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Abstract: Prunus mume Siebold & Zucc (mei) is a horticulturally important fruit tree that undergoes
anthesis in winter. Therefore, its flowering process is challenged by low-temperatures conditions.
The transcription factor (TF) MYB21 is pivotal in regulating the flowering process, and particularly
functions in petal expansion and filament elongation. However, the regulatory mechanism of
PmMYB21 in mei remains unknown. To breed early-flowering cultivars, a deeper understanding
of PmMYB21-regulated genes is essential. We employed DNA affinity purification sequencing
(Dap-seq) to identify downstream genes bound by PmMYB21. The results revealed the promoter
region is the primary binding region of PmMYB21, and the AGTTAGGTARR motif (motifl) is the
predominant binding sequence type. Our analysis identified 8533 genes that are potentially bound by
PmMYB21 with the motif] sequence type, within the promoter region. These genes are involved in
biological processes critical to flowering. Further refinement of candidate genes was achieved through
Weighted Gene Co-expression Network Analysis (WGCNA), which identified the co-expressed genes
of PmMYB21 during flowering activity. Integrating Dap-seq and WGCNA data, we narrowed down
the candidate gene list to 54, with a focus on 4 MADS-box genes and 2 hormone signaling genes that
are crucial to the flowering process under low-temperature conditions. This study offers valuable
insights into the molecular underpinnings of PmMYB21’s role in the low-temperature flowering
regulation of mei, paving the way for the development of new cultivars adapted to early blooming.
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1. Introduction

Prunus mume (hereafter referred to as mei) is a member of the Rosaceae, and is a
traditional ornamental tree in China [1]. Flower buds form in summer and flowering occurs
in winter or the early spring of the following year. Flower buds begin to expand when
the temperature is 4 °C and anthesis occurs at 13 °C [2]. As a result of the initiation of
flowering at low temperatures, mei often blooms when snow occurs in early spring, a
phenomenon that is loved by the public. Therefore, early flowering became an important
breeding objective of mei cultivars.

The flower buds of mei need to overcome the endodormancy by low temperature
in the autumn and winter, and then enter the ecodormancy period to constantly sense
temperature changes to regulate the flowering process in early spring. Although there are
many horticulturally important fruit trees of Rosaceae having the same flower development
process in the annual growth cycle, such as apple, cherry, peach, and almond, the research
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focus is mostly on endodormancy [3-5], and little attention is paid to the flowering process
after endodormancy release. On the other hand, the regulation mechanism of flowering
has been well studied in annual herbs, such as Arabidopsis thaliana. However, it is difficult
to screen the key genes in petal expansion and stamen filament elongation, because their
bud differentiation overlaps with the organ extension in the late flowering process.

In order to support efforts to develop cultivars that will flower even earlier, we need
better understanding of why mei flowers so early. Our previous studies have shown that
the bud’s constant efforts to grow under low temperatures during the ecodormancy period
ultimately lead to the early-flowering phenotype of mei in Beijing [2]. This suggests that
the key to early flowering lies in the response of a group of flowering-related genes at low
temperature during the ecodormancy state in mei. We then found a TF that is closely related
to the flowering process of mei, named PmMYB21. The expression level of PmMYB21 was
significantly up-regulated with the progression of flowering in mei cultivars. Additionally,
the up-regulated timing of the PmMYB21 expression level in early-flowering cultivars
was significantly earlier than that in late-flowering cultivars [6]. Interestingly, we have
highlighted that in mei there is only one homologous gene of subgroup 19 of R2R3-MYB,
PmMYB21 [6,7]. This may suggest that the flowering process, which regulates redundancies
by AtMYB21/24/57 in Arabidopsis thaliana [8-12], is regulated by only one gene in mei. We
believe that this characteristic makes mei an intriguing material for studying the regulatory
function of MYB21 during the flowering process. In the absence of reports on MYB21
downstream genes in model plants, analysis and screening of the downstream genes of
PmMYB21 are of great significance to explain the flowering process.

The genome serves as the genetic landscape that outlines the potential for various
traits, including the timing and characteristics of flowering in plants. Dap-seq identifies
the plant genomic fragments that interact with the protein in vitro. Dap-seq reflects all
the binding possibilities of the TF and enables the regulatory relationships of genes to be
inferred [13]. On the other hand, the transcriptome provides data of the gene expression
level in particular tissues, development stages, and environmental conditions. There are
reports of using the combination of RNA-seq and DAP-seq to screen key candidate genes for
the peach harvest date from differentially expressed genes (DEGs) between early and late
harvest cultivars, and attempts to describe the regulatory relationships among them [14].
The integrative approach of these two datasets allows us to understand not only which
genes are involved in the process, but also how their expression is modulated to drive the
complex developmental program.

In this study, we used Dap-seq to discover the binding site of PmMYB21 and analyzed
the binding genes. Considering that Dap-seq is a statistical study of binding potential at the
DNA level, we also used WGCNA to classify a pair of cleverly designed transcriptome data
to obtain the co-expressed genes of PmMYB21. By overlapping the genesets obtained from
Dap-seq and WGCNA, we further narrowed down the candidate genes, and screened out
key genes closely related to flowering which are regulated by PmMYB21 with high potential.
Our results are conducive to the future exploration and verification of the downstream
genes of PmMYB21, provide a strong basis for the development of flowering time molecular
markers, and increasing the efficiency of tree breeding programs.

2. Materials and Methods
2.1. Plant Material

Two mei cultivars, “Fenhong Zhusha” (“FZ”) and “Zao Lve” (“ZL”), were used in this
study. Both cultivars were grafted on Prunus davidiana rootstocks. One tree per cultivar
was used in the experiment. To reflect the bud developmental state of the whole plant, all
buds on two twigs of each branch from three different sides of each experimental tree were
collected as one biological replicate. Three biological replicates constituted one sample. We
took the 52/54/56/58 bud development stage as the dominant stage [2], and selected four
samples of “FZ”, and five samples of “ZL” from 9 January to 13 March in 2019 (Table S1).
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The collected buds were quickly put into liquid nitrogen and then brought back to the
laboratory and stored in an ultra-low temperature refrigerator at —80 °C for use.

2.2. Growth Conditions

All plants used in our study were planted within 15 m of each other, on the same
hillside without shade around, in the Jiufeng International Mei Garden (40°03'53" N;
116°05'49” E; 132 m a.s.l.), Beijing, China. The artificial horticultural conditions for each
plant cultivars were the same.

2.3. PmMYB21 Full-Length CDs Clone

After grinding flower buds with liquid nitrogen, total RNA was extracted using an
OMEGA R6827 Plant RNA kit (OMEGA Bio-tek Inc., Norcross, GA, USA) according to
the instructions. R312 kit (Novozan Biotechnology Co., Ltd., Beijing, China) was used to
reverse transcribe the first strand of cDNA. The double-ended primer of PmMYB21 with
the Super1300 arm was designed according to Prunus mume genome information (Table S2).
PmMYB21 was recombined to the Super1300 vector using C114 kit (Novozan Biotechnology
Co., Ltd., Beijing, China) according to the operating manual, and then transferred to DH5x
Escherichia coli for propagation and sequencing. After analysis and verification, the target
sequence was obtained.

2.4. Dap-Seq and Data Analysis

Among the many methods for identifying downstream genes, DAP-Seq mines down-
stream genes through in vitro binding and high-throughput sequencing techniques [15],
and is suitable for plant materials without a regeneration and genetic transformation
system [16], such as mei.

The PmMYB21 CDs sequences of the two mei cultivars were exactly the same [6]. The
genomics DNA was extracted from the S6 flower bud of mei using the CTAB method to
prepare the DNA library. The CDS of PmMYB21 was inserted into the HaloTag expression
vector to generate recombinants. In two replicates, Halo-PmMYB21 was co-incubated with
the DNA library, while the mixture of HaloTag and the DNA library served as the blank
control. The DNA fragment that bound to PmMYB21 was eluted and then sequenced on an
Ilumina NovaSeq 6000 platform. Fastp was used to filter raw data to obtain high-quality
sequencing data and clean reads for downstream analysis [17]. The clean reads were
aligned to the Prunus mume reference genome using BWA-MEM v2.2.1 [18]. Dap-seq was
performed by Yongji Biotechnology Co. Ltd., Guangzhou, China.

The 2k bp long promoter region before the Transcription Start Site (TSS) is generally
considered to be a key region in regulating gene expression. We used MACS callpeak [19],
and the types of gene regions where the peak is located were counted and displayed using
a pie chart. The typical motifs in the peak region were picked up by MEME-ChIP [20].
Annotation peaks were detected with ChlPseeker software v1.34.1 [21]. The GOseq R soft
package was used for Gene Ontology (GO) enrichment analysis of DEGs that were aligned
with GO (p-value < 0.05) [22]. The genes with binding sites in the promoter region were
enriched and analyzed to extract the genes related to flowering.

2.5. RNA-Seq and WGCNA

Total RNA of 9 flower bud samples was extracted. The libraries were sequenced on the
INlumina Hiseq 6000 platform to generate 150 bp paired-end clean bases not less than 9 G.
Using the FPKM (Fragments Per Kilobase of exon model per Million mapped fragments)
value as basic data for WGCNA [23], the threshold was set to fpkm > 5 in 60% samples.

Two cultivars of mei had different flowering stages under the same date, but all
completed the same flowering process. This means that genes associated with flowering
undergo similar trends in transcript expression under different environmental conditions.
Based on this, we selected flower buds from four representative stages of the flowering
process for transcriptome sequencing. The phenotypic data corresponding to the samples
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were used as the basis for correlation analysis of the divided modules. Finally, gene
modules that prefer the flowering stage to environmental changes were selected as the key
modules related to flowering.

2.6. Quantitative Real-Time-PCR Validation

qRT-PCR was performed on the CFX96 TouchTM RealTime PCR Detection System
(Bio-Rad, Hercules, CA, USA). The parameters, internal control genes, and method of
specific primer design were the same as in our previous paper [24]. The transcription levels
were determined using the 2~*Ct method. The specific primers are listed in Table S2.

2.7. Candidate Gene Screening

In order to select downstream genes of PmMYB21 that are more likely to be involved in
flowering, we used the two genesets obtained by Dap-seq and WGCNA to screen candidate
genes by overlapping them with Venn analysis in TBtools software 2.042 [25]. We also
annotated the located regions (within 1 kb or 1-2 kb promoter) and significance (FDR) in
the promoter region of candidate genes.

2.8. Heat Map of Candidate Genes

For further information about the key candidate genes, the FPKM values in flower
buds during flowering of candidate genes were used to make heat maps using the heatmap
option in TBtools software 2.042 [25], normalized to the row.

3. Results
3.1. The Genes Bound by PmMYB21 Are Enriched in the Flowering Process

To determine the regulatory function of PmMYB21 in the flowering process of mei,
DAP-seq was used. The raw data of Dap-seq were not less than 4 G. Among them, clean
data accounted for more than 98%. Q20 and Q30 of clean data were above 97% and 92%,
respectively. The filter ratio was above 99%. The mapping rate also reached over 97%
(Table S3). In turns of the PmMYB21 binding region, 27,478 peaks were in the confidence
interval, accounting for 77.9% of the total number of detected peaks (Figure 1a). The
sequencing results are highly reliable for their stability and good repeatability.

A total of 35,293 peak were identified. Among them, 14,299, 9364, 6180, 4926, and
524 peaks were located in distal intergenic, promoter, intronic, exon, and downstream
regions, respectively (Table S3). This indicates that the promoter is the crucial binding
region of the PmMYB21 protein, except the distal intergenic region (Figure 1b).

A total of 19,821 genes can be bound by PmMYB21. Among them, the AGTTAG-
GTARR motif was the most dominant recognition sequence type (Figure 1c), involving
19,663 genes (99.2% of the total). There were 8533 genes bound with this sequence type in
the promoter region, accounting for 43.4% of 19,663 genes. GO enrichment analysis showed
that these genes were mainly enriched in biological processes related to hormone regulation,
flower development, and cell wall modification. A total of 374 genes are closely related
to the process of flower development. These genes were enriched in 26 flowering-related
biological processes, including 2 in photoperiod, 6 in flower development, 6 in stamen
development, 7 in fertilization, 3 in embryo or seed development, and 2 in fruit-related
biological processes (Figure 1d). This result is consistent with our focus on the biological
processes of mei.

Among them, 211 genes involved in 11 flowering-related biological processes (Table 54)
were selected to form a geneset (Table S5) for further candidate gene screening.

3.2. The Co-Expression Gene of PmMYB21

Transcriptome sequencing of nine samples of two mei cultivars obtained raw data not
less than 8.9 G. The sequencing depth reached 30x and the mapping rate was higher than
83.6% (Table S6). The sequencing quality was sufficient for further analysis.



Forests 2024, 15, 1300

50f11

A total of 13,136 differentially expressed genes (DEGs) had fpkm > 5 in at least 60%
of the samples. We selected 18 as the threshold for module partitioning of WGCNA
(Figure 2b). All DEGs were divided into 13 modules. Among them, the turquoise module,
where PmMYB21 is located, has the largest number of DEGs, with 4466 DEGs, accounting
for 34.0% of the total DEGs (Figure 2c). This module was significantly positively correlated
with the flowering stage of S8 (R = 0.94%, Figure 2d), indicating that genes co-expressed with
PmMYB21 were the main members of DEGs during flowering. Moreover, the enrichment
analysis also showed that these genes were mainly involved in biological processes related
to flowering, which is consistent with our expectations.
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Figure 1. Analysis of the genome-wide binding site of PmMYB21 during flowering stage S6 in
mei buds. (a) Confidence interval between two replicates. (b) Distribution of the locations of
predicted binding sites within target genes. Promoter was defined as the sequence within 2 kb
upstream of the transcriptional start site; downstream is the sequence within 2 kb downstream of
the predicted transcription termination site. (c) Motif types of binding regions. (d) The flowering-
developed processes that the bound genes are mainly involved in, and the number of enriched genes.
“*” Indicates Padj < 0.05, “**” Indicates Padj < 0.01.

After validating the transcriptome results using qRT-PCR (Figure S1), we used these
co-expressed genes to further screen candidate genes.

3.3. Dap-Seq Combined with WGCNA to Screen Downstream Key Genes of PmMYB21

The genes that Dap-seq detected to be bound by PmMYB21 were identified at DNA
level in vitro. This implies that it contains genes that are not actually expressed in the flower
buds. On the other hand, RNA-seq was used to detect genes that were specifically expressed
in flower buds during flowering. Through WGCNA, we obtained the co-expressed genes
of PmMYB21 in flower buds during flowering, but could not distinguish whether these
genes were downstream of PmMYB21. By combining Dap-seq and WGCNA, we obtained
the downstream genes that had high potential to be directly bound by PmMYB21, and the
expression level was positively correlated with flowering. We greatly narrowed down the
selection range of candidate genes, and produced 54 candidate genes (Figure 3a). Next,
we annotated and listed the expression levels (fpkm values) during flowering, number of
binding sites, reference sequences, and identity of these candidate genes (Table S6).
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Figure 2. WGCNA of 13,136 DEGs during flowering of two mei cultivars. (a) The development of
phenological stages of flower buds in mei: bud swelling (S2), sepals clearly visible (54), petal clearly
visible (S6), full blooming (S8). “FZ” and “ZL” indicate Prunus mume cultivar “Fenhong Zhusha”
and “Zao Lve”. (b) WGCNA threshold. The blue dashed line and the red line represent R2 = 0.8 and
R2 = 0.9, respectively. (c) Number of genes in 13 modules. (d) The correlation R-value between four
key flowering stages and the modules in the analysis of module—phenotype correlation; the number
in “()” is the significance p-adj value.

After comprehensive consideration, key candidate functional genes were screened out,
and their expression trends during flowering were shown using a heat map (Figure 3b).
Among 54 candidate genes, 5 MADS-box genes, 10 anther and pollen development genes,
4 auxin signaling genes, and 3 cell wall synthesis genes are included. We are happy to
see that MADS-box genes APETALA1 (AP1), APETALA3 (AP3), SEPALLATA3 (SEP3), and
AGAMOUS-LIKE30 (AGL30) are in the selected candidate genes. In Arabidopsis, AP1,
AP3, PISTILLATA (PI), and SEP interact to form multimeric protein complexes required
to specify petal identity [26]. AGAMOUS (AG) was expressed in pollen to affect stem
development, and AGL30 was reported to regulate pollen activity via forms heterodimers
with other MICK family members. Auxin response factors 6 (ARF6) mediates auxin
response via expression of auxin-regulated genes, and plays an important role in petal
and stem development, whereas BT2 mediates responses to nutrients, hormones, and
acts during male and female gametophyte development. Most of these genes showed a
significant up-regulation trend with the progression of flowering, which was consistent
with the significant petal spreading and filament elongation events during this period
(Figure 3b).
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Figure 3. Screening of downstream key candidate genes of PmMYB21. (a) Venn plot showing
the overlap between genesetl (the genes high potentially bound by PmMYB21) and geneset2 (co-
expressed genes of PmMYB21). (b) Heatmap of key candidate genes’ expression level. “FZ” and “ZL”

indicate Prunus mume cultivar “Fenhong Zhusha” and “Zao Lve”. “*” Indicates key genes.

4. Discussion

In Arabidopsis thaliana, MYB21 and its paralogous genes, MYB24 and MYB57, belong
to subgroup 19 of R2R3-MYB, which plays an important role in flowering. They are key
TFs that control stamens’ filament elongation and petal expansion. These TFs are expressed
in all four whorls of the flower, with a particular enrichment in stamens [8-11]. atmyb21,
atmyb24, and atmyb57 single-mutant plants exhibit varying degrees of shorter stamen fila-
ments and delayed anther dehiscence [12]. Those phenotypes were more severe in double
mutants than in single mutants. For example, atmyb21 atmyb24 double mutations lead to
short stamen filaments and sterile pollen grains, the anthers cannot dehiscent, and the
petals” elongation defects lead to flowers failing to open in Arabidopsis [8,10,12]. The fail-
ure of stamen filament elongation was even more serious in the atmyb21 atmyb24 atmyb57
triple mutant, and petals never grow out of the sepals [8]. In short, MYB21 is the dominant
regulator in petal expansion and filament elongation, and AtMYB21/24/57 functions re-
dundantly in regulating the floral organ development [8,10,12]. Few reports exist about
the downstream genes of MYB21/24/57. The mechanism of how MYB21 regulates down-
stream genes and thus the flowering process is still unknown. This is probably related to
the difficulty of the redundant regulation of AtMYB21/24/57. Mei, which has non-mosaic
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buds, and has only one gene in the 19 subfamily of the R2R3-MYB family, provides special
materials for explaining the regulation of MYB21 in the flowering process.

Using Dap-seq, our study examined potential downstream genes of PmMYB21. The
proportion of the confidence interval of our results is somewhat higher than that in previous
reports, and represents the higher reliability of our results. The promoter region is the main
binding region of PmMYB21. This result is consistent with previous reports [27]. There
are also examples showing that promoters are not always the most important binding
region of TFs [28,29]. This indicates that the binding region preferences of different TFs are
diverse. The annotation results showed that the genes bound by PmMYB21 were associated
with flower development, anther development, and pollen development. These biological
processes are consistent with transcriptome enrichment analysis of flowering processes
in other plants [30,31]. Furthermore, DAP-seq sequencing results for MYC-related bHLH
proteins indicate that proteins with a similar sequence, such as MYC2, MYC3, MYC4,
MYCS5, and bHLH17, recognize the same DNA motif, and this pattern is conserved across
different species [13]. This implies that our results have significant implications for species
with similar PmMYB21 sequences.

We therefore used WGCNA and Veen analysis to further narrow down the candidate
geneset, and obtained downstream candidate genes of PmMYB21 that may play a key role
during the flowering process of mei. Among the candidate genes, we highlight four TFs,
AP1, AP3, and SEP3. Some reports suggest that AP1 is related to flowering time by directly
repressing a group of flowering time genes [32]. When Magnolia wufengensis experienced
winter dormancy and ushered flowering in March, the relative expression of MawuAP1
increased significantly, which may indicate that AP1 is also involved in the regulation of
the environmental temperature response in petal morphogenesis [33]. This expression
pattern was the same as that of PmAP1 during flowering. Previous studies have shown
that PmAP1 is only expressed in the sepals of mei [34]. This may be consistent with our
result that PmAP1 expression levels are gradually down-regulated during flowering, as
the calyx no longer grows in the late flowering periods S6 and S8. AP3 could form a het-
erodimer with PI[35], and then interact with SEP3 to regulate the development of petals and
stamens [36-38]. The ectopic expression of AP3 causes the conversion of the carpel into the
stamen structure [39]. In mei, PmSEP3 was mainly expressed in the flower and fruit. More
precisely, the expression level of PmSEP3 was significantly higher in petals and stamens [34].
SEP3 is also thought to be involved in flowering. The SEP3-overexpressing Arabidopsis
flowering ignored the low temperature (16 °C), and the number of leaves at flowering was
similar to that of the SEP3-overexpressing Arabidopsis flowering at 23 °C [40]. This flower-
ing behavior may be related to the bud break and flowering of mei under low temperatures
(<16 °C).

In addition, TFs AGL30, ARF6, and BT1, which also play an important role in flower
maturation, were also characterized as PmMYB21 downstream genes. AGL30 belongs
to the subset of pollen-specific MIKC-type MADS-box proteins [41]. Previous studies
have shown that these proteins bind DNA as heterodimers, which form between S- and
P-class MIKC* proteins. While S-class AGL66 and AGL104 lose their function, the pollen of
Arabidopsis thaliana is low or shows no activity. Among the three heterodimers identified
so far, two are heterodimers formed by AGL30 with AGL66, and AGL30 with AGL104,
indicating that AGL30 plays a key role in Arabidopsis pollen development [42]. AGL30 was
differentially expressed in the anthers of cytoplasmic male sterile Hibiscus cannabinus and its
maintainer line [43]. There are also reports showing that AGL30 is preferentially expressed
during pollen maturation [41]. This is similar to the expression trend of PmAGL30 during
flowering. ARF6 is mainly expressed in flowers. atarf6 mutant Arabidopsis has delayed
stamen development and decreased fecundity [44]. In Oryza sativa, a single mutant of atarf6
or atarf12 did not influence the flower opening, and double mutants of atarf6 and atarf12
led to failed elongation of the stamen filament [45]. BT1 (BTB and TAZ domain protein 1) is
a scaffold protein in the BT family involved in various signaling pathways, and performs a
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crucial role in the development of female and male gametophytes [46]. Those phenotypes
are consistent with the loss-of-function myb21 mutant Arabidopsis.

5. Conclusions

Flowering is the key event for the ornamental value and fruit production of mei. Our
results provide reliable DAP-seq data of PmMYB21, offering a significant reference for
future elucidation of the flowering process in mei. Furthermore, by integrating DAP-seq
and WGCNA data, our results closely integrated the phenotype, the flowering-specific
expression genes, and the regulatory role of PmMYB21. We therefore largely narrowed
down the candidate genes and identified a set of key candidate genes that are closely related
to the flowering of mei. Considering the conservation of the DNA binding motif among
homologous proteins, our findings not only serve as a valuable reference for other fruit
trees in Rosaceae, but are also applicable to other species with similar PmMYB21 sequences.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f15081300/s1, Figure S1: qRT-PCR results and fpkm values
of eight genes; Table S1: Sampling data; Table S2: Primer sequences used for full-length CDs
clone and qRT-PCR; Table S3: Dap-seq sequencing basal data; Table S4: Dap-seq promoter GO
enrichment_flowering process; Table S5: geneset1 of genes involved in 11 flowering process which
could be bound by PmMYB21; Table S6: 54 candidate genes” information.
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