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the invasive species in the early stages of infestation, before 
establishment.

Traditionally fungal pathogen identification was based 
upon examination of morphological and physiological 
characteristics. However, identification of species lacking 
unique morphological characters and limited well-trained 
experts pose challenges in morphological species identifica-
tion (Fajarningsih 2016). This limitation has been to some 
extent alleviated by the application of DNA sequencing 
based molecular methods (Armstrong and Ball 2005). Inter-
nal transcribed spacer (ITS) region has been accepted as a 
universal barcode for identification of fungi (Schoch et al. 
2012). Sanger sequencing is a robust method to generate 
sequence data and has been widely used in species identi-
fication (Taylor and Harris 2012) but it can lead to incor-
rect identification in case of mixed infection (Langsiri et al. 
2023) and requires an expensive sequencer. Outsourcing 
sequencing to a commercial company offering this service 
is a common practice, but can take time to turn-around the 
diagnostic outcome. Species identification using Sanger 
sequencing can take up to 4–5 days and even longer for 

The intensification of global trade, human assisted move-
ment of species and climate change is facilitating intro-
duction of invasive species, agronomic pests and plant 
pathogens into new areas (Capinha et al. 2015; Seebens 
et al. 2017; Santini et al. 2018). The scale of global plant 
movements has seen an increase in the frequency of exotic 
plant pest and disease incursions (Hu et al. 2020), leading 
to increased cost of biosecurity management worldwide. 
Biosecurity response, containment and management suc-
cess largely depends on the timely and accurate diagnosis of 
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Abstract
Molecular diagnostics in combination with morphological identification is the method of choice for several cryptic micro-
bial plant pathogens. For some diagnostic applications, traditional sequencing techniques can be time consuming, mak-
ing them ill-suited for biosecurity incursion responses, where accurate results are needed in real time. More rapid next 
generation sequencing tools must be tested and compared with traditional methods to assess their utility in biosecurity 
applications. Here utilizing 95 samples infected with fungal pathogen Phyllosticta cavendishii, from a recent incursion 
in Australia, we compare species identification success using Internal Transcribed Spacer (ITS) gene barcode on conven-
tional Sanger and Oxford Nanopore MinION sequencing platforms. For Sanger sequencing, the average pairwise identity 
percentage score between generated consensus sequences and P. cavendishii sequence from holotype material on NCBI 
database was 99.9% ± SE 0.0 whereas for MinION sequencing the average pairwise identity percentage was 99.1% ± 
SE 0.1. Relatively larger consensus sequences (mean 486 bp ± SE 2.4) were generated by Sanger sequencing compared 
to MinION sequencing (mean 435 bp ± SE 4.6). Our results confirm that both sequencing methods can reliably identify P. 
cavendishii. MinION sequencing, provided quicker results compared to Sanger sequencing and demonstrated diagnostic 
competence, with the added advantage of being portable, for front-line “point of incursion” biosecurity applications.
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laboratories located in remote areas due to increased sample 
shipping time. The rapid spread of exotic species demands 
locally sourced sequencing techniques to enable “point-of-
care” diagnostic capability.

Relatively new sequencing platforms, such as the Oxford 
Nanopore Technologies’ MinION (ONT, Oxford, UK) can 
reportedly perform amplicon sequencing, long-read and 
short-read sequencing, targeted and whole genome sequenc-
ing in a timely and cost-effective manner (Chen et al. 2023; 
Zheng et al. 2023). Although Nanopore-based sequencing 
has been applied to pathogen diagnostics, surveillance and 
post-entry quarantine (McCormack et al. 2013; Bronzato 
Badial et al. 2018; Loit et al. 2019; Maina et al. 2022; Del-
miglio et al. 2023), case studies showing its utility during an 
active biosecurity incursion are limited. Species identifica-
tion during biosecurity incursion requires a robust method-
ology, high confidence in sequencing output and analysis. 
Nanopore’s MinION sequencing has been shown to produce 
high base-calling errors and technical biases (Loit et al. 
2019; Chen et al. 2023) especially for long read sequencing 
and poses challenges for accurate identification. MinION 
sequencing is yet to be established as a reliable tool for the 
detection of microbial plant pathogens during biosecurity 
incursion response.

Banana freckle is a plant disease caused by the fungal 
species Phyllosticta cavendishii on Cavendish and Lady 
Finger banana cultivars. P. cavendishii is classified as a 
high priority pest of banana in Australia. It was detected on 
Cavendish bananas in the Northern Territory, Australia in 
2013 and was eradicated in 2019 (McMaster et al. 2020). 
A second outbreak of the disease on Dwarf Cavendish cul-
tivar was reported in May 2022 in the Northern Territory 
(Banana freckle | NT.GOV.AU). In this study, utilizing 95 
P. cavendishii infected samples from the 2022 incursion, 
we assess species identification success using Sanger and 
MinION amplicon sequencing to examine MinION’s util-
ity as an alternative to Sanger sequencing in a biosecurity 
incursion setting.

Materials and methods

Leaf cuttings and/or infected bananas were collected from 
symptomatic plants in remote and rural-communities as 
part of active biosecurity incursion surveillance. Pycnidia 
were scraped from the infected plant material and placed 
into 2 ml Eppendorf tube containing lysis buffer and a 
5 mm stainless steel bead (QIAGEN cat no. 69989). Total 
genomic DNA was extracted from 95 samples using BIO-
LINE Isolate II Plant DNA Kit (BIO-52070) following 
the manufacturer’s instructions. Samples were extracted 
in small batches in a dedicated biocontainment laboratory. 

We amplified Phyllosticta spp. partial internal transcribed 
spacer (ITS) gene including ITS1 region, 5.8S rRNA gene 
and the ITS2 region using forward primer GmF1 (5’- G T G 
C G C A C C T C T C G A A C-3’) and reverse primer GmR2 (5’- 
A C C T G A T C C G A G G T C A A C-3’) (Wong et al. 2012). To 
monitor potential contamination extraction controls (kit 
reagents except plant material) and PCR negative (no tem-
plate) were used in each run (further information is in Text 
S1). Purified products were Sanger sequenced bi-direction-
ally at the Australian Genome Research Facility (www.agrf.
org.au), Brisbane, Australia.

Library preparation for amplicon sequencing using the 
same primers on MinION was completed using the Oxford 
Nanopore rapid barcoding kit (SQK-RBK110.96) following 
the manufacturer’s instructions (Oxford Nanopore Technol-
ogies, Oxford, U.K.; see Text S1 for further information). 
Sequencing run was initiated on MinKNOW (v21.11.7) for 
72 h with basecalling mode turned to the “ON” setting.

Sanger sequencing data was analysed on Geneious 
Prime® software (v2022.1.1; https://www.geneious.com/; 
Biomatters, New Zealand). Sequencing reads obtained from 
MinION sequencing were filtered using NanoFilt software 
(De Coster et al. 2018) and consensus sequences were gen-
erated from the filtered reads using NGSpeciesID (Sahlin 
et al. 2021). See Text S1 for further information. For both 
sequencing approaches, species identity was confirmed by 
analysing percentage nucleotide similarity, query cover and 
multiple sequence alignments between generated consensus 
sequences and sequences from Phyllosticta spp. type mate-
rial including P. cavendishii holotype (Bft26/CBS H-20,918/
BRIP 55,419; NCBI accession: JQ743562.1 (Wong et al. 
2012)) available on NCBI BLASTn using a megablast 
algorithm to obtain only highly similar hit sequences. Per-
centage identity score with the holotype was recorded for 
each sample. Sequences were also examined against closely 
related species epitype– Phyllosticta maculata (Bf002/CBS 
H-20,919/BRIP 55,425; NCBI accession: JQ743570.1) and 
Phyllosticta musarum (Bfd34/CBS H-20,922/BRIP 55,434; 
NCBI accession: JQ743584.1).

Results and discussion

For Sanger sequencing, 94 samples were successfully iden-
tified as P. cavendishii with the pairwise percentage identity 
on NCBI BLASTn between generated consensus sequence 
and holotype sequence ranging from 99.7 to 100% (aver-
age 99.9% ± SE 0.0). One sample (sample18) failed to 
produce good quality sequence and was excluded from 
the analysis. The consensus sequence length ranged from 
407 bp to 503 bp (average 486 bp ± SE 2.4; Table S1). 42 
samples showed a single nucleotide transition from C to T. 
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The single nucleotide variation is also present in the holo-
type and other P. cavendishii accessions: JQ743565 has a 
“C” whereas JQ743562.1 and JQ743566 has a “T”. Sanger 
sequencing took an average of 5–7 days for completion 
including 3–4 days for sample shipping.

For MinION sequencing, a total of 19,937 reads were 
generated with mean read length of 919 bp and mean read 
quality of 7.2. All samples were successfully sequenced 
with a mean read score of 135 reads/sample (Figure S1). 
After filtering for maximum and minimum length and aver-
age quality score the total number of reads were reduced 
to 5,284 with mean read length of 365.9 bp and mean read 
quality of 10.4 (Figure S2a, b). No reads were removed 
by mapping reads to human genome and 64 reads were 
removed by mapping to banana genome. The majority of 
the reads were filtered out and no consensus sequence was 
obtained for one sample (sample 58). Two samples (sample 
68 and sample 86) failed to generate high quality consensus 
sequences using NGSpeciesID. Sample 68 contained 16.7% 
ambiguous bases and sample 86 contained 8.9% ambigu-
ous bases and were excluded from further analysis. P. cav-
endishii was identified with identity score ranging from 
96.8 to 100% (average 99.1% ± SE 0.1) (Fig. 1; Table S1). 
Consensus sequence length ranged from 310 bp to 535 bp 

(average 435 bp ± SE 4.6). The MinION sequencer gener-
ated data within 24–72 h (Figure S3 a, b).

We found that both techniques successfully detected P. 
cavendishii in samples with species identity score percent-
age ranging from 99 to 100% for Sanger sequencing and 
97–100% for MinION between the holotype and gener-
ated barcodes. Both sequencing technologies were able to 
discriminate the target pathogen from two closely related 
species: P. musarum and P. maculata with a minimum of 
1–3% difference in the pairwise identity score. False nega-
tive detection due to nanopore’s high error rate can be mini-
mized by running technical replicates of samples at a higher 
sequencing depth. The low quality noisy read for sample 
18 in Sanger sequencing compared to MinION sequencing 
could be due to the co-amplification of other components in 
the PCR product.

In our study, species identification and discrimination 
between closely related species using BLAST was valuable 
due to comprehensive ITS region reference database for 
Phyllosticta spp., however precautions must be taken while 
using BLAST in the absence of high-quality reference data-
base. Our findings agree with recent studies comparing the 
accuracy and speed of traditional sequencing and MinION 
sequencing for species identification at border checkpoint; 

Fig. 1 Comparison of the frequency of percentage identity score between Sanger sequencing and Nanopore-based amplicon sequencing of the ITS 
gene region the Y-axis in the submitted manuscript was cropped to around 60 as most of the data values are below 60
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and differentiating closely related species using MinION 
and NGSpeciesID (Abeynayake et al. 2021; Vasiljevic et al. 
2021).

Our study examined the utility of Nanopore sequenc-
ing for the rapid and accurate diagnosis of P. cavendishii 
in a biosecurity emergency response, that requires a rapid 
(< 48-hour) turn-around. Nanopore sequencing provided 
results faster than Sanger sequencing and can be used for 
the molecular diagnosis of high risk pathogen in the event 
of a suspected incursion. Three samples failed to generate a 
high-quality consensus sequence, in such cases re-sampling 
is recommended to minimize false negative detection. In 
our study, a small number of unsuccessful identifications did 
not make a substantial difference as several replicates were 
tested from infected locations. MinION amplicon sequenc-
ing combined with improved bioinformatics workflows is 
particularly useful for laboratories located in remote geo-
graphic locations, with restricted access to Sanger sequenc-
ing. Other quicker molecular assays such as quantitative 
PCR and high resolution melting assay targeting shorter 
amplicons (Wong et al. 2013) can be tested in future for 
their utility in a suspected incursion.
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