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The dearth of cardinal data on species presence, dispersion, abundance, and habitat prerequisites, besides the threats

impeded by escalating human pressure has enormously affected biodiversity conservation. The innovative concept of

eDNA, has been introduced as a way of overcoming many of the difficulties of rigorous conventional investigations, and is

hence becoming a prominent and novel method for assessing biodiversity. The demand for eDNA in ecology and

conservation has expanded exceedingly, despite the lack of coordinated development in appreciation of its strengths and

limitations. Therefore it is pertinent and indispensable to evaluate the extent and significance of eDNA-based

investigations in terrestrial habitats and to classify and recognize the critical considerations that need to be accounted

before using such an approach. 
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1. Introduction

Assessing classical and extant biodiversity is conventionally anticipated by morphological and behavioral data obtained

utilizing direct surveys, microscopes, binoculars, traps, and, most recently, bioacoustics . These methods are often

biased, intrusive, and/or predisposed by plummeting pool of taxonomic specialists for recognizing specimens .

Moreover, traditional surveys are mostly labor demanding and tedious and can be inefficacious at describing the accurate

biodiversity in attendance . The emergence of expeditious and moderately affordable DNA sequencing techniques has

notably inflated biodiversity exploration and analysis by getting the better of labor-exhaustive long-established

assessments and increased the latitude and scope to coherently distinguish biodiversity on a real-time basis utilizing

systematized approaches .

Among the different techniques for biodiversity assessment, environmental deoxyribonucleic acid (eDNA), the complex

mixture of genomic DNA obtained from an environmental sample, is becoming a key component of the ecologists’ and

environmental managers’ toolbox, alluring worldwide attention . The science of eDNA provides the opportunity to

scrutinize the dynamics of species, populations and communities and map their geographical distribution over large

scales as well as over long periods. It has the potential to revolutionize conservation science . Environmental DNA uses

standard, reproducible and auditable criteria that accurately identify target organisms in different environments ,

offering broad taxonomic extensiveness and real-time biodiversity assessment for a multitude of species .

The first investigation of environmental DNA based on the microbial diversity from the lake sediments was reported by

Ogram et al. (1987) . Within a short duration of time, the concept of environmental DNA witnessed tremendous growth.

In the year 1990, an investigation disseminated and analyzed the diversity of 16S rRNA gene in bacterioplankton sampled

from the Sargasso Sea using PCR amid cloning . To discern the new pathways, metagenomics was used in uncultured

microorganisms where cloning and sequencing of soil eDNA fragments were done . Notable work on DNA

metabarcoding published in 2003 described the extraction of megafaunal (mammoth, bison horse), ancient plant, and

extinct ratite moa DNA from permafrost . Next-generation sequencing (NGS) development after 2005 rendered the

costly and time-consuming cloning phase unnecessary . By 2010, DNA barcoding was stretched out to

macroorganisms for diet analysis  and then for soil eDNA studies . Over the years, different ways have been applied

for eDNA analysis for targeting single species, standard or quantitative PCR for detecting all taxa from a given taxonomic

group. PCR based assays are vital such as for bacteria , fungi , plants , eukaryotes , fishes  and so on.

Although eDNA-centered analysis has rapidly gained momentum in freshwater ecology, its success has been

underestimated among terrestrial ecosystems . Several variables affect how easily organisms may be detected .

When making management choices, it is important to understand the rate of eDNA degradation, the low end of detection,

and the variables affecting eDNA detectability for a target species . Terrestrial eDNA is often used as a metric to
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quantify population distributions. Understanding the detection and variation of terrestrial eDNA across various species or

taxonomic groups will be necessary for making these decisions . The understanding of and possibility of using

terrestrial eDNA as a tool in biodiversity conservation are limited by the deposition and degradation of eDNA in both

historic and modern terrestrial ecosystems .

2. Plant Community Characterization

There is a considerable corpus of knowledge on plant communities gathered by the conventional above-ground botanical

inventories that can be constructed with patterns inferred from plant eDNA found in soil . Environmental DNA is a

promising tool for identifying vigorous and quiescent seeds, pollen and detritus of species, thereby providing an extensive

perspective of plant diversity . This plant community structure can act as a noteworthy aid in outlining the ecological

status of the soils . A study carried out by Yacooz et al. , indicated that boreal plant communities can be

reconstructed by using a short fragment of the P6 loop of the chloroplast trnL (UAA) intron amplified from soil DNA .

The results showed high consistency with the data obtained using classical botanical surveys. Yet, for plants, soil DNA is

more representative of biomass turnover than actual biomass . This highlights that DNA read frequencies can be

difficult to relate to taxon abundances without a proper calibration . This finding is significant as it recognized the

limitation of using short DNA barcoding regions for absolute taxonomic resolve .

Likewise, there is comparatively a smaller number of investigations carried out on terrestrial eDNA as a contrivance for

identifying, examining and/or analyzing plant pathogens. But eDNA techniques can be a potential tool for plant pathogen

investigations dealing with identifying and analyzing pathogens . For example, if a particular plant is showing

symptoms, but no directed examination is possible at that stage, eDNA can come as a rescue for appropriate disease

diagnosis . Environmental DNA can also be used for monitoring infectious propagules. It could be an important caveat

tool that will allow well-timed and absolute treatment of affected plants before the symptoms become noticeable. In

another case, fungal pathogens were recognized in cities and agricultural fields to elucidate the potential for primary

warning systems by sampling air . However, one of the biggest challenges of using eDNA methods for identifying plant

pathogens is that the genetic resolution of marker genes, in many cases, should be able to distinguish the strains

(pathogenic and non-pathogenic). Such challenges have prompted the researchers to use markers that have high

resolutions; for example, in Fusarium, to increase the resolution, an elongation factor-based marker has been used .

3. Earthworm Community Characterization

Because of their burrowing and casting activities, earthworms are among soil’s most important ecosystem engineers .

They play a significant role in nutrient cycling, water retention, and soil fertility . Due to their presence in a substantial

proportion of soil animal biomass, the earthworm is sensitive to factors like land use and contamination and hence are

considered good indicators of soil health .

Earthworm inventories traditionally rely on either passive or physical separation from soil or behavioral methods where

earthworms are forced to the surface through physical or chemical stimulus . But these traditional methods are invasive

and time-consuming, requiring strong taxonomic skills. The results can be skewed by factors like soil properties,

earthworm life stage and species characteristics .

The ultimate solution to such queries is to confront the earthworm community studies directly on soil samples using eDNA

metabarcoding. Bienert et al. , conducted a pioneer study when they designed two metabarcodes regions in the

mitochondrial 16sRNA gene specific to earthworms and tested them on French Alps soils detecting endogeic species

efficiently. However, as eDNA metabarcoding samples did not contain a leaf litter layer, they missed several epigeic

species. Pansu et al. , improved the sampling protocol vertically, including the leaf litter in soil samples they collected

and increasing the sample scheme horizontal representativeness covering the entire surface of the studied area. This

spatial heterogeneity allowed more detection of species in French Alps soils. This also proved that earthworm community

composition is significantly affected by land use, a pattern that was not brought to light by classical survey methods . In

another study, it has been revealed that environmental DNA can be applied to monitor earthworms in agroecosystems,

where it was able to detect more species per sample when compared with hand-sorting . Similarly, a nested PCR

method in Canada’s boreal forest allowed strong detection of earthworms in archival soil samples stored for up to 30

years .

Though there is a tremendous increase in sequencing throughputs, the incompleteness of the reference databases of

mitochondrial 16S or RNA gene remains a major impediment to the precise taxonomic identification of earthworms.
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4. Bacterial Community Characterization

Soil microbiologists are probably the most receptive audience for the opportunities offered by the eDNA approaches

relying on DNA sequencing to characterize microbial  and functional biodiversity  for the benefit of the planet and

humankind .

Brian et al. , examined bacterial taxonomic biodiversity at different spatial scales to habitat scale (>10 m) up to global

scale. Despite extreme variability, it was found that higher alpha diversity existed in fertilized plots. From the study, it was

observed that 20% of the molecular taxonomic units overlap with other EMP samples collected around the world, and the

figure reached 40% considerably only in EMP grassland soils, highlighting the existence of a core set of the cosmopolitan

bacterial groups .

Fierer et al. , carried out a study to characterize the soil functional diversity and bacterial and archeal taxonomic

composition for 16 sites in a wide range of biomass involving shotgun sequencing and 16srDNA sequencing. The results

obtained from the study indicated that the desert biome (hot as well as cold) clearly showed apart from other biomes for

both metagenome and bacterial community composition, indicating that in a desert environment, bacterial community

structure is mainly determined by abiotic conditions instead of microbe-microbe competition . Investigations have

revealed that eDNA has the potential to measure microbial communities and forest biodiversity. Therefore leveraging

these methods will enhance ability to detect extant species, describe new species and improve the understanding of

ecological and community dynamics in forest ecosystems . In another study, it has been demonstrated that eDNA

underpins the great promise that could represent soil microbial eDNA metabarcoding for monitoring restoration progress

and success .

5. Multi-Taxa Diversity Surveys

One of the fascinating opportunities offered by eDNA metabarcoding is the possibility of carrying out multi-taxa diversity

surveys using the same sampling scheme and eDNA extracts . Soil eDNA metabarcoding can be employed to detect

eukaryotic diversities in retort to environmental fluctuations .

To analyze how fungal populations in soil and leaf litter responded to a bark beetle-caused tree dieback, Stursova et al.

 employed metabarcoding. According to their study, the composition of fungal communities altered due to the loss of

root-assist fungi and the rise in saprotrophic species, resulting in a drop in the biomass of these communities. .

Ramirez et al. , investigated biodiversity and biographic patterns from 600 soil cores collected in Central Park, New

York City. They studied all three domains of life (bacteria, archaea and eukaryotes) utilizing 16sRNA gene amplification

and sequencing for bacterial and archeal diversities and 18srRNA gene for eukaryotic diversity. The results obtained from

the study showed that Central Park, an urban and managed ecosystem harbor, had an unscripted level of below-ground

biodiversity for all three domains of life, much of which had never been described in public databases . However, these

results should be considered with caution as it is difficult to assess how raw data were filtered to discard PCR and

sequencing artifacts from the study. These two parameters can greatly inflate biodiversity estimates . Furthermore, it is

unclear from the study whether the taxonomic and phylogenetic resolution of the metabarcodes (i.e., 90-bp long for

bacteria) was appropriate to allow significant biographical patterns.

Multi-taxa eDNA surveys allow the comprehension of the factors governing soil community assembly and diversity . For

example, Zinger et al. , examined the fine-grained special distribution of soil bacteria, archaea and eukaryotes in a

tropical rainforest plot using eDNA metabarcoding. The study found that soil community composition was highly variable,

poorly explained by collected data, and suggested an overall random distribution of soil organisms. The study indicated a

differential role of body size on soil community assembly across the tree of life and explains how the integration of

diversity census across multiple taxonomic groups can help to test previous hypotheses on complex patterns of

biodiversity and community structure .

6. Endangered Species

Only a few studies have been able to trace animals using the eDNA technique from soil  in areas where the animals

were previously present under controlled conditions like Safari Parks or Zoos or from natural zones where the species are

reported . Similarly, an investigation revealed that the endangered New Mexico meadow jumping mouse (Zapus
hudsonius luteus) is a prime candidate for creating a terrestrial eDNA detection tool because it is restricted to herbaceous

riparian zones . More study is necessary to create a reliable survey technique employing this eDNA detection
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methodology. The research showed that mammalian eDNA might stay on nest vegetation for a very long time even after

the animal has left, underscoring the potential of utilizing eDNA from plants to identify uncommon or threatened terrestrial

species. Although it has been shown that eDNA can be a valuable tool for identifying invasive, cryptic, and/or decreasing

species, this method is nevertheless constrained by the same limitations that apply to the interpretation of data from

conventional survey approaches (e.g., imperfect detection). A quick and efficient way to track distribution and abundance

is needed for the wood turtle, a cryptic semi-aquatic species in decline over much of its range .

Drammund et al.  studied eukaryotic species disparity above and below ground utilizing eDNA from the soil but were

unable to identify endangered species . Other investigations used iDNA (invertebrate-derived DNA) from insects like

Carrion flies or leeches to monitor terrestrial mammal biodiversity . Schnell et al.  succeeded in discovering two

species described recently, the Truong Son muntjac (Muntiacus truongsonensis) and Annamite stripped rabbit (Nesolagus
timminsi) .

Mammals and potentially endangered species can also be detected using samples from natural saltlicks utilizing eDNA

metabarcoding . Using eDNA from the soil to trace mammals  is not only environment dependent but also dependent

on mammal abundance and size . Hence, knowledge of the ecological behavior of the mammal is essential for the

sampling design . Researchers anticipate that eDNA technology will be crucial in delivering quick and widespread

insights into the population genetics of endangered and challenging-to-sample species worldwide .

7. Bulk Specimens

Traditional ecosystem evaluations based on morphology or barcodes have been employed for terrestrial areas. But as

these techniques are expensive, laborious, and less suitable for bulky samples, they allow bulk specimen eDNA

metabarcoding to be executed in such ecosystems . Yu et al. , provided techniques for classifying bulk arthropod

samples using metabarcoding by creating seven arthropod communities and evaluating the richness and composition of

the two datasets. They discovered that, although taxonomic information was affected to some extent, eDNA

metabarcoding can accurately quantify community differences and diversities of bulk samples . Ji et al.  verified bulk

arthropod metabarcoding by comparing it to three high-quality reference datasets from Malaysia, China, and the United

Kingdom. Metabarcoding produced equivalent statistical models in the same taxon, identified treatments and responses,

and connected estimates of species richness for all sites . In another related work, Gibson et al. , tested the potential

of metabarcoding to characterize diversity by using numerous universal primers on bulk arthropod samples. They

discovered that 91 percent of the arthropods could be recognized using metabarcoding, which could also identify

microorganisms connected to the arthropods. They also discovered that eDNA metabarcoding was superior to previous

approaches and significantly decreased the period and expense of biodiversity research, building a perfect tool for a

range of other ecological applications, such as macro and micro-biome interactions . Evaluating host-parasite and

community interactions within biodiversity studies, a field of research crucial to biodiversity monitoring but challenging to

identify using conventional techniques, may also benefit from the metabarcoding of bulk specimens. Sigut et al.  tested

the feasibility of metabarcoding for identification using mock samples of insect larvae and parasitoids. They evaluated the

completeness of the barcode database by comparing it to a known host-parasitoid database for the research region.

Metabarcoding could reliably identify taxa et all taxonomic levels and correctly identify 92.8 percent of all species present

in mock samples. Furthermore, they discovered that 39.4% of parasitoid and 90.74% of host taxa could be recognized

using the reference database, demonstrating the clear necessity for expanding the parasitoid database. This

metabarcoding data indicates more parasitoid diversity than that found in conventional surveys, demonstrating the

potential of metabarcoding to discern between the variety of species and to get further accurate identifications via

dependable archives . To evaluate the effectiveness of the methodology aimed at vertebrate findings, Rodgers et al.

, investigated vertebrate-specific metabarcoding of carrion flies in a region with a distinguished mammal diversity. They

linked the metabarcoding results to diurnal transect counts and camera trapping. Metabarcoding was able to identify more

species than other techniques used concurrently during the same period in each survey (including fly collection), but

overall the number of species found was lower when the data from the previous seven years of surveys were taken into

account. . The findings indicated that metabarcoding is a useful and competent method for investigating biodiversity,

particularly when combined with current monitoring approaches . On the other hand, comprehensive reference

databases, improved PCR processes, numerous markers, more extensive sampling efforts, method validation, and

accurate sequencing methods are all necessary . Similarly, further research must be done on the terrestrial ecosystem

before it can be copiously included in programs for monitoring terrestrial biodiversity .

[66]

[67]

[67]

[68] [69]

[69]

[70] [71]

[72]

[65]

[73]

[74] [75]

[75] [76]

[76] [77]

[77]

[78]

[78]

[79]

[79]

[80]

[81]

[82]



References

1. Bairoliya, S.; Koh Zhi Xiang, J.; Cao, B. Extracellular DNA in environmental samples: Occurrence, extraction,
quantification, and impact on microbial biodiversity assessment. Appl. Environ. Microbiol. 2022, 88, e01821–e01845.

2. Rota, N.; Canedoli, C.; Ferrè, C.; Ficetola, G.F.; Guerrieri, A.; Padoa-Schioppa, E. Evaluation of soil biodiversity in
alpine habitats through eDNA metabarcoding and relationships with environmental features. Forests 2020, 11, 738.

3. Beng, K.C.; Corlett, R.T. Applications of environmental DNA (eDNA) in ecology and conservation: Opportunities,
challenges and prospects. Biodivers. Conserv. 2020, 29, 2089–2121.

4. Ip, Y.C.A.; Tay, Y.C.; Gan, S.X.; Ang, H.P.; Tun, K.; Chou, L.M.; Huang, D.; Meier, R. From marine park to future
genomic observatory? Enhancing marine biodiversity assessments using a biocode approach. Biodivers. Data J. 2019,
7, e46833.

5. Cowart, D.A.; Murphy, K.R.; Cheng, C.-H.C. Environmental DNA from Marine Waters and Substrates: Protocols for
Sampling and eDNA Extraction. In Marine Genomics; Springer: Berlin/Heidelberg, Germany, 2022; pp. 225–251.

6. Taberlet, P.; Bonin, A.; Zinger, L.; Coissac, E. Environmental DNA: For Biodiversity Research and Monitoring; Oxford
University Press: New York, NY, USA, 2018.

7. Hinz, S.; Coston-Guarini, J.; Marnane, M.; Guarini, J.-M. Evaluating eDNA for Use within Marine Environmental Impact
Assessments. J. Mar. Sci. Eng. 2022, 10, 375.

8. Sepulveda, A.J.; Nelson, N.M.; Jerde, C.L.; Luikart, G. Are environmental DNA methods ready for aquatic invasive
species management? Trends Ecol. Evol. 2020, 35, 668–678.

9. Darling, J.A. How to learn to stop worrying and love environmental DNA monitoring. Aquat. Ecosyst. Health Manag.
2019, 22, 440–451.

10. Ogram, A.; Sayler, G.S.; Barkay, T. The extraction and purification of microbial DNA from sediments. J. Microbiol.
Methods 1987, 7, 57–66.

11. Giovannoni, S.J.; Britschgi, T.B.; Moyer, C.L.; Field, K.G. Genetic diversity in Sargasso Sea bacterioplankton. Nature
1990, 345, 60–63.

12. Handelsman, J.; Rondon, M.R.; Brady, S.F.; Clardy, J.; Goodman, R.M. Molecular biological access to the chemistry of
unknown soil microbes: A new frontier for natural products. Chem. Biol. 1998, 5, R245–R249.

13. Willerslev, E.; Hansen, A.J.; Binladen, J.; Brand, T.B.; Gilbert, M.T.P.; Shapiro, B.; Bunce, M.; Wiuf, C.; Gilichinsky, D.A.;
Cooper, A. Diverse plant and animal genetic records from Holocene and Pleistocene sediments. Science 2003, 300,
791–795.

14. Shendure, J.; Ji, H. Next-generation DNA sequencing. Nat. Biotechnol. 2008, 26, 1135–1145.

15. Pompanon, F.; Deagle, B.E.; Symondson, W.O.; Brown, D.S.; Jarman, S.N.; Taberlet, P. Who is eating what: Diet
assessment using next generation sequencing. Mol. Ecol. 2012, 21, 1931–1950.

16. Sønstebø, J.; Gielly, L.; Brysting, A.; Elven, R.; Edwards, M.; Haile, J.; Willerslev, E.; Coissac, E.; Rioux, D.; Sannier, J.
Using next-generation sequencing for molecular reconstruction of past Arctic vegetation and climate. Mol. Ecol. Resour.
2010, 10, 1009–1018.

17. Tringe, S.G.; Von Mering, C.; Kobayashi, A.; Salamov, A.A.; Chen, K.; Chang, H.W.; Podar, M.; Short, J.M.; Mathur,
E.J.; Detter, J.C. Comparative metagenomics of microbial communities. Science 2005, 308, 554–557.

18. Tedersoo, L.; Bahram, M.; Põlme, S.; Kõljalg, U.; Yorou, N.S.; Wijesundera, R.; Ruiz, L.V.; Vasco-Palacios, A.M.; Thu,
P.Q.; Suija, A. Global diversity and geography of soil fungi. Science 2014, 346, 1256688.

19. Yoccoz, N.G.; Bråthen, K.A.; Gielly, L.; Haile, J.; Edwards, M.E.; Goslar, T.; von Stedingk, H.; Brysting, A.; Coissac, E.;
Pompanon, F. DNA from soil mirrors plant taxonomic and growth form diversity. Mol. Ecol. 2012, 21, 3647–3655.

20. Baldwin, D.S.; Colloff, M.J.; Rees, G.N.; Chariton, A.A.; Watson, G.O.; Court, L.N.; Hartley, D.M.; Morgan, M.J.; King,
A.J.; Wilson, J.S. Impacts of inundation and drought on eukaryote biodiversity in semi-arid floodplain soils. Mol. Ecol.
2013, 22, 1746–1758.

21. Shu, L.; Ludwig, A.; Peng, Z. Standards for methods utilizing environmental DNA for detection of fish species. Genes
2020, 11, 296.

22. Thomsen, P.F.; Sigsgaard, E.E. Environmental DNA metabarcoding of wild flowers reveals diverse communities of
terrestrial arthropods. Ecol. Evol. 2019, 9, 1665–1679.

23. Dopheide, A.; Xie, D.; Buckley, T.R.; Drummond, A.J.; Newcomb, R.D. Impacts of DNA extraction and PCR on DNA
metabarcoding estimates of soil biodiversity. Methods Ecol. Evol. 2019, 10, 120–133.



24. Valentin, R.E.; Fonseca, D.M.; Nielsen, A.L.; Leskey, T.C.; Lockwood, J.L. Early detection of invasive exotic insect
infestations using eDNA from crop surfaces. Front. Ecol. Environ. 2018, 16, 265–270.

25. Seeber, P.A.; McEwen, G.K.; Löber, U.; Förster, D.W.; East, M.L.; Melzheimer, J.; Greenwood, A.D. Terrestrial mammal
surveillance using hybridization capture of environmental DNA from African waterholes. Mol. Ecol. Resour. 2019, 19,
1486–1496.

26. Ficetola, G.F.; Manenti, R.; Taberlet, P. Environmental DNA and metabarcoding for the study of amphibians and
reptiles: Species distribution, the microbiome, and much more. Amphibia-Reptilia 2019, 40, 129–148.

27. Parducci, L.; Bennett, K.D.; Ficetola, G.F.; Alsos, I.G.; Suyama, Y.; Wood, J.R.; Pedersen, M.W. Ancient plant DNA in
lake sediments. New Phytol. 2017, 214, 924–942.

28. Bitok, J.K.; Lemetre, C.; Ternei, M.A.; Brady, S.F. Identification of biosynthetic gene clusters from metagenomic libraries
using PPTase complementation in a Streptomyces host. FEMS Microbiol. Lett. 2017, 364, fnx155.

29. Jansson, J.K.; Hofmockel, K.S. Soil microbiomes and climate change. Nat. Rev. Microbiol. 2020, 18, 35–46.

30. Taberlet, P.; Coissac, E.; Pompanon, F.; Gielly, L.; Miquel, C.; Valentini, A.; Vermat, T.; Corthier, G.; Brochmann, C.;
Willerslev, E. Power and limitations of the chloroplast trn L (UAA) intron for plant DNA barcoding. Nucleic Acids Res.
2007, 35, e14.

31. Wakelin, S.A.; Cave, V.; Dignam, B.; D’Ath, C.; Tourna, M.; Condron, L.M.; Zhou, J.; Van Nostrand, J.; O’Callaghan, M.
Analysis of soil eDNA functional genes: Potential to increase profitability and sustainability of pastoral agriculture. New
Zealand J. Agric. Res. 2016, 59, 333–350.

32. Yoccoz, N.G. The future of environmental DNA in ecology. Mol. Ecol. 2012, 21, 2031–2038.

33. Liu, D.; Nishida, M.; Takahashi, T.; Asakawa, S. Transcription of mcrA gene decreases upon prolonged non-flooding
period in a methanogenic archaeal community of a paddy-upland rotational field soil. Microb. Ecol. 2018, 75, 751–760.

34. Bass, D.; Stentiford, G.D.; Littlewood, D.; Hartikainen, H. Diverse applications of environmental DNA methods in
parasitology. Trends Parasitol. 2015, 31, 499–513.

35. Sansupa, C.; Fareed Mohamed Wahdan, S.; Disayathanoowat, T.; Purahong, W. Identifying Hidden Viable Bacterial
Taxa in Tropical Forest Soils Using Amplicon Sequencing of Enrichment Cultures. Biology 2021, 10, 569.

36. Bohmann, K.; Evans, A.; Gilbert, M.T.P.; Carvalho, G.R.; Creer, S.; Knapp, M.; Douglas, W.Y.; De Bruyn, M.
Environmental DNA for wildlife biology and biodiversity monitoring. Trends Ecol. Evol. 2014, 29, 358–367.

37. de Groot, G.A.; Geisen, S.; Wubs, E.J.; Meulenbroek, L.; Laros, I.; Snoek, L.B.; Lammertsma, D.R.; Hansen, L.H.;
Slim, P.A. The aerobiome uncovered: Multi-marker metabarcoding reveals potential drivers of turn-over in the full
microbial community in the air. Environ. Int. 2021, 154, 106551.

38. Velásquez-Zapata, V.; Palacio-Rúa, K.; Cano, L.E.; Gaviria-Rivera, A. Assessment of genotyping markers in the
molecular characterization of a population of clinical isolates of Fusarium in Colombia. Biomédica 2022, 42, 18–30.

39. Kooch, Y.; Jalilvand, H. Earthworms as ecosystem engineers and the most important detritivors in forest soils. Pak. J.
Biol. Sci. 2008, 11, 819–825.

40. Lemtiri, A.; Colinet, G.; Alabi, T.; Cluzeau, D.; Zirbes, L.; Haubruge, É.; Francis, F. Impacts of earthworms on soil
components and dynamics. A review. Biotechnol. Agron. Société Et Environ. 2014, 18. Available online:
https://orbi.uliege.be/handle/2268/163467 (accessed on 1 March 2022).

41. Huera-Lucero, T.; Labrador-Moreno, J.; Blanco-Salas, J.; Ruiz-Téllez, T. A framework to incorporate biological soil
quality indicators into assessing the sustainability of territories in the Ecuadorian Amazon. Sustainability 2020, 12,
3007.

42. Bienert, F.; De Danieli, S.; Miquel, C.; Coissac, E.; Poillot, C.; BRUN, J.J.; Taberlet, P. Tracking earthworm communities
from soil DNA. Mol. Ecol. 2012, 21, 2017–2030.

43. Bartlett, M.D.; Briones, M.J.; Neilson, R.; Schmidt, O.; Spurgeon, D.; Creamer, R.E. A critical review of current methods
in earthworm ecology: From individuals to populations. Eur. J. Soil Biol. 2010, 46, 67–73.

44. Pansu, J.; Giguet-Covex, C.; Ficetola, G.F.; Gielly, L.; Boyer, F.; Zinger, L.; Arnaud, F.; Poulenard, J.; Taberlet, P.;
Choler, P. Reconstructing long-term human impacts on plant communities: An ecological approach based on lake
sediment DNA. Mol. Ecol. 2015, 24, 1485–1498.

45. Llanos, J. Assessing Earthworm Diversity and Population Dynamics in Agroecosystems; University of Sheffield:
Sheffield, UK, 2021.

46. Jackson, M.; Myrholm, C.; Shaw, C.; Ramsfield, T. Using nested PCR to improve detection of earthworm eDNA in
Canada. Soil Biol. Biochem. 2017, 113, 215–218.



47. Galan, M.; Pons, J.B.; Tournayre, O.; Pierre, E.; Leuchtmann, M.; Pontier, D.; Charbonnel, N. Metabarcoding for the
parallel identification of several hundred predators and their prey: Application to bat species diet analysis. Mol. Ecol.
Resour. 2018, 18, 474–489.

48. Gellie, N.J.; Mills, J.G.; Breed, M.F.; Lowe, A.J. Revegetation rewilds the soil bacterial microbiome of an old field. Mol.
Ecol. 2017, 26, 2895–2904.

49. Minamoto, T. Environmental DNA analysis for macro-organisms: Species distribution and more. DNA Res. 2022, 29,
dsac018.

50. O’Brien, S.L.; Gibbons, S.M.; Owens, S.M.; Hampton-Marcell, J.; Johnston, E.R.; Jastrow, J.D.; Gilbert, J.A.; Meyer, F.;
Antonopoulos, D.A. Spatial scale drives patterns in soil bacterial diversity. Environ. Microbiol. 2016, 18, 2039–2051.

51. Gibbons, S.M.; Caporaso, J.G.; Pirrung, M.; Field, D.; Knight, R.; Gilbert, J.A. Evidence for a persistent microbial seed
bank throughout the global ocean. Proc. Natl. Acad. Sci. USA 2013, 110, 4651–4655.

52. Fierer, N.; Leff, J.W.; Adams, B.J.; Nielsen, U.N.; Bates, S.T.; Lauber, C.L.; Owens, S.; Gilbert, J.A.; Wall, D.H.;
Caporaso, J.G. Cross-biome metagenomic analyses of soil microbial communities and their functional attributes. Proc.
Natl. Acad. Sci. USA 2012, 109, 21390–21395.

53. Ladin, Z.S.; Ferrell, B.; Dums, J.T.; Moore, R.M.; Levia, D.F.; Shriver, W.G.; D’Amico, V.; Trammell, T.L.; Setubal, J.C.;
Wommack, K.E. Assessing the efficacy of eDNA metabarcoding for measuring microbial biodiversity within forest
ecosystems. Sci. Rep. 2021, 11, 1629.

54. Nuñez, N.F.; Maggia, L.; Stenger, P.-L.; Lelièvre, M.; Letellier, K.; Gigante, S.; Manez, A.; Mournet, P.; Ripoll, J.;
Carriconde, F. Potential of high-throughput eDNA sequencing of soil fungi and bacteria for monitoring ecological
restoration in ultramafic substrates: The case study of the New Caledonian biodiversity hotspot. Ecol. Eng. 2021, 173,
106416.

55. Campbell, C.D.; Gleeson, D.M.; Furlan, E.M.; Muirhead, K.A.; Caron, V. Detection of a cryptic terrestrial insect using
novel eDNA collection techniques. Environ. DNA 2022, 820–829.

56. Guerrieri, A.; Bonin, A.; Münkemüller, T.; Gielly, L.; Thuiller, W.; Francesco Ficetola, G. Effects of soil preservation for
biodiversity monitoring using environmental DNA. Mol. Ecol. 2021, 30, 3313–3325.

57. Štursová, M.; Šnajdr, J.; Cajthaml, T.; Bárta, J.; Šantrůčková, H.; Baldrian, P. When the forest dies: The response of
forest soil fungi to a bark beetle-induced tree dieback. ISME J. 2014, 8, 1920–1931.

58. Ramírez-Pulido, J.; González-Ruiz, N.; Gardner, A.L.; Arroyo-Cabrales, J. List of Recent Land Mammals of Mexico.
2014. Available online: https://repository.si.edu/handle/10088/33974 (accessed on 1 March 2022).

59. Reeder, J.; Knight, R. The’rare biosphere’: A reality check. Nat. Methods 2009, 6, 636–637.

60. Katz, M.; Hover, B.M.; Brady, S.F. Culture-independent discovery of natural products from soil metagenomes. J. Ind.
Microbiol. Biotechnol. 2016, 43, 129–141.

61. Zinger, L.; Taberlet, P.; Schimann, H.; Bonin, A.; Boyer, F.; De Barba, M.; Gaucher, P.; Gielly, L.; Giguet-Covex, C.;
Iribar, A. Body size determines soil community assembly in a tropical forest. Mol. Ecol. 2019, 28, 528–543.

62. Kirtane, A.; Dietschler, N.J.; Bittner, T.D.; Lefebvre, M.B.; Celis, S.; O’Connor, K.; Havill, N.; Whitmore, M.C. Sensitive
environmental DNA (eDNA) methods to detect hemlock woolly adelgid and its biological control predators Leucotaraxis
silver flies and a Laricobius beetle. Environ. DNA 2022, 1–14.

63. Hunter, M.E.; Oyler-McCance, S.J.; Dorazio, R.M.; Fike, J.A.; Smith, B.J.; Hunter, C.T.; Reed, R.N.; Hart, K.M.
Environmental DNA (eDNA) sampling improves occurrence and detection estimates of invasive Burmese pythons.
PLoS ONE 2015, 10, e0121655.

64. Lynggaard, C.; Bertelsen, M.F.; Jensen, C.V.; Johnson, M.S.; Frøslev, T.G.; Olsen, M.T.; Bohmann, K. Airborne
environmental DNA for terrestrial vertebrate community monitoring. Curr. Biol. 2022, 32, 701–707.e705.

65. Lyman, J.A.; Sanchez, D.E.; Hershauer, S.N.; Sobek, C.J.; Chambers, C.L.; Zahratka, J.; Walker, F.M. Mammalian
eDNA on herbaceous vegetation? Validating a qPCR assay for detection of an endangered rodent. Environ. DNA 2022,
1–11.

66. Akre, T.S.; Parker, L.D.; Ruther, E.; Maldonado, J.E.; Lemmon, L.; McInerney, N.R. Concurrent visual encounter
sampling validates eDNA selectivity and sensitivity for the endangered wood turtle (Glyptemys insculpta). PLoS ONE
2019, 14, e0215586.

67. Drummond, A.J.; Newcomb, R.D.; Buckley, T.R.; Xie, D.; Dopheide, A.; Potter, B.C.; Heled, J.; Ross, H.A.; Tooman, L.;
Grosser, S. Evaluating a multigene environmental DNA approach for biodiversity assessment. GigaScience 2015, 4,
46.



68. Massey, A.L.; Bronzoni, R.V.d.M.; da Silva, D.J.F.; Allen, J.M.; de Lázari, P.R.; dos Santos-Filho, M.; Canale, G.R.;
Bernardo, C.S.S.; Peres, C.A.; Levi, T. Invertebrates for vertebrate biodiversity monitoring: Comparisons using three
insect taxa as iDNA samplers. Mol. Ecol. Resour. 2022, 22, 962–977.

69. Schnell, I.B.; Thomsen, P.F.; Wilkinson, N.; Rasmussen, M.; Jensen, L.R.; Willerslev, E.; Bertelsen, M.F.; Gilbert, M.T.P.
Screening mammal biodiversity using DNA from leeches. Curr. Biol. 2012, 22, R262–R263.

70. Harper, L.R.; Handley, L.L.; Carpenter, A.I.; Ghazali, M.; Di Muri, C.; Macgregor, C.J.; Logan, T.W.; Law, A.; Breithaupt,
T.; Read, D.S. Environmental DNA (eDNA) metabarcoding of pond water as a tool to survey conservation and
management priority mammals. Biol. Conserv. 2019, 238, 108225.

71. Peterson, D.L.; Allen, M.C.; Vastano, A.; Lockwood, J.L. Evaluation of sample collection and storage protocols for
surface eDNA surveys of an invasive terrestrial insect. Environ. DNA 2022, 1–11.

72. Ryan, E.; Bateman, P.; Fernandes, K.; van der Heyde, M.; Nevill, P. eDNA metabarcoding of log hollow sediments and
soils highlights the importance of substrate type, frequency of sampling and animal size, for vertebrate species
detection. Environ. DNA 2022, 940–953.

73. Adams, C.I.; Knapp, M.; Gemmell, N.J.; Jeunen, G.-J.; Bunce, M.; Lamare, M.D.; Taylor, H.R. Beyond biodiversity: Can
environmental DNA (eDNA) cut it as a population genetics tool? Genes 2019, 10, 192.

74. van der Loos, L.M.; Nijland, R. Biases in bulk: DNA metabarcoding of marine communities and the methodology
involved. Mol. Ecol. 2021, 30, 3270–3288.

75. Yu, D.W.; Ji, Y.; Emerson, B.C.; Wang, X.; Ye, C.; Yang, C.; Ding, Z. Biodiversity soup: Metabarcoding of arthropods for
rapid biodiversity assessment and biomonitoring. Methods Ecol. Evol. 2012, 3, 613–623.

76. Ji, Y.; Ashton, L.; Pedley, S.M.; Edwards, D.P.; Tang, Y.; Nakamura, A.; Kitching, R.; Dolman, P.M.; Woodcock, P.;
Edwards, F.A. Reliable, verifiable and efficient monitoring of biodiversity via metabarcoding. Ecology Lett. 2013, 16,
1245–1257.

77. Gibson, J.; Shokralla, S.; Porter, T.M.; King, I.; van Konynenburg, S.; Janzen, D.H.; Hallwachs, W.; Hajibabaei, M.
Simultaneous assessment of the macrobiome and microbiome in a bulk sample of tropical arthropods through DNA
metasystematics. Proc. Natl. Acad. Sci. USA 2014, 111, 8007–8012.

78. Šigut, M.; Kostovčík, M.; Šigutová, H.; Hulcr, J.; Drozd, P.; Hrček, J. Performance of DNA metabarcoding, standard
barcoding, and morphological approach in the identification of host–parasitoid interactions. PLoS ONE 2017, 12,
e0187803.

79. Rodgers, T.W.; Xu, C.C.; Giacalone, J.; Kapheim, K.M.; Saltonstall, K.; Vargas, M.; Yu, D.W.; Somervuo, P.; McMillan,
W.O.; Jansen, P.A. Carrion fly-derived DNA metabarcoding is an effective tool for mammal surveys: Evidence from a
known tropical mammal community. Mol. Ecol. Resour. 2017, 17, e133–e145.

80. Mena, J.L.; Yagui, H.; Tejeda, V.; Bonifaz, E.; Bellemain, E.; Valentini, A.; Tobler, M.W.; Sánchez-Vendizú, P.; Lyet, A.
Environmental DNA metabarcoding as a useful tool for evaluating terrestrial mammal diversity in tropical forests. Ecol.
Appl. 2021, 31, e02335.

81. Pilotte, N.; Papaiakovou, M.; Grant, J.R.; Bierwert, L.A.; Llewellyn, S.; McCarthy, J.S.; Williams, S.A. Improved PCR-
based detection of soil transmitted helminth infections using a next-generation sequencing approach to assay design.
PLoS Negl. Trop. Dis. 2016, 10, e0004578.

82. Leempoel, K.; Hebert, T.; Hadly, E.A. A comparison of eDNA to camera trapping for assessment of terrestrial mammal
diversity. Proc. R. Soc. B 2020, 287, 20192353.

Retrieved from https://encyclopedia.pub/entry/history/show/66823


