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Abstract

Environmental DNA (eDNA) metabarcoding is becoming a key tool for biodiversity
monitoring over large geographical or taxonomic scales and for elusive taxa such as
soil organisms. Increasing sample sizes and interest in remote or extreme areas often
require the preservation of soil samples and thus deviations from optimal standard-
ized protocols. However, we still ignore the impact of different methods of soil sam-
ple preservation on the results of metabarcoding studies and there is no guideline for
best practices so far. Here, we assessed the impact of four methods of soil sample
preservation that can be conveniently used also in metabarcoding studies targeting
remote or difficult to access areas. Tested methods include: preservation at room
temperature for 6 hr, preservation at 4°C for 3 days, desiccation immediately after
sampling and preservation for 21 days, and desiccation after 6 hr at room tempera-
ture and preservation for 21 days. For each preservation method, we benchmarked
resulting estimates of taxon diversity and community composition of three different
taxonomic groups (bacteria, fungi and eukaryotes) in three different habitats (forest,
river bank and grassland) against results obtained under ideal conditions (i.e., extrac-
tion of eDNA immediately after sampling). Overall, the different preservation meth-
ods only marginally impaired results and only under certain conditions. When rare
taxa were considered, we detected small but significant changes in molecular op-
erational taxonomic units (MOTU) richness of bacteria, fungi and eukaryotes across
treatments, but MOTU richness was similar across preservation methods if rare taxa
were not considered. All the approaches were able to identify differences in com-
munity structure among habitats, and the communities retrieved using the different
preservation conditions were extremely similar. We propose guidelines on the selec-
tion of the optimal soil sample preservation conditions for metabarcoding studies,

depending on the practical constraints, costs and ultimate research goals.
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1 | INTRODUCTION

Environmental DNA (eDNA) can be defined as the mixture of com-
plex, sometimes degraded, DNA that microorganisms (e.g., bacteria
and fungi) or macroorganisms (e.g., animals, plants) leave behind in
their environment (soil, water, sediments, etc.). By studying short,
taxonomically informative DNA fragments obtained from eDNA
samples, it is possible to identify the associated taxa and therefore to
survey biodiversity. Coined as “eDNA metabarcoding,” this approach
has revolutionized several branches of ecology and environmental
sciences during the last decade, by providing relatively quick and
noninvasive assessments of present or past biodiversity of animals,
plants and microorganisms (Taberlet et al., 2018). Metabarcoding is
particularly valuable for monitoring biodiversity over large geograph-
ical or taxonomic scales (De Vargas et al., 2015; Delgado-Baquerizo
et al., 2018; Zinger, et al., 2019). Furthermore, it gives access to
biodiversity components that are elusive to conventional survey
methods. For instance, it allows the rapid assessment of microbial
soil biodiversity, which is extremely complex, time-consuming and
imperfect when using direct observations, culturing techniques or
microscopy (Giovannoni et al., 1990; Ward et al., 1990).

Metabarcoding relies on a succession of several steps: (a) sam-
pling; (b) preservation of the collected material until laboratory
processing; (c) DNA extraction; (d) PCR (polymerase chain reaction)
amplification of a selected genomic region; (e) high-throughput se-
quencing of amplicons; and (f) analysis of sequences using bioinfor-
matics and statistical tools (Zinger, et al., 2019). Each step is critical
to obtain robust taxonomic inventories and diversity estimates, and
an increasing number of studies have assessed how methodological
choices across the different steps could influence the conclusions
of a study (Calderdén-Sanou et al., 2020; Cantera et al., 2019; Chen
& Ficetola, 2020; Nichols et al., 2018; Taberlet et al., 2018). Despite
this growing body of literature, so far little attention has been de-
voted to the effect of different preservation conditions of the col-
lected environmental material before laboratory processing (i.e.,
step b). We thus know little about the optimal storage conditions of
the collected material, and how long samples can be stored to limit
biases in taxonomic inventories.

Some recent studies have analysed the preservation of sampling
material obtained from water (see, e.g., Kumar et al., 2020; Majaneva
et al., 2018). Conversely, methodological analyses on the effects of
sample preservation are largely scarce for soil, perhaps because the
majority of metabarcoding studies have so far been performed in
temperate areas where access to laboratory facilities is often easy
(Hoffmann et al., 2016; Huerlimann et al., 2020). In such cases,
sample preservation is sometimes not necessary at all, or at least
not over long periods of time. However, one great promise of me-
tabarcoding is its potential for providing biodiversity data for remote
areas, where biodiversity monitoring is essential but difficult. When
sampling in remote or inaccessible areas (e.g., tropical and arctic
areas; mountain chains), samples are rarely collected near labora-
tory facilities and an immediate in situ DNA extraction is generally

not possible due to logistical constraints (but see Zinger, et al., 2019

for a notable exception). More generally, with the ever-increasing
number of samples analysed during a typical metabarcoding study,
sample preservation is increasingly indispensable, and the time lag
between sample collection and subsequent molecular processing
makes it particularly relevant to understand the impact of sample
preservation, and to identify preservation strategies that do not bias
the conclusions of studies.

In an ideal metabarcoding study, communities recovered from
preserved samples should match those retrieved if samples had
been processed immediately after sampling. However, inappropri-
ate preservation conditions can cause both DNA degradation and
the proliferation of certain taxonomic groups with respect to others,
before DNA extraction (Cardona et al., 2012; Orchard et al., 2017).
This can in turn affect taxa detection and also the relative contribu-
tions of different taxonomic groups to the estimated biodiversity. A
recent review suggested that the majority of eDNA metabarcoding
studies do not provide accurate information about sample treatment
before processing (Dickie et al., 2018). Almost half of the studies
do not report how samples were stored and conserved, and 30% of
them store samples at 0-4°C, and thus at a temperature where many
bacteria and fungi continue to be active and potentially affect the
whole sample. About 15% of the studies stored samples in a range of
5-35°C, which can be considered poor practice when no preserva-
tives are added (Dickie et al., 2018), and only 10% stored them below
0°C (Dickie et al., 2018).

So far, the consequences of preservation practices and the re-
sulting deviations from immediate processing and analyses have
rarely been studied quantitatively. Some studies have suggested
that liquid-based preservatives have limited usefulness for soil
eDNA (Tatangelo et al., 2014). Yet, Lauber et al. (2010) tested the
effect of storing samples from soil, human gut and skin at different
temperatures and did not detect any significant effect on bacterial
communities, while Orchard et al. (2017) found that storage time
and temperature can affect colonization by arbuscular mycorrhi-
zal fungi, with subsequent impacts on the reconstruction of com-
munities. Differences between these studies may be due to their
different protocols. However, they also focused on different tax-
onomic groups, which may react differently to storage period and
temperature. Consequently, these studies are difficult to compare,
highlighting the importance of formal assessments of preservation
methods. Desiccation is a further approach that can efficiently con-
serve high-quality DNA for genomic studies (e.g., Alsos et al., 2020;
Chase & Hills, 1991). Although not widely used for metabarcoding
samples, desiccation through silica gel has good potential for soil,
as it allows removing > 25% of its weight in water in a few hours
(P. Taberlet, pers. comm.), is cost-effective, easy to transport and is
not an issue for aircraft transportation (no flammable or dangerous
preservatives). A clear understanding of the effect of different pres-
ervation methods, especially across various groups of taxa, is thus
pivotal for a robust application of eDNA metabarcoding to biodiver-
sity monitoring in general, and that of remote areas in particular.

Here, using eDNA metabarcoding of different taxonomic groups

in soil systems, we tested: (a) how preservation methods influence
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overall richness estimates and what the role of rarely observed taxa
is; (b) how preservation methods influence identified community
structure and its turnover between different habitats; and (c) what
the best practices are under limited laboratory access. More specif-
ically, we first selected three soil preservation methods (room tem-
perature, 4°C, desiccation in silica gel) because they are commonly
used in the literature (room temperature and 4°C) or because they
are easy to implement in the field (desiccation and room tempera-
ture). Then, we assessed the impact of these preservation methods
applied to different durations in order to mimic logistic constraints
(see Appendix S1 for details on experimental design), and com-
pared the communities obtained with those observed in ideal con-
ditions, i.e., when eDNA is extracted immediately after sampling
(within < 1 hr). We examined bacterial, fungal and eukaryotic com-
munities to cover a broad taxonomic range, as different taxa can be
differentially affected by sample preservation conditions (Cardona
et al., 2012; Orchard et al., 2017).

2 | MATERIALS AND METHODS

2.1 | Soil preservation and experimental treatments

In April 2019, we collected soil samples from three habitats: a grass-
land (45.194°N, 5.776°E), a broadleaved forest (45.196°N, 5.774°E)
and a vegetated river bank (45.195°N, 5.780°E). The study design
was optimized to allow DNA extraction immediately after sampling,

which hampered using distant study sites. All sites were within
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400 m from the Laboratoire d’EcoIogie Alpine (LECA) in Grenoble,
France. We choose habitats with some differentiation to allow dif-
ferent communities but not too extreme and relatively close to-
gether so that we expect some overlap between communities. This
mimics what is commonly done in the field when gradients are sam-
pled. We established five plots within each habitat; the minimum
distance between nearby plots was about 20 m. Within each plot,
we collected four soil samples (with a minimum distance of 1 m) at
a depth of 0-20 cm and then pooled them together, for a total of
five pooled samples per habitat (~200 g for each pooled sample). Soil
litter was not included in the samples. Pooled samples (15 in total)
were homogenized; subsequently, from each of them we took five
subsamples of 15 g of soil (total: 75 subsamples; Figure 1).

The five soil subsamples of each pooled sample were subjected
to five different treatments: (a) eDNA was extracted immediately
after sampling (within 1 hr; treatment hereafter referred to as “con-
trol”); (b) samples were preserved at room temperature (21-23°C)
and eDNA was extracted 6 hr after sampling; (c) samples were in-
serted in sterile 50-ml falcon tubes and preserved at 4°C—eDNA
was extracted 3 days after sampling; (d) samples were inserted in
hermetic, sterile boxes with 20 g of silica gel immediately after sam-
pling, then stored at room temperature, and eDNA was extracted
21 days after sampling; (e) samples were inserted in hermetic, sterile
boxes with 20 g of silica gel 6 hr after sampling, then stored at room
temperature, and eDNA was extracted 21 days after sampling.

We did not test full-factorial combinations of different preserva-
tion periods and conditions, which was not feasible in terms of time

and costs. We did not consider freezing or storage in liquid nitrogen,
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FIGURE 1 Experimental sampling design



GUERRIERI ET AL.

* L wiLey- o

which is unrealistic when dealing with large numbers and/or volumes
of samples, as is the case for large-scale metabarcoding studies.
Furthermore, freezing is generally impossible in remote areas (Dickie
et al., 2018), where maintaining a cold chain cannot be ensured given
the logistical challenges and this is often replaced by preservation
in a cool box (4°C). Previous studies showed that preservative solu-
tions have limited usefulness for soil or sediment samples (Rissanen
et al., 2010; Tatangelo et al., 2014).

2.2 | Molecular analyses

For all sample treatments, eDNA extraction was performed in a ded-
icated room using the NucleoSpin Soil Mini Kit (Macherey-Nagel),
after a preliminary step where 15 g of soil was mixed with 20 ml
of phosphate buffer for 15 min as described previously (Taberlet
et al., 2012); and with a final elution in 150 ul. We also included one
extraction negative control per treatment.

eDNA of bacteria, fungi and eukaryotes was amplified using prim-
ers designed for markers BactO2 (Taberlet et al., 2018), Fung02 (Epp
et al., 2012; Taberlet et al., 2018) and Euka02 (Guardiola et al., 2015),
respectively. Bact02 and Fung02 amplify fragments of about 220-
250 bp, while Euka02 generally amplifies fragments < 150 bp. The
three markers are well suited for metabarcoding analyses, as all have
a very low number of mismatches in the priming region across target
organisms, and the relatively short length of amplified fragments al-
lows their use with potentially degraded DNA (Taberlet et al., 2018).
To allow bioinformatic discrimination of PCR replicates after se-
quencing, 8-nucleotide-long tags were added on the 5’ end of both
forward and reverse primers, so that each PCR replicate was repre-
sented by a unique combination of forward and reverse tags. Tags
had at least five nucleotide differences among them (Coissac, 2012).
Samples were randomized on a 96-well plate, along with the five
extraction controls, eight bioinformatic blanks, six PCR-negative
controls and two PCR-positive controls. PCR-positive controls were
included to check for potential cross-contaminations and to moni-
tor amplification and sequencing performances. The positive con-
trol was a 1:10 dilution of the ZymoBIOMICS Microbial Community
DNA Standard Il (Zymo Research) consisting of genomic DNA of
eight bacterial and two fungal strains (i.e., Pseudomonas aerugi-
nosa, Escherichia coli, Salmonella enterica, Lactobacillus fermentum,
Enterococcus faecalis, Staphylococcus aureus, Listeria monocytogenes,
Bacillus subtilis, Saccharomyces cerevisiae, Cryptococcus neoformans)
at known concentrations.

To avoid over-amplification of template DNA and to limit chimera
formation, we determined the optimal number of amplification cycles
and DNA extract dilution using quantitative PCR (qPCR). The gPCR
assay was conducted on 48 randomly selected samples, using 1 pl
of 1:1,000 diluted SYBR Green | nucleic acid gel stain (Invitrogen),
with a real-time PCR thermal cycler set to standard mode. gPCR was
performed for both 1:10 diluted and undiluted template eDNA.

For Bact02 and Fung02, PCRs were performed on 1:10 diluted
template DNA, using 32 and 44 cycles respectively. For Euka02, we

performed 34 cycles on undiluted DNA. All PCRs consisted of 10 pl
of AmpliTaq Gold 360 Master Mix 2X (Applied Biosystems), 2 ul of
primers mix at initial concentration of 5 pm of each primer, 0.16 pl of
bovine serum albumin (corresponding to 3.2 pg; Roche Diagnostic)
and 2 ul of DNA extract, for a final volume of 20 ul. The PCR pro-
files had an initial step of 10 min at 95°C, followed by several cy-
cles of 30 s denaturation at 94°C, 30 s annealing at 53°C (Bact02),
56°C (Fung02) or 45°C (Euka02), and 90 s elongation for Bact02 and
Fung02, or 60 s elongation for Euka02 at 72°C, followed by a final
elongation at 72°C for 7 min. The amplification was performed in
384-well plates, with four replicates for each sample. After ampli-
fication, PCR products of the same marker were pooled together in
equal volumes and a 5-pl aliquot of the pooled amplicons was visual-
ized by high-resolution capillary electrophoresis (QIAxcel Advanced
System, Qiagen) to verify the expected fragments length and to
monitor primer dimers. Pooled amplicons were purified using the
MinElute PCR Purification Kit (Qiagen) following the manufactur-
er's protocol. Six subsamples of the pool of amplicons were purified
separately for each marker, and then combined again before being
sent for library preparation and sequencing to Fasteris. One library
was prepared per marker using the MetaFast protocol (Taberlet
et al., 2018) and then sequenced using the MiSeq (Fung02 and
Bact02) or HiSeq 2500 (Euka02) platforms (lllumina) with a paired-
end approach (2 x 250 bp for Fung02 and Bact02, and 2 x 150 bp
for Euka02).

2.3 | Bioinformatic treatment

The bioinformatic treatment of sequence data was performed using
the osiTooLs software suite (Boyer et al., 2016). First, forward and
reverse reads were assembled using the ILLUMINAPAIREDEND program,
keeping only sequences with an alignment score higher than 40.
Aligned sequences were assigned to the corresponding PCR replicate
using the program NGSFILTER, by allowing two and zero mismatches on
primers and tags, respectively. After sequence dereplication using
OBIUNIQ, poor-quality sequences (i.e., containing “N”), sequences
whose length fell outside the expected size interval (below 45 bp
for Bact02, below 68 bp Fung02 and below 36 bp for Euka02) and
singletons were filtered out. The oBicLEAN program was run to detect
potential PCR or sequencing errors with the -r option set at 0.5:in a
PCR, sequences are tagged as “heads” when they are at least twice
as abundant as other related sequences differing by one base. Only
the sequences tagged as “heads” in at least one PCR were kept.

Taxonomic assignment was conducted using the EcoTac program
based on a reference database constructed from EMBL (version 136)
by running the ecopcr program (Ficetola et al., 2010). More specifi-
cally, ecopcr carried out an in silico PCR with the primer pair used
for the experiment and allowing three mismatches per primer. The
obtained reference databases were further curated by keeping only
the sequences assigned at least at the family level.

Further data filtering was performed in R version 3.6.1 (R

Core Team, 2018) to remove spurious sequences that can bias
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ecological conclusions drawn from DNA metabarcoding data
(Calderdén-Sanou et al., 2020). More specifically, we discarded all
molecular operational taxonomic units (MOTUs) with best iden-
tity < 85% (Fung02, Bact02) or < 80% (Euka02). These MOTUs
were indeed rare (31%, 1.7% and 7.3% of reads for Fung02, Bact02
and Euka02, respectively) and their effect on the nonmetric mul-
tidimensional scaling (NMDS) was marginal, as observed in other
studies (e.g., Botnen et al.,, 2018). Furthermore, we removed
MOTUs with fewer than five occurrences in the overall data set,
detected in more than one extraction or PCR-negative control
(Zinger, et al., 2019), or that were detected in fewer than two PCR
replicates of the same sample, as they often represent false posi-
tives (Ficetola et al., 2015).

2.4 | Statistical analyses

For all taxonomic groups, we used generalized linear mixed mod-
els (GLMMs) to test if the different treatments led to differences
in the observed MOTU richness. In GLMMs, the number of MOTUs
per sample was calculated and used as a dependent effect, the
five treatments were used as predictors and sample identity was
used as a random factor. The model was performed with the gen-
eralized poisson distribution error using the R package cLMMTMB
(Brooks et al., 2017), in order to consider overdispersion (Consul &
Famoye, 1992). If GLMM detected significant differences among
treatments, we used treatment contrasts to test if each treatment
led to communities significantly different from those unravelled
by the “control” condition. Treatment contrasts are standard non-
orthogonal contrasts, in which each category (treatment) is com-
pared to a user-defined reference category, and are appropriate to
compare multiple treatments against one single control category (in
this case, immediate extraction (Field et al., 2012). The uncorrected
number of MOTUs tends to overestimate the actual taxonomic rich-
ness (Calderén-Sanou et al., 2020). Therefore, we repeated this
analysis twice: considering all the observed MOTUs, and considering
only MOTUs with frequency = 1% in each sample (hereafter referred
to as "common MOTUs").

Subsequently, we used multivariate analyses to assess the vari-
ation of bacteria, fungi and eukaryotic communities across hab-
itats and treatments. Before running multivariate analyses, we
calculated the proportion of reads of each MOTU in each sample.
Relative abundance values were then transformed using the Box-
Cox transformation, which simultaneously solves the double-zero
problem and improves the multivariate normality of data (Legendre
& Borcard, 2018).

First, we used NMDS to describe differences in communities
among the three habitats, and check whether different treatments
yield different interpretations of ecological relationships among
samples. NMDS uses an optimization process to find a configuration
of points (samples) in a space with a small nhumber of dimensions,
and is suitable for metabarcoding analyses that aim to reconstruct

variation in community composition as well as possible, without
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preserving any particular distance measure among objects (Borcard
et al., 2011; Chen & Ficetola, 2020; Paliy & Shankar, 2016). Given its
robustness and flexibility, NMDS is often used as the first step to
characterize the similarity of communities in metabarcoding studies
(Chen & Ficetola, 2020; Paliy & Shankar, 2016). NMDS was run on
the Euclidean distance computed on Box-Cox-chord-transformed
data (Legendre & Borcard, 2018), by building 1,000 ordinations.

Second, we used procMoOD, a Procrustes-based analysis (Coissac
& Gonindard-Melodelima, 2019), to measure the multivariate cor-
relations between the communities obtained using the different
treatments. procMoD can be used to measure the shared variation
between matrices, and is particularly appropriate to test relation-
ships between data sets obtained through DNA metabarcoding and
metagenomics (Coissac & Gonindard-Melodelima, 2019). Procrustes
analyses tend to overfit the data, so we used a modified version of
Procrustes correlation that is robust to highly dimensional data and
allows a correct estimation of the shared variation between data sets
(Coissac & Gonindard-Melodelima, 2019). The Procrustes-based cor-
relation tests were performed using the corls function in the R pack-
age PROCMOD, using 1,000 randomizations to test the mean covariance
between random matrices (Coissac & Gonindard-Melodelima, 2019).

Third, we used redundancy analysis (RDA) to measure the
amount of variation among communities that is explained by differ-
ences in habitat and treatments (Legendre & Legendre, 2012; Ter
Braak, 1986). With habitat typology and treatment as constraining
matrices, we used treatment contrasts to test if each treatment led
to communities significantly different from those unravelled by the
control treatment. Thus, significant treatment contrasts indicate
that results between control and experimental treatments differ in
an important way, while nonsignificant results mean that deviation
from ideal conditions is not specifically pronounced. The signifi-
cance of RDA and treatment contrasts was tested through 10,000
permutations using the vecan package in R (Borcard et al., 2011,
Oksanen et al., 2019).

For bacteria only, RDA detected significant differences between
the control and some of the treatments. We thus ran a similarity per-
centage analysis with the simper R function (Clarke, 1993) from vecan
to identify the taxa contributing to the overall pairwise treatment
difference (Geyer et al., 2014). Significance was tested using 50,000
permutations. Given the large number of tests performed, the sig-
nificance of tests was corrected using the false discovery rate (FDR)
method with the FprTooL package (Strimmer, 2008). FDR has greater
power than traditional approaches (e.g., Bonferroni correction) when
performing multiple comparisons (Benjamini & Hochberg, 1995). All

statistical analyses were performed in the R environment.

3 | RESULTS

A total of 6.3, 7.9 and 25.7 million reads were obtained from the
Bact02, Fung02 and EukaO2 libraries, respectively. After read as-
sembly, quality filtering, spurious sequence and contaminant re-
moval, 481,411, 2,511,721 and 13,232,441 good-quality sequences
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remained, consisted of 660 (Bact02), 1,075 (Fung02) and 3,611
(Euka02) unique sequences (i.e., MOTUs) (Guerrieri et al., 2020).

3.1 | Differences in MOTU richness
among treatments

GLMMs allowed identifying shifts in the richness of observed
MOTUs. When we considered all the detected MOTUs, GLMM de-
tected significant differences in MOTU richness among treatments
for all the markers considered (Bact02: y, = 38.9, p < .001; Fung02:
s = 18.2, p =.001; Euka02: y, = 21.7, p < .001; Figure 2). Compared
to the control, contrasts showed small but significant changes in
MOTU richness under the 4°C treatment (Bact02: z = 2.54, p = .010;
Fung02: z = -2.17, p = .029; Euka02: z = 2.65, p = .008), the sil-
ica gel treatment (Bact02: z = -2.93, p = .003; Fung02: z = -3.99,

p < .001; Euka02: z = 3.92, p < .001), and the silica gel + 6 hr treat-
ment (Bact02: z = -3.74; Fung02: z = -4.02; Euka02: z = 4.18; all
p < .001). The 6 hr treatment caused a small but significant decrease
in MOTU richness for fungi (z = -2.42; p = .015), but not for bacteria
and eukaryotes (p = .456, p = .283, respectively; for all contrasts:
Table S1).

Nevertheless, when we repeated analyses by excluding MOTUs
with a frequency < 1%, differences in richness were much smaller,
and were only significant for bacteria and fungi (Bact02: y, = 9.69,
p = .045; Fung02: y, = 14.1, p = .006; Euka02: y, = 2.22, p = .693;
Figure 2). Compared to the control, MOTU richness decreases for
Bact02 under the 4°C treatment (z = -2.91; p = .003) and increases
for Fung02 under the two silica gel treatments (z = 2.77; p = .005;
z = 1.75; p = .080; respectively), while no significant effect was de-
tected for Euka02 under any of the treatments (all p > .170; for all
contrasts: Table S1).
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FIGURE 3 Plots of nonmetric dimensional scaling showing dissimilarities of communities among the three habitats: broadleaved forest
(black); grassland (green); vegetated riverbank (blue). Each plot shows the results of metabarcoding analysis based on soil samples subjected
to five different treatments
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Habitat caused a significant effect on MOTU richness only
for Fung02 both before and after removing rare MOTUs (before:
1 =11.8,p <.001; after: y; = 20.5, p < .001).

3.2 | Ecological similarity of communities
among treatments

NMDS showed a stress value of 0.13 for Bact02, 0.14 for Fung02 and
0.12 for Euka02. For each of the three markers, the NMDS plots ob-
tained for the five sample preservation treatments were extremely
similar, and the ecological differences among the three habitats were
clearly identified by all the preservation treatments (Figure 3).

The multivariate correlation between the communities ob-
tained with the five treatments was always very strong (Procrustes-
modified correlation: for all comparisons between “control” and
treatments r > 0.84, p < .0001; Figure 4) indicating, for all mark-
ers, that most of the variation of retrieved communities was shared
across all the treatments. Procrustes correlations were particularly
high for Fung02 and Euka02 (all r 2 0.9), and between the control and
the treatments 6 hr and 4°C (all r 2 0.93; Figure 4).

3.3 | Differences between the obtained
communities

RDA allowed us to measure the amount of variation explained by
differences among habitats and by treatments. Overall, 33%, 24%
and 33% of the variability was explained by differences in habitat
for bacteria, fungi, and eukaryotes, respectively. The community
differences among habitats were strongly significant for the three
.001).
among treatments were much weaker, and explained 9%,

Differences
2% and

2% of the variation only for bacteria, fungi and eukaryotes, respec-

taxonomic groups (permutation test: all p <

tively. Differences between treatments were significant for bacteria

BACTO02

Control ‘ ‘ ‘ ' 0.8

0.96 | 093 ‘ ‘ 0 096 | 095  4C
-0.2

0.9 0.88 0.91 Silicagel ‘ -0.4 0.92 0.9 0.94
-0.6

084 078 | o085 08 S0 R 093 | 091 092

FUNGO02

1

(permutation test: p <.0001), but not for fungi and eukaryotes (both
p=1).

For bacteria, contrasts did not detect significant differences be-
tween control and the 6 hr or 4°C treatments. Differences between
control and the two silica gel treatments were significant but ex-
plained a limited amount of variation (for both treatments, =3% of
the variation explained; p < .0001; Table 1). We thus used similarity
percentage analysis to identify the MOTUs significantly contributing
to these differences. Only one MOTU showed a significant contri-
bution (p = .03 after FDR correction) to the differences between
control and silica gel treatment; this MOTU (belonging to the phy-
lum Bacteroidetes) showed a very limited frequency under the silica
gel treatment (Figure S1). After FDR correction, no MOTU showed a
significant contribution to the differences between control and the

silica gel + 6 hr treatment.

4 | DISCUSSION
Monitoring soil biodiversity with eDNA metabarcoding over large
geographical and taxonomic scales and sometimes in remote places
is increasingly important in ecological research. Understanding how
preservation conditions affect estimates of taxonomic richness and
community composition is essential to ensure sound conclusions.
Our study shows that soil metabarcoding results are surprisingly ro-
bust to preservation conditions, as we observed limited differences
in community structure and diversity estimates when samples were
preserved using different strategies. However, some taxonomic
groups and diversity components are more sensitive than others to
certain preservation conditions. This allowed us to develop guide-
lines for preservation depending on the aims of monitoring pro-
grammes and on focal taxa.

The aim of this study was comparing realistic approaches to
soil preservation against an ideal situation. Immediate extraction

was our reference approach, as it avoids both DNA degradation

EUKAO02
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FIGURE 4 Procrustes correlation between communities obtained from metabarcoding analyses based on soil samples across
environmental conditions subjected to five sample treatments (control: immediate extraction; RT + 6 hr: extraction after 6 hr at room
temperature; 4°C: extraction after 3 days at 4°C; silicagel: immediate preservation in tubes with silica gel, extraction after 21 days;

silicagel + 6 hr: preservation in tubes with silica gel after 6 hr at room temperature, extraction after 21 days. All correlation coefficients are

highly significant (all p < .0001)
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TABLE 1 Treatment contrasts assessing differences between the control (immediate extraction) and four approaches to soil conservation
before eDNA extraction. Each conservation treatment was compared against the control in order to determine the percentage of explained

variability
Bact02 Fung02 Euka02
Explained Explained Explained
variability (%) variability (%) p variability (%) p
Treatment 2: room temperature, extraction 0.58 956 0.53 1 0.44 993
after 6 hr
Treatment 3:4°C, extraction after 3 days 0.81 0.58 976 0.54 949
Treatment 4: silica gel immediately inserted, 3.14 <.001 1.03 .518 0.63 .876
extraction after 21 days
Treatment 5: silica gel inserted after 6 hr, 3.16 <.001 0.73 .880 0.75 725

extraction after 21 days

(i.e., potential under-representation of certain taxa) and continued
growth of certain taxonomic groups (i.e., potential over-represen-
tation of other taxa). Unfortunately, immediate extraction is only
possible if sampling occurs nearby facilities, or when a mobile eDNA
laboratory is available (e.g., Zinger, et al., 2019), and logistical con-
straints often hamper its application in remote areas. We selected
preservation conditions among the most achievable, cost-effective
and frequent practices to sampling soil for eDNA studies (Dickie
et al., 2018), although additional storage methods (e.g., liquid nitro-
gen, dry ice, RNA later) are available.

4.1 | Influence of preservation methods on
richness estimates

Preservation methods generated some small but significant differ-
ences in MOTU richness compared to what is observed in the “con-
trol,” with some contrasting effects across taxa. When considering
all the MOTUs, none of the preservation conditions yielded esti-
mates of alpha-diversity identical to the “control.” For instance, just
6 hr at room temperature caused a significant decrease of MOTU
richness in fungi. It has been shown that estimates of alpha-diver-
sity using metabarcoding are extremely sensitive to methodologi-
cal choices (Calderéon-Sanou et al., 2020). Our study underlines that
even preservation for a very short time can affect the detection of
rare MOTUs and highlights the sensitivity of fungi to preservation
at room temperature (Delavaux et al., 2020). MOTU richness of all
the taxa was also affected by preservation at 4°C, which caused a
slight increase in MOTU richness for bacteria and eukaryotes, and
a slight decrease for fungi. The effect of temperature and time of
storage on fungal and bacterial growth has already been proven (see
e.g., Orchard et al., 2017; Pettersson & Baath, 2003). Despite this,
in addition to temperature, we can expect that other parameters
such as initial soil moisture and pH influence bacterial growth (Baath
& Arnebrant, 1994; Drenovsky et al., 2004; Fernandez-Calvifio &
Baath, 2010; Kaiser et al., 2016) with a combined effect. Finally,
drought affects the richness of microbial communities in soil ecosys-

tems with differential effects across taxa depending on their ecology

(Evans et al., 2014; Meisner et al., 2018; Ochoa-Hueso et al., 2018),
and 3 weeks of preservation with silica gel generally reduced the
observed MOTU richness in bacteria and fungi, while it increased
the richness of eukaryotes.

However, our study also shows that specific caution is needed
when rare MOTUs are of interest. The exclusion of rare and un-
common MOTUs strongly reduced differences between optimal
conditions and different preservation. The remaining effects were
much weaker for bacteria and fungi, and disappeared for eukary-
otes (Figure 2), possibly due to the heterogeneous growth across
taxonomic groups, or to differential DNA degradation under differ-
ent preservation conditions. This suggests that the effect of pres-
ervation approach on taxonomic richness mostly occurs on rare
species, as already suggested for microbial communities (Meisner
et al., 2018). Several authors have shown that eDNA metabarcoding
does not represent the best tool for the detection of rare MOTUs,
as some rare MOTUs remain undetected, while many sequences de-
tected at rare frequency are artefacts (Brown et al., 2015). Estimates
of a-diversity should therefore always be taken with caution, and in-
dices that underweight rare MOTUs (e.g., Shannon or Simpson diver-
sity) can provide more robust estimates (Balint et al., 2016; Brown
et al.,, 2015; Calderén-Sanou et al., 2020).

4.2 | Differences in community structure

If the study interest is in community structure and not in richness
estimates, then preservation choices become even less important.
In fact, the similarity of communities obtained through the differ-
ent preservation conditions is surprisingly high (see Procrustes cor-
relation coefficients; Figure 4); the amount of variation explained by
preservation conditions was much lower than the observed differ-
ences among habitats (see redundancy analysis), and multivariate
analyses consistently allowed us to detect community differences
among habitats (Figure 3). In other words, metabarcoding is able to
identify the ecological differences among sites, independently of
the preservation approach. Even though metabarcoding analyses

are sensitive to methodological choices, estimates of relationships
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between diversity and the environment are often robust (Calderén-
Sanou et al., 2020; Ji et al., 2013), and this is very good news if we
want to apply these approaches to broad-scale monitoring pro-
grammes, aiming at assessing the effects of environmental changes.

Bacteria were the only taxon for which we detected significant
differences between the “control” and the preservation conditions,
with =3% of the variability explained by differences between the
“control” and the desiccation treatments. The observed differences
probably refer to some taxa that are affected by the dry conditions
and could lead to an overrepresentation of some taxa that are more
resistant under these conditions. We expect some taxa to survive
better and grow in dry treatments with respect to others, and this
would make their DNA more available in the samples. Differences
between the desiccation treatments and the control were small, and
only one out of 660 MOTUs showed a significant variation in abun-
dance with the control. This MOTU (belonging to the Bacteroidetes
phylum of bacteria, see Appendix S1) was generally abundant in the
control and preservation conditions 2 and 3 (average frequency of
reads around 10%) while it drastically decreased under preserva-
tion conditions 4 and 5 (Figure S1). This agrees with studies showing
that different genera belonging to this phylum respond differently

3

to drought (Meisner et al., 2018). In fact, the Bacteroidetes genus
Flavobacterium shows an increase in abundance over dried-treat-
ments, even though differences after 3 weeks were not significant
(see Figure S2).

The significant differences observed for some taxa and preser-
vation conditions stress the importance of selecting the preserva-
tion method before starting a monitoring programme and using it
consistently through the whole monitoring, to avoid confusion be-

tween the effects of methods and of environmental changes.

4.3 | Conclusions: Guidelines for optimizing
preservation conditions

Standardized protocols are essential for repeatable and reliable bio-
diversity monitoring, and our results allow us to propose guidelines
to improve and standardize the preservation of soil samples for

eDNA metabarcoding analyses (Figure 5):

1. If sampling occurs close to laboratory facilities, or a mobile

laboratory is available, extracting DNA as soon as possible is

Lab facilities
available in situ?

Extraction direct )

Most faithful Short-time at ambient

E m available in short-time?

&S m

Desiccation

4 °C for few days

representation of temperature
reality
e No impact on
community
composition

- (Immediately or after a short
No impact on time at room temperature)
community

composition Long-term storage at

%

room temperature

Moderate impact on
MOTUs richness of

Moderate impact on |

. Moderate impact on
MOTUs richness

certain taxa

N

|‘ If monitoring fungi,
consider removing
rare MOTUs for a

stronger dataset. @

|‘ Remove rare MOTUs
for a stronger dataset.@

If monitoring bacteria,
this could still have a
moderate impact.

community composition
of certain taxa

N

Moderate impact on |
MOTUs richness

N

.‘ Remove rare MOTUs for a
stronger dataset. @

If monitoring fungi, this
could still have a moderate
impact on MOTUs richness.

FIGURE 5 Guidelines for improving monitoring strategies with eDNA from soil
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the best approach. Storing samples for a few hours at room
temperature does not have major impact on the outcome of
analyses, especially if the focus is not on rare MOTUs.

2. If laboratory facilities are available after a short period of trans-
portation, storing samples in the fridge (0-4°C) for a few days is
a safe approach as it does not have a significant impact on com-
munity composition, and only moderately affects MOTU rich-
ness. However, this approach can be problematic if the aim is to
estimate MOTU richness, and particularly the occurrence of rare
MOTUs. The feasibility of this strategy also depends on the num-
ber and volume of samples, and on the ability to maintain the cold
chain.

3. If monitoring in remote areas, sample desiccation (e.g., using silica
gel) and long-term preservation at room temperature is a reason-
able approach, and it is particularly convenient when working
with a large volume of samples. This approach preserves ecologi-
cal signal, but can affect the detection of some taxa, particularly
among the rarest ones. Therefore, this approach is suboptimal for
monitoring programmes aiming at detecting rare MOTUs.

Effective application of eDNA metabarcoding to biodiversity
monitoring is complex, and protocols of sample preservation are key
methodological choices that have to be taken into account when
designing a metabarcoding-based monitoring. When working in
difficult and remote environments, researchers are faced with the
trade-offs between a faithful representation of biodiversity and
multiple logistic constraints in the field. Accurate a-priori planning is
often the basis of successful monitoring programmes and our guide-
lines can help researchers and practitioners to identify the best ap-
proach to sample preservation, depending on the studied taxa and
research goals.
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