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Summary

Murcott and Afourer mandarin varieties are anticipated to drive future expansion of the mandarin
export industry in Australia. The Department of Agriculture and Fisheries and commercial citrus
growers have previously secured plant breeders rights for the propagation of low seed Murcott
varieties generated via radiation mutagenesis. In this investigation, we sought to identify radiation
induced mutations within three low seed Murcott varieties (IrM1, IrM2 and Phoenix) that could be
used to effectively differentiate each cultivar. In the course of this investigation, we developed
improved methods for isolating high quality citrus DNA up to 130 kb in size. We also gained expertise
in the use of cutting-edge portable DNA sequencers which have broad utility in a range of diagnostic
applications. Our investigations led to the development of useful software for processing long-read
sequencing data and generated significant amounts of genomic information for the economically
important Murcott variety. Future investigations will focus on optimising genome assembly algorithms
and generating effective pipelines for identifying mutations within both long and short-read
sequencing data. Ultimately, our aim is to develop molecular tests that can accurately identify low
seed Murcott cultivars for variety protection purposes. Information gained from the investigation may
also allow for the elucidation of genetic mechanisms underlying the low seed phenotype.
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Background

lonizing radiation is an important tool for crop improvement that has been used to develop more than
3200 new varieties since its first reported use in 1928 (FAO/IAEA 2014, Oladosu et al. 2015). Genetic
variation achieved using this method ultimately arises from DNA damage and is associated with a
variety of detectable mutations ranging from single base substitutions and small insertions/deletions
(Du et al. 2017) to large deletions and chromosomal rearrangements (Behjati et al. 2016, Naito et al.
2005, Hase et al. 2018).

Despite massive improvements in genome sequencing technologies and data analysis techniques in
recent years (Torkamaneh et al. 2018), accurate identification of mutations associated with important
phenotypic traits remains challenging. In particular, detection of large structural variants and complex
re-arrangements is difficult when using predominant short-read sequencing technologies (Tattini et al.
2015). More recently, however, long-read single-molecule sequencing technologies have emerged
which provide new opportunities for their analysis (Sedlazeck et al. 2017). One particularly interesting
long-read sequencing platform that has successfully been used for this purpose is the portable
MinlION DNA sequencer (Jain et al. 2017).

Mandarins were estimated to account for 23 million AUD worth of Australian exports between April
and June 2017 and an increase in production is expected in coming years, especially for the Murcott
and Afourer varieties (Hort Innovation, 2017). As with many fruit crops, seedlessness is a highly
desirable trait in citrus cultivars and can be effectively induced using ionizing radiation (Sutarto et al.,
2009). In Australia, low-seeded mutants have previously been derived from the Murcott variety via
gamma irradiation and have been granted plant breeders rights for variety protection purposes
(Queensland DPI 2003, Pressler 2004, Queensland DPI&F 2006). Despite receiving this protection,
however, it can be difficult to differentiate various low seed mandarin varieties from each other.

In this investigation, we sought to use both short and long-read sequencing technologies to
characterize radiation-induced mutations within three low-seeded Murcott mandarin varieties. It is
anticipated that these investigations will allow for the development of genetic tests for variety
protection purposes and potentially allow for characterisation of important regions involved in seed
formation.

Project Objectives

The objectives of this investigation were to:

1. Optimise experimental methodologies for short-read sequencing of citrus DNA and long-read
sequencing using the portable MinlON sequencer platform.

2. Identify radiation-induced DNA mutations within three distinct low-seeded Murcott varieties
that could allow for their unique identification.

Ultimately, it is anticipated that this information will be used for the development of rapid, cost-
effective molecular tests for variety protection purposes.

Methodology
Plant material

Two low-seed mandarin varieties, ‘IrM1’ and ‘IrM2’, that were developed within the Queensland
Department of Agriculture and Fisheries via gamma irradiation of ‘Murcott’ bud sticks have been
previously described (Queensland DPI 2003, Queensland DPI&F 2006). Another radiation-induced,
low-seed variety, ‘Phoenix’ (alternatively called ‘Code 66-75), developed by a commercial grower
(2PH Farms), has also been described (Pressler 2004).
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DNA extraction

For short-read sequencing, DNA was extracted from leaf material essentially as described by Healy et
al (2014). For long-read sequencing, a range of methods were attempted. These included
modifications of the CTAB protocol used for short-read sequencing, a PowerSoil DNA Isolation kit (Mo
Bio), and a Nucleon Phytopure kit (lllustra).

In order to remove small RNA fragments from RNase treated nucleic acid extracts, PEG/NaCl based
DNA precipitation (He et al. 2013) or various concentrations of AmpureXP beads (Agencourt) were
used. Several methods were also attempted to selectively remove polysaccharides from DNA
extracts, including the use of various CTAB and salt concentrations as outlined by Darby et al (1970)
and various salt and ethanol combinations as outlined by Fang et al (1992).

Short-read sequencing

Barcoded libraries were prepared from mandarin DNA and 2x150bp reads were subsequently
generated on one lane with the lllumina HiSeq 4000 platform using the services of the Australian
Genome Research Facility (AGRF). Short reads from the Illumina platform were inspected and
trimmed essentially as described by de Vries et al (2018). Reads were aligned to available Citrus
sinensis (Xu et al. 2012) and Citrus clementina (Wu et al. 2014) genome sequences using BWA (Li
and Durbin, 2009).

Long-read sequencing

Long-read sequencing was performed using an Oxford Nanopore Technologies (ONT) MinlION
portable sequencer. Libraries were prepared using either an ONT Rapid Sequencing kit (SQK-
RADOO04) or 1D? Sequencing kit (SQK-LSK308). Libraries were sequenced on either an R9.5, R9.4 or
R9.4.1 flow cell as required. Reads were base-called, trimmed, filtered and assembled essentially as
described by Gautier et al (2018). A custom script based on a complexity algorithm by Wootton et al
(1993) was developed for filtering out long artefact sequences obtained with the 1D2 Sequencing kit.

Results

Isolation of high quality citrus DNA

Isolation of significant amounts of high quality DNA was critical for our investigations. Towards this
aim, we tested a range of commercial kits and published protocols on immature leaf samples. We
found that a large scale CTAB protocol followed by RNase digestion was effective for isolating
sufficient amounts of intact, total nucleic acid (TNA) with acceptable A260/A230 ratios (Figure 1).
However, subsequent attempts to remove contaminating RNA fragments from these preparations via
PEG precipitation resulted in significantly reduced A260/230 ratios. Whilst these extracts were found
to be suitable for short-read sequencing on the lllumina platform, it was found that removal of RNA
fragments using carboxylated magnetic beads resulted in higher purity and was necessary for
effective long-read sequencing on the MinlON platform.

In order to potentially detect mutations induced by ionizing radiation within each low-seed mandarin
variety, we performed short-read sequencing on DNA extracts using the lllumina platform. Following
deduplication and quality trimming, we found that we were able to achieve average coverage levels of
approximately 100x when mapped to either Citrus clementina or C. sinensis chromosomal scaffolds
(Table 1). For both reference genomes, major scaffolds representing chromosomes 1-9 were
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observed to be significantly lower in total size compared to their estimated total length of ~370 Mb,
presumably due to incomplete sequencing. Our investigations revealed that reads from each of our
samples covered approximately 96% and 90% of the C. clementina and C. sinensis genomes
respectively.

Figure 1 — Purity and integrity of nucleic acids isolated from citrus.

A Lane Description
M 250 ng Generuler 1 kb DNA ladder
L 250 ng Lambda DNA (48.5 kb).
48.5 kb =|
10 Kby 1 83 ng IrM2 TNA+RNase. CTAB extraction method.
85kb 2 96 ng Murcott DNA. CTAB— beads extraction method.
10 kb
3kb = 3 87 ng IrM1 DNA. CTAB— PEG extraction method.
3 kb
kb
" Sample Extract Type Extraction Method A260/280 A260/230
IrM2 TNA+RNase CTAB 2.01 2.32
IrM1 DNA CTAB— PEG 1.78 1.36
Murcott DNA CTAB — beads 1.79 2.21

A - 0.8% agarose gel electrophoresis of nucleic acids.

B - Spectrophotometric analysis of nucleic acid purity.

Table 1 — Coverage of short-read data against citrus reference genomes

Reference Genome Total length of Sample Average Coverage Percent bases covered®
chromosome 1-9 Name
scaffolds
(GB)
Citrus clementina 288.6 Murcott 105.71 95.61
IrM1 113.90 95.93
IrM2 105.71 95.91
Phoenix 111.76 95.94
Citrus sinensis 239.0 Murcott 98.58 90.00
IrM1 105.12 89.99
IrM2 97.18 89.96
Phoenix 102.64 90.01

#  Coverage levels greater than or equal to 1

Long-read sequencing

In order to potentially improve the detection of large structural variants, we sought to obtain long-read
sequences using a portable MinlON sequencer recently developed by Oxford Nanopore Technologies
(ONT). This approach proved to be technically challenging and revealed stringent nucleic acid purity
and integrity requirements. Overall, we obtained the highest raw sequencing yields using an SQK-
LSK308 1D? Sequencing Kit (Table 2). With this kit, we were able to obtain 464,115 passed reads
from a wild type Murcott DNA extract and achieved satisfactory read length metrics (N50=6431 bp).
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However, data obtained with the 1D? sequencing kit was also associated with very long sequencing
artefacts that had to be removed using an additional low-complexity filter.

The longest read observed in our study was approximately 130 kb and was obtained with an SQK-
RADO004 Rapid 1D sequencing kit (Table 2) and wild-type Murcott DNA. Subsequent analysis of the
longest 1D read by BLAST revealed that it shared multiple regions with 90% identity to a section of
chromosome 1 from Citrus clementina. This level of homology appears to accord with an expected
949% accuracy rate reported for 1D reads (Tyler et al. 2018) and the previously reported genetic
similarity of these cultivars (Wu et al. 2014). However, it is significant these regions of homology only
covered 68% of the corresponding region from C. clementina and were interspersed with non-
homologous regions.

Yields obtained with Rapid 1D sequencing kits were generally about half that observed with the
ligation-based 1D? Sequencing Kit (SQK-LSK308). In the case of 1D2 sequencing, both DNA strands
are preferentially sequenced in order to obtain up to 97% accuracy. However, due to time limitations
and complexities associated with basecalling and processing 1D2 reads, we processed them as 1D
reads during subsequent assembly stages.

Table 2 — Long-read sequencing of citrus DNA using the portable MinION sequencer.

Flow Sample Library Kit DNA Input Available Run Sequences Passed
Cell Name Extraction DNA Pores Time
Method (ug)® (hr) % Number N50* Longest Total
(bp) (bp) Yield
(GB)
R9.5 Murcott SQK-RAD004 CTAB-PEG 0.61 1291 2.50 | 41 6002 5105 41620 0.18
Murcott * SQK-LSK308 CTAB-beads 8.00 782 50.00 | 45 403052 5723 678359 1.28
[402356] | [5707] [85837] [1.28]
R9.5 Murcott SQK-LSK308 CTAB-beads 7.73 1290 45.75 | 36 464339 6437 603775 1.94
[464115] [6431] [96212] [1.94]
R9.4.1 Murcott SQK-RAD004 CTAB-beads 6.10 1486 15.50 | 44 237780 5907 130274 0.73
Murcott * SQK-RAD004 CTAB-beads 9.00 297 32.50 | 83 67038 6578 96335 0.22
R9.4 IrMm1 SQK-RAD004 CTAB-PEG 1.82 918 3.25 | 87 13637 4880 62992 0.37
IrM1 * SQK-RAD004 CTAB-beads 6.21 677 54.50 | 63 188120 1663 49705 0.24
R9.4 IrM2 SQK-RAD004 CTAB-beads 5.99 1490 2.75 | 38 157651 9925 111484 0.69
IrM2 * SQK-RAD004 CTAB-beads 0.59 624 43.25
* Library loaded on re-used, washed flow cells.
$ Library loaded on an already running flow cell.
& Input DNA amount for library construction.
# Sequences greater than this length constitute 50% of all passed bases.

Values calculated after filtering out low-complexity artefacts.

Overall, we obtained relatively low total sequencing yield for samples IrM1 and IrM2 (0.59 GB and
0.69 GB of passed reads). In addition, a low N50 value for one of the IrM1 DNA extracts (1663 bp)
indicates that DNA degradation was a particular problem for this sample. By using multiple flow cells
for the wild-type Murcott sample, we were able to obtain 4.45 GB of passed sequence data to assist
in subsequent assembly of a reference genome.

Long read assembly

In order to assemble our long-read data into contigs, we used the correction and trimming modules of
Canu (Koren et al. 2017), followed by assembly with SMARTdenovo. The longest contig assembled
using this pipeline was a 461 kb region of chromosome 1 from wild-type Murcott mandarin (Table 3).
It is interesting to note that this contig did not contain the longest 130 kb read detailed in Table 2 but
possessed a similar level of coverage (63%) against chromosome 1 of C. clementina. Assembly
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metrics (N50 values and total bases assembled) indicate that approximately 20 percent of the
complete wild-type Murcott genome (~370 Mb) was assembled into contigs greater than 45 kb in
length.

For both IrM1 and IrM2, the largest assembled contig was ~300 kb in size (Table 3) and aligned to the
recently published 641 kb mitochondrial genome of Citrus sinensis (Yu et al. 2018). Further analysis
(data not shown) indicated that other overlapping contigs derived from the mitochondrial genome
were in fact present in the data, thus indicating that improvements in the assembly algorithm can be
attained.

Table 3 — Assembly of long-read data from the MinlON platform.

Sample No. No. Longest N50# Total Best BLAST Hit of Longest Contig
Name | Contigs | Contigs | Contig (bp) Bases Description Coverage | ldentity
>50 kb (bp) (MB)* (%) (%)

Murcott 4834 832 | 460791 45533 155.85 | C. Clementina 63 96
chromosome 1

IrM1 23 2 | 312471 | 199243 0.72 | C. sinensis 93 96
mitochondrial genome

IrM2 102 3 | 322706 24703 2.29 | C. sinensis 93 98
mitochondrial genome

Contigs greater than this length constitute 50% of all assembled bases.
*  Bases contained in unassembled singletons are not included in this value.

Conclusions/Significance/Recommendations

In this investigation, we sought to characterise radiation induced mutations within three low-seeded
Murcott mandarin varieties (IrM1, IrM2 and Phoenix). Ultimately, our investigation aims to facilitate the
development of diagnostic tests that can differentiate each cultivar for variety protection purposes.
Our strategy for mutation detection involved the use of both short-read sequencing techniques, which
are relatively well established, and more recently developed long-read sequencing techniques
(Stancu et al. 2017).

During our investigation, we found that pure, high-molecular weight DNA which does not possess any
traces of degradation is critical for effective long-read sequencing using MinlON portable DNA
sequencers. Other researchers have previously developed methods to obtain high quality DNA from
citrus (Terol et al. 2015, Shimizu et al. 2016), however they are laborious and have not been
specifically tested on the MinlON platform. The method developed in this investigation was
comparatively easy and successfully isolated DNA strands up to 130 kb in size.

In recent reports, reads as long as 2.3 Mb (Payne et al. 2018) and raw sequencing outputs as high as
30 GB per flow cell have been achieved with MinlON devices. However, we typically achieved results
that were an order of magnitude lower than this. It therefore appears that significant opportunities
remain to improve our methodologies. Our investigations did reveal that significantly higher yields can
be obtained with ligation-based library preparation kits compared to transposase-based kits although
the latter are considerably more convenient and have been used to provide longer read lengths. Use
of mechanical shearing to increase fragment uniformity, or gel purification steps to remove smaller
interfering DNA fragments represent feasible options for us to potentially improve our results
(Schalamun et al. 2018).
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Citrus clementina is the closest relative of Murcott mandarin that currently possesses a published,
assembled genome (Wu et al. 2014). Initial analysis of our aggregated short-read data suggest that
the Murcott genome is more than 95% identical to C.clementina. This level of homology should allow
for accurate identification of small insertions, deletions and substitutions in mutant genomes using C.
clementina as a reference. We also appear to have sufficient short-read data to potentially allow for
identification of larger deletions based on coverage analysis. In subsequent investigations, our broad
strategy is to identify mutations relative to the C. clementina reference genome that are uniquely
observed within each low seed mutant and are absent within wild-type Murcott DNA.

For our unassembled long-read data, preliminary alignments revealed extended regions of
approximately 90 percent identity between Murcott DNA and the C. clementina reference genome.
Moreover, initial assembly attempts using only long-read data resulted in improved identity levels of
96 percent. However, in both cases, the regions of homology appeared to be interrupted by non-
homologous stretches and overall coverage levels were less than 70 percent. These results suggest
the existence of extended, low-quality regions within the long reads. Further analysis is required to
confirm this and determine if alternative base-calling algorithms can be used to improve long-read
quality. In particular, we will seek to determine if base-calling algorithms available for 1D? sequencing
reads provide a useful advantage for our purposes when compared to 1D reads.

Algorithm design for efficient assembly of error-prone, long-read sequence data remains an active
area of development (Koren et al. 2017, Li 2016). In this study, we used a pipeline that assembled
approximately 20 percent of the total estimated genome (~370 Mb) of wild-type Murcott into contigs
greater than 45kb in length and achieved a maximum contig length of 460 kb. However, our analyses
indicated that complete assembly was not always achieved and that further optimisation, or use of
alternative algorithms, could significantly enhance the assembly process. We currently possess a
significant amount of unassembled long and short-read data for wild-type Murcott and anticipate that
hybrid assemblies will allow for the generation of useful reference sequences from this cultivar. It
remains to be determined if we have sufficient long-read data from IrM1 and IrM2 to assist in the
identification of large structural variants and chromosomal re-arrangements.

The low seed mutants examined in this study were vegetatively propagated from multi-cellular bud
tissue exposed to gamma radiation. Given this background, it is possible that these cultivars will
possess chimeric tissues harbouring various mutant genotypes (Frank and Chitwood, 2016).
Consequently, we plan to use algorithms for mutant identification that can tolerate deviations from
fixed ploidy levels. Importantly, previous studies have used similar strategies to ours to identify
mutations within irradiated citrus tissues using short-read sequencing data (Terol et al. 2015) and a
research group recently used this approach to successfully develop molecular tests for citrus cultivar
identification (Las Casas et al. 2018). We expect similar results using short read data from this
investigation and anticipate gaining further insights following integration of our long-read sequencing
data.

Key Messages

Murcott and Afourer varieties are anticipated to drive future expansion of the mandarin export industry
in Australia. The current investigation provides an important basis for the development of diagnostic
tests that can conclusively identify valuable mandarin varieties developed by both DAF and
commercial growers for variety protection purposes. As a result of this investigation, we were able to
develop improved methods for isolating high molecular weight DNA from citrus plants and have
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subsequently shown that these methods can be applied to other citrus varieties and crop species. We
additionally gained valuable experience in the use of cutting-edge portable DNA sequencers which
have broad utility in a range of novel applications. We also, developed useful software for processing
long-read sequencing data and established pipelines for large-scale data analysis. It is anticipated
that technologies developed in this project can be applied not only to various citrus varieties but
numerous other agronomically important crop species.

Where to next

Future research efforts will focus on computer-based analyses of our data so that radiation induced
mutations unigue to each mandarin variety can be characterised. Good progress has already been
made towards this goal using available short-read sequence data and established algorithms. More
effort will be required to optimise techniques for mutation detection in the long-read sequencing data.
In particular, appropriate software will need to be selected for performing hybrid assemblies and
identifying somatic mutations from long-reads. Sufficient data has been generated in this investigation
for generating publications and will form a valuable resource for future studies of related citrus
varieties. Ultimately, further funding will be sought to optimise and validate molecular tests designed
from our sequencing data for rapid identification of low seed Murcott varieties.

Budget Summary

A total of $8151.76 AUD was spent prior to the end of the 2017/2018 financial year. $6828.71 AUD
was used to purchase flow cells, kits, devices, reagents and services for DNA sequencing. $1323.05
AUD was used for DNA extraction kits, reagents and consumables.
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