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ARTICLE INFO ABSTRACT

Keywords: Postharvest fruit decay is caused by fungal pathogens and leads to major losses. In this study, specific mRNA
mRNA sequences that are upregulated in the fungus Colletotrichum gloeosporioides during its quiescent stage in fruits,
Quiescent were identified using a CMOS sensor. The identification process was based on sandwich approach, where strands
CMOS-Biosensor complementary to the C. gloeosporioides mRNA sequences (quiescent stage-specific) were immobilized on the
Ezzf;;chum CMOS surface, and exposed to the target complementary reporter strands. In the presence of a target sequence,
Food-loss the reporter strand (linked to the enzyme horseradish peroxidase (HRP)) was left in the system and a measurable

light signal was produced. The complementary strands specifically anneal to the mRNA in the sample. The
sensitivity of the technology was assessed by mRNA sequences isolated from C. gloeosporioides, and identified as
10 nM RNA. The effect of the pathogenicity state on the sensor performance was also evaluated. The CMOS
sensor could detect quiescent fungi, which are barely detectable by other means. The unique capability of the
proposed system to detect and recognize the fungus during both pathogenic and quiescent stages, will allow the
development of new sensors that can monitor the amount of undetectable quiescent fungi in harvested fruit,

enabling improved food management.

1. Introduction

Postharvest food loss is a major issue. It is estimated at 40%-50% of
harvested crops worldwide, mostly due to physiological deterioration
and rots caused by fungi [1]. In addition to spoilage processes, toxic
compounds produced by pathogenic microorganisms may pass to food
and cause significant health damage to humans and animals [2]. For
future food safety and to mitigate food losses, presence of the fungus
should be monitored after harvest and during the supply chain. Gen-
erally, the conventional technologies for detecting postharvest patho-
genic fungi (PCR and ELISA [3]) are sensitive and precise, but are costly
and includes complicated protocols, which makes these applications
less optimal for agricultural use. Furthermore, while they can indicate
the presence of these microorganisms in the crops, there is no evalua-
tion of their pathogenicity state. Fungi from several genera may cause
postharvest decay of fresh produce [4-6]. Usually, after penetrating the
immature fruit, the fungi remain quiescent, and only switch to patho-
genic state after storage and ripening, initiating the active attack. The
quiescent infections are microscopic and cannot be visually detected
during packaging or subsequent transport [7-9]. Thus, there is a huge
demand for sensitive, inexpensive and simple applications, which will
not only detect the presence of the microorganisms in the crops after
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decay, but also evaluate their presence during their quiescent stage.

With over 470 widely distributed host genera (mango, avocado, and
strawberry, to name a few), Colletotrichum gloeosporioides is one of the
most common disease agents in harvested fruit [10]. After conidial
germination, C. gloeosporioides usually passes through three lifestyle
stages: appressoria (penetration), quiescence (latent stage), and the
necrotrophic stage, which causes decay. In the first stage, C. gloeos-
porioides penetrates into the fruit cuticle, and it remains there in an
extended quiescent state until the fruit ripens [9]. At fruit ripening, the
fungal pathogen switches to the necrotrophic stage, resulting in an-
thracnose disease in the fruit [10]. During these different stages, the
fungal pathogen significantly upregulates stage-specific transcripts
[10]. These mRNA transcript sequences can be used as markers for
fungal pathogenicity stage.

A biosensor for RNA detection may be the easiest, cheapest and
fastest method to recognize the presence of pathogens in crops.
Typically, biosensors are built from three parts—bioreporter, trans-
ducer, and interface, the latter immobilizing the first part on the
second. Mass balance [11,12], optical and quartz crystal microbalance
[13,14] are amongst the most common measurement approaches for
DNA detection. Recent advances in the optical field have led to the
development of sensitive, low-cost and small-size photodetectors,
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Fig. 1. Schematic representation of the CMOS-based biosensor and the measurement procedure. The proposed system is based on a CMOS photodetector (A1) and a
glass tube (A2) with silver nanoparticles modified with immobilized DNA. A complementary RNA sequence in the sample will anneal specifically to the surface-
immobilized RNA on the one side (B1) and to the complementary reporter strand linked to horseradish peroxidase enzyme on the other side (B2). After substrate
addition, the horseradish peroxidase enzyme linked to the reporter strand will produce light. This light will be detected by the CMOS sensor (C) and represented as

measurable light values.

which are based on complementary metal-oxide-semiconductor
(CMOS) technology [15]. Such CMOS technology have shown unique
properties for the construction of portable platforms. CMOS-based
biosensors have been used for bacterial detection [16,17], in environ-
mental air and water samples for toxicity evaluation tests [18,19], and
as PCR-process monitoring tools [20,21]. More importantly, CMOS-
based applications were found to be valuable for food safety evaluation
[22-26]. Compared to the environmental and food-safety fields, only
few CMOS based biosensors have been proposed for agriculture use
[27,28]. In this study, specific mRNA sequences that are upregulated in
C. gloeosporioides during its quiescent stage [10] were incorporated into
a CMOS biosensor. The identification process was based on sandwich
approach, where strands complementary to the C. gloeosporioides mRNA
sequences were immobilized on the CMOS surface. In the presence of
the target analyte, these complementary strands specifically anneal to
the mRNA in the sample. The quantity of C. gloeosporioides quiescent
mRNA sequences was then evaluated with a reporter strand that an-
neals to another position on the quiescent mRNA (Fig. 1). This creates a
surface complex that includes mRNA and reporter strands, which re-
mains on the CMOS surface after the washing steps. Signal generation is
then assessed by a luminescent enzymatic reaction of horseradish per-
oxidase (HRP) enzyme that is conjugated to the reporter strand. This
technology not only allows pathogen detection in fresh agricultural
produce, it also identifies the unseen quiescent fungi inside the fruit
[29].

2. Materials and methods
2.1. Chemicals

Hydrochloric acid (HCD) 37% (#953503) and Hydrogen peroxide
(H20,) (#2186-1) were purchased from J.T. Baker (Phillipsburg, NY,
USA). Methyl alcohol (#6712) was purchased from Macron (Center
Valley, PA, USA). 3-Glycidoxypropyltrimethoxysilane (#440167) and
Tris-EDTA  (#101903432) were purchased from Sigma-Aldrich
(Rehovot, Israel). Silver nitrate coating: p-Glucose (#FG/0500/60),
silver nitrate (#7761-88-8) and sodium hydroxide (#FS/4880/60) were
purchased from Fisher Chemical (Fair Lawn, NJ, USA). Ammonium
hydroxide (#033285.1) was purchased from Alfa Aesar (Lancashire,
UK). The DNA sequences were purchased as described in Table 1.

2.2. Surface activation

To activate the sensor surface, 350-uL flat-bottom glass tubes (CSI,
#1025-630) were incubated in MeOH:HCI solution (1:1, v/v) at room
temperature for 20 min. Then the tubes were dipped in double-deio-
nized water (DDW) and later sonicated in a sonication bath (JK-
OCD30A, MRC, Holon, Israel) for 20 min. The tubes were exposed to

piranha solution (H202:H2S04, 3:7, v/v) at 90 °C for 60 min. Then
they were rinsed with DDW, dried with N, and exposed to 3-glyci-
doxypropyltrimethoxysilane at 60 °C for 60 min. Finally, the tubes were
rinsed with DDW, dried and subjected to silver-deposition procedures.

2.3. Silver deposition

Silver liquid deposition was performed as previously described [30].
Briefly, 500 pL fresh 5% (w/v) NaOH solution was added to a silver
nitrate solution (0.22 g in 26 mL of DDW) with rapid stirring. After the
formation of a dark-brownish precipitate, up to 1 mL of ammonium
hydroxide was added to the deposition solution, until the precipitate
dissolved. The clear solution was cooled to 5 °C by placing the it in an
ice bath. Tubes were placed in the silver deposition solution, and fresh
p-glucose solution (0.35 g in 4 mL of water) was added, then the mix-
ture was stirred for 2 min. Later, the solution was heated to 30 °C. The
tubes were incubated in the deposition solution until a silver layer was
formed on the glass surface, then rinsed with water and dried.

2.4. Fungal inoculation and sample preparation

Single-spore cultures of C. gloeosporioides (isolate Cg-14) obtained
from decayed avocado fruit were cultured on MsS. The cultures were
incubated at 24 °C in a shaking incubator at 150 rpm for 3 days. They
were later harvested by filtration through a sterile Biichner funnel fitted
with Whatman filter paper and rinsed with water. The hyphal mat was
collected under liquid nitrogen and stored at — 80 °C. Freshly harvested
mature green and red tomato fruit (Solanum lycopersicum L.) were used
for inoculation as previously described [10], with minor modifications.
The mature green tomato was inoculated with 7 uL of a conidial sus-
pension (5 X 10° conidia mL 1), at 50 inoculation spots per fruit, with
six different fruit per biological replicate and 10 biological replicates
per treatment. RNA for the appressorium and quiescent stages was
collected 19- and 100- hours post-inoculation of the mature green to-
mato fruit, respectively. For necrotrophic-stage growth, red fruit was
punched with a needle to 1-mm depth and inoculated with 7 pL of a
conidial suspension (5 X 10° conidia mL™1!). Six inoculation spots on
each of six different fruit were inoculated per biological replicate, with
10 biological replicates per treatment. RNA for necrotrophic-stage
evaluation was collected 48 h post-inoculation by removing tissue to
0.5 mm depth. All of the collected tissues were stored at —80 °C.

2.5. RNA extraction

RNA was extracted from 50 mg (fresh weight) of Cg-14 mycelium
that was grown for 10 days on M3S plates, or 100 mg of inoculated
tomato fruit tissue from the three different stages (appressorium,
quiescent, necrotroph). All of the samples were ground in liquid
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Description

Sequence

Company

Reporter strand reverse complementarity sequence to the quiescent marker
(Cgl_00014,454, enoyl-CoA-hydratase/isomerase)

Surface-strand

Thiolated DNA sequences with conjugated fluorescein isothiocyanate

Positive target of the quiescent marker

Negative target sequences of Cgl_00010,698 (pectate lyase) and
Cgl 00010,395 (secretory lipase), respectively

HRP - 5-TGA GGC GTG GGA AGC AAC-3’

5-TGG CTC GCC TTA GAC AGT CC-3’-SH

FITC - 5"-ATG CAC CGT AGC GAC CAG AG-3’-SH

5’-CCC AAG CTC ATA GGA CTG TCT AAG GCG AGC CAC GTC ACG ACC
ACT GGA GAC GTG TAT CCC GTC ACC GAT CCA CTC GTC AAT GGG
CTG TTC TCA AAG TTG CTT CCC ACG CCT CAA CAC ACA GTC-3"
5-TCG TCT TGG GTC TCT GGT CGC TAC GGT GCA TCT CTC ATG CGC
TCA GTC TCT GTG AGA CGC GAG TGA ACT TCG TTT TAC TGG TTA AAG
AAC GGG GAA GGA AGA CAA CGA ACC ACG ACT ATT TCT-3’ and 5~
TGG AAG TCC GGT CCA TGC TCG CGT GTA TCC TGA TAT GGG ACA
CGG CCA GGT TTT GGA GGC CGC CAG GGC TGA TAT CGC TGC TTG

Eurogentec (Seraing,
Belgium)

HyLabs (Rehovot,
Israel)

GAT CGC CGC GAG ATT TGA AGG AGT TCC CGT TGA GAA GAC-3’

nitrogen to a fine powder using a mortar and pestle. RNA was extracted
from Cg-14 mycelium using the Norgen Biotek Plant/Fungi Total RNA
Purification Kit (Thorold, Canada) according to the manufacturer's
protocols with 50 mg of the ground mycelium per isolate as the starting
material. For the RNA extraction from inoculated tomato fruit, total
RNA was isolated from 100 mg inoculated tomato fruit at each of the
three stages, using the Spectrum™ Plant Total RNA Kit (Sigma Aldrich,
STRN250-1 KT), by following the manufacturer's protocol. The purity of
the extracted RNA was assayed with an ND-1000 spectrophotometer
(NanoDrop Technologies, Thermo Scientific, Wilmington, DE, USA),
and the extracts were stored at —80 °C before further analysis.

2.6. DNA immobilization

The DNA was immobilized on the glass surface by exposing the
silver-modified tubes to 20 pL of 1 uM surface-DNA solution diluted
with Tris-EDTA buffer for 1 h at room temperature in the dark. Then,
the tubes were rinsed with Tris-EDTA buffer and exposed to 20 pL of
target and reporter strands. Conventional PCR was performed using a
Veriti 96-Well Thermal Cycler (Applied Biosystems) with one thermal
program cycle (60 s at 90 °C, then 30 s at 75 °C, 30 s at 65 °C and finally
30 s at 53 °C). DNA quality and quantity were measured in the ND-1000
spectrophotometer. After exposure, the tubes were rinsed with Tris-
EDTA buffer and placed on the CMOS sensor or in an in-vivo imaging
system (IVIS-100, PerkinElmer, Waltham, MA, USA) for further light
monitoring.

2.7. Instrument setup and signal measurement

The enzymatic activity was monitored using a specifically designed
field-operable biosensor. The CMOS sensor [ULS solution kit by Anitoa
(Palo Alto, CA)] was placed in a light-tight box to prevent possible light
interference. The data was collected and analyzed using a specific
software that was developed by Anitoa, which enabled the monitoring
of the luminescent signal and the handling of the data in real-time
measurement. A special holder preventing tube movement during the
measurement procedure was combined inside the sensor setup. The
light activation from the enzymatic reaction was observed by the de-
position of 20 pL substrate solution (Luminol:H,0,, 1:1, v/v) on the
CMOS sensor surface, and later placing the sample tubes above it.

2.8. Effect of tube surface location and dithiothreitol (DTT)

The effect of the tube surface location on the silver-deposition ef-
ficiency was examined. Both inner and external tube surfaces were
activated as described in section 2.3. Then, the tubes were exposed to
the silver deposition solution for different time periods (0, 7, 8, 10, 13
and 15 min) as described in section 2.3. Later, the tubes were rinsed,
dried and photographed with a cellphone camera (Samsung, SM-

G955F, Korea). The effect of DTT on DNA deposition on the silver
surface was also examined. The immobilization efficiency was tested by
adding 2.5 mM DTT to the DNA-immobilization solution (thiolated
DNA sequences with conjugated FITC). DNA solutions, with and
without DTT, were incubated with the tubes for 1 h at room tempera-
ture. Then, the tubes were rinsed with Tris-EDTA and analyzed by IVIS-
100.

2.9. Sensitivity and specificity tests

The sensitivity of the CMOS-based sensor was determined by using
tubes with immobilized DNA, which were incubated with different
target DNA concentrations (100, 10, 1, 0.5, 0.3, 0.25 and 0.2 nM), as
described in section 2.6. Then, the tubes were rinsed, dried and mea-
sured by using the CMOS sensor as described in section 2.7. The spe-
cificity of the CMOS-based sensor was determined as described in sec-
tion 2.5, with the exposure step consisting of one positive and two
negative target sequences. The tubes were rinsed, dried and measured
by using the CMOS sensor as described in section 2.7.

2.10. Detection of fungus at different pathogenic stages

The effect of the fungal pathogenicity state on the sensor response
was determined by exposing the tubes to different mRNA extractions
(section 2.5). As previously described in section 2.6, 20 pL extract was
mixed with 20 pL reporter solution (100 nM), and then incubated at
different temperatures. Later, the tubes were rinsed and measured by
using the CMOS sensor (section 2.7).

2.11. Reproducibility of the system and statistical analysis

For each experimental stage, a minimum of 30 separate and dif-
ferent setups were exposed to the examined parameters. Two-way re-
peated-measures analysis of variance (ANOVA) was employed, in order
to evaluate the differences between the tested parameters (i.e., different
DNA sequences in the system-specificity experiments, different target
DNA concentrations in the sensitivity experiments and differences in
the pathogenicity stages (appressorium, quiescence, necrotrophic).

3. Results and discussion
3.1. Optimization of the immobilization process

One of the main challenges in DNA-based sensor development is the
immobilization of the receptor molecules onto the solid-phase trans-
ducer. The bioreporter molecules at the top of the sensor not only need
to retain their activity after the immobilization step, but they also have
to remain sensitive and specific to the target analyte. In this study, the
DNA strands that were immobilized onto the glass surface had to bind
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Fig. 2. Effect of the silver-deposition reaction over time on silver immobilization on the internal (A) and external (B) surfaces of the tube.

the complementary target RNA strands within the sample, and then
complete the hybridization process with the reporter strand on their
opposite end (Fig. 1). The first step of the immobilization process was to
bind the DNA strands onto the silver-modified glass surface. Two dif-
ferent deposition locations in the tube were chosen (i.e., inside and
outside the tube surface). First, the effect of the reaction time on the
deposition efficiency was tested (Fig. 2). The silver-modification pro-
cess is a kinetic reaction in which the layer formation depends on the
exposure time of the glass surface to the deposition solution [31,32].
However, no visible correlations were observed between deposition
time and silver uniformity on the inner surface (Fig. 2A). This might
have been due to the difficulty in controlling all of the surface activa-
tion and modification conditions (i.e., rinsing and drying steps, ex-
posure temperatures and times) during the glass-activation and silver-
deposition processes in the small inner tube volume. Moreover, the tube
structure also makes it difficult to proceed with the rinsing and drying
steps, which are critical for effective treatment. Therefore, residual
water and chemicals may interfere with further silver deposition. An-
other possible reason for the non-uniform deposition is the inability to
control the reaction temperatures inside the tube. Therefore, external
surface modifications were also examined. The external tube surface, in
this case, is more convenient for an efficient rinsing and drying, and the
solution temperature can be easily controlled for optimal modification
procedures. Indeed, in this case, similarly to previous studies [33], in-
creasing exposure time induced silver deposition and created more
uniform layers (Fig. 2B). Thus, the external surface-modification pro-
cedure was chosen for further experiments.

Additional parameters were evaluated in order to optimize the de-
position protocol, such as the effects of deposition temperature, stirring
intensity during the immobilization process, and chemical concentra-
tion (data not shown). In addition, the effect of DTT, a small-molecule
redox reagent used as a reducing or “de-protecting” agent for thiolated
DNA [34], on the surface-immobilization efficiency was tested. DTT is
usually added to thiolated DNA in order to lower or prevent coupling
self-reactions between the terminal sulfur atoms, and it is used in
chemistry, biochemistry, peptide-protein reactions and clinical medi-
cine applications [35]. In this study, adding DTT to the DNA incubation
solution not only changed the morphology of the silver (e.g., color and
opacity) (Fig. 3D) but also had a negative effect on the DNA-im-
mobilization efficiency (Fig. 3E). In contrast to the glass surface treated
only with DNA (Fig. 3C), there were no visible responses from tubes
exposed to the DNA-DTT solution (Fig. 3E). This might be due to an
interaction between the silver surfaces and DTT, which is a strong re-
ducing agent, with a redox potential of —0.33 V at pH 7 [36]. It is
known that DTT, as well as other SH-containing compounds, strongly

bind to silver atoms [37]. Thus, the observed inhibitory effect might be
explained by DTT binding to the silver nanoparticles, thereby pre-
venting further DNA immobilization. Changes in the silver color of the
samples with DTT supported this assumption (Fig. 3D). Thus, all further
immobilization procedures were performed without adding DTT to the
incubation solution.

3.2. Specificity of the CMOS system to the target strands

Specificity of the CMOS-based system was assessed using mRNA
sequences isolated from C. gloeosporioides (as described in sections 2.4
and 2.5) that were upregulated during the quiescent stage [9]. For each
experiment, the biosensor was operated with three different strands,
i.e., surface, target, and reporter with conjugated HRP. This measuring
technology is based on specific nucleic acid hybridization of the im-
mobilized DNA probe on the sensor. Analyte DNA and reporter strands
have been widely used to detect bacteria, fungi and genetically mod-
ified organisms [38,39]. The rationale is that the signal will only be
generated in the presence of the target analyte in the sample, which will
anneal to the surface DNA strand from one side and to the reporter
strands in its opposite direction. The sensor's ability to distinguish be-
tween C. gloeosporioides mRNA that is upregulated during the quiescent
stage and other tested strands was confirmed by specificity trials
(Fig. 4). The specificity of the proposed device was demonstrated by
differences between the responses of the sensor to the complementary
strand (Fig. 4B) and the noncomplementary DNA strands (Fig. 4A and
C, Cgl 00010,698 and Cgl 00010,395, respectively). A much higher
signal was observed in response to the complementary DNA sequence of
the quiescent stage-upregulated transcript (Cgl_00014,454), enabling a
precise distinction between the specific and nonspecific sensor re-
sponses (Fig. 4).

3.3. Sensitivity and efficiency of the CMOS system

The sensitivity of the proposed system was evaluated by exposing
the modified tubes to the mixtures with a constant concentration
(100 nM) of the quiescent-stage reporter and a constant concentration
(100 nM) of surface strands and different concentrations of the target
RNA strand. The results presented in Fig. 5 demonstrate the ability of
the sensor to distinguish between different concentrations of the target
RNA strand molecules in solution above a 5 nM threshold of the target
sequence. The proposed CMOS application provided similar sensitivity
to many other optical-based [40,41], electrochemical-based [42,43]
and mass-balance-based [44,45] biosensors for pathogen detection in
plants, while the PCR technology enables a more sensitive DNA
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Fig. 3. Effect of dithiothreitol (DTT) on tube-surface
stability and DNA immobilization efficiency. Tubes
were modified with a silver layer (A) and incubated
with thiolated DNA without (B and C) and with (D
and E) DTT. While (A), (B) and (D) show changes in
the surface morphology, (C) and (E) show DNA
fluorescence as a factor of immobilization efficiency.

Enoyl-coA-
hydratase/isomerase

(B)

Secretory lipase

Pectate lyase N.C.
(A

DNA sequence

Fig. 4. Specificity of the system to (A) a nonspecific DNA sequence
(Cgl_00010,698; pectate lyase), (B) a specific DNA sequence (Cgl_00014,454;
enoyl-CoA-hydratase/isomerase) and (C) a nonspecific DNA sequence (secre-
tory lipase; Cgl_00010,395). A negative control (N-C.) shows the response of the
device to a synthetic DNA. *P < 0.005 by ANOVA. RLU, relative light units.

detection. An additional advantage of the CMOS-based application is
the active-pixel sensor technology, where each picture element (pixel)
has a photodetector and an active amplifier [46]. This not only in-
creases the sensitivity of the sensor, but also provides better

visualization of the light activity on the surface of the tubes during the
measurement process. This effect can be seen in Fig. 5B, with brighter
zones above the tube surface and their quantification in Fig. 5A. Fur-
thermore, at all higher tested concentrations (up to 10 nM), the tube
dimensions were easily visualized by similar light activities above the
tube surface.

3.4. Application of the CMOS system to in-vivo evaluation

The CMOS-based sensor development for the detection of quiescent-
stage fungi in fruit required also the evaluation of the RNA of the peel at
different C. gloeosporioides-infection stages. The CMOS biosensor was
exposed to RNA extracted from tomato fruit inoculated with C. gloeos-
porioides at different developmental stages. Postharvest fungal patho-
gens usually penetrate the fruit before harvest. The fungi then enter into
a long quiescent and microscopic phase in the immature fruit; when the
fruit ripens, the fungi then switch to their necrotrophic stage and cause
decay [9,10]. For this CMOS biosensor proof of concept, the focus was
on detecting the fungus during its microscopic quiescent stage and
identification of mRNA that is highly expressed during fungal quies-
cence. This application that includes the use of complementary strands
(surface and reporter, Fig. 1) to these mRNAs, which are induced during
quiescence, allows simple and sensitive visualization of gene induced
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Fig. 6. Response of the system to total peel RNA at different C. gloeosporioides-
infection stages. In parallel, the system was exposed to RNA extracted from
fungus grown on the plate (in vitro) and to a synthetic DNA sample. RLU, re-
lative light units; P-C., positive control; N-C., negative control. “P < 0.005 by
ANOVA.

expression. Fig. 6 demonstrates the responses of the biosensor to the
fungus in vitro (i.e., hyphal growth stage) and at three different in-vivo
stages on tomato fruit—appressorium (penetration stage), quiescence
(latent stage) and necrotrophic (pathogenic stage). In parallel, CMOS
was exposed to the synthesized DNA sequence (as a positive control)
and samples without target DNA (as a negative control). Quiescent and
necrotrophic stages induced sensor responses compared to the appres-
sorium stage (Fig. 6). The gene enoyl-CoA-hydratase/isomerase is
highly induced during the quiescent stage, when the fungi are dormant
and their metabolic and transcriptomic activities are significantly re-
duced [10]. Interestingly, the signal was also visible during necro-
trophic and pathogenic colonization, when this specific gene is not
induced but the fungi are highly active and proliferating (Fig. 6). The
correlation between light intensity and DNA concentration in the
sample was shown in section 3.3 (Fig. 5). Thus, during quiescence,
mRNA transcription is induced, with more RNA hybridization to the
immobilized surface and reporter DNA sequences and therefore a
stronger light emission was observed. During active pathogenicity, the
fungi will grow and proliferate, leading to similar light emission. These
results show that the proposed system is not only able to determine the
presence of the pathogens in fresh postharvest produce, but also senses
fungi during their microscopic quiescent stage when their metabolism is
reduced, while they are not visible to the naked eye.

4. Conclusions

This work presents a proof of concept of a novel CMOS-based bio-
sensor for fungal detection in harvested crops. Moreover, the evaluation
of the fungus inoculum rate, even during quiescent stage. Specificity
and sensitivity of the technology were assessed with mRNA sequences
isolated from C. gloeosporioides. In addition, the biosensor was able to
distinguish between different pathogenicity stages. It is important to
mention that, to the best of our knowledge, similar biosensors or other
detection devices are not available for fungal pathogenicity in fresh
produce, which are based on specific mRNA sequences corresponding to
different stages of the fungal life cycle. There are numerous publica-
tions describing biosensors containing CMOS systems that are based on
nucleic acids detection [47,48], but none directly address to identifi-
cation of the stages (appressorium, quiescence or necrotrophic) of a
disease or the life cycle of fungus. Furthermore, most of these reports
describe pathogen-detecting devices for medical and clinical applica-
tions [16,49], and not for agricultural or food purposes. The unique

Talanta 217 (2020) 120994

ability of the proposed system to detect and recognize the fungus during
both pathogenic and quiescent stages will decrease food losses by al-
lowing improved postharvest management. For example, fruit with a
high inoculum rate will be sold to the local market or as processed food,
whereas fruit with low inoculum rates can be stored for long periods or
exported.
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