During
the adventitious root elongation stage, the IAA/ABA values decreased sharply. Through
the analysis of the effects of the different growth regulators, concentrations, and treatment
times on the cuttings, the exogenous hormones promoted an increase in the IAA/ABA
value. The higher the IAA/ABA value was, the stronger the rooting effect.

3.4.6. Changes in the IAA/ZR Value of the Phloem of C. bignonioides Cuttings

Figure 5B shows that the IAA/ZR value of the phloem of the C. bignonioides cuttings
under each treatment during the rooting process showed a trend of first increasing and then
decreasing. On days 0–15, the IAA/ZR value increased, but on days 15–50, the IAA/ZR
value decreased. (The IAA/ZR value for treatment 6 increased on days 0–30 and then
decreased on days 30–50). Among them, treatment 5 presented the largest increase, from
an initial value of 1.13 to a peak value of 49.65 on day 30, equal to an increase of 97.72%.
The IAA/ZR value throughout the rooting process was the greatest in treatment 5. The
IAA/ZR values of each treatment were higher than those of the CK.

The rooting morphology and timing of the cuttings were analyzed. The IAA/ZR
value peaked from the initial period until the formation of adventitious roots. During
the adventitious root elongation stage, the IAA/ZR value decreased. The lower the value
was, the smaller the decrease. Through the analysis of the effects of the different growth
regulators, concentrations, and treatment times on the cuttings, the exogenous hormones
promoted an increase in the IAA/ZR value. The higher the IAA/ZR value was, the better
the rooting effect.

4. Discussion

4.1. Effects of Growth Regulators on the Rooting Indexes of C. bignonioides Cuttings

According to related studies, rooting types of C. bignonioides softwood cuttings include
the bark, callus, and mixed rooting types [16,36]. An abundance of research has shown
that IBA treatment can significantly increase the rooting of cuttings [37,38]. However, some
studies suggest that the rooting effect of cuttings is the greatest under treatment with
ABT-1 [39]. Because of the ubiquitous endogenous IAA content plants, root development
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is always affected by changes in IAA contents. Numerous studies have shown that IAA
can promote the rooting of cuttings of Dalbergia serrata [40], Cinnamomum coninna [41], and
Carnation [42]. This study showed that three types of growth regulators can promote the
formation of adventitious roots of C. bignonioides softwood cuttings. In particular, after
IBA treatment, calli produced significantly earlier roots, and the rooting rate increased by
76.00% compared with that of the CK. In addition, the number of roots, root length, and
rooting index were significantly higher than those in the CK group. Therefore, overall,
the rooting effect of IBA treatment was the best, which is consistent with the research
conclusions of most scholars of related studies [37,38].

4.2. Changes in the Contents of Endogenous Hormones Associated with Rooting

Plant endogenous hormones are important factors in the formation of adventitious
roots on cuttings. Endogenous hormone levels are closely related to the rooting ability of
cuttings [43]. IAA is the main hormone that promotes cuttings to develop adventitious
roots [44]. According to most related studies [45,46] an increase in IAA content is beneficial
to the formation and differentiation of root primordia. According to Taramino et al. high
concentrations of IAA can increase the division of root meristem cells, while low concentra-
tions of IAA can accelerate the differentiation of root elongation zone cells [47]. In rooting
experiments on cuttings, such as Chukrasia tabularis and Thuja occidentalis, the content
of IAA was found to be greatly increased during the critical period of adventitious root
formation and decreased after adventitious root growth [28,48] In the present experiment,
hormone treatments promoted IAA synthesis in cuttings, which induced adventitious
roots. At this time, calli form in large numbers. Therefore, overall, an increase in IAA
content can promote the differentiation of calli to form root primordia and induce rooting,
which is consistent with the conclusion of Ma Zhenhua et al. [49] with respect to tetraploid
Robinia pseudoacacia. Compared with the control group, the cuttings in the IAA-treated
group rapidly accumulated, which was favorable for the induction and differentiation of
root primordia. The main reason for the early rooting of cuttings may be the early and
rapid increase in the IAA content. Therefore, IAA, IBA, and ABT-1 all promoted the IAA
content in cuttings. In this experiment, IBA had the best effect and T5 had the best effect on
IAA content.

Gibberellin GA3 mainly plays a role in promoting cell division and elongation and inhibits
the formation of adventitious roots [50]. In a study on Ipomoea fistulosa, Nanda [51] et al. found
that GA3 can significantly promote the rooting of cuttings and induce leaf bud germination.
According to Li Yongxin et al. [33] high concentrations of GA3 inhibit the formation of
adventitious roots. However, low levels of GA3 promote adventitious roots. In this
experiment, the changes in the GA3 content in cuttings in the treatment group indicated
that the formation and elongation of cutting adventitious roots was maintained at a lower
level of GA3. The GA3 content remained at the lowest level in the IBA-treated group
(T5), followed by the IBA-treated group (T6) and the ABT-1-treated group (T7). The GA3
content of the cuttings of the CK was maintained at a high concentration, and the rooting
ability was poor, which also confirms the view that a high concentration of GA3 inhibits
rooting [52]. Therefore, IAA, IBA, and ABT-1 treatment groups promoted the formation
and elongation of cutting adventitious root by inhibiting GA3 content. In this experiment,
IBA had the best effect.

ABA is considered a natural hormone in plants and has an inhibitory effect on the
rooting of cuttings. The endogenous ABA content of cuttings of difficult-to-root tree species
is much higher than that of easy-to-root species [53]. However, some studies [54] have
suggested that high concentrations of ABA can promote the rooting of cuttings, the ini-
tiation of root primordia, and the formation and development of adventitious roots [55].
According to the results of this experiment, the ABA content in the cuttings showed a trend
of increasing and decreasing at the early stage of rooting and then slightly rebounding,
which may occur to increase the resistance of the cuttings and reduce the damage caused
by stress. During the root primordium induction stage, the ABA content in the cuttings
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decreased sharply. After adventitious roots developed, the ABA content reached a min-
imum. Therefore, growth regulators affect the synthesis of ABA, and low levels of ABA
are beneficial to rooting. The IBA treatment with the best rooting quality caused the ABA
content of cuttings to be maintained at the lowest level, followed by ABT-1 treatment and
IAA treatment. The ABA content of the cuttings in the CK treatment changed steadily
throughout the rooting process and remained at a high level. In the absence of hormones,
the change in the ABA content was small. Moreover, there was a negative correlation
between the ABA content of each treatment group and the CK and the rooting ability.
Therefore, IBA, IAA, and ABT-1 treatment groups inhibited the production of ABA in
cuttings by regulating the changes in endogenous hormones in cuttings and promoted the
formation of cutting adventitious roots. In this experiment, the IBA treatment group (T5
and T6) had the best effect.

ZR is the major transport form of cytokinin in woody plants; it plays a role in promot-
ing cell division and differentiation, as well as in the formation of adventitious roots [56,57].
However, many researchers [57,58] have reported that the lower the ZR content, the better
the rooting of plant cuttings, especially the induction of root primordia and the production
of adventitious roots. The results of this study show that ZR content decreased sharply in
the early callus period, which may promote callus induction. During the late callus stage,
root primordium stage, and adventitious root generation stage, the ZR content decreased
slowly, creating a low-ZR environment for root primordium induction and adventitious
root production. After the adventitious root was generated, the ZR content gradually
increased, and the elongation of the adventitious root was promoted, which was consistent
with findings in Soapberry [59]. During the rooting process, the ZR content of cuttings in
the treatment group was always lower than that in the control group. Exogenous hormone
treatment reduced the ZR content of the cutting base to a certain extent and promoted the
hydrolysis of starch and protein, as well as the generation of adventitious roots. Therefore,
the IBA, IAA, and ABT-1 treatment groups inhibited the production of ZR in cuttings by
regulating the endogenous hormone changes in cuttings and promoted the formation of
cutting adventitious roots. In this experiment, the IBA treatment group (T5 and T6) had the
best effect.

The rooting of cuttings is the result of the interaction of multiple plant hormones.
Changes in the ratios of endogenous hormone contents can reflect the propensity for
adventitious root formation [60]. According to studies by Guo Sujuan et al. [61] and Ao
Hong et al. [56] high IAA/ABA and IAA/ZR values are beneficial to the rooting of cuttings,
as well as the induction and differentiation of root primordia. According to the test results,
the ratios of IAA/ABA and IAA/ZR in treatment group T5 cuttings with the best rooting
effect all reached their peak on the 30th day after cutting. Therefore, the combined action of
exogenous growth regulator influence and IAA, ABA and ZR promoted the formation of
calli, the induction of root primordia, and the generation of adventitious roots. Compared
with the CK group, the IAA/ABA and IAA/ZR ratios of cuttings in the IAA, IBA, and
ABT-1 treatment groups peaked, which was favorable for the induction of root primordia.
The main reason for the early rooting of cuttings was the early and rapid increase in the
ratios of IAA/ABA and IAA/ZR. IAA, IBA, and ABT-1 treatment all promoted the increase
in the IAA/ABA and IAA/ZR ratios. In this experiment, the IBA treatment group (T5 and
T6) had the best effect. The results of this experiment support the research conclusions of
Guo Sujuan et al. and Ao Hong et al.

5. Conclusions

In conclusion, the endogenous hormone content of cuttings changes in response to
plant hormone treatments, thus affecting the rooting of the cuttings. During adventitious
root induction, high levels of IAA and ZR and high IAA/ABA and IAA/ZR values favor
root primordium induction in C. bignonioides softwood cuttings. The reduction in ABA
and GA3 contents is beneficial to the rooting of cuttings. Therefore, IAA and ZR mainly
promote C. bignonioides softwood cuttings, while ABA and GA3 play an inhibitory role. IBA
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treatment increased the IAA content during adventitious root induction and hastened the
peak IAA content; however, IBA significantly decreased the ABA and GA3 contents. This is
an important reason for the significant improvement in rooting ability after IBA treatment.
The effects of different exogenous hormones on the dynamic physiological and biochemical
processes and endogenous hormone contents and the specific mechanism through which
endogenous hormones affect the production of adventitious roots of cuttings are complex
and need to be further explored.
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Abstract: Santalum album L., a semi-parasitic evergreen tree, contains economically important essential
oil, rich in sesquiterpenoids, such as (Z) α- and (Z) β-santalol. However, their transcriptional
regulations are not clear. Several studies of other plants have shown that basic-helix-loop-helix
(bHLH) transcription factors (TFs) were involved in participating in the biosynthesis of sesquiterpene
synthase genes. Herein, bHLH TF genes with similar expression patterns and high expression levels
were screened by co-expression analysis, and their full-length ORFs were obtained. These bHLH TFs
were named SaMYC1, SaMYC3, SaMYC4, SaMYC5, SabHLH1, SabHLH2, SabHLH3, and SabHLH4.
All eight TFs had highly conserved bHLH domains and SaMYC1, SaMYC3, SaMYC4, and SaMYC5,
also had highly conserved MYC domains. It was indicated that the eight genes belonged to six
subfamilies of the bHLH TF family. Among them, SaMYC1 was found in both the nucleus and
the cytoplasm, while SaMYC4 was only localized in the cytoplasm and the remaining six TFs were
localized in nucleus. In a yeast one-hybrid experiment, we constructed decoy vectors pAbAi-SSy1G-
box, pAbAi-CYP2G-box, pAbAi-CYP3G-box, and pAbAi-CYP4G-box, which had been transformed
into yeast. We also constructed pGADT7-SaMYC1 and pGADT7-SabHLH1 capture vectors and
transformed them into bait strains. Our results showed that SaMYC1 could bind to the G-box of
SaSSy, and the SaCYP736A167 promoter, which SaSSy proved has acted as a key enzyme in the
synthesis of santalol sesquiterpenes and SaCYP450 catalyzed the ligation of santalol sesquiterpenes
into terpene. We have also constructed pGreenII 62-SK-SaMYC1, pGreenII 0800-LUC-SaSSy and
pGreenII 0800-LUC-SaCYP736A167 via dual-luciferase fusion expression vectors and transformed
them into Nicotiana benthamiana using an Agrobacterium-mediated method. The results showed that
SaMYC1 was successfully combined with SaSSy or SaCYP736A167 promoter and the LUC/REN value
was 1.85- or 1.55-fold higher, respectively, than that of the control group. Therefore, we inferred that
SaMYC1 could activate both SaSSy and SaCYP736A167 promoters.

Keywords: bHLH transcription factor; dual luciferase; gene cloning; sandalwood; SaSSy; SaCYP736A167;
subcellular localization; yeast one-hybridization; dual luciferase activity

1. Introduction

Transcription factors (TFs) are key regulatory elements in plants that often bind to
cis-acting elements (CAEs) in the promoter region upstream of a gene, and regulate its
expression. They typically had four functional regions, a transcriptional regulatory region,
a nuclear localization signal region, an oligomerization site region, and a DNA-binding
region [1]. The amino-acid sequences of TF DNA-binding region determine its family,
such as basic-helix-loop-helix (bHLH), MYB, WRKY, bZIP, MADs, TCP, AP2/ERF, or other
families of TFs. Many TFs were involved in plant growth and development, secondary
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metabolism, stress resistance and other processes, but the TFs involved in regulating
synthesis of sesquiterpenes usually fell into four families: AP2/ERF, bHLH, MYB, and
WRKY [2–4]. Among them, bHLH TFs were the second largest family of TFs in plants
after the MYB TFs, and they had a highly conserved domain that was divided into two
regions—an alkaline region located at the N-terminus, which consisted of 15–20 amino
acids, and another α helix 1-ring-α helix 2 region, located at the C-terminus, which consisted
mainly of hydrophobic amino acids [5]. This domain consisted of about 60 amino acids,
25 of which were conserved residues, five were in the alkaline region, six were in the first
spiral region, two were in the ring, and another 12 were in the second spiral region [6].
Alkaline regions could bind to the E-box (5′-CANNTG-3′) and the G-box (5′-CACGTG-3′)
in DNA sequences [7]. The α-helix 1-cyclic-α helix 2 region contained many hydrophobic
amino acids, and in order to be functional, it often formed homo- or heterodimers [8].

bHLH TFs were widely involved in the growth and development of plants. S1PRE2,
a bHLH TF was highly expressed in immature green Solanum lycopersicum fruits after
induction by gibberellic acid (GA3), and as the S1PRE2 gene was silenced, fruits became
smaller and pericarps became thinner, indicating that S1PRE2 was a positive regulator
during fruit development [9]. bHLH TFs formed complexes with MYB TFs, activated
the expression of key genes that regulated stamen development, seed germination, and
seedling development in Arabidopsis thaliana [10]. bHLH TFs SPEECHLESS (SPCH), MUTE,
FAMA, and ICE/SCREAM (SCRM) co-regulated the formation of plant stomata via signal
transduction [11,12]. The bHLH-like TF LAX/ba1 co-regulated branching and inflorescence
branching with GLAS family members Ls, LAS, and MOC1, and an R2R3-type MYB family
member Bl [13].

Signal transduction is a very important process in plants because their response to
external stimuli takes place via signal transduction. bHLH TFs played a key negative regu-
latory role in plant pigment signal transduction. They were also involved in plant hormone
signal transduction [14]. Three bHLH TFs (BEE1, BEE2 and BEE3) were regulators required
for the early response of A. thaliana brassinosteroid (BR), as demonstrated by their mutants
bee1, bee2, and bee3 [15]. In A. thaliana, the bHLH TF AtMYC2 upregulated an abscisic acid
(ABA)-inducible gene, while a mutant of AtMYC2 downregulated an ABA-inducible gene,
demonstrating that it acted as a positive regulator in ABA-induced gene expression [16].
AtMYC2 was also involved in the signal transduction pathway of Jasmonate-ZIM, which
acted as a transcriptional inhibitor [17]. In Malus pumila, MdbHLH3 activated the transcrip-
tion of genes that regulated ethylene biosynthesis (MdACO1, MdACS1, and MdACS5A),
thereby promoting the synthesis of ethylene [18]. The bHLH TF PIF4 played a major role in
multiple signal integration during plant growth regulation, serving as a positive regulator
in cell elongation, and its activity was regulated by various environmental signals and
hormonal signals including GA3, auxin, and BR, as well as light and temperature, both
transcriptionally and post-translationally [19]. In Oryza sativa, nuclear localization of the
TF OsbHLH073 was involved in regulation of plant height, and internodal and panicle
elongation by downregulating the biosynthesis of GA3 [20]. High temperatures might
increase both epidermal PIF4 transcription and the epidermal PIF4 DNA-binding ability in
A. thaliana [21].

Santalum album L. is a semi-parasitic tree that belongs to the Santalaceae family. It
has a high economic value, which is mainly reflected in its heartwood, which is often
used as a raw material for carving crafts, and it is often made into incense commonly
used in perfume, while sandal essential oil extracted from its heartwood has displayed
anti-cancer [22,23], antioxidant [24], anti-inflammatory and analgesic [25,26] properties,
and has been used in the treatment of skin diseases [27,28]. The main components of sandal
essential oil are α- and β-santalol [29]. Therefore, it is necessary to understand biosynthesis
of the main sandal sesquiterpenes.

In recent years, an increasing amount of research has been dedicated to synthesis of
sandal sesquiterpenes, which were mainly synthesized by the mevalonic acid pathway [30].
SaSSy and its homologous genes SauSSy and SpiSSy regulated synthesis of terpenoids
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such as α- and β-santalol, while the strongest regulatory function shown by SaSSy, and
SaSSy acted as a key enzyme in synthesis of sandal sesquiterpenes [30]. SaCYP450 family
enzymes catalyzed the ligation of sandal sesquiterpenes into terpene [31]. Among them,
SaCYP736A167 converted α- and β-santalol into (Z)-α- and (Z)-β-santalol [30,32]. The
farnesyl diphosphate synthase gene SaBS was cloned from S. album, and it encoded an
enzyme necessary for catalytic synthesis of the substrates, such as (E, E)-farniki pyrophos-
phate [33]. Three new terpene synthase (TPS) genes, SaTPS1, SaTPS2 and SaTPS3, were
isolated from S. album: while SaTPS2 and SaTPS3 catalyzed synthesis of (E)-α-bergamotene,
(E)-β-farnesene and β-bisabolene, SaTPS1, SaTPS2 and SaTPS3 responded to hormones
and abiotic stresses [34]. A TPS gene located in chloroplasts and the cytoplasm was isolated
from S. album, the enzyme encoded by this gene mainly catalyzed synthesis of linalool
and nerolol, which were secondary components of sandal essential oil, while this gene
responded to abiotic stress [35]. In recent years, many studies have focused on upstream
regulatory genes of key enzyme genes in the biosynthetic pathway of sandal oil, such as the
SaAACT and SaHMGS genes, which regulated the synthesis of important substrates, and
whose function was verified in yeast by complementation experiments [36,37]. SaDXR was
a 1-deoxy-D-xylulose-5-phosphate reductoisomerase (DXR), cloned from S. album, which
played an important role in the biosynthesis of photosynthetic pigments and shifted the
flux to sesquiterpenoids [38].

The transcriptional regulation of sesquiterpenes by bHLH TFs in S. album has not
been reported. The objective of this work was to identify bHLH TF genes in S. album
transcriptome. The physicochemical properties were determined; bioinformatics and
subcellular localization analyses were also performed. To explore whether these bHLH TF
genes were involved in the expression of key enzyme genes that regulated the synthesis
of santalol, some promoters of key enzyme genes (SaSSy and SaCYP450) were explored
by yeast one-hybridization and dual-luciferase experiments. Our findings will provide
a theoretical basis for additional studies of bHLH TFs, to assess their regulation of the
synthesis of sandal sesquiterpenes.

2. Materials and Methods

Plant materials: The material used in this experiment included a 10-year-old S. album
tree, which planted in the sandalwood research base of South China Botanical Garden
of the Chinese Academy of Sciences, Guangzhou. Wild-type Arabidopsis seeds were pre-
served and grown in incubators at 22–23 ◦C in the Lab, 16-h photoperiod, 100 μmol m−2 s−1.
Nicotiana benthamiana was grown at day/night 16-h photoperiod of 28/26 ◦C, 80 μmol m−2 s−1,
in an incubator used for subsequent transient expression.

2.1. Reagents

Kits: 1% agarose gel DNA recovery kit, plasmid medium volume kit were purchased
from Magen BioTech Co., Ltd. (Guangzhou, China). A dual luciferase activity assay kit
was purchased from Promega (Beijing, China). Yeast one-hybrid kits and yeast ligation kits
were purchased from Clontech (Terra Bella Avenue Mountain View, CA, USA).

Enzymes: 10× loading buffer, DL 2000 DNA Marker, pMD18-T, rTaq enzyme, T4
ligase, In-Fusion HD enzyme premix and various restriction nucleic acid endonucleases
were purchased from TakaRa Bio Inc. (Dalian, China); KOD FX was purchased from OYO
TBO (Osaka, Japan); and 2× Flash PCR MasterMix (Dye) were purchased from Kangwei
Century Co (Beijing, China).

Culture medium: The components of the LB medium, yeast extract, tryptone, and
sodium chloride were purchased from Oxoid Biological Company and Aladdin Biological
Company, respectively.

Other reagents: Cellulase Cellulose R10 and pectinase Macerozyme used for subcellu-
lar localization were purchased from Yakult Honsha in Japan; Bovine Serum Protein (BSA)
was purchased from Sigma (Merck KGaA, Darmstadt, Germany).
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Vector and Escherichia coli lines: The subcellular localization vector pSAT6-EYFP-N1
was preserved by our laboratory; the E. coli DH5α line was purchased from Shanghai Vidi
Biotechnology Co., Ltd. (Shanghai, China). Guangzhou Qingke Biotechnology Co., Ltd.
(Guangzhou, China) provided the service for primer synthesis and sequencing.

2.2. Screening and Cloning of bHLH Transcription Factors

Based on our group’s existing sandal-tree-transcriptome data and the research
achieved [3,35], eight bHLH TFs (SabHLHs) with similar expression patterns (more ex-
pression in heartwoods than expression in sapwoods) and similar expression patterns to
SaSSy and SaCYP736A167, which regulated sandal oil biosynthesis, were screened by co-
expression analysis. Mixed cDNA of the stems and leaves from the 10 years old sandal tree
was used as template. PCR amplifications were carried out with TaKaRa rTaq enzyme and
corresponding primers. PCR products were separated by electrophoresis agarose gel (1%)
electrophoreses and recovered using the gel recovery kit (Meiji Biotech) according to the
instructions. The purified PCR product was ligated overnight with T4 ligase with pMD18-T
vector and transformed into E. coli. Single colonies containing the fragment of interest were
picked and inoculate to liquid LB medium containing Amp antibiotics, incubated (37 ◦C,
200 rpm) for 12 h. The E. coli solution was sequenced in Qingke Biotech.Plasmids were ex-
tracted using plasmid small lifting kit (Meiji Biotech) according to the instructions. Eight TF
ORF plasmids were then obtained (Supplementary Table S1). The ORF sequences of these
eight TFs were submitted to NCBI for the registration numbers (Supplementary Table S2).

2.3. Bioinformatics Analysis of SabHLHs

Based on the sequence of SabHLHs, the amino acid length, molecular weight, isoelec-
tric point, instability coefficient and mean hydrophilicity of these eight TFs were analyzed
using the online website ExPASY (https://web.expasy.org/protparam/) (accessed on
21 February 2021). After translated by DNAstar editing, the conservative domain (Motif)
of SabHLHs was analyzed using the online website MEME (http://meme-suite.org/tools/
meme) (accessed on 21 February 2021) and graphed with TBtools software (https://www.
tbtools.com/) (accessed on 21 February 2021) [16]. MEME parameters were set according to
our previous work [3]. Protein sequences of bHLH from the pattern plant A. thaliana were
downloaded from Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html) database
(accessed on 26 November 2020); multi-sequence alignment analysis was performed using
ClustalX 2.0 (Supplementary Table S3). A systematic evolutionary tree was constructed
using the Neighbor-Joining method in MEGA 7.0 [39], where the number of bootstraps was
set to 1000.

2.4. Subcellular Localization Analysis

pSAT6-EYFP-N1 plasmid was digested by BamHI and EcoRI restriction endonucleases.
TF fragments which removed stop codon were amplified using TaKaRa’s KOD FX and
then cloned into pSAT6-EYFP-N1 vector by homologous recombinant ligase (TaKaRa). The
recombinant vectors were transformed into E. coli. Positive colones were sequenced and
plasmids were extracted.

We bathed 10 mL enzymatic solution for 10 min and cooled to room temperature, then
added sterilized 100 μL CaCl2 (1.0 M) and 100 μL Bovine serum albumin (BSA). We then
selected A. thaliana that was growing well and teared off the epidermis of Arabidopsis leaves
with scotch tape and put them into a Petri dish containing the above enzymatic solution,
and then incubated at 50 rpm at 22 ◦C for 3 h under weak light conditions. Slowly, we added
W5 solution (150 mL NaCl, 125 mL CaCl2, 5 mM KCl, 2 mM ES, osmolarity 550–580 mOsm),
pH5.7 (KCl), then stored at 4 ◦C; the amount of W5 solution was added depending on the
number of cells; the final solution color with light green was preferred. We suspended
the pellet gently; Microscopic examination to ensure the integrity and concentration of
protoplasts was appropriate. No-load pSAT6-EYFP-N1 was used as a control.
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2.5. Interaction Detection of Transcription Factors SaMYC1, SabHLH1 and G-Box Elements

Eight transcription factors (SaMYC1, SaMYC3, SaMYC4, SaMYC5, SabHLH1, SabHLH2,
SabHLH3, SabHLH4) were constructed into pGADT7-AD and transformed to the Y1H Gold
strain to express the capture protein. We inoculated the well-grown single colonies into
3 mL YPDA liquid medium and shook to OD 0.2, then diluted with 0.9% NaCl solution
for 100 fold to an OD value at 0.002, then took 4.5 μL of dots in SD/-Leu/AbA 0 ng/mL
and SD/-Leu/AbA 200 ng/mL media, respectively.Sequences of SaSSy and SaCYP736A167
promoters were submitted to the online software plantCARE (http://bioinformatics.psb.
ugent.be/webtools/plantcare/html/) (SaSSy and SaCYP736A167 were both accessed on
11 December 2019) for G-Box and E-Box prediction.

SaSSy promoter contained G-Box upstream and downstream of the small fragment
SSy1G. SaCYP736A167 promoter contained G-Box 10bp upstream and downstream of
small fragments CYP1G, CYP2G, CYP3G, CYP4G, respectively. The synthesis sequences
by Qingke Biotech. Com. were shown in the Supplementary Table S4. pAbAi-SSy1G-
Box, pAbAi-CYP1G-box, pAbAi-CYP2G-box, pAbAi-CYP3G-box and pAbAi-CYP4G-box
plasmid were integrated into Y1H Gold yeast strain after restriction endonuclease BstbI
monoenzyme cleavage. Positive single colony was shaken in 3 mL YPDA liquid medium to
OD 0.2, and then adjusted the OD value to 0.002 with 0.9% NaCl solution, and 100 μL was
screened for the lowest AbA inhibition concentrations in SD/-Ura media with different
AbA concentrations.

AD-SaMYC1 and the negative control were transformed into wild type bait strains
and mutant element bait strains. The transformed strain was first cultured on SD/-Leu
medium that contained no AbA, after the colonies grew up, a well-grown monoclonal was
picked. As the YPDA liquid medium was shaken to a bacterial liquid OD value of 0.2, and
diluted with 0.9% NaCl solution to 100-fold to an OD value at 0.002, 4.5 μL of liquid was
taken on the medium of SD/-Leu with corresponding concentration of AbA. After this was
incubated at 30 ◦C for 3–5 d, the results were obtained.

2.6. SaMYC1 Activated SaSSy and SaCYP736A167 Promoter Activity

In order to further determine the regulatory effect of SaMYC1 on SaSSy and SaCYP736A167
genes, the transcription factor SaMYC1 was constructed on a pGreenII 62-SK vector driven
by a 35S promoter as an effective carrier. SaSSy and SaCYP736A167 promoter sequences
were constructed on a reporter vector containing REN gene and LUC gene pGreenII 0800-
LUC vector as a reporter vector, which renilla luciferase gene REN was initiated by a
35S strong promoter on the vector, so renilla luciferase activity was used as a reference.
The firefly luciferase gene was initiated and expressed by the SaSSy promoter. The tran-
scription factor vector and promoter vector were transformed into Agrobacterium com-
petent cell GV3101, respectively, which the OD value of bacterial fluid was 0.6–0.8, and
then transformed into N. benthamiana leaves according to the ratio of transcription factor:
promoter = 10:1 (v:v). After co-incubation for 2 days under normal conditions, the effect of
SaMYC1 on SaSSy promoter was determined by detecting the chemiluminescence values of
firefly luciferase and renilla luciferase. The ratio of no-load pGreenII 62-SK+ SaSSy-0800-
LUC, pGreenII 62-SK + SaCYP736A167-0800-LUC was used as the control, and the ratio of
firefly luciferase chemiluminescence value divided renilla luciferase chemiluminescence
value was LUC/REN.

2.7. Statistical Analysis

The experiment statistics were analyzed using IBM SPSS 19.0 (IBM Corp., Armonk,
NY, USA), and Duncan’s multiple range test at p ≤ 0.05 to denote significant differences
between the means. Different letters indicated a significant difference. All data represented
three biological replicates of mean ± standard errors (SE).
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3. Results

3.1. Cloning SabHLHs ORFs

Eight bHLH TFs were screened and named SaMYC1, SaMYC3, SaMYC4, SaMYC5,
SabHLH1, SabHLH2, SabHLH3, and SabHLH4 (Supplementary Tables S1–S3). A heat map
was generated based on transcriptome data (Figure 1a). TF open reading frames (ORFs)
were amplified by RT-PCR and then electrophoresed on a 0.1% agarose gel.

Figure 1. Sequence analysis of bHLH transcription factors and their co-expression patterns with
SaSSy and SaCYP736A167 in Santalum album. (a) Expression levels of bHLH transcription factors,
SaSSy and SaCYP736A167. 10-year-old sandal tree was sampled. The heat map was generated based
on log2-transformed count value from FPKM of transcriptome data using TBtools. HW: heartwood;
SW: sapwood; (b) Schematic diagram of SabHLH motifs; (c) Motif 1 and Motif 3 domains; Motif
1 represents the bHLH domain, Motif 3 represents the MYC domain; (d) Phylogenetic analysis of
SabHLH proteins in Santalum album. The bHLH transcription factors of Santalum album (marked with
red) and Arabidopsis thaliana (black) were aligned by ClustalX 2.0, and the NJ (Neighbour-Joining)
tree was constructed using MEGA 7.0 with 1000 bootstrap replicates.

3.2. Analysis of the Physicochemical Properties of SabHLH Proteins

The amino acid length of these eight TFs was 235–716 aa and the molecular weight
(MW) was 25.87–77.72 kDa. Most of these proteins were acidic; the isoelectric point (pI) of
seven proteins was less than 7.0, and the average hydrophilic value of these proteins was
less than 0, indicating that they were all hydrophobic. The instability coefficient of these
proteins was greater than 40, suggesting that they were unstable proteins (Table 1).
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Table 1. Analysis of physicochemical properties of SabHLH proteins in Santalum album.

Gene Name ORF Length (bp)
Amino Acid
Length (aa)

Mw
(kDa)

pI Instability Index
Grand Average of

Hydropathicity

SaMYC1 1800 599 67.32 5.69 52.17 −0.358

SaMYC3 2022 673 72.92 6.12 55.76 −0.533

SaMYC4 2151 716 77.72 5.12 64.21 −0.558

SaMYC5 1542 513 55.71 5.69 48.26 −0.404

SabHLH1 999 332 37.11 4.67 62.30 −0.456

SabHLH2 1302 433 47.54 6.09 46.59 −0.700

SabHLH3 927 308 32.09 5.91 51.81 −0.374

SabHLH4 708 235 25.87 7.71 51.73 −0.766

3.3. Conservative Motif Analysis of SabHLH Proteins

All eight TFs had highly conserved bHLH domain Motifs (Figure 1b). SaMYC1,
SaMYC3, SaMYC4, and SaMYC5 also had highly conserved MYC domains (Figure 1c).

3.4. Phylogenetic Analysis of SabHLH Proteins

SaMYC1 and SaMYC4 were grouped with members of the Arabidopsis IVa subfamily,
SaMYC3 and SaMYC5 were grouped with members of the Arabidopsis III d + e subfamily,
SabHLH1 was grouped with members of the Arabidopsis III b + f subfamily, and SabHLH2
was grouped with members of the Arabidopsis X subfamily, while SabHLH3 was grouped
with members of the Arabidopsis XI subfamily, and SabHLH4 was grouped with members
of the Arabidopsis IV b + c subfamily (Figure 1d).

3.5. Subcellular Localization Analysis

A yellow fluorescent protein signal was observed under a laser confocal microscope. In
the control group, fluorescence was expressed throughout the entire cell. The fused protein
fluorescence signals of SaMYC3, SaMYC5, SabHLH1, SabHLH2, SabHLH3, SabHLH4 and
YFP were detected in the nucleus, matching well with the fluorescence signal of mCherry
protein located in the nucleus (Figure 2). This indicated that the six TFs were localized
in the nucleus. However, SaMYC1 was localized in both the nucleus and the cytoplasm
(Figure 2). Finally, the SaMYC4 YFP fluorescence signal was evenly distributed in the
cytoplasm, indicating that it was localized in the cytoplasm (Figure 2).

Figure 2. Subcellular location of SabHLHs in Santalum album. Note: 35S::YFP was the localization of
unloaded vector, yellow fluorescence was YFP fluorescence (indicating protein localization), red fluo-
rescence indicated nuclear-localized protein, blue fluorescence indicated chloroplast autofluorescence,
orange with blue fluorescence was a merged image. Scale bars = 5 μm.
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3.6. SaMYC1 Conservative Domain Prediction

It was shown that SaMYC1 had a typical bHLH-MYC_N superfamily domain at the
position of 15–196, and a typical basic-helix-loop-helix domain at the position of 417–460
(Figure 3).

Figure 3. Similarity analysis of the amino-acid sequence of SaMYC1.

3.7. Analysis of G-Box Elements and E-Box Elements in Promoters SaSSy and SaCYP736A167

The SaSSy promoter region had no E-box element; it only contained two identical
CAEs, the G-box (CACGTT), which could bind to the bHLH TF, and both were located on
the antisense chain (Supplementary Figure S2a). There were six CAEs in the SaCYP736A167
promoter region that could bind to the bHLH TF. There was no E-box element, but there
were only three types of G-box elements, namely CACGTT, CACGTG, and CACGTA,
two of which were on the antisense chain and four of which were on the sense chain
(Supplementary Figure S2b).

3.8. Verification of the Activity of Transcription Factors

The results showed that the control group grew in a well growth status on the AbA-
free SD/Leu plates; it was indicated that the yeast strain used in the experiment was intact
and active. SaMYC1 and SabHLH1 were growing well on SD/-Leu/AbA 0 ng/mL plates
and not on SD/-Leu/AbA 200 ng/mL plates, indicating that these two transcription factors
were active in yeast and had no self-activation, which could be used for subsequent exper-
iments. SaMYC4, SaMYC5, SabHLH3 were not growing well in SD/-Leu/AbA 0 ng/mL
plates and should not be used for subsequent yeast single-hybridization experiments.
SaMYC3, SabHLH2, and SabHLH4 were not growing well at all on SD/-Leu/AbA 0 ng/mL
plates, indicating that they may not be active in yeast and cannot be used for subsequent
experiments (Supplementary Figure S2).
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3.9. Screening AbA Concentrations That Inhibiting the Growth of Bait Strains

The bait strains pAbAi-SSy1G-box, pAbAi-CYP1G- box, pAbAi-CYP2G-box, pAbAi-
CYP3G-box, pAbAi-CYP4G-box were obtained in E. coli. The bait strains p53-AbAi, pAbAi-
SSy1G-box, pAbAi-CYP1G-box, pAbAi-CYP2G-box, pAbAi-CYP3G-box, and pAbAi-CYP4G-
box grew well in the presence or absence of AbA. However, the growth of pAbAi-SSy1G-
box and pAbAi-CYP1G-box strains were completely inhibited, and the minimum AbA
concentration to screen them was 100 ng/mL. pAbAi-CYP2G-box, pAbAi-CYP3G-box
and pAbAi-CYP4G-box were all able to grow normally at 1000 ng/mL of AbA, indicating
that endogenous TFs in yeast had been binded to these bait strains, so they could not be
used for subsequent experiments. The growth of the positive control (p53-AbAi strain)
was completely inhibited as AbA concentration was 200 ng/mL, indicating that was the
minimum AbA screening concentration, so the yeast one-hybridization system was feasible
(Supplementary Figure S3).

3.10. Assessment of the AbA Concentration That Inhibits the Growth of G-Box Mutant Element
Bait Strains

The growth of the bait strain pAbAi-mSSy1G-box was completely inhibited as AbA
concentration was 1000 ng/mL. This indicated that the screening concentration could be
used in following experiments to preserve the mutant bait strain with a final concentration
of 30% glycerol (Supplementary Figure S4).

3.11. Detection of the Interaction between SaMYC1 and Mutant G-Box Elements

The positive control p53-AbAi + pGADT7-Rec-53 could grow well on SD/-Leu
medium supplemented with 200 ng/mL AbA. However, SaMYC1 + pAbAi-mSSy1G-box
and the negative control pGADT7 + pAbAi-mSSy1G-box could not grow on the screening
medium with 1000 ng/mL AbA, SaMYC1 + pAbAi-mCYP1G-box and the negative control
pGADT7 + pAbAi-mCYP3G-box could not grow on the screening medium with 200 ng/mL
AbA, while SaMYC1 + pAbAi-mCYP4G-box and the negative control pGADT7 + pAbAi-
mCYP4G-box could not grow on the screening medium supplemented with 500 ng/mL
AbA (Figure 4c–e). This showed that SaMYC1 could not bind to the mutant elements
mSSy1G, mCYP3G, and mCYP4G, and it also illustratrd that SaMYC1 could combine the
G-box element in SaSSy and SaCYP736A167 promoter (Figure 4b).

Figure 4. Interaction between SaMYC1 and G-box. Note: (a) Positive control; (b) Empty vector
pGADT7 + pAbAi-SSy1G-box, pGADT7 + pAbAi-CYP1G-box was the negative control. (c) empty
vector pGADT7 + pAbAi-mSSy1G-box was negative control; (d) empty vector pGADT7 + pAbAi-
mCYP3G-box was negative control; (e) pGADT7 + pAbAi-mCYP3G-box was negative control; AbA
concentrations at 0 ng/mL, 100 ng/mL, 200 ng/mL, 500 ng/mL, 1000 ng/mL, respectively, were the
SD/-Leu screening media.
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3.12. SaMYC1 Activated SaSSy and SaCYP736A167 Promoter Activity

As SaMYC1 was bound to the SaSSy promoter, the ratio of LUC/REN was 1.85-fold
higher than that of the control group, indicating that SaMYC1 may bind to the SaSSy
promoter and activate it (Figure 5b). When SaMYC1 was bound to the SaCYP736A167
promoter, the LUC/REN ratio was 1.55-fold higher than that of the control group, in-
dicating that SaMYC1 may also bind to the SaCYP736A167 promoter and activate it
(Figure 5a). These findings indicated that SaMYC1 had activating effects on SaSSy and the
SaCYP736A167 promoters.

Figure 5. Dual-Luc test verified that SaMYC1 activated the transcription of SaSSy and SaCYP736A167.
Note: (a): Dual-Luc test verified that SaMYC1 promoted the transcription of SaCYP736A167;
(b): Dual-Luc test verified that SaMYC1 promoted the transcription SaSSy in Santalum album.
* indicated significant differences using t-test (* p < 0.05).

4. Discussion

bHLH TFs play integral roles in the resistance of a plant to environmental stress.
PebHLH35, a bHLH TF gene, which localized in the nucleus of Populus diversifolia, was
induced by drought stress and ABA, while overexpression of PebHLH35 significantly
improved drought tolerance [40]. Since overexpression of the bHLH TF gene FtbHLH2 in
Fagopyrum tataricum increased cold resistance in A. thaliana, it was suggested that this TF
played a positive regulatory role in the resistance of F. tataricum to cold [41]. Overexpression
of the TabHLH39 gene in wheat significantly enhanced tolerance to salt stress in A. thaliana
seedlings [42].

bHLH TFs were involved in regulating the synthesis of anthocyanins in Triticum aestivum [43].
In A. thaliana seedlings, bHLH TFs were involved in the anthocyanin biosynthetic pathway
by forming TTG1/bHLH/MYB complexes with MYB TFs and WD40 proteins [44]. In
A. thaliana, mutations in MYC2, MYC3, and MYC4 downregulated gene expression in-
volved in the regulation of glucosinolate biosynthesis [45]. In Catharanthus roseus, CrMYC2
regulated the synthesis of alkaloids by the TF ORCA3, which contained AP2/ERF do-
mains [46]. Overexpression of the AabHLH1 gene localized in the nucleus of Artemisia annua
upregulated the expression of structural genes, thereby increasing the accumulation of
artemisinin [47]. In A. thaliana, AtMYC2 was bound directly to the promoters of sesquiter-
pene synthetase genes TPS21 and TPS11, activating their transcription. GA3 and jasmonic
acid signals could also integrate into the transcriptional regulation of sesquiterpene syn-
thases, and regulate the synthesis of sesquiterpenes [48]. In S. lycopersicum, SlMYC1 differ-
entially regulated the biosynthesis of mono- and sesquiterpenes in the trichomes of leaves
and stems, reversed regulation of sesquiterpene synthesis, and caused forward regulation
of monoterpenoid synthesis [49]. In the woody plant Aquilaria sinensis, bHLH TFs were
involved in regulating the synthesis of plant sesquiterpenes: one bHLH TF gene AsMYC2
upregulated the expression of the sesquiterpene synthase gene ASS1 in epidermal cells and
the expression of TPS21 and TPS11 in A. thaliana [50].
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bHLH TFs play a very important role in regulating the synthesis of plant sesquiter-
penes, such as the synthesis of linalool in Freesia hybrida [51], linalool and β-caryophyllene
in Chimonanthus praecox [52], and sesquiterpenes in S. lycopersicum [49]. In this study, based
on the existing transcriptome data of our research group, the expression patterns of eight
bHLH TFs were similar to those of two structural genes, SaSSy and SaCYP736A167, as
screened by co-expression patterns. The eight TF genes were successfully cloned from
a mixture of cDNA from the stems and leaves of S. album. This was used to construct a
phylogenetic tree of these TFs together with members of the bHLH TF family in A. thaliana.
The eight S. album TFs were mainly clustered into six subfamilies (Figure 1d), indicating
that these TFs may perform different functions in sandal trees. TFs that were involved
in the expression of regulatory structural genes generally bind to the promoter region of
a structural gene, and this process typically took place in the nucleus. The subcellular
localization results showed that SaMYC3, SaMYC5, SabHLH1, SabHLH2, SabHLH3, and
SabHLH4 were all localized in the nucleus (Figure 2), consistent with previous reports
in F. hybrida and C. praecox [51,52], indicating that they have typical characteristics of TFs.
However, SaMYC1 was localized in both the nucleus and the cytoplasm while SaMYC4 was
localized in the cytoplasm (Figure 2). The phylogenetic analysis indicated that SaMYC1,
SaMYC4 and AtbHLH12 clustered in the IV a family (Figure 1d). Therefore, SaMYC1
and SaMYC4 may be able to modify the localization of other TFs such as AtMYC1, or the
expression of genes that regulated structures in cells by binding to other TFs. However,
this required further experimental verification.

At present, research on the molecular aspects of sandal oil biosynthesis has mainly
focused on structural genes, with fewer studies on the transcriptional regulation of genes.
In some plants, bHLH TFs played important roles in sesquiterpene biosynthesis [53]. To
date, however, there were no reports of the involvement of bHLH TFs in the regulation of
santalol biosynthesis in S. album. SaSSy and SaCYP736A167 were two key genes-encoding
enzymes that functioned downstream of the biosynthetic pathway of santalol sesquiter-
penes. The sesquiterpene synthase encoded by SaSSy could ligate the substrate FPP into
sesquiterpenes unique to santalol, and sandal sesquiterpenes could be oxidized to terpene
under the action of oxidase encoded by the SaCYP736A167 gene. Studies have shown that
transcriptional regulation had amplification effects on structural gene functions. At present,
in other plants, transcription factors regulated the synthesis of plant sesquiterpenes. For
example, in cotton, GaWRKY1 activated the CAD1-A promoter, thereby promoting the
synthesis of sesquiterpenes [54]. In agarwood, the transcription factors MYB4, WRKY4,
MPKK2, and MAPK2 positively regulated the expression of the sesquiterpene synthase gene
ASS1-ASS3, thereby promoting the synthesis of sesquiterpenes [50]. In Artemisia annua,
overexpression of AaWRKY1 activates the expression of the key enzyme gene AaCYP71AV1,
thereby promoting the synthesis of artemisinin [55]. There were also many studies on the
transcriptional regulation of bHLH transcription factors on the synthesis of sesquiterpenes,
e.g., in Artemisia annua, overexpression of AaMICC2 transcription factors could improve
the transcription level of AaCYP71AV1 and DBR2 genes [56], and in Malus pumila calli,
overexpression of MdMYC2 and MdERF3 could significantly increase the transcription
levels of MdHMGR2 and MdAFS, thereby increasing the synthesis of α-farneene [57]. How-
ever, it was unclear whether bHLH transcription factors in sandalwood were involved in
transcriptional regulation of sandal sesquiterpene biosynthesis. Therefore, it is necessary
to study the transcriptional regulation effect of bHLH transcription factors on SaSSy and
SaCYP736A167 promoters.

At this stage of this study, the effect of bHLH transcription factors on SaSSy and
SaCYP736A167 promoters was mainly explored by combining yeast one-hybridization
experiments and dual luciferase experiments. In yeast one-hybridization experiments,
SaMYC1 was determined by screening the medium by transferring SaMYC1 to two struc-
tural gene promoters by transferring SaMYC1 into bait strains containing G-box elements
SSy1G-box, CYP1G-box, and mutant G-box elements mSY1G-box, mCYP3G-box, and
mCYP4G-box. The results showed that SaMYC1 could be combined with the G-box compo-
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nents in SaSSy and SaCYP736A167. In the dual luciferase experiment, we have constructed
the full length of the SaSSy, SaCYP736A167 promoter and SaMYC1 transcription factor into
the reporter and effector carrier of the double luciferase, co-transformed the tobacco in
an agrobacterium-mediated manner, and explored the effect of the transcription factor on
the promoter of the two structural genes by detecting the chemiluminescence value of the
protein of interest. The results showed that SaMYC1 can activate SaSSy and SaCYP736A167
promoters. Similar to AtTT8 in Arabidopsis that could upregulate the structural genes DFR
and BAN of flavonoid synthesis pathways to promote the biosynthesis of flavonoids in Ara-
bidopsis siliques [58], AtGL3 could upregulate the expression of DFR, a key structural gene
for anthocyanin synthesis [59]. At the same time, many studies have shown that bHLH
transcription factors often formed complexes with other transcription factors and were
involved in the regulation of transcriptional expression of structural genes. In Arabidopsis,
bHLH formed complexes with MYB and WD40 subunits to regulate the expression of
structural genes along the synthesis pathways of anthocyanins and flavonoids, as well as
stamens development and seed formation [59–61].

In this study, yeast single-hybridization experiments were tested to find that SaMYC1
could bind to the G-box element in the promoter of the santalol biosynthetic key en-
zyme gene SaSSy. Double luciferase experiments were used to show that SaMYC1 could
activate the SaSSy promoter, it was speculated that SaMYC1 was a positive regulator
of the key enzyme gene in santalol biosynthetic pathway. Results from A. thaliana [61],
Vitis vinifera L. [62], and Aquilaria sinensis Lour. [50] indicated that bHLH transcription
factors often co-regulated the expression of structural genes in conjunction with other
transcription factors. Therefore, our study could also lay a foundation for subsequent
exploration of whether SaMYC1 regulated the expression of SaSSy with other transcription
factors and how to co-regulate SaSSy.

5. Conclusions

bHLH TF genes with similar expression patterns and high expression levels were
screened by co-expression analysis. All eight TFs had highly conserved bHLH domains and
SabHLH1, SabHLH2, SabHLH3, and SabHLH4, had highly conserved MYC domains. It was
indicated that the eight genes belonged to six subfamilies of the bHLH TF family. Among
them, SaMYC1 was found in both the nucleus and the cytoplasm, while SaMYC4 was only
localized in the cytoplasm. The remaining six TFs were localized in nucleus. SaMYC1 could
bind to the G-box of SaSSy and the SaCYP736A167 promoter and the LUC/REN value was
1.85- or 1.55-fold higher, respectively, than that of the control group. It was inferred that
SaMYC1 could activate both SaSSy and SaCYP736A167 promoters.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/life12071017/s1. Supplementary Table S1: NCBI login numbers for tran-
scription factors in Santalum album; Supplementary Table S2: Premier information in Santalum album;
Supplementary Table S3: The cluster multiple sequence alignment of SabHLHs in Santalum album;
Supplementary Table S4: Yeast one-hybrid experimental genes synthesis sequences in Santalum album.
Supplementary Figure S1: TF open reading frames (ORFs) were amplified by RT-PCR and then
electrophoresed on a 0.1% agarose gel. Supplementary Figure S2: Detection of G-box elements of
SaSSy ((a) G-box marked blue) and SaCYP736A167 ((b) G-box marked pink) promoter. Supplemen-
tary Figure S3: Transcription factor activity verification. Supplementary Figure S4: Screening of
the inhibitory AbA concentrations of bait strain. Note: p53-AbAi was the positive control; pAbAi-
SSy1G-box was the G-box element strain of SaSSy; pAbAi-CYP1G-box was the G-box element strain
of SaCYP736A67; the SD/-Leu selection media with AbA concentration of 0 ng/mL, 50 ng/mL,
100 ng/mL, 200 ng/mL, respectively. Supplementary Figure S5: Screening AbA concentration of
mutant G-box element bait strain. (a): Screening of the lowest inhibitory AbA concentration of mutant
bait strain pAbAi-mSSy1G-box; (b): Screening of the lowest inhibitory AbA concentration of mutant
bait strain CYP3G-box; (c): Screening of the lowest inhibitory AbA concentration of mutant bait
strain pAbAi-mCYP3G-box. A-L: The SD/-Leu selection media with AbA concentration of 0 ng/mL,
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50 ng/mL, 100 ng/mL, 200 ng/mL, 300 ng/mL, 400 ng/mL, 500 ng/mL, 600 ng/mL, 700 ng/mL,
800 ng/mL, 900 ng/mL, 1000 ng/mL, respectively.
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