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Ascochyta blight is a major biotic stress that limits chickpea production globally. Fungicide application 
remains one of the effective control measures for the endemic spread. Due to the serious threat that 
synthetic fungicides pose to crop quality, early diagnosis of the pathogen is imperative. Whilst there 
have previously been several conventional lab-based diagnostic methods developed for early detection 
of Ascochyta rabiei, they require long assay times, specialised equipment and facilities, and trained 
personnel to process the samples. To overcome this challenge, a rapid amplification-free detection 
assay using a molecular beacon probe was developed. The method consists of a simple assembly assay 
that accurately detects pathogen within 30 min. The developed assay is species-specific and has a 
similar sensitivity level as conventional amplification-based methods. Although it is still a lab-based 
technique, considering the simplicity of the assay, it has a great potential to be developed further as a 
reliable in-field diagnostic device for early detection and quantification of fungal pathogen spores.

Ascochyta blight (AB) arises from infection by the spore-based necrotrophic fungus Ascochyta rabiei. AB is 
a threat to global production of chickpea and has the potential to cause substantial crop losses. The fungal 
pathogen mostly spreads in cool, wet weather conditions and affects all parts of plants1. AB is generally managed 
by intensive fungicide application, crop rotation, seed treatment and the use of AB-resistant cultivars2. Of 
concern, overexposure of infected chickpea plants to fungicides may cause long-term damage to the ecosystem. 
Due to the absence of highly resistant chickpea cultivars, fungicides are commonly used to achieve an acceptable 
level of disease control3. This generally includes a fungicide spray regime based on weather forecast (prior to rain 
events), as well as a mandatory spray before sowing. The major problem in using chemicals to control or manage 
this pathogen is the potential for isolates to lose sensitivity4. Together with the impacts of climate change, the 
overuse of fungicide is proposed to have driven selective adaptation and improved the evolution potential of the 
pathogen5. Most recently, a highly aggressive adapted haplotype was observed in increased frequencies within 
the Australian clonal A. rabiei population, which is able to overcome resistance within the widely adopted 
resistant host cultivars6.

Fungicides are currently widely used as a preventative measure to assist in generating profitable chickpea 
production, as well as to eradicate AB infections4. There is a need to develop fast, accurate and reliable disease 
diagnosis to avoid the overuse of chemicals that may compromise the crop quality and environmental security7,8. 
Ideally, these detection methods should not only be sensitive and specific, but they should also be rapid and 
simple enough to facilitate in-field analysis. Early pathogen detection will enable agriculturalists to monitor 
the health quality of their crops and respond rapidly with effective management strategies9,10. Whilst several 
current molecular diagnostic methods offer relatively sensitive and specific approaches to plant pathogen 
detection, they are limited by complicated sample preparation methods, time-consuming assays, and the use of 
costly/sophisticated equipment and reagents11,12. These constraints have limited the uptake of these methods by 
primary producers, who instead continue to use indiscriminate fungicide management approaches.

Molecular beacons (MBs) are single-stranded oligonucleotide fluorescent probes that were originally 
developed by Tyagi and Kramer13 for the detection of specific nucleic acids homogeneous solutions. MBs are 
most commonly used as a qPCR probe. They are designed with loop and stem structural moieties flanked by a 
fluorophore molecule and a quencher system at the 5’ and 3’ positions, respectively. The detection sequence is 
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designed to be complementary to the target gene. Once the probe assays are developed, the detection method 
using MBs is relatively quick and simple. When a target DNA sequence is hybridized with the loop portion 
of the MB probe, the fluorophore generates a fluorescence signal whilst the quencher is located far from the 
fluorophore and cannot prevent the fluorescence signal (Fig. 1A). Conversely, a mismatch between the MB probe 
and the target sequence facilitates steric proximity and signal quenching.

MBs have been utilized in other ways, such as in applications for real-time monitoring of PCR amplification, 
mutational analysis, clinical diagnosis, genotyping, allele discrimination, and pathogen detection14. With 
regard to their usage in disease diagnostics, they can be coupled to PCR detection techniques15, loop-mediated 
isothermal amplification (LAMP)16, various other biosensors17, and may even be coupled with mobile phone 
integration as a portable screen detection platform18. To date, MB probes have generally been used as part of 
the complex diagnostic assays mentioned above. However, MBs can generate a fluorescence signal upon positive 
responses, yet they have never been used without additional involvement of amplification steps or biosensing 
platforms. Herein, we describe the development of a novel, simple-to-use, amplification-free assay for the 
detection of AB disease in chickpea samples. The assay time post DNA extraction is less than 30 min, which is a 
substantial improvement on current methodologies. The assay involves a simple hybridization process based on 
a temperature change and relies on MB’s fluorescence emission upon a positive response (Fig. 1B).

Materials and methods
Plant samples and genomic DNA extraction
Twenty-four AB-infected chickpea samples (PBA Striker cultivar) were collected on 7/10/2021 from chickpea 
fields within Merredin, Western Australia. Five uninfected plant samples were grown under a controlled 
environment in a growth room (Griffith University, Australia) and used as non-infected controls. The cultivation 
and collection of all plant material complied with the IUCN policy on Research Involving Species at Risk of 
Extinction, and the Convention on Trade in Endangered Species of Wild Fauna and Flora. Genomic DNA was 
extracted from freshly cut leaves of each plant using the DNeasy® Plant Mini Kit (QIAGEN, Germany) and the 
purity of DNA determined by a NanoDrop ND-1000 UV-Vis spectrophotometer (Thermo Fisher Scientific, USA). 
DNA integrity was determined using agarose (0.8%) gel electrophoresis following by staining with RedSafe™ 
Nucleic Acid Staining Solution (Scientifix Pty Ltd, Australia) and visualized under an UV transilluminator (Bio-
Rad, Australia). The DNA was quantified using an Invitrogen Qubit 4 fluorometer (Thermo Fisher Scientific, 
USA).

Probe design
Synthetic target DNA (T_ST47_g9244), mismatched synthetic target (containing a single nucleotide mismatch; 
TM_ST47_g9244) and the MB probe (MB_ST47_g9244) (Table  1) were designed prior to purchase from 
Integrated DNA Technologies (Coralville, IA, USA). The target oligonucleotides were designed from one of 
the 53 predicted unique glycoside hydrolase genes (ST47_g9244, genome accession JYNV00000000.1) of A. 
rabiei19. The loop portion of the MB probe was designed by adding four extra nucleotides to the 3’ end of 
the ST47_g9244 forward primer sequence. Furthermore, six nucleotides were added as complementary arm 
sequences to both ends of the MB probe (Fig.  2). A 6-FAM (carboxyfluorescein) fluorophore and a Dabcyl 
(dimethylaminoazobenzenesulfonic acid) quencher were added to the 5’ and 3’ ends of the arm sequences, 
respectively.

Assay conditions and fluorescence signal detection
The assay used a simple protocol to detect AB. Firstly, 1 ng of target DNA and 10 ng of MB probe were dissolved 
in 200 µL of 100 mM Tris-HCl (pH 8) (Sigma-Aldrich Pty Ltd, Australia) containing 1 mM MgCl2 (Sigma-
Aldrich Pty Ltd, Australia) in a 1.5 mL microcentrifuge tube. The mixture was subjected to a denaturation step at 
95 °C for 3 min to denature the MB’s arm sequences as well as the target dsDNA, and then incubated for 10 min 
on a thermomixer (Eppendorf, Germany) (300 rpm) at 63 °C (annealing temperature) to allow hybridisation 
of target ssDNA with MB. The reaction mixture was subsequently incubated at room temperature (25 ± 2 °C) 
for 10 min to stabilise the hybridisation process. The mixture was transferred into black 96-well immune-plates 
(Thermo Fisher Scientific, USA) for fluorescence intensity measurements.

Fluorescence (FL) intensity of emitted light was measured using a single emission wavelength at 515 nm on 
a SpectraMax® M3 Multi-Mode Microplate Reader (Molecular Devices, USA) at room temperature (25 ± 2 °C). 
The excitation and emission wavelength for the assembled assay were taken at the MB’s reported excitation and 
emission at 495 and 520 nm respectively20. The same reaction mixtures in the absence of target and MB probe 
were used as non-template and non-probe controls for the MB probe respectively in order to assess the presence 
of nucleic acid contamination. All reactions and measurements were carried out in technical triplicates and the 
results are reported as means ± standard deviation (SD).

Assay specificity and sensitivity
 To determine the specificity of the MB_ST47_g9244 probe, a synthetic target sequence containing a single 
nucleotide mismatch (TM_ST47_g9244) was tested. For the sensitivity test, the target T_ST47_g9244 DNA was 
serially diluted across ten final quantities: 1 ng, 0.5 ng, 100 pg, 50 pg, 10 pg, 5 pg, 1 pg, 0.5 pg, 100 fg, 50 fg. The 
DNA template was diluted with Ultra-Pure H2O (Thermo Fisher Scientific, USA). The assay conditions were as 
previously described. All reactions were conducted in technical triplicates.

For determination of the copy numbers of a template, the following formula was used:

	 Number of copies = (amount (ng)× 6.022× 1023)/(length (bp)× 1× 109 × 650)
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Fig. 1.  (A) Working principle of molecular beacon. When a target sequence is hybridized within the loop 
portion of the MB probe, the ordered helical structure changes to a random coil configuration, demarcating 
the fluorophore from the quencher and allowing the fluorophore to fluoresce. Conversely, if there is no 
loop formation, hybridization of complementary arm sequences at the stem portion of the MB probe keeps 
the fluorophore and the quencher close to each other. Thus, the steric proximity of the quencher will block 
the fluorescence signal, even when the fluorophore is excited. (B) Schematic illustration of the MB assay. 
dsDNA was extracted from AB-infected chickpea plant samples and both the dsDNA and MB probe were 
subsequently denatured. The mixture was incubated at annealing temperature for hybridization and then at 
room temperature for stabilization of the hybridization process. Once the hybrid was formed, the fluorophore 
fluoresced as it was located far from the quencher and the fluorescence intensity was recorded.
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For this calculation, the total sequence length (40,917,385 bp) of a reference A. rabiei genome21 was used.

qPCR validation
A SYBR® Premix Ex TaqTM II (TIi RNaseH Plus) kit was used to evaluate target gene expression on a Bio-Rad 
CFX96 quantitative PCR detection system (Bio-Rad, Australia). PCR was carried out in a total volume of 20 
µL, which contained 10 µL of 2x SYBR® Premix Ex TaqTM II (TIi RNaseH Plus), 0.6 µM of each primer, 7.8 
µL of nuclease-free water and 1 µL of DNA template. The amplification included the ST47_g9244 forward and 
reverse primers from Table 1 and information on their design can be found in Supplementary information; ST 
1. The cycling conditions included 15 s at 95 °C (initial denaturation), followed by 38 cycles of 95 °C for 15 s and 
64 °C for 15 s. A melt curve analysis was undertaken for each 0.5 °C temperature change (every 10 s) across the 
65–95 °C temperature gradient. The reactions were performed with technical triplicates and the two closest data 
points taken for analysis. A non-template control was added for each primer combination to assess potential 
contamination by gDNA or primer dimers.

Results and discussion
Assay functionality and optimization
To optimise the assay performance, the assay buffers (base solutions), as well as the template and MB probe 
quantities, were first evaluated.

The following parameters were tested:

	 (I)	� Various quantities of DNA template (10-fold: 100 ng to 10 fg) were tested at a constant quantity of MB (1 
ng) in the presence of H2O (Fig. 3A);

	 (II)	� The same dilutions of DNA template were tested at constant MB quantity in the presence of 100 mM Tris-
HCl containing 1 mM MgCl2 (Fig. 3A);

	(III)	� Different quantities of MB (10-fold: 100 ng to 10 fg) were tested with a constant DNA template quantity (1 
ng) in the presence of H2O (Fig. 3B); and.

	(IV)	� The same dilutions of MB at constant template DNA were tested in the presence of Tris-HCl containing 
MgCl2 (Fig. 3B).

When Tyagi and Kramer13 first developed the MB probe, it was dissolved in 100 mM Tris-HCl (100 mM, pH 
8.0) containing 1 mM MgCl2 to hybridize the stem portion. According to this study, the presence of magnesium 
ions stabilises the stem hybrid of the MB probe with short arm sequences (five to eight bp) in temperatures up 
to 56 °C. Therefore, Tris-HCl (100 mM, pH 8.0) was chosen in this study as a primary mixture solution and H2O 
was also tested as a positive control under the same assay conditions. The 100 mM Tris-HCl buffer containing 
1 mM MgCl2 was deemed optimal for the MB probe for target hybridization as it generated a substantially 
higher FL intensity compared with H2O. When a standard quantity of MB (1 ng) was tested in Tris-HCl buffer, 
DNA template quantities > 1 ng provided the highest FL intensity of around 162 relative fluorescence units 
(RFU). In contrast, dilutions containing < 1 ng showed substantially lower signals. Notably, adding 1 ng of MB 
probe (experiment IV) produced similar results (~ 162 RFU). However, at quantities of 10 and 100 ng MB, 
assay performance was substantially improved (~ 183 RFU). The stock of the MB probe contained fluorophore, 
quencher and additional arm sequences that may add mass to the loop portion of the probe, while the target 
DNA stock contains only the synthetic DNA fragments that are complementary to the loop. Therefore, these 
optimal quantities of the target (1 ng) and the MB probe (10 ng) were used in subsequent experiments. It should 
be noted that the cost of the MB is a limiting factor for the development of an inexpensive diagnostic method, 
with 40 nM of the probe costing around 900 AUD. Ideally, cheaper fluorophores and quenchers should be 
incorporated into the MB and tested in future optimisation studies. Additionally, the MB-based assay requires 
further optimisation that would facilitate the use of lower concentrations of the probe.

Further assay development steps involved optimization of the incubation time and annealing temperature 
for the hybridization of MB probe with the target DNA fragment. Six time-points between 5 and 30 min were 
tested, with an interval of 5 min between each time point (Fig. 4A). Interestingly, a 5 min incubation generated 
a lower signal (174.68 RFU), while 10 to 30 min of incubation time generated approximately 183 RFU. Thus, a 
10 min incubation at the annealing temperature, coupled with a further 10 min incubation at room temperature, 
was found to be sufficient to allow hybridization between the MB probe and DNA target. This means that a total 
of 30 min is required to complete the assay, which is substantially faster than other detection methods currently 
used to quantify copies of genomic DNA. Further evaluations were also undertaken to optimise the annealing 
temperature of the assay. The highest optimal fluorescence intensity was observed when the assay incorporated 

Oligonucleotides Sequences (5’ → 3’)

T_ST47_g9244 GAC GCC AGT GAC GTT GAC CTC GAA

TM_ST47_g9244 GAC GCC AGT GAC ATT GAC CTC GAA

MB_ST47_g9244 /56-FAM/AG CGC GTT CGA GGT CAA CGT CAC TGG CGT CCG CGC T/3Dab/

ST47_g9244 Fw ​T​T​C​G​A​G​G​T​C​A​A​C​G​T​C​A​C​T​G​G

ST47_g9244 Rv ​C​A​C​A​C​C​T​G​C​C​T​T​C​G​A​T​G​A​G​T

Table 1.  Oligonucleotide sequences used in this study.
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Fig. 2.  Structure of MB probe. The oligonucleotide circle represents the loop portion of the probe and 
consists of 24 nucleotides that are complementary and specific to the target gene sequence. The stem portion 
is a hybrid of six base pairs complementary arm sequences connected to the loop portion from one side and 
to the fluorophore-quencher from the other side. A 6-FAM (carboxyfluorescein) fluorophore and a Dabcyl 
(dimethylaminoazobenzenesulfonic acid) quencher are attached to the 5’ and 3’ ends of the arm sequences, 
respectively.
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an annealing temperature of 63 °C (Fig. 4B), which could be predicted according to a high CG content of the 
target DNA sequence.

Assay specificity and sensitivity
As discussed earlier, the loop portion sequence of the MB_ST47_g9244 probe has been tested previously for 
specificity in silico as well as in vitro via PCR and hybridisation testing against closely related species from the 
National Centre for Biotechnology Information database by our group22. A synthetic target sequence with a 
nucleotide mismatch (TM_ST47_g9244) was designed to verify the specificity of the developed probe in the 
current study. The MB probe detected the target, although it did not hybridize with the TM_ST47_g9244 (non-
target) sequence, confirming that the assay is species-specific. The assay could discriminate between target 
DNA sequences within genomes obtained from other species by as little as a single nucleotide mismatch. This 
substantially decreases the likelihood of producing false positives using this assay.

Our findings with the sensitivity tests revealed that the MB probe was able to detect as little as 0.5 pg of 
synthetic target DNA. This is equivalent to 11.3 genome copies. The sensitivity level is lower compared to other 
diagnostic techniques that have been used for different plant pathogens. However, it should be noted that the 
detection limit of 0.5 pg of DNA obtained in the MB assay is similar to the limit of detection reported for the 

Fig. 3.  Optimization of a mixture solution and DNA template/probe quantities: (A) Quantity effects of DNA 
template at constant MB quantity (1 ng) in the presence of H2O and Tris-HCl + MgCl2; (B) Quantitative 
effects of MB at constant DNA mass (1 ng) in the presence of H2O and Tris-HCl + MgCl2. NoT stands for 
non-template control. Fluorescence intensity was measured in relative fluorescence units (RFU). Values are the 
mean ± SD of technical triplicates.
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qPCR method developed by Baite, et al.23 for the detection of A. rabiei. Importantly, the sensitivity for this method 
as well as the assay in the present study is sufficient for the early diagnosis of the AB disease before symptoms are 
visible (Fig. 5). Whilst there is no study conducted using molecular beacon probes without amplification, there 
are many examples of various amplification-free biosensor assays based on only hybridization between probe 
and single-stranded target DNA. Moreover, most of those assays have higher sensitivity than MB assays, or any 

Fig. 4.  Optimization of (A) incubation time and (B) annealing temperature for target-MB hybridization 
process. Fluorescence intensity was measured in relative fluorescence units (RFU). Values are the mean ± SD of 
technical triplicates.
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conventional amplification-based assays. A review paper written by Chen et al.24 provides an overview of highly 
sensitive nucleic acid-based amplification-free biosensor assays.

Assay validation on field samples
The optimised MB assay was tested on chickpea gDNA extracted from chickpea plants collected from fields of 
Western Australia to verify its performance using field-derived samples. Twenty-four plant samples that were 
verified to be infected by the target pathogen A. rabiei were collected and used in this study, with five additional 
chickpea plants grown in a controlled environment acting as uninfected, negative control plants. Amplification of 
the gDNA was performed using a method currently classed as the standard method for pathogen detection and 
quantification (qPCR) and compared with the results obtained by MB analysis. Initially, to validate the results, 
calibration curves were generated for both methods for the detection and quantification of DNA concentrations 
and genome copy numbers (Fig. 6). The standard curves for A. rabiei were generated by plotting the genome 
copy numbers against the FL intensity values (Fig. 6A) and the Ct values determined by qPCR (Fig. 6B). Both 
MB assay and qPCR standard curves demonstrated good linearity across the concentration range evaluated, 
yielding high correlation coefficients of R2 = 0.999 and R2 = 0.997, respectively. Notably, the detection limit of 
qPCR assays targeting the same glycoside hydrolase gene of A. rabiei as the MB assay was 100 fg of pathogenic 
DNA (2.26 genome copies), which is five times more sensitive than the MB assay. Considering the MB probe was 
designed from the sequence of ST47_g9244 forward primer, this indicates that amplification-based method can 
generate a greater dynamic range of detection compared to hybridization alone.

A comparative study was undertaken by calculating genome copies that could be detected using both of the 
tested methods. Both the MB and qPCR assays generated similar outcomes for all 24 infected samples (Fig. 7). 
The majority of the naturally infected plant samples were at an early stage of infection, except for T3 L3, T3 L5, 
T3 L6b, T4 L4 and T4 L6c. These plants had already been significantly impacted by the pathogen and the disease 
symptoms were clearly visible on their leaves and stems at the time of collection. Neither method detected any 
signs of the disease on the five plant samples from the growth room, indicating that they were not susceptible to 
the generation of false positive readings.

The outcomes of this study confirm that the MB-based assay is a reliable, robust and simple detection method 
for the early identification and quantification of this significant fungal disease of chickpea. Moreover, the use of 
96-well plate assay method permits the testing of a large number of field samples within a short period of time. 
However, the assay is quite expensive due to the cost of the MB probe, and thus further optimisation of the assay 
is necessary in order to develop a less costly MB. Apart from the probe cost, there are few challenges that are 
needed to be further addressed for successful in-field application of the MB assay. In current disease management 
practices, the timing of first fungicide application depends on visual assessment of initial symptoms of A. rabiei. 
However, visual identification of the fungus by first leaf lesions requires strong epidemiology knowledge within 
the field. Moreover, it is difficult to differentiate different fungal species with similar symptoms that can co-exist 
in the same field, and they may have different levels of resistance to certain fungicide. As such, a robust on-
site diagnostic device could provide a reliable detection of pathogens. For that, an effective sample-collection 

Fig. 5.  Assay sensitivity. The limit of detection of the MB assay is 11.3 genome copies. NoT = non-template 
control. Fluorescence intensity was measured in relative fluorescence units (RFU). Values are presented as the 
mean ± SD of technical triplicates.
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Fig. 6.  Standard curves: (A) MB assay standard curve generated from fluorescence signals produced by 
hybridization of eight different quantities of A. rabiei gDNA (1 ng − 0.5 pg) with the MB probe; (B) qPCR 
standard curve generated from the amplification of 10-fold quantities of A. rabiei gDNA (10 ng − 100 fg) with 
ST47_g9244 primer set. The detected DNA quantities were calculated to genome copy numbers. Both curves 
revealed good linear relationships between the copy numbers and FL intensity value (MB assay)/Cq value 
(qPCR). Values are the mean ± SD of technical triplicates.
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strategy is needed to be designed that could represent an entire field. Indeed, this could be the solution for 
informed disease management.

This study was an in-principal examination to determine whether MB assays are as useful as other existing 
lab-based diagnostic assays. Future studies could be undertaken to develop the assay into an in-field assay kit. 
For that to be achieved, equipment and reagents needed for DNA extraction and fluorescence signal detection 
should be optimized. As was described in the methods section, an expensive commercial kit was used for gDNA 
extraction from plant leaves. In order to reduce the cost of the whole assay kit, as well as to keep equipment and 
chemicals for on-site DNA extraction at minimum, future studies should focus on possibility of performing 
the MB assay using crude extracts crushed by a hand-held homogeniser from field samples. Although the basic 
mechanism of developed assay is simple, it still requires some equipment and materials to perform the detection. 
A mini thermoblock, Tris-buffer and MB probe are needed for both DNA denaturation and hybridization. Most 
importantly, a portable fluorescence detector could be used for fluorescence measurements, along with easy-to-
understand instructions. In addition, a smaller hand-held version of the microplate reader with a temperature 
control up to 95  °C (for target DNA denaturation) would allow to use only one piece of equipment for the 
detection performance excluding the mini thermoblock. This would allow the in-field user to purchase the 

Fig. 7.  Assay performance on field plant samples and validation of the results with an established method. 
For detection of AB disease, twenty-four infected plant samples (PBA Striker cultivar) were collected from 
chickpea fields within Merredin, Western Australia and five non-infected control samples (NoI 1–5) were 
grown under controlled environment. The disease detection was performed via the MB assay developed in this 
study and qPCR and the results were compared. The detected copy numbers using both methods were similar. 
Plant samples T3 L3, T3 L5, T3 L6b, T4 L4 and T4 L6c had already been significantly impacted by the A. rabiei 
pathogen, whereas the disease was in its early stages of development in other plant samples. The detected copy 
number values are presented as means ± SD of technical triplicates.
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equipment as a one-off expense, then obtain the consumables as required. Future studies to develop and optimise 
this method are required before this assay is applicable to in-field testing.

Significant improvements in the disease management of A. rabiei would occur through the availability of 
a quick, accurate and cost-effective diagnosis and quantification of the pathogen. In turn, this would allow 
reductions in the use of targeted fungicides (and decreased agricultural costs). Conventional diagnostic 
techniques are time consuming, require specialised technical personnel and access to sophisticated equipment, 
all of which precludes these conventional assays from in-field use. Although several amplification-based assays 
have been developed in the past for the detection of A. rabiei25–28, there are problems associated with their 
specificity and complexity10. In addition, most of these methods cannot provide real-time detection, rendering 
them less suitable for on-field testing and for early warning systems. As such, the development of an advanced 
diagnostic device that can detect the disease during the early stages of infection and before an epidemic occurs is 
essential. The MB detection method described in the present study describes the design and use of an improved 
method for AB detection. Assay optimisation efforts are underway in our laboratory in order to reduce costs and 
further simplify the assay for use in the field.

Conclusion
The MB assay developed in this study was both sensitive and selective. Despite its lower sensitivity compared to 
a number of optical and electrochemical biosensor technologies, its relative simplicity and rapid assay time are 
desirable features for in-field applications. Several aspects require further optimisation to improve its reliability, 
expediency, and accuracy. The assay’s limitation is the high cost of the MB probe which requires further study 
in order to find a solution to the expense of the probe. Despite this, our MB assay is substantially simpler to use 
and more expedient than any of the existing diagnostic assays used for the detection and quantification of AB 
disease of chickpea. Ongoing testing of the MB assay will also focus on its selectivity for a broader panel of other 
chickpea fungal pathogens that may be present in the field alongside AB. Finally, the sample preparation should 
be simplified by using hand-held homogenisers for on-site DNA extractions. Together, these endeavours would 
help facilitate an increase in the use of the MB assay as an in-field diagnostic tool for early detection of AB in 
chickpea.

Data availability
Any additional data can be obtained from the corresponding author upon reasonable request.
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