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Abstract

Background
The tea tree (Melaleuca alternifolia) is renowned for its production of tea tree oil (TTO), an essential oil
primarily composed of terpenes extracted from its shoot. MYB transcription factors, which are one of the
largest TF families, play a crucial role in regulating primary and secondary metabolite synthesis. However,
knowledge of the MYB gene family in M. alternifolia is limited.

Methods and results
Here, we conducted a comprehensive genome-wide analysis of MYB genes in M. alternifolia, referred to
as MaMYBs, including phylogenetic relationships, structures, promoter regions, and GO annotations. Our
findings classified 219 MaMYBs into four subfamilies: one 5R-MYB, four 3R-MYBs, sixty-one MYB-related,
and the remaining 153 are all 2R-MYBs. Seven genes (MYB189, MYB146, MYB44, MYB29, MYB175,
MYB162, and MYB160) were linked to terpenoid synthesis based on GO annotation. Phylogenetic
analysis with Arabidopsis homologous MYB genes suggested that MYB193 and MYB163 may also be
involved in terpenoid synthesis. Additionally, through correlation analysis of gene expression and
metabolite content, we identified 42 MYB genes associated with metabolite content.

Conclusion
The results provide valuable insights into the importance of MYB transcription factors in essential oil
production in M. alternifolia. These findings lay the groundwork for a better understanding of the MYB
regulatory network and the development of novel strategies to enhance essential oil synthesis in M.
alternifolia.

Introduction
MYB transcription factors (TFs) are a significant component of the TF families in plants. They play a
pivotal role in many important biological processes, including cell morphogenesis, plant development,
stress response, and regulation of metabolite synthesis. MYB proteins are differentiated by the MYB DNA-
binding domain, which generally spans 50 to 53 amino acids and is highly conserved. MYB family
members is classified into 1R-, 2R-, 3R-, and 4R-MYB based on their number of imperfect repeats in the
MYB proteins [1]. 2R-MYB(R2R3-MYB) subfamily, containing two repeats, is the largest of the plant MYB
family. 198 MYB genes have been identified in the Arabidopsis genome, containing 126 R2R3-MYB
proteins. MYB genes have also been identified in the genomes of crop plants [2–3], orchidaceae plant[4],
and woody plant species, such as Masson pine (Pinus massoniana) [5], sweet osmanthus (Osmanthus
fragrans) [6], tea plant (Camellia sinensis)[7], poplar (Populus trichocarpa) [8], and eucalytus (Eucalyptus
grandis) [9]. Some studies have focused on the regulation of secondary metabolism by MYB genes, as
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demonstrated in the ornamental plant Hedychium coronarium (white ginger lily). In this species, it has
been proposed that five MYB genes (HcMYB7, 8, 79, 145, 248) contribute to the formation of the floral
scent, which is predominantly composed of terpenes and benzenoids, by regulating terpenoid and
benzenoid biosynthesis. Silencing of these genes resulted in a reduction in floral volatile content [10].

In Chinese Bayberry (Morella rubra), the MYB transcription factor MrMYB12 has been shown to contribute
to a higher content of flavanol by increasing the conversion of anthocyanins to flavonol biosynthesis.
MrFLS1 is the key enzyme responsible for flavanol biosynthesis, and MrMYB12 has been demonstrated
to trans-activate MrFLS1 by binding to its promoter. Overexpression of 35S : MrMYB12 in tobacco
resulted in significant induction of NtFLS expression, an increase in flavanol content but a decrease in
anthocyanin production in both flowers and leaves, resulting in white or light pink flowers [11].

In the aromatic plant spearmint (Mentha spicata), a MsMYB gene was identified as playing a role in
regulating the production of essential oil in peltate glandular trichomes (PGTs). The gene is PGT-specific
and negatively regulates monoterpene biosynthesis. Overexpression of MsMYB decreased monoterpene
content while silencing of MsMYB increased its production [12].

Melaleuca alternifolia, native to Australia, is an economically important medicinal tea tree, renowned for
its abundant tea tree oil (TTO) in its branches and leaves. Tea tree oil contains more than 100
compounds, among which, terpene-4-ol plays a key role in the antibacterial activity of tea tree oil and is of
high value in the pharmaceutical and cosmetic industries. However, the function of the MaMYB gene
family needed to be fully explored. With the release of its genomic information [13–14], we conducted a
comprehensive investigation of the MYB gene family in Melaleuca alternifolia. The results include the
characterization of the phylogenetic relationship, gene structures, conserved motifs, and functional
annotation of 219 MaMYB genes, as well as the evaluation of their expression patterns in different ages
of M. alternifolia.

Material and Methods

Plant Materials
Leaves of Melaleuca alternifolia were collected from plantlets at four different ages: 18-day, 60-day, 1-
year-old, and 3-year-old. The samples were ground in liquid nitrogen to extract RNA. The 18-day and 60-
day M. alternifolia plantlets were grown in tissue culture (25 ℃, 16h light photoperiod, 2,500 lx
illumination intensity). The 1-year-old and 3-year-old M. alternifolia plantlets were grown at the Guangxi
Forestry Research Institute.

Identification and Classification Analysis
A combination of bioinformatics tools was used to identify MYB gene family in M. alternifolia.
Arabidopsis MYB protein sequences (available at http://www.phytozome.net/phytochrome) were utilized
as query sequences in the M. alternifolia genomic [13–14] and transcriptome data (CNCB,
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PRJCA019034). 252 candidate MYB proteins were obtained and confirmed for the presence of the MYB
domain using NCBI Conserved Domain Search2[15] and SMART program3[16]. The validity of the
MaMYBs was determined by executing multiple sequence alignment analyses of 252 MaMYBs with
Clustal W[17] and discarding any redundant or false predicted sequences. Finally, a comprehensive
analysis was performed on 219 validated MaMYB genes in the M. alternifolia genome, and their physical
and chemical parameters were also evaluated using ExPASy (http://web.expasy.org).

Subcellular localization
Subcellular localization of the 219 MYB protein of M. alternifolia was predicted with CELLO v.2.5.
(http://cello.life.nctu.edu.tw/)

Protein motif identification
We utilized the MEME tool version 3.5.7[18] to identify conserved motifs of Ma MYB proteins. The
parameter settings were: a maximum numbers of motifs = 50, 6 ≤ motif width ≤ 250, and the motifs must
be present in each member within the same subfamily. The motifs distribution of per sequence was set to
0 or 1. Motifs with an e-value less than 1e-20 were considered for further analysis. Finally, the MAST
program was employed to search for the detected motifs in protein databases [19].

Phylogenetic Analysis
The multiple sequence alignments were used to conduct phylogenetic analysis. Protein sequences of 153
MaR2R3-MYBs and 126 AtR2R3-MYBs were utilized to build a phylogenetic tree. The sequences were first
aligned using ClustalW and then manually refined. The phylogenetic tree was constructed with the
Maximum Likelihood method in MEGA 7.0 [20] with 1000 bootstrap replicates. The amino acid sequence
of AtMYB from the Arabidopsis family was obtained from the TAIR database
(http://www.arabidopsis.org/).

Analysis of the relative content of terpinen-4-ol
Terpinen-4-ol was determined by qualitative analysis and manual analysis using the gas-mass
spectrometry N1ST standard spectrum library. Quantitative analysis was carried out by meteorological
chromatography, and its content was calculated by peak area normalization. Shimazu QP5050A was
used for qualitative analysis of GC-MS. The chromatographic conditions were as follows: elastic quartz
capillary column AT-35(60m *0.25mm*0.25µm ) with high purity helium, injector 250℃, column
temperature 250℃. Manual sampling was performed, AT = 1:50. Mass spectrum conditions: an EI ion
source, ionization voltage was 70 ev, scanning standard was 33 ~ 800 amu, full scanning mode. The
sample size was 0.2µL.

RNA Isolation, RNA-seq, and RT-qPCR expression analysis
RNA Isolation, sequences, and Data Analysis see [21]. The methods of total RNA extraction and analysis
were performed by Luo et al [3]. And the primers were designed based on Primer Premier 5.0 software[22].
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Results
Identification and Classification of Ma MYB Genes

This analysis resulted in the identification of 252 potential MYB or MYB-like repeat amino acid
sequences. NCBI Conserved Domain Search as well as the SMART program were performed to confirm
the existence of MYB DNA-binding domains, and Multiple sequence alignment was also conducted to
ensure its sequence integrity. As a result, 33 MaMYBs containing incomplete MYB domains were
excluded, leaving 219 MaMYBs, designated as MYB1 to MYB219 (Table S1).

All 219 MaMYB proteins were classified into 1R-MYBs (61), 2R-MYBs (R2R3-MYBs) (153), 3R-MYBs (4),
and 5R-MYBs (1), based on the number of MYB repeats. The results indicate that R2R3-MYBs, which
account for approximately 69.9% of the MYBs, are predominant in Melaleuca alternifolia, like most
plants.

Physicochemical properties and subcellular localizations
analysis
The 219 MaMYB proteins vary greatly in size and molecular mass, ranging from 74 amino acids and 8.65
kDa (MYB105) to 1,739 amino acids and 190.33 kDa (MYB143), with pI values ranging from 4.21
(MYB90) to 10.49 (MYB4). Five proteins, MYB46, MYB184, MYB57, MYB3, and MYB206 were considered
stable due to their instability index ≤ 40. Subcellular localization prediction indicated that there were two
hundreds and seven MaMYB proteins (over 94.5%) located in the nucleus, nine in the chloroplast, two in
the cytoplasm, and only one in the endoplasmic reticulum. Additional information of the MYB proteins
were shown in Table S2.

The Phylogenetic analysis
The maximum likelihood method was used to construct a phylogenetic tree, with the full-length amino
acid sequences alignment of 219 MaMYBs, which were grouped into 11 subgroups designated as M1 to
M11 (Figure S1 A). Subgroup M11 was the largest, containing 48 MYB members, followed by M5 and
M10 (23), M8 (22), M2 and M6 (20), M1 (19), M9 (16), M3 and M7 (10), and M4 (8), respectively.

Twenty conserved motifs were verified using the MEME server (Figure S1 B). The MaMYB conserved
motifs were located primarily in the N-terminal region. The majority of MaMYB proteins belong to the
same subclade and share a similar composition of motifs. The motifs 3, 4, 1, 2, and 5 were the most
conserved and appeared in most of the MaMYB proteins. Most of the MaMYB proteins contained more
than one motifs, except for MYB102, MYB117, MYB123, and MYB158, which contained only one motif
(Fig. 1A B). Detailed motif information is available in Table S3.

Gene structure analysis was performed to gain a deeper understanding of the MYB gene expansion in M.
alternifolia. The results, including gene length, number of exons, and introns, are available in Table S4 &
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Figure S1. The analysis showed that the length of MaMYB genes varied significantly among the M.
alternifolia MYB gene family members, with MYB156 being the shortest at only 396 bp, and MYB61 being
the longest at 10,712 bp (Table S4). The number of exons and introns ranged from 1- 13, and 0 - 12,
respectively. Five genes (MYB116, MYB21, MYB136, MYB207, MYB213) were found to contain 10 or more
introns, with MYB116 having a maximum of 12 introns (Figure 1C). The majority of the genes were
disrupted by one (22%), two (54%), or three (7%) introns. However, there were also 20 intron-less MYB
genes. The diversity in the number of exons or introns of the MaMYB gene family may contribute to their
functional diversity and could be a result of gains and losses during the evolutionary process.

Sequence features of the MaMYB conserved domains
To investigate the sequence characteristics of homologous structural domains, multiple alignment
analysis was performed of 153 homologous amino acid sequences of the MaR2R3-MYB structural
domain. We obtained the frequencies of the most common amino acids within each repetitive region, as
shown in Fig. 2. The longer the length of the letters at the corresponding positions, the higher the amino
acid frequencies, indicating that these amino acids are more conserved.

Conserved amino acid distribution in the MYB structural domain in Melaleuca alternifolia is very similar
to that of other plant species, with high sequence similarity observed in R2 and R3 DNA-binding structural
domains. The basic region of the R2R3-MYB structural domain contains 105 basic amino acids (104–
105), with each MYB repeat region containing approximately 51 or 54 amino acid residues separated by
three conserved tryptophan residues.

The primary structure domains is [-W -(X 19 )-W-(X 19 )-W-...... -F/I-(X 20 )-W-(X 18 )-W-], where W, F, I and X
stands for tryptophan, phenylalanine, isoleucine, and any amino acid. There are two or three evenly
distributed and highly conserved Trp residues in these 2RMaMYB repeats, which serve as a label and play
a key role in sequence-specific DNA binding of plant MYB proteins. In the R3 repeat, however, the first
tryptophan(W) is often missing. As shown in Fig. 2 replaced by phenylalanine (F) or isoleucine (I). Like
the highly conserved tryptophan residues, Glu-9, Asp-10, Leu-13, Gly-21 and Ser-40 are fully conserved in
the R2 repeat, as are Glu-9, Gly-21, Ile-27, Arg-34 and Thr-35 in the R3 repeat.

Phylogenetic Analyses and Function Predictions
The R2R3-type MYB proteins comprise the largest MYB family, with the R2R3-MYB subfamily accounting
for 69.86% of the MYB family. A total of 153 and 126 R2R3-MYB proteins from M. alternifolia and
Arabidopsis were aligned. The results revealed that all 153 R2R3-MYB proteins from M. alternifolia were
grouped with 126 R2R3-MYB proteins from Arabidopsis into 19 subclades (S1-S19) (Fig. 3) There were
two species-specific clades (subclades 15 and 17) that only contained R2R3-MYB proteins from M.
alternifolia or Arabidopsis. For instance, subgroup S17 contained Arabidopsis-specific genes such as
AtMYB28, AtMYB29, AtMYB34, AtMYB51, AtMYB76, and AtMYB122, while subgroup S15 was species-
specific in M. alternifolia. The R2R3-MYB transcription factor family is the most important TF family in
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plants and has been well characterized in Arabidopsis. Gene function can be predicted by assigning
genes to the same group (Table S5). For example, AtMYB24 and AtMYB21 in Arabidopsis are involved in
the synthesis of sesquiterpenes [23], while the homologs MYB193 and MYB163 may be involved in the
production of terpenoids. In addition, function prediction of the putative MaMYB proteins were carried on
by GO annotation (Table S6). Among these categories, most of the genes were assigned to the ‘regulation
of transcription, DNA-templated’ and ‘binding’, consistent with the characteristics of TFs. Notably, seven
genes (MYB189, MYB146, MYB44, MYB29, MYB175, MYB162, MYB160) were annotated to ‘terpenoid
biosynthetic process’ and ‘regulation of secondary metabolite biosynthetic process’, which may be
associated with the Terpene Biosynthesis (Table 1).

Table 1
Putative functions of MaR2R3-MYB TFs.

M.alternifolia Arabidopsis GO annotation

MYB189 ATMYB62 1. Negative regulation of isoprenoid metabolic process

2. Terpenoid biosynthetic process

3. Isoprenoid biosynthetic process

4. Isoprenoid metabolic process

5. Terpenoid metabolic process

MYB146 ATMYBS2 6. Positive regulation of isoprenoid metabolic process

7. Regulation of isoprenoid metabolic processMYB44 ATMYB96

MYB29 ATMYB96

MYB175 ATMYB3 8. Regulation of secondary metabolite biosynthetic process

MYB162 ATMYB35 9. Regulation of secondary metabolic process

MYB160 ATMYB118

2.6 Combined analysis of RNAseq expression and
metabolite data
Terpinen-4-ol is the primary antibacterial active substance in tea tree oil, and its biosynthesis is tightly
regulated by MYB transcription factors. HS-SPME-GC-MS method was used to analyze the content of
terpene-4-ol in four different ages (L1-L4, representing 18d, 60d, 1 year, and 3 year, respectively). As
shown in The Fig. 4A, the terpene-4-ol content increase first and then decrease, with a peak at the L3
period, followed by a decline. Meanwhile, our transcriptomic data showed that expression of MaMYB
genes at different ages was analyzed (L1-L4, representing 18d, 60d, 1 year, and 3 year, respectively). The
expression of 204 MYB genes was clustered into 6 expression patterns for trend analysis (Fig. 4B,
Supplementary Table 5) and 6.8% (15 out of 219 MYB genes), including MYB8, MYB9, MYB26, MYB43,
MYB53, MYB62, MYB65, MYB70, MYB71, MYB87, MYB109, MYB138, MYB164, MYB165, and MYB214
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were not expressed in any different ages, indicating possible expression in other organs or under special
conditions. The genes in Clusters 1, Clusters 2, and Clusters 5 showed a trend of increase followed by a
decrease, while the genes in Clusters 3, Clusters 4, and Clusters 6 showed the opposite trend of decrease
followed by an increase. The transcriptome and metabolite correlation analyses were performed on four
different ages (Pearson's correlation test, Fig. 4C, Table S7). The expression patterns of 42 MYB genes
were highly correlated with the accumulation of terpene-4-ol (r > 0.8), including 25 positive and 17
negative correlations.

qRT-PCR
To verify the reliability of our results, six MYB genes were randomly selected for qRT-PCR. The
transcriptomic data results showed a correlation between the expression levels of six genes and the qPCR
results, as shown in Fig. 5.

Table 2
The primer of six MYB genes.

GENE ID FORWARD PRIMERS (5'-3') REVERSE PRIMERS (5'-3')

MYB13 GAGAAGCAACCTGACTCATT AGAGATGAAGTGCTTTTGGA

MYB91 TGCAGGTTCTATTGTTGATG ATCGCTCTGTACAACGTTTC

MYB157 GTCCAGCCTCTTCGACAT GAAAGGGGGAAGCTTAGTAG

MYB44 CATTAAGCGTGGCAACTTCA TCTTCTTCAAGTGGGTATTCCA

MYB66 TGAAGCCAAATAGACCCTCTG CTGTGCTCCAGTTGAGAAGC

MYB194 GCCTGATTTGAAGAGAGGTA TTCTTCTTGATGCTGGAGTT

Discussion
TFs are abundant in plants and very important in many physiological processes, such as cell cycle,
environmental response, stress response, primary metabolism, and secondary metabolism [24–27]. This
study presents the first analysis of the MYB gene family in Melaleuca alternifolia based on the sequenced
Melaleuca alternifolia genome.

The number of MYB genes varies greatly among species, from fewer than 100 to more than 500 [28]. We
identified 219 MaMYB genes in the M.alternifolia genome, which falls between the number found in
Phyllostachys edulis (85) [29] and Gossypium hirsutum (524) [30].

The 2R-MYB TF family is typically the most dominant in plants, while 3R-MYB is found more frequently in
animals, accounting for 63.6% of MYB genes in Arabidopsis thaliana (126 out of 198) [31] 69.7% in
Brachypodium distachyon (85 out of 122) [32] 80.1% in Pyrus bretschneideri (185 out of 231) [33], 86% in
Hedychium coronarium (219 out of 255) [10], and 96.7% in both Lotus japonicas and Medicago
truncatula (216 out of 223) [34]. In the MaMYB gene family of M. alternifolia, no 4R-MYB genes were
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found, but instead, one 5R-MYB was identified, which is also reported in Brassica rapa. Additionally,
typical MYB proteins have been reported in Morella rubra [11 ]and Prunus persica [35]. The variations in
the number and type of MYB genes suggest differences in the evolution and diversification of functions
among plant species.

To gain a better understanding of the evolutionary relationships among MaMYB genes, the phylogenetic
relationships of the MYB gene families in M. alternifolia and Arabidopsis were investigated (Fig. 3). The
phylogenetic tree indicated a high degree of conservation between the R2R3-MYB proteins of M.
alternifolia and Arabidopsis, with two species-specific subgroups observed. Subgroup 17 (S17) was
found only in Arabidopsis and has been reported to regulate the biosynthesis of glucosinolate, a
secondary metabolite primarily found in Brassicaceae plants [31]. However, the 2R-MYB genes that
cluster into S17 were not found in either M. alternifolia or other plant species such as B. vulgaris and
soybean [36]. Conversely, the genes that were grouped in subgroups 6 (S6), 9 (S9), 10 (S10), 12 (S12),
and 13 (S13) in M. alternifolia were found to be involved in the synthesis of secondary metabolites such
as lignin, xylan, cellulose, anthocyanin, proanthocyanidins, and flavonol [21][31]. Therefore, it is likely that
the genes in these subgroups may be related to the synthesis of secondary metabolites, and needs
further in-depth research. In addition, AtMYB21 (subgroups 8) and AtMYB24 (subgroups 8) were reported
to be related to the interaction with MYC2. In the flower of Freesia hybrida and Arabidopsis, they regulate
the expression of terpene synthase genes [23]. AtMYB21 has also been shown to affect terpene
metabolism in Arabidopsis. The M. alternifolia genes MYB193 and MYB163, which are clustered in S8,
are grouped with the MYB genes of Arabidopsis and are proposed to participate in terpene metabolism.
However, functional verification through transformation is needed to further prove the function of MYB
genes in M. alternifolia.

The expression patterns of MYB genes can provide important insights into their function. In different
organisms and tissues, MYB gene families often exhibit large abundance differences. In this study, we
confirmed the transcript levels of MaMYBs during four different ages and found that they exhibited
different expression patterns, with certain MaMYBs showing the highest transcript abundance at specific
stages of reproductive growth. Numerous studies have shown that MYB genes are indispensable in
terpene biosynthesis[23], and in this study, we conducted a correlation analysis between MYB gene
expression and terpene-4-ol data and obtained 42 genes with high correlation (r > 0.8), 25 of which were
positively and 17 negatively correlated. Interestingly, most of the positively correlated genes were 1R-
MYB, while many of the negatively correlated genes were 2R-MYB. Therefore, these results provide
important clues to further investigate the functional and biological roles of MaMYBs.

Conclusions
In this study, we identified and characterized the MYB gene families in M. alternifolia at the genome level.
The analysis of the structure, phylogeny, and expression of MaMYBs not only provides a research basis
for the subsequent functional study of M. alternifolia-related genes and the elaboration of the molecular
mechanism of tea tree oil synthesis and regulation but also has important implications for the
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improvement of the oil content and reduction of production cost of terpene-4-ol type M. alternifolia
through molecular breeding. Overall, our findings provide valuable insights into a functional exploration
of the MaMYB gene family, which will facilitate a better understanding of MYB transcription factors for
gene regulation and will support future tag-assisted breeding efforts.
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Figures

Figure 1

Analysis of phylogenetic relationships(A), conserved motifs(B), gene structure(C) of MaMYBs.

Figure 2

Conservation of R2 and R3 MYB Repeats inM. alternifolia. The sequence logos depict the high level of
conservation across all 153 R2R3-MYB proteins. The bit score reflects the information content in every
position of the sequence.
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Figure 3

Phylogenetic Tree of R2R3 MYB TFs in M. alternifolia and Arabidopsis. Among them, MaMYBs are
represented by a red triangle and AtMYBs are represented by a blue triangle.
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Figure 4

Identification of MYB TFs involved in regulating terpene-4-ol biosynthesis. (a) Relative content of terpene-
4-ol in M. alternifolia. (b) Expression pattern of MaMYB Genes at different ages. (c) Co-expression
analysis of candidate MYBs and terpene-4-ol. L1-L4, representing 18d, 60d, 1yr, and 3yr, respectively
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Figure 5

Expression levels of six genes and the qPCR results. L1-L4, representing 18d, 60d, 1yr, and 3yr,
respectively

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

supplementaryfiles.rar

https://assets.researchsquare.com/files/rs-3262517/v1/b9e5fef68ce884e4a1cdd752.rar

