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rare fish from eDNA samples based
on the RPA-CRISPR/Cas12a technology

Xing-Yi Wei,1,2 Li Liu,2 Huan Hu,1,2 Huang-Jie Jia,2 Ling-Kang Bu,2 and De-Sheng Pei3,4,*

SUMMARY

Environmental DNA (eDNA) research holds great promise for improving biodi-
versity science and conservation efforts by enabling worldwide species censuses
in near real-time. Current eDNA methods face challenges in detecting low-abun-
dance ecologically important species. In this study, we used isothermal recombi-
nase polymerase amplification (RPA)-CRISPR/Cas detection to test Ctenophar-
yngodon idella. RPA-CRISPR-Cas12a detected 6.0 eDNA copies/mL within
35 min. Ecologically rare species were identified in the Three Gorges Reservoir
Area (TGRA) using functional distinctiveness and geographical restrictiveness,
with seven fish species (9%) classified as potentially ecologically rare including
three species in this investigation. RPA-CRISPR/Cas12a-FQ outperformed high-
throughput sequencing (HTS) and qPCR in detecting low-abundance eDNA
(AUC = 0.883**). A significant linear correlation (R2 = 0.682**) between RPA-
CRISPR/Cas12a-FQ and HTS quantification suggests its potential for predicting
species abundance and enhancing eDNA-based fish biodiversity monitoring.
This study highlights the value of RPA-CRISPR/Cas12a-FQ as a tool for advancing
eDNA research and conservation efforts.

INTRODUCTION

Biodiversity is rapidly declining at an accelerating rate for most biological groups.1,2 As of 2021, 26,500 spe-

cies (27% of all assessed species) are listed as endangered on the International Union for Conservation of

Nature (IUCN) Red List. Further, aquatic ecosystems are among the most severely altered ecosystems due

to pressures from land use, climate change, aquatic invasive species, and water pollution.3,4 Therefore, the

development of methods for monitoring biodiversity and tracking and protecting endangered species

promptly is urgent. Traditional species monitoring methods rely on sightings and trapping, such as

dredging/trawling, gill netting, poisoning, suction sampling, and seine netting.5 These methods can

lead to a substantial waste of manpower and material resources and may potentially harm the species of

interest, especially endangered species.6,7 Moreover, little can be done about organisms present in low

abundance.8

Environmental DNA (eDNA) has emerged as a powerful tool for characterizing biodiversity and detecting

changes in ecosystems, due to recent advancements in nucleic acid extraction and detection technology.

By capturing and analyzing DNA present in a range of terrestrial and aquatic environments, such as cave

sediments, surface soils, and water from lakes, streams, and oceans, eDNA provides a non-invasive method

for identifying and tracking the presence of species in the environment.9–12 Currently, the most commonly

used eDNA method involves extracting DNA from various environmental samples (such as air, water, and

soil) and analyzing it using a targeted or passive approach. The targeted approach uses species-specific

primers with quantitative PCR (qPCR), conventional PCR (PCR), and digital droplet (dd) PCR to detect

the presence-absence and estimate the abundance of single species.13–16 Subsequently, these analytical

methods have increasingly been applied to the survey of macro-organisms, particularly in aquatic spe-

cies.17 However, they are required specific PCR equipment and skilled technicians.

With the advent of next-generation sequencing (NGS), eDNA sequencing offers new opportunities for this

process by providing data on the variety, geographical information, and potentially the abundance of spe-

cies, enabling greater ecosystem protection.18,19 The eDNA metabarcoding method has the advantage of
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high-throughput detection without the need for developing multiple species-specific markers. However, a

critical limitation of this method is its dependence on DNA barcode reference sequence libraries20 and

complete DNA,21 which can be incomplete or inaccurate, especially for rare or poorly studied species.

The advent of a CRISPR-based nucleic acid rapid detection platform has recently introduced novel con-

cepts and technological underpinnings for surpassing the limitations of conventional detection methods.

This platform that combines nucleic acid pre-amplification with CRISPR-Cas enzymology to specifically

identify target DNA or RNA sequences is known as specific high-sensitivity enzymatic reporter unlocking

(SHERLOCK).22 Another analogous nucleic acid monitoring tool, the DNA endonuclease-targeted

CRISPR trans reporter (DETECTR),23 offers a rapid (approximately 30 min), cost-effective, and accurate

CRISPR-Cas12-based lateral flow detection approach that has been employed for viral infection detection.

Notably, both SHERLOCK and DETECTR diagnostic tools demonstrate sensitivity and specificity compara-

ble to traditional PCR-based methods, while circumventing the need for complex equipment and are esti-

mated to have low costs.

In this study, with reference to DETECTR, we combined the isothermal recombinase polymerase amplifica-

tion (RPA) amplification technique with CRISPR/Cas12a and fluorescence detection technology to establish

a highly sensitive RPA-CRISPR/Cas12a technique for quantitative detection of rare fish species, and applied

this method for accurate in situ detection in the Three Gorges Reservoir Area (TGRA), China. The Three

Gorges Reservoir (TGR) holds the distinction of being the largest man-made reservoir globally. The fish re-

sources in the TGRA are vital for biodiversity, food security, and economic development. Compared to pre-

vious detection methods, we have more accurately assessed the distribution of ecologically rare fish of the

TGRA. Due to the irreplaceable contribution of rare fish species to ecosystem function and the difficulty of

detecting their low abundance, this method highlights its invaluable significance for assessing the health

of regional ecosystems. To the best of our knowledge, there exists no previous research on the monitoring

of ecologically rare fish through the RPA-CRISPR technique in the water.

RESULTS

Species identification via CRISPR/Cas12a-mediated eDNA analysis

The RPA-CRISPR technique was utilized to determine the mtDNA within potentially ecologically rare spe-

cies of TGRA in field samples collected. To determine if this approach can accurately detect target fish

eDNA in wild water bodies, we first validated it with grass carp (Ctenopharyngodon idella), a common spe-

cies in the TGRA, and the overall concept for the assay is described in Figure 1B.

To select the crRNA targeting region, the whole mitochondrial sequences of C. idellus, Hypophthalmich-

thys molitrix, and Hypophthalmichthys nobilis were aligned and visually screened for sites in which only

C. idellus included the Cas12a-specific PAM site, which was absent in H. molitrix and H. nobilis

(Figures 2A and 3A). We first tested the ability of the designed crRNAs to mediate the homeopathic cleav-

age activity of the CRISPR/Cas system. The 100 ng of either pUC19 target DNA or PCR products of ND2 in

C. idellus complexes were incubated in a 20 mL reaction of the CRISPR/Cas12a system. Clear DNA cleavage

was observed at 5 min; with the prolongation of the reaction time, the substrates gradually decreased and

the products gradually increased. After 30 min, nearly all of the substrate (pUC19 target DNA or PCR prod-

ucts) was cleaved (Figures 2B and 2C).

Using recombinant copies of their respective DNA sequences, we examined whether C. idellus Cas12a-

crRNA could discriminate between C. idellus and the closely related species H. molitrix and H. nobilis.

C. idellus ND2 gene fragment plasmids and homologous segments from closely related species

(H. molitrix and H. nobilis) were treated with Cas12a-crRNA targeting the C. idellus fragment and a sin-

gle-stranded DNA (ssDNA FQ) reporter. The reporter should only emit a signal upon target recognition

and subsequent collateral cleavage by Cas12a nuclease. We demonstrate that our C. idellus-specific

Cas12acrRNA emits a fluorescence signal exclusively in the presence of recombinant C. idellus mtDNA

and not DNA from closely related species (Figures 3B and 3C).

RPA-CRISPR/Cas12a-FQ technique can detect as little as 6 copies/mL recombinant DNA

To test whether this technique could eventually be applied to the determination of low-abundance species,

especially rare species, the different copies of recombinant ND2 were prepared as samples, including 0,

63 100, 33 101, 63 101, 33102, 63102, 33 103, 63 103, 33 104, 63 104, 33 105, and 63 105. The lower
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limit of detection for the RPA-CRISPR/Cas12a-FQ assay was approximately 6 copies per mL (Figures 3D and

3E). It was necessary to further assess the sensitivity and specificity of this assay in a more complicated

genomic setting, i.e., utilizing the C. idellus whole genome as a template as opposed to a simple recom-

binant plasmid. Using DNA isolated from C. idellus tissue, we demonstrate that RPA coupled to

CRISPRCas12a detects C. idellus genomic DNA at concentrations as low as 10�5 ng/mL. This suggests

that the assay performance in a whole-genome context was sensitive for C. idellus (Figure 3F).

Figure 1. Sketch map of Three Gorges Reservoir Area (TGRA) showing the sampling sites and overview of the RPA-CRISPR-Cas12a detection

(A) A total of 28 surface water samples were collected in August and December 2021.

(B) Water samples were collected and filtered before DNA extraction. Target DNA is amplified using the RPA before CRISPR-Cas12a mediated fluorescence

detection of the target using a fluorophore quencher (FQ)-labeled ssDNA probe. PAM, protospacer adjacent motif.
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RPA-CRISPR/Cas12a-FQ technique can distinguish the presence or absence of ecologically

rare species from eDNA samples by the HTS and qPCR

To ensure the accuracy of identification at the species level, ASVs with 99% similarity to the 12S rRNA data-

base of fish in the TGRA will be retained. Finally, a total of 76 fish were identified, of which 57 species were

identified in summer samples and 61 species in winter samples (Table S3). To reduce the impact of batch

effects, we solely use the identification findings of summer samples as the data basis for the subsequent

selection of ecologically rare species.

We obtained a distribution based on (1) the geographical range (sampling sites) of species compared to

the geographic extent (sampling sites) of all species in the TGRA pool and (2) the functional distinctiveness

of species trait values relative to the other species of the TGRA pool (the average functional distance of a

species to all the others). Seven fish (9%) were defined as potentially ecologically rare (i.e., both functionally

and geographically), while four (5%) were ecologically common (Figure S1, and Table S4).

The next test of the assay is to evaluate its applicability to eDNA samples taken in the field, which may contain

amplification inhibitors and consist of a substantial proportion of degradedDNA,24 particularly those of ecolog-

ically rare species, hence posing additional obstacles. Here, we used eDNA extracted from TGRA samples as

templates and previously identified common species C. dellus and ecologically rare species P. oxycephalus,

C. erythropterus, and S. asotus using qPCR (Figures 4G and 7B) andHTSof the 12S rRNAgene (Table S3).Within

a short-time frame (< 2 h), target species were successfully detected from eDNA extracted from 28 water sam-

ples by using the RPA-CRISPR/Cas12a-FQ technique (Figures 4A–4F and 7A). In this study, the existence of a

target species in eDNA extracted from water samples was deemed when at least two of three approaches

(RPA-CRISPR/Cas12a-FQ, HTS, and qPCR) simultaneously detected the species (Figure 5). As results showed,

ROC curves for these 3 methods distinguished positive from negative with all of them had AUC values larger

than 0.75, which AUC with the RPA-CRISPR/Cas12a-FQ (0.883) was extremely significantly greater than AUC

with HTS (0.804, p value = 0.0066) and qPCR (0.786, p value = 0.0016) (Figure 6A). But there were no substantial

differences in the identification effect ofHTS andqPCR.Notably, using theRPA-CRISPR/Cas12a-FQprovidedup

to a positive detection rate of 91.23% (52/57) and a negative detection rate of 85.46% (47/55) (Figure 5). Besides,

wemonitored the distribution of the unique and rare species of Yangtze River sturgeon during the summer and

winter, but this species was not detected in the water sample eDNA of TGRA (Figure 7), indicating that the HTS

of the 12S rRNA gene detection method may not be suitable for the detection of all species, particularly rare

species. These all indicate that the RPA-CRISPR/Cas12a-FQ has a promising future as an eDNA detection

tool. By tracking the distribution of species, particularly ecologically rare species, this detection method has

the potential to become one of the most effective instruments for monitoring biodiversity in the natural

environment.

Species abundance can be estimated by absolute quantification using the RPA-CRISPR/

Cas12a-FQ technique

We further tested the quantitative ability of Cas12a. Indeed, this work has already been used to monitor the

abundance of Staphylococcus aureus in the Jialing River of Chongqing, China.25 Here, the gene fragments

Figure 2. ND2 gene fragment of C. idella was digested with CRISPR/Cas12a system

(A) Location of target binding sequence. The dsDNA cleavage activity of CRISPR/Cas12a system in the plasmid (B) and

amplification products (C).
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for ND2, ND1, D loop, and ND2 were derived from the P. oxycephalus, C. erythropterus, S. asotus, and

C. idella, respectively, were synthesized and constructed into a pUC57 vector. To collect quantitative infor-

mation on the CRISPR/Cas12a detector system, various copies of recombinant plasmid were prepared as

samples, including 0, 5.53 100, 5.53 101, 5.53102, 5.53 103, 5.53 104, and 5.53 105. Next, we separately

constructed standard curves for the four species (Figure 6B). To avoid false positives caused by the different

sensitivities of HTS and CRISPR/Cas12a-FQ approaches to eDNA in water samples from impacting the

analysis results, only samples detected positive by both HTS and CRISPR/Cas12a-FQ were used in

the subsequent analysis (Figure 6C). The abundance of eDNA from each fish species as measured by the

RPA-CRISPR/Cas12a-FQ was highly correlated with its relative abundance as measured by HTS (Figure 6D).

The correlations were significant (p value = 0.003) with R2 values of 0.682. The clear significant linear cor-

relation between quantified abundances and relative abundances produced by the RPA-CRISPR/

Cas12a-FQ and HTS, respectively, indicates that RPA-CRISPR/Cas12a-FQ can be used to measure the con-

centration of eDNA in samples and estimate species abundance.

DISCUSSION

eDNA methods have been considered as an alternative to traditional monitoring for investigating the dis-

tribution of aquatic organisms.26 Numerous studies have reported the use of eDNA to monitor biodiversity

in freshwater and marine ecosystems.27,28 However, developing easy, specific, and sensitive on-site assays

are still required, especially for lower-abundance rare species, to expand the applications of eDNA.

Recently, a field-portable, sensitive fluorimeter chamber was built and successfully applied to Escherichia

coli detection. Real-time monitoring of species that are both geographically restricted and functionally

different, i.e., possessing rare features and functions, is of the utmost importance due to their extinction

risk and possible contribution to the local ecosystem’s functioning.29,30 To achieve this purpose, we first

Figure 3. ND2 gene fragments of C. idella, H. molitrix, and H. nobilis were digested with CRISPR/Cas12a-FQ system

(A) Alignment of crRNA targeting site in C. idella, H. molitrix, and H. nobilis showing PAM sequence, base pair differences, and polymorphic bases.

(B) Fluorescence detection of CRISPR-fluorescence assay to distinguish C. idella ND2 gene and its homologous sequences at 15 min.

(C) Reaction kinetics of CRISPR-fluorescence to distinguish C. idellaND2 gene and its homologous sequences. C. idella recombinant plasmid (D) and whole

genomic (F) were detected with the RPA-CRISPR/Cas12a-FQ.

(E) The fluorescent signal analysis of syntheticC. idellaDNAwith serial dilution. Error bars are meanG standard deviation, where n = 3. The threshold value is

3 3 standard deviation of background fluorescence (samples with no DNA template added).
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Figure 4. eDNA monitoring of C. idella in the TGRA of Chongqing, China

The dynamics of C. idellus eDNA in summer (A) and winter (B) samples using a microplate reader. Fluorescence measurements were taken every 1 min for 1 h

at 37�C. The distribution levels for summer (C) and winter (D) C. idellus in the TGRA using the RPA-CRISPR/Cas12a-FQ detector. The fluorescent signal

analysis of C. idella eDNA with summer (E) and winter (F).
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developed the RPA-CRISPR/Cas12a-FQ identification technology and tested the technical performance of

the TGRA common species C. idella, which can identify the presence or absence of a field sample with rela-

tive ease. We conducted a comprehensive investigation of ecologically rare fish species in part of the TGRA

using this method. Furthermore, our novel detection method has demonstrated higher accuracy than pre-

vious methods in detecting low-copy rare fish species through comparison. The RPA-CRISPR/Cas12a can

be used for accurate field sample detection with a sensitivity of 6.0 copies eDNA per reaction (Figures 3D

and 3E), and the entire detection process takes only 35 min. This provides a powerful tool for real-time

detection of ecological health and species diversity.

As reported, before detecting a small number of target fragments from eDNA, amplification technologies

must be employed.23 The isothermal amplification method RPA may accomplish exponential DNA mole-

cule amplification at a single temperature, unlike traditional PCR techniques, such as qPCR,31,32 which

require high-temperature cycles. We designed and synthesized C. idella-specific primers for RPA and

paired them with C. idella Cas12a-crRNA for detection. On C. idella-specific recombinant DNA plasmids

and genomic DNA, the additional preamplification step demonstrated sensitivity down to 6.0 copies/mL

and 10�5 ng/mL level, respectively. Almost consistent with the previous results obtained by employing

the technique on Salmo salar.33

To investigate further whether the RPA-CRISPR/Cas12a-FQ can efficiently detect the eDNA of rare species

in samples, we computed the ecological rarity of TGRA fish based on the HTS data to select potential func-

tionally rare species for experimental verification. Compared to the ROC curves of the HTS, RPA-CRISPR/

Cas12a-FQ, and qPCR detection results of eDNA samples demonstrated that the RPA-CRISPR/Cas12a-FQ

has more promise for rare species identification from eDNA.

Previous research has revealed a correlation between biomass and eDNA density in natural or laboratory

environments.34 Therefore, this study also explored and experimented with the quantitative aspects of

CRISPR technology, and found that the quantitative results of CRISPR technology can reflect the stock

of eDNA in environmental samples to a certain extent. However, the quantitative aspects of this assay

need to be further explored to obtain more accurate quantitative results, which may involve fidelity pro-

cessing of eDNA samples35 and optimization of the concentrations of all molecular reagents at each

step of the process, etc. Despite the need for additional research on the quantitative components of

this assay, evidence suggests that eDNA is superior to other methods for detecting invasive species since

Figure 4. Continued

(G) The distribution levels for summer and winter C. idellus in the TGRA using qPCR. DCt = DCt (target) – DCt (Control). A Ct value less than 38 is considered

valid. S1–14 are the summer samples andW1–14 are the winter samples as mentioned previously. Error bars are meanG standard deviation, where n = 3. The

threshold value is 3 3 standard deviation of background fluorescence (samples with no DNA template added).

Figure 5. Statistics of test results by RPA-CRISPR/Cas12a-FQ, HTS, and qPCR

Green represents positive test results, and black represents negative test results.
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it can detect uncommon organisms, such as invasive species.36 However, the development of the RPA/

CRISPR-Cas12a-FQ detection has improved the capabilities and uses of eDNA as a warning system for

detection and managing ecologically rare or valuable species and has the potential to be adapted to a

biosensor device, thus expanding the use of CRISPR/Cas technology to environmental monitoring.

The monitoring of rare species is an important basis for the protection of species diversity. Since the appli-

cation of eDNA technology, more and more studies conducted for the discovery, monitoring, risk assess-

ment, and management of rare37 and endangered.38 Currently, the detection of rare fish species using

eDNA-based methods is primarily accomplished through qPCR and HTS. The former has high sensitivity

but is time-consuming and requires complex instrument equipment, while the latter is limited by the

size and accuracy of the reference database and errors in the bioinformatics identification of rare species,

leading to significant exaggeration in estimates of biodiversity.39 The RPA-CRISPR/Cas12a detection tech-

nology for rare fish established in this study has high detection capability and sensitivity along with reduced

time costs in comparison to those of the aforementioned two methods. It is worth noting that high sensi-

tivity often comes with the risk of sample cross-contamination, which poses a greater challenge for the

development of on-site monitoring devices for this assay in the future.40

Over the past few decades, species rarity has become a cornerstone of ecological research and conserva-

tion strategies.41 Specifically, ecologically rare species deserve more attention due to their low abundance

and narrow distribution, making them highly susceptible to extinction.42 While it has long been believed

that these rare species make minimal contributions to ecosystem functioning and functional diversity,

recent research has overturned this prevailing notion. Ecological systems with species possessing unique

Figure 6. Performance analysis of CRISPR/Cas12a system identification of ecologically rare fish

(A) ROC curves of different methods for eDNA detection.

(B) The standard curve for fish target DNA recombinant plasmids included 0, 5.5 3 100, 5.5 3 101, 5.5 3102, 5.5 3 103, 5.5 3 104, and 5.5 3 105 copies/mL.

(C) Heatmap of eDNA abundances as measured by the RPA-CRISPR/Cas12a-FQ and HTS.

(D) Correlation (Pearson) between eDNA abundances measured by the RPA-CRISPR/Cas12a-FQ and HTS. (** indicates p-value < 0.05 and ns indicates not

significant).
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combinations of traits can indeed make disproportionate contributions to species diversity within a com-

munity or region.43 However, until now, these species have rarely been collectively addressed within the

context of the intensifying biodiversity crisis. It is now crucial to engage in multi-site and continuous moni-

toring of geographically restricted and functionally distinct rare species to address present and future

threats. The RPA-CRISPR/Cas12a-FQ technology is well-suited for this task when compared to non-tar-

geted eDNA metabarcoding and the stringent experimental conditions of qPCR. Not only does the tech-

nology introduce the concept of regional ecological rare species44 for the first time, but it has also been

successfully applied to detect these species in multiple sites throughout the TGRA. Furthermore, this marks

the first application of the RPA-CRISPR/Cas12a-FQ technology in monitoring aquatic ecological diversity,

providing a critical foundation for future global-scale monitoring of rare species. Moreover, the technology

Figure 7. The distribution levels of rare fish

(A) The distribution levels for summer and winter rare fish in the TGRA using RPA-CRISPR/Cas12a-FQ detector.

(B) The distribution levels for summer and winter rare fish in the TGRA using qPCR. DCt = DCt (target) – DCt (Control) mean. A Ct value less than 38 is

considered valid. S1–14 are the summer samples and W1–14 are the winter samples as mentioned previously. Error bars are mean G standard deviation,

where n = 3. The threshold value is 3 3 standard deviation of background fluorescence (samples with no DNA template added).

ll
OPEN ACCESS

iScience 26, 107519, September 15, 2023 9

iScience
Article



is non-selective toward detected samples and requires only the design of species-specific primers and

crRNA, making it valuable for conducting continuous, species-specific organism detection across multiple

locations. This technique can be especially useful for monitoring flagship species,45 such as manatees,

dolphins, sea turtles, and ospreys in marine environments, as well as invasive species in various aquatic sys-

tems. Taken together, the successful application of CRISPR technology in the field of ecological conserva-

tion provides both technological and conceptual support for advancing biodiversity monitoring and envi-

ronmental management.

Limitations of the study

Although this study has shown that RPA-CRISPR/Cas12a-FQ technology can be used to estimate fish spe-

cies abundance, it is not suitable for absolute quantification of species abundance. This is because it re-

quires further consideration of the quantitative relationship between eDNA and species abundance, as

well as the kinetics of Cas12a nuclease. Therefore, additional research is needed to explore the quantitative

capabilities of this technology. Furthermore, we observed significant variations in the reverse cleavage ef-

ficiency of the CRISPR/Cas system with different crRNA sequences, which can affect the sensitivity of the

technology. Therefore, it is necessary to design and screen more crRNA sequences before conducting ex-

periments. Additionally, it is important to note that aerosols generated during the RPA process can cause

cross-contamination. Despite implementing measures such as cleaning the experimental bench and

equipment with disinfectants and alcohol after each experiment, as well as reducing the reuse of primer

pairs within a short period, the presence of false positives cannot be completely ruled out.

INCLUSION AND DIVSERSITY

We support inclusive, diverse, and equitable conduct of research.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

d METHOD DETAILS

B Sample collection

B Environmental total DNA and tissue DNA extraction

B 12S-rDNA barcode reference database for Chinese freshwater fish

B PCR amplification and sequencing

B Bioinformatics analyses

B Functional traits

B Ecological rarity

B Target site identification and primer design

B Recombinant DNA cloning of target sequences

B In vitro cleavage assay

B Isothermal amplification

B Cas12a detection reactions

B qRT-PCR detection

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2023.107519.

ACKNOWLEDGMENTS

We thank the support from the Chongqing Medical University Talent Project (No. R4014 to D.S.P.),

Chongqing Postdoctoral Innovation Mentor Studio (X7928 D.S.P.), China-Sri Lanka Joint Research and

ll
OPEN ACCESS

10 iScience 26, 107519, September 15, 2023

iScience
Article

https://doi.org/10.1016/j.isci.2023.107519


Demonstration Center for Water Technology, and China Sri Lanka Joint Center for Education and

Research, Chinese Academy of Sciences, China.

AUTHOR CONTRIBUTIONS

D.S.P. and X.Y.W. designed the study, X.Y.W. conducted the experiment. L.L., H.H., H.J.J., and L.K.B.

analyzed the data. X.Y.W. and D.S.P. wrote the manuscript and revised the paper. D.S.P. provides super-

vision, project administration, and funding acquisition. This manuscript was approved by all authors.

DECLARATION OF INTERESTS

The authors declare no conflict of interest.

Received: March 30, 2023

Revised: May 4, 2023

Accepted: July 31, 2023

Published: August 3, 2023

REFERENCES
1. Pimm, S.L., Jenkins, C.N., Abell, R., Brooks,

T.M., Gittleman, J.L., Joppa, L.N., Raven,
P.H., Roberts, C.M., and Sexton, J.O. (2014).
The biodiversity of species and their rates of
extinction, distribution, and protection.
Science 344, 1246752. https://doi.org/10.
1126/science.1246752.

2. Toussaint, A., Brosse, S., Bueno, C.G., Pärtel,
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Inquiries and requests for resources should be directed to and will be fulfilled by the lead contact, Prof. De-

Sheng Pei (peids@cqmu.edu.cn).

Materials availability

The recombinant plasmid in this study will be made available on request to the lead contact; however,

requestor will cover shipping costs. This study did not generate new unique reagents.

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

DH5a Sangon Biotech Cat#B528411

Biological samples

Tail fins of C. idellus, H. molitrix and H. nobilis A local seafood market N/A

Chemicals, peptides, and recombinant proteins

Lba Cas12a (cpf1) New England Biolabs Cat#M0653T

NEBuffer 2.1 New England Biolabs Cat#B7202S

DNase/RNase-Free Water Solarbio Cat#R1600

Critical commercial assays

TwistAmp Basic Kit TwistDx Cat#TABAS03KIT

SYBR� Premix Ex Taq � TaKaRa Cat#RR420A

E.Z.N.A.� Soil DNA Kit OMEGA Cat#D5625

AxyPrep DNA Gel Extraction Kit Axygen Cat#AP-GX-250G

QuantiFluor� dsDNA Sample Kit Promega Cat# PROE2671

Illumina HiSeq BIOZERON Biotechnology Co., Ltd N/A

Deposited data

Raw and analyzed data This study BioProject ID: PRJNA881760

Oligonucleotides

Sequence of crRNA, see Table S1 This study N/A

Primers for qPCR, see Table S2 This study N/A

Primers for RPA, see Table S2 This study N/A

HEX-TTATT-BHQ1 This study N/A

Recombinant DNA

mtDNA fragments from C. idella,

P. oxycephalus, S. asotus, C. erythropterus and

A. schrencki was cloned into a pUC19 vector.

This study N/A

Software and algorithms

GraphPad Prism 8 GraphPad https://www.graphpad.com/

pROC v1.18.0 Robin et al.46 http://expasy.org/tools/pROC/

QIIME2 Bolyen et al.47 https://qiime2.org/

funrar v1.3 Grenie et al.44 https://rekyt.github.io/funrar/
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Data and code availability

The sequencing data is available in GenBank within the BioProject number PRJNA881760 with a live link:

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA881760. The lead contact can provide any further details

necessary upon request for reanalyzing the data presented in this study. All the data produced in this study

have been either included in the published paper and its accompanying supplementary materials, or are

accessible through the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The DH5a strain (Cat#B528411) was purchased from Sangon Biotech (Shanghai).

The strain was sub-cultured using LB agar plates (prepared by dissolving 10 g of tryptone, 5 g of yeast

extract, and 10 g of NaCl in 1 L of distilled water, followed by autoclaving at 121�C for 15 minutes). We

stored the strain in an aqueous stock solution containing glycerol (20%) and froze it at -80�C.

METHOD DETAILS

Sample collection

The samples used in this study were obtained from August 20 to 23, 2021 (the low-water level with 146 m

impoundment) and December 26 to 29, 2021 (the high-water level with 175 m impoundment). During both

the low-water level period (146 m water level) and the high-water level period (174 m water level), we

collected 28 water samples at the same 14 locations along the Yangtze River (106� 230-111� 040 E, 29�

190-31� 040N) in the Three Gorges reservoir area (TGRA) (Figure 1A). We employed the same sampling tech-

nique in both investigations to guarantee the uniformity of the samples. Briefly, 3 L of each water sample

was created by merging 1 L water samples from 3 sites, spaced 10 m upstream and downstream of the site.

We filtered 3 L of water sample into 3 aliquots for each water sample, labeled each aliquot, and stored it

at -80�C until DNA extraction.

Environmental total DNA and tissue DNA extraction

Following the instruction manual, environmental total DNA and tissue DNA from membrane sediment

samples and commercially available Ctenopharyngodon idellus, respectively, were extracted using the

E.Z.N.A.� Soil DNA Kit (OMEGA, USA). The extracted DNA was then detected by 1% agarose gel

electrophoresis.

12S-rDNA barcode reference database for Chinese freshwater fish

To compile the taxonomy information for fish species in the Yangtze River, we gathered data from various

sources such as fishbase.org, NCBI, and Mitofish. The NCBI Taxonomy Browser module was employed to

extract the taxid for each fish species. Additionally, the 12S-rDNA sequence for each fish was acquired

either by querying the term "[taxid] 12S" or by downloading the sequence from MitoFish

PCR amplification and sequencing

PCR amplification and sequencing of the 12S rDNA using Illumina platforms, which generated 250 bp

paired-end reads, were carried out by BIOZERON Biotechnology Co., Ltd. (Shanghai, China). Following

the manufacturer’s instructions, total DNA was extracted from membrane sediment samples using the

E.Z.N.A.� Soil DNA Kit (OMEGA, USA). The integrity of the extracted total DNA was confirmed by 1%

agarose gel electrophoresis. The Tele02 primer pairs (forward primer 50-AAACTCGTGCCAGCCACC-30;
reverse primer 50-GGGTATCTAATCCCAGTTTG-30) were designed and evaluated in silico. These primers

targeted fragments of the mitochondrial 12S rRNA gene, ranging from 129 to 209 bp (mean = 167 bp),

which were subsequently amplified and used for metabarcoding purposes in this study.48 Each sample

was subjected to the following PCR conditions: initial denaturation at 95�C for 5 min, followed by 35 cycles

of denaturation at 95�C for 30 s, annealing at 55�C for 30 s, extension at 72�C for 45 s, and a final extension

step at 72�C for 10 min. Each sample was replicated three times. The PCR products from the same sample

were pooled, and their integrity was verified using 2% agarose gel electrophoresis. Subsequently, the PCR

products were purified using the AxyPrep DNA Gel extraction kit (Axygen, USA). The concentration of the

resulting library was quantified using the QuantiFluor�-ST blue fluorescence quantification system (Prom-

ega, USA). Before sequencing, each library was diluted to a final concentration of 100 pM and combined in

equal volumes. The mixed library was sequenced using the NovaSeq 6000 Sequencer (Illumina).
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Bioinformatics analyses

The raw data underwent partitioning based on sample barcodes using the barcode splitter, and sequences

that did not match any barcode were discarded. A series of quality control processes were conducted using

the QIIME tool. Initially, read quality was assessed using fastx_toolkit, and low-quality reads were elimi-

nated using the "split_libraries.py" script with the parameters "-s 20 -w 10 -l 50". Subsequently, chimeras

were identified using a de novo approach against the GOLD reference database, and redundant se-

quences were removed using USEARCH. Following these steps, 53,302,879 clean reads remained. Taxo-

nomic annotation of the sequences was performed using a Naive Bayes classifier trained with a Chinese

freshwater fish 12S-rDNA barcode reference library. To achieve a higher resolution of taxonomic annota-

tions and better comparability between investigations, Amplicon Sequence Variants (ASVs) were gener-

ated instead of Operational Taxonomy Units (OTUs) with the help of the QIIME2 workflow.47 To minimize

the impact of ASVs with extremely low abundance, two filtering criteria were applied: 1) ASVs with fewer

than 10 sequences in total across all samples were removed, and 2) ASVs found in fewer than three samples

were also removed.

Functional traits

The website fishbase.org (https://www.fishbase.de/) was consulted for data on maximum length, living

style, trophic level, and feeding types. According to the FishBase description, "living style" was catego-

rized as "benthopelagic," "demersal," and "pelagic-neritic," while "feeding type" was categorized as

"mostly plants/detritus," "primarily animals," and "plants/detritus/animals." If no feeding style informa-

tion was provided, the nearest relative’s data was used.

Ecological rarity

Using the ‘‘funrar’’ version 1.3 package,44 we then calculated the functional distinctiveness Di of species I in

the global functional space, which represents how unique the qualities of a specific species are in compar-

ison to all other species within the same taxon:

Di =

PN
j = 1;jsidij

N � 1

where N is the total number of species, and dij is the functional pairwise distance between species i and j.

The scale of the functional distances dij ranges from 0 to 1.Di is themean functional separation between the

target species and the remainder of the pool’s species. It illustrates how significantly, on average, the focal

species’ features diverge from those of the rest of the species pool. When all of the species in the collection

have the same trait values (the functional distance between all species is 0), di is equal to 0, and it is equal to

1 when a species’ difference from other species is at its greatest.

Using the speciesmatrix of the sampling site, we then computed geographical restrictedness to assess how

restricted the distribution of a species is:

Ri = 1 � Ki

Ktot

Species were divided into three categories based on their values and the quantile divisions of the bivariate

space of functional uniqueness against geographic restriction. We classified ecologically rare and ecolog-

ically common species as those with values of functional uniqueness and geographical restrictiveness that

were greater than 75 percent or less than 25% of the overall species pool of interest, respectively. The func-

tional distinctiveness and geographical restrictiveness values of ecologically average species are, respec-

tively, less than 75% and greater than 25%. With this method, we obtained the ecologically rare species of

approach 5% threshold, which is regularly used for the study of the rarity.49,50

Target site identification and primer design

To select target sites for the assay, mitochondrial sequences of Ctenopharyngodon idella, Phoxinus oxy-

cephalus, Chanodichthys erythropterus Silurus asotus, Acipenser schrencki and their congeners or closely

related species were obtained from GenBank Release 248 (NCBI). Using the ClustalW alignment tool, the

whole mtDNA genomes of the target and closely related species were aligned using multiple sequences.

The alignment was visually examined to identify locations where the Cas12a 50TTTV30 protospacer adjacent
motif (PAM) site51 is unique to the target species. Neighboring PAM sites were searched to guarantee the
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highest number of mismatches between the target species sequence and closely related species se-

quences. The final target sites selected reside within the CYTB (A. schrencki), ND2 (P. oxycephalus), ND1

(C. erythropterus), D-loop (S. asotus), andND2 (C. idella), respectively (Table S1). The identified sequences

were used to design the primers and crRNAs. The RPA or qPCR primers were created using the NCBI

primer-design tool (https://www.ncbi.nlm.nih.gov/) and their specificity was validated using primer-BLAST

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Table S2). All oligos including crRNA sequences were

purchased from Shanghai Sangon Biotechnology Co., LTD.

Recombinant DNA cloning of target sequences

According to the ND2 gene sequence of mtDNA in C. idella, specific primers were designed via the NCBI

primer-design tool, and the primer name was listed in Table S2. The specific 577 bp PCR product within

ND2 of C. idella was cloned into a pUC19 vector. Recombinant clones were confirmed by Sanger cycle

sequencing using the universal primer M13.

In vitro cleavage assay

The in vitroDNA cleavage assays were performed with either plasmid targets or specific PCR products. The

100 ng either pUC19 target DNA or PCR products complexes were incubated with 1 mL EnLbCas12a (1 mM)

(New England Labs), 1 mL crRNA (1 mM), 1 mL NEBuffer2.1(103), and 6 mL RNase-free water in 20 mL reaction

for 20 min at the 37�C. Reactions were inactivated at 85�C for 5 min. The reaction products were run on 1%

agarose gels stained with ethidium bromide for production detection.

Isothermal amplification

Target fragments were amplified isothermally with TwistAmp�Basic Kit using specific primers designed for

the test according to the manufacturer’s recommendations. At 39�C, a 25 mL reaction mixture containing

1 mL of DNA sample, 1.2 mL of primer solution (forward primer, reverse primer, 10mM), 1.2 mL of magnesium

acetate (280 mM), 6.6 mL of ddH2O, and 15 mL primer free rehydration buffer was incubated for 20 minutes.

Importantly, magnesium acetate was added to the cap and subsequently centrifuged directly into the re-

action tube to facilitate simultaneous reaction across all reactionmixtures. The RPAwas then introduced for

evaluation of CRISPR/Cas12a cleavage.

Cas12a detection reactions

The RPA product (2 mL) was added to 18 mL of the CRISPR-Cas12a reaction mixture containing 1 mL crRNA

(1 mM), 1 mL LbCas12a (1 mM) (NEB, Ipswich, UK), 2 mL Reaction NEBuffer 2.1 (103), 2 mL ssDNA FQ probe

sensor (2 mMHEX-sequence-BHQ1), and 12 mL ddH2O (DNase/RNase-free). Then, the reactions (20 mL in a

384-well microplate) were incubated in a fluorescence plate reader (Tecan Infinite� 200 PRO) for up to

60 min at 37�C with fluorescent signals collected every 60 s (ssDNA FQ substrates = lex: 520 nm; lem:

556 nm). For visual detection, all CRISPR reactions were incubated at 37�C for 15 minutes and the intensity

of fluorescence was recorded and photographed using a multi-functional ImageQuant reader

(AMERSHAM ImageQuant 800, Tecan Company, Switzerland).

qRT-PCR detection

The qRT-PCR of fish eDNA samples was performed with a single-tube PCRs system (TAKARA Biotech Co.,

Ltd., Dalian, China). The reactions including 10 mL SYBR Premix Ex Taq II (Tli RNaseH Plus) (23), 0.8 mL

primer F and R (10 mM), 0.4 mL ROX Reference Dye II, 2 mL of cDNA, and 6 mL of ddH2O. According to

the manufacturer’s instruction, the amplification procedure was an initial denaturation step of 95�C for

30 s, followed by 45 cycles of 95�C for 5 s, 60�C for 30 s, and 60�C for 35 s. The fluorescence signal was

collected at the 60�C annealing extension per cycle.

QUANTIFICATION AND STATISTICAL ANALYSIS

The fluorescence value was calculated by subtracting the background fluorescence obtained in the

absence of target DNA. The fluorescence threshold was determined as three standard deviations

above the background fluorescence observed in reactions without target DNA (n=3). It is important

to note that background noise may be present in the sample due to incomplete quenching of the fluores-

cence reporter. Only fluorescence values exceeding this threshold were considered positive detections of

the target. The correlation between the abundance data obtained from high-throughput sequencing (HTS)

and CRISPR/Cas was analyzed using Pearson’s correlation coefficient, and statistical significance was
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assessed using a two-tailed test in GraphPad Prism 8 (GraphPad Software, San Diego, CA).

The calculation of area under the curves (AUCs) for the three methods (RPA-CRISPR/Cas12a-FQ,

HTS, and qPCR) to differentiate between positive and negative samples was performed using

the R package "pROC" (version: 1.18.0).46 Standard curves were generated using GraphPad Prism with

a linear regression fit and a 95% confidence interval. Asterisks denote the level of statistical

significance: *, p % 0.05; **, p % 0.01; ***, p % 0.001.
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