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Abstract

Background Melaleuca alternifolia (Maiden & Betche) Cheel is a commercially important medicinal tea
tree native to Australia. Tea tree oil (TTO), the essential oil distilled from its branches and leaves, has
broad-spectrum germicidal activity and is highly valued in the pharmaceutical and cosmetic industries.
Genome size is a key biology index, the study of which provides reference for genome engineering and
sequencing work; besides, it also provides direct data for evolution biology and so on.

Methods and results In the present study, the next-generation sequencing (NGS) was used to investigate
the whole genome of Melaleuca alternifolia. 114 Gb high quality sequence data were obtained and
assembled into 1,838,159 scafolds with an N50 length of 1021 bp. The assembled genome size is about
595 Mb, twice of that predicted by flow cytometer (300 Mb) and k-mer analysis (345 Mb). Benchmarking
Universal Single-Copy Orthologs analyses indicated that only 11.3% of the conserved single-copy genes
were miss. Repetitive regions cover over 40.43% of the genome. M. alternifolia maybe a diploid with
highly heterozygous (heterozygosity is 0.8%). A total of 44,369 protein-coding genes were predicted in the
assembled genome and 32,909 genes of these were functionally annotated, of which 8,436 genes were
annotated in KEGG. Additionally, 457,661 simple sequence repeats (SSRs) and 1,109 transcription factors
(TFs) form 67 TF families were identified in the assembled genome.

Conclusion This draft genome may provide a reference for the deep sequencing strategies and be useful
for future functional or comparative genomics analyses.

Introduction

The Myrtaceae family includes about 130 genera and 5,000 species, many of which accumulate essential
oils in their foliage and branchlets [1]. Melaleuca alternifolia, native to Australia, is thought to be a diploid
species with a chromosome number of 2n = 22 and is the best-known member of the Melaleuca genus
planted in China [2]. The leaves and branches of M. alternifolia produce tea tree oil (TTO), which has
broad-spectrum germicidal, antioxidant, anti-inflammatory, and anticancer activities [3] [4], and is highly
valued in the pharmaceutical, cosmetic, and food industries [5, 6]. Terpenoid compounds contained in
TTO also have important adaptive roles in plant defense against pests and abiotic stress.

M. alternifolia were introduced into China in the 1980s. After decades of efforts, we have selected
superior individuals with high-quality TTO, established a mature tissue culture technology system, and
realized large-scale tissue culture production. TTO consists of over 100 components, and terpinen-4-ol
accounts for about one-third of the TTO in the terpinen-4-ol chemotype, which plays a critical role in the
antimicrobial activity [7, 8]. Improved productivity of TTO will yield significant profit income, and might be
a major target of breeders at present and for a long time [9].

Next-generation sequencing (NGS) can be used to generate and assemble high-quality genomes, based
on its high throughput, high resolution, high precision, and low cost. Short-read sequencing is usually
performed to estimate genome size, heterozygosity, repetitive rate, and evaluate the simple sequencing
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repeat (SSR) markers at the genome level, in advance of long-read sequencing due to its cost-effective
[10].

M. alternifolia genome had been sequenced recently [11], as well as several other Myrtaceae trees such
as Eucalyptus pauciflora [12], Eucalyptus grandis [13], Metrosideros polymorpha [14], and Leptospermum
scoparium [15]. These genome sequences not only provide foundational information for genetic
engineering of better trees, but also contribute to a deeper understanding of their genomic evolution, while
supplying a reference for genome sequencing projects of other tree species. Here, we employed whole-
genome sequencing (WGS) and de novo assembly to produce a draft genome of M. alternifolia (terpinen-
4-ol chemotype with high terpinen-4-ol content more than 30% and low 1,8-cineole content less than 5%)
with its in-vitro aseptic plantlets. The size of the M. alternifolia genome was estimated using both the k-
mer frequency distribution and flow cytometry (FCM). Moreover, the heterozygous and duplication rates
of M. alternifolia genome were deduced using the JELLYFISH tool [16]. Our data provides valuable
information for precise and in-depth sequencing and pave the way for further investigation of the genes
involved in terpinen-4-ol biosynthesis.

Materials And Methods
Plant materials and DNA extraction

Melaleuca alternifolia (terpinen-4-ol chemotype, with high terpinen-4-ol and low 1,8-cineole) plantlets of
tissue culture were grown at 25 + 2°C with 16 h/8 h (light/dark) photoperiod and 2,500 Ix illumination
intensity for T month. Leaf tissues of M. alternifolia were collected and ground in liquid nitrogen for DNA
extraction. Genomic DNA was then extracted using the DNA extraction kit DP350(Tiangen biotech LTD,
Beijing, China).

Flow cytometry analysis

Twenty milligram plant tissues were collected and immediately chopped in 1 mL cold nuclei isolation
buffer (45 mM MgCl,+6H,0, 20 MM MOPS, 30 mM Na-Citrate, 1% (w/v) PVP 40, 0.2% (v/v) Triton X-100,
10 mM Na,EDTA, 20 pL/mL B-mercaptoethanol, pH 7.0). Homogenate was filtered using 42 ym nylon
mesh, and nuclei were collected in new sample tube. Then 50 mg/mL DNA fluorochrome propidium
iodide (PI) simultaneously with RNase at 50 mg/mL were added and gently mixed with samples. The
nuclei were incubated on ice for 1 h with occasional shaking before analysis. Maize (Zea mays) B37 was
selected as the internal reference, and the relative fluorescence of the stained nuclei was measured using
BD FACScalibur (Becton Dickinson, NY, USA).

Data processing

Two genomic DNA libraries with an insert size of 270 bp and 500 bp were constructed, respectively.
Paired-end sequencing of both libraries was performed using the Hiseq X-ten platform (lllumina, NY, USA).
To reduce the effect of sequencing errors on assembly, all raw sequencing reads were then filtered with
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the SOAPnuke1.5.5 software [17]. To estimate the size and heterozygosity of the M. alternifolia genome,
the filtered reads were used for k-mer (K = 17) determination within subsequent assembly steps [16].
Moreover, the JELLYFISH tool was used to simulate the heterozygosity and repetition rates of 15-Gb and
60-Gb data sets, which were randomly extracted from the filtered data used to calculate the k-mer.

De novo assembly and quality evaluation

SOAPdenovo v2.04 software [18] with default parameters were used to assemble the filtered reads for
each library (270 bp and 500 bp inserts). Post-assembly processing included removal of contaminating
bacterial and viral DNA sequences by aligning all assembled sequences to viral and bacterial genome
sequences. The genome sequences we used were obtained from previous local (Basic Local Alignment
Search Tool) BLASTn alignments and NCBI (National Center for Biotechnology Information,
https://www.ncbi.nlm.nih.gov/) upload filter. Aligned sequences which shared >90% identity and >200 bp
were removed from the final assembly. BUSCO v5.0.0 [19] with the viridiplantae_odb10 dataset which
consisting of 425 Benchmarking Universal Single-Copy Orthologs (BUSCOs) from 57 species were used
to evaluate the assembly completeness of gene content. GC content analysis was then performed and
five sequences of each GC cluster were randomly selected for nucleotide (nt) library comparison, using
Megablast software and the parameter was set with “-evalue 1e-5'.

Genome annotation

To annotate the genome, BALSTp searches were performed against with NCBI NR database using
Diamond v0.9.14.115 [20] with parameter ‘~evalue 1e-5". Moreover, genes in the M. alternifolia genome
were also annotated by KEGG Automatic Annotation Server (KAAS) [21]. To generate the species-specific
transposable elements (TEs) and repeats library of M. alternifolia, RepeatModeler v2.0.1 [22] was used in
our research. The soft-mask repetitive elements in the M. alternifolia genome were identified using
RepeatMasker v4.0.7 [23] running with NCBI/RMBLAST v2.6.0+ as search engine, and gff3 file was then
generated based on the masked genome using AUGUSTUS v3.3 [24].

SSRs and TFs identification

MISA-microsatellite searching tool [25] was used to identify the SSRs in the M. alternifolia genome.
Transcription factors (TFs) of genome-wide were identified and classified by the software iTAK [26].

Results
Genome sequencing

The young shoots of the Melaleuca alternifolia superior individuals (Figure 1a) were used as explants
donor of in vitro culture. Induced sterile buds was grown in proliferation medium for 1 month with about
2-3 cm shoot height and 0.5 cm leaf length. They were cut into about 2 cm stem segments then
transferred into rooting medium for another 1 month when developing more than 10 roots per shoot
(Figure 1b). Well-rooted plantlets were transplanted into greenhouse in a red mud cup for three months
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(Figure 1c¢) then used for afforestation (Figure 1d). The fresh leaves of these well-rooted plantlets were
used as test materials to extract DNA for genome sequencing (Figure 1b). We generated a total of 402
and 465 million reads from the paired-end sequencing of our two M. alternifolia genomic libraries. After
filtering and corrections, we retained 355 and 408 million reads for each library, corresponding to 53 Gb
and 61 Gb of clean data, high-quality sequences for the 270-bp and 500-bp genomic libraries, with the
clean data rate of 88.3% and 88.4%, respectively. When combined, the two genomic libraries therefore
include 114 Gb data (Supplement Table S1).

Genome size estimation and heterozygous simulation

A k-mer analysis was performed to estimate the genome size. We determined the k-mer distribution in our
sequencing data with K = 17. The distribution showed two peaks: a major peak at depth = 37,and a
minor peak at depth = 18, the height of the main peak (depth = 37) was about twice of the minor peak
(depth = 18). The value of the main peak was also about twice that of the minor peak (Figure 2). The total
number of 17-mers amounted to 12,767 Mb of sequence, resulting in a genome size estimation of 345
Mb when taking the major peak (depth = 37) and using the formula: Genome size = k-mer num/peak
depth.

The presence of the minor peak suggests that the M. alternifolia genome is highly heterozygous. We
therefore simulated the heterozygosity and repetition rate of the M. alternifolia genome with JELLYFISH
software [16],when using a depth of 37 as the main peak, the duplication rate was 41.95% and the
heterozygosity rate was 0.80%, which is considered highly heterozygous [27], the read coverage is about
42 (Supplement Table S2).

Fluorescence cell sorting of purified nuclei was used to estimate the DNA content of the M. alternifolia
genome. M. alternifolia cell nuclei were stained with the fluorescent dye propidium iodide (PI), which
could be uniformly embedded into DNA double chains, and then flow cytometry was performed to obtain
the fluorescence signal. As the number of nuclei labeled with Pl is proportional to the DNA content, the
relative DNA content in the sample could be quantified based on the observed fluorescence signal
intensity. The mean fluorescence intensity for the reference genome (maize inbred line B73) was 215.13,
whereas that for M. alternifolia was only 28.31 (Supplement Table S3 & Figure S1). Based on the known
genome size of maize B73 of 2.3 Gb [28], we therefore estimate that the genome size of M. altemifolia is
approximately 300 Mb and hypothesize that multiple peaks may have been caused by endoreduplication.

Sequence assembly and GC content analysis

SOAPdenovo software was then used for genome de novo assembly and 63 mers were selected. A total
of 1,838,159 scaffolds were assembled into a final genome sequence of 595 Mb with an N50 length of
1,021 bp (Table 1). This de novo assembly produced a sequence twice as large as the estimated genome
size by k-mer analysis (345 Mb) and flow cytometry (300 Mb), which may indicate that the assembled
genome is a highly heterozygous diploid.
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We calculated the GC content of the M. alternifolia genome in 20-kbp sliding windows without overlap
(Supplement Figure S2). Our data fell into three clusters. Clusters A and B correspond to M. alternifolia,
and the much smaller cluster C is presumed to represent DNA contaminants from exogenous sources
such as bacteria, fungi, or insects. Mean GC content was 41.9%, as shown in Supplement Figure S1. The
genome survey data represent 192 coverage of the M. alternifolia genome, and the splicing coverage was
198% (Table 1), both indicators of the high quality of our M. alternifolia sequence. Splicing coverage
refers to the proportion of the assembled genome sequence to the whole genome. A splicing coverage of
>95% is generally considered to be a robust genome assembly. Occasionally, the coverage is >100%,
which may be due to the existence of repeat regions in the genome [29].

Summary for the de nov;)raazlsee:nbly of the M. alternifolia
genome.

Statistical item Contig Scaffold

N10 length (bp) 15,009 28,042

Number of N10 2,291 1,151

N50 length (bp) 796 1,021

Number of N50 100,342 71,431

N90 length (bp) 118 119

Number of N90 1,362,130 1,294,949

Maximum length (bp) 136,294 332,689

Total size (bp) 588,879,542 595,305,086

Total number (=100 bp) 1,900,016 1,838,159

GC content (%) 42.4 419

Depth of sequencing (x) 192

Splicing coverage (%) 198

Genome completeness evaluation

The level of genome completeness for the assembled sequences was evaluated by using BUSCO v5.0.0
(BUSCO, RRID:SCR_015008), which quantitatively assesses genome completeness using evolutionarily-
informed expectations of gene content from near-universal single-copy orthologs selected from
viridiplantae_odb10 (viridiplantae odb, RRID:SCR_011980; http://busco.ezlab.org/). BUSCO analysis
showed that separate 67.5% and 21.2% of the 425 expected plant genes were identified as complete and
fragmented genes respectively, while 11.3% of genes were considered to be missing from the assembled
M. alternifolia genome sequence (Supplement Table S4).

Repeat element annotation
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The total repeat length of the M. alternifolia genome (total length 595,305,086 bp) was estimated to be
240,657,903 bp, around 40.43% (Supplement Figure S3). 354,647,183 bp of non-redundant repetitive
elements were also identified, accounting for 59.57%. About 6.93% of the genome can be attributed to
TEs: DNA transposons, retrotransposons such as long interspersed nuclear elements (LINESs), short
interspersed nuclear elements (SINEs), long terminal repeat (LTR); 1.78% of the repeats were predicted to
be small RNAs, satellites, simple and low-complexity repeats (Supplement Figure S3 & Table S2), among
which 191,238 simple sequence repeats were annotated, which will provide valuable genetic markers to
assist M. alternifolia breeding programs. The GC content was 42.39% across the genome.

The final assembly contains 44,369 predicted protein-coding genes (Supplementary Files S1), around
74.2% (32,909 genes) were functionally annotated in NCBI nonredundant protein (NR) database
(Supplementary Files S2). Further, 8436 genes were annotated in KEGG metabolic pathways
(Supplementary Files S3).

Major types of repeat elements -irc?fr:fiﬁed in the M. alternifolia genome
assembly.

Repeat class No. of elements Total length,bp % of genome
LINE 23,544 6,784,958 1.14

SINE 1,090 93,904 0.02

LTR 116,833 30,788,551 5.17

DNA transposons 14,545 3,588,626 0.60
Unclassified 1,457,484 186,499,107 31.33
Rolling-circles 5,871 2354517 0.40

Small RNA 29,702 2,262,577 0.38
Satellites 127 38,343 0.01

Simple repeats 191,238 7,015,736 1.18

Low complexity 25,911 1,231,584 0.21

SSR identification

The scaffolds were utilized for SSR identification to ensure higher reliability. A total of 457,661 SSRs,
including 255,359 (55.8%) mono-, 176,264 (38.51%) di-, 21,775 (4.76%) tri-, 2839 (0.62%) tetra-, 810
(0.18%) penta-, and 614 (0.13%) hexanucleotide repeats, were identified in 355,921 scaffolds
(Supplement Figure S4). The mononucleotide repeat was overwhelming, and the 20 most frequent SSR
types were exhibited in Supplement Figure S5. The A/T repeat was the most abundant type, accounting
for 51.09% of all SSRs, followed by AG/CT (32.95%) and C/G (4.71%). Other dinucleotides and
trinucleotides repeat types, such as AT/AT, AAG/CTT also made up an outstanding proportion.
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TF Identification

There are 1109 transcription factors (TFs) coding genes form 67 TF families were identified and
classified using the online tools Itak (http://itak.feilab.net/cgibin/ itak/online_itak.cgi) in M. alternifolia.
1109 TFs belonged to 67 TF family were identified in M. alternifolia genome (Supplemental Files S4). Top
10 TFs including C2H2, MYB-related, bHLH, AP2/ERF-ERF, zn-clus, NAC, bZIP, C3H, WRKY, MYB accounts
for 56.45% of the total TFs (Figure 3).

Discussion

The results of flow cytometer revealed that the genome size of M. alternifolia is approximately 300 Mb
(Supplement Table S3), which is similar to the result obtained by k-mer analysis, i.e., 345 Mb. The
genome size of our results are consistent with the previous research (356Mb) of Calvert’s (2017). And
similar to that of Metrosideros polymorpha at 347 Mb [14] and Leptospermum scoparium at 297 Mb [15],
but less than Eucalyptus pauciflora at 595 Mb and Eucalyptus grandis at 640 Mb [12, 13], all of which
belong to the Myrtaceae family. The genome size of M. alternifolia is considered “very small” according
to the definition of genome size [30]. Such a small genome will facilitate genome research and molecular
manipulation, and provide insights into genome size variation in tree genomes.

A GC content that is too high (>65%) or too low (<25%) may result in sequence bias during whole-genome
sequencing, and may negatively affect genome assembly. The mean GC content of our result was 41.9%,
quite consistent with the result of Voelker’s, 42%. According to the GC content and depth analysis, two of
three detected clusters were derived from M. alternifolia. However, the de novo-assembled genome was
595 Mb (Table 1), which is twice about the genome sizes estimated using flow cytometry (300 Mb) and k-
mer frequency distribution analyze (345 Mb). This larger assembly length was also performed in
Metrosideros polymorpha [31]. This notable larger assembly length in M. alternifolia may suggest more
than one haplotype were assembled. Based on these observations, we speculate that this species may be
a diploid with a highly heterozygous genome.

Genome heterozygosity reflects the reproductive lifestyle of the species, such as self-incompatibility or
outcrossing, but may confound the quality of the genome assembly. Our k-mer analysis identified two
depth peaks: the height of the main peak (depth = 37) was about twice that of the minor peak (depth =
17), suggesting that the M. alternifolia genome is highly heterozygous, and the heterozygosity determined
using JELLYFISH was 0.8% (Supplement Table S2) smaller than that of Eucalyptus grandis (1.0%) [12]
and Eucalyptus pauciflora (1.5%) [13]. However, the M. alternifolia genome is on the threshold for being
considered a highly heterozygous genome with heterozygosity =0.8% [27] .

Flowers of M. alternifolia are hermaphroditic, protandrous, pollinated by insects and predominantly
outcrossing by nature, with occasional geitonogamy (self-pollination among flowers within the
inflorescence) [32, 33]. The high heterozygosity of the M. alternifolia genome is likely the result of
outcrossing [34] and highly confounds genome sequencing and assembly [35].
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Contig N50 and BUSCO (BUSCO, RRID: SCR 015008) scores are usually used to assess and compare
genome assembilies. A higher N50 length suggests an assembled genome with fewer and larger contigs.
The length of contig NS0 assembled by SOAPdenovo of M. alternifolia genome is 1,021 bp, lower than
that of the previous research of this species(8,778bp) [11]. May be related to its short-read assembly
method. However, it is much higher than that of Mikania cordata (312~352 bp) which used the same
SOAPdenovo software [10]. Genome completeness, estimated by BUSCO using the viridiplantae dataset,
was 88.7%, indicating a relatively high geonome completeness. However, these two mentods of short-
read assembly were much lower than Pacific Biosciences using MaSuRCA assembly. Repetitive regions
cover over 40.43% of the genome, which similar with that in Eucalyptus paucifiora (44.77%) and
Eucalyptus grandis (41.22%) [12].

A total of 44,369 protein-coding genes were predicted in the M. alternifolia assembled genome, more than
those encoded by Metrosideros polymorpha (39,305) [14], Eucalyptus grandis (36,376) [13] and
Leptospermum scoparium (31,220) [15]. 1109 TFs were annotated in the whole genome. C2H2, Myb
related, bHLH were the top 3 TFs, accounted for 17.5%, 14.2%, 12.7%, respectively. Analyse of SSRs was
conventional performed in genome survey, 457,661 SSRs have been identified, A/T, AG/CT, AAG/CTT are
the most common motifs of mono-, di, and trinucleotide, respectively. This result showed the same patten
with that in the Camellia sinensis [36). The genomic SSRs identified here would benefit assessing the
genetic diversity of M. alternifolia.

In conclusion, we report a draft genome sequencing of M. alternifolia. This cost-effective strategy based
on short-read data helped us to reveal its basic genomic parameters with small genome size, mid GC
content, high heterozygosity rate. Its genome annotation has also been characterized, including repeat
element annotation, the SSR identification, and TFs prediction at the genome level. This M. alternifolia
draft genome will be useful for functional and comparative genomics research in the future.

Conclusions

We have sequenced the Melaleuca alternifolia genome and obtained 129 Gb of sequencing data from
two genomic DNA libraries (270 bp and 500 bp), resulting in 114 Gb of clean data after quality control
(Supplement Table S1). A total of 1,838,159 scaffolds were assembled for a total sequence length of 595
Mb, with an N50 length of 1,021 bp (Table 1). We estimated the genome size to be 345 Mb by k-mer
frequency distribution and 300 Mb with FCM (Supplement Table S3). These numbers are only half of the
total assembled sequence of 595 Mb. GC content and average depth analysis further confirmed that M.
alternifolia may be a highly heterozygous diploid.

The draft genome assembly of M. alternifolia lays the foundation for further genome engineering and
sequencing work, which can be used to accelerate the molecular breeding of M. alternifolia with improved
tea tree oil yield and quality.
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Figures

[

Figure 1

Afforestation with tissue culture plantlets of M. alternifolia. Adult superior strains (a); Single bud of about
2 cm height grown in rooting medium for Tmonth (b); Well-rooted plantlets were transplanted into
greenhouse in a red mud cup for 3 months (c); M. alternifolia stands (d).
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Figure 2
K-mer (k = 17) analysis for M. alternifolia genome size estimation. The x-axis indicates the coverage

depth (x); the y-axis indicates the frequency of k-mers at a given depth divided by the total frequency at
all depths.
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Figure 3

Top 20 TF families of M. alternifolia genome.
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