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The highly contagious nature and 100% fatality rate contribute to the ongoing and expanding
impact of the African swine fever virus (ASFV), causing significant economic losses worldwide.
Herein, we developed a cascaded colorimetric detection using the combination of a CRISPR/
Casl4a system, G-quadruplex DNAzyme, and microfluidic paper-based analytical device. This
CRISPR/Cas14a-G4 biosensor could detect ASFV as low as 5 copies/yL and differentiate the
wild-type and mutated ASFV DNA with 2-nt difference. Moreover, this approach was employed
to detect ASFV in porcine plasma. A broad linear detection range was observed, and the limit of
detection in spiked porcine plasma was calculated to be as low as 42—85 copies/uL. Our results
indicate that the developed paper platform exhibits the advantages of high sensitivity, excellent
specificity, and low cost, making it promising for clinical applications in the field of DNA disease
detection and suitable for popularization in low-resourced areas.
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African swine fever is a deadly hemorrhagic disease affecting domestic pigs and wild boars
caused by African swine fever virus (ASFV). Characterized by its high contagion and 100%
fatality rate, ASFV has emerged in 45 countries worldwide since 2020, resulting in over
2,000,000 reported death cases according to the WHO Situation Report as of 2022.11.21.12
This tick-borne virus exhibits genetic diversity with 22 viral genotypes, and its ability to
undergo complex immune escape mechanisms contributes to constant mutation and evasion
of host immunity.34 Due to the absence of effective therapies and commercial vaccines,

the current control measures involve culling infected herds and enforcing strict quarantine
protocols.? Consequently, ASFV has inflicted substantial socioeconomic losses on the global
swine industry, prompting its designation as a notifiable disease by the World Organization
for Animal Health (OIE). Given these challenges, the development of timely, accurate, and
rapid detection approaches for ASFV is critical to preventing further spread and minimizing
the economic impact.

Presently, the OIE-recommended ASFV detection methods include isolating the virus,
measuring antigen through fluorescent antibody tests, and detecting the viral genome using
polymerase chain reaction (PCR).5.7 While virus isolation remains the gold standard, its
time-consuming and intricate nature makes it unsuitable for real-time disease monitoring.
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Antigen measurement allows for a large-scale testing but lacks sensitivity in detecting
early stage infections.8 Quantitative PCR (qQPCR) stands out as a rapid and highly sensitive
technique for ASFV detection, demanding minimal sample volumes while providing real-
time and high-sensitivity results.® Nonetheless, its widespread application is hindered by the
need for expensive equipment and trained operators, limiting its utility in resource-limited
settings for processing a large number of samples.10 Isothermal amplification techniques
such as recombinase polymerase amplification (RPA) offer advantages in simplicity and
rapid DNA amplification at a constant temperature. However, concerns about high false-
positive rates and nonspecific DNA amplification hinder their widespread adoption.1! Such
inconvenient requirements and disadvantages may deter them from becoming the optimal
identification method. Consequently, there is a pressing need for a specific, sensitive,
equipment-free, rapid assay for detecting ASFV in the field.

The CRISPR/Cas (clustered regularly interspaced short palindromic repeats/CRISPR-
associated protein) system has offered extensive application in biosensing.12-15 The activated
CRISPR/Cas systems not only possess the capacity to cleave the target DNA (referred

to as the cis-cleavage) but also exhibit collateral nonspecific catalytic activities, cutting
nonspecific DNA (referred to as the trans-cleavage).1® Various CRISPR/Cas systems,
including Cas9, Cas12a, and Cas13, have been utilized for nucleic acid detection.1’-1° The
recently identified CRISPR/Cas14, a novel class 2 type V system, exhibits a distinctive
targeting activity against single-stranded DNA (ssSDNA) in a PAM-independent manner.20
Notably, Cas14 exhibits a c/s-cleavage of targeted ssDNA, resulting in the indiscriminate
cleavage of ssDNA in trans.2! The target-dependent and nonspecific DNase activity of

the Cas14 nuclease has been harnessed as a foundation for a DNA detection platform,
establishing a high-fidelity and strongly specific detection system.22 The creation of
CRISPR/Cas14-DETECTR, serving as an exceptionally sensitive CRISPR-based detection
method, enables the diagnosis of significant ssDNA and dsDNA pathogens. Various
methods have been documented for the generation of ssSDNA from dsDNA, and one of

the commonly used methods involves utilizing exonucleases, such as T7 exonuclease,
through the modification of the amplification primers.23:24 The T7 exonuclease consistently
facilitates the 5’ to 3" removal of nucleotides from the unnecessary antisense strand.
Meanwhile, the hydrolytic activity of the T7 exonuclease against the intended strand

is selectively hindered by multiple phosphorothioate (PT) linkages at its 5"-end through
amplification with a PT-modified forward primer, thereby offering protection toward target
ssDNA. Additionally, CRISPR/Cas14-DETECTR functions as a high-fidelity and robust
genotyping tool for detecting single nucleotide polymorphisms in DNA, without being
restricted by the requirement for a PAM sequence.?

The integration of G-quadruplex (G4, formed by guanine-rich sequences in the presence

of specific monovalent cations) into biosensors has gained attention due to its unique
structure, increased thermodynamic stability, and distinctive ligand binding properties.26:27
When combined with hemin, the G4 DNAzyme can be constituted, which could catalyze
the 2,2”-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS)-H,0,
reaction and result in a color change in solution.2® Based on these characteristics, G4 can be
used for both target recognition and signal transduction, which has been further developed
as a G4-based biosensor with easy operation and visualization capability. In addition, it

ACS Sens. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 4

has recently been reported that Cas12a, when activated by crRNA-recognizing dsDNA
targets, could trim G4.2° We assumed that the peroxidase-mimicking activity of the G4
DNAzyme could be diminished after the cleavage of Cas14. Thus, combining the CRISPR/
Casl14a system with the G4 signal element may favor the development of highly sensitive
colorimetric assays.

In order to mitigate the reliance on advanced equipment and reduce resource requirements,
a microfluidic paper-based analytical device (+PAD) was developed for colorimetric
assays. Since their introduction in 2008, (PADs have been applied to a variety of fields,
including environmental monitoring, disease diagnosis, and food quality surveillance.30
Novel PADs have successfully circumvented the disadvantages of traditional microfluidic
polymer-fabricated devices, addressing the issues such as complex fabrication, the need
for additional pumping systems, and environmental concerns.31:32 Moreover, its capability
for straightforward analyte or reagent storage, reduced sample consumption, accelerated
reaction times, improved portability, and the potential for concurrent detection of

multiple analytes and qualitative analyses render this system pertinent for diagnostic and
bioanalytical applications, especially in resource-limited settings.33

In this study, we developed an advanced colorimetric method that integrates CRISPR/
Casl4a, G4 DNAzyme, and (PAD for the cost-effective and highly sensitive detection of
ASFV genes. In this detection strategy, the ASFV gene (dsDNA) was amplified by PCR,
producing amplicons that were digested to generate target SSDNA by the T7 exonuclease.
After hybridization with ssDNA, the frans-cleavage activity of the CRISPR/Casl4a complex
was triggered. Subsequently, the activated CRISPR/Casl14a system indiscriminately cleaved
G4 DNAzymes, resulting in the loss of its peroxidase-like activity to catalyze the
colorimetric substrates. To further simplify the detection, a (/PAD-based colorimetric
platform has been developed, allowing for ASFV detection by mixing the CRISPR/Casl4a
system with the G4 DNAzyme complex on the hydrophobic wax-based microwell. The
results were recorded by a smartphone camera and analyzed using ImageJ software. The
feasibility of this detection approach has been verified by detecting ASFV in porcine
plasma. According to our current knowledge, this study represents the initial attempt to
detect ASFV on the (PAD using the CRISPR/Casl4a-G4 biosensor. This endeavor sets the
stage for achieving our ultimate goal of “easy, efficient, and cost-effective virus diagnosis”.
Moving forward, we will be dedicated to taking further actions to enhance our biosensor,
specifically by actively working to decrease its complexity for improved usability and
efficiency.

RESULTS AND DISCUSSION

Detection Principle.

To visually detect ASFV, the target sequence was first amplified by PCR with a PT-
modified primer (A*C*T*C*CTATTACGGACGCAACGTAT; Figure 1a). Afterward, the
T7 exonuclease reliably catalyzed the 5 to 3" removal of nucleotides from dsDNA and
selectively acted on the unmodified strand rather than the target sSDNA with a protective
PT linkage.3*35 Figure 1b shows a schematic illustration of the CRISPR/Cas14a-G4
biosensor for colorimetric detection of ASFV. The resultant PT-containing target single-
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stranded ASFV products will complement the specially designed sgRNA and activate

the cis-cleavage activity of the Casl4a nuclease. The activated Casl14a/sgRNA complex
will indiscriminately cleave the surrounding G-rich sequence (namely, trans-cleavage
activity). This further inhibits the peroxidase-like activity, preventing it from catalyzing the
colorimetric substrate of ABTS.38 Conversely, the intact G4 can bind hemin and catalyze
the colorimetric substrate, resulting in a green color in the absence of the target DNA.

This enables straightforward differentiation of the results via visual inspection, given the
distinct color variations between positive and negative samples. The absorbance intensity
can be determined by using a microplate reader for further quantification. Figure 1b also
presents the workflow of colorimetric ASFV detection on a (/PAD. The target sSDNA can
be added to the /PAD with a preloaded Cas system and G4. Upon sequential loading of
hemin and ABTS, the colorimetric reaction on the £PAD is initiated, while the developed
color of ABTS under the catalyzation activity of G4 can be captured using a smartphone and
subsequently transferred to ImageJ software for additional pixel analysis.

Characterization of the CRISPR/Cas14a-G4 Biosensor.

To test the feasibility of our proposed detection approach, we first monitored the
fluorescence signal from BHQ-FAM G4 reporters to monitor the cleavage of G4 by the
CRISPR/Cas14a. The specific G4 DNAzyme with a G-rich sequence was designed based on
a previous study.2® The cleavage was corroborated based on the fluorescence intensity from
G4 reporters, as shown in Figure 2a. The Casl4a/sgRNA system exhibits strong cleavage
activation toward ssDNA targets, while almost no fluorescence signal output was observed
in its absence or under incomplete Casl4a/sgRNA system conditions. Then we used gel
electrophoresis to further verify the cleavage of G4 by the CRISPR/Cas14a complex. Figure
2b demonstrates that G4 was fully cleaved by Casl4a/sgRNA in the presence of the target
ssDNA activator as no band was displayed in the fifth lane. As a comparison, the controls
without the ssDNA activator (the fourth lane) or the complete Casl4a/sgRNA complex (the
first and second lanes) displayed a clear band of G4 on the gel.

Moreover, UV-vis absorption spectroscopy of the mixture of ABTS and H,O, was
performed under different conditions. As shown in Figure 2c, the activator-free samples
with or without the coexistence of Cas14/sgRNA had a specific absorbance peak at 418
nm, which indicates that G4 formed DNAzyme in complex with the cofactor hemin and
exhibits a very high catalytic activity toward H,0,—ABTS.2% However, we noticed that the
absorbance peak was dramatically decreased to a negligible level when the target sSSDNA
activator was further added, suggesting the disruption of G4 by activated Casl4a.

Optimization of the Experimental Conditions.

The optimization process involved a systematic investigation of several parameters that
could potentially impact the colorimetric assay with the aim of achieving the best analytical
performance. This included examining the concentrations of Casl4a, G4, hemin, H,O5, and
ABTS, as well as the incubation temperature.

First, we optimized the concentration of Cas14a based on the molar ratio of Cas14a protein
to sgRNA of 1:1.25, which had been optimized in our preliminary experiment (Figure S2).
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As depicted in Figure 3a, it was noted that the disparity in absorbance (AAbs, representing
the difference in absorbance intensity between the no template control and the positive
sample) became increasingly pronounced as the concentrations of Cas14a rose, reaching

a zenith at a concentration of 80 nM for Casl14a (100 nM for sgRNA). Excessive Casl14/
sgRNA complexes notably reduced the absorbance signal. It may be attributed to the
presence of dithiothreitol, a reducing agent incorporated in the storage buffer designed to
safeguard the activity of Cas14a, directly scavenging the ABTS-free radicals.3”

To further improve the naked-eye detectability of the colorimetric signal using the CRISPR/
Casl4a-G4 biosensor, we optimized the concentration of G4 ranging from 50 to 600 nM. As
observed in Figure 3b, the maximum visual contrast between positive and negative groups
was obtained when the concentration of G4 reached 400 nM. More G4 did not increase

the absorbance signal as the Cas14a amount was restricted and the cleavage of G4 was
incomplete.2? Therefore, a concentration of 400 nM for G4 was selected as the optimal level
for Cas14-based colorimetric detection.

Meanwhile, because the absorbance signal was affected by hemin, H,O,, and ABTS, it is
necessary to evaluate and optimize the appropriate concentrations of all of these reagents. As
shown in Figure 3c-e, we observed that the AAbs became more significant with increasing
concentrations and reached a plateau when the concentrations of hemin, H,O,, and ABTS
were above 400 nM, 125 mM, and 4 mM, respectively. Different incubation temperatures
were further assessed to modify this CRISPR/Casl14a-G4 biosensor. Our results also showed
that G4 showed better binding performance to hemin under 25 °C than that of 37 °C

(Figure 3f).38:39 Thus, the optimal incubation temperature was set at 25 °C for this cascade
detection.

Sensitivity of the CRISPR/Cas14a-G4 Biosensor.

Under optimal conditions, we estimated the analytical performance of the CRISPR/Casl4a-
G4 biosensor for detecting ASFV in both microcentrifuge tubes and (PADs. To assess

the detection sensitivity of the developed assay, 10-fold dilutions of ASFV dsDNA

ranging from 0 to 101! copies were employed. The sample underwent PCR amplification,
ssDNA preparation, and colorimetric detection using the CRISPR/Cas14a-G4 biosensor in
microcentrifuge tubes. As shown in Figure 4a, a good linear relationship was obtained
between the absorbance intensity and concentration of ASFV in the range of 10-10°
copies//L for the tube-based colorimetric test (/42 = 0.921). The corresponding detection
limit for ASFV as calculated by using the average of the control replicates plus three times
the standard deviation was as low as 5 copies/i_.4°

In addition, we tested the detection sensitivity of the developed CRISPR/Casl4a-G4
biosensor on a (PAD. In the (PAD-based test, the optical intensity of the developed color
was obtained. The ASFV dsDNA samples (0-1011 copies/zd_) were amplified, degraded to
ssDNA, and subjected to the subsequent CRISPR/Cas14a-G4 based colorimetric detection
on a 4PAD. The colorimetric results were recorded by a smartphone camera and analyzed
using the ImageJ software. As presented in Figure 4b, a wider linear range (102 to

1010 copies//L; A2 = 0.9366) was achieved between the color intensity (as expressed

by the G/R value) and the ASFV dsDNA in the colorimetric £PAD test. The detailed
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values within this linear range for both the green and red channels are further plotted
separately, as shown in Figure 4c, respectively. As calculated, the detection limit of ASFV
for the (PAD-based CRISPR/Casl4a-G4 biosensor was as low as 19 copies/yL. The
detection limit of the CRISPR/Cas14a-G4 biosensor was comparable and even better than
other diagnosis methods, such as direct loop-mediated isothermal amplification (LAMP)
incorporated into Hive-Chip (30 copies/zL),*! real-time LAMP assay (30 copies//dl),*2
RPA-coupled CRISPR/Cas12a (3.07 copies/L),*3 and magnetic bead-based DNA capture
assisted with qPCR- and RPA-based detection (100 copies//L).** These results suggest that
our developed biosensor combining the G4 DNAzyme and the CRISPR/Cas14a system
could be a promising tool for ASFV detection. Furthermore, the cost is approximately $1.07
USD/per reaction (Table S3), rendering it an affordable and cost-effective method for the
broad detection of ASFV compared to other CRISPR/Cas-based biosensors (Table S4).

Specificity of the CRISPR/Cas14a-G4 Biosensor.

To investigate the ability of the CRISPR/Casl4a-G4 biosensor to specifically detect ASFV,
we introduced a series of two-base mutations to the target ASFV.” As depicted in Figure

5a, the target sequences complementary to the guide sequences of SgRNA were randomly
mutated with a 2 nt mismatch. The perfect-matched wild-type (WT) target and 2-bp mutants
were subjected to the CRISPR/Cas14a-G4 biosensor for the cleavage activity of Casl4a
toward G4 and subsequent colorimetric reaction mediated by the G4 DNAzyme. A buffer
solution devoid of any ssDNA was employed as a negative control.

As shown in the photographs of Figure 5b, the WT ssDNA samples had a strong “turn-off”
signal, presenting a visible transparent color. However, all tested 2 nt mutations of ASFV
samples exhibited a light green color similar to that of the control group with no template.
The absorbance intensity in the presence of WT ASFV was observed as 12.07 and 11.31
times lower than that of the negative control and mutants, respectively. The distinct color
changes can be easily identified visually in the photographs. There were also substantial
distinctions between WT and ASFV mutants by comparing the absorbance signal strength
(P<0.05), indicating the high specificity of Casl4a-based detection for ASFV sequences.
The mutation of the ASFV prevents its binding with sgRNA though the sequence of WT
and mutants only has 2 nt differences. Without sgRNA binding, the CRISPR/Casl14a-G4
biosensor cannot be activated for the cleavage of G4.

As expected, similar results were observed in the colorimetric (/PAD test, favoring the
specificity of the CRISPR/Cas14a-G4 biosensor when applied on the (/PAD. Specifically, the
color changes can be easily identified visually in the photographs as no “turn-off” signal was
observed with all mutated ASFV samples and the no template control (Figure 5c). There
were also substantial distinctions between WT and ASFV mutants by comparing the pixel
intensity (P< 0.05). Taken together, these data demonstrated that the CRISPR/Cas14a-G4
biosensor has a good specificity toward ASFV. Our results indicate that this novel Cas14-
based detection platform presents high fidelity in targeting ASFV sequence recognition.
This positions CRISPR/Casl4a-G4 biosensor as a valuable high-fidelity detection tool for
identifying medically important pathogens.20:4
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Detection of ASFV in Porcine Plasma.

To confirm the functionality of our system and assay with porcine plasma from infected
animals, we spiked varying concentrations of ASFV dsDNA and tested the samples using
our system.34 Figure 6a shows the schematic workflow to detect ASFV in porcine plasma.
Generally, the spiked porcine plasma samples were amplified with PCR using 5" PT-primer
and digested with the T7 exonuclease to generate single-stranded ASFV DNA. Afterward,
the Casl14a/sgRNA complex and G4 were added to activate the c/s- and trans-cleavage
activities of the Cas nuclease sequentially. The target ASFV ssDNA was then detected with
a CRISPR/Casl14a-G4 biosensor. In the presence of hemin, ABTS containing H,O, as a
colorimetric substrate of G4/hemin DNAzyme failed to turn into a light green color if G4
was cleaved by Cas14a. However, there was color change if there was no target or a target
with a very low concentration in the spiked samples.

Detection of ASFV in real samples was conducted either in microcentrifuge tubes or on
MPAD. The absorbance of the color changes was assessed at a wavelength of 418 nm. As
shown in Figure 6b, a linear calibration equation of Abs = 0.119 log Cagpy + 1.1558 (/2

= 0.9472) was obtained within the range of 103-108 copies/L for tube-based detection,
along with a limit of detection of 42 ASFV copies/zL. The optical intensity of the developed
color on the (PAD was captured and analyzed. As presented in Figure 6c, a robust linear
relationship was obtained between the color intensity and concentration of ASFV in the
detection range of 10*-1010 copies//L (A2 = 0.9409) for LPAD. The corresponding detection
limit was calculated as 85 copies//L. Although pig plasma exhibits a high background and
can affect the overall detection sensitivity, our developed method achieved a relatively good
sensitivity.34 It further signifies the applicability and potential of the developed sensor under
real clinical conditions. Considering that ASFV DNA is not fully equated to ASFV, we will
assess the sensitivity and specificity of our developed platforms in real clinical samples in
the future.

CONCLUSIONS

In summary, a novel detection platform for ASFV was established relying on a CRISPR/
Casl4a-G4 biosensor. The diagnosis is based on the Cas14a protein to trigger the
indiscriminate G4 denaturation after recognizing and c/s-cleaving the target ASFV,
depriving the peroxidase-mimicking activity of the G4 DNAzyme to catalyze the color
change of ABTS. On this basis, “signal-off” colorimetric signals can be easily observed
with the naked eye and quantifiably analyzed for sensitive detection of ASFV. As a

result, the CRISPR/Casl14a-G4 biosensor provides excellent specificity as a two-nucleotide
mismatched sequence could be discriminated well from the target DNA and high sensitivity
with a limit detection as low as 5 copies/uL. The feasibility of the CRISPR/Cas14a-G4
biosensor in porcine plasma was also well demonstrated, indicating its potential in actual
clinical diagnosis.

To further simplify the detection of ASFV and minimize the required resources, (PAD was
introduced to facilitate the current CRISPR/Cas14a-G4 biosensor. The overall performance
of the (/PAD-based sensor was satisfactory, achieving comparable sensitivity and specificity.
The pure ASFV and spiked porcine plasma samples can be detected on the (PAD at
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low levels of 19 and 85 copies//L, respectively. By integrating and taking advantage of

the CRISPR/Casl4a system, G4 DNAzyme, and (PAD, our colorimetric sensor provides

a sensitive, specific, and inexpensive strategy for ASFV detection. While the concept in

this study has been demonstrated for detecting the synthetic ASFV target gene, further
improvements are necessary to enhance the applicability of our developed CRISPR/Casl4a-
G4 biosensor for virus detection, infectious diseases, and potential outbreak diagnosis.
Future work will focus on, but not be limited to, utilizing real viruses and clinical samples,
in conjunction with prefolded G4 DNAzymes to expedite point-of-care tests.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic illustration of ASFV detection using a CRISPR-Cas14a/G4 biosensor. (a)

Schematic illustration of ASFV ssDNA preparation; (b) schematic illustration of target
ASFV detection using the CRISPR/Cas14a-G4 biosensor in a microcentrifuge tube or on a
MPAD. Notes: PT: phosphorothioate; G4, G-quadruplex.
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Figure 2.

Wavelength (nm)

Characterization of the CRISPR/Cas14a trans-cleaving system toward G4. (a) Fluorescence
intensity of BHQ-FAM G4 reporters at 528 nm. (b) Gel electrophoresis results of G4

under different incubation conditions. (c) Absorption spectra of the ABTS and H,0»
mixture catalytically oxidized by the G4/hemin complex. Notes: T-ssDNA, target single-
stranded DNA; G4, G-quadruplex. Error bars represent the standard deviation between three

biological replicates.
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Figure 3.
Optimization of the CRISPR/Cas14a-G4 biosensor. (a) Concentration of Casl4a (nM). (b)

Concentration of G4 (nM). (c) Concentration of hemin (nM). (d) Concentration of HyO5
(mM). (e) Concentration of ABTS (mM). (f) Incubation temperature (°C) of the G4/hemin
complex. Notes: G4, G-quadruplex. Error bars represent the standard deviation between
three biological replicates.
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Figure 4.

Sensitivity of the CRISPR/Cas14a-G4 biosensor to detect ASFV. (a) Calibration curve
between the absorbance intensity and ASFV concentration. (b) Calibration curve between
the color intensity determined by the ImageJ software for the inner section of the reaction
chamber intensity and ASFV concentration. (¢) Values of red (R) and green (G) channels
obtained from the linear range of the original image (b). Notes: NTC, no template control.
Error bars represent the standard deviation between three biological replicates.
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Figure5.

Specificity of the CRISPR/Cas14a-G4 biosensor. (a) CRISPR/Cas14a-G4 biosensor for the
discrimination of sgRNA-targeting perfect match or mutated ASFV dsDNA. (b) Influence
of the mutants of the ssDNA target for triggering the colorimetric detection in the
microcentrifuge tubes. (c) Influence of the mutants of the sSDNA target for triggering

the colorimetric detection on the (PAD. Notes: WT: wild-type; NTC, no template control;
G4, G-quadruplex. Error bars represent the standard deviation between three biological
replicates.
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Figure®6.

Application of the CRISPR/Casl14a detection system. (a) Schematic diagram showing the
workflow to detect ASFV in porcine plasma. (b) Calibration curve between the absorbance
intensity and ASFV concentration. (c) Calibration curve between the color intensity
determined by the ImageJ software for the inner section of the reaction chamber and ASFV
concentration. Notes: G4, G-quadruplex; NTC, no template control. Error bars represent the
standard deviation between three biological replicates.
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