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Fusarium proliferatum (F. proliferatum) belongs to the liseola
section of Fusarium, and causes rot of stalk and ear, and reduces
crop yield and quality."”* Mycotoxins are accumulated in crop
tissues during the process of F. proliferatum infection, which
severely endanger the health of people and livestock.®* Early
detection is essential for control of occurrence and develop-
ment of rot disease. PCR-based detection methods of F. pro-
liferatum are developed* to ensure yield and quality of crops and
food safety. However, the method needs PCR instruments,
skilled personnel, and purified genomic DNA as a template,
which cannot be performed without a molecular laboratory. As
a result, there is an instant demand to develop simple and
sensitive methods to identify the presence of F. proliferatum on
crops and their by-products.

Biosensing has gradually become a high-profile technology
with many merits, for example rapidity, high sensitivity and
selectivity, and low cost, and has been generally used to detect
a series of biotic components.>® Signal amplification steps are
always used to elevate the sensitivity of different types of
biosensors.”*® For genomic DNA detection, dsDNA products
are generally obtained by PCR or isothermal amplification
including loop-mediated isothermal amplification (LAMP)"
and recombinase polymerase amplification (RPA)."> LAMP
reaction is performed using four or more primers at 60 °C or
higher, which makes it is not as simple and convenient as that
of RPA.

Recombinase polymerase amplification has been applied to
detect many nucleic acid targets, such as intestinal protozoa,*
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and rolling circle amplification was established. Single-stranded circle DNA was produced based on one
strand of RPA product, which used as a template for rolling circle amplification.

dengue virus,** Leishmania donovani,* pan-rickettsial,'® and the
root-knot nematode Meloidogyne enterolobii.'” It mainly has
three kinds of proteins, including recombinase, single-stranded
DNA binding protein (SSB) and polymerase. Recombinase
combines with primers, and the complex scans the DNA
template. When the homologous sequence is found, primers
hybridize with the target DNA to form a D-loop structure, and
the complementary strand is stabilized by SSBs. In the presence
of polymerase, primer extension is initiated. Newly produced
dsDNA is the template for the next round of RPA. Recombinase
and SSB make RPA bypass the heat denaturation in PCR.*® Two
primers are needed in the RPA system,” which are similar or
slightly longer than those used in traditional PCR. The RPA
reaction is generally completed within 20 min.*® The product
could be cloned and sequenced after purification. Compared to
high request of template purity in PCR and LAMP system, RPA
system could successfully amplify target sequences without
purification, which is an advantage in application of point-of-
care detection.*"*?

Rolling circle amplification (RCA) is one of the most
popular tools for signal amplification, which has been widely
used for detection of miRNA, single nucleotide poly-
morphisms, pathogens, cancer cells and their biomarkers.>*"*
However, if there are two or more probes in the system, high
background noise cannot be avoided,*® which lowers the reli-
ability of the results. For decreasing the background noise, 3'-
ends of non-RCA related probes are always closed by spacers
using many strategies related to RCA.?”*® Nevertheless, block
reactions with spacers are not always complete, and DNA
probes without spacer still produce backgrounds. T5 exonu-
clease can degrade linear ssDNA, linear dsDNA and nicked
plasmid DNA into mononucleotides in the 5 — 3’ direc-
tion,?**® while circular DNA will not be degraded. The feature
of T5 exonuclease could be used to decrease backgrounds in
RCA-based assays.

G-quadruplex is a G-rich DNA or RNA sequence, and
consists of four parallel or anti-parallel hybridized fragments.
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Three adjacent guanosines are in each of the four strands,
which form three paralleled planes through hydrogen bonds.
G-quadruplex DNAzymes have activity of peroxidase-like
complexes.** They are used in a variety of label-free biosen-
sors due to the advantages of simple use, cost-effectiveness,
easy modification and acquisition.*»* G-quadruplex-related
strategies are also coupled with signal amplification steps,
for example strand displacement amplification®*** and RCA3®
to elevate the sensitivity. RCA produces large weight ssDNA
with G-rich sequences using circular ssDNA as template
bearing trans-complementary G-quadruplex sequences. More
than eight G-quadruplexs can be constructed to multimeric G-
quadruplexes, which has higher peroxidase activity than single
G-quadruplex DNAzymes.*”

Based on RPA and RCA, a visual biosensor for sensitive
detection of Fusarium proliferatum assisted by T4 DNA ligase
and T5 exonuclease was constructed. The G-quadruplex
sequence was added to the 5-end of primer-F of RPA, which
would be at the end of RPA product. To elevate the sensitivity
of the biosensor, RPA was coupled to RCA through joining
terminals of one strand of the RPA product in the presence of
T4 DNA ligase. There was only one probe and no other oligo-
nucleotides in the RCA system after T5 exonuclease degrada-
tion, and the visual method was performed with very low
background.

The strategy is shown in Scheme 1, and it included extrac-
tion of genomic DNA of F. proliferatum DSM62267 (F120), two
rounds of amplification of target DNA, and visual detection.
Firstly, genomic DNA was released from the cell wall of F120 by
boiling and freezing method. Secondly, dsDNA was produced
by RPA reaction with primer-F and primer-R using genomic
DNA of F120 in crude extraction as template directly. The
trans-complementary sequence of G-quadruplex was added to
the 5-end of primer-F, which would be at one end of RPA
product. The 5-terminal and 3’-terminal of one strand of
dsDNA was hybridized with probe 1, and formed a new phos-
phodiester bond in the presence of T4 DNA ligase. A circular
ssDNA was obtained. Then all linear DNAs in the resulting
solution were degraded into single nucleotides by T5 exonu-
clease in 5 — 3’ direction, and only circular ssDNA remained
intact. The RCA reaction was performed using circular ssDNA
as template by phi29 DNA polymerase and probe 2, and large
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Scheme 1 Schematic illustration of RPA-RCA-assisted dual amplifi-
cation for visual detection of F. proliferatum.
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weight ssDNA was produced. In the presence of hemin, G-
quadruplex DNAzymes in RCA products were constituted to
be DNAzyme with peroxidase-like activity. After ABTS*~ and
H,0, were added, the resulting solution turned green.
However, if there was no F120, no DNA target was amplified by
RPA, and the linear DNA were all degraded by T5 exonuclease.
No circular ssDNA was produced. So no specific green color
was observed in the final solution.

The feasibility of dual amplification of RPA and RCA was
checked by 2.5% agarose gel electrophoresis. As shown in
Fig. 1A, genomic DNA of F120 in crude solution was used as
template for RPA without purification. Products of dsDNA were
obtained by primer 1 and primer 2 through RPA (lane 1). Lane 2
was the negative control, and genomic DNA of uncontaminated
maize flour was used as template. The 5'-terminal and 3'-
terminal of one strand of dsDNA were hybridized with probe 1.
When T4 DNA ligase was added, the terminals were joined
readily to form a circular ssDNA. Linear DNAs were all degraded
into mononucleotides completely (lane 3) and the newborn
circle of ssDNA was undamaged in the presence of T5 exonu-
clease. In the presence of probe 2 and phi29 DNA polymerase,
the RCA reaction was performed, and a band with very high
molecular weight was observed (lane 4), which was in line with
the high efficiency of RCA amplification. The data show that
detection of F. proliferatum is feasible using dual-cycle ampli-
fication by RPA and RCA. The primers and probes are shown in
ESI Table 1.}

To evaluate the feasibility of the visual method, RCA prod-
ucts were incubated with hemin, ABTS?>~, and H,O,. The
specific green color in the final solution was analyzed by UV-Vis
absorption (390-490 nm) (Fig. 1B). There was no absorption
peak in the solution containing only hemin, ABTS®>~ and H,0,
at 420 nm (a), while in the presence of target DNA, a well-
defined absorption peak at about 420 nm was observed (c).
However, there was no peak in the absence of genomic DNA of
F120 (b). Similar to absorption results, specific green color was
observed in tube c (Fig. 1B, top right corner), and tube a and
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Fig. 1 (A) 2.5% agarose gel electrophoresis. Lane 1, RPA product using
genomic DNA of maize flour contaminated with F. proliferatum as
template. Lane 2, the blank control, and genomic DNA of healthy
maize flour was used as template. Lane 3, RPA product + probe 1 + T4
DNA ligase + T5 exonuclease. Line 4, RPA product + probe 1 + T4 DNA
ligase + T5 exonuclease + phi29 DNA polymerase + probe 2. (B)
Colorimetric detection within wavelength of 390-490 nm, (a) blank
control, (b) in the absence and (c) in the presence of genomic DNA of
F. proliferatum. The inset in (B) is the image of tubes containing cor-
responding samples in UV-Vis monitor. The amount of genomic DNA
of F120 was 1 pg.
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Fig. 2 (A) Absorption curves of the resulting solution containing

various amounts of genomic DNA of F120 in the wavelength range of
390-490 nm. The arrow represents the DNA amount of F120 from low
(a) to high (h), and the amount of DNA was 0 pg (a), 0.1 pg (b), 0.5 pg (c),
1 pg (d), 5 pg (e), 10 pg (f), 0.1 ng (g), and 5 ng (h), respectively. The
insert is the image of the specific color in corresponding genomic DNA
of F120. (B) The linear correlation between the absorbance and the
negative logarithm of genomic DNA quantity of F120. Error bars
represent the standard deviations of three repeated experiments and
the same below.

tube b were almost colorless. The data show that the RPA-RCA-
assisted visual method was feasible for F. proliferatum detec-
tion, and the results could simply be observed by naked eyes
within two hours.

To acquire satisfactory analytical performance, some condi-
tions in the assay needed to be optimized, such as concentra-
tion of probe 1, reaction time for ligation and RCA reaction
(Fig. S17). The amount of genomic DNA of F120 was 1 pg. To
study the analytical performance of the visual strategy, the
amount of F120 amplified DNA was monitored under the
optimal conditions by UV-Vis absorption of the final solution.
As shown in Fig. 2A, the absorbance increased with the amount
of DNA of F120 from 0 to 5 ng. The more F120 DNA was used as
template, the more dsDNA was obtained by the RPA reaction
and the more circular ssDNA was produced in the presence of
T4 DNA ligase and T5 exonuclease. Ultimately amount of G-
quadruplex sequences were synthesized by the RCA reaction
at constant time resulting in an increased number of hemin/G-
quadruplex DNAzymes and an increase in UV-Vis absorption. A
linear dependence between the absorbance and the negative
logarithm of amount of genomic DNA of F120 was obtained in
arange of 0.1 pg to 0.1 ng (Fig. 2 B). The regression equation was
A =0.1661 lg m + 2.318, with a correlation coefficient of 0.9918,
and A and m represent the absorbance of the final solution and
the quantity of genomic DNA of F120, respectively. According to
the sum of blank response and 3 times standard deviation, the
detection limit was calculated to be 0.05 pg. It shows that the
proposed strategy could enable ultrasensitive detection of F120.
RPA-related detection of Plasmodium falciparum is by lateral
flow analysis. The detection limit reached 100 fg of genomic P.
falciparum DNA.*® However, the method of lateral flow analysis
is rather expensive when a large number of samples need to be
tested. In our previous study, the limit of visual detection of
Fusarium proliferatum based on asymmetric recombinase poly-
merase amplification and hemin/G-quadruplex DNAzyme is
0.01 ng. The strategy is simple and cost effective, and it is not
very sensitive.”> Though the RPA-RCA-assisted assay has more
steps, each reaction could be performed at room temperature or
37 °C. The significant advantage of our strategy is low
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Fig. 3 Selectivity of the proposed method. Healthy maize (1), F.
equiseti RD13 (F216) (2), F. culmorum 3.37 dus Bomm (F109) (3), F.
avenaceum borman (F112) (4), Ralstonia solanacearum (5), Puccinia
sorghi (6), F. proliferatum DSM62267 (F120) (7), and the genomic mix
of six fungi (8). The amount of genomic DNA of each sample was 1 pg.

background. T5 exonuclease digests all linear DNA, and only
single stranded circle DNA and probe 2 are in final solution. The
assay could detect F. proliferatum in basic lab with high sensi-
tivity and specificity. The color difference between the positive
and negative results could be distinguished with the naked eye,
and it is very convenient and cost effective compared with that
of fluorescence or lateral flow analysis. Sensitivity of the assay
was compared with that of other RPA or RCA-related colori-
metric methods (ESI Table 27).

Selectivity of the DNA-based biosensors is essential because
of the presence of large amounts of nucleotide fragments from
the host and other living organisms. The three fungi of Fusa-
rium equiseti RD13 (F216), F. culmorum 3.37 dus Bomm (F109),
and F. avenaceum borm (F112) were choosed as control. In
addition, Ralstonia solanacearum and Puccinia sorghi were
important and familiar pathogens in corn, and they were also
analyzed to verify the specificity of proposed strategy using DNA
of these fungi as controls. The amount of genomic DNA of each
sample was 5 pg. As shown in Fig. 3, absorbance of the resulting
solution from F216 (2), F109 (3), F112 (4), Ralstonia sol-
anacearum (5), and Puccinia sorghi (6) was similar as that of the
blank control (1). However, the absorbance originating from
F120 was strong (7). In addition, the mix of the genomic DNA of
healthy maize and F120 also produced almost the same absor-
bance (8) as that of F120. The data show that the visual assay has
satisfactory selectivity.

PCR-based method is fundamental for nucleic acid amplifi-
cation. To verify the feasibility of the proposed assay in a real
sample test, 4 positive samples and 26 field-collected samples
were tested by the proposed strategy and the PCR-based method
Primer-F and primer-R are used in the both method. The results
show that 11 of 26 field-collected samples contained fungi

Table 1 Detection of field samples based on RPA-RCA-assisted assay

RPA-RCA-assisted
PCR-based detection detection
Sample Positive Negative Positive Negative
4 4 0 4 0
26 11 15 11 15
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belonging to F. proliferatum, and the results from the two
methods were completely consistent with each other, showing
that the RPA-RCA-assisted visual strategy is robust, and could be
applied for field tests (Table 1).

The strategy has obvious advantages. By the use of T5
exonuclease and T4 DNA ligase, RPA was coupled to RCA by
circulating one strand of the RPA product. The target was
amplified twice and could be detected at a concentration as low
as 0.05 pg. The RPA and RCA are performed at consistent
temperature (42 °C and 30 °C), showing the practical applica-
tion of the proposed assay. Positive/negative results were easily
distinguished with the naked eye through the observation of
color differences in the final solution.

In summary, a visual detection of F. proliferatum species by
T5 exonuclease and T4 DNA ligase was established. This is the
first report on the detection of F. proliferatum in crops by
a visual method. With a proper combination of RPA with RCA,
the assay achieved high sensitivity, which showed a detection
limit of 0.05 pg. The assay also shows the feasibility of this
visual biosensor in practical applications. The method was
label-free, fairly simple, and general staff could operate it with
no need of sophisticated instrumentation. It is also suitable for
any other DNA detection such as viruses, bacteria, plants or
animals by simply changing the specific primers of target DNA.
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