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Abstract

Molecular-based monitoring relying on environmental DNA (eDNA) detection
became routinely used around the world in the last few years, especially in aquatic
environments. The large potential and increasing applications of this technique calls
for technical improvements to optimize the reliability of these surveys. An important
technical aspect in the eDNA workflow is the appropriate preservation of samples
taken in the field, as it can significantly affect eDNA recovery and ultimately false
negative rates. In this study, we explored the efficiency of five different preservation
strategies by using a controlled mesocosm experiment in which we included
three fish communities of different composition. Specifically, we compared eDNA
recovery in DNA extractions (a) performed immediately following collection, or after
eight months storage from (b) frozen filters, (c) unfiltered water samples stored at
-20°C, and filters preserved at room temperature with (d) Longmire and (e) Sarkosyl
buffer. Effects of different preservation strategies were quantified using ddPCR
measurements of three fish species (Neogobius melanostomus, Rutilus rutilus, and Lota
lota) and total fish DNA content using group-specific primers for Teleostei. Samples
extracted immediately following collection without any further preservation yielded
significantly less DNA compared to the other approaches. Overall, Longmire's buffer
facilitated the best eDNA recovery across all fish species although approaches such
as filter freezing or the use of Sarkosyl buffer yielded similar recovery results. Relative
measurement variability, an important indicator for reliable eDNA quantification, was
lowest when using Longmire's and Sarkosyl buffers and generally decreased when
increasing eDNA quantity. Overall, our results clearly highlight the significant impact
of sample preservation and how this can substantially affect the performance and
reliability of eDNA-based approaches.
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1 | INTRODUCTION

Environmental DNA (eDNA)-based monitoring has been on the
rise for the last few years for both biodiversity and targeted spe-
cies assessment (Hinlo et al., 2017). As a result, studies have been
conducted, investigating various methodological elements of eDNA
measurement procedures, allowing to increase the reliability and ro-
bustness of these approaches. Collection methods including filter
type, pore size, extraction protocols or sample storage strategies
and their impacts on eDNA recovery, and ultimately detection sen-
sitivity, have already been extensively explored (Curtis et al., 2020;
Djurhuus et al., 2017; Hinlo et al., 2017; Mauvisseau et al., 2020;
Spens et al., 2017; Wegleitner et al., 2015; Yamanaka et al., 2016).
Currently, on-site filtration followed by rapid DNA extraction is gen-
erally recommended to reduce DNA degradation and obtain opti-
mal DNA concentrations of specific target organisms or taxonomic
groups (Hinlo et al., 2017; Yamanaka et al., 2016). Despite this, on-
site filtration can be difficult or dangerous in remote or less secured
areas (Sales et al., 2019) and a speedy subsequent DNA extraction is
often a methodological bottleneck, especially during intensive field
campaigns or monitoring programs. This poses the necessity for
using preservation strategies to allow longer-term storage of such
samples with a minimum of DNA degradation until further analysis
in an appropriate environment.

To date, several filter preservation strategies have been tested
for eDNA recovery, such as freezing, drying with silica beads or
storage in ethanol or lysis buffer (Majaneva et al., 2018). However,
systematic comparisons of preservation strategies are missing or
were only implemented over short time periods. Consequently,
the efficiency of these methods is still uncertain over longer time
spans, although time represents a crucial factor in sample storage
(Murphy et al., 2002; Tatangelo et al., 2014). Curtis et al., 2020
documented that water samples that were chilled and stored in
the dark 48 hr before filtration showed no substantial decrease
in eDNA detection or concentration of Corbicula fluminea with
gPCR compared to samples that were immediately filtered. Using
ddPCR, Wegleitner et al. (2015) reported no significant differ-
ences in DNA concentrations of Neogobius melanostomus when
filters were stored in Longmire's buffer over a period of 150 days
and at room temperature before DNA extraction, compared to fil-
ters that were immediately extracted. Finally, Sales et al. (2019)
demonstrated through the use of metabarcoding analyses on
fish that water samples stored cooled on ice before filtration
and DNA extraction resulted in greater MOTUs recovery than by
adding cationic surfactant benzalkonium chloride (BAC) as pre-
servative. These studies already highlighted key factors that can
improve the confidence of eDNA-based monitoring. However, a
systematic long-term comparisons across multiple methods and
target species (including primers designed for metabarcoding)
are missing. Indeed, the reliability of preservation strategies can
only be assessed over a long storage time to thoroughly assess
their potential impacts on samples, as degradation can sometimes

occur after a certain amount of time. In this context, ddPCR is an

ideal approach for such tests, since this technique offers absolute
quantification of target DNA in a sample, and is additionally not
strongly affected by inhibitions problems (Brys et al., 2020; Doi
et al., 2015; Mauvisseau et al., 2019; Wood et al., 2019). In con-
trast, both gPCR and metabarcoding have their limitations, do not
provide absolute quantification of eDNA concentrations, and are
in many cases documented to be much more sensitive to inhibition
(Fujii et al., 2019).

In this study, we assessed the impact of five preservation strate-
gies on the recovery of fish eDNA to determine the optimal long-term
storage methods facilitating a reliable detection and quantification
of eDNA samples. Our assessment was based on a controlled me-
socosm experiment consisting of three tanks with different multi-
species fish communities. Three target fish species, a combination
the invasive round goby (Neogobius melanostomus Pallas, 1814),
the endangered burbot (Lota lota Linnaeus, 1758) and the common
roach (Rutilus rutilus Linnaeus, 1758), were part of all three com-
munities but showed differences in abundance and biomass across
tanks. Sample preservation treatments included immediate DNA
extraction after collection and filtration, and long-term storage of
both water samples and filters via freezing, and the use of Longmire
and Sarkosyl preservation buffers for storage at room temperature.
Based on this experimental set-up, ddPCR analyses using species-
specific and group-specific metabarcoding primers were conducted
for absolute DNA quantification.

2 | METHODS
2.1 | Experimental design of the mesocosms

We performed a controlled mesocosm experiment at the fish farm
Vandeput (Zonhoven, Belgium) in December 2019. Prior to the onset
of the experiment, three 500 L polyethylene tanks were decontami-
nated with 10% bleach solution before being filled with fish-DNA-
free ground water. Indeed, the ground water used was previously
tested for potential fish contamination before the start of the ex-
periment using metabarcoding analysis. In each tank, we introduced
a fish community consisting of the same set of species with, how-
ever, slightly variating total biomasses and abundances for our three
target species, N. melanostomus, L. lota, and R. rutilus (see Table S1).
All introduced fish were kept without feeding in single-species 40 L
tanks 1 week before their introduction to the mesocosms. This was
implemented to avoid contamination with eDNA from other species
that individuals had previously shared a tank. Before inclusion in
one of the three mesocosms, each fish was weighed to the near-
est 0.1 g. During the experiment, mesocosms were vigorously aer-
ated and covered to avoid cross-contamination among tanks. For
each preservation treatment and mesocosm, three water samples
were taken after one week (i.e., three field replicates) (Figure 1). We
took 500 ml water samples that were either stored in clean plas-
tic bottles for further storage in the freezer, or immediately filtered

on an enclosed 0.45-um pore size PVDF Sterivex-HV filter capsule
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FIGURE 1 Experimental design of the mesocosms and the subsequent handling of the sampled water and filters, to compare the five
different preservation strategies within this study. In each of the three mesocosms, a total of 15 independent samples were collected and
randomly divided among conservation strategies. Preservation strategies are described more in detail in the Section 2

(SVHVL10RC; Merck Millipore), using a sterile 60 ml Luer lock sy-
ringe for each mesocosm. The use of fishes within this experiment
complied with Belgium animal welfare laws, guidelines, and policy
as approved by the Animal Welfare Department within the Flemish
public administration.

2.2 | Preservation methods and eDNA extraction

We investigated the efficiency of five preservation methods
(Figure 1) including on-site filtration followed by either (a) im-
mediate DNA extraction (<2 hrs; further referred to as “Filter
Fresh”), or storage for 8 months following (b) freezing at -20°C
(“Filter Frozen”), (c) preservation with either Longmire's buffer
(“Longmire”) or (d) Sarkosyl buffer (“Sarkosyl”) at room tempera-
ture, and (e) 8-month freezing of water samples (“Water Frozen”).
Consistently, 150 ml of water was filtered for each filter across
treatments. At the end of all filtrations, water remaining inside
the capsule was expelled by pushing air through the capsule
until dry. For the buffer preservations (treatments “Longmire”

and “Sarkosyl”), 2 ml buffer was added to the filter before

capping them all at both ends. Longmire lysis buffer contained
100 mM Tris, 100 mM EDTA, 10 mM NacCl, 0.5% SDS (Longmire
et al., 1997) whereas the Sarkosyl buffer contained 100 mM Tris,
100 mM EDTA, 10 mM NaCl, 1% Sodium N-lauroylsarcosinate
(Civade et al., 2016). Filters assigned to both buffer treatments
were stored in the dark, at constant room temperature until DNA
extraction. Each preservation treatment was analyzed in three
filter replicates for each of the three mesocosms, resulting in a
total of nine replicates per treatment and 15 samples per meso-
cosm. All eDNA samples (45 in total) were stored and processed
prior to PCRs in a dedicated PCR-free laboratory for low copy
number template extractions, with controlled DNA-free, HEPA-
filtered compartments with positive air pressure, to avoid any
contamination of eDNA samples. The Sterivex filters were ex-
tracted following a slightly modified version of the SX.,ps, ¢ and
SX;uge Method (suitable for filters without and with preservation
buffer as in Spens et al., 2017). For Sterivex filters with buffer
lysates from each, SXcppsy e @and SX; 5 Were pooled to obtain
one extract for each filter containing eDNA from both the filter
and the preservation buffer. DNA extracts were finally eluted in
100 pL TE buffer and stored at -20°C before further analysis.
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Species-specific primer/probe assays compatible for ddPCR were
developed following the methods outlined in Brys et al., 2020
and Mauvisseau et al., 2020, to quantify species-specific eDNA
concentrations of N. melanostomus, L. lota, and R. rutilus retrieved
following the five different preservation treatments (see details
of the assays development, including Limits of Detection and
Limits of Quantification in Appendix S1 and Table S2). ddPCR
analyses were conducted as in Mauvisseau et al., 2019 and Brys
et al., 2020. Furthermore, we included four negative controls (i.e.,
nontemplate DNA) and four positive controls (i.e., DNA extracted
from the targeted species) included on each ddPCR plate (see
details of ddPCR protocol and analyses in Appendix S1). Total
amount of fish eDNA retrieved from each sample was quantified
using group-specific “teleo” primers (for further details see
Valentini et al., 2016).

2.4 | Statistical analyses

Statistical analyses were performed in R v3.6.2 (R Core Team, 2020).
The absolute eDNA concentrations from the three targeted fish
species were normalized by dividing measured eDNA copies
per pl’1 by the targeted fish biomass (g) for each mesocosm. This
standardization was performed to facilitate comparisons among
fishes and resulted in measured eDNA concentration per fish
biomass (further referred to as relative eDNA concentration) as
dependent variable for downstream analyses. To assess the factors
that determined relative eDNA concentrations, we established
a regression model using (a) preservation method, (b) fish species
identity, (c) total nontarget fish biomass per mesocosm, and (d)
mesocosm identity as explanatory variables. A regression analysis
was also applied to test for preservation treatment effects on total
fish eDNA concentration in the mesocosms, and a Holm correction
has been applied to adjust p-values for multiple group comparisons.
Total fish eDNA concentrations were measured using group-specific
primers (see above) and were included to account for the effect of
total eDNA content in a sample on the performance of species-
specific approaches. For each of these regressions, mesocosm
identity was incorporated as explanatory variable and not as
random effect because residual structure made the application of
a Generalized Least Squares (i.e., GLS) function necessary and the
integration in GLS into mixed regression models is computationally
challenging. Further, we incorporated nontarget species fish
biomass as additional predictor in GLS models assessing target-
specific responses to account for varying total fish biomass across
the mesocosms. GLS was implemented using the “nlme” package
and log-likelihood method (Pinheiro et al., 2020). We followed a full
model building approach and used the Akaike Information Criterion
(AIC) to choose the most parsimonious model. Finally, we computed
the coefficient of variation (CV) for each combination of the three

targeted species and preservation strategy by dividing the mean of

the absolute eDNA concentrations by its standard deviation. We then
pooled CVs from all three targeted species to assess the disparities
between each preservation strategies and investigate the effect of
the (log [absolute eDNA concentration + 1]) on the variability of
these DNA measurements. Graphical representations were obtained

using the ggplot2 and ggscatter packages (Wickham, 2016).

3 | RESULTS

All three species-specific assays targeting L. lota, N. melanostomus,
and R. rutilus were found to be species-specific, and positive and
negative controls (i.e., four positive controls consisting of DNA
from the target species and four negative control where DNA was
replaced by ddH,0) performed as expected. All eDNA samples
showed a positive amplification using the teleo primers across all
preservation treatments and each of the technical replicates.

Based on our GLS-regression analysis, we found that both pres-
ervation treatment and fish species identity had significant effects
on the retained relative DNA concentration of the three target fish
species. We also found a significant mesocosm effect, for which we
accounted in our analyses. Species-specific eDNA concentration
was additionally affected by the total fish biomass across mesocosm
(an increase by 100 g in nontarget fish biomass increased the tar-
get eDNA concentration by 0.3 copies pl’1 target fish biomass™).
Interaction effects between species identity and preservation
treatment, however, were not found to be significant (increased
model AIC by > 2 units), indicating a consistent impact of different
preservation methods on eDNA recovery in our three study spe-
cies. Pairwise comparisons between treatments revealed no sig-
nificant differences of relative eDNA concentrations between the
Filter Frozen, Longmire, and Sarkosyl treatments for single species
(Table 1). However, Filter Fresh and Water Frozen treatments recov-
ered significantly less DNA than the other three methods (Figure 2,
Table 1). Finally, for the species-specific recovery analysis, we found
significant differences between the relative eDNA concentrations
among each of the three fish species studied, with N. melanostomus
showing the highest eDNA concentrations per biomass (see also
Table S3).

The results of the teleo primers largely mirrored those of
species-specific estimates (Figure 2) with both treatment and me-
socosm identity significantly affecting the retained amount of
total eDNA. Again no relevant interaction effects were found (i.e.,
inclusion increased AIC). The Filter Fresh and Water Frozen treat-
ments performed significantly less than the other three treatments
(p <.084 in all comparisons), with the Longmire treatment perform-
ing significantly better than the Filter Frozen and Sarkosyl's buffer
preservation treatments (p <.02). Finally, the coefficients of varia-
tion of eDNA measurements significantly decreased with an increas-
ing mean species-specific eDNA concentration across all species
(R = -.62, p <.01; Figure 3). Preservation strategies had no direct
(inclusion increased AIC) but only an indirect impact via on this rela-

tionship by impacting extracted eDNA concentrations.
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4 | DISCUSSION

The processing of eDNA samples after collection is a critical step in
the workflow of eDNA-based monitoring campaigns and can sub-

stantially influence the quality of resulting data. In this study, we

TABLE 1 Results of pairwise comparisons showing the
differences among preservation strategies in normalized eDNA
concentration using regression analysis (a Holm correction has been
applied to adjust p-values for multiple group comparisons)

Treatment
effects - pairwise
comparisons

Treatment 1 Treatment 2

Filter fresh Longmire ok <.001
Filter frozen Longmire ns 1
Sarkosyl Longmire ns 1
Water frozen Longmire * .045
Filter frozen Filter fresh e <.001
Sarkosyl Filter fresh o <.001
Water frozen Filter fresh e <.001
Sarkosyl Filter frozen ns 1
Water frozen Filter frozen > <.007
Water frozen Sarkosyl > <.009

Note: Bold letter type indicates preservation strategies with a
significantly higher DNA recovery rates.

Abbreviation: ns, nonsignificant.

* p-values < 0.05; ** p-values < 0.01; *** p-values < 0.001.

Dedicated to the study and use of environmental DNA for basic and applied sciences

assessed the impact of different long-term preservation strategies
on the reliability of eDNA-based species detection and quantifica-
tion in a systematic methods comparison. We showed that samples
extracted immediately after collection yielded significantly less
eDNA compared to all other preservation treatments investigated
(Figure 2, Table 1). The high preservation performance of both
buffer solutions, Longmire and Sarkosyl's buffer, allows storage at
room temperature and is an encouraging result to reduce sampling
costs and extend the range of monitoring surveys to more remote
regions.

The much poorer performance of freshly extracted filters com-
pared to other methods (e.g., average reduction of 20% of extracted
DNA compared to freezing filters) was surprising. One possibility
to explain this result is a potential rapid DNA degradation occur-
ring within the filters before extraction. However, the loss of such
large DNA quantities during a relatively short period of time (<2 hr.)
seems rather unlikely. An alternative explanation is that preserva-
tion techniques such as freezing or the application of preservation
buffer could facilitate cell lysis and a more efficient DNA extraction
(Wegleitner et al., 2015). However, our results remain inconclusive
in this regard, and it would be a worthwhile aim for future studies to
investigate more specifically the mechanisms leading to these such
large differences in eDNA recovery.

Irrespective of mechanistic effects, our results clearly showed
that Longmire's buffer can be recommended to improve the recov-
ery yields of eDNA samples as suggested by earlier studies (Kumar
et al., 2019; Renshaw et al., 2015). We found that these results were

consistent for eDNA recovery of three target fish species as well as
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(a) The effect of five different preservation strategies on the total normalized fish eDNA concentrations retrieved using

the teleo group-specific primers. Sample size was n = 9 (3 mesocosms x 3 filters) for each method. Normalized fish eDNA from the fish
communities was obtained by dividing measured eDNA (copies/pl) using the using group-specific “teleo” primers by the entire fish biomass
(g) for each mesocosm. (b) Preservation treatment effects on the normalized fish eDNA from N. melanostomus, L. lota, and R. rutilus, retrieved
using the species-specific primer/probe assays which are described more in detail in the Section 2. Sample size was n = 27 (3 mesocosms x 3
filters x 3 species) for each method. Normalized fish eDNA from each species was obtained by dividing measured eDNA (copies/pl) by the

targeted fish biomass (g) for each mesocosm



820 Environmental DNA

MAUVISSEAU ET AL.

Dedicated to the study and use of environmental DNA for basic and applied sciences

(a) 201 FIGURE 3 Differencesin the
’ coefficient of variation across
conservation strategies (a) and the
g relationship between the coefficient of
'ﬁ 1.5 variation and long transformed mean
'g ° DNA concentrations calculated for each
Lz preservation strategies (b)
o L]
< 1.0 1
e (]
S ‘
£ |
o 051 P — |
o \
|
T T
0.01
Filter Fresh Water Frozen Filter Frozen Longmire Sarkosyl
Conservation strategies

(b)

2.0+

» Filter Fresh

g 151 4 Water Frozen
=] = Filter Frozen
O |
'% -+ Longmire
> @ Sarkosyl
% 1.01 s
- A A
c B
]
S
£ 051
o
o

0.0 1

Log (mean DNA concentration + 1)

for extraction of total fish DNA as required for metabarcoding ap-
proaches. These results are encouraging as they should help to facil-
itate forthcoming eDNA studies in remote areas or tropical regions,
where other preservation treatments (previously showing high re-
covery rates of eDNA) might not be available (Cilleros et al., 2019;
Sales et al., 2019).

Furthermore, our results revealed species-specific differences
in the normalized DNA concentrations (eDNA concentration in
water per fish biomass) that can be attributed to variation in the
three species' eDNA shedding rates (Sassoubre et al., 2016). Such
differences in shedding rates can emerge from biological factors
such as variable metabolic rates, surface to volume ratios or an
effort of individuals to deceive their “chemical footprint” in order
to avoid detection by predators or competitors (Andruszkiewicz
Allan et al., 2020; Jo et al., 2019). On the other hand, technical
aspects could favor species differences. Although all species-
specific assays were amplifying similar size of DNA fragments, po-
tential differences in assays design and efficiency may contribute
to such results.

Moreover, species-specific eDNA concentration was affected

by overall fish biomass in mesocosms. This positive effect was a

nonanticipating finding, which could be explained by the effects
of overall fish biomass and stocking rates on fish behavior. High
stocking rates are known for their potential stress induction (Costas
et al., 2007). Associated changes and physiology and behavior may
have led to increased DNA shedding rates and eventually higher
DNA concentration. However, further experiment would be re-
quired to evaluate whether our observation is indeed a consistent
phenomenon.

Finally, we also observed a decrease in the standardized vari-
ability of eDNA measurements among the technical replicates
with increasing measured DNA concentrations. Such estimates of
variability are an important evaluation criterion as a higher mea-
surement variability rapidly decreases the reliability of eDNA quan-
tification. Consequently, sub-optimal sample preservation can have
to profound effects. First, it may increase the risk of false negative
results, especially in applications with lower sensitivity such as gPCR
or metabarcoding. Additionally, it is likely to introduce noise and
thereby decrease the reliability of quantitative ddPCR approaches
or semi-quantitative analysis based on relative number of reads in
metabarcoding samples. Preservation strategies are linked to little

additional costs and represent easily implementable adjustments to
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current eDNA protocols. Therefore, we recommend the standard
application of appropriate techniques in future field sampling and

monitoring campaigns.
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