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1 | INTRODUCTION

| Peter M. van Bodegom | Krijn B. Trimbos

Abstract

Environmental DNA (eDNA) approaches contributing to species identifications are
quickly becoming the new norm in biomonitoring and ecosystem assessments. Yet,
information such as age and health state of the population, which is vital to species
biomonitoring, has not been accessible from eDNA. DNA methylation has the poten-
tial to provide such information on the state of a population. Here, we measured the
methylation of eDNA along with tissue DNA (tDNA) of Lymnaea stagnalis at four life
stages. We demonstrate that eDNA methylation varies with age and allows distin-
guishing among age classes. Moreover, eDNA was globally hypermethylated in com-
parison to tDNA. This difference was age-specific and connected to a limited number
of eDNA sites. This differential methylation pattern suggests that eDNA release with
age is partially regulated through DNA methylation. Our findings help to understand
mechanisms involved in eDNA release and shows the potential of eDNA methylation
analysis to assess age classes. Such age class assessments will encourage future eDNA
studies to assess fundamental processes of population dynamics and functioning in

ecology, biodiversity conservation and impact assessments.
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methods cannot distinguish between dead and living genetic ma-

Applications of environmental DNA (eDNA)-based methods
have been rapidly increasing for surveying species and biodiver-
sity over the last decade due to their proven noninvasiveness and
cost-effectiveness (Bohmann et al., 2014; Deiner et al., 2017; Rey
et al., 2019; Ruppert et al.,, 2019). However, to expand the ap-
plications of eDNA methods in biomonitoring, a deeper under-
standing of eDNA characteristics is crucial. For example, due to
its characteristics such as the variation in decay rates (Barnes &
Turner, 2016; Sassoubre et al., 2016; Wood et al., 2020), eDNA

terial (Pochon et al., 2017). This complicates the assessment of the
exact presence of the surveyed species at a specific location in space
and time (Hoy et al., 2020; Lebreton et al., 1992). Additionally, by
using eDNA methods, direct observations of the target organism are
lost, and hence information on the state of the target species is not
directly accessible. Many biomonitoring applications do, however,
demand such information, for instance, to detect the health condi-
tion and age within the target population (Hoy et al., 2020; Lebreton
et al.,, 1992). These limitations of the current eDNA methodology

hamper the full deployment of eDNA applications in biomonitoring.
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DNA methylation (DNAm) is the cell physiological process
through which methyl groups are added to the DNA molecule. As
one of the most important epigenetic modifications, DNAm plays an
important role in a broad range of biological processes including but
not limited to development, gene regulation and disease progression
(Kim & Costello, 2017; Liu et al., 2018; Razin & Riggs, 1980; Zafon
et al.,, 2019). Methylation changes the activity of a DNA segment
without changing the sequence (Razin & Riggs, 1980). Over the past
decades, DNAm analysis has emerged as a promising approach in
human medicine, to understand the mechanisms of tumorigenesis
and provided biomarkers for early detection, diagnosis, and prog-
nosis in cancer patients (Feng et al., 2019; Koch et al., 2018; Liu
et al., 2018; Pan et al., 2018; Zafon et al., 2019). In addition, DNAm
across a broad spectrum of tissues and cell types has been considered
as an ageing clock due to its mechanistic role in ageing (Consortium
et al., 2021; Sun et al., 2014; Robeck et al., 2021). Measurement of
changes across a few hundred specific 5-cytosine-phosphate-guan
ine-3' (CpG,) sites allowed predicting the accurate chronological age
of individuals in a variety of species, such as humans, mice and bats
(Horvath, 2013; Stubbs et al., 2017; Wilkinson et al., 2021).

While DNAm in multiple tissues and cells is increasingly under-
stood, whether the same methylation pattern is also maintained in
eDNA has remained unclear. Because eDNA originates from cellular
material shed by organisms (Barnes & Turner, 2016), from cells that
are most likely not as active as those still in the body, eDNAm is pos-
sibly not consistent with that of tissue DNAm (tDNAm). However,
considering the stability and slow change in methylation (Dor &
Cedar, 2018; Kim & Costello, 2017), such consistency in methylation
patterns might very well exist. For example, the methylation pattern
in cell-free DNA in the blood is consistent with their original cells or
tissues (Moss et al., 2018). Taking the strong functional connection
between methylation and the state of the body into consideration,
eDNAm has the potential to assess age, even though it differs from
the tDNAm patterns.

eDNA from aquatic systems has been shown to represent a de-
tailed picture of the community that lives in and around it, and has
largely benefited biomonitoring, conservation and detection of rare
and cryptic species over the last decade (Carraro et al., 2018; Fukaya
et al., 2020; Rey et al., 2019; Seeber et al., 2019). Information on the
state of the population, such as its age, might be just as important
for calculating population growth rates, and is essential to predict
species survival as well as devising conservation strategies (Hoy
etal., 2020; Lebreton et al., 1992). In this way, eDNAm analysis could
potentially expand eDNA applications and hugely contribute to bio-
monitoring in a noninvasive and cost-effective way, through replace-
ment of some of the harmful and laborious traditional methods (e.g.,
catching, observation) (Akre et al., 2019; Katano et al., 2017; Salter
et al., 2019). However, while eDNA methylation analysis could po-
tentially open the door to investigate the states of populations, it has
not been studied or utilized up till now.

Therefore, this study aimed to assess whether there are differ-
ences in aquatic eDNAm between age classes which is one of the
most important pieces of information about the state of a population,

and the differences between eDNAm and tDNAm. Specifically, we
were interested in (1) how eDNAm and tDNAm vary between age
classes; (2) whether eDNAm and tDNAm share the same pattern;
and (3) how the differences between eDNAm and tDNAm vary with
age. For this purpose, we studied methylation patterns from both
eDNA and tDNA in four different age classes in separated tank ex-
periments. Lymnaea stagnalis was used as model species mainly be-
cause it is hermaphrodite, thus excluding the impact of the potential

sex-specific methylation differences on the analysis.

2 | MATERIALS AND METHODS

2.1 | Tank experiments and sample collection
Long-term cultured Lymnaea stagnalis from Vrije University
Amsterdam (originating from the Amsterdam mass culture) was used
as a model species in the present study for the following reasons.
First, one of our previous studies showed that L. stagnalis release
a relatively large amount of eDNA (Zhao et al., 2021). Second, the
assembled L. stagnalis genome (GenBank, GCA_900036025.1) pub-
lished in 2016 can be used as a reference genome in bioinformatic
analysis. Last, L. stagnalis is hermaphrodite. eDNA is a mixture of re-
leased DNA from multiple individuals. To make the age-methylation
in eDNA clear, this species was utilized to eliminate the possibility
of sex-specific age-associated alterations (Yusipov et al., 2020) in
DNAm. This does not suggest that eDNAm analysis can only apply to
hermaphrodite species. There are no ethical issues associated with
using this species (Kuroda & Abe, 2020).

All individual snails were from the same family. The snails in the
oldest age class (200days) were parents of the snails in other age
classes. Each age class was cultured in a separate tank. After cul-
turing L. stagnalis for a sustained period, we transferred individual
snails corresponding to the ages of 1, 30, 90 and 200days, which
corresponds to infant, child, teenager and adult life stages (Fodor
et al., 2020), to clean separate tanks (Figure 1). Three tanks of
each age class were set up as replicates in a climate room at Leiden
University, the Netherlands, in June 2020. The density in each tank
of one age class from young to old was roughly 500, 150, 50 and 30
individuals per litre culturing water to attain a similar total biomass
in each tank (given differences in body size at different age classes)
with the aim of achieving similar amounts of released eDNA in each
tank. The temperature of the climate room was set at 22°C, with
light between 7:00AM and 11: PM every day. The starting and sam-
pling time of each tank was determined based on the birth date and
age of the snails, within 4 months from the start of the experiment.

After 2days without feeding (to reduce DNA from food), 120 ml
culturing water in each tank was filtered by a plastic syringe (BD
Plastipak) using serial polyethersulphone (PES) membrane filters
(Sterlitech) of pore sizes equal to 1.2 pm to collect eDNA. Our pre-
vious study (Zhao et al., 2021) showed that eDNA particles of L.
stagnalis were mostly over 1.2 pm. Moreover, at this size eDNA is
at least still in chromosomes, and avoids potential uncertainty on
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FIGURE 1 Workflow and methods.
Lymnaea stagnalis was used as model
species in the present study. Tank
experiences were set up using L. stagnalis
at age of 1, 30, 90 and 200days, which
correspond to infant, child, teenager and
adult life stages. Three tanks were set

up for each age group as replicates. Both
environmental DNA (eDNA) and tissue

Lymnaea
stagnalis

Filter water as

DNA (tDNA) were collected for RRBS and eDNA samples
subsequent bioinformatics analysis »
Skin tissue as
tDNA samples

methylation associated with eDNA degradation. After filtering, each
filter was immediately put into a 2 ml tube together with 700l
CTAB Lysis buffer (AppliChem GmbH, DE) before being stored at
4°C. All plastic syringes and membrane containers were soaked in
10% bleach over 10 min before being washed with deionized water,
then air-dried on clean paper towels before use. Correspondingly,
in each tank, the epidermis from six individuals was collected and
mixed to obtain one tissue sample to represent the population and
reduce genetic variability. Tissue samples were stored at -20°C be-
fore the extraction within one week. Since global DNAm has been
identified to be quite stable for months under various storage con-
ditions and temperatures (Gosselt et al., 2020; Vilahur et al., 2013),
we assume that the preservation method used in this study did not

affect the results.

2.2 | DNA extraction and library preparation

Total eDNA was extracted from each filter one day after collec-
tion, following a cetyltrimethyl ammonium bromide (CTAB) protocol
which has been described in previous studies (Barnes et al., 2014;
Turner et al., 2014), and eluted in 100ul Tris-EDTA buffer solution
(Sigma-Aldrich). Tissue DNA (tDNA) was extracted from each sample
using the Qiagen Blood and Tissue kit following the manufacturer's
protocol. All extracted DNA was stored at -20°C until further pro-
cessing. DNA concentrations of every obtained DNA sample were
quantified using Thermo Scientific NanoDrop 2000.

Reduced representation bisulphite sequencing (RRBS) libraries
of each eDNA and tDNA sample were constructed using Zymo-Seq
RRBS library kit following the manufacturer's protocol. Briefly, Mspl
digestion was firstly performed using around 200ng input DNA to
enrich CpG-dense sites, followed by an adapter ligation and gap-
filling step. After that, bisulphite conversion was carried out before
purifying the DNA. Last, an index primer amplification was carried
out as follows: 30s at 94°C, 9 cycles of 30s at 94°C, 30s at 55°C
and 1 min at 68°C, then 5 min at 68°C before conserving the prod-
uct at 4°C. Each sequencing library was quantified using the ddPCR
Library Quantification Kit (1863040). High-throughput paired-end
150bp sequencing was then done on the lllumina HiSeq X Ten
Sequencing platform by Novogene Beijing (https://www.novog
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ene.com). We performed RRBS in order to achieve low duplication
rates (9 PCR cycles) and high genomic coverage methylation data
through enriching CpG sites. The bisulphite conversion reaction and
paired-end 150bp sequencing also allowed us to analyse non-CpG
methylation situation. DNA methylation level and context in inverte-
brate genomes have been found to be far more variable than in ver-
tebrates (Fairfield et al., 2021; Lyko et al., 2000; Suzuki et al., 2007).
Therefore, we argue that it is essential that also non-CpG (e.g., CHG
and CHH, where H corresponds to adenine, thymine or cytosine)
methylation is included in invertebrate methylation studies.

2.3 | Methylation analysis

Quality control and adapter trimming of the raw sequencing data
was carried out using Trim Galore (version 0.6.5, https://www.bioin
with its

option. DNAm at single-site resolution was extracted by BismARrk

formatics.babraham.ac.uk/projects/trim_galore/) -rrbs
software (version 0.22.3, https://www.bioinformatics.babraham.
ac.uk/projects/bismark/) using the L. stagnalis genome (GenBank,
GCA_900036025.1) as the reference genome to generate BAM
files containing methylation information of each sample using its
default options (commands, software versions and options are
shown in Appendix S1). Clean read numbers and mapping efficiency
of each library are shown in Data S1-S6. DNA methylations were
mostly found in CpG, CHG and CHH sites. The global methylation
levels of these sites were calculated in this step. A Kruskal-Wallis
test was used to evaluate the difference in global methylation level
between age classes of eDNA and tDNA separately. A Dunn's-test
was performed to analyse the differences between each pair of age
classes as the posthoc test of Kruskal-Wallis, using the PMCMRplus
package in R (https://CRAN.R-project.org/package=PMCMRplus;
version 1.9.0). For each type of sites (CpG, CHG or CHH), a Wilcox
signed-rank test was carried out to evaluate the differences in global
methylation levels between eDNA and tDNA.

To further analyse the eDNAm differences with age at single-site
resolution, the differentially methylated sites between each pair of
two age classesin eDNA were extracted from the BAM files together
with their methylation percentage in each sample by the MethylIKit
package (Akalin et al., 2012) (version 1.14.2) in R (version 4.0.2). Sites
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were considered different if g-value <0.01 and per cent methylation
difference was larger than 25%. The g-value is a corrected p-value
based on the sliding linear model (SLIM) method (Wang et al., 2011),
suggested by the workflow, and has been used in most related stud-
ies (Helliwell et al., 2020; Liu et al., 2020). In addition, methylated
sites that differed from at least one age class to two or three other
age classes were used to test whether these sites allowed cluster-
ing samples by age using the default clustering method in pheatmap
package (https://CRAN. R-project. Org/package = pheatmap; ver-
sion 1.0.12). These sites were also used in a Principal component
analysis (PCA) using the FactoMineR (version 2.4) package. The
missMDA (version 1.18) package was used to impute the missing val-
ues of the data set. To analyse the differences of eDNAmM compared
to tDNAm, differentially methylated sites between eDNA and tDNA
of each age class were extracted using the same method as above.
Figures were generated by cepLoT 2 (version 3.3.2) (Ginestet, 2011),
GGPUBR (http://www.sthda.com/english/rpkgs/ggpubr; version 0.4.0),
VENNDIAGRAM (Chen & Boutros, 2011) (version 1.6.20), PHEATMAP and

FACTOEXTRA (version 1.0.7) packages in R.

2.4 | Dataused in methylation analysis

The global methylation levels measured by RRBS might be differ-
ent from those of a whole-genome bisulphite sequencing (WGBS)
method, since the RRBS method specifically targets CpG sites but
does not cover the whole genome (Meissner et al., 2005). To ensure
good quality of the data and a high confidence methylation percent-
age, a minimum coverage of 10 reads per site was imposed in the
single site differential methylation analysis (Akalin et al., 2012). On
average, more than 225K and 776 K sites were covered in the eDNA
and tDNA samples respectively, including CpG, CHG and CHH sites.
One possible explanation of the difference in the number of sites
between eDNA and tDNA is that the eDNA samples include all DNA
in the water not only DNA of L.stagnalis but also other organisms,
leading to a lower percentage of L.stagnalis DNA in the total eDNA

present in the sample compared to tDNA samples.

3 | RESULTS

3.1 | eDNAm changes with age

The global methylation levels (percentages) of CpG, CHG and
CHH sites of Lymnaea stagnalis eDNA were different between
age classes for CHG and CHH sites (p <.05, Kruskal-Wallis test) as
shown in Figure 2a. Global methylation level increased from the
age of 1-30days, and then continuously decreased towards the age
of 200days. The Dunn's-test to evaluate the pairwise differences
showed that differences were only significant between age classes
of 30 and 200days (p<.05, Table S1). Differences in methylation
with age became more apparent (p <.01, Wilcox Signed-Rank Test)
when grouping the age classes between young (from 1 to 90days)

and adult life stages (200days; Figure S1). The global methylation
level of CHH sites with a range from 12.9 to 59 p% was much higher
and broader than of CHG (5%-17.5%), and CpG (6.9%-13.4%). For
CpG, no differences between age classes were observed in its global
methylation level (p = 1, Table S1). The exact p-value of each Dunn's-
test are provided in Table S1.

To better understand the differential methylation with age in
eDNA in addition to the global methylation level, we compared the
methylation level at a single-site resolution between each pair of
two age classes. A total of 383 sites (Data S2) was found to be differ-
entially methylated from at least one age class to two or three other
age classes. These sites were defined as eDNAm age-associated
sites in the present study. Interestingly, all these sites were CHH
sites. Using the methylation data of these sites, eEDNA samples were
clustered completely according to age (Figure 3 and Figure S2) using
the default clustering method in the pheatmap package, indicating
the age-related changes in DNAm. Most of these sites were sepa-
rated into different contigs across the genome with only a few sites

in the same contig (Figure S3).

3.2 | The eDNA is hypermethylated compared
to tDNA

In order to explore how the methylation patterns of eDNA and tDNA
differed across the age groups, we clustered our samples based on
methylation data of CpG, CHG and CHH sites separately. The results
indicated that methylation patterns between eDNA and tDNA were
only similar for the CHG sites and only for the age class of 200days
(Figure S4). By CHG sites methylation, the three eDNA samples at
the age of 200days sorted with the tDNA samples, while eDNA
and tDNA were differentiated by CpG and CHH methylation. Age
is more important than DNA origin in CpG methylation. However,
in eDNA, it can only separate young (1 and 30days) and old (90 and
200days). The eDNA global methylation levels were significantly
dissimilar from tDNA on all CpG, CHG and CHH sites in the present
study (p<.01, Wilcox Signed-Rank test), indicating whole-genome
hypermethylation of eDNA (Figure 4). In addition, the age meth-
ylation trend was also different between eDNA and tDNA. While
the highest eDNAm levels were present at the age class of 30days
(Figure 2a), in tDNA the highest levels were found at the age class
of 90days (Figure 2b). However, in one aspect, tDNA was consist-
ent with eDNA, which was that the differences in the global meth-
ylation level among age classes were only shown on CHG and CHH
sites (p <.05, Kruskal-Wallis test), but not on the CpG site (p = .068,
Kruskal-Wallis test; Figures 2 and 4).

3.3 |
specific

eDNA-tDNA differential methylation is age-

To further evaluate eDNA methylation, we extracted those eDNA
sites that were methylated differentially from tDNA, for each age


https://cran
http://www.sthda.com/english/rpkgs/ggpubr

ZHAO ET AL MOLECULAR ECOLOGY 85
e — Y | LEY
FIGURE 2 (a) Environmental DNA (a) CpG CHG CHH
(eDNA) global methylation level of CpG =
(red), CHG (orange) and CHH (blue) sites Q\, * *
in four age groups of Lymnaea stagnalis. D 60 - - o
(b) tDNA global methylation level of CpG CI>J ;
(red), CHG (orange) and CHH (blue) sites - hd
in four age groups of L. stagnalis. Note CCD
that the ordinate ranges are different. % 40 | ]
Significant differences between age = °
groups from Dunn's-test as a post hoc test <
of Kruskal-Wallis are shown by asterisks g
on the top (*p<.05) —
S 20 . -
ke o
0] =g ¢ == <=
=
a 01 7 1
q_) T T T T T T T T T T T T
1 30 90 200 1 30 90 200 1 30 90 200
Age (days)
®) CpG CHG CHH
& x "
6 - | —— |
S °
()
-1 0 ol 4
C
Q
© .
> A= .
£ = .
9] = [._.‘2
S 5- : 1
©
Q0
ke
O]
2
..D_‘ O 1 T T T T 1 T T T T 1 T T T T
1 30 90 200 1 30 90 200 1 30 90 200
Age (days)

class separately (Data S3-S6). In all age classes, more hypermethyl-
ated sites were apparent than hypomethylated sites in the eDNA
(Figure 5a), which was in line with the global hypermethylation of
eDNA. Both hyper- and hypomethylated sites varied among age
classes, while only a few sites were shared by more than one age
class (Figure 5b,c). eDNA and tDNA samples were separated com-
pletely in all age classes (Figure 5d-g), supporting the significant dif-
ferences between eDNA and tDNA methylation.

Interestingly, the number of sites differentially methylated be-
tween eDNA and tDNA had a pattern opposite to that of the eDNA
global methylation levels with age (compare Figures 2 and 5a). The
age class of 30days held the highest global eDNAm level but con-
tained fewer eDNA-tDNA differentially methylated sites (75 sites)
than other age classes. By contrast, the age class of 200 days had the
lowest global eDNAm level, and its eDNAm was most close to that
of tDNAm, but contained the most eDNA-tDNA differentially meth-
ylated sites (223 sites). Consequently, the methylation difference
between eDNA and tDNA of these sites showed more significance

in the age class of 30days (Figure 5e) than of 200days (Figure 5g),
while the other two age classes were in between (Figure 5d,f and
Figure S5). Compared to tDNA, eDNA release by young L. stagnalis
was differentially methylated in a limited cluster of sites, especially
for the age class of 30days, possibly the fastest body-growing life
stage (child stage). Whereas when L. stagnalis were adult (200days),
the differential methylation of eDNA was less site-specific, indicat-
ing that the methylation differences between eDNA and tDNA are

age-specific.

4 | DISCUSSION

While age-related differences in DNAm have been explored in tissue
samples of several species (Polanowski et al., 2014; Stubbs et al., 2017,
Thompson et al., 2017; Wilkinson et al., 2021; Wright et al., 2018), we
show for the first time that these differences also exist in eDNAm. In
the current study, we found 383 age-associated methylated sites in L.
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FIGURE 3 Heatmap of 383 age-
associated methylation sites in Lymnaea
stagnalis eDNA. Colours show the
methylation levels (proportion, blue to
red). Each site was detected in at least
three age groups, grey indicates the

absence of data. Each row represents one
site, each column represents one sample.
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stagnalis eDNA. The methylation data of these sites was sufficient to
cluster eDNA samples according to age. We additionally demonstrate
here that eDNA methylation analysis has the potential to assess age.
This would find broad applications in both the field of biomonitoring
and conservation. In this way, eDNAm analysis will allow for more ef-
ficient and non-invasive age surveillance compared to current meth-
ods, such as demersal trawl surveys (Salter et al., 2019), or counting
observations (Akre et al., 2019; Katano et al., 2017). Considering the
huge impact of age on population dynamics (Hoy et al., 2020; Lebreton
et al., 1992), eDNAm analysis could potentially expand the application
of eDNA methods in environmental biology research.

We also found thateDNAm, both in terms of global methylation as
well as in its methylation patterns, was highly different from tDNAm.
First, eDNA was highly hypermethylated. Hypermethylation of DNA
is known to inhibit gene transcriptions and expressions, and plays
an important role in controlling gene activities thereby impacting
many physiological processes like cell differentiation and body de-
velopment (Smith & Meissner, 2013). eDNA may be expected to be
hypermethylated given that it is from released genetic materials that
is no longer as functional as those cells still in living bodies. Second,
the eDNAm pattern with age did not fully correspond to tDNAm.
The highest global methylation level showed up at the age of 30days
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FIGURE 5 Differentially methylated sites of each age group in environmental DNA (eDNA) against tissue DNA (tDNA). (a) The number of
hyper- (red) and hypo- (blue) methylated sites. (b) Venn diagram of the number of hypermethylated sites in age groups. (c) Venn diagram of
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in eDNA, whereas it was at the age of 90days in tDNA. Third, the
methylation differences were age-specific. We found that the eDNA
hypermethylation in young age groups targeted to a specific clus-
ter of DNA sites, while a broader range of sites was involved in the
differential methylation in the adult age group. Previous studies in-
dicated that the eDNA release rate per bodyweight of young fish is
higher than that of adults (Maruyama et al., 2014). If this also applies
to L. stagnalis, this notion, together with the higher global eDNAmM
levels of young L. stagnalis (Figure S1) in this study, will supports a
positive connection between eDNA release rate and hypermethyla-
tion. This suggests eDNA release patterns may in part be a response
to DNAm to get rid of dysfunctional, that is, hypermethylated, cells
(next to eDNA release due to damage, sloughed-off cells or other
unintended reasons). This observation might help to understand the
molecular mechanisms of eDNA release.

As alternative explanation for the methylation differences be-
tween eDNA and tDNA, one might argue that the differences
originate from inherited methylation differences across tissues.

However, while previous studies have reported DNAm to be dif-
ferent between different tissues in several species (Sun et al., 2014;
Yang et al., 2011; Zhang et al., 2013), the global methylation level
differences among these tissues were not nearly as pronounced as
the differences between eDNAmM and tDNAm found in the present
study (Figure 3a). For example, the genome-wide CpG methylation
level of Chlamys farreri ranged from 20.9% to 21.7% across five tis-
sues (Sun et al., 2014) and it ranged from 50.18% to 53.99% across
seven tissues in the pig genome (Yang et al., 2011). The CpG meth-
ylation percentage of eDNA and tDNA in L. stagnalis were 10.73 and
6.83% on average. The difference was more obvious for CHH sites
(the most dominant methylation sites found in this study), which was
42.15 and 6.09% on average, respectively. Another alternative ex-
planation for the differences between eDNA and tDNA methylation
patterns might be the methylation discrepancy between pluripotent
(e.g., germ cells) and somatic cells. Non-CpG methylations are pre-
dominately found in pluripotent cells but rarely in somatic cells of
invertebrates due to their different functions and differentiations
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(Ramsahoye et al., 2000). In the present study, eDNAm global level
was higher than tDNAm in all three types of sites, which was not
similar to the differences between pluripotent and somatic cells.
Additionally, no egg bags were observed during any of the tank ex-
periments, indicating that DNA from pluripotent cells were not the
dominant eDNA source in our tank experiments. Therefore, we as-
sume that the differences between eDNAm and tDNAm were not
caused by the methylation differences between pluripotent and so-
matic cells. Therefore, we consider eDNA release as a mechanism to
remove dysfunctional hypermethylated cells the most likely expla-
nation for the large differences found in methylation levels of tDNA
and eDNA.

A few issues need to be considered before using eDNAm to
assess age classes in the field. Given that the genome of different
species methylate differently, together with the genomic differences
between species, we suggest that tank experiments of target spe-
cies with different age classes can be run -similar to this study- to
develop a species-specific assessment model of age by methylation
for biomonitoring. Because of the differences in DNA methylation
levels and in context between invertebrate and vertebrate genomes
(Fairfield et al., 2021; Lyko et al., 2000; Suzuki et al., 2007), as well
as the discrepancies discovered in this study between eDNA and
tDNA, non-CpGs methylation should be considered in addition to
CpGs methylation. Because of the non-linear relationship between
eDNAm and age, utilizing eDNAm to assess age may only be practi-
cable for a few age classes, meaning that more age classes than the
four utilized in the current proof-of-principle study would be pref-
erable. This may aid biomonitoring of target species, assuming that
methylation patterns as observed in tanks are similar to those in field
conditions. In field conditions, methylation patterns may deviate to
a certain extent, due to differences in e.g., temperature, circadian
rhythm or diet. However, we expect those different conditions to
impact a different cluster of DNA sites than those sites impacted by
ageing, because they relate to different physiological mechanisms,
and therefore to different genes. While this remains to be tested, we
suggest to not use global methylation levels as an indicator of age in
target species in biomonitoring, but to target specifically those hun-
dreds of sites that are directly related to age differences (as shown
for our study organism in Figure 2a).

Another complication for biomonitoring applications is that in-
dividuals of different ages usually live together in the field resulting
in eDNAm patterns representing a mix of age classes. It will thus be
necessary to evaluate whether age-specific methylation sites exist in
the target species for biomonitoring and subsequently select a set of
sites that in combination contain the full suite of age classes expected
in the field. The patterns in Figure 2a suggest that such age-specific
methylation sites exist. Instead of determining the age of each indi-
vidual, eDNAm pattern of these age-specific sites provides a proxy
for different age classes within a population (within a single species).
This information facilitates the prediction of the development of a
population owing to the strong relationships between population
age and productivity (Hoy et al., 2020; Ohlberger et al., 2022). The
extent to which such unique age-related sites methylation exists in

eDNA, and how the eDNAm pattern is related to age require fur-
ther studies. Next, by using methylation detection methods such
as methylation arrays which enable quantitative assessments of se-
lected methylation sites, quick methylation detection of those age-
related sites from eDNA samples is possible (Khodadadi et al., 2021).
These techniques can be custom designed to detect methylation of
a cluster of target sites, which are suitable for eDNA in which the
target DNA only takes up a very low percentage of the total DNA. In
combination, this might allow for age assessment by eDNAm analy-
sis. Recent studies have found specific cytosines in highly-conserved
stretches of DNA, whose methylation levels change with age across
mammalian species (Consortium et al., 2021) or across odontocetes
(Robeck et al., 2021), which indicates that age assessment based on
DNAm across species should be theoretically possible.

eDNAm analysis might also open up the possibility to investi-
gate population abundances. eDNA concentration has been used
to estimate the abundance or density of a population (Akamatsu
et al., 2020; Carraro et al., 2018; Fukaya et al., 2020). However, the
variation in eDNA release rate (Maruyama et al., 2014) with age can
cause major uncertainty in this assessment. Since eDNAm analysis
can provide an age profile, it will be possible to calculate abundances
more accurately if combined with the knowledge of eDNA release
rate of different age classes. Moreover, if the direct connection be-
tween eDNA methylation and release rate is validated (see above),
eDNAm data may be used to estimate the eDNA release rate with-
out the need for specific knowledge on eDNA release rate of age
classes.

Apart from age, DNAm has been used as a biomarker for disease
(Feng et al., 2019), such as cancer (Koch et al., 2018; Pan et al., 2018;
Zafon et al., 2019) and psychiatric disorders (Liu et al., 2018). The
strong connection between DNAm and health conditions pro-
vides an untapped potential for investigating the health condi-
tions of target species using eDNAm analysis. Additionally, DNAm
is directly related to environmental factors (Law & Holland, 2019;
Mitchell et al., 2016), including but not limited to temperature (Zhou
et al., 2019), high-altitude (Childebayeva et al., 2019), noise and pol-
lution (Ding et al., 2016; Eze et al., 2020; Head, 2014), making it po-
tentially possible to use eDNAm analysis to evaluate environmental
change (once the relationship between these drivers and eDNAm
of the target species has been quantified). Complementary to real-
time functional gene analysis (Mirete et al., 2016) and metatranscrip-
tome analysis using RNA (Hassa et al., 2018; Niu et al., 2017; Sharma
et al., 2019), methylation can help to get insight into the long-term
activity of genes as it provides a blueprint of functional informa-
tion over a longer period due to its slow change and stability (Dor &
Cedar, 2018; Kim & Costello, 2017). In combination, eDNAm analysis
could provide a comprehensive understanding of a population of a
target species.

Our study shows for the first time that eDNA methylation is
different between age classes, which indicates that eDNAm might
have the potential to assess age. This study further shows that the
difference in methylation between eDNA and tDNA is age-specific,
suggesting a connection between eDNA release and methylation.
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Benefiting from the very well-developed methylation detection
techniques that suit multiple demands, eDNA methylation analysis
has the full potential to become a time and labour-saving method
in environmental science. Therefore, we believe age assessment is
probably just the first step of eDNAm analysis application in bio-
monitoring and environmental research.
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