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• Early detection of a disease is essential 
to prevent crop loss. 

• The conventional techniques are sensi
tive and specific for pathogenic 
identification. 

• Biosensor-based techniques are innova
tive and promising alternatives. 

• Biosensor-based systems are attractive 
and efficient for early detection of 
pathogen.  
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A B S T R A C T   

Phytopathogenic bacteria cause severe economic losses in agricultural production worldwide. The spread rates, 
severity, and emerging plant bacterial diseases have become serious threat to the sustainability of food sources 
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and the fruit industry. Detection and diagnosis of plant diseases are imperative in order to manage plant diseases 
in field conditions, greenhouses, and food storage conditions as well as to maximize agricultural productivity and 
sustainability. To date, various techniques including, serological, observation-based, and molecular methods 
have been employed for plant disease detection. These methods are sensitive and specific for genetic identifi
cation of bacteria. However, these methods are specific for genetic identification of bacteria. Currently, the 
innovative biosensor-based disease detection technique is an attractive and promising alternative. A biosensor 
system involves biological recognition and transducer active receptors based on sensors used in plant-bacteria 
diagnosis. This system has been broadly used for the rapid diagnosis of plant bacterial pathogens. In the pre
sent review, we have discussed the conventional methods of bacterial-disease detection, however, the present 
review mainly focuses on the applications of different biosensor-based techniques along with point-of-care 
(POC), robotics, and cell phone-based systems. In addition, we have also discussed the challenges and limita
tions of these techniques.   

1. Introduction 

Plant protection plays a significant role in disease, food quality, and 
agricultural production (Strange and Scott, 2005). Pathogens such as 
bacteria, fungi, oomycetes, nematodes, viruses, and viroids are persis
tent problems in sustainable agricultural production, causing substantial 
food losses (Savary et al., 2012). The most important challenges in 
foodborne diseases are bacterial infections (Alocilja and Radke, 2003). 
There are two major groups of pathogenic bacteria, gram-negative (ac
counting for approximately 95% of bacteria) and gram-positive (ac
counting for less than 5% of bacteria), which mainly differ in their cell 
structure and walls (Cui et al., 2020). It was projected that the con
sumption of nutrient food will continue to increase over the next 40 
years due to the continued growth of the global population, indicating 
that an increase in food production of over 70% will be needed by 2050 
(Rayfuse and Weisfelt, 2012). There are several pathogenic bacteria 
causing foodborne diseases, including Escherichia coli, Salmonella enter
ica (Sayad et al., 2016), Staphylococcus aureus (Rubab et al., 2018), 
Campylobacter jejuni, Listeria monocytogenes, and Bacillus spp. These 
bacterial pathogens cause serious health problems worldwide (Ali et al., 
2021; Kumar et al., 2020). 

Molecular-based assays have been well-established for plant infec
tion diagnosis and plant disease detection using deoxyribonucleic acid 
(DNA)-based techniques, mostly involving polymerase chain reaction 
(PCR), including immune-capture PCR (IC-PCR), quantitative (qPCR), 
nested (PCR), and real-time (RT-PCR), along with DNA hybridization- 
based detection (Fig. 1). These methods have all proven to be sensi
tive and specific for genetic identification of fungi, viruses, and bacteria 
(Coy et al., 2014; Lin et al., 2018). In addition to DNA-based techniques, 
several other methods have also been developed for detecting plant 
diseases. Pathogen proteins and nucleic acids can be extracted from 
infected plant materials with suspected disease based on visual symp
toms to confirm pathogen infiltration/progression (López et al., 2009). 
Furthermore, there are indirect methods of detection based on the ex
amination of volatile organic compounds (VOCs) that plants trigger as 
defense mechanisms in response to pathogen attack (Scala et al., 2013). 
Many recent reviews have described the detailed techniques for identi
fying VOCs in plants for infection disease detection (Fang and Ram
asamy, 2015; Martinelli et al., 2013). Serological assays, also known as 
immunoassays, include direct dot-blot immunoassay (DTBIA), lateral 
flow devices (LF), and enzyme-linked immunosorbent assay (ELISA), 
have been used to detect plant pathogen infection antigens (Ding et al., 
2016). Moreover, new, innovative, and emerging biosensor techniques 

Abbreviations 

POC Point-of-care 
DNA Deoxyribonucleic acid 
RNA Ribonucleic acid 
HLB Huanglongbing 
PCR Polymerase chain reaction 
IC-PCR Immune-capture polymerase chain reaction 
qPCR Quantitative polymerase chain reaction 
RT-PCR Real-time polymerase chain reaction 
VOC Volatile organic compounds 
DTBIA Direct dot-blot immunoassay 
LFD Lateral flow dipstick assay 
ELISA Enzyme-linked immunosorbent assay 
ACP Asian citrus psyllid 
CTV Citrus tristeza virus 
LAMP Loop-mediated isothermal amplification 
LIBS Laser-induced breakdown spectroscopy 
XRF X-ray-fluorescence 
TEM Transmission electron microscopy 
LM Light microscopy 
FISH Fluorescence in situ hybridization 
IF Immunofluorescence 
UAV Unmanned aerial vehicle 
GC/MS Gas chromatography-mass spectrometry 
SEC Secretion system 

CSD Citrus stubborn disease 
RS Raman spectroscopy 
ssDNA Single-stranded DNA 
dsDNA double-stranded DNA 
SPR Surface plasmon resonance 
QD Quantum dots 
MBs Molecular beacons 
QCM Quartz crystal microbalances 
sAMPs Synthetic antimicrobial peptides 
HRP Horseradish peroxidase 
ECEIA Electrochemical enzyme-linked immunoassay 
LFIA Lateral flow immunoassay 
FSNP Fluorescent silica nanoparticle 
FRET Fluorescence resonance energy transfer 
LSPR Localized surface-plasmon resonance 
GPS Global positioning system 
IMS Immunomagnetic separation 
LOD Limit of detection 
VBNC Viable but non-culturable 
SAW Surface acoustic wave 
IC-PCR Immune-capture PCR 
FTIR Fourier transform infrared 
DAS-ELISA Double antibody sandwich-enzyme-linked 

immunosorbent assay 
TP-ELISA Tissue print-enzyme-linked immunosorbent assay  
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are now widely used as diagnostic techniques for agriculture fields 
(plant and nurseries), environment, and clinical and plant bacterial 
pathogens (Khater et al., 2017; Rani et al., 2019). A biosensor system 
includes biological recognition and transducer active receptors such as 
antibodies, enzymes, and DNA probes, as well as phage-based biosensors 
that enable the diagnosis of an analyte according to monitoring partic
ular interactions (Sadanandom and Napier, 2010). Biosensors represent 
the end products of a fast-growing field integrating engineering and 
computer or digital science to meet the crucial demand in several fields 
where its application is needed. 

One of the most important and severe plant diseases that represents a 
global threat is citrus greening or Huanglongbing (HLB) disease, which 
is also known as yellow shoot disease, in China (Bove et al., 2006). In 
1919, HLB disease was first reported in the Chaozhou district of 
Guangdong province in China, and has since spread to all 
citrus-producing areas of the world (Wang et al., 2017). The citrus 
economy is currently badly damaged by HLB disease, which results in 
the production of poor-quality fruits, leading to enormous losses of 
billions of dollars every year worldwide (Wang et al., 2017). HLB re
duces fruit production by approximately 30%–100% in citrus groves, 
with several billion dollars of losses to the citrus industry of Florida 
alone experienced since 2005 (Bassanezi and Montesino, 2011). To date, 
no well-known resistant commercial citrus cultivars have been found 
(Albrecht et al., 2016). In the main citrus cultivated areas, including Asia 
and the USA, the accepted causal agent of HLB is a microscopic 
gram-negative, phloem-limited fastidious α-proteobacteria, for which 
three species have been recognized: ‘Candidatus Liberibacter asiaticus’ 
from China (Canales et al., 2016), ‘Candidatus Liberibacter africanus’ 
from Africa (Roberts et al., 2015), and ‘Candidatus Liberibacter 

americanus’ from the USA (Gottwald, 2014). Ca. L. asiaticus is mainly 
spread by two types of citrus psyllids, the African citrus psyllid Trioza 
erytreae (Del Guercio) and the Asian citrus psyllid (ACP) Diaphorina citri 
Kuwayama (Bove et al., 2006), through citrus juice sucking, enabling 
bacterial cells to colonize the phloem cells. Diseased plants show leaf 
mottling, deformed and discolored fruits, asymmetrical chlorosis, and 
premature mortality (Nehela and Killiny, 2020a). Ca. Liberibacter spp, 
their vectors, and hosts are listed in Table 1. 

This review provides a summary of the state-of-the-art detection 
techniques of the unculturable bacteria of Ca. L. asiaticus that have been 
implemented worldwide in food and agriculture science. The early 
quarantine and detection of bacterial diseases are important for 
reducing the spread and destruction of bacterial diseases internationally 
and locally, and these measures also reduce the cost-effectiveness and 
impact of false-positive detections. In addition, we extensively review 
the natural potential of different biosensors for plant bacterial detection. 
The specificity of biosensors can be greatly improved by using anti
bodies, DNA/RNA, enzymes, and specific recognition elements. In 
particular, we focused on immune sensors for the development of highly 
sensitive and selective diagnosis methods to detect unculturable bacte
ria. For example, an innovative electrical nanobiosensor detects a 
secreted protein of Ca. L. asiaticus as a biomarker. The antigen is 
detected based on the change in electrical conductivity resulting from 
the bridging of a nanogap by trapping of the nanoparticle. This nano
sensor is expected to address the serious and urgent need of the multi- 
billion-dollar citrus industry by providing fast, simple, and cost- 
effective methods for detecting HLB disease. 

Fig. 1. Diagrammatic representation of conventional and biosensor-based methods for pathogen detection. Different conventional detection methods such as 
serological, direct observation, and molecular based methods have been established for the plant pathogenic bacteria. These methods are sensitive and specific for 
genetic identification of bacteria. New, innovative, and emerging biosensor techniques are now widely used as effective diagnostic techniques for clinical and plant 
bacterial pathogens in agricultural fields (plant and nurseries) and environment. A biosensor system includes biological recognition and transducer active receptors 
based on sensors used in plant-bacteria diagnosis. ELISA: Enzyme-linked immunosorbent assay, TP-ELISA: Tissue print-enzyme-linked immunosorbent assay, DAS- 
ELISA: Double antibody sandwich-enzyme-linked immunosorbent assay, DTBIA: Direct tissue blot immunoassay, PCR: Polymerase chain reaction, RT-PCR: Reverse 
transcription PCR, qPCR: Quantitative, IC-PCR: Immune-capture PCR, DNA: Deoxyribonucleic acid, RNA: Ribonucleic acid, SPR: Surface plasmon resonance, FTIR: 
Fourier transform infrared, QCM: Quartz crystal microbalances, SAW: Surface acoustic wave. The figure was created with smart draw software (https://www.smart 
draw.com/). 
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2. Conventional methods to detect phytopathogenic bacteria 

2.1. Detection of HLB phytopathogenic unculturable bacteria 

In the early stage, the identification of HLB bacteria in the field 
typically relies on observing visual symptoms on the leaves, stems, and 
fruits, as shown in Fig. 2, including asymmetrical chlorosis, blotchy 
mottle yellow shoots, and a reduction in fruit size with a lopsided shape 
(Etxeberria et al., 2009). Although visual examination is a more prac
tical technique for identifying HLB in the field, this method is associated 
with more than 30% detection errors (Manhas et al., 2011), and iden
tification might be worsened by abiotic and biotic factors or a mixture of 
disease with nutritional deficiencies (Lin et al., 2010). Citrus HLB dis
ease symptoms can be confused with similar diseases such as Citrus 
tristeza virus (CTV), nutritional deficiencies, and citrus blight, which are 
difficult to discriminate from each other (Shokrollah et al., 2011). 
Several techniques have been adopted for identifying plant pathogens, 
including immunoassays and DNA-based techniques. Pathogen nucleic 
acids and proteins can be extracted from infected plant materials based 
on visual symptoms to confirm pathogen infiltration/progression (López 
et al., 2009). 

Additionally, some promising indirect approaches have also been 
developed, such as the identification of VOCs, which are released by 
plants as a defensive strategy against pathogen attack (Scala et al., 
2013). The presence of both symptomatic and asymptomatic trees 
remain challenging for the accurate detection of pathogens. HLB disease 
diagnosis can also be made by bio-indexing with a plant, such as Citrus 
sinensis L, sweet orange mandarin (Citrus reticulata) Blanco, and those of 
the non-rutaceous family, such as C. roseus. Additional advanced tech
niques have been established to identify and detect HLB bacteria, 
including serology, PCR, DNA probes, electron microscopy, and ELISA 
(Ding et al., 2005; do Carmo Teixeira et al., 2005), and qPCR is used for 
the confirmation and identification of citrus greening (Kogenaru et al., 
2014). Loop-mediated isothermal amplification (LAMP) (Keremane 
et al., 2015), lateral flow dipstick assay (LFD) (Rigano et al., 2014), 
laser-induced breakdown spectroscopy (LIBS), and X-ray-fluorescence 
(XRF) are effective chemometric strategies used to monitor orchards 
affected by HLB (Manhas and Pereira, 2010). 

Infrared spectroscopy is also used to diagnose citrus plants, and mid- 
infrared spectroscopy is used to treat HLB infections. However, with the 
exception of LIBS technology, none of these methods can be used for 
early disease diagnosis. Early detection methods and isolation of Ca L. 
asiaticus-infected trees are more important management methods that 
can be used to prevent HLB pathogens from invading HLB-free citrus- 
producing areas (Kogenaru et al., 2014). The limitations and benefits of 
recent detection and diagnostic methods for HLB disease worldwide 
(Table 2) must be recognized because early detection of the presence 
and mutation of ‘Ca. L. asiaticus’ is important for reducing the spread of 
the disease in local and international trade, as the damage is very 
serious. This can also help to reduce the economic impact of 
false-positive detections. 

2.2. Biological indexing or indicator plants 

In field HLB diagnosis, symptoms are typically difficult to detect 
because specific symptoms are not known (Bove et al., 2006). The bio
logical indexing indicator plants Ponkan mandarin and sweet orange can 
provide further confirmation tests of citrus greening. Although the qPCR 
method is currently the first choice for the detection of citrus greening 
disease in host plants, biological methods have previously been reported 
for more accuracy. Biological indexing methods may show different 
results because of the low percentage of graft transmission of HLB in the 
host. The seedling indicators at different temperature can be used to 
distinguish African HLB (20–25 ◦C) and Asian HLB (25–32 ◦C), and the 
plants show different symptoms such as mottle and asymptomatic and 
chlorosis. In addition, the plant shoots show reduced growth and more Ta
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chlorosis along with smaller leaves compared with those of controls and 
symptoms appears 8–12 weeks after inoculation. Plant materials can be 
preserved for numerous weeks and days for biological indexing, sero
logical tests, and electronic microscopy, and can be preserved for several 
months until decay for molecular techniques (Li et al., 2008, 2009). 
Citrus psyllids vector samples can be preserved in 70% ethanol at very 
low temperatures for more than one year for real-time and conventional 

PCR (Li et al., 2008). Recent graft transmission of HLB disease and 
expression on specific germplasms of citrus are widely used in the 
commercial and local citrus industries, as well as under greenhouse 
conditions. However, with certain HLB disease vectors, symptom 
expression may not be completely successful through the biological 
indexing method, and the diseased plants may not show symptoms for a 
long time, suggesting the need for an alternate method (Folimonova 

Fig. 2. HLB manifests result in a series of different yet associated symptoms that contain citrus responses to the bacterial infection. (A) Showing a longitudinal view 
of HLB-infected fruit, (B) showing greenish HLB-infected fruit (C) Longitudinal view of healthy fruit, (D) showing Healthy fruit of sweet orange (EFI) Showing the 
yellowing of shoot and leaves on Citrus reticulata (GH) asymmetrically chlorosis on leaves on citrus (J) Indicating inter-venial chlorosis like symptoms shoot on Citrus 
sinensis (K) Showing the yellowing of leaves on periwinkle plants (L) Displaying dodder connected with citrus HLB plants (M) showing zinc like symptoms on orange 
jessamine (Murraya Paniculata). Photographed by Qurban Ali from citrus greenhouse, Huazhong Agricultural University, Wuhan, China. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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et al., 2009). 

2.3. Microscopic techniques 

Transmission electron microscopy (TEM) has been used to examine 
and detect disease-affected tissues by a gram-negative pathogenic bac
terium (Folimonova and Achor, 2010), which was the first laboratory 
technique used in the 1970s for the confirmation and identification of 
citrus greening (Bove et al., 2006). Citrus greening symptoms are very 
complicated to categorize within citrus trees. Blotchy mottle, yellow 
shoot, small fruits, and lopsided fruits are difficult to identify before 
symptoms appear because none of the symptoms occurs in same trees 
(Folimonova and Achor, 2010). In 2009, TEM and light microscopy (LM) 
were used to detect HLB bacteria from the stems, petioles, bark, roots, 
and leaves of infected sweet orange trees (Cevallos-cevallos et al., 2009). 

Microscopic methods have shown similar results among studies. An 
analysis of disease-infected tissue using TEM showed that the patho
genic bacteria have a gram-negative cell wall and are located entirely 
inside the sieve tube of the infected citrus tree (Folimonova and Achor, 
2010). For TEM detection, the midribs of the blotchy mottle symptoms 
of citrus leaves were used. However, these techniques are laborious, 
time-consuming, and expensive and cannot effectively differentiate be
tween the Asian, American, and African forms of ‘Ca. Liberibacter spp.’ 
(Bove et al., 2006). These characteristics of bacteria have been used to 
detect HLB disease using electron microscopy, which is the only reliable 
detection method that has emerged in recent years based on the 
advancement of detection technology with PCR and DNA hybridization. 

2.4. Serological assays 

Serological assays are broadly applied in plant disease detection 
owing to their low cost and great efficiency but have not yet been widely 
used for detection of the HLB pathogen ‘Ca. L. asiaticus’ because this 
bacterium cannot grow on Petri plates in vitro to produce antibodies 
against ‘Ca. L. asiaticus’ cells (Duan et al., 2009) Currently, the OmpA 
protein is effectively used to diagnose ‘Ca. L. asiaticus’ (Ding et al., 
2016). OmpA protein is the main outer membrane protein of 
gram-negative bacteria, including ‘Ca. Liberibacter spp.’ Anti-OmpA 
antibodies to ‘Ca. L. asiaticus’ cells can be detected in phloem tissues 
using a simple tissue blot assay (Ding et al., 2017). Furthermore, several 
immunological methods have been developed that can be used against 
different plant pathogens. For example, DTBIA and ELISA are widely 
used to detect pathogens, as antigen-based, rapid, simple, practical, and 
easy to use methods under diverse field conditions (Ali et al., 2021). New 
methodologies have been established derived from serological assays for 
the detection of plant pathogens (Sharma and Sharma, 2016). 

Antibody-based nanosensors can be applied for the rapid detection and 
development of point-of-care devices for HLB diagnostics. 

2.5. Molecular techniques 

In recent years, molecular techniques have been established for the 
identification of plant pathogens (López et al., 2009). Molecular tech
niques are sensitive, and even a small quantity of bacteria can be easily 
identified in the sample. PCR, qPCR, ELISA, and other molecular tech
niques, including fluorescence in situ hybridization (FISH), immunoflu
orescence (IF), and DNA microarray, are all commonly used molecular 
techniques for the detection of plant pathogens (Sankaran et al., 2010). 
The PCR method was first used to detect HLB bacteria based on its 16 S 
rDNA sequence (Jagoueix et al., 1996). Time-consuming enzyme 
digestion of 1160-base PCR products with Xbal was needed to distin
guish between two ‘Ca. Liberibacter spp.’ Subsequently, primers tar
geting the nusG-rplK operon region (A2/J5 and MHO353/MHO354) 
were developed together with some other primer sets based on 
conserved genes (Fujikawa and Iwanami, 2012). ‘Ca. L. asiaticus’ was 
sequenced from the nusG–rplKAJL–rpoBC gene clusters of ‘Ca. L. afri
canus and ‘Ca. L. asiaticus’ in São Paulo, Brazil (Teixeira et al., 2008) 
Microarrays have been used for plant bacterial disease studies such as 
bacterial spot and bacterial blight (Li et al., 2006), as well as for fungal 
and viral diseases (Albrecht and Bowman, 2008). Moreover, dot hy
bridization with DNA probes labeled with biotinylated nucleotides was 
utilized as an efficient method for the identification of ‘Ca. L. asiaticus’ 
in citrus hosts, such as sweet oranges, mandarins, and pumelo (Hung 
et al., 2011). This probe might respond to different ‘Ca. L. asiaticus’ 
strains, but not those from South Africa (Hung et al., 2011). Compared 
with traditional PCR, qPCR is a more sensitive and fast detection tech
nology. Taqman probe qPCR was first developed in 2006 to accurately 
detect HLB bacteria (Li et al., 2006), and compared with nested PCR, its 
detection sensitivity is increased by 10 times, which is approximately 
100–1000 times that of traditional PCR (Morgan et al., 2012). 

LAMP was the first DNA amplification technique applied to the 
detection of HLB bacteria. This technique was combined with an LFD 
device for visual assessment of the resulting amplicons, removing the 
need for gel electrophoresis (Rigano et al., 2014). LAMP is based on the 
source of auto-cycling thread discoloration from DNA fusion of DNA 
polymerase, and is used to detect specific DNA sequences (Crippa et al., 
2012). This method uses four to six specific primers that distinguish 
between six and eight fragments of the target DNA and provides 
extraordinary specificity (Nagamine et al., 2002). Amplification can be 
performed using simple and low-cost equipment such as a water bath at 
temperatures between 60 ◦C and 65 ◦C (Nagamine et al., 2002). LAMP 
products can be detected by gel electrophoresis, which reduces their 

Table 2 
Comparison of recent and prospective techniques for the detection of HLB bacteria.  

Detection techniques Methodologies Benefits/time Limitations References 

Molecular technique PCR- based Low concentrations of pathogen detection, 
qualitative, and rapid detection path 

Time-consuming and expensive (Hawkin et al., 2011;  
Khater et al., 2017) 

qPCR Sensitive and quick detection technique Time-consuming and expensive Morgan et al. (2012) 
RT-qPCR Capable of detecting the target with high 

specificity and sensitivity 
HLB can be detected at later stages of infection Kim and Wang (2009) 

Microscopic 
technology 

LM and TEM Molecular techniques that detect different 
parts of infected plants (e.g., petioles, bark, 
leaves, and roots) 

Time-consuming techniques, and cannot 
differentiate between ‘Ca. L. africanus’, ‘Ca. L. 
americanus’, and ‘Ca. L. asiaticus’ 

(Bove et al., 2006;  
Cevallos-cevallos et al., 
2009) 

Spectroscopy and 
imaging techniques 

Visible and near- 
infrared spectroscopy 

Lower costs of equipment and fast detection 
techniques 

Detection of diseased hosts and leaf sampling is 
laborious or time-consuming. 

(Alexander et al., 2014) 

Isothermal 
amplification 

LAMP with LFD Can use a nylon membrane for determination 
of low copies of the bacterial genome instead 
of gel electrophoresis 

Reduced suitability in the field condition (Rani et al., 2019; Rigano 
et al., 2014) 

Immunological 
techniques 

ELISA Low cost, visual symptoms can be used for 
detection 

Low sensitivity for plant bacteria Ding et al. (2016) 

FISH High sensitivity Autofluorescence Kliot et al. (2014)  
DTBIA Rapid, simple, practical, and easy to use 

under diverse field conditions 
Unknown Djelouah et al. (2014)  
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applicability in field applications (Rigano et al., 2014). Other very 
recently developed methods (e.g., HLB-RPA-LFA) have shown great 
potential. The recombinase polymerase-based LAMP method combined 
with the LFD method was developed as a sensitive, fast, reliable, and 
cheap diagnostic tool for detection of ‘Ca. L. asiaticus’ for farmers, 
mobile plant pathology, and quarantine programs (Ghosh et al., 2018). 

Molecular techniques, including PCR, microarray technology, dot 
hybridization, qPCR, and LAMP, are laboratory-based techniques, as 
shown in Fig. 3, which can specifically identify citrus greening; how
ever, a broadcast and sensing system is needed for accurate and reliable 
detection of HLB bacteria under field conditions and real-time condi
tions. Although molecular techniques are time-consuming and very 
expensive (Hawkin et al., 2011), a pre-screening method that can detect 
the diseased host will decrease the time required for investigation. This 
can also decrease the number of PCR testing samples, which reduces the 
overall disease control expenses and enable more useful detection of 
plant pathogens. 

2.6. Spectroscopic and imaging techniques 

The most accurate HLB diagnosis involves PCR, but the identification 

of infected trees and sampling of leaves is time-consuming. Moreover, 
the average accuracy achieved in visually inspecting and identifying 
infected trees by scouts is reported to be between 47% and 59% (Futch 
et al., 2009). Electromagnetic spectra have been applied to detect 
physiological stress in infected plants, which show irregular spectral 
signatures as compared to healthy plants in particular ranges; thus, 
electromagnetic spectra techniques can be applied as a marker for plant 
stress (Sankaran et al., 2010). Spectra in the reflectance from the tree 
canopy in the visible detection range and ultraviolet range have been 
measured for disease detection in different varieties of crops since 
spectroscopy techniques are quick and easy tools that can be used for 
crop evaluation in the field in real time (Sankaran et al., 2010). For 
example, spectral reflectance has been used to identify the apple scab 
(Venturia inaequalis) (Delalieux et al., 2007). 

Visible near-infrared spectral reflectance was applied to citrus trees 
for the detection of HLB, demonstrating approximately 92% accuracy of 
spectral reflectance data in the wavelength range of 350–2500 nm 
(Sankaran and Ehsani, 2011). Inexpensive visual sensors were evaluated 
for their ability to distinguish infected hosts from healthy hosts (Mishra 
et al., 2011). The unmanned aerial vehicle (UAV) is an innovative 
method that uses high-resolution above-ground imaging for inexpensive 

Fig. 3. Diagram showing the different HLB detection methods (through Polymerase chain reaction (PCR), Quantitative (qPCR), Loop-mediated isothermal ampli
fication (LAMP) Gas chromatography-mass spectrometry (GC/MS), Transmission electron microscopy (TEM). The figure was created with BioRender (https://bior 
ender.com). 
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citrus greening detection. The UAV is attached to a multi-band sensor 
that can acquire airborne images at different resolutions by adjusting the 
altitude (Garcia-ruiz et al., 2013). In addition, studies have been con
ducted on a smaller scale to detect HLB according to fastidious symp
toms such as a starch deposit in the citrus leaves; narrow-banding 
imaging and polarizing filters can be used to identify the deposited 
starch in infected citrus leaves. Imaging sensors show visibly stressed 
starch deposits in citrus greening disease leaves and could differentiate 
from visual symptoms related to zinc deficiency (Pourreza et al., 2015). 

A disease diagnosis method was also developed based on the 
biochemical analysis of unrestricted VOCs derived from diseased plants. 
This method is based on the concept of identifying biomarker 
“fingerprints” associated with a particular causal pathogen improved by 
using systematic approaches such as gas chromatography-mass spec
trometry (GC/MS). The disease detection technique based on VOC 
identification exhibited excellent accuracy of 90% over the whole year 
and may be increased to 100% under favorable analysis situations, such 
as for detecting the very early period of disease that other techniques 
cannot handle efficiently (Alexander et al., 2014). Premature disease 
detection based on VOCs is superior to visual infection and established 
DNA-based methods such as real-time PCR (RT-PCR). Advanced 
methods for the rapid detection of HLB, such as spectroscopic methods, 
have been improving day by day, with advantages of low cost and fast 
detection to minimize false detection results (Alexander et al., 2014). 

2.7. ‘Ca. L. Asiaticus’ secreted proteins as detection markers 

‘Ca. L. asiaticus’ may have a protein secretion system different from 
the typical type I, which is important for different cellular processes 
(Green and Mecsas, 2016). In particular, secreted proteins play an 
important role in the pathogenicity of HLB (A. Sugio et al., 2011). 
Whole-genome sequence analysis of ‘Ca Liberibacter spp.’ pathogens 
revealed that the SEC secretion system is common (Duan et al., 2009), 
which secretes proteins with N-terminal signal peptides from bacterial 
cells to the external environment. Bioinformatics predictions and studies 
based on E. coli alkaline phosphatase (PhoA) fusions have successfully 
predicted 86 proteins with ‘Ca. L. asiaticus’ functional SEC-dependent 
secretion signals (Prasad et al., 2016). These secreted proteins show 
different expression levels in the host citrus and the vector psyllid, 
suggesting that they may act as “effectors” that manipulate host pro
cesses (Yan et al., 2013). 

Here, we discuss different markers used for detecting HLB disease. 
The SEC transmission effector (SDE) is the well-studied in phloem cells 
transmitted by insects colonized in plant plastids and bacterial patho
gens (MacLean et al., 2011). Aster yellows phytoplasma (witches broom) 
strain is expected to secrete approximately 56 SDEs (Bai et al., 2009). 
Related to ‘Ca. L. asiaticus’, plant plasma cells have limited movement 
and restricted cells in the phloem of infected plants, and some SDEs have 
been shown to transport from the root to the phloem of budding meri
stems through the root system in plants (Sugio et al., 2011). 

Moreover, SDEs commonly play an important role as detection 
markers with high specificity. Previous studies used similar techniques 
for antibody-based recognition techniques for the bacterial pathogen 
Spiro plasma citri, which causes citrus stubborn disease (CSD) (Shi et al., 
2014). The SDEs produced by this antibody were able to detect CSD 
disease from infected trees for which PCR showed negative results (Shi 
et al., 2014). Successful binding of polyclonal antibodies to proteins has 
been observed, and a serological detection method that can effectively 
detect ‘Ca. L. asiaticus’ infection has also been established (Pagliaccia 
et al., 2017). In recent years, ‘Ca. L. asiaticus’ secreted proteins have 
been developed as detection markers for the high-throughput identifi
cation of HLB disease. 

2.8. Plant VOCs as detection markers 

VOCs play an important role in protecting host plants against ‘Ca. L. 

asiaticus’ pathogens and their vector ACP (Hijaz et al., 2016). HLB 
disease symptoms increase due to high accumulation of starch in the leaf 
tissues; although this symptom can be used as a detection tool, nutri
tional deficiencies and viral infection cause the same effects (Nehela and 
Killiny, 2020b). Specific genes related to starch and carbohydrate 
metabolism are significantly altered in the plant after HLB infestation 
(Albrecht and Bowman, 2008). Metabolomics is a promising area of 
analytical chemistry that focuses on the identification of various me
tabolites (Killiny et al., 2018; Killiny and Nehela, 2017; Nehela et al., 
2016, 2018; Nehela and Killiny, 2018, 2019, 2020a, 2020b). In general, 
pharmaceutical applications of metabolomics have led to the develop
ment of major instruments in food science and agricultural science 
(Brennan et al., 2018), and has helped to classify metabolic changes in 
plants due to biotic and abiotic factors, including biological stress such 
as food deprivation and infections (Peluffo et al., 2010). Different 
metabolic devices can classify different varieties of citrus, including 
those infected by HLB (Cevallos-cevallos et al., 2011). 

VOCs are produced by the oil glands present in most citrus plant 
parts. These host plant volatiles are generally easily stimulated by 
abiotic and biotic stresses (Arimura et al., 2009). The movement of the 
pathogen within the tissues is suppressed by the antimicrobial activity of 
VOCs at the beginning of infection (Maffei, 2010). The family of citrus 
plants is the key host plant for ACP. Orange jasmine (Murraya pan
iculata) is the most likely host of ACP. However, hardy orange (Poncirus 
trifoliate) is also a host of ACP (Halbert, 2004). Among different citrus 
varieties such as grapefruit (Citrus paradise), sour orange (M. paniculata), 
and rough lemon (Citrus jambhiri Lush), grapefruit was found to be the 
preferred host of ACP. P. trifoliata has been shown to be more tolerant of 
ACP than lemon (Citrus macrophylla) based on antibiosis and antixenosis 
resistance mechanisms (Hall et al., 2013). Further, the compounds 
citronellal, undecanal, D-limonene, and b-phellandrene in sweet orange 
(Citrus sinensis (L.) were induced under ‘Ca. L. asiaticus’ infection. 
Therefore, VOCs that originate in the citrus plant plays a vital role in 
battling ‘Ca. L. asiaticus’ infection and ACP (Hijaz et al., 2013). 

Citrus cultivars with tolerance against ‘Ca. L. asiaticus’ pathogens 
have been developed in greenhouse controlled environment studies 
(Folimonova et al., 2009). Several antibacterial compounds in the seeds 
and fruits of P. trifoliata have been reported, suggesting that similar 
antibacterial compounds may exist in the phloem of ‘Ca. L. asiat
icus’-tolerant citrus varieties (Albrecht and Bowman, 2011). ‘Ca. L. 
asiaticus’-tolerant cultivars produce undecanal, geranial, citronellal, 
and neral, which can regulate the movement of ‘Ca. L. asiaticus’ in 
phloem tissues (Hijaz et al., 2016). Pelargonaldehyde, decanal, glutar
aldehydes, benzaldehyde, and formaldehyde are known to have anti
microbial activities (Park et al., 2012). Many bacterial pathogens such as 
Escherichia coli, Acinetobacter calcoaceticus, Enterococcus faecalis, Cit
robacter freundii, Bacillus subtilis, Alcaligenes faecalis, Brochothrix ther
mosphacta, Beneckeanat riegens, and Clostridium sporogenes were 
moderately inhibited by neural and geranial oils, although few patho
gens are actively inhibited by citronellal (Ali et al., 2021). Compounds 
found in ‘Ca. L. asiaticus’-tolerant citrus varieties such as sesquiterpenes 
(germacrene D, caryophyllene, geranyl acetate, g-element, and b-ele
ments) exhibit antibacterial effects against ‘Ca. L. asiaticus’ (Hijaz et al., 
2016). 

The above findings suggest that VOCs can play an important role in 
the detection of ‘Ca. L. asiaticus’ and showed antibacterial activities 
against the pathogen. However, more studies on VOCs are needed to 
understand the metabolic activities in phloem tissues and the metabolic 
profile of the ‘Ca. L. asiaticus’ bacterium. 

2.9. Raman spectroscopy (RS)-based detection technique 

RS is a non-invasive, label-free, non-destructive spectroscopic 
method that provides knowledge about the biochemical structure of 
analyzed samples. RS is mostly used in food analysis chemistry, foren
sics, material science, and electrochemistry (Zeng et al., 2016). This 
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method has the capability to detect variations in protein structure and 
secondary metabolites (Kurouski et al., 2012), gunshot residues (Bueno 
and Lednev, 2013), and clarify the chemical composition and source of 
body fluids (Virkler and Lednev, 2009). Although RS is a commonly 
known and widely used lab-based techniques, several portable RS de
vices have also been developed in recent years; however, they have not 
yet been tested in field conditions. At a basic level, conventional diag
nostic methods mainly detect the titer of a pathogen. RS diagnostic 
methods are based on the detection of pathogens that promote changes 
in host plant molecules that are highly specific to a single disease or 
condition. These structural changes are reproduced as shifts or consis
tent changes in the specific Raman bands that can be assigned to these 
molecules (Richter et al., 2020). When pathogen infection is very low, 
RS is a very useful and sensitive technique for capturing symptoms of 
early disease. The RS approach was recently used for detection of fungal 
pathogens (Egging et al., 2018) as well as to detect insect larvae (San
chez et al., 2019). Recently, it was established that RS can be applied to 
detect unculturable HLB bacteria during the primary and late periods of 
disease progression (Sanchez et al., 2019). 

3. Detection of phytopathogenic bacteria using portable 
biosensors 

An extensive variety of biosensors have emerged, such as innovative 
and portable biosensors used for different detection targets in the 
environment, food analysis, and clinical laboratories. Plant pathogen 

biosensing techniques are used on various biological receptors such as 
antibodies, DNA probes, phages, enzyme point-of-care (POC) testing, 
and robotic and cell phone-based devices (Ali et al., 2021; Rani et al., 
2019). Biosensor systems or techniques and their limitations and bene
fits are listed in Table 3. 

3.1. DNA/RNA-based biosensors systems 

A newly developed biosensor technique is used for pathogen detec
tion through DNA-and ribonucleic acid RNA-based nucleic acid frag
ments as elements (Feng et al., 2019). The detection of diseases before 
any viewable symptoms can be achieved using DNA-based biosensors. 
Specific DNA sequences have been used for the identification of organ
isms. DNA-based biosensors facilitate the rapid and cost-effective anal
ysis of infectious diseases (Chen et al., 2020; Kaisti et al., 2019). 
Single-stranded DNA (ssDNA) probes are used to observe hybridization 
between DNA probes and complementary DNA analytes with electro
active indicators on the electrodes. In addition to DNA, other molecules 
such as proteins or toxins have been detected using single-nanochip 
technology (de la Escosura-Muñiz, 2016). DNA-based biosensors 
include piezoelectric, optical, and electrochemical DNA biosensors. In 
optical DNA biosensors, changes in physicochemical properties 
(including temperature, mass, electrical, and optical properties) are 
used to detect DNA analytes based on the role of double-stranded DNA 
(dsDNA) (de la Escosura-Muñiz, 2016). Optical DNA-based biosensors 
can be further classified into surface plasmon resonance (SPR), quantum 

Table 3 
Different biosensor techniques and their limitations and benefits in plant pathogen detection.  

Biosensor 
detection 
techniques 

Methodologies Benefits/time Limitation References 

Antibody- 
based 
techniques 

Volta-metric enzyme- 
based detection 

Detects plant pathogens with higher selectivity 
and sensitivity by enzyme immunoassay coupled 
with electrochemical detection 

Low availability of enzyme-conjugated antibodies Paternolli et al. (2004) 

Quartz crystal 
microbalance-based 
approaches (QCM) 

These immuno-sensors are widely used for 
detecting foodborne pathogens and they are 
highly sensitive and label-free. 

Similar to ELISA, which limits the recording 
detection 

(Bragazzi et al., 2015;  
Masdor et al., 2019; Noi 
et al., 2019) 

Electrochemical 
impedance spectroscopy 
(EIS)-based detection 

Effectively trace reactions with high sensitivity; 
these biosensors are generally label-free 

The low selectivity and sensitivity in a real 
complex sample is the major problem limiting 
commercial usage 

(Daniels and Pourmand, 
2007) 

Electrochemical 
biosensors 

Cost-effective, sensitive, label free, and rapid 
detection 

Limited coping abilities for complex clinical 
samples, low stability, and reproducibility 

Ali et al. (2021) 

Ampero-metric Cost-effective fabrication and high sensitivity 
detection 

Fouling agents and interferents in the sample 
matrix reduce signal strength. 

Muniandy et al. (2019) 

Fluorescent approaches Highly sensitive and can detect multiple 
pathogens from a single assay 

Require fluorescent readers; the complexity of this 
assay further limits is application 

Kadadou et al. (2020) 

Optical biosensors Specific, more sensitive, and rapid diagnostic High level of sophistication and a long list of 
pretreatment stages 

(Ying Chen et al., 2018) 

Lateral flow 
immunoassays (LFIA) 

One of the most popular diagnostic tools, which 
is fast, stable, and provides targeted analysis. 
Widely used in plant disease diagnostics, 
environmental analysis, and food safety 

Its sensitivity is improved by using fluorescent tags 
as compared with previous versions; however, it 
does not support visual detection (which is a 
requisite of a fluorescence reader) 

Parolo et al. (2013) 

Surface plasmon 
resonance (SPR) 

Follows the bioaffinity reactions, measures 
selectively, and is a label-free approach. 

The sensor surface causes non-specific 
adsorptions, which should be controlled carefully. 

Mudgal et al. (2020) 

DNA- based 
biosensors 

DNA hybridization 
voltammetric detection 

Low-cost analysis Lower sensitivity in complex real samples; in 
addition, other phytopathogens are not 
characterized by this approach 

Lillis et al. (2006) 

DNA microarrays via 
fluorescent approach 

Flexibility in rapid DNA hybridization and DNA 
probe designing, and requires very little sample. 

The complexity of this system together with the 
requirement for fluorescent reader 

Zeng et al. (2013). 

AuNPs aggregation-based 
DNA analysis 

Can detect pathogens at an early disease 
(asymptomatic) stage 

The isothermal DNA detecting amplicons are as 
small as 0.5 ng/μl 

Vaseghi et al. (2013a) 

New emerging 
sensors 

Nanomaterial sensors Easy to fabricate, stable, and real-time detection Lower target efficiency than DNA/RNA-based 
biosensors, enzymes, and antibodies. 

(Fang et al., 2014;  
Madufor et al., 2018) 

Mass-based methods Cost-effective than other techniques, easy to use, 
have capabilities to diagnose in real time and 
provide label free detection 

Sensitivity and specificity are very low, needed 
long term incubation period and difficult to 
regenerate the crystal surface 

Alahi and 
Mukhopadhyay (2017) 

Nanomaterial sensors Easy to use and friendly measurement and used 
in real time 

There are concerns about the nanomaterials’ 
toxicity, and it is likely that the sensor may not be 
regenerated 

Sharifi et al. (2020) 

Aptamers-based detection 
system 

Target site detection with increased specificity 
and sensitivity 

SELEX is time-consuming laborious, expensive, 
and inefficient 

(Arachchillaya, 2018;  
Khedri et al., 2018)  
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dots (QD), and molecular beacons (MBs). In contrast to the optical type, 
piezoelectric DNA biosensors use a quartz crystal to detect analytes. 
Strip-type DNA biosensors can also be used to detect DNA hybridization 
using a nanoparticle-based colorimeter, as shown in Fig. 4. Electro
chemical DNA-based biosensors are used for the sequence-specific 
detection of analyte DNA. In amperometric electrochemical DNA bio
sensors, current fluctuations with a constant applied potential can be 
used to detect DNA hybridization (Yuhan Chen et al., 2018). Bacterial 
pathogens are detectable by DNA-based biosensors because of their 
unique nucleic acid sequences, which can be specifically hybridized 
with a complementary DNA probe. This is different from the principle of 
antibody-based biosensors, where hydrophobic, ionic, and hydrogen 
bonds play a role in the stabilization of antigen-antibody complexes. 

The use of other plant pathogenic bacteria such as Xanthomonas 
axonopodis pv. citri, P. viridiflava, X. alfalfa subsp. citrumelonis, Pseudo
monas fluorescens, Pectobacterium cartovortum subsp. cartovorum, and 
Pseudomonas genus confirmed the principle recently used to detect stems 
in citrus P. syringae. When the target DNA of P. syringae was analyzed, 
the results showed that the target DNA of P. syringae was as low as 15 ng/ 
ml, demonstrating that this method was highly sensitive and specific 
(Vaseghi et al., 2013b). A gold nanoparticle (AuNP)-labeled DNA probe 
has also been used, such as in detection of the competitive DNA hybrid 
bacterial melon disease pathogen Acidovorax avenae subsp. citrulli (Zhao 

et al., 2011). Gold-labeled DNA band sensors can be used against five 
other plant bacterial pathogens: state Lavibacter michiganensis, X. cam
pestris, P. syringae, Acidovorax avenae, and Erwinia carotovora (Zhao 
et al., 2011). Aptasensors combined with other devices such as nano
materials are good candidates for plant pathogen detection (Kim et al., 
2016). 

3.2. Antibody-based biosensors 

In this era, antibody-based biosensors are essential for the rapid 
quantitative analysis of foodborne bacterial pathogens. These biosensors 
do well in the enhancement of sensitivity, real-time detection, fast 
detection, and feasibility for qualification, as shown in Fig. 4. The plant 
pathogen detection field has been altered by development of these 
biosensors (Khater et al., 2017). Because of these biosensors, we can now 
perceive the pathogens in water, seeds, and air in different phases, 
including greenhouses, fields, and during post-harvest storage (Skottrup 
et al., 2008). Pathogenic microorganisms can be detected by small 
detecting analytes such as proteins, nucleic acids, and cantilever-based 
sensors (Nayak et al., 2009). 

The connection of a specific antibody to a specific transducer into a 
specific event. A specific binding change of the antibody on the 
biosensor to an antigen, such as a pathogen of interest, is a necessary 

Fig. 4. Schematic diagrams of antibody-based biosensors and DNA/RNA-based biosensors for analyte detection. Specific combinations of analytes and immobilized 
antibodies DNA/RNA probes produce physical and chemical changes, such as mass, temperature, optical properties, or electrical potential. The change can be 
converted into a measurable signal for detection. The figure was created with BioRender (https://biorender.com). 
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step in establishing antibody-based immunosensors (Su et al., 2019). 
Different types of electrochemical sensors are used in most 
antibody-based biosensors, including impedimetry, potentiometry, and 
amperometry. Impedimetric biosensors are commonly used for biomass 
detection through microbial metabolism, based on microbial meta
bolism redox reactions (Byrne et al., 2009). In contrast, potential anal
ysis biosensors convert the biometrics of an analyte into a voltage signal 
(Nouraei and Martin, 2006). The new electronic message generated 
from a particular binding event is used in amperometric biosensing 
(Palchetti and Mascini, 2008). In conducting metric biosensors, the 
biological indicator is transformed into an electrical signal using a 
conductive polymer such as polyaniline and polypyrrole (Sadanandom 
and Napier, 2010). 

Some non-electrochemical sensors have also been reported, such as 
cantilever-based sensors, SPR, and quartz crystal microbalances (QCM). 
The QCM-based sensor detects the change in mass per unit area of a 
QCM crystal by measuring the frequency change of the quartz crystal 
resonator. QCM crystals are usually used as adaptive antibodies. 
Cantilever-based sensors are used to measure changes in the resonance 
frequency during the fusion of an analyte with the sensor surface 
(Skottrup et al., 2008). In SPR-based sensors, the analyte attaches to the 
metal surface, which helps to measure changes in the refractive index 
(Zeng et al., 2013). An antibody biosensor is susceptible and easily de
natured, which requires specific environmental conditions such as 
temperature and pH. An antibody-based sensor will also be compro
mised during storage due to deterioration of the antibody over time 
(Byrne et al., 2009). Recently, aptamers, antibodies, and DNA-probes 
have been well matched with different detection devices such as SPR, 
chemiluminescence, electrochemical, fluorometric, optical, colori
metric, and magnetic devices (Nunes Pauli et al., 2015). The use of 
different nanomaterials in aptasensors is expected to improve the 
specificity and sensitivity of these devices (Khedri et al., 2018). How
ever, these biosensors are not yet widely used for plant-bacteria detec
tion. The adaptable nature of aptamer sensors and their potential for use 
in plant-bacteria diagnostics is in an early stage of development (Ali 
et al., 2021). 

3.3. Bacteriophage-based biosensors 

Bacteriophages are viruses composed of protein capsids that encap
sulate DNA or RNA genomes. Bacteriophages infect and replicate within 
the bacteria, and lyses the bacterial host cell to propagate. Bacterio
phages have been widely studied and used in phage therapy to treat 
bacterial infections in human diseases as well as for plant disease con
trol. In addition to phage therapy, bacteriophages are emerging as a 
promising alternative for pathogen detection because of their high 
sensitivity, selectivity, low cost, and high thermostability (Grath et al., 
2007). Immunosensor-based detection methods have been used to 
detect and identify P. cannabina pv. alisalensis from cultures, diseased 
plants (Schofield et al., 2013), and viruses (Zhang and Miller, 2019). 
Recently, bacteriophages have been shown to be effective in controlling 
plant pathogens and bacteria infecting tomatoes and potatoes (Dickeya 
solani) (Adriaenssens et al., 2012). Furthermore, the bacteriophage 
P. cannabina pv. alisalensi combined with additional plant pathogenic 
bacteria has been described and studied, such as bacterial canker of 
kiwifruits caused by P. syringae pv. actinidia and Ralstonia solanacearum, 
and many soil-borne bacteria causing bacterial wilt in other cereal crops 
(Askora et al., 2009). 

Compared with recently developed antibody-based biosensors, 
bacteriophage-based sensors are more suitable and effective for detect
ing plant bacterial pathogens at different temperatures and for a longer 
time. Bacteriophages can separate live and dead bacteria pathogens, 
which influence the false-positive results during detection (Tlili et al., 
2013). Recently developed site-specially oriented synthetic antimicro
bial peptides (sAMPs) use novel recognition agents for the detection of 
pathogenic bacteria (Liu et al., 2016). Thus, bacteriophages provide the 

possibility of construction of a bacteriophage sensor for plant-bacteria 
detection (Ertürk and Lood, 2018). 

3.4. Enzymatic electrochemical biosensors systems 

Due to the high specificity of an enzyme for an analyte, enzyme as 
bio-recognition elements can perform extremely accurate detection of a 
target analyte. A specific enzyme for a target analyte is immobilized on a 
nanomaterial-modified electrode. In the amperometric method, a bio- 
electrocatalytic reaction occurs that generates an electrical signal that 
can be used to quantitatively detect analytes (Ronkainen et al., 2010). A 
rapid biosensing methodology was adopted for the detection of plant 
pathogens, food quality, and environmental monitoring (Ying Chen 
et al., 2018). Enzymatic biosensors can be used for plant pathogen 
detection if the target sample is collected in liquid form with a novel 
electrochemical method (Feng et al., 2019). Previous studies have 
demonstrated the detection of methyl salicylate using a dual enzyme 
system (Feng et al., 2014). Plant pathogens can be targeted and sensed 
through recently developed phage-based DNA and electrochemical 
biosensors (Wang et al., 2016). The occurrence of P. cannabina pv. ali
salensis was determined using bioluminescent-phage-based technology 
(Schofield et al., 2013). The sensitivity of an immunological assay can be 
enhanced using AuNPs. AuNP tags loaded with horseradish peroxidase 
(HRP)-labeled antibodies were used for the first time in an electro
chemical enzyme-linked immunoassay (ECEIA) to detect the phyto
pathogenic bacterium Pantoea stewartii subsp. stewartii (Zhao et al., 
2014). 

A lateral flow immunoassay (LFIA) was performed in 2015 to detect 
P. stewartii subsp. stewartii extracted from corn seed samples (Fang and 
Ramasamy, 2015). LFIA is performed in the presence of other phyto
pathogenic bacteria, including X. oryzae, P. syringae, and Burkholderia 
glumae. LF test strips were used to analyze various plant diseases (Zhao 
et al., 2014), and a DNA hybridization format was proposed for 
detecting cucurbit bacterial diseases caused by Acidovorax avenae subsp. 
citrulli. The test strip was used to test different plant bacterial pathogens 
such as X. campestris, Clavibacter michiganensis, P. syringae, Erwinia car
otovora, and Acidovorax avenae. Vaseghi et al. (2013b) recently reported 
an aggregation-based test with AuNPs for the detection of P. syringae 
(Vaseghi et al., 2013b). In addition, the technology has been tested on 
P. viridiflava, P. fluoresce, Pectobacterium cartovortum subsp. cartovorum, 
X. alfalfa subsp. citrumelonis, and X. axonopodis pv. citri. Other citrus 
bacteria such as the genera Pseudomonas and Enterobacteriaceae can be 
detected by electrochemical DNA-based biosensors (Zhang et al., 2019). 
In the past few years, viruses and bacteria that infect animals and 
humans have been detected using microchips (Yang et al., 2019). 

3.5. Biosensor platforms based on nanomaterials 

The innovation of nanotechnology has enabled the fabrication of 
different nanostructures and nanoparticles despite some technical hur
dles. Nanoparticles have shown remarkable visual and electronic prop
erties using different types of materials for sensing and electronics 
(Alhamoud et al., 2019) (Fig. 5). For biosensing applications, the limit of 
detection and the overall performance of a biosensor can be greatly 
improved by using nanomaterials for their construction (Lv et al., 2018). 
Several types of nanostructures have been established as platforms for 
controlling bio-recognition elements to fabricate biosensors. Immobi
lizing enzymes, DNA, and antibodies can be attained using several 
methods, including biomolecular adsorption. Nanoparticles are helpful 
for biosensor creation, including metal and metal oxide nanomaterials, 
such as QDs and carbon nanoparticles (Sharifi et al., 2020). Nano
materials are used with other natural and synthetic materials, including 
antibodies and microfluidic chips, for the diagnosis of bacterial spot 
disease caused by X. axonopodis. Biosensor techniques play a key role in 
the rapid detection of E. coli using gold nanomaterials (Lee et al., 2020; 
Zheng et al., 2019). 
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In addition to single-probe sensors, nanochip technology based on 
microarrays with fluorescent oligonucleotide probes has been described 
for the detection of single nucleotides in bacteria and viruses with high 
specificity and sensitivity according to identification of DNA hybridi
zation mutations (Wang et al., 2011). Antibodies that incorporate 
fluorescent silica nanoparticle (FSNP) technology as biomarkers have 
been studied as probes that can effectively detect bacterial spot disease 
caused by X. axonopodis pv. vesicatoria in the Solanaceae family of plants 
(Yao et al., 2009). Moreover, QDs are used for biosensor fabrication for 
disease detection (Devi et al., 2019). Owing to their unique and bene
ficial visual optical properties, they have been applied for disease 
diagnosis using fluorescence resonance energy transfer (FRET) devices 
(Algar and Russ, 2008). Several QD-FRET-based biosensors have been 
developed for plant disease detection, including Candidatus phyto
plasma aurantifolia, the causal agent of witches’ broom disease of lime. 
Immune-sensor techniques showed great sensitivity and specificity in 
the detection of Ca. P. aurantifolia disease (Rad et al., 2012). Gold 
nanomaterials are widely used because of their high electron conduc
tivity and electro-activity for electron transfer (Cao et al., 2011). 
Recently, electrochemical sensors based on nanomaterials have been 
described for plant disease detection (Umasankar and Ramasamy, 
2013). The application of AuNP-based biosensors with an improved 
electrode was described for the electrochemical detection of DNA and 
methyl salicylate, the main VOCs released by plants during infections 
(Blair and Corrigan, 2019). Recently, a localized surface-plasmon reso
nance (LSPR)-based optical sensor with AuNPs and bovine serum albu
min has been used in the detection of foodborne, water, and soil 
pathogens (Sadani et al., 2019; Zhou et al., 2019). 

3.6. POC testing 

Ideally, pathogen detection must be made at the point of care POC, so 
that detection can start directly and it does not require highly trained 
staff or availability of a laboratory (Kou et al., 2020). POC-based systems 

might be used to improve plant disease detection depending on the 
availability of resources (Scala et al., 2018). A POC method is a fast and 
specific system that can perform detection at any site where it is 
required. These devices provide clear results, are easy to use, and pro
vide quantitative results (Scala et al., 2018). The use of POC at the target 
site along with mapping the data to describe positions via the global 
positioning system (GPS) would not require the farmer to perform a 
target site application of pesticides or bactericides, thereby decreasing 
and optimizing the use of agrochemicals (West and Heard, 2014). In 
2017, the sale of POC systems reached an expected $US 23.71 billion, 
which is projected to increase to $US 38.13 billion by 2022 (https 
://www.marketsandmarkets.com/PressReleases/point-of-care-diagnos 
tic.asp). POC systems are easy to use and have the ability to detect plant 
pathogenic bacteria in the early stage of plants (nurseries) with high 
specificity, sensitivity, portability, and robustness (Rani et al., 2019). 

3.7. Robotics and cell phone-based systems 

The first image-based detection technique named “Robo Kisan,” 
which was used through robotic devices in India in 2010, was developed 
for the detection of downy mildew grapes (Plasmopara viticola) (Sri
vastava and Sharma, 2010). Similar image-based detection techniques 
are used for the diagnosis of plant pathogens, such as apple (Malus 
domestica), citrus (Citrus spp.), and pomegranate (Punica granatum) 
(Kadam, 2014). Robotic devices alone, or in combination with other 
bio-nanosensors, exhibit high potential for progress as automatic 
high-throughput detection devices at the POC in the early stages of 
plants (Awate et al., 2016). Cell phone-based detection of plant disease 
was developed in 2016, covering 54,306 pictures of infected and healthy 
plants for 26 diseases in several crops. This typical model achieved 
99.35% accuracy in identifying diseased plants (Mohanty et al., 2016). 
Data from the plant pathogen Nikos Petrellis version 2.3 app showed 
that 90% of people recognize grape disease (Petrellis, 2017). The Google 
app Plantix, developed by German-based AgTech, includes more than 

Fig. 5. The illustration representing biosensors based detection system by using (A) nanoparticles, DNA/RNA, antibody and organic molecules. (B) “Nanoparticles 
based”, “DNA/RNA based”, “antibody-based” and “organic molecules and Gas chromatography-mass spectrometry GC/MC”. The figure was created with BioRender 
(https://biorender.com). 
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5000 images of plants, and it can detect more than 60 different plant 
diseases (http://www.fao.org/eagriculture/news/plantix-app-detect- 
and-cure-your-plant-diseases) (Neumann et al., 2016). 

Another cell phone-based system was developed for the detection of 
plant pathogens such as Blumeria graminis, Puccinia triticina, Septoria 
tritici, Cercospora beticola, and Uromyces betae in sugarcane and wheat 
crops (Neumann et al., 2016). However, these techniques require further 
improvement and optimization before their use in plant pathogen 
detection will replace older techniques such as molecular and serolog
ical methods, particularly in terms of sensitivity and specificity. How
ever, these applications are suitable for a large number of pathogens, 
revealing their ability to summarize a large number of infected and 
healthy characters in plants (Vashist et al., 2015). Cell phone-based 
techniques are recommended for the detection of plant-pathogen bac
teria under field conditions. 

These techniques are already used in the detection of other plant 
pathogens such as fungi, and scientists should consider applying similar 
or newly developed techniques for the detection of plant bacteria. Ro
botics and cell phone-based systems have the ability to categorize large 
amounts (healthy and unhealthy) of plant traits and are recommended 
for future detection of plant bacteria under field conditions. 

3.8. Biorecognition and transduction 

There are numerous effective biorecognition–transduction schemes 
for developing pathogen biosensors, from simple detectors (such as 
colorimetric assays and disposable sensor strips) to complex arrays 
(multiplexing biochips with microfluidics and dielectrophoresis). 
Regardless of the complexity of the device, the working scheme for a 
biosensor involves a three-step process: biorecognition, transduction, 
and signal acquisition. In the biorecognition step (Fig. 1), a molecular 
interaction between the target and a macromolecular structure on the 
sensor results in highly specific binding. In the transduction step, the 
selective binding of the target produces a change in the energy state of 
the system. Transduction can be inherent (such as a change in imped
ance due to antibody–antigen binding in immunoassays) or engineered 
[cascade reactions involving FRET as a function of nucleotide binding in 
PCR or addition of exogenous reagents]. Although covered in this re
view, inclusion of nanomaterials such as nanocarbon (e.g., nanotubes 
and nano-sheets), nanometals (gold, platinum, metal oxides), and many 
other structures has been shown to significantly improve transduction, 
and in some cases even biorecognition. The three most common classes 
of transduction are changes in mass, electrochemical, or optical prop
erties, although other transduction processes are possible (such as 
magneto-elastic transduction). In the acquisition step, the change in the 
energy state is measured and the output is correlated to the presence of 
the analyte. Acquisition also includes post hoc analyses such as data 
filtering, statistics, machine learning, and data visualization. Among the 
transduction/acquisition approaches, plasmonic ELISA is emerging as 
an ultrasensitive method for the recognition of pathogens and macro
molecule markers of pathogen contamination in food (Chen et al., 
2015). Other common approaches include antibody immobilization in 
microfibers to enlarge the binding area or immunomagnetic separation 
(IMS) for specific concentrations of bacteria from complex matrices 
(Sturbaum et al., 2002). 

4. Challenges, limitations, and future directions 

The field of nano-biosensors has made exponential progress in the 
last decade, with advanced sensor modalities and hybrid nanomaterials 
helping to improve the lowest limit of detection (LOD), response time, 
and sensitivity. However, there are challenges with the aforementioned 
technologies. The biggest challenges are selectivity over non-target 
compounds, detection of viable cells, and lack of international stan
dardization for technology research and development. With improve
ments in these areas, monitoring technology will likely significantly 

improve as social–technological components converge, as discussed 
below. 

4.1. Selectivity 

Fate and particulates can interfere with antibody–antigen in
teractions, and compounds, including carbohydrates, polyphenolics, 
sodium chloride, sucrose, or lysine, can alter DNA polymerase activity 
during PCR cycling (Dwivedi and Jaykus, 2011). Matrix effects have 
been reported for many food products, including apple juice and cu
cumbers (Wang et al., 2013). To resolve poor performance due to matrix 
effects, many methods require pre-concentration steps such as centri
fugation, filtration, IMS, magnetic nanoparticle separation, and micro
fluidic sorting, as discussed previously (Vanegas et al., 2017). Although 
rapid techniques are typically not as selective as molecular methods 
such as PCR (Table 2), use of a pre-concentration step resolves this 
problem and has secondary benefits that are similar to enrichment, 
including: (i) dilution of inhibitors from food samples, (ii) discrimina
tion of cell viability, and (iii) revival of stressed cells that would 
otherwise not be detected as viable (Valderrama et al., 2016). The re
covery of pre-concentration methods varies from as low as 10% to as 
high as 99% (Alocilja et al., 2016; Valderrama et al., 2016). 

The challenge with this approach is to maintain costs and throughput 
that are competitive with standard techniques without additional costs. 
For rapid techniques to have a clearly defined role in the mainstream 
market, the method should not require more than 1 h (total time) to 
produce a result, and ideally cost less than US $5 per sample (with the 
benefit exponentially increasing as the analysis cost decreases) (Val
derrama et al., 2016). In addition to pre-concentration, consideration of 
a secondary validation step is a critical aspect, as most positive results 
are regarded as “presumptive positive” until validated by standard 
culture-based methods. 

4.2. Detection of cell viability 

Among culture-independent methods, one of the most important 
performance characteristics for next-generation methods is the ability to 
detect bacterial cell viability. Although traditional culture-based 
methods discern viability, the method underestimates diversity as only 
a small percentage of microbes can be cultured in a Petri dish (Ram
amurthy et al., 2014). By contrast, molecular methods such as 
PCR-based methods (Keer and Birch, 2003) or metagenomics methods 
capture species diversity, whereas assessing viability is complex and 
requires repetitive analysis from subsample populations, producing 
limited information on the viability of a specific sample (in other words, 
there are problems with cross-sectional viability determination) (Can
gelosi et al., 2010). Furthermore, differentiating between viable cells 
and free DNA fragments using PCR or metagenomic analysis is chal
lenging. Among the methodologies that avoid some of these inherent 
problems, most techniques focus on cell membrane permeability as a 
marker of cell viability. This type of assay assumes that lysis is the most 
dominant outcome following cell death. Examples of cell permeability 
analytical techniques include cell live/dead labeling assays (Nocker and 
Camper, 2009). 

Cell labeling uses a combination of a membrane-impermeable stain 
(such as propidium iodide) and a membrane-permeable strain (such as 
SYTO9) for analysis by fluorescence microscopy and/or flow cytometry. 
However, live/dead stains are known to have major issues with false 
positives (Stiefel et al., 2015). The PCR method also uses the live/dead 
tagging concept, but the detection mechanism is based on the inhibition 
of PCR amplification by cell impairment and photo activated reagents 
(such as propidium monoazide). Molecular viability testing is also a 
PCR-based method that uses RT-qPCR to detect the production of a 
species-specific macromolecule in response to exogenous nutrients. 
None of the biorecognition–transduction pathways covered in this re
view provide direct information on cell viability. However, cell labeling 
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can be easily combined with many devices to determine viability (Li 
et al., 2016). 

4.3. Standardization 

Although many pathogen biosensors in the published literature have 
merit (and likely a niche market), a system-level comparison (i.e., trade 
study) within the framework of food safety and agriculture productivity 
is nearly impossible due to a lack of standardization. For example, many 
industrial analyses use the term “sensitivity” to describe the probability 
of a test to detect a true positive and the term “specificity” to describe 
the probability of detecting a false negative (Valderrama et al., 2016). 
Engineers working in technology development use the term “sensitivity” 
to denote the relationship between device input and output, where the 
term “LOD,” used herein, denotes the true positive value. For example, 
response time should be calculated as the total time required for analysis 
from the moment a product is taken off the line to the time when the 
data are analyzed, or a similar appropriate metric based on the appli
cation, including any time required for incubation, pre-concentration, 
magnetic separation, filtering/centrifuging, or microfluidic sorting, as 
these steps considerably add to the analysis time. 

Although culture-based techniques are often scrutinized as being 
“slow” (typically at least 1 day), many biosensors and other techniques 
require hours or even days for pre-concentration in addition to sample 
preparation that is typically not included in the reported “response 
time,” resulting in a biased comparison. It is also an unfair comparison to 
directly compare a biosensor (which cannot distinguish viability) to a 
culture-based method that can report viable cell numbers. Within 
culture-based methods, there are specific technical issues that further 
convolute a direct comparison, such as a metabolic state known as viable 
but non-culturable VBNC, where pathogens are underestimated and 
food products may be released under a false negative test result (Li et al., 
2016). Thus, a direct comparison of “apples to oranges” does not 
advance the field and perpetuates the problem rather than alleviating it. 
For a typical design, the response time is reduced at the expense of 
higher LODs and lower sensitivity, which is an important trade-off when 
considering safety monitoring at the system level. 

Response time is not the only performance characteristic that re
quires standardization. The calculation of LOD is not standardized, and 
some biosensor papers report LOD values that have not been replicated, 
or results that were obtained with a low confidence interval, both of 
which are not acceptable for meeting industry standards. Selectivity is 
another major issue, and future reports of new techniques should 
include the results of validation studies that confirm strain/serotype 
specificity with a culture-based method, standardized/certified kit, or 
other approved standard methodology. For example, ELISAs (Lee et al., 
2015) can be used to validate biosensors together with replicates and 
controls that align with industry standards in live culture-based tech
niques. For this situation to become a reality, a standard nomenclature 
(at the commercial scale) and performance characterization must be 
used in the field of nanosensors/biosensors. 

5. Conclusion 

In this review, we show that there is a dire need to develop quick, 
innovative, and accurate detection methods for plant bacterial patho
gens. The older detection techniques are laborious and time-consuming, 
and the analysis and data extraction are highly sensitive and costly, 
requiring heavy bioinformatics tools and computational biology. How
ever, to date, no initiative has been taken to develop a portable DNA 
sequencing biosensor methodology that is easy, simple, and highly ac
curate for detecting plant bacterial pathogens. For direct disease 
detection, PCR seems to be the most sensitive and accurate method; 
however, this approach requires specific primers to amplify targeted 
DNA for detecting various pathogens. Moreover, the high cost and un
even polymerase activity limit its application and introduce uncertainty 

in the results. Other PCR-based detection methods such as RT-PCR have 
been used for on-field detection. Although FISH, IF, and GC/MS provide 
excellent sensitivity, their application is limited due to difficult sample 
preparation and expertise for data analysis, which requires a trained 
person. In addition, we provided an overview on affinity biosensors, 
which also remain in the laboratory, and require deterioration of the 
DNA/RNA probe and antibody system. DNA-based biosensors can be 
used for on-field testing. Nanomaterial-based biosensors such as metallic 
nanoparticles, nanofabrication, and nanochannels have been estab
lished and show great sensitivity. Bacteriophage phage-based biosensors 
can be used to detect live bacterial pathogens and host bacterial path
ogens with the discovery of more bacteriophages. The specificity and 
sensitivity of biosensors can be greatly increased by the use of anti
bodies, DNA/RNA, and enzymes. We also highlighted emerging tech
niques such as cell phones, POC devices, robotic devices, and aptamer 
systems. 

Recent techniques for HLB detection, which are based on disease 
symptoms and nucleic acid assays, are not only inaccurate but also un
suitable for field examinations due to variable dormant periods and the 
irregular distribution of pathogens in crop plants. Immuno-sensors can 
offer highly sensitive and selective, cost-effective, accurate, fast, and 
quantitative diagnosis methods to detect ‘Ca. L. asiaticus’-secreted 
proteins, which act as HLB biomarkers, as these proteins are systemat
ically spread in infected citrus trees, thus providing a direct, innovative, 
and reliable detection method of HLB. An innovative electrical nano
biosensor has been developed to detect the ‘Ca. L. asiaticus’ antigen as a 
biomarker based on the change in electrical conductivity resulting from 
bridging of a nanogap by trapping of the nanoparticle. This nanosensor 
will address the serious and urgent need of the multi-billion-dollar citrus 
industry by providing fast, simple, and cost-effective methods for 
detecting HLB disease. The current breakthrough for disease diagnosis is 
found in spectroscopic imaging techniques and volatile organic metab
olites as biomarkers; however, these technologies are constantly 
evolving and new inputs can be expected in the field of diagnostics. 
These strategies can also permit the reduction of the massive application 
of chemicals, meet farmer requirements, localize sprayings, and enable 
performing preventive applications in a timely manner to reduce costs 
and pathogen damage. 

This review shows that these current and advanced bacterial disease 
detection technologies have great potential for detecting plant bacterial 
diseases. Early identification and isolation are critical for reducing the 
spread and destruction of bacterial diseases and minimizing the eco
nomic impact of potential false-positive detection. 
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