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Abstract: Environmental DNA (eDNA) sampling has emerged as a powerful approach for monitoring 

biodiversity in the context of diverse terrestrial and aquatic ecosystems, and has broad potential for both 

environmental surveys and species management.  eDNA studies focusing on plant and animal species have 

capitalized on analytical methodologies developed originally for  metagenomic studies of microorganisms, 

and on technological improvements in sample collection.  However, while eDNA studies have proliferated 

rapidly, efforts to standardize sampling and analytical methods are still nascent.  Critically, fundamental data 

concerning the distribution and persistence of eDNA in different ecological contexts are lacking, complicating 

both confidence in species detection and comparability between studies. We propose that key deficits could be 

addressed by using well-designed synthetic DNA standards or tracers, which are widely used in fields ranging 

from medical diagnostics to hydrology. In-field application of a standardized mixture of barcoded synthetic 

DNA fragments of varying lengths and concentrations that are recovered concommitantly with eDNA 

sampling should provide critical yet missing data on environmental DNA distribution and turnover, as well 

as an internal molecular standard to enhance both species detection and comparability between eDNA studies. 

Keywords: eDNA; synthetic DNA; metabarcoding; DNA tracers; molecular standards; in-field 

controls 

 

Introduction and Background 

It is now appreciated that all terrestrial and aquatic animals, insects, and plants continuously 

release DNA into the environment via cellular shedding and decomposition1. Upon cellular 

membrane rupture, nuclear and mitochondrial DNA is released directly into the local environment2, 

where it can be detected in soil3,4,5, water6,7,8, or even air samples9. 

Following on the discovery that environmental DNA embedded within ancient sediments could 

be used to survey contemporaneous flora and fauna10,11, and experiments showing that naturally-

occurring standing water sources contained mitochondrial DNA (mtDNA) from vertebrates 

inhabiting the watershed12, the feasibility of recovering and analyzing environmental DNA from 

living macro-organisms to determine both species presence and abundance was first demonstrated 

15 years ago in the context of the invasive American bullfrog13. Shortly thereafter, using samples from 

lentic, lotic and marine waters, similar techniques were applied to study fish6,7, mammals14, 

crustaceans14, insects14, birds15, and reptiles16. 

While the earliest studies of macro-organismal environmental DNA utilized targeted 

amplification of mitochondrial genes using species-specific primers13,17, the past decade has 

witnessed an explosion in eDNA studies that leverage nuclear genome sequences that are generally 

conserved across species but harbor sufficient species-specific differences to enable reliable 

identification from high-quality DNA sequencing. This approach, termed ‘metagenomic barcoding’ 

or ‘metabarcoding’18,19, essentially parallels earlier metagenomic study paradigms developed for 

microorganismal surveys20 that rely on targeted PCR amplification of selected genes that exhibit high 

diversity between species such as the 16S ribosomal subunit or mitochondrial cytochrome genes17. 

Although individual high-diversity genes or genomic regions may differ between studies, 
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metabarcoding is now being applied to detect and analyze diverse species across a wide range of 

ecological contexts17. By contrast with micro-organismal studies where it is the norm, direct 

“shotgun” sequencing of eDNA samples for macro-organismal analysis is still at an exploratory 

stage21. 

Below, we first summarize the major ecological arenas wherein eDNA analysis has been 

deployed, as well as major use cases. We then review current undersandings of the environmental 

bioavailability of extra-organismal DNA, on which eDNA studies are critically dependent, as well as 

common approaches to sample collection and analysis. We discuss the current state and limitations 

of eDNA studies with respect to sensitivity, reproducibility, and comparability between studies, and 

the role of sample collection and handling standards. With these topics in view, we propose that 

many current limitations of eDNA analysis can be addressed by in-field utilization of well-designed 

synthetic DNA standards or ‘tracers’ that simultaneously control for local environmental conditions 

and provide objective benchmarks for detection sensitivity.  

Ecological Arenas 

To date, the major arena of application for eDNA has been aquatic environments, which account 

for the majority of published eDNA studies18,22,23.  Analysis of aquatic species in marine and 

freshwater contexts (both lentic and lotic), is facilitated by the ready diffusion of eDNA24, and the 

potential to increase detection sensitivity simply by filtering a greater quantity of water25. 

eDNA studies in terrestrial environments have conventionally involved collection of targeted 

specimens, such as animal residues left on trees, fecal deposits, or samplings from hoof or paw prints 

in earth or snow26,27, hampering widespread application. However, the challenge of sampling 

terrestrial environments is currently being reassessed by the transformative discovery that the DNA 

of animal, insect, and non-anemophilous plants can be reliably recovered from filtered air samples28-

32. In a notable study conducted at the Copenhagen Zoo28, Clare et al. showed that airborne eDNA 

could be collected in a localized manner and analyzed to disclose specific species within a defined 

geographical radius. Airborne eDNA samples thus appear to share many properties with aquatic 

samples, including quantitative recovery that can be used for species detection, biodiversity 

monitoring, and biomass estimates, as discussed below. 

Application of eDNA Analysis 

Because of the prevalence and high information content of eDNA, the range of potential 

application areas is extremely broad. Of these, those most widely described to date have focused on 

assessment of environmental biodiversity, estimation of species abundance or biomass, detection of 

specific native or invasive species, and species management. More limited but growing application 

areas include agriculture and forensics. Prior to discussing general aspects of the distribution and 

fate of eDNA in the environment and approaches to its sampling and analysis, it is useful to review 

the aforementioned areas of application for context. 

Species Detection and Biomass Analysis 

eDNA has been widely applied for both aquatic and terrestrial species detection in a variety of 

ecological contexts. As discussed below, in aquatic samples from lotic environments, eDNA density 

increases with species density and biomass, although the relationship is not linear29,30. Although data 

from head-to-head comparisons are limited, several studies suggest that eDNA performs favorably 

compared with conventional gold-standard methods, and may in some cases produce superior 

results. For example, several eDNA-based surveys for rare fish or amphibians have reported greater 

sensitivity than traditional methods6,7,31. In measurements of fish biomass, eDNA analysis performs 

at least as well as standard (and laborious) electrofishing or trawling catch approaches for target 

species, and may detect species not found using conventional approaches32,32,33. However, for the vast 

majority of applications, comparable conventional survey data are unavailable, complicating or 

precluding quantitative assessment of detection sensitivity. 
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Environmental Biodiversity 

Accurate measurement of species abundance is vital for ecological surveys, and species 

management and conservation efforts. Conventional approaches to biodiversity surveys involve 

direct observation and counting of species members by sampling at fixed locations, such as stationary 

cameras34 or electrofishing from specific bank locations35. eDNA analysis has been applied to quantify 

and monitor freshwater aquatic biodiversity in both rural and urban lakes36 and in rivers and 

streams37. It has also been applied to assessment and monitoring of biodiversity in diverse coastal 

marine environments38–40. Application to terrestrial biodiversity has been more limited, though a 

number of environmental contexts have been studied ranging from forestlands to caves41–43.  

Detection and Monitoring of Invasive Species 

As noted above, the feasibility of recovering and analyzing environmental DNA to detect living 

macroorganisms was first demonstrated in the context of an aquatic invasive species13. Since that 

time, eDNA has been broadly applied to detection and monitoring of invasive fish, shellfish, and 

aquatic plant species using both species-targeted (via PCR) and biosurvey (metabarcoding) 

approaches44. Recent approaches for in-field eDNA sampling and sequencing appear to be of high 

utility for invasive species detection45, and it has been suggested that eDNA analysis has reached the 

point where it can be widely used for invasive species management46. 

Detection of Rare or Threatened Species 

An important component of species conservation efforts is accurate detection of rare or 

threatened species within a given geographical locale. eDNA has been extensively applied to this 

problem in the context of rare and hard to detect aquatic species22, and diverse endangered or 

threatened terrestrial and aquatic species such as  Canada lynx27, the greater crested newt 17, the 

Gouldian finch47, and bull trout32. 

Conservation, Environmental Monitoring, and Population Management 

eDNA analysis is already playing an impactful role in species conservation and population 

management23,48, as well as general assessments of population health. Conservation and management 

of fish populations has been a particularly active area of application49. eDNA has also been applied 

to various aspects of the assessment and monitoring of population health for diverse species such as 

the health of kelp forests in marine ecosystems50; health of coral reefs51; tracking of fish spawning 

behaviors52; diet and feeding behaviors of terrestrial animals53; and control and management of 

eutrophication54. In the context of species management monitoring, eDNA analysis has seen a 

number of applications ranging from sportfish55 to monitoring environmental restoration following 

dam removal56. 

Agriculture 

Agriculture represents an emerging area of eDNA application57,58, with potential for monitoring 

of pests and pathogens59,60. However, although the potential is great, to date applications have been 

limited compared with those targeting wild plant and animal populations. 

Forensics 

Another emerging area of eDNA application is in forensic analysis, wherein environmental 

samples such as water or dust can be used to detect human DNA61 or geographically localize human-

environment encounters62. 

All of the above applications depend on the ability of eDNA to accurately and sensitively detect 

specific species and to enable estimation of species biomass based on eDNA abundance.  A key factor 

in all eDNA analyses, however, is the availability, state, and fate of DNA released by target species 

in their natural environments. 
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Fate of eDNA in the Environment 

Despite the critical dependence of eDNA studies on the distribution, persistence, and 

quantitative representation of macro-organismal DNA released into the environment as either cells 

or free nucleic acid, surprisingly little is currently known about its environmental kinetics. 

Shedding and Decay of eDNA 

For any given species, the level of eDNA in the environment reflects a balance between its rate 

of production via shedding and its rate of decay. These factors have been examined in both 

observational studies using field samples and controlled or contained aquatic environment studies. 

Observational studies indicate that the rate at which different aquatic species shed eDNA into the 

environment varies considerably33, 63, though to date shedding has been examined for only a small 

number of aquatic species64 and data for terrestrial animals are currently lacking. Apart from water 

temperature65, the factors that influence the environmental shedding rates of any particular species 

under normal living conditions are currently unknown. 

The rate at which eDNA decays in its natural environment may be influenced by a number of 

factors related to local conditions. Initial studies indicated that eDNA may be detected in surface 

water up to 25 days following the disappearance of the originating organism6,66,67. Studies of field 

samples have identified easily measurable local environmental conditions that impact decay rates for 

aquatic eDNA, including water temperature65, humidity68, and chlorophyll concentration69. More 

difficult to measure conditions such as total cross-organism eDNA concentration can also influence 

degradation rates69, and is likely to vary widely between different locations. UV exposure may also 

play a significant role70 but is highly time- and location-specific and difficult to quantify. The impact 

of UV exposure also depends on the physical state of eDNA, as intracellular eDNA appears to be less 

sensitive to solar radiation than extracellular eDNA71.  Finally, the physical state of eDNA itself may 

play a significant role in environmental persistence.  

In general, it appears that DNA fragment size plays a significant role in aquatic eDNA recovery, 

with longer fragments displaying differential persistence vs. shorter fragments72. How this feature 

varies further with local conditions, or whether it holds for non-aquatic environments is unknown. 

Controlled environment studies of eDNA largely support these conclusions. Controlled tank 

experiments of eDNA survival have revealed relationships between water temperature and fish 

biomass, with shorter survival times at higher temperatures that are counterbalanced by higher 

shedding rates73. In laboratory experiments using collected pondwater or seawater, eDNA in both 

cellular and free forms decreased exponentially with time74. In controlled aquarium studies using 

multiple resident species, eDNA from an introduced and then removed species became undetectable 

after 48 hours75. Controlled environment has been used to assess shedding and decay rates at different 

levels of biomass76. In general, longer DNA fragments decay more quickly, but conversely represent 

biomass more accurately77. Experiments in artificial ponds have shown that eDNA detection is related 

to species density, and that a 2.5-fold increase in the density of fish per cubic meter increases the 

probability of detection 5-fold at stable temperature78  

Analogous results have been obtained from sampling natural environments, although careful 

studies of the relationship between detectability and species density or biomass are limited. In aquatic 

samples from lotic environments, eDNA density has been found to increase with species density and 

biomass as evaluated using standard field sampling methods such as electrofishing32, although the 

relationship is not linear29,30. Similar results have been obtained from both freshwater lentic 

environments55 and from comparison with trawling catches in marine environments33. In a review of 

63 aquatic eDNA studies spanning an 8-year period (2012-2020), Rourke et al. found that 90% 

identified positive relationships between eDNA concentration species density or biomass79.  
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Distribution and Dispersion of eDNA 

Following shedding, eDNA is subjected to local forces such as currents or wind that create 

geographical gradients and influence environmental persistence. In practice, however, such 

gradients are almost impossible to measure in advance. 

The distribution of aquatic eDNA has been studied in a variety of contexts. In lotic systems, 

eDNA can be detected at surprising distance – up to two kilometers – from its source24. While this 

may facilitate detection, it must be presumed that eDNAs from different species within lotic systems 

are highly mixed. By contrast, in lentic systems, eDNA is localized, providing a better measure of 

relative species abundance80. In marine environments, water stratification impairs vertical dispersion 

of eDNA81, creating depth-defined ecosystems that can be systematically sampled for eDNA50. 

Attempts have been made to model aquatic eDNA dispersion in lotic systems82, but such models are 

difficult to implement as relevant field data parameters are lacking. 

Sampling and Analytical Methods 

Although the number of eDNA studies has increased rapidly, the sheer diversity of species and 

environmental conditions sampled is such that most studies are singular reports. Indeed many 

studies, particularly those employing metabarcoding for biodiversity sampling, use subjective 

sampling methods and/or ad hoc field collection methods that do not provide sufficient data to 

reproduce the fundings83. 

Sample Collection and eDNA Extraction 

A variety of studies have addressed sample collection approaches in both aquatic and terrestrial 

environments, focusing on strategies for filtration 84; sample preservation85–87; and other aspects of 

physical collection and handling. These considerations should apply to any study of eDNA, but are 

particularly important for metabarcoding studies and those that attempt to amplify multiple DNA 

targets within a sample. Variables that have been investigated and shown to influence sample 

integrity include water temperature, different eDNA collection approaches, and eDNA separation 

approaches such as centrifugation or membrane filtration. 

eDNA Particle Sizes and Capture Methods 

Animal-derived eDNA exists in many environmental forms including intact whole cells or 

multicellular aggregates; intact free-floating nuclei or mitochondria; cell fragments; free nucleic acids; 

and nucleic acids or cell fragments complexed with other organic or inorganic substances88. The 

aforementioned categories of eDNA can be fractionated on the basis of particle size88, though some 

particles and particularly free eDNA may exhibit preferential adherence to filtration membranes89.  

Use of different capture methods can have a significant impact on eDNA recovery90. Using a 

spike-in strategy employing chicken DNA, Kirtane et al.84 showed that filtered aquatic samples bound 

to a membrane showed higher integrity and recovery vs. dissolved samples or those bound to an 

environmental surface that was collected at the same time. Others have also noted the stability on 

nitrocellulose filters85. 

Timing of Sample Collection 

As noted above, environmental temperature is negatively correlated with eDNA sample 

survival, with cool temperatures increasing sample integrity91. Given the demonstrated role of 

temperature in environmental eDNA persistence, both the timing of sample collection during the day 

and seasonal variation are expected to play significant roles in eDNA detection via modulation of 

both eDNA shedding and persistence in the environment92,93, or seasonal variations that impact 

population health53.  
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Targeted Detection with PCR vs. Metabarcoding 

Notably, most studies assessing the impact of sampling methods have relied on targeted 

detection via PCR. Both metabarcoding and metagenomic sequencing rely heavily on PCR, so it is 

reasonable to assume that methods that preserve samples generally for PCR will be beneficial for 

more advanced methods. However, this aspect of sample handling and preparation requires further 

study. 

Controls Strategies 

In-laboratory controls for PCR are standard practice, and control strategies for other aspects of 

sample collection and handling have been proposed in the context of standards development (see 

below). However, published eDNA analysis studies to date do not incorporate any form of 

environmental or in-field controls. 

Sensitivity, Reproducibility, and Standards 

Detection Sensitivity 

Presently, the sensitivity of most eDNA studies is unknown. As noted above, very few studies 

have benchmarked eDNA analysis with conventional detection approaches such as camera traps or 

species enumeration methods such as electrofishing. For example, limit of detection (LOD) is a 

standard parameter for PCR assays targeting a specific genomic region, yet remains unreported for 

most targeted eDNA studies94. From the limited data that do exist, a general conclusion that may be 

drawn is that eDNA shows promising sensitivity, though results from any individual study are 

highly dependent on specific environmental conditions and locations. 

As discussed above, many environmental and experimental variables may impact the sensitivity 

of eDNA studies. A prominent variable affecting sensitivity across ecological arenas is sampling 

volume (water, air, or solid matter). Geographical sampling over a wide area can increase sensitivity 

for detection of multiple species simultaneously, although large numbers of samples may be required 
95. Repeated sampling from a given location can likewise increase detection sensitivity96. However, 

apart from the general principle that more sample volume is better, and apart from adherence to 

routine sample preservation techniques, it is difficult to identify any factors that would be expected 

to increase detection sensitivity across environments. A general solution to the problem of detection 

sensitivity, while critical for biodiversity, species conservation, and management applications, 

remains elusive. 

Detection of Exogenous DNA 

Whether in fully controlled environments such as tanks or in the field, a key limitation of the 

assessment of eDNA detection methods is that there is no way to determine the starting concentration 

of eDNA used in the experiment. This is particularly important for comparing different methods of 

eDNA collection.  Introduction of exogenous or DNA sequences represents a powerful approach for 

controlled study of the fate of eDNAs in the environment and, as noted above, during sample 

collection and processing84.  One solution proposed by Bockrath et al. is to use eDNA of a target 

species that has been cloned into cellular material such as E. coli97. The advantage of this approach is 

that eDNA recovery can be strictly measured as a function of the number of input cells, which can be 

diluted to various concentrations. Currently, however, the literature is almost devoid of studies in 

which exogenous eDNA has been introduced into a natural environment. In a unique study, by 

introducing eDNA from a non-native fish species into an isolated bay, Ely et al. were able to quantify 

the diffusion and persistence introduced eDNA98. Presumably this approach could be generalized for 

other species and environments, as discussed below. 
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Reproducibility of eDNA Studies 

The inability to replicate many field ecological studies regardless of analytical approach post 

sample collection has recently been highlighted99. It is notable that even a small amount of replication 

– even the simple collection of >1 sample from a given location – can have a significant positive impact 

on both the sensitivity and accuracy of results100. In the specific context of eDNA, Dickie et al. 

concluded that it was only possible to replicate 5% of the metabarcoding studies conducted in their 

sample83. Even if this represents an extreme, it is probably safe to conclude that the reproducibility of 

contemporary eDNA studies faces many challenges and is likely to be far less than optimal. 

Development of Standards for Sample Collection and Handling 

The systematic application of sample collection, handling, and analysis standards would likely 

be of great benefit to the broader field of eDNA-based research by increasing both the reproducibility 

of results from a given study as well as the comparability of results across studies. The past few years 

have accordingly witnessed an increasing frequency of calls for establishment of eDNA standards101, 

proposals for specific ecological arenas   , and the emergence of detailed and instructions and field 

guides for sample collection and handling 73,87,102, as well as devices for automated sampling103. 

However, these efforts almost exclusively address mechanical aspects of sample collection and post-

sample handling analysis vs. controlling for the local environmental conditions in which samples are 

obtained. 

While helpful, because of their exclusive focus on post-collection handling, none of these 

proposed standards has the potential to address the key pre-collection environmental factors 

discussed above. 

Summary of Key Challenges 

Although potentially powerful, current eDNA studies face three main challenges:  (1) detection 

sensitivity; (2) control for eDNA persistence and dispersion; and (3) inability to compare across 

studies at different times or locations, including both targeted studies of the same organism and 

broader environmental biodiversity studies. Numerous reviews and commentaries have advocated 

for the implementation of standard operating procedures for sample collection and laboratory 

processing. However, these measures alone have limited potential to surmount the aforementioned 

key challenges because they do not address a core issue: controlling for environmental context and 

local conditions that impact the persistence and recovery of eDNA. 

Quantifying Detection Sensitivity 

As described in the preceding sections, environmental context and local conditions play a 

dominant role in eDNA studies by modulating the relative availability of eDNA for study. Using 

current approaches, there is no way to systematically determine the influence of the local 

environment on eDNA degradation or dispersion, particularly as a function of the DNA molecule 

size and concentration. As noted, detection sensitivity can be increased by increasing the volume of 

sampled material (e.g., filtered water or air) or by repeated molecular sampling via PCR amplification 

from the same sample, though it is notable that this strategy has not yet been applied in the context 

of the PCR amplification step used for library construction in metabarcoding studies.  

Measuring the Unmeasured:  Free eDNA 

It is notable that the smallest filter size used in conventional eDNA research permits flow 

through of particles less than 0.2μ in size. As such, virtually all free (i.e., not bound to cellular or other 

substrates) eDNA molecules are part of the flow-through. Although the proportion of this size 

compartment relative to all eDNA from a given species is unknown, it is reasonable to presume that 

it is significant and as such should be assayed to enhance species detection. 
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Controlling for eDNA Persistence and Dispersion 

While sampling and post-sample handling procedures may impact some aspects of detection 

sensitivity, they cannot control for local factors that determine the availability of eDNA including 

shedding rates, dispersion, and decay. Of these, the first is an intrinsic feature that cannot be explicitly 

controlled for. By contrast, dispersion and decay are features of eDNA molecules once they enter the 

environment and thus could in principle be addressed by introduction and quantification of 

exogenous DNA controls. 

A Potential Solution: Synthetic DNA Tracers 

Prefabricated reference nucleic acids have been in use for decades as controls for standardizing 

molecular detection ranging from gel electrophoresis to PCR. ‘Spiking in’ a synthetic nucleic acid that 

is amplified simultaneously with the target sequence provides both an internal control and a basis 

for comparing between separate detection reactions. For example, such spike-in controls are used in 

common diagnostic tests such as COVID-19 or HIV detection from nasal or blood samples, 

respectively. Most such standards are either derived from or are synthesized to replicate naturally-

occurring sequences. 

As noted earlier, very few eDNA studies have attempted to use any types of exogenous DNA 

sequences as controls added to environmental samples84,98. To date, only one study has reported the 

use of exogenous eDNA control sequences introduced into the environment prior to sample 

collection 98, and only a singular study has attempted to use recombinant DNA and synthetic biology 

techniques to create an enhanced control reagent97,98. By contrast, studies of the fate of synthetic DNA 

molecules, whether circular plasmids108 or linear molecules106, are more numerous. 

Synthetic DNA has been used for many years as a hydrologic tracer, and its environmental 

stability and advection properties have been shown to be sufficient for this application104–107. It is thus 

surprising that synthetic DNA has yet to be widely applied in the control of eDNA experiments, 

particularly in the context of controlling for otherwise difficult-to-ascertain features of the local 

environment. 

Several conclusions can be drawn from the aforementioend studies of DNA tracers. First, 

synthetic DNA molecules are easily delivered to an aquatic environment, where they can be readily 

recovered from water samples in the absence of filtration. Second, free DNA molecules can persist in 

the environment for many days without degradation. Third, free synthetic DNA molecules adsorb to 

environmental features such as streambeds or sediments, which can preserve them for extended 

periods. Fourth, synthetic DNA molecules undergo wide dispersion that parallels local hydrological 

features such as currents or vertical water column turnover.  

Manufacture and Molecular Scale of Synthetic DNA 

During the past decade, the capability to manufacture any DNA sequence up to hundreds of 

base pairs in length with high accuracy and high molecular scale has been commoditized. For 

example, standard synthesis of a 100bp molecule at micromolar scale costs roughly $100-200 and 

provides a sufficient number of molecules that, if evenly distributed, would reach a concentration of 

>200 copies per ml (i.e., well within the target range of PCR) in a large lake with a volume of 3 billion 

cubic meters. 

Designing Synthetic DNA Standards for eDNA Research 

A number of desirable features for synthetic DNA tracers that could be used as in-field standards 

for eDNA research can be proposed. In addition to 3’ and 5’ PCR primer targets, a key design feature 

would be the incorporation of DNA barcodes that encode information about individual fragments 

such as their length and starting concentrations (Figure 1). Other key design considerations include 

the following: 
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Figure 1. A schematic structure for synthetic DNA standards. (A) Synthetic DNA molecules can be 

designed to incorporate DNA barcodes that, in turn, encode information about the DNA fragment 

including length, concentration (in a pre-formulated mixture), and possibly additional information 

such as geographical location of use. Other components include 5’ and 3’ PCR primer target sequences 

and a filler sequence with desired properties (see text). (B) Synthetic fragments can be synthesized to 

incorporate filler sequences with different lengths that can be synchronously amplified using the 

same PCR primers. 

DNA sequence length. As discussed above, the length of a DNA is a major determinant of its 

environmental survival, with longer sequences disfavored. Given that naturally occurring eDNA is 

of variable length, it will be ideal to include a range of sequence lengths within a synthetic control. 

Ideally, sequences of different length could be designed as progressively longer subsequences of the 

longest fragment. 

Amplification efficiency. Synthetic molecular standards should ideally be designed to control 

for in-reaction features such as amplification efficiency. Sequences that are less efficient to amplify 

such as those with high G+C content, or longer sequences, will be disproportionately selected against 

during multiple rounds of amplification, and the opposite is true for sequences that are very easy to 

amplify. Calculation of amplification efficiency is well-understood and using standard software 

packages, sequences of different lengths can be designed to maximize uniformity match specific 

desired target ranges for amplification. 

Sequence uniqueness. Using synthetic DNA sequences that are highly similar to naturally 

occurring sequences can compromise the analysis of results. An approach to creating unique 

sequences that have the same properties in PCR amplification and bioinformatic processing as 

naturally occurring sequences is to use the reverse sequence (but not the reverse completment)109. 

Because their sequence composition and context is identical to the forward form, their behavior 

during both molecular and computational handling is identical to the original form. Thus, in the case 

of synthetic controls, this allows for the inclusion of both forward and reverse sequences of a given 

control within the same reaction, providing an internal control for otherwise difficult to account for 

aspects of sample or laboratory handling. For example, creating a set of control sequences from a 

reversed mitochondrial genome would have the same experimental handling properties as the 

natural sequences while avoiding cross-talk during amplification or processing. 

Concentration. DNA fragment concentration is another critical parameter influencing detection. 

For a given control mixture, the starting concentration of fragments of different lengths could be pre-

specified such that each fragment length is present at a range of different concentrations. This would 

permit not only qualitative (i.e., yes/no) assessment of the detection of a given DNA sequence, but 

also the power of detection as a function of concentration. 
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Encoding of length and concentration information. A key advantage of synthetic DNA is that 

it can be designed to encode a substantial amount of information using sequence ‘barcodes’ 

comprising the 4 DNA bases. For example, the length of a DNA fragment can be directly encoded 

into its DNA sequence via a barcode (Figure 1). Similarly, the concentrations of different batches of 

the same sequence of the same length can be directly encoded. Pools of barcoded fragments of 

different lengths could readily be formulated at different concentrations, where each length x 

concentration pool comprised synthetic standards into which that length and concentration were 

barcoded (Figure 2). As such, sequencing of a pool of recovered fragments amplified using generic 

primers would reveal how well DNA fragments of each length and starting concentration each was 

being recovered. 

 

Figure 2. Formulation of DNA length and concentration standard mixtures. Synthetic DNA molecules 

of different lengths (see Figure 1) can readily be formulated into mixtures at different concentrations. 

Within each length x concentration mixture, all synthetic DNA fragments contain DNA barcodes that 

inscribe both length and concentration information. In-field application, recovery of fragments by 

bulk sequencing from amplified products using universal primers would provide direct information 

on the recovery of fragments from specific length x concentration mixtures that had been deposited 

in the environment. 

Encoding other data and metadata. Because DNA uses base 4 vs. the more familiar binary base 

2, it can encode a large number of possible combinations within relatively few bases. Such additional 

information might include process metadata such as date of synthesis, design version, etc. If DNA 

standards were to be utilized for different geographical locations, this information (longitude, 

latitude, etc.) could be directly encoded within all DNA fragments destined to be used at that location. 

Synthesis and Packaging 

Once designed, synthetic DNA controls can be synthesized very inexpensively and at very large 

molecular scale. DNA standards could be delivered as naked DNA, or could be encapsulated into 

lipid nanoparticles which may extend their lifetime in the environment. While the absolute number 

of molecules in a pool of DNA fragments will be much larger, these fragments will be partitioned 

into a smaller number of nanoparticles, lowering their effective concentration in the environment. 

However, the number of nanoparticles that can be produced is also very large and the ability to 

control the amount of DNA per particle affords additional experimental flexibility. Lipid 

encapsulation can also produce particles of varying sizes up to 300nm in diameter, which would be 

recoverable using standard 0.2μm eDNA filtration membranes. 

Field Application: Mapping DNA diffusion and turnover 

Synthetic DNA standards mixtures could be readily deployed in the environment, most easily 

for aquatic studies but also in principle for terrestrial or airborne studies.  Example applications 

could include timed diffusion studies in lentic systems. Seeding synthetic DNA standards at specific 

points along a body of water and then collecting timed samples at different locations could be used 
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to map local eDNA diffusion patterns and survival rates for different fragment lengths and 

concentrations (Figure 3). Similar studies could be undertaken in lotic systems by introduction of 

control samples upstream of sampling locations. 

 

Figure 3. Workflow for in-field deployment of synthetic DNA standards. (A) Synthetic DNA controls 

can be delivered to aquatic bodies by simple dispensation of a relatively small volume of concentrated 

DNA. (B) Introduced DNA fragments will diffuse in accordance with local conditions. (C) Collected 

samples comprising native eDNA and synthetic controls undergo synchronous processing with a 

standard workflow, culminating in sequencing of samples. Relative recovery of different length or 

concentration standards provides a locally environmentally controlled reference point for assessing 

contemporaneously collected eDNA data. 

Conclusions and Prospects 

eDNA analysis is currently reshaping the landscape of species enumeration and management. 

While most studies to date have been conducted using aqueous samples, recent successes in 

harvesting eDNA from filtered air samples indicate that the field is poised for even broader expansion 

into terrestrial ecosystems. Regardless of the sampling approach and medium, sensitivity of detection 

and comparability between studies represent two major deficits confronting the field. We have 

proposed that these may be addressed in part by the in-field application of carefully designed 

molecular DNA species that can function as both environmental tracers and internal detection 

standards. Experiments to validate this approach should be readily feasible, and could lead to the 

development of an inexpensive universal standard mixture that would enable comparability between 

studies and hence the emergence of consensus conclusions that can strengthen the position of eDNA 

studies to inform environmental management.  
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