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HIGHLIGHTS GRAPHICAL ABSTRACT

e CRISPR/Casl2a-based biosensor for
methylmercury biomarker gene hgcA in
PaddY'SOil Microsystem Thermal stability Improved sensitivity

e A novel thermal stable Casl2a subtype O
work in 37-57 °C with high efficiency

e Microdose on the detection performance
of CRISPR/Casl2a biosensor was
discussed.

e Coupling gRNAs obviously increase
fluorescence and lower LOD due to
synergistic effect.

Gene AgcA Fluorescence

ARTICLE INFO ABSTRACT
Editor: Kevin V. Thomas The lack of point-of-use (POU) methods hinders the utilization of the hgcA gene to rapidly evaluate methyl-

mercury risks. CRISPR/Cas12a is a promising technology, but shortcomings such as low sensitivity, a strict re-
Keywords: action temperature and high background signal limit its further utilization. Here, a thermally stable microsystem-
Methylmercury based CRISPR/Cas12a biosensor was constructed to achieve POU analysis for hgcA. First, three target gRNAs
CRISPR/Cas12a were designed to recognize hgcA. Then, a microsystem was developed to eliminate the background signal. Next,
HgcA - . o1s
Paddy soil the effect of temperature on the activity of the Cas12a-gRNA complex was explored and its thermal stability was

discovered. After that, coupling gRNA assay was introduced to improve sensitivity, exhibiting a limit of detection
as low as 0.49 pM with a linear range of 0.98-125 pM, and a recovery rate between 90 and 110 % for hgcA. The
biosensor was finally utilized to assess hgcA abundance in paddy soil, and high abundance of hgcA was found in
these paddy soil samples. This study not only systematically explored the influence of temperature and micro-
system on CRISPR/Casl2a, providing vital references for other novel CRISPR-based detection methods, but also
applied the CRISPR-based analytical method to the field of environmental geochemistry for the first time,
demonstrating enormous potential for POU detection in this field.
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H. Cao et al.
Environmental implication

This study reports a POU analysis for hgcA using a coupling gRNA-
based CRISPR/Casl2a biosensor in a thermally stable microsystem
that demonstrates low background, high sensitivity and specificity over
a wide temperature range, providing a promising tool for on-site
detection of the hgcA gene in paddy soil for evaluating MeHg exposure.

1. Introduction

Mercury (Hg) is the only global pollutant among all heavy metals
that has been addressed at international conventions, to date, the Min-
amata Convention (Meng et al., 2021; Shao et al., 2016; Wu et al., 2016).
The toxicity of different forms of mercury varies greatly, and methyl-
mercury (MeHg) in particular is highly toxic (Braaten et al., 2019; Selin,
2009; Wu et al., 2020; Zhang et al., 2010; Zhang et al., 2022). Previous
studies found that rice can accumulate MeHg with much higher effi-
ciency than other crops and has become the main exposure source in
some areas (Chang et al., 2020; Hsu-Kim et al., 2018; Zhang et al., 2010).
Herein, to achieve the safe use of farmland and ensure food security, it is
urgent to evaluate the MeHg risk in paddy soil, especially in paddy soil
systems with serious mercury pollution, such as those near abandoned
mercury mining areas (Feng et al., 2022).

Studies have found that MeHg in rice is absorbed from paddy soil by
roots and that the main source of MeHg in paddy soil is microbially
mediated mercury methylation (Capo et al., 2022; Regnell and Watras,
2019; Wang et al., 2014; Zhao et al., 2020). Utilizing the corrinoid
protein encoded by the hgcA gene as a methyl donor to transfer methyl
group from CHs-H4 folate to cob(l)alamin-HgcA, which can be further
reduced to MeHg, is a key step in microbial mercury methylation in
paddy soil (Fleming Emily et al., 2006; Ma et al., 2019; Parks Jerry et al.,
2013; Wu et al., 2020). Therefore, soil hgcA could be used as a biomarker
to indicate the potential capacity of microbial mercury methylation and
further reflect the potential risk of MeHg. For example, Liu et al. found
that the abundance of hgcA was positively correlated with the concen-
tration of MeHg in soil (Liu et al., 2014).

Currently, the main methods of analysing hgcA are metagenomic
sequencing and qPCR (Christensen et al., 2019; Liu et al., 2018).
Although the former can provide detailed sequence information and the
latter can generate quantitative data with high sensitivity and speci-
ficity, the tedious pretreatment process, expensive analysis and reliance
on complicated equipment and professionals restrict their utilization on
site (Kugelman et al., 2015; Zhao et al., 2015). Due to the limitations of
analytical methods, hgcA cannot yet be applied to on-site rapid screening
of the potential risk of MeHg. Therefore, developing a point-of-use
(POU) method that can detect hgcA on site at a large scale is of great
significance.

Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) is a milestone biotechnology, and CRISPR/Cas12a is a repre-
sentative method (Chen Janice et al., 2018; Knott Gavin and Doudna
Jennifer, 2018). Under the guidance of only one gRNA, Casl2a can
recognize target DNA with high precision, and its trans-cleavage is then
activated to cleave ssDNA probes nonspecifically (Chen Janice et al.,
2018). Due to its high ssDNA cleavage efficiency and great compatibility
with various modification groups, Casl2a can be used to construct
different signal transductions, such as fluorescence, lateral flow analysis
and colorimetry, depending on different conditions (English Max et al.,
2019; Gootenberg Jonathan et al., 2018). Additionally, the method is
easy to operate and can be conducted at constant temperature (Wang
et al., 2022). Moreover, although no systematic studies have been per-
formed, the Cas12a-gRNA complex might have a wide active tempera-
ture range (Ooi et al., 2021). Due to its high specificity (which could
even reach to few bases), efficient signal transduction and extraordinary
signal amplification capability as well as no need for thermal cycle etc.,
CRISPR/Cas12a-based biosensors are promising for POU detection (de
Puig et al., n.d.; Kang et al., 2022; Luo et al., 2022).
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Although CRISPR/Casl2a has exhibited great advantages, issues
such as background signal interference and insufficient sensitivity limit
its further application. The Cas12a-gRNA complex still exhibits trans-
cleavage activity to some extent even without a target, which gener-
ates a background signal (Wang et al., 2020). Considering that POU
detection usually does not involve high-resolution equipment, back-
ground signals may seriously interfere with the results. In addition, the
reagent cost of CRISPR/Cas12a restricts its wide application. Moreover,
the sensitivity of CRISPR/Cas12a is not sufficient for low-concentration
samples without auxiliary signal magnification models, such as pre-
amplification. For example, Chen and Tang et al. found that it was
difficult to directly detect samples with concentrations lower than 10 pM
using CRISPR/Casl2a (Chen Janice et al., 2018; Tang et al., 2022).
Although some studies have tried to combine isothermal amplification
with CRISPR/Cas12a to improve the sensitivity and obtained ideal re-
sults, the process increased the operation complexity, especially when
the reaction conditions, such as LAMP preamplification and Casl2a
cleavage, were different (Chen Janice et al., 2018; Feng et al., 2021).
Therefore, it is very important to optimize the detection system to
overcome the interference of background signals, improve the sensi-
tivity, and simultaneously decrease the analysis cost without
preamplification.

Above all, a thermal stable microsystem based CRISPR/Casl2a
biosensor with coupling gRNA assay was developed in this study to
achieve low-cost, highly sensitive and specific detection of hgcA. First,
the Cas12a protein enAsCas12a-HF1 was selected due to its high activity
and wide PAM (protospacer adjacent motif) compatibility, and then
three gRNAs that specifically target hgcA were designed and validated.
Next, we optimized the detection method by developing a microsystem
to significantly reduce the strong background signal. Then, systemic
research on the effect of temperature on the activity of the Cas12a-gRNA
complex was conducted to explore its thermal stability. Additionally, a
coupling gRNA assay was introduced to improve the sensitivity. The
method was finally applied to hgcA detection in paddy soil to explore its
relationship with Hg and MeHg and provide information for MeHg risk
assessment. We hope the newly developed POU method consumes an
extremely low amount of reagents and exhibits a faster reaction rate,
higher sensitivity and negligible background signal compared to that of
the traditional CRISPR/Cas12a analytical platform, providing a poten-
tial POU tool for on-site screening of hgcA in paddy soil at a large scale.

2. Materials and methods
2.1. Materials and reagents

NEB Buffer 2.1 (B7202S) was purchased from New England Biolabs
(USA), gRNAs were synthesized by Bio-Lifesci (China), plasmid pUC-
GW-Kan containing hgcA was constructed by Genewiz (USA), and the
sequences are shown in Table S1. Competent DH5a (B528413-0010),
Isopropyl-beta-D-thiogalactopyranoside ~(IPTG, A100487), tris(2-
carboxyethyl) phosphine (TCEP, A600974) and ssDNA probes were
obtained from Sangon Biotech (China). UltraPure™ DNase/RNase-Free
Distilled Water (10977023) was purchased from Thermo Fisher Scien-
tific (USA). The plasmid for the expression of enAsCasl2a was from
Miaoling Biotechnology Co., Ltd. (China). Kanamycin (K8020) was
purchased from Solarbio LIFE Sciences (China), cocktail protease in-
hibitor (§25910) and 1 M HEPES (R20072) were purchased from Yuanye
Bio-Technology Co., Ltd. (China).

2.2. Preparation of enAsCas12a-HF1

The plasmid pET-28b-T7-henAsCasl2a-HF1 was first transfected
into competent Rosetta 2(DE3) cells by heat shock treatment followed
by inoculation into broth agar medium containing 50 mg/L kanamycin
and 30 mg/L chloramphenicol. After growing overnight at 37 °C, the
successfully transformed strain was selected and then inoculated into
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100 mL of dual-resistant liquid broth medium. After growing to satu-
ration at 37 °C and 220 RPM, 20 mL of saturated bacterial solution was
transferred to 1 L of dual-resistant liquid broth medium and cultured to
logarithmic metaphase. Then, IPTG was added to the solution to induce
expression with a final concentration of 0.1 mM. The bacteria were then
collected by centrifugation at 4 °C and 5000 xg for 10 min after
expression at 18 °C for 18 h. Finally, the bacteria were stored at —80 °C
until purification.

The bacteria were thawed on ice followed by lysis with lysis buffer
(20 mM HEPES pH 7.5, 300 mM NaCl, 2 mM MgCl,, 20 mM imidazole,
0.5 mM TCEP, 0.1 % Triton X-100, 0.25 mg/mL lysozyme, 1:100 pro-
tease inhibitor) and ultrasound. The ratio of bacteria to lysis buffer was
1:5. Then, the lysate was centrifuged at 40000 xg for 1 h 30 min at 4 °C to
separate the proteins and bacteria. After that, the supernatant was
loaded into a Histrap HP (Cytiva, USA) and eluted linearly with buffer A
(50 mM Tris HC, pH = 8.0, 20 mM imidazole, 300 mM NaCl, 0.5 mM
TCEP) and buffer B (50 mM Tris HCl, pH = 8.0, 300 mM imidazole, 300
mM NaCl, 0.5 mM TCEP) at Akta pure 25 M (Cytiva, USA). The buffer
was then exchanged to Buffer C (20 mM Tris-HCl, pH 7.5, 200 mM NaCl,
10 % (v/v) glycerol) by a desalting column. Finally, the protein was
concentrated to 10 pM by ultrafiltration, and its concentration was
determined by a Qubit 4.0 fluorometer. The purified protein was stored
at —80 °C until use.

2.3. Preparation of the hgcA-containing plasmid

After the construction of the plasmid, it was transfected into
competent DH5a cells by heat shock treatment. Then, the bacteria were
inoculated into LB agar medium containing 50 mg/L kanamycin. An
adequate colony was selected after overnight growth at 37 °C and then
inoculated into 100 mL kanamycin-resistant liquid LB medium. After
growing to saturation, the plasmid was extracted by a Tiangen plasmid
small extraction kit (DP103) according to the manufacturer's in-
structions. The concentration was analysed by a Qubit 4.0 fluorometer.
Finally, the plasmid was stored at —80 °C until use.

2.4. Construction of the initial CRISPR/Cas12a system

The preassembling solution containing 1 pM Casl12a, 1.25 pM gRNA
and 1 X NEB buffer 2.1 was first incubated at 37 °C for 10 min. Then, 2
pL of the complex was transferred to 16 pL of 1 X NEB buffer 2.1 solution
containing plasmids of different concentrations and 2 pL of 5 pM ssDNA
probes. Next, the reactions were incubated at 37 °C for 60 min, and the
fluorescence was collected by qPCR (ABI7500). Four parallel reactions
were performed for each concentration.

2.5. Construction of the microsystem

The preassembly procedure was similar to the construction of the
initial CRISPR/Cas12a system. Then, the solution was diluted 10, 100,
and 1000 times, and 2 pL aliquots of diluted complexes with different
contents were added to 16 pL of 1 X NEB buffer 2.1 solution containing
1.25 nM hgcA and 2 pL of 5 pM ssDNA probes. The solution was then
incubated at 37 °C for 60 min, and the fluorescence was collected by
qPCR (ABI7500) each minute. Four parallel reactions were performed.

2.6. Evaluation of thermal stability

The preassembly method was similar to the construction of the initial
CRISPR/Casl2a system. After that, the liquid was diluted 100 times.
Then, 2 pL diluted complex was transferred to 16 pL solution containing
1.25 nM hgcA in 1 x NEB buffer 2.1. The precleavage liquid was incu-
bated at 37 °C for 20 min. Finally, 2 pL aliquots of ssDNA probes of
different concentrations were added to the system. The final concen-
trations of the probes were 15.63, 31.25, 62.5, 125, 250, 500, and 1000
nM. Then, the reactions were incubated at 25, 32, 37, 42, 47, 52, 57, and
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62 °C for 60 min, respectively.

2.7. Development of the coupling gRNA-based CRISPR/Cas12a detection
method

After complex assembly was performed according to construction of
the initial CRISPR/Casl2a system, Casl2a-gRNA1-2 was diluted 3.3
times, while Cas12a-gRNA3 was diluted 33.3 times. Then, 0.67 pL of
each complex was added to 18 pL solutions containing sSDNA probes
and different concentrations of hgcA in 1 x NEB buffer 2.1. The final
probe concentration was 500 nM. Finally, the reaction was incubated at
47 °C for 1 h, and the fluorescence was recorded.

2.8. Sample collection and hgcA detection

The soil samples were collected from paddy soil system at a depth of
0-20 cm with five-point sampling method in Sikeng of Tongren
(109°12'11"E, 27°30'38"N) and Leizhuang of Guiyang (106°31'41"E,
26°23'26"N) of Guizhou Province, China, in August and October 2022.
The former was polluted by mercury mining activity and was selected as
a representative polluted site, while the latter was free of anthropogenic
activities and was selected as a low-mercury site. After removing im-
purities, such as rice roots and stones, the DNA in the soil samples was
extracted via a commercial kit according to the instructions (Qiagen
Powersoil Kit). Then, the samples were analysed by a coupling gRNA-
based CRISPR/Casl2a biosensor with a thermal stable microsystem.
For the spiked test, different concentrations of plasmids containing hgcA
were added to soil DNA samples without hgcA before determination. The
fluorescence was also recorded by qPCR (ABI7500), while for visuali-
zation detection, solutions after incubation were excited by a 480 nm
illuminant, and the grey data were extracted by ImageJ.

3. Results and discussion
3.1. Sensing principle and feasibility exploration

The sensing principle is shown in Scheme 1. In the presence of hgcA,
Casl2a could recognize and cleave the target fragment specifically
under the guidance of gRNA. Then, the trans-cleavage activity was
activated, and ssDNA probes were cleaved rapidly and nonspecifically.
Carboxyfluorescein (FAM) and Black Hole Quencher-1 (BHQ-1), which
had been linked by ssDNA, were separated. Then, the quenched fluo-
rescence was recovered and could be observed. However, in the absence
of target, Cas12a-gRNA could not be activated, and the probes remained
intact. FAM and BHQ-1 remained linked, and the fluorescence could not
be recovered. Thus, no fluorescence could be observed.

Next, three gRNAs were initially designed to specifically target hgcA,
followed by the construction of three amplification-free CRISPR/Cas12a
detection platforms according to previous methods (Lin et al., 2022; Ma
et al., 2022). Different concentrations of plasmids containing hgcA were
further utilized to assess the analytical performance. As shown in Fig. S1,
the endpoint fluorescence was significantly higher than the background
when the target concentration was 500 pM for the three CRISPR/Cas12a
systems, indicating that hgcA was successfully detected. Similar results
were also obtained from the real-time fluorescence curves of these as-
says (Fig. S1).

Although the methods could detect hgcA, their performance was not
satisfactory. As demonstrated in Fig. S1, the background signal of
Cas12a-gRNA1 reached 5.8 x 10° AU, while its limit of detection (LOD)
was only 250 pM. The subtracted fluorescence was only approximately
1.5 x 10° AU, even for samples with 500 pM hgcA. Therefore, the
fluorescence generated by the activated Casl2a-gRNA1 complex was
easily interfered by the background signal, especially for samples with
lower concentrations. Based on the results, we speculated that the LOD
of Cas12a-gRNA1 may be lower than 250 pM, but the detection signal at
lower concentrations was annihilated by the overly strong background
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Scheme 1. Mechanism of detecting hgcA using the CRISPR-based biosensor in paddy soil. Upper part: Process of detecting hgcA in paddy soil. The paddy soil was first
collected, followed by microbe lysis and DNA purification to prepare the samples. Then, the purified DNA was added to the CRISPR/Cas12a detection system. After
the samples were incubated, the results could be obtained by a fluorescence reader or visualized by blue light. Lower part: Molecular mechanism of detecting hgcA in
paddy soil. Microbes released nucleic acids through lysis, and three Cas12a-gRNA complexes then recognized target hgcA fragments via base pairing followed by

specifically cleaving the target. Next, the trans-cleavage activity was activated, and ssDNA probes were cleaved rapidly. Finally, FAM and BHQ-1 were separated, and
fluorescence occurred.

signal.

Casl2a-gRNA2 and 3 exhibited lower background signals than
Cas12a-gRNAL1, but the signals still reached 1.0-2.0 x 10° AU (Fig. S1).
The LODs of Cas12a-gRNA 2 and Casl2a-gRNA 3 were also lower than
that of Cas12a-gRNA1 and reached 62.5 pM. Considering that the

background signal may also seriously interfere with the reactions, their
actual LODs may also be significantly lower than 62.5 pM.

Above all, if the background signal could be thoroughly reduced to
prevent interference, the sensitivity of this method might be greatly
improved. Therefore, the reactions were next optimized to reduce the
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background signal.
3.2. Microsystem optimization

The concentration of the Cas12a-gRNA complexes in the study was
100 nM, which was similar to that used in previous studies (Lin et al.,
2022; Ma et al., 2022). However, the target concentrations were much
lower than those of the complexes, indicating that the complexes were
largely in excess, which may lead to a strong background signal. An
experiment with complex concentration as the only variable was then
conducted to verify this speculation. As shown in Fig. 1 and Fig. S2, the
background signal was reduced to O for Casl2a-gRNA1l and Casl2a-
gRNA2 when the concentration was decreased from 100 nM to 10 nM,
suggesting that background cleavage was completely suppressed.
Interestingly, the endpoint signal and reaction velocity of the experi-
mental group with hgcA did not decrease significantly. However, when
the complex concentration further decreased to 1.0 nM, both the end-
point and reaction velocity decreased dramatically. Moreover, the re-
action was nearly stopped when the content of the complex was reduced
to 0.1 nM. Therefore, 10 nM was more suitable for Cas12a-gRNA1, 2,
and due to the low reagent usage, we named the chosen conditions the
microsystem.

Notably, since the target content was 1.0 nM, Cas12a-gRNA1 and
Cas12a-gRNA2 were all saturated or in excess when they were reduced
from 100 nM to 1.0 nM, and the concentration of the activated complex
did not change. Therefore, the changes in endpoint fluorescence and
reaction velocity were mainly caused by the differences in the complex
activities. The complex activities did not change significantly when the
complexes were reduced from 100 to 10 times the target concentration,
but the activities decreased sharply when the complexes were further
reduced; thus, an appropriate excess amount of Casl2a-gRNA could
greatly improve their trans-cleavage. However, a large amount of excess
complex did not further improve the reaction activity and caused high
background signals. Thus, it was critical to select an appropriate com-
plex concentration when constructing the CRISPR/Cas12a biosensor.

The change in Cas12a-gRNA3 was similar to that of Cas12a-gRNA1,
2, while its content needed to be reduced to 1.0 nM to thoroughly reduce
the background signal. Although the reaction rate was greatly decreased
at this time, considering that the intensity of its end-point fluorescence
signal remained strong enough for detection, sacrificing the reaction
rate in exchange for eliminating the background signal was undoubtedly
worthwhile. Therefore, 1.0 nM was more suitable for Cas12a-gRNA3
utilization in the reaction. The different suitable amounts between
Casl2a-gRNAI, Cas12a-gRNA2 and Cas12a-gRNA3 also indicated that
the optimal concentration was not always similar for different gRNAs. It
was very important to explore the optimal concentration of Casl2a-
gRNA to develop the CRISPR/Casl2a-based analytical platform. How-
ever, concentration optimization has always been omitted in the con-
struction of CRISPR/Cas12a detection systems.

3.3. Thermal stability exploration of Cas12a-gRNA

Considering that precision instruments are generally lacking in on-
site conditions, the strict temperature requirements of previous
CRISPR/Cas12a detection methods restrict their further application for
POU detection. Fortunately, a recent study showed that a variant of
enAsCas12a-HF1 exhibited strong activity over a wide temperature
range (Ooi et al., 2021). Therefore, enAsCasl2a-HF1 may possess
similar characteristics, indicating that accurately controlling the tem-
perature may not be necessary for detection. Based on this speculation,
the first systematic study on the effect of temperature on Casl2a-gRNA
activity was carried out in this work. The kinetic characteristics of
Cas12a-gRNA trans-cleavage activity were tested from 25 °C to 62 °C. As
demonstrated in Fig. S3, the endpoint fluorescence was much higher at
37-57 °C, while it decreased sharply when the temperature was reduced
to 32 °C or increased to 62 °C. The results indicated that the appropriate
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temperature range for the reaction was 37 °C to 57 °C, which was
different from that found in Benjamin P. Kleinstiver's research, although
the two enzymes were almost the same except for amino acids at the
282nd site (Kleinstiver et al., 2019). A detailed experiment was then
conducted to explore the reaction kinetics between 37 °C and 57 °C.
Then, to prevent the interference of fluorescence fluctuation in the
analysis and better explore kinetic parameters such as Km and Kcat, the
fluorescence was also converted to the amount of substrate cleavage
(Figs. S4-S9).

As shown in Fig. 2a-c, the Km of Casl2a-gRNA 1-3 exhibited a
similar trend between 37 °C and 57 °C. With increasing temperature, the
values first increased, then decreased and then increased again. Small
Km values were all obtained at 47 °C, indicating that the affinity was
high under these conditions. The Km increased sharply when the tem-
perature increased from 52 °C to 57 °C, suggesting that the affinity be-
tween the complex and substrate decreased dramatically when the
temperature exceeded 52 °C. For Kcat, Casl2a-gRNA1l exhibits a
different tendency from its Km, which decreased slightly from 37 °C to
42 °C and continuously increased when the temperature increased from
42 °C to 57 °C. For Cas12a-gRNA2 and 3, the change trend of Kcat was
the same as that of Km, and small values were obtained at 37 °C and
47 °C, suggesting that the catalytic efficiency was lower than that under
other conditions. Notably, the Kcat of all three complexes increased
significantly when the temperature rose from 52 °C to 57 °C and reached
the highest value at 57 °C, even exceeding 10 times that at 37 °C. This
phenomenon indicated that the catalytic efficiency increased sharply
when the temperature exceeded 52 °C. Overall, the complex exhibited
high substrate affinity at low temperature and high catalytic efficiency
at high temperature.

Considering the effect of temperature on affinity and catalytic effi-
ciency, Kcat/Km was then utilized to comprehensively evaluate the ef-
fect. The three complexes demonstrated similar tendencies, which first
increased and then failed with increasing temperature. The Kcat/Km of
Cas12a-gRNA2 and Cas12a-gRNA3 both reached their highest values at
47 °C and exhibited high values at 42-57 °C and 37-57 °C, respectively.
For the Kcat/Km of Cas12a-gRNAI, the highest value was obtained at
52 °C, and high values were obtained between 47 and 52 °C. The
different thermal features between Casl2a-cgRNA1 and Cas12a-gRNA2
and 3 might be caused by different energies of hybridization between
the target sequences and gRNAs, which could affect the stability and
characteristics of the cleavage conformation of the complexes (Zhang
et al., 2019). Above all, the thermal stability of the complex was suc-
cessfully verified in the experiment, while they had a suitable reaction
temperature range as wide as 20 °C and a better reaction temperature
range of 5-20 °C. Therefore, accurately controlling the temperature is
not necessary when using this assay for detection, which further reduces
the requirements for field conditions. Moreover, different from the
traditional insight, 47 °C might be more suitable for the reaction than
37 °C (Hang et al., 2022). The Kcat/Km of Cas12a-gRNA1-3 was 2.85,
2.37 and 1.64 times higher than that at 37 °C, respectively, indicating
that increasing the temperature from 37 °C to 47 °C significantly
improved the trans-cleavage activities of the complexes. Therefore,
47 °C was selected as the optimal temperature to better evaluate the
analytical performance.

3.4. Coupling gRNA to improve sensitivity

After the above reaction optimization, the linear ranges and LODs of
Cas12a-gRNA1-3 were tested. As shown in Fig. 3a-f and S10 a-c, their
linear ranges were 3.9-125 pM, 1.95-125 pM and 15.63-125 pM,
respectively. Their LODs reached 3.9 pM, 1.95 pM and 15.63 pM,
respectively, which were 64 times, 32 times and 4 times lower than
those of the nonoptimized method. Considering that hgcA may not be
highly abundant in paddy soil, further improving the sensitivity and
lowering the LOD are needed.

Recent studies have shown that using multiple gRNAs in CRISPR/
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reaction curves of 1 nM activated Cas12a-gRNA at substrate concentrations from 15.63 to 1000 nM were measured to obtain their initial reaction velocities. Then, the
scatter plots of the velocities and substrate concentrations were drawn, followed by nonlinear fitting with the Michaelis-Menten curve. Finally, Kcat and Km could be
directly obtained from the parameters of the Michaelis—-Menten curve in Origin software.

Casl2a analysis could improve its sensitivity (Zeng et al., 2022).
Therefore, the technology was introduced to construct a coupling gRNA-
based CRISPR/Cas12a biosensor with a thermal stable microsystem. In
general, the coupling gRNA system was constructed by mixing three
gRNAs with the optimal concentrations obtained above, while the other
conditions did not change. As shown in Fig. 3 g-h, the method could
detect hgcA as low as 0.49 pM, which was four times lower than the most
sensitive single-gRNA assay. The linear range of the assay was 0.98-125
pM, which was more than three orders of magnitude. Moreover, the
signal in the coupling gRNA method was also significantly higher than
the sum of three single gRNA assays, and its background signal remained
zero. These results demonstrated that the coupling system was not a
simple superposition of the three systems and that a synergistic effect
appeared. First, due to the low sensitivity of Cas12a-gRNA1 and Cas12a-
gRNA3 compared to Cas12a-gRNA2, the LOD of the coupling method
should be approximately 1.95 pM if it is a simple superposition. Second,
the fluorescence signal of the coupling platform should be similar to the
sum of three single gRNA assays if no synergistic effects occur. However,
the coupling system not only had a much lower LOD but also possessed
much stronger fluorescence. Due to similar reaction conditions between
coupling gRNA and single gRNA, the reason for the results might be that
different complexes could enhance the reactivity and sensitivity of each

other, and synergistic trans-cleavage appeared (Zeng et al., 2022).

Then, we explored whether synergistic effects occurred in the
coupling of any two gRNAs. As shown in Fig. S11, the detection limits for
gRNA1 + 2, gRNA1 + 3 and gRNA2 + 3 were 3.9, 7.8 and 7.8 pM,
respectively, which were even higher than the LOD of the most sensitive
gRNA in the combination system. The results suggested that the coupled
gRNA could not always lower the LOD and might even decrease the
sensitivity in some conditions, such as crRNA1 + 2 and crRNA1 + 3.
Both synergistic and antagonistic effects might exist in the coupling
system. We speculate whether synergistic or antagonism effect present
depending on the sequences of coupling gRNAs to a great extent. Further
studies are needed to explore the changes in complex features in the
coupling system to clarify the molecular mechanism of synergistic or
antagonistic effects, which might be critical for the popularization of the
method.

After the sensitivity evaluation, a specificity test was carried out to
assess the anti-interference ability of the method, which is critically
important in POU detection. Three additional mercury metabolism-
related genes (hgcB, merA and merB) and two additional methylation-
related genes, arsM (As methylated gene) and tpm (Se methylated
gene), were selected as interference genes. As shown in Fig. S12, the
signal could only be observed in the presence of hgcA, while there was
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almost no signal even when the concentration of the interference genes
reached 1 nM, indicating that the method had satisfactory specificity.

Above all, the system developed here demonstrated high sensitivity,
a wide linear range and a fast reaction speed, which allowed completion
in one hour, especially compared with amplification-free CRISPR
detection methods for other targets, such as pathogens and microRNA,
while the sensitivities were often near the pM level to the nM level
(Table S2). In particular, it is worth mentioning that the LOD was even
lower than that of some previous methods developed by a combination
of isothermal amplification and CRISPR technology (Table S2).

3.5. Validation of analytical methods in paddy soil samples

Considering that the recognition region of Cas12a is only approxi-
mately 20 bases and that there are many microorganisms in paddy soil,
it was unclear whether the novel analytical method would be affected by
other nucleic acids in soil. Therefore, plasmids containing hgcA were
spiked into soil samples without hgcA to evaluate the biosensor's per-
formance with actual samples.

As shown in Fig. 4a-b, there were no signals in the samples without
hgcA, indicating that the assay could completely resist the interference
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of various microbial genomes and plasmids in soil even when their
concentration exceeded 10 ig/g (DNA contents in paddy soil utilized in
this study were (1.1-1.6) x 10* ug/g). Moreover, the sensitivity and
quantitative ability of the method were not influenced, the LOD
remained as low as 0.49 pM, and the linear range was 0.98 pM-125 pM.
Additionally, the recovery rate of the platform was 90-110 %, indicating
its excellent quantitative capability (Table S3).

Considering that no fluorescence equipment may be present on site, a
visual method was further developed. After incubation, the results could
be observed by the naked eye under the excitation of a 480 nm portable
illuminant. As shown in Fig. 4c, the sensitivity of the visual assay also
reached 0.49 pM and was identical to that obtained from a thermal
cycler (ABI7500). Moreover, the visual results could be further pro-
cessed by ImageJ to achieve semiquantitative analysis, which could
provide more information for the screening of hgcA and on-site assess-
ment of potential MeHg risks.

Finally, we applied the method for on-site screening of hgcA in the
Tongren Hg Mine area of China, while Guiyang was chosen as a low-
mercury area for comparison. As shown in Fig. 4d and Table S4, the
abundances of hgcA in Wanshan and Huaxi were 13.55 + 1.46 x 107
copies/g and 8.41 + 2.18 x 107 copies/g, respectively, and detailed
information is shown in Table S4. The higher abundance of hgcA in the
mining area further demonstrated that hgcA could be used to indicate
mercury pollution and that its POU detection might be useful for the
rapid screening of mercury risk areas.

4. Conclusions

In this study, for the first time, an amplification-free CRISPR/Cas12a-
based sensitive biosensor with a thermal stable microsystem was
developed to detect the hgcA gene, a critical biomarker of MeHg in
paddy soil. When constructing the detection system, we thoroughly
optimized the existing CRISPR/Casl2a system, including significantly
improving the detection performance by introducing microsystem,
further reducing the requirements for site conditions by finding its
thermal stability, coupling gRNA to further improve sensitivity, etc. This

optimized method exhibited a wide linear range with high selectivity
and sensitivity and could be completed within 1.0 h. Moreover, vali-
dation with real paddy soil samples demonstrated that the method had
excellent anti-interference ability in complicated samples. Therefore,
the method holds great potential for POU detection and is expected to
provide critical support for rapidly screening MeHg risk in paddy soil
through hgcA.
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