
Academic Editor: Jarl Bøgwald

Received: 27 February 2026

Revised: 2 April 2026

Accepted: 3 April 2026

Published: 5 April 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Establishment of One-Pot ERA-CRISPR/Cas12a-Based Rapid
Visual Assays and a TaqMan Quantitative PCR Assay for
Lactococcus garvieae
Haoyu Wang 1,†, Heng Sun 1,2,†, Feiming Chen 1,2, Zhiyuan Huang 1,2 , Yu Chen 1, Xiaofeng Chen 1,2,
Dogbey Rejoice Abla 1,2 , Zhi Zhang 3, Huajian Lin 3, Liqun Wang 1,2 and Yucong Huang 1,2,*

1 College of Fisheries, Guangdong Ocean University, Zhanjiang 524088, China;
haoyuwangmail@foxmail.com (H.W.); hengsuen@foxmail.com (H.S.)

2 Guangdong Provincial Key Laboratory of Aquatic Animal Disease Control and Healthy Culture & Key
Laboratory of Control for Diseases of Aquatic Economic Animals of Guangdong Higher Education Institutes,
Zhanjiang 524088, China

3 Guangdong Provincial Animal Disease Prevention and Control Center, Guangzhou 510230, China
* Correspondence: hyczjou@163.com
† These authors contributed equally to this work.

Abstract

Lactococcus garvieae is a major bacterial pathogen responsible for lactococcosis outbreaks in
aquaculture, resulting in substantial economic losses worldwide. Accurate identification
of L. garvieae remains challenging because of its genetic similarity to other Lactococcus
species and the limited field applicability of many existing molecular diagnostic methods.
Therefore, there is an urgent need for a rapid, highly specific, and field-deployable analytical
method that enables accurate identification of L. garvieae outside conventional laboratory
settings. In this study, a one-pot analytical strategy integrating enzymatic recombinase
amplification (ERA) with CRISPR/Cas12a detection was developed, enabling fluorescence
or lateral flow dipstick (LFD) readouts within a single closed reaction tube. The one-
pot ERA-CRISPR/Cas12a assays achieved a detection limit of 10 copies/reaction. When
combined with a rapid DNA release protocol, qualitative detection could be completed
within 50 min without the need for sophisticated instrumentation. In parallel, a TaqMan
quantitative PCR assay was established as an analytical benchmark, exhibiting a detection
limit of 20 copies/reaction with high linearity and good reproducibility. Clinical evaluation
using 136 diseased fish samples demonstrated full concordance between the one-pot ERA-
CRISPR/Cas12a and qPCR assays, with both methods achieving a positive detection
rate of 23.5% (32/136). In addition, the ERA-CRISPR/Cas12a platform was successfully
validated under simulated field conditions using a portable reaction device. This study
presents a rapid and field-deployable CRISPR-based platform for the early detection and
epidemiological surveillance of lactococcosis.

Keywords: Lactococcus garvieae; enzymatic recombinase amplification; CRISPR/Cas12a;
lateral flow assay; one-pot assay

1. Introduction
Lactococcus garvieae, a Gram-positive opportunistic pathogen within the family Strep-

tococcaceae, along with closely related species such as Lactococcus petauri and Lactococcus
formosensis [1,2], is recognized as a primary causative agent of lactococcosis in global
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aquaculture [3]. This pathogen has been documented to infect a variety of economically
important freshwater and marine fish species, including Rachycentron canadum [4], Tra-
chinotus spp. [5,6], Oreochromis niloticus [7,8], Oncorhynchus mykiss [9–11], and Seriola
dumerili [12]. Under intensive farming conditions, infection can lead to mortality rates
exceeding 50% [13,14], resulting in substantial economic losses.

Clinically, fish infected with L. garvieae are characterized by hemorrhagic lesions in
the eyes, maxillofacial regions, and fin bases. As the infection progresses to advanced
stages, it often leads to systemic hemorrhage, visceral petechiae, and abdominal fluid
accumulation [15]. These clinical manifestations closely resemble those observed in com-
mon streptococcal infection of fish, thereby posing significant challenges for differential
diagnosis. Beyond its impact on aquaculture, L. garvieae has been identified as a potential
zoonotic agent [16–18], with documented cases of infective endocarditis in humans associ-
ated with handling or consumption of raw fish contaminated with this pathogen [19,20].
Notably, several susceptible fish species, including O. mykiss, S. dumerili, and R. canadum
are commonly consumed raw as sashimi, which raises additional concerns regarding food
safety and potential zoonotic transmission risk and underscores the importance of accurate
and timely detection.

Conventional diagnostic approaches for L. garvieae typically include routine microbial
isolation, biochemical testing, serological assays, polymerase chain reaction (PCR) [21] and
quantitative PCR (qPCR) [22]. However, these methods are often time-consuming and
require specialized laboratory equipment. However, recent studies have indicated that
traditional diagnostic tools, including commercial biochemical systems, MALDI-TOF, and
molecular assays targeting conserved regions such as the 16S rRNA gene or the 16S-23S
rRNA intergenic spacer, lack sufficient specificity to reliably distinguish L. garvieae from
closely related species [23,24]. Although TaqMan-based multiplex qPCR assays capable of
differentiating L. garvieae have been reported [24,25], such methods remain dependent on
expensive instrumentation and well-trained technicians, which limits their applicability in
routine aquaculture operations and point-of-care (POC) diagnostic settings.

Isothermal amplification technologies have emerged as attractive alternatives for
rapid pathogen detection, owing to their fast amplification kinetics, low operational cost,
and compatibility with portable platforms [26,27]. By eliminating the requirement for
thermal cycling [28,29], these methods are particularly suitable for field diagnostics. Tech-
niques such as recombinase polymerase amplification (RPA), multi-enzyme isothermal
rapid amplification (MIRA), recombinase-aided amplification (RAA), and enzymatic re-
combinase amplification (ERA) have been successfully applied to the detection of aquatic
pathogens, including Vibrio parahaemolyticus [30], Streptococcus iniae [31], and Enterocytozoon
hepatopenaei [32]. Despite these advantages, the high amplification efficiency also increases
susceptibility to aerosol contamination and the risk of false-positive results [33]. Achieving
an appropriate balance between sensitivity and operational robustness remains a significant
challenge for POC applications.

CRISPR/Cas-based detection platforms have recently emerged as powerful tools for
pathogen diagnostics due to their high specificity and programmable targeting capabil-
ities. Representative CRISPR-Dx diagnostic platforms such as SHERLOCK v2 [34] and
DETECTR [35], have demonstrated enhanced sensitivity and specificity by coupling target
pre-amplification with CRISPR/Cas systems. In the DETECTR platform, recognition and
cleavage of the target sequence by the Cas12a–crRNA complex activate trans-cleavage
activity, resulting in the indiscriminate cleavage of non-specific ssDNA reporters [35], en-
abling robust signal amplification [36]. In these platforms, crRNAs are designed to target
amplified regions and typically tolerate 1–2 bp mismatches [37], providing dual recognition
at both the amplification and CRISPR-mediated detection stages. This dual-layer specificity
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enhances diagnostic accuracy and reduces false-positive results compared with conven-
tional isothermal amplification methods alone. Nevertheless, CRISPR/Cas systems without
upstream amplification generally lack sufficient sensitivity for detecting low-abundance
targets [38,39], necessitating integration with a pre-amplification step.

In this study, we developed a one-pot ERA-CRISPR/Cas12a diagnostic platform for
the detection of L. garvieae, integrating ERA with CRISPR/Cas technology to enable both
fluorescence and lateral flow dipstick (LFD) readout options (Figure 1). In addition, a
novel TaqMan qPCR assay was established for accurate quantification of L. garvieae. Taken
together, these complementary approaches are designed to provide sensitive, specific,
and operationally practical solutions for both field-deployable detection and laboratory
confirmation of L. garvieae infections.

 

Figure 1. Schematic illustration of the integrated ERA-CRISPR/Cas12a detection platform. The work-
flow comprises four sequential steps: (I) genomic DNA extraction, (II) ERA, (III) CRISPR/Cas12a-
mediated detection, and (IV) signal readout. Fluorescence signals can be quantified using specialized
instruments or visually assessed under blue LED light, while lateral flow dipsticks provide an
alternative instrument-free visualization method.

2. Materials and Methods
2.1. Clinical Samples

A total of 136 diseased fish specimens were collected, including 36 Trachinotus spp.,
34 Rachycentron canadum, 21 Plectropomus leopardus, 15 pearl gentian grouper (♀Epinephelus
fuscoguttatus × ♂Epinephelus lanceolatus), 12 S. dumerili, 8 Siganus spp., 7 Thamnaconus mod-
estus, and 3 Selenotoca multifasciata. Necropsies were performed under aseptic conditions,
and liver, spleen, kidney and brain tissue samples were collected from each specimen for
DNA extraction. The clinical fish samples were obtained from commercial inshore and
offshore mariculture facilities, individual fish farmers, and aquatic product markets. All
samples were voluntarily submitted by aquaculture enterprises or individual farmers for
diagnostic analysis, which was conducted free of charge. Detailed information on clinical
samples is provided in the Supplementary Materials.

2.2. Primer, Probe and crRNA Design

For the screening of diagnostic markers, 34 fish-host L. garvieae genomes were down-
loaded from the GenBank database, alongside 50 randomly selected genomes of L. petauri
and 50 of L. formosensis. First, all genomes were uniformly re-annotated using Prokka [40]
to ensure consistency. Panaroo [41] was then employed to conduct a pangenome anal-
ysis, identifying specific genetic regions by comparing L. garvieae with these closely re-
lated species. Through strict screening of the pangenome matrix combined with BLASTn
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(https://blast.ncbi.nlm.nih.gov/Blast.cgi) comparative analysis, a 924 bp gene unique to L.
garvieae was identified as a candidate diagnostic target (GenBank accession AP009332.1).
Primers for PCR, ERA, and TaqMan qPCR assays were designed using Primer Premier
6.0 (Premier Biosoft, Palo Alto, CA, USA). Specifically, the ERA primers were designed
in accordance with the manufacturer’s guidelines, with primer lengths of approximately
29–33 bp and an optimal target amplicon size ranging from 100 to 300 bp. Additionally,
the crRNA targeting sequences were positioned adjacent to protospacer-adjacent motifs
(PAMs; TTTV or TTV, V for A, G, or C). All primers, crRNA, the ssDNA reporter probe,
and the TaqMan probe were synthesized by Sangon Biotech Co., Ltd., Guangzhou, China.
The full sequences are provided in Table 1.

Table 1. Sequences of the primers, probes, crRNA used in this study.

Assay Name Sequence (5′-3′)

PCR
GS-F TCTCAAAAGAGGGGCGGATT

GS-R GCGCTATCCATATCTTTTTAGGGGC

ERA
GS-ERA-F ATTATCGACAGTCCAGACAGTGCCAGTGTCTCT

GS-ERA-R GCACTCCTATGATAAAAGAAATGAAACCTATTG

crRNA GS-CR1 GGGUAAUUUCUACUAAGUGUAGAUUCAAUAA-
UUUAGGAAGACGAAGU

GS-CR2 GGGUAAUUUCUACUAAGUGUAGAUGGAAGA-
CGAAGUAAUAUAGAUUA

GS-CR3 GGGUAAUUUCUACUAAGUGUAGAUCUCCUC-
UUAUUACUUACAUGGUU

ssDNA
reporter

QF FAM-TTATT-BHQ1

LF FAM-TTTTTTTATTTTTTT-Biotin

TaqMan
qPCR

GSQ-F TCCAGTCTATTCGGGTAGGAA

GSQ-R GACACCATGAAGCTCCACTAA

GS-Q-PROBE FAM-AAAGCTTTGGTAGGTTCATCAGTTCCT-BHQ1

2.3. Construction of the Recombinant Plasmid Standard

The L. garvieae strain ATCC 49156 was cultured in Brain Heart Infusion (BHI) broth
(Qingdao Hope Bio-Technology, Qingdao, China) and incubated overnight at 28 ◦C. Ge-
nomic DNA was extracted using the TIANamp Bacteria DNA Kit (TIANGEN, Beijing,
China). DNA quality and concentration were assessed using a NanoDrop 2000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA) by measuring the OD260/OD280

absorbance ratio. The target gene fragment of L. garvieae was amplified using a T20D ther-
mal cycler (LongGene, Hangzhou, China). The reaction mixture contained 25 µL Phanta
Max Master Mix (Vazyme, Nanjing, China), 2 µL of each forward and reverse primers
(10 µM), 2 µL DNA template (220 ng/µL), and ddH2O to a final volume of 50 µL. PCR
cycling conditions were as follows: initial denaturation at 95 ◦C for 3 min; followed by
30 cycles of denaturation at 95 ◦C for 30 s, annealing at 58 ◦C for 30 s, and extension at
72 ◦C for 30 s; with a final extension at 72 ◦C for 5 min. PCR products were separated
by electrophoresis on 1.5% agarose-TAE gels stained with ethidium bromide, and the
target fragments were purified using the SanPrep Column DNA Extraction Kit (Sangon
Biotech, Shanghai, China). A standard plasmid was generated by ligating the purified PCR
amplicons into the pCE3 vector using the Ultra-Universal TOPO Cloning Kit (Vazyme,
Nanjing, China). The ligation reaction was prepared by mixing 2 µL of the TOPO Cloning
Mix with 30 ng of the PCR amplicons and ddH2O to a final volume of 10 µL. The mixture
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was incubated at 37 ◦C for 5 min, followed by transformation into Escherichia coli DH5α
competent cells. Plasmid DNA was subsequently extracted using the TIANpure Midi
Plasmid Kit (TIANGEN, Beijing, China).

2.4. Development of ERA-CRISPR/Cas12a Detection Platform
2.4.1. Preliminary Optimization of ERA and CRISPR/Cas12a Cleavage

To facilitate the rational development of a one-pot ERA-CRISPR/Cas12a detection
platform, preliminary optimization was performed using a conventional two-step con-
figuration. This approach enabled the independent evaluation of ERA efficiency and
CRISPR/Cas12a cleavage performance, thereby avoiding interference between the two
processes during parameter optimization.

ERA optimization was performed using the ERA Basic Kit (KS101, Suzhou GenDx,
Suzhou, China) with a systematic evaluation of the reaction temperature and amplification
time. Each ERA reaction contained one lyophilized enzyme pellet, 20 µL rehydration buffer,
2 µL of each forward and reverse primers (10 µM), 2 µL template DNA, 2 µL MgOAc
(350 mM), and DEPC-treated water (Servicebio, Wuhan, China) to a final volume of
50 µL. ERA reactions were incubated for 5, 10, 15, 20 and 25 min to determine the optimal
amplification duration. Based on the optimal incubation time identified, the amplification
efficiency was further evaluated at different temperatures. The efficiency of ERA under dif-
ferent conditions was indirectly assessed using a downstream CRISPR/Cas12a fluorescence
assay. Briefly, 2 µL of ERA product was mixed with 18 µL of CRISPR reaction mixture con-
taining 1 µL LbCas12a (EDE0005, Editgene, Guangzhou, China), 2 µL reaction buffer,
1 µL crRNA (10 µM), 1 µL ssDNA reporter (10 µM), and DEPC-treated water up to
20 µL. The reaction mixture was incubated in a LightCycler 96 detection system (Roche
Diagnostics, Basel, Switzerland), and fluorescence signals were continuously recorded
in the FAM channel at 30 s intervals over a 30 min period. To optimize CRISPR/Cas12a
cleavage efficiency, eight LbCas12a to crRNA molar ratios (1:6, 1:5, 1:4, 1:3, 1:2, 1:1, 2:1,
and 3:1) were initially evaluated. Following identification of the optimal ratio (1:4), further
optimization was performed using gradient concentrations of both LbCas12a and crRNA
(from 25 nM:100 nM to 175 nM:700 nM). Given that elevated ssDNA reporter concentrations
contribute to increased background fluorescence, ssDNA reporter concentrations ranging
from 100 to 600 nM were evaluated to improve signal discrimination. Signal-to-background
(S/B) ratios were calculated based on fluorescence intensities obtained from positive and
negative controls. Additionally, CRISPR/Cas12a cleavage activity was also evaluated
across a reaction temperature gradient (ranging from 37 to 45 ◦C) to determine the optimal
reaction temperature. The optimized parameters obtained from this preliminary two-
step configuration were applied to establish the integrated one-pot ERA-CRISPR/Cas12a
detection platform.

2.4.2. Establishment of One-Pot ERA-CRISPR/Cas12a Detection Platform

Based on the optimized parameters obtained from the preliminary two-step configura-
tion, a spatially separated one-pot ERA-CRISPR/Cas12a platform was established as the
final analytical format. Physical separation of the amplification and CRISPR/Cas detection
components within a single closed tube was employed to prevent premature interaction
between reagents.

In the one-pot assay, the ERA reaction mixture was prepared at the bottom of the
reaction tube and consisted of 10 µL ERA rehydration buffer, forward and reverse primers
at a final concentration of 600 nM each, 1 µL template DNA, 14 mM MgOAc, and DEPC-
treated water to achieve a final volume of 25 µL. The CRISPR/Cas12a detection mixture
(5 µL), containing reaction buffer, LbCas12a (750 nM), crRNA (3 µM), and ssDNA reporter
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(3 µM), DEPC-treated water, was dispensed onto the inner surface of the tube cap to
maintain spatial separation during the amplification phase. The assembled reaction was
incubated at 43 ◦C for 15 min to allow independent progression of ERA. Subsequently,
brief centrifugation was performed to merge the ERA and CRISPR/Cas12a components.
Fluorescence signals were continuously monitored at 43 ◦C for a duration of 30 min.

To facilitate instrument-free readout and field deployment, a portable LFD format was
further developed. In this LFD readout, the 3′ BHQ1 quencher on the QF ssDNA reporter
was replaced with a biotin modification. Upon completion of the one-pot reaction, the
reaction mixture was diluted to 100 µL with ddH2O. The diluted sample was loaded onto a
commercial lateral flow dipstick (TS104, Suzhou GenDx, Suzhou, China) by immersing the
absorbent pad. Results were visually interpreted after 5 min. According to the manufac-
turer’s instructions, a valid positive result was defined by the presence of both control line
(C line) and test line (T line) signals, or by the T line signal alone, conversely, a negative
result was indicated by a distinct C line signal in the absence of a T line signal.

2.4.3. Sensitivity and Specificity Analysis of ERA-CRISPR/Cas12a Detection Platform

The concentration of purified recombinant plasmid DNA was quantified using the
Qubit™ dsDNA HS Assay kit (Thermo Fisher Scientific, Waltham, MA, USA) according
to the manufacturer’s instructions. To evaluate analytical sensitivity, a series of 10-fold
serial dilutions of the standard plasmid were prepared in DNA diluent (Sangon Biotech,
Shanghai, China), covering a concentration range from 2 × 109 to 2 × 100 copies/µL.

Assay specificity was assessed using genomic DNA extracted from bacterial species
associated with aquatic animal diseases. The concentrations of these bacterial DNA tem-
plates ranged from 76 to 240 ng/µL, and all specificity tests were independently performed
in triplicate. The panel included L. garvieae (ATCC 49156 and ATCC 43921), closely re-
lated species (L. petauri, L. formosensis and Lactococcus lactis), common aquatic bacteria
pathogens (S. iniae, Streptococcus dysgalactiae, Streptococcus agalactiae, Streptococcus parauberis,
Mycobacterium marinum, Bacillus subtilis, Nocardia seriolae, Vibrio alginolyticus, Vibrio harveyi,
Vibrio vulnificus, V. parahaemolyticus, Vibrio campbellii, Vibrio anguillarum, Photobacterium
damselae subsp. piscicida, Photobacterium damselae subsp. damselae, Aeromonas hydrophila,
Aeromonas salmonicida, Francisella noatunensis, Flavobacterium columnare, Edwardsiella piscicida,
Edwardsiella tarda, Shewanella algae, Citrobacter freundii and Plesiomonas shigelloides). With
the exception of the reference strains, all bacterial isolates were derived from diseased
aquatic animals.

2.5. Establishment and Optimization of the TaqMan qPCR Assay
2.5.1. Optimal Conditions for the TaqMan qPCR

The TaqMan qPCR assay was optimized using a 20 µL reaction volume consisting of
10 µL Probe Master Mix (Q513-02, Vazyme, Nanjing, China), forward and reverse primers,
TaqMan probe, ddH2O and DNA template. Amplification was performed on a LightCycler
96 detection system. Following the method described by Sun et al. [42], the annealing
temperature, primer concentration, and probe concentration were systematically optimized
using plasmid standards maintained at a constant concentration of 1 × 104 copies/µL. The
cycling conditions included preincubation at 37 ◦C for 5 min; initial denaturation at 95 ◦C for
1 min, followed by 40 cycles of denaturation at 95 ◦C for 10 s, annealing at 53–61 ◦C for 30 s.
To determine the optimal annealing temperature, amplification efficiency and fluorescence
signal intensity were evaluated across the tested temperature range. Subsequently, primer
concentrations ranging from 0.2 to 0.8 µM were assessed at a fixed probe concentration of
62.5 nM. Finally, probe concentrations from 62.5 to 500 nM were evaluated under conditions
of 59 ◦C annealing temperature and 0.6 µM primer concentration.
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2.5.2. Construction of the Standard Curve for TaqMan qPCR

A standard curve was generated using 10-fold serial dilutions of plasmid DNA ranging
from 1 × 109 to 1 × 100 copies/reaction. TaqMan qPCR was performed using these dilutions
as templates, and the standard curve was constructed via linear regression analysis of log-
transformed copy numbers against their corresponding cycle threshold (Ct) values.

2.5.3. Sensitivity, Specificity, Repeatability and Reproducibility of the TaqMan qPCR Assay

The limit of detection (LOD) was determined under the optimized qPCR conditions
using the serially diluted plasmids described above. Specificity was evaluated using
genomic DNA extracted from the aquatic pathogens listed in Section 2.4.3, following the
optimized protocol. Inter-assay and intra-assay reproducibility were assessed in triplicate
across three independent runs using 10-fold serial dilutions of the standard plasmid. The
coefficient of variation (CV) was calculated as follows: CV (%) = (standard deviation/mean
Ct value) × 100.

2.6. Repeatability Evaluation Using L. garvieae Bacterial Suspensions

L. garvieae strain ATCC 49156 was cultured in BHI medium at 28 ◦C until it reached the
mid-logarithmic growth phase. Bacterial cell density was estimated by measuring optical
density at 600 nm using an Evolution 2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). Serial dilutions of the bacterial suspension were prepared in BHI
medium. Based on the previously established rapid DNA extraction protocol [43], 100 µL
of each diluted bacterial suspension was mixed with 1 mL rapid DNA release reagent
(20 mM Tris-HCl, 300 mM NaCl, 1 mM EDTA, 1% SDS, 0.8% PVP-40, thermostable pronase
and proteinase K) at a 1:10 ratio and subjected to thermal lysis at 95 ◦C for 10 min. The
resulting lysates supernatants were directly tested using the ERA-CRISPR/Cas12a assays
to evaluate assay performance and repeatability under conditions simulating practical
diagnostic applications. For comparative analysis, bacterial DNA concentration in the
lysates were quantified using the TaqMan qPCR assay developed in this study.

2.7. Clinical Application of the One-Pot ERA-CRISPR/Cas12a and the TaqMan qPCR Assay

To further evaluate the clinical applicability of the newly developed detection plat-
forms, a total of 136 diseased fish samples were collected and analyzed. For each specimen,
a 100 µL aliquot of homogenized tissue was processed using the rapid DNA release pro-
tocol described in Section 2.6. The resulting supernatants were tested using the one-pot
ERA-CRISPR/Cas12a-Fluorescence and LFD assays. However, as the rapid sample pro-
cessing reagent was found to interfere with quantitative performance, it was excluded from
template preparation for both the TaqMan qPCR assay developed in this study and the
reference TaqMan qPCR assay reported by Shahin et al. (2025) [24]. Instead, nucleic acids
intended for qPCR analysis were processed using an automated nucleic acid extraction
system (FINDROP, Guangzhou, China) prior to amplification. This experimental design
facilitated a direct comparison of qualitative detection outcomes and positive detection
rates between the one-pot ERA-CRISPR/Cas12a assays and laboratory-based TaqMan
qPCR methods.

2.8. Retrospective Detection of Past L. garvieae Isolates from the South China Sea

During epidemiological surveillance of aquaculture sites in the South China Sea be-
tween 2020 and 2025, 57 L. garvieae isolates were isolated from diseased aquatic animals.
Detailed information for each isolate is provided in the Supplementary Materials. To further
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assess the newly developed detection platforms, all archived isolates were retrospectively
tested using the one-pot ERA-CRISPR/Cas12a-Fluorescence assay and the TaqMan qPCR
assay established in this study. Additionally, the TaqMan qPCR assay reported by Shahin
et al. (2025) [24] was included as an external reference.

2.9. On-Site Application

Molecular detection in resource-limited environments is often constrained by the lack
of heating equipment and centrifugation facilities. To address this challenge, a portable,
integrated detection device compatible with the one-pot workflow was designed and
fabricated using a 3D printer (UnionTech, Shanghai, China). The reaction tube consists of
two chambers separated by a movable septum, which enables physical isolation of the ERA
mixture from the CRISPR/Cas detection reagents during the initial amplification phase.
After a 15 min isothermal amplification step, the septum is manually actuated to merge
the two chambers, allowing the amplified products to directly activate the CRISPR/Cas12.
After an additional incubation period of 5–20 min, results can be obtained either by direct
fluorescence visualization under blue light illumination (470–490 nm) with a 510 nm
emission filter, or by LFD analysis following the dilution of the reaction mixture. Notably,
the entire reaction process can also be completed using body heat alone, such as by holding
the device in the hand. This operational flexibility supports decentralized testing and field
deployment in aquaculture environments.

2.10. Data Statistics and Analysis

All data were presented as mean ± standard deviation. Statistical analyses were
performed using GraphPad Prism 10.1 (GraphPad Software Inc., San Diego, CA, USA).

3. Results
3.1. Optimization of ERA-CRISPR/Cas12a Detection Platform

A recombinant plasmid containing a target sequence was successfully constructed.
Its total length of 2305 bp was confirmed by agarose gel electrophoresis (Figure 2A). In
subsequent experiments, this plasmid was used as a standard positive control to optimize
the detection platform. Component requirement analysis demonstrated that fluorescence
and LFD signals were generated exclusively when all essential reaction components were
present, confirming the functional integrity and necessity of each component in the ERA-
CRISPR/Cas12a detection platform (Figure 2B).

To optimize the ERA conditions, the effect of incubation temperature was initially
evaluated. ERA reactions conducted at 43 ◦C generated maximal fluorescence signal in
downstream CRISPR/Cas12a assays, indicating optimal amplification performance under
these conditions (Figure 3A). Subsequently, the influence of amplification duration was
assessed by conducting ERA reactions for 5, 10, 15, 20, and 25 min. When a plasmid tem-
plate concentration of 2 × 104 copies/reaction was used, strong fluorescence signals were
observed across all time points (Figure 3B). However, with a lower template concentration
of 2 × 100 copies/reaction, detectable fluorescence signals were consistently obtained only
after a minimum amplification duration of 15 min (Figure 3C). Based on these results,
to ensure reliable sensitivity for low-abundance targets while maintaining overall assay
performance, the ERA pre-amplification condition of 43 ◦C for 15 min was selected.
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Figure 2. Construction and component validation of the ERA-CRISPR/Cas12a detection platform.
(A) Agarose gel electrophoresis of the recombinant plasmids. Lane M: DL2000 DNA marker; Lane
1: positive control plasmid; Lane 2: DL5000 DNA marker. (B) Component requirement analysis of
the ERA-CRISPR/Cas12a detection platform. The plus and minus signs indicate the presence and
absence of the corresponding components, respectively.

Figure 3. Optimization of reaction conditions for the ERA-CRISPR/Cas12a detection platform.
(A) Effect of reaction temperature on ERA efficiency. (B,C) Optimization of ERA amplification
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time at 43 ◦C for 5, 10, 15, 20, and 25 min using plasmid templates at 2 × 104 copies/reaction
and 2 × 100 copies/reaction, respectively. (D) Screening of crRNA candidates based on endpoint
fluorescence output. (E) Heatmap of fluorescence signals obtained using different LbCas12a to crRNA
ratios. (F) Determination of optimal LbCas12a and crRNA concentrations. (G) Effect of ssDNA
reporter concentration on fluorescence intensity and corresponding signal-to-background (S/B) ratios.
(H) Effect of incubation temperature on CRISPR Cas12a cleavage activity.

Among the crRNA candidates tested, crRNA2 generated the highest fluorescence
signal under identical incubation conditions and was therefore selected for subsequent
experiments (Figure 3D). Evaluation of various LbCas12a to crRNA ratios revealed that
a 1:4 ratio produced the highest fluorescence intensity (Figure 3E). Further optimization
through gradient concentrations of both components showed that a combination of 125 nM
LbCas12a and 500 nM crRNA yielded the maximal fluorescence intensity (Figure 3F). The
effect of ssDNA reporter concentration on assay performance was also evaluated. Although
increasing ssDNA reporter concentrations resulted in progressively higher fluorescence
intensities, assessment of the S/B value identified 500 nM as the optimal reporter concentra-
tion, providing the best discrimination between positive and negative samples (Figure 3G).
Optimization of the CRISPR/Cas12a cleavage reaction temperature demonstrated that incu-
bation at 43 ◦C and 45 ◦C produced comparable maximum fluorescence signals (Figure 3H).
The optimal working conditions for the CRISPR/Cas12a reaction were established as
125 nM LbCas12a, 500 nM crRNA, 500 nM ssDNA reporter, and an incubation temperature
of 43 ◦C.

3.2. Evaluation of One-Pot ERA-CRISPR/Cas12a Detection Platform

The overall procedure of the spatially separated one-pot ERA-CRISPR/Cas12a de-
tection workflow and the specific gene-targeting region are illustrated in Figure 4A,B. In
the fluorescence assays, the two-step ERA-CRISPR/Cas12a assay achieved an LOD of
2 copies/reaction, whereas the one-pot configuration showed an LOD of 10 copies/reaction
(Figure 4C,D). Although the one-pot format showed a moderate reduction in sensitivity,
both fluorescence assays exhibited comparable performance within the same order of
magnitude and provided reliable signal discrimination at low template concentrations. For
the LFD assays, identical detection limits of 10 copies/reaction were obtained for both
the one-pot and two-step workflows (Figure 4E,F), indicating that workflow integration
did not compromise visual detection performance. The target region was analyzed by
BLASTn analysis against the NCBI database, which confirmed exclusive sequence ho-
mology with L. garvieae (GenBank database alignment date: 24 February 2026). Assay
specificity was further evaluated using genomic DNA from common aquatic pathogens.
The one-pot ERA-CRISPR/Cas12a assays exhibited high specificity, generating distinct
fluorescence signals (Figure 4G,H) and positive test lines on the LFD (Figure 4I,J) only in
samples containing L. garvieae. Non-target pathogens and no template controls produced
negligible fluorescence signals and displayed only control line on the LFD. These results
confirm the high specificity of the assay for L. garvieae, with no cross-reactivity observed
with other bacterial species. Given that the one-pot format was established as the final
analytical strategy, five independent replicates of the plasmid template (10 copies/reaction)
were analyzed to further validate its reproducibility. The results confirmed that both the
fluorescence and LFD assays can stably and consistently detect the target at this limit of
detection (Figure 5).
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Figure 4. Evaluation of the ERA-CRISPR/Cas12a detection platform. (A) Schematic illustration
of the one-pot ERA-CRISPR/Cas12a workflow. (B) Primer and crRNA Design. The ERA primer
binding sites (blue) and the protospacer adjacent motif (PAM, pink) are highlighted in the schematic,
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illustrating their positions relative to the target sequence. (C,D) Sensitivity of the one-pot and
two-step ERA-CRISPR/Cas12a-Fluorescence assays using serially diluted plasmid DNA. NTC: no
template control. (E,F) Sensitivity of the one-pot and two-step ERA-CRISPR/Cas12a-LFD assays.
1: NTC, 2–10: plasmids containing 2 × 100, 1 × 101, 2 × 103, 2 × 104, 2 × 105, 2 × 106, 2 × 107, 2
× 108 copies/reaction. T: test line; C: control line. (G,H) Specificity of the ERA-CRISPR/Cas12a-
Fluorescence assay. (I) Specificity of the ERA-CRISPR/Cas12a-LFD assay. 1–16: NTC, S. iniae, S.
dysgalactiae, S. agalactiae, V. alginolyticus, V. harveyi, V. vulnificus, V. parahaemolyticus, N. seriolae, P.
damselae subsp. piscicida, A. hydrophila, E. piscicida, B. subtilis, L. petauri and L. garvieae ATCC 43921.
(J) Specificity of the ERA-CRISPR/Cas12a-LFD assay. 1–17: NTC, P. shigelloides, C. freundii, S. algae, F.
columnare, S. parauberis, E. tarda, P. damselae subsp. damselae, F. noatunensis, V. anguillarum, V. campbellii,
M. marinum, A. salmonicida, L. lactis, L. formosensis, and L. garvieae ATCC 49156.

Figure 5. Reproducibility of the one-pot ERA-CRISPR/Cas12a detection platform at the limit of
detection. Five independent replicates were analyzed for each method. (A) ERA-CRISPR/Cas12a-
LFD assay at a template concentration of 1 × 101 copies/reaction. 1–5 represent the five independent
replicates. (B) ERA-CRISPR/Cas12a-Fluorescence assay at a template concentration of 1 × 101

copies/reaction. 1–5 represent the five independent replicates.

3.3. Development and Validation of the TaqMan qPCR Assay

The overall procedure of the TaqMan qPCR detection workflow and the specific
gene-targeting region are illustrated in Figure 6A. Key parameters of the TaqMan qPCR
were systematically optimized by evaluating annealing temperature, primer concentra-
tion, and probe concentration. The optimal annealing temperature was determined to be
59 ◦C, yielding the lowest Ct values (Figure 6B). A concentration of 0.6 µM for both for-
ward and reverse primers produced the highest amplification efficiency and the lowest
Ct value (Figure 6C). Similarly, the optimal probe concentration was identified as 250 nM
(Figure 6D). Consequently, the final optimized parameters, namely an annealing tem-
perature of 59 ◦C, 0.6 µM for both primers, and 250 nM for the probe, were used in all
subsequent qPCR analyses. The sensitivity of the optimized TaqMan qPCR assay was
evaluated using plasmid standards with concentrations ranging from 1 × 109 to 1 × 101

copies/µL. The LOD of the newly developed TaqMan qPCR for standard plasmid was
as low as 20 copies/reaction (Figure 6E). As shown in Figure 6F, the regression equation
for the standard curve was Y = −3.244X + 43.31, indicating a strong linear correlation
(R2 = 0.9993) between the average Ct values and the logarithmic copy number. The calcu-
lated amplification efficiency was 103.7%, which complies with the Minimum Information
for Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines [44]. A Ct
value of 39.5 was defined as the cutoff threshold for positive detection, whereas signals
exceeding this threshold were deemed unreliable due to background noise, ensuring speci-
ficity and reliability. Amplification curves were generated exclusively for L. garvieae, with
no cross-reactivity detected against common aquatic bacterial pathogens or in no-template
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controls (Figure 6G,H). Analytical precision of the TaqMan qPCR was validated through
inter-assay and intra-assay reproducibility assessments, expressed as CVs of Ct values
across independent runs. The inter-assay CVs ranged from 0.52 to 1.15%, with average
Ct values of 14.73 ± 0.17–39.38 ± 0.28. The intra-assay CVs ranged from 0.22 to 0.56%,
with average Ct values of 14.70 ± 0.05–39.02 ± 0.22 (Table 2). These results confirmed high
reproducibility and analytical robustness under the optimal cycling conditions.

 

Figure 6. Development and optimization of the TaqMan qPCR assay for L. garvieae. (A) Primer and
probe Design. The TaqMan qPCR primer binding sites (blue) and the probe (pink) are highlighted in
the schematic, illustrating their positions relative to the target sequence. (B) Annealing temperature
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was optimized at a primer concentration of 0.6 µM and a probe concentration of 62.5 nM. (C) Primer
concentration was optimized at an annealing temperature of 59 ◦C with a probe concentration of
62.5 nM. (D) Probe concentration was optimized using the optimal concentrations determined in
the previous steps, with a primer concentration of 0.6 µM and annealing temperature of 59 ◦C.
(E) Amplification curves generated using 10-fold serial dilutions of plasmid DNA ranging from
1 × 109 to 1 × 101 copies per reaction. (F) Standard curve showing the linear relationship between Ct
values and the logarithmic plasmid copy number. (G,H) Specificity assessment of the TaqMan qPCR
assay. NTC: no-template controls.

Table 2. Intra-assay and inter-assay reproducibility of the L. garvieae TaqMan qPCR.

Concentration of
Standard Plasmid
(Copies/Reaction)

Intra-Assay
Mean ± SD Intra-Assay CV (%) Inter-Assay

Mean ± SD Inter-Assay CV (%)

109 14.70 ± 0.05 0.34 14.73 ± 0.17 1.15
108 17.36 ± 0.05 0.29 17.28 ± 0.13 0.75
107 20.63 ± 0.07 0.35 20.53 ± 0.14 0.68
106 23.86 ± 0.09 0.36 23.80 ± 0.27 1.13
105 27.05 ± 0.06 0.22 27.10 ± 0.19 0.70
104 30.22 ± 0.13 0.43 30.16 ± 0.18 1.13
103 33.43 ± 0.08 0.24 33.48 ± 0.20 0.60
102 36.76 ± 0.14 0.38 36.85 ± 0.19 0.52
20 39.02 ± 0.22 0.56 39.38 ± 0.28 0.71

3.4. Repeatability Evaluation of ERA-CRISPR/Cas12a Assays Using L. garvieae
Bacterial Suspensions

Both the one-pot and two-step ERA-CRISPR/Cas12a-Fluorescence assays exhibited
an LOD of 6.2 × 101 CFU/reaction (Figure 7A,B) for L. garvieae bacterial suspensions. Con-
sistent detection performance was also observed in the LFD assays, with an identical LOD
of 6.2 × 101 CFU/reaction for both workflow configurations (Figure 7C,D), demonstrating
comparable sensitivity and repeatability between the integrated and conventional ap-
proaches. When the optimized TaqMan qPCR assay was applied to crude lysates prepared
using the rapid DNA release reagent, only limited variation in Ct values was observed
across the tested bacterial concentrations. The mean Ct values for serial dilutions ranging
from 6.2 × 107–6.2 × 100 CFU/reaction were 31.53, 32.00, 32.55, 33.32, 33.44, 33.78, 34.16,
and 34.20, respectively (Figure 7E). The lack of a concentration-dependent shift in Ct values
indicates that the rapid DNA release reagent is incompatible with accurate quantitative
analysis by TaqMan qPCR. In contrast, when DNA extracted from the same bacterial
suspensions using a commercial extraction kit was analyzed, a clear correlation between
bacterial concentration and Ct values was observed (Figure 7F), confirming the quantitative
performance of the qPCR assay under compatible sample preparation conditions.

3.5. Examination of Clinical Samples

The results of the parallel analysis of 136 clinical diseased fish samples are presented in
Figure 8 and Table 3. Using the one-pot ERA-CRISPR/Cas12a platform, both fluorescence
and LFD readouts identified 32 positive samples, corresponding to a detection rate of
23.5%. An identical detection rate was obtained with the TaqMan qPCR assay developed
in this study, as well as with the reference TaqMan qPCR assay reported by Shahin et al.
(2025) [24]. These results demonstrate full qualitative concordance between the rapid
detection platform and qPCR assays when applied to naturally infected fish samples,
supporting the clinical reliability of the proposed workflow.
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Figure 7. Repeatability and practical performance evaluation of ERA-CRISPR/Cas12a assays using L.
garvieae bacterial suspensions. (A,B) One-pot and two-step ERA-CRISPR/Cas12a-Fluorescence assay
using bacterial suspensions pretreated with rapid DNA release reagent. NTC: no-template control.
(C,D) One-pot and two-step ERA-CRISPR/Cas12a-LFD assay using bacterial suspensions pretreated
with rapid DNA release reagent. 1: NTC; 2–7: gradient bacterial suspension samples containing
6.2 × 105–6.2 ×100 CFU/reaction of L. garvieae as templates. T: test line; C: control line. (E) TaqMan
qPCR quantification results obtained using bacterial suspensions pretreated with rapid DNA release
reagent. (F) TaqMan qPCR quantification results obtained using bacterial suspensions extracted with
the TIANamp Bacteria DNA Kit.

Figure 8. Clinical examination results of fish samples. Specimens analyzed included Trachinotus
spp. (samples 1–36), R. canadum (samples 37–70), P. leopardus (samples 71–91), pearl gentian grouper
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(samples 92–106), S. dumerili (samples 107–118), Siganus spp. (samples 119–126), T. modestus (samples
127–133), S. multifasciata (samples 134–136). TaqMan qPCR2 refers to the reference assay reported by
Shahin et al. (2025) [24]. TaqMan qPCR1 refers to the assay developed in this study. The plus and
minus signs indicate positive and negative results, respectively.

Table 3. Clinical sample test result.

Methods Positive
Sample

Negative
Sample

Sample
Count

Detection
Rate

One-pot
ERA-CRISPR/Cas12a-

Fluorescence
32 104 136 23.5%

One-pot
ERA-CRISPR/Cas12a-LFD 32 104 136 23.5%

TaqMan qPCR (this study) 32 104 136 23.5%
TaqMan qPCR [24] 32 104 136 23.5%

3.6. Retrospective Detection Results

All 57 archived L. garvieae isolates, collected during epidemiological surveillance, were
retrospectively analyzed using the one-pot ERA-CRISPR/Cas12a-Fluorescence assay and
the TaqMan qPCR assay developed in this study. For cross-method validation, the TaqMan
qPCR assay described by Shahin et al. (2025) [24] was included as an external reference.
All isolates were consistently detected as L. garvieae by each of the three independent
detection methods, with neither amplification signal nor Ct value observed in the negative
controls (Figure 9). The complete agreement among the one-pot ERA-CRISPR/Cas12a
assay, the newly developed TaqMan qPCR assay, and the reference qPCR method confirms
the applicability of newly developed detection platform.

3.7. Validation Under Simulated Field Conditions

Two samples collected from S. dumerili and Trachinotus spp. were provided by individ-
ual aquaculture farmers and used for simulated field testing. Following the established field
workflow, sample pretreatment using the rapid DNA release reagent and subsequent detec-
tion were completed within 50 min using a handheld reaction device, without reliance on
external heating or centrifugation equipment (Figure 10A,B). The Trachinotus spp. sample
yielded a positive result, whereas the S. dumerili sample and the negative control produced
negative signals (Figure 10C,D). Consistent detection results were obtained using both
the ERA-CRISPR/Cas12a-Fluorescence and LFD readouts, demonstrating reliable visual
discrimination between positive and negative samples under simulated field conditions. To
further validate these on-site results, the reaction mixtures were transferred to centrifuge
tubes for endpoint fluorescence measurement using a LightCycler 96 system. The measured
fluorescence intensities were in full agreement with the visual readouts, confirming the
accuracy of the portable detection workflow. The laboratory qPCR results showed no Ct
value for Sample a and a Ct value of 22.3 for Sample b (Figure 10E). Collectively, these
results demonstrate the feasibility of a rapid, instrument-free, and visually interpretable
assay for on-site detection of L. garvieae.
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Figure 9. Retrospective of archived L. garvieae isolates. (A) TaqMan qPCR reported by Shahin
et al. (2025) [24]. (B) TaqMan qPCR developed in this study. (C) One-pot ERA-CRISPR/Cas12a-
Fluorescence assay.
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Figure 10. Field application of the one-pot ERA-CRISPR/Cas12a detection platform under simulated
on-site conditions. Samples collected from S. dumerili (Sample a) and Trachinotus spp. (Sample
b) were analyzed. (A) On-site detection equipment. The reaction tube, movable septum, and lid
were fabricated via 3D printing. The upper and lower reaction chambers are physically separated
by the movable septum during the amplification phase. Manual actuation of the septum enables
chamber merging and initiates the CRISPR/Cas12a detection reaction. (B) On-site detection workflow.
(C) Fluorescence readout of the one-pot ERA-CRISPR/Cas12a assay. (D) LFD readout of the one-
pot ERA-CRISPR/Cas12a assay. (E) Endpoint fluorescence intensity measured using a LightCycler
96 system and TaqMan qPCR detection results.

4. Discussion
Prior studies have demonstrated that the virulence activation of L. garvieae is

temperature-dependent, classifying it as a warm-water pathogen [14,15], with infections
predominantly occurring under elevated water temperatures. Increasing average water
temperatures and prolonged warm seasons have expanded the temporal window for dis-
ease outbreaks, posing sustained pressure on aquaculture health management. During
epidemiological surveillance conducted in marine aquaculture areas of the South China
Sea between 2020 and 2025, a total of 57 bacterial strains associated with lactococcosis
were isolated and identified as L. garvieae, confirming its status as the predominant etio-
logical agent of lactococcosis in this region and highlighting the urgent need for rapid and
reliable diagnostic tools to support early intervention and effective outbreak control and
surveillance in aquaculture settings.
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From an analytical perspective, accurate identification of L. garvieae remains chal-
lenging. Existing research demonstrates that conventional 16S rRNA sequencing lacks
the sufficient resolution to distinguish L. garvieae from closely related species. Moreover,
previously reported molecular methods, including PCR [21], qPCR [22] and LAMP [45]
targeting the 16S rRNA, ITS region or protein-coding genes, have shown variable speci-
ficity [23]. Although gyrB gene sequencing is effective for taxonomic identification [1], it is
not practical for routine diagnostic applications due to technical and logistical constraints.
In this study, a conserved CDS gene identified through comparative genomic analysis was
selected as the detection target. Previous studies have suggested that this gene may be
associated with the pathogenicity of L. garvieae [46]. This region exhibited high species
specificity, showed no detectable homology with related lactococcosis pathogens and host
genomes, and was consistently present in clinical isolates and reference strains, suggesting
that target may serve as a potential species-specific diagnostic marker.

In this study, ERA-CRISPR/Cas12a and TaqMan qPCR assays were established for
the specific detection of L. garvieae, with no cross-reactivity observed among 26 common
aquatic bacterial species. Using plasmid standards, the one-pot ERA-CRISPR/Cas12a-
Fluorescence assay achieved an LOD of 10 copies/reaction. This sensitivity was compara-
ble to that reported for MIRA-CRISPR/Cas12a detection of Lactobacillus acetotolerans [47]
and RPA-CRISPR/Cas12a detection of Staphylococcus aureus [48], but slightly lower than
RPA-CRISPR/Cas12a for Candida albicans (3.8 copies/reaction) [49], while remaining su-
perior to the RT-RPA-CRISPR/Cas12a assay reported for Sugarcane streak mosaic virus
(50 copies/reaction) [50]. The one-pot ERA-CRISPR/Cas12a-LFD assay exhibited an LOD
of 10 copies/reaction, consistent with the sensitivity reported for RPA-CRISPR/Cas12a-
based LFD assays targeting S. aureus [48] and Klebsiella pneumoniae [51]. In parallel, the
newly developed TaqMan qPCR assay showed LOD as low as 20 copies/reaction, which
was higher than those reported for K. pneumoniae (4.6 copies/reaction) [52] and for L.
garvieae (9.73 copies/reaction) [24], but lower than those reported for E. hepatopenaei
(40 copies/reaction) [53], Aeromonas schubertii (36 copies/reaction) [54]. These comparisons
indicate that the proposed assays achieve sensitivity within the typical range reported for
CRISPR-based and TaqMan qPCR diagnostic methods.

Repeatability and practical performance were further evaluated using L. garvieae
bacterial suspensions pretreated with a rapid DNA release reagent. Both one-pot
ERA-CRISPR/Cas12a-Fluorescence and LFD assays consistently detected L. garvieae at
6.2 × 101 CFU/reaction. Clinical evaluation of 136 naturally infected fish samples showed
complete concordance between ERA-CRISPR/Cas12a assays and both the newly devel-
oped and reference TaqMan qPCR assays. These results confirm that ERA-CRISPR/Cas12a
platform achieves diagnostic ability comparable to qPCR for qualitative detection, while
offering substantially reduced processing time and simplified operation. Consequently,
ERA-CRISPR/Cas12a and other CRISPR-Dx are well suited for rapid screening and decen-
tralized surveillance [55,56], whereas qPCR remains the indispensable gold standard for
precise quantification, standardization, and epidemiological investigations, serving as a
complementary reference method [57].

As summarized in Table 4, most existing molecular diagnostic methods for L. garvieae
require 1–2 h for analysis, excluding sample preparation, and depend heavily on laboratory
infrastructure and trained personnel, which limits their applicability in field and resource-
limited settings. Compared with previously reported molecular diagnostic methods for
L. garvieae, the ERA-CRISPR/Cas12a platform demonstrates competitive sensitivity with
markedly improved operational efficiency. Notably, these detection limits were achieved
within approximately 35 min, representing a substantial reduction in time relative to PCR
and qPCR workflows.

https://doi.org/10.3390/microorganisms14040830

https://doi.org/10.3390/microorganisms14040830


Microorganisms 2026, 14, 830 20 of 24

Table 4. Different molecular diagnostic methods for the detection for L. garvieae.

Methods Target Gene Accession No. Templates LOD Time References

PCR 16S rRNA X54262 Bacterial
suspension 36 CFU/mL 135.5 min Zlotkin, et al.

1998 [21]

PCR Dihydropteroate
synthase gene AB024530 / / 77.5

min
Aoki et al.
2000 [58]

SYBR Green
qPCR 16S rRNA / Genomic

DNA 32 fg/µL 115
min

Jung, et al.
2010 [22]

SYBR Green
qPCR

16S-23S rRNA
ITS region / Genomic

DNA 2.63 fg/µL 72.5
min

Thanh et al.
2012 [59]

LAMP α/β fold family
hydrolase gene JF766366 Bacterial

suspension 300 CFU/mL 60 min Tsai, et al.
2013 [45]

Multiplex
TaqMan qPCR

16S-23S rRNA
ITS region / / 50

min
Chapela,

et al.2018 [25]

TaqMan qPCR 16S–23S rRNA
ITS region HM241913.1 Plasmid 4 copies/µL 61.5 min Shahin, et al.

2022 [60]

Multiplex
PCR

DUF1430
domain-

containing
protein

AP009333.1 Bacterial
suspension 5 CFU/mL 65

min
Ustaoglu,

et al. 2024 [61]

Multiplex
TaqMan qPCR

Hypothetical
protein gene SFL50150.1 Plasmid 9.73

copies/µL
60

min
Shahin, et al.

2025 [24]

One-pot
ERA-

CRISPR/Cas12a-
Fluorescence

Hypothetical
protein gene AP009332.1 Plasmid

10
copies/reaction

30
min This study

One-pot
ERA-

CRISPR/Cas12a-
LFD

10
copies/reaction

35
min This study

TaqMan qPCR 20
copies/reaction

55
min This study

Efficient sample processing remains a critical determinant of the feasibility of field
diagnostics [43,49]. The rapid DNA release protocol compatible with ERA-CRISPR/Cas12
assays enables sample preparation without reliance on complex instrumentation. However,
residual lytic enzymes (thermostable pronase and proteinase K) in crude lysates adversely
have been shown to impair qPCR performance, likely due to thermally stable proteolytic
activity interfering with polymerase function or probe hybridization. The development of
broadly compatible sample preparation reagents suitable for both isothermal amplification
and qPCR remains an important focus for future optimization.

Compared with conventional two-step workflows [62], the one-pot ERA-CRISPR/Cas12
platform established in this study effectively prevents reaction tube reopening, thereby
mitigating the risk of contamination. Notably, the one-pot assay exhibits specificity and
detection rates comparable to that of qPCR, while offering advantages in operational sim-
plicity, field adaptability and rapid qualitative readouts, thus supporting its application in
decentralized pathogen surveillance for aquaculture. While the developed one-pot reaction
platform offers significant benefits, several limitations require attention. Primarily, although
the closed tube configuration inherently mitigates aerosol contamination risks by removing

https://doi.org/10.3390/microorganisms14040830

https://doi.org/10.3390/microorganisms14040830


Microorganisms 2026, 14, 830 21 of 24

the need for amplicon transfer, the exceptional sensitivity of the assay necessitates rigorous
environmental controls to avoid cross contamination during reagent handling. Further-
more, the expense of CRISPR associated enzymes and isothermal amplification reagents
currently exceeds that of conventional PCR and qPCR components, potentially hindering
broad implementation in settings with limited resources. Nevertheless, the reliance on
simple incubation protocols combined with visual and portable detection methods provides
a financially viable alternative by eliminating the dependency on sophisticated laboratory
infrastructure Future efforts will focus on integrating CRISPR-based assays into portable
and low-cost diagnostic formats, such as microfluidic systems [63] and smartphone-assisted
readouts [64], to enable POC diagnostic in resource-limited and field environments [65].
Improvements in reagent stability through strategies such as lyophilization [66] or encap-
sulation [67] are also expected to enhance assay portability, extend shelf life, and facilitate
broader deployment.

5. Conclusions
In conclusion, a one-pot ERA-CRISPR/Cas12a platform has been developed for the

detection of L. garvieae. When combined with a rapid DNA release protocol, this approach
enables sample processing and qualitative diagnosis within 50 min, offering a practical
solution for rapid on-site detection and pathogen surveillance in various environments.
Furthermore, the platform demonstrates potential for adaptation to the detection of other
aquatic pathogens. In parallel, a TaqMan qPCR assay has also been established, providing
a tool for the diagnosis and epidemiological investigation of lactococcosis. Ultimately,
extensive validation of this target and platform across broader clinical cohorts is warranted
to fully ascertain their practical reliability among emerging diagnostic alternatives.
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//www.mdpi.com/article/10.3390/microorganisms14040830/s1, Supplementary Table S1: clinical
isolates of Lactococcus garvieae. Supplementary Table S2: clinical examination samples.

Author Contributions: Methodology, H.W. and H.S.; software, F.C.; validation, H.W., H.S. and Z.H.;
investigation, F.C., Y.C., X.C., D.R.A., Z.Z. and H.L.; data curation, Y.H.; writing—original draft
preparation, H.W. and H.S.; writing—review and editing, H.W., H.S., L.W. and Y.H.; visualization,
H.W., H.S.; project administration, Y.H.; funding acquisition, Y.H., H.W. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program (No.
2022YFD2401204); Special project for promoting scientific and technological achievements to counties
and townships in Guangdong province (No. 2025B0202010042); Key Scientific Research Platforms and
Projects of Regular Institutions of Higher Education in Guangdong Province (No. 2025ZDZX4019); In-
novation and Entrepreneurship Training Program Project Funding from Guangdong Ocean University
(No. CXXL2025005).

Institutional Review Board Statement: All experiments were conducted strictly following the recom-
mendations in the ‘Guide for the Care and Use of Laboratory Animals’ set by the National Institutes
of Health. All fish experiments were approved by the Animal Ethics Committee of Guangdong
Provincial Key Laboratory of Aquatic Animal Disease Control and Healthy Culture, approval code:
20230918002, approval date: 18 September 2023.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

https://doi.org/10.3390/microorganisms14040830

https://www.mdpi.com/article/10.3390/microorganisms14040830/s1
https://www.mdpi.com/article/10.3390/microorganisms14040830/s1
https://doi.org/10.3390/microorganisms14040830


Microorganisms 2026, 14, 830 22 of 24

References
1. Heckman, T.I.; Yazdi, Z.; Older, C.E.; Griffin, M.J.; Waldbieser, G.C.; Chow, A.M.; Silva, I.M.; Anenson, K.M.; García, J.C.; LaFrentz,

B.R.; et al. Redefining piscine lactococcosis. Appl. Environ. Microbiol. 2024, 90, e02349-23. [CrossRef]
2. Chan, Y.-X.; Cao, H.; Jiang, S.; Li, X.; Fung, K.-K.; Lee, C.-H.; Sridhar, S.; Chen, J.H.-K.; Ho, P.-L. Genomic investigation of

Lactococcus formosensis, Lactococcus garvieae, and Lactococcus petauri reveals differences in species distribution by human and
animal sources. Microbiol. Spectr. 2024, 12, e00541-24. [CrossRef] [PubMed]

3. Austin, B.; Austin, D.A. Gram-Positive Bacteria (Anaerobes and ‘Lactic Acid’ Bacteria). In Bacterial Fish Pathogens: Disease of
Farmed and Wild Fish; Springer International Publishing: Cham, Switzerland, 2016; pp. 21–82.

4. Rao, S.; Pham, T.H.; Poudyal, S.; Cheng, L.-W.; Nazareth, S.C.; Wang, P.-C.; Chen, S.-C. First report on genetic characterization, cell-
surface properties and pathogenicity of Lactococcus garvieae, emerging pathogen isolated from cage-cultured cobia (Rachycentron
canadum). Transbound. Emerg. Dis. 2022, 69, 1197–1211. [CrossRef]

5. Neupane, S.; Rao, S.; Yan, W.X.; Wang, P.C.; Chen, S.C. First identification, molecular characterization, and pathogenicity
assessment of Lactococcus garvieae isolated from cultured pompano in Taiwan. J. Fish Dis. 2023, 46, 1295–1309. [CrossRef]
[PubMed]

6. Huang, Y.; Sun, H.; Dong, J.; Zhang, J.; Wang, H.; Yang, L.; Li, Y.; Wang, Y. Novel identification of mixed infection of Lactococcus
garvieae and Cryptocaryon irritans isolated from cultured Trachinotus ovatus in China. PLoS ONE 2024, 19, e0301674. [CrossRef]

7. Egger, R.C.; Rosa, J.C.C.; Resende, L.F.L.; de Pádua, S.B.; de Oliveira Barbosa, F.; Zerbini, M.T.; Tavares, G.C.; Figueiredo, H.C.P.
Emerging fish pathogens Lactococcus petauri and L. garvieae in Nile tilapia (Oreochromis niloticus) farmed in Brazil. Aquaculture
2023, 565, 739093. [CrossRef]

8. Pourahmad, F. Use of tuf gene sequencing for Identification of Lactococci isolated from diseased rainbow trout (Oncorhynchus
mykiss). Aquaculture 2025, 594, 741426. [CrossRef]

9. Bekker, A.; Hugo, C.; Albertyn, J.; Boucher, C.E.; Bragg, R.R. Pathogenic Gram-positive cocci in South African rainbow trout,
Oncorhynchus mykiss (Walbaum). J. Fish Dis. 2011, 34, 483–487. [CrossRef]

10. Shahin, K.; Veek, T.; Heckman, T.I.; Littman, E.; Mukkatira, K.; Adkison, M.; Welch, T.J.; Imai, D.M.; Pastenkos, G.; Camus,
A.; et al. Isolation and characterization of Lactococcus garvieae from rainbow trout, Onchorhyncus mykiss, from California, USA.
Transbound. Emerg. Dis. 2022, 69, 2326–2343. [CrossRef]

11. Bastardo, A.; Ravelo, C.; Castro, N.; Calheiros, J.; Romalde, J.L. Effectiveness of bivalent vaccines against Aeromonas hydrophila
and Lactococcus garvieae infections in rainbow trout Oncorhynchus mykiss (Walbaum). Fish Shellfish Immunol. 2012, 32, 756–761.
[CrossRef] [PubMed]

12. Salif, M.; Ogawa, R.; Mikami, A.; Daibata, M.; Imajoh, M. Complete genome sequence of Lactococcus garvieae isolated from a
greater amberjack (Seriola dumerili) farmed in Japan in 2022. Microbiol. Resour. Announc. 2024, 13, e00436-24. [CrossRef] [PubMed]

13. Karami, E.; Alishahi, M.; Molayemraftar, T.; Ghorbanpour, M.; Tabandeh, M.R.; Mohammadian, T. Study of pathogenicity and
severity of Lactococcus garvieae isolated from rainbow trout (Oncorhynchus mykiss) farms in Kohkilooieh and Boyerahmad province.
Fish. Aquat. Sci. 2019, 22, 21. [CrossRef]

14. Meyburgh, C.M.; Bragg, R.R.; Boucher, C.E. Lactococcus garvieae: An emerging bacterial pathogen of fish. Dis. Aquat. Organ. 2017,
123, 67–79. [CrossRef]

15. Vendrell, D.; Balcázar, J.L.; Ruiz-Zarzuela, I.; de Blas, I.; Gironés, O.; Múzquiz, J.L. Lactococcus garvieae in fish: A review. Comp.
Immunol. Microbiol. Infect. Dis. 2006, 29, 177–198. [CrossRef]

16. Lin, Y.; Han, J.; Barkema, H.W.; Wang, Y.; Gao, J.; Kastelic, J.P.; Han, B.; Qin, S.; Deng, Z. Comparative Genomic Analyses of
Lactococcus garvieae Isolated from Bovine Mastitis in China. Microbiol. Spectr. 2023, 11, e02995-22. [CrossRef]

17. Yang, Q.; Wang, X.; Schwarz, S.; Zhu, Y.; Zhang, W. Identification of ISVlu1-derived translocatable units containing optrA and/or
fexA genes generated by homologous or illegitimate recombination in Lactococcus garvieae of porcine origin. Vet. Microbiol. 2024,
292, 110048. [CrossRef]

18. Martinovic, A.; Cabal, A.; Nisic, A.; Sucher, J.; Stöger, A.; Allerberger, F.; Ruppitsch, W. Genome Sequences of Lactococcus garvieae
and Lactococcus petauri Strains Isolated from Traditional Montenegrin Brine Cheeses. Microbiol. Resour. Announc. 2021, 10,
e00546-21. [CrossRef]

19. Lee, C.H.; Woo, P.Y.; Leung, C.K.; Li, R.; Chan, J.K.; Ng, K.S.; Tse, C.W. Infectious intracranial aneurysm associated with Lactococcus
garvieae: A case report and literature review. Infect. Med. 2024, 3, 100123. [CrossRef]

20. Wang, C.-Y.C.; Shie, H.-S.; Chen, S.-C.; Huang, J.-P.; Hsieh, I.-C.; Wen, M.-S.; Lin, F.-C.; Wu, D. Lactococcus garvieae infections in
humans: Possible association with aquaculture outbreaks. Int. J. Clin. Pract. 2007, 61, 68–73. [CrossRef]

21. Zlotkin, A.; Eldar, A.; Ghittino, C.; Bercovier, H. Identification of Lactococcus garvieae by PCR. J. Clin. Microbiol. 1998, 36, 983–985.
[CrossRef] [PubMed]

22. Jung, M.Y.; Chang, Y.H.; Kim, W. A real-time PCR assay for detection and quantification of Lactococcus garvieae. J. Appl. Microbiol.
2010, 108, 1694–1701. [CrossRef]

https://doi.org/10.3390/microorganisms14040830

https://doi.org/10.1128/aem.02349-23
https://doi.org/10.1128/spectrum.00541-24
https://www.ncbi.nlm.nih.gov/pubmed/38687062
https://doi.org/10.1111/tbed.14083
https://doi.org/10.1111/jfd.13848
https://www.ncbi.nlm.nih.gov/pubmed/37578999
https://doi.org/10.1371/journal.pone.0301674
https://doi.org/10.1016/j.aquaculture.2022.739093
https://doi.org/10.1016/j.aquaculture.2024.741426
https://doi.org/10.1111/j.1365-2761.2011.01259.x
https://doi.org/10.1111/tbed.14250
https://doi.org/10.1016/j.fsi.2012.01.028
https://www.ncbi.nlm.nih.gov/pubmed/22326941
https://doi.org/10.1128/mra.00436-24
https://www.ncbi.nlm.nih.gov/pubmed/39012131
https://doi.org/10.1186/s41240-019-0135-2
https://doi.org/10.3354/dao03083
https://doi.org/10.1016/j.cimid.2006.06.003
https://doi.org/10.1128/spectrum.02995-22
https://doi.org/10.1016/j.vetmic.2024.110048
https://doi.org/10.1128/MRA.00546-21
https://doi.org/10.1016/j.imj.2024.100123
https://doi.org/10.1111/j.1742-1241.2006.00855.x
https://doi.org/10.1128/JCM.36.4.983-985.1998
https://www.ncbi.nlm.nih.gov/pubmed/9542921
https://doi.org/10.1111/j.1365-2672.2009.04568.x
https://doi.org/10.3390/microorganisms14040830


Microorganisms 2026, 14, 830 23 of 24

23. Vela, A.I.; del Mar Blanco, M.; Colussi, S.; Kotzamanidis, C.; Prearo, M.; Altinok, I.; Acutis, P.L.; Volpatti, D.; Alba, P.; Feltrin, F.;
et al. The association of Lactococcus petauri with lactococcosis is older than expected. Aquaculture 2024, 578, 740057. [CrossRef]

24. Shahin, K.; Abdel-Glil, M.; Saticioglu, I.B.; Duman, M.; Altun, S.; Colussi, S.; Esposito, G.; Acutis, P.L.; Marino, P.; Spondler, B.;
et al. Diving Into the Depths: Unveiling the Main Etiologies of Piscine Lactococcosis with a Novel Multiplex qPCR Assay. J. Fish
Dis. 2025, 48, e14147. [CrossRef] [PubMed]

25. Chapela, M.-J.; Ferreira, M.; Varela, C.; Arregui, L.; Garrido-Maestu, A. Development of a multiplex real-time PCR method
for early diagnosis of three bacterial diseases in fish: A real-case study in trout aquaculture. Aquaculture 2018, 496, 255–261.
[CrossRef]

26. Zhang, W.; Xu, L.; Liu, Q.; Cao, Y.; Yang, K.; Song, X.; Shao, Y.; Tu, J.; Qi, K. Enzymatic recombinase amplification coupled with
CRISPR-Cas12a for ultrasensitive, rapid, and specific Porcine circovirus 3 detection. Mol. Cell. Probes 2021, 59, 101763. Erratum in
Mol. Cell. Probes 2021, 60, 101772. [CrossRef]

27. Lobato, I.M.; O’Sullivan, C.K. Recombinase polymerase amplification: Basics, applications and recent advances. Trends Anal.
Chem. 2018, 98, 19–35. [CrossRef]

28. Piepenburg, O.; Williams, C.H.; Stemple, D.L.; Armes, N.A. DNA Detection Using Recombination Proteins. PLoS Biol. 2006, 4,
e204. [CrossRef] [PubMed]

29. Lin, N.; Zhang, J.; Wang, Y.; Zhang, Z. CRISPR/Cas Technology in Disease Prevention and Control of Aquatic Animals. Rev.
Aquac. 2025, 17, e12995. [CrossRef]

30. Park, S.B.; Zhang, Y. Development of Multienzyme Isothermal Rapid Amplification (MIRA) Combined with Lateral-Flow Dipstick
(LFD) Assay to Detect Species-Specific tlh and Pathogenic trh and tdh Genes of Vibrio parahaemolyticus. Pathogens 2024, 13, 57.
[CrossRef]

31. Wang, Y.; Niu, J.; Sun, M.; Li, Z.; Wang, X.; He, Y.; Qi, J. Rapid and Sensitive Detection of Streptococcus iniae in Trachinotus ovatus
Based on Multienzyme Isothermal Rapid Amplification. Int. J. Mol. Sci. 2023, 24, 7733. [CrossRef]

32. Li, J.; Wang, Y.; Hu, J.; Bao, Z.; Wang, M. An isothermal enzymatic recombinase amplification (ERA) assay for rapid and accurate
detection of Enterocytozoon hepatopenaei infection in shrimp. J. Invertebr. Pathol. 2023, 197, 107895. [CrossRef] [PubMed]

33. Chen, Y.; Xu, X.; Wang, J.; Zhang, Y.; Zeng, W.; Liu, Y.; Zhang, X. Photoactivatable CRISPR/Cas12a Strategy for One-Pot DETECTR
Molecular Diagnosis. Anal. Chem. 2022, 94, 9724–9731. [CrossRef]

34. Gootenberg, J.S.; Abudayyeh, O.O.; Kellner, M.J.; Joung, J.; Collins, J.J.; Zhang, F. Multiplexed and portable nucleic acid detection
platform with Cas13, Cas12a, and Csm6. Science 2018, 360, 439–444. [CrossRef]

35. Chen, J.S.; Ma, E.; Harrington, L.B.; Da Costa, M.; Tian, X.; Palefsky, J.M.; Doudna, J.A. CRISPR-Cas12a target binding unleashes
indiscriminate single-stranded DNase activity. Science 2018, 360, 436–439. Erratum in Science 2021, 371, eabh0317. [CrossRef]

36. Zetsche, B.; Gootenberg, J.S.; Abudayyeh, O.O.; Slaymaker, I.M.; Makarova, K.S.; Essletzbichler, P.; Volz, S.E.; Joung, J.; van der
Oost, J.; Regev, A.; et al. Cpf1 is a single RNA-guided endonuclease of a class 2 CRISPR-Cas system. Cell 2015, 163, 759–771.
[CrossRef]

37. Li, S.Y.; Cheng, Q.X.; Liu, J.K.; Nie, X.Q.; Zhao, G.P.; Wang, J. CRISPR-Cas12a has both cis- and trans-cleavage activities on
single-stranded DNA. Cell Res. 2018, 28, 491–493. Erratum in Cell Res. 2024, 34, 266–267. [CrossRef] [PubMed]

38. Li, H.; Xie, Y.; Chen, F.; Bai, H.; Xiu, L.; Zhou, X.; Guo, X.; Hu, Q.; Yin, K. Amplification-free CRISPR/Cas detection technology:
Challenges, strategies, and perspectives. Chem. Soc. Rev. 2023, 52, 361–382. [CrossRef]

39. Yin, L.; Man, S.; Ye, S.; Liu, G.; Ma, L. CRISPR-Cas based virus detection: Recent advances and perspectives. Biosens. Bioelectron.
2021, 193, 113541. [CrossRef] [PubMed]

40. Seemann, T. Prokka: Rapid prokaryotic genome annotation. Bioinformatics 2014, 30, 2068–2069. [CrossRef]
41. Tonkin-Hill, G.; MacAlasdair, N.; Ruis, C.; Weimann, A.; Horesh, G.; Lees, J.A.; Gladstone, R.A.; Lo, S.; Beaudoin, C.; Floto, R.A.;

et al. Producing polished prokaryotic pangenomes with the Panaroo pipeline. Genome Biol. 2020, 21, 180. [CrossRef] [PubMed]
42. Sun, H.; Fred, B.; Wang, H.; Huang, J.; Wu, Z.; Wu, D.; Lu, Y.; Jian, J.; Huang, Y. One-step and two-step qPCR assays for

CAPRV2023: Development and application in full-cycle epidemiological surveillance of golden pompano. Front. Vet. Sci. 2025,
12, 1620997. [CrossRef]

43. Sun, H.; Wang, H.; Huang, J.; Wu, Y.; Hu, Z.; Huang, Y. Integrated Enzyme-Mediated One-Step Sample Processing and Duplex
Amplification System for Rapid Detection of Carpione rhabdovirus in Aquaculture-Derived Food Products. Foods 2025, 14, 3929.
[CrossRef] [PubMed]

44. Bustin, S.A.; Ruijter, J.M.; van den Hoff, M.J.B.; Kubista, M.; Pfaffl, M.W.; Shipley, G.L.; Tran, N.; Rödiger, S.; Untergasser, A.;
Mueller, R.; et al. MIQE 2.0: Revision of the Minimum Information for Publication of Quantitative Real-Time PCR Experiments
Guidelines. Clin. Chem. 2025, 71, 634–651. [CrossRef]

45. Tsai, M.A.; Wang, P.C.; Yoshida, T.; Liaw, L.L.; Chen, S.C. Development of a sensitive and specific LAMP PCR assay for detection
of fish pathogen Lactococcus garvieae. Dis. Aquat. Organ. 2013, 102, 225–235. [CrossRef] [PubMed]

46. Menéndez, A.; Fernández, L.; Reimundo, P.; Guijarro, J.A. Genes required for Lactococcus garvieae survival in a fish host.
Microbiology 2007, 153, 3286–3294. [CrossRef]

https://doi.org/10.3390/microorganisms14040830

https://doi.org/10.1016/j.aquaculture.2023.740057
https://doi.org/10.1111/jfd.14147
https://www.ncbi.nlm.nih.gov/pubmed/40401527
https://doi.org/10.1016/j.aquaculture.2018.07.003
https://doi.org/10.1016/j.mcp.2021.101763
https://doi.org/10.1016/j.trac.2017.10.015
https://doi.org/10.1371/journal.pbio.0040204
https://www.ncbi.nlm.nih.gov/pubmed/16756388
https://doi.org/10.1111/raq.12995
https://doi.org/10.3390/pathogens13010057
https://doi.org/10.3390/ijms24097733
https://doi.org/10.1016/j.jip.2023.107895
https://www.ncbi.nlm.nih.gov/pubmed/36754116
https://doi.org/10.1021/acs.analchem.2c01193
https://doi.org/10.1126/science.aaq0179
https://doi.org/10.1126/science.aar6245
https://doi.org/10.1016/j.cell.2015.09.038
https://doi.org/10.1038/s41422-018-0022-x
https://www.ncbi.nlm.nih.gov/pubmed/29531313
https://doi.org/10.1039/D2CS00594H
https://doi.org/10.1016/j.bios.2021.113541
https://www.ncbi.nlm.nih.gov/pubmed/34418634
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1186/s13059-020-02090-4
https://www.ncbi.nlm.nih.gov/pubmed/32698896
https://doi.org/10.3389/fvets.2025.1620997
https://doi.org/10.3390/foods14223929
https://www.ncbi.nlm.nih.gov/pubmed/41300087
https://doi.org/10.1093/clinchem/hvaf043
https://doi.org/10.3354/dao02546
https://www.ncbi.nlm.nih.gov/pubmed/23446972
https://doi.org/10.1099/mic.0.2007/007609-0
https://doi.org/10.3390/microorganisms14040830


Microorganisms 2026, 14, 830 24 of 24

47. Yao, Z.; He, K.; Wang, H.; Feng, S.; Ding, X.; Xu, Y.; Wang, Q.; Xu, X.; Wu, Q.; Wang, L. Tuning the Dynamic Reaction Balance of
CRISPR/Cas12a and RPA in One Pot: A Key to Switch Nucleic Acid Quantification. ACS Sens. 2024, 9, 3511–3519. [CrossRef]
[PubMed]

48. Li, Y.; Shi, Z.; Hu, A.; Cui, J.; Yang, K.; Liu, Y.; Deng, G.; Zhu, C.; Zhu, L. Rapid One-Tube RPA-CRISPR/Cas12 Detection Platform
for Methicillin-Resistant Staphylococcus aureus. Diagnostics 2022, 12, 829. [CrossRef]

49. Shen, S.; Wang, W.; Ma, Y.; Wang, S.; Zhang, S.; Cai, X.; Chen, L.; Zhang, J.; Li, Y.; Wu, X.; et al. Affinity molecular assay for
detecting Candida albicans using chitin affinity and RPA-CRISPR/Cas12a. Nat. Commun. 2024, 15, 9304. [CrossRef]

50. Gao, S.; Guo, J.; Wang, T.; Xu, L. A rapid visual detection method for Sugarcane streak mosaic virus based on one-tube
RPA-CRISPR/Cas12a. Talanta 2025, 291, 127888. [CrossRef] [PubMed]

51. Wu, Z.; Xu, Y.; Zhou, W.; Shi, L.; Shi, W.; Pu, L.; Jiang, J. Rapid detection of Klebsiella pneumoniae based on one-tube RPA-
CRISPR/Cas12a system. Clin. Chim. Acta 2025, 573, 120281. [CrossRef]

52. Lin, H.; Sun, J.; Ma, J.; Qin, Z.; Jiang, B.; Li, W.; Wang, Q.; Su, Y.; Lin, L.; Liu, C. Detection and quantification of Klebsiella
pneumoniae in American bullfrog (Rana catesbeiana) by Taqman MGB probe real-time fluorescence quantitative PCR. Aquaculture
2023, 568, 739339. [CrossRef]

53. Liu, Y.-M.; Qiu, L.; Sheng, A.-Z.; Wan, X.-Y.; Cheng, D.-Y.; Huang, J. Quantitative detection method of Enterocytozoon hepatopenaei
using TaqMan probe real-time PCR. J. Invertebr. Pathol. 2018, 151, 191–196. [CrossRef] [PubMed]

54. Liu, C.; Guo, Y.M.; Cao, J.Z.; Zhang, D.-F.; Chang, O.-Q.; Li, K.; Wang, F.; Shi, C.-B.; Jiang, L.; Wang, Q.; et al. Detection and
quantification of Aeromonas schubertii in Channa maculata by TaqMan MGB probe fluorescence real-time quantitative PCR. J. Fish
Dis. 2019, 42, 109–117. [CrossRef]

55. Xu, J.; Bai, X.; Zhang, X.; Yuan, B.; Lin, L.; Guo, Y.; Cui, Y.; Liu, J.; Cui, H.; Ren, X.; et al. Development and application of
DETECTR-based rapid detection for pathogenic Bacillus anthracis. Anal. Chim. Acta 2023, 1247, 340891. [CrossRef]

56. Li, X.; Liu, M.; Men, D.; Duan, Y.; Deng, L.; Zhou, S.; Hou, J.; Hou, C.; Huo, D. Rapid, portable, and sensitive detection of
CaMV35S by RPA-CRISPR/Cas12a-G4 colorimetric assays with high accuracy deep learning object recognition and classification.
Talanta 2024, 278, 126441. [CrossRef]

57. Singh, C.; Roy-Chowdhuri, S. Quantitative Real-Time PCR: Recent Advances. In Clinical Applications of PCR; Luthra, R., Singh,
R.R., Patel, K.P., Eds.; Springer: New York, NY, USA, 2016; pp. 161–176.

58. Aoki, T.; Park, C.-I.; Yamashita, H.; Hirono, I. Species-specific polymerase chain reaction primers for Lactococcus garvieae. J. Fish
Dis. 2000, 23, 1–6. [CrossRef]

59. Thanh, H.D.; Park, H.K.; Kim, W.; Shin, H.-S. Development of a 16S–23S rRNA intergenic spacer-based quantitative PCR assay
for improved detection and enumeration of Lactococcus garvieae. FEMS Microbiol. Lett. 2013, 339, 10–16. [CrossRef] [PubMed]

60. Shahin, K.; Mukkatira, K.; Yazdi, Z.; Richey, C.; Kwak, K.; Heckman, T.I.; Mohammed, H.H.; Ortega, C.; Avendano-Herrera, R.;
Keleher, B.; et al. Development of a quantitative polymerase chain reaction assay for detection of the aetiological agents of piscine
lactococcosis. J. Fish Dis. 2022, 45, 847–859. [CrossRef] [PubMed]

61. Ustaoglu, D.; Ozturk, R.C.; Ture, M.; Colussi, S.; Pastorino, P.; Vela, A.I.; Kotzamanidis, C.; Volpatti, D.; Acutis, P.L.; Altinok, I.
Multiplex PCR assay for the accurate and rapid detection and differentiation of Lactococcus garvieae and L. petauri. J. Fish Dis. 2024,
47, e14004. [CrossRef]

62. Sukonta, T.; Senapin, S.; Taengphu, S.; Hannanta-anan, P.; Kitthamarat, M.; Aiamsa-at, P.; Chaijarasphong, T. An RT-RPA-Cas12a
platform for rapid and sensitive detection of tilapia lake virus. Aquaculture 2022, 560, 738538. [CrossRef]

63. Fang, J.; Chen, Q.; Ran, M.; Chen, R.; Chen, W.; Cui, J.; Wang, J.; Zhong, K.; Shi, L.; Lu, C.; et al. RPA-CRISPR/Cas12a-coupled
microfluidic biosensor enabling on-site, sensitive quantification of Vibrio parahaemolyticus. Biosens. Bioelectron. 2026, 296, 118327.
[CrossRef]

64. Wang, J.; Zhang, J.; Qu, X.; Liu, B.; Song, N.; Liu, Y.; Wang, W.; Ding, M.; Wang, L.; Zhang, J.; et al. Amplification-free detection
of Porphyromonas gingivalis with no-PAM CRISPR-Cas12a using a smartphone-based platform. Chem. Eng. J. 2025, 510, 161578.
[CrossRef]

65. Lapee-e, V.; Nuanualsuwan, S.; Hongtanee, L.; Yakoh, A. Paper-based CRISPR-Cas diagnostics: A comprehensive review of
advances and applications in disease detection. Microchem. J. 2025, 211, 113055. [CrossRef]

66. Shen, Y.; Lu, B.; Ma, B.; Ding, X. Enhanced One-Pot Dual-CRISPR-Based Assay Lyophilized on a 3D-Printed Disc for Field-
Deployable Multiplex Bacteria Detection. Adv. Sci. 2025, 12, e09355. [CrossRef] [PubMed]

67. Hu, F.; Liu, K.; Zhang, Y.; Zhao, S.; Zhang, T.; Yao, C.; Lv, X.; Wang, J.; Liu, X.; Peng, N. Short-Time Preamplification-Assisted
One-Pot CRISPR Nucleic Acid Detection Method with Portable Self-Heating Equipment for Point-of-Care Diagnosis. Anal. Chem.
2025, 97, 658–666. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/microorganisms14040830

https://doi.org/10.1021/acssensors.3c02485
https://www.ncbi.nlm.nih.gov/pubmed/38651662
https://doi.org/10.3390/diagnostics12040829
https://doi.org/10.1038/s41467-024-53693-5
https://doi.org/10.1016/j.talanta.2025.127888
https://www.ncbi.nlm.nih.gov/pubmed/40049000
https://doi.org/10.1016/j.cca.2025.120281
https://doi.org/10.1016/j.aquaculture.2023.739339
https://doi.org/10.1016/j.jip.2017.12.006
https://www.ncbi.nlm.nih.gov/pubmed/29277659
https://doi.org/10.1111/jfd.12911
https://doi.org/10.1016/j.aca.2023.340891
https://doi.org/10.1016/j.talanta.2024.126441
https://doi.org/10.1046/j.1365-2761.2000.00207.x
https://doi.org/10.1111/1574-6968.12038
https://www.ncbi.nlm.nih.gov/pubmed/23106479
https://doi.org/10.1111/jfd.13610
https://www.ncbi.nlm.nih.gov/pubmed/35306674
https://doi.org/10.1111/jfd.14004
https://doi.org/10.1016/j.aquaculture.2022.738538
https://doi.org/10.1016/j.bios.2025.118327
https://doi.org/10.1016/j.cej.2025.161578
https://doi.org/10.1016/j.microc.2025.113055
https://doi.org/10.1002/advs.202509355
https://www.ncbi.nlm.nih.gov/pubmed/40956287
https://doi.org/10.1021/acs.analchem.4c05026
https://www.ncbi.nlm.nih.gov/pubmed/39754554
https://doi.org/10.3390/microorganisms14040830

	Introduction 
	Materials and Methods 
	Clinical Samples 
	Primer, Probe and crRNA Design 
	Construction of the Recombinant Plasmid Standard 
	Development of ERA-CRISPR/Cas12a Detection Platform 
	Preliminary Optimization of ERA and CRISPR/Cas12a Cleavage 
	Establishment of One-Pot ERA-CRISPR/Cas12a Detection Platform 
	Sensitivity and Specificity Analysis of ERA-CRISPR/Cas12a Detection Platform 

	Establishment and Optimization of the TaqMan qPCR Assay 
	Optimal Conditions for the TaqMan qPCR 
	Construction of the Standard Curve for TaqMan qPCR 
	Sensitivity, Specificity, Repeatability and Reproducibility of the TaqMan qPCR Assay 

	Repeatability Evaluation Using L. garvieae Bacterial Suspensions 
	Clinical Application of the One-Pot ERA-CRISPR/Cas12a and the TaqMan qPCR Assay 
	Retrospective Detection of Past L. garvieae Isolates from the South China Sea 
	On-Site Application 
	Data Statistics and Analysis 

	Results 
	Optimization of ERA-CRISPR/Cas12a Detection Platform 
	Evaluation of One-Pot ERA-CRISPR/Cas12a Detection Platform 
	Development and Validation of the TaqMan qPCR Assay 
	Repeatability Evaluation of ERA-CRISPR/Cas12a Assays Using L. garvieae Bacterial Suspensions 
	Examination of Clinical Samples 
	Retrospective Detection Results 
	Validation Under Simulated Field Conditions 

	Discussion 
	Conclusions 
	References

