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A B S T R A C T   

DNA preserved in sedimentary materials can be used to study past ecosystem changes, such as species’ coloni
zation and extinction. It is believed that minerals, especially clay minerals, enhance the preservation of DNA. 
However, the role of minerals, as well as organic matter, on DNA sorption in heterogeneous sediments is still not 
clear. In this study, we examined the effect of mineral and organic matter on DNA binding in lake sediments. Bulk 
and size-fractionated sediments (0–4, 4–16, 16–64, and >64 μm), having different mineral and organic 
composition, were used to test DNA sorption; similar experiments were also run after the removal of sedimentary 
organic matter. Additionally, diffuse reflectance infrared spectroscopy (DRIFT) was used to determine the 
chemical changes caused by DNA sorption and subsequently produce a DNA-infrared (IR) fingerprint. Clay 
minerals were the main minerals to sorb DNA in the different samples. Moreover, mica promoted DNA sorption 
in all size fractions, while chlorite promoted DNA sorption in size fractions greater than 16 μm; clay-mineral and 
organo-mineral complexes caused a preference of certain clay minerals over others. Sedimentary organic matter 
affected DNA sorption by covering as well as by amplifying potential DNA binding sites, yet DNA sorption did not 
change significantly. DNA sorption showed IR spectral modifications mainly at ~1640, 1416, and 1231 cm− 1. 
Interestingly, the DNA-IR fingerprint in the heterogeneous sediments was evident by those peaks after spectral 
subtraction. Finally, we proposed a simple model, based on sediment geochemistry, that can be used to deter
mine potential DNA-hotspots in sediments.   

1. Introduction 

Sediments and soils can be seen as natural archives that store in
formation about past ecosystem changes. An important information 
carrier is Deoxyribonucleic acid (DNA). Indeed, DNA can be preserved 
for tens and hundreds of thousands of years once bound to soils and 
sediments (e.g., Giguet-Covex et al., 2014; Kisand et al., 2018; Olajos 
et al., 2018; Slon et al., 2017). However, the amount and quality of DNA 
that can be extracted from different sedimentary materials are highly 
variable. Therefore, understanding the conditions that promote DNA 
sorption and preservation can greatly enhance the utility of this tool to 
reconstruct ecological communities. A key mechanism for DNA preser
vation in sediments is absorption onto minerals in general and clay 
minerals in particular (Levy-Booth et al., 2007; Yu et al., 2013). Thus, 
there is a need to develop a more detailed understanding of the in
teractions between DNA and sediment components (minerals and 

organic matter). In the recent years, the interaction between nucleotides 
or DNA and well-defined homo-ionic clay minerals has been studied as a 
function of pH, ionic strength, pressure, temperature, cation type, cation 
concentration, contact time, nucleotide length, and others (e.g., Cai 
et al., 2006a; Freeman et al., 2020; Levy-Booth et al., 2007; Pedreir
a-Segade et al., 2018; Sheng et al., 2019; Xie et al., 2019; Xue and Feng, 
2018; Yu et al., 2013). Clay minerals are ideal candidates for studying 
DNA-mineral interactions due to their net negative charges and rela
tively high surface areas. Cation bridges between clay mineral surfaces 
and phosphate moieties of DNA (or nucleotides) render DNA strands 
stable against enzymatic degradation (Cai et al., 2006c; Levy-Booth 
et al., 2007), thus partially explaining DNA preservation for extended 
periods. 

The changes caused by DNA binding onto clay minerals (and other 
minerals) have been revealed by several tools, including X-ray diffrac
tion (XRD), X-ray absorption spectroscopy (XAS), atomic force 
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microscopy (AFM), and infrared (IR) spectroscopy, such as Fourier 
transform infrared (Cai et al., 2006c; Freeman et al., 2020; Huang et al., 
2016; Sheng et al., 2019; Xu, 2010). Among these tools, IR spectroscopy 
is reliable, fast, and cost-effective. Although IR spectroscopy was suc
cessfully used to identify chemical changes after DNA sorption onto pure 
clay minerals (e.g., Sheng et al., 2019), these changes are not easily 
detected in heterogeneous materials due to the interference of DNA, 
mineral, and organic infrared bands. 

Sediment coring and sedimentary ancient DNA (sedaDNA) extraction 
have frequently been used in paleo-ecological studies to explore long 
term changes in species diversity (e.g., Boere et al., 2011; Huerlimann 
et al., 2020; Voldstad et al., 2020). Moreover, several studies have re
ported inconsistencies between sedaDNA and macrofossils within the 
same medium (Alsos et al., 2018; Clarke et al., 2019a; Giguet-Covex 
et al., 2019). For example, Pedersen et al. (2013) detected a 
well-represented taxon by macrofossil, but not by sedaDNA. Multiple 
non-exclusive explanations were proposed, such as analytical issues, 
fossilization, extraction methods, and high abundance of some taxa that 
might overwhelm the rarest ones. Other concerns that might affect 
sedaDNA records include DNA transfer processes, place and quantity of 
the produced DNA, polymerase chain reaction (PCR) inhibitors, 
competition between taxa during PCR, preservation/degradation of 
sedaDNA, DNA contamination, and completeness of reference databases 
(e.g., Combs et al., 2015; Deiner et al., 2017; Parducci et al., 2018). 
Additionally, Huerlimann et al. (2020) raised the concern that clay 
minerals and organic matter (OM) tightly bind DNA, leading to the 
failure in detecting some taxa if the DNA extraction methods are not 
optimized for such samples. Therefore, there is a need for a more 
detailed understanding of the interactions between DNA and sedimen
tary components. 

In some studies, sedaDNA abundance was linked to the clayey nature 
of the samples. However, the link was established based on lithos
tratigraphy and grain size (i.e., the fraction smaller than 2 or 4 μm, 
which is the clay fraction), but not on individual clay minerals. Other 
studies found opposite results of DNA preservation with regards to clays 
and OM; indeed, both positive and negative correlations were estab
lished (Alsos et al., 2018; Clarke et al., 2019a; Giguet-Covex et al., 2019; 
Parducci et al., 2019). The negative correlation between clays and DNA 
was case-specific and was attributed to the fact that the clayey materials 
were formed by glaciers and therefore do not hold sedaDNA (Giguet-
Covex et al., 2019). Oppositely, the positive correlation was explained 
by the relatively high surface charges of clay minerals (Levy-Booth et al., 
2007). Moreover, DNA might compete with other organic molecules, i. 
e., OM in general, for mineral binding sites. In lake sediments, however, 
the interactions between DNA and sediment components are expected to 
be complex partially due to organo-mineral and mineral-mineral com
plexes. These notions and others highlight the importance of coupling 
sediment geochemical characteristics to DNA binding and preservation. 
To the best of our knowledge, a direct link between DNA sorption and 
sedimentary components in general and clay minerals in particular has 
not been established. Therefore, the effects of sediment components on 
DNA binding were investigated and the consequent chemical changes 
were identified by IR fingerprints. Finally, a simple model is presented 
for the identification of possible DNA-hotspots in heterogeneous mate
rials (e.g., soils and sediments), which can facilitate the detection of rare 
taxa. 

2. Materials and methods 

2.1. Sedimentary materials 

A sediment core was collected from Hotagen, a lake in west-central 
Sweden, using an 86-mm inner diameter piston corer (Olajos et al., 
2018). A sediment sample was collected every 5 cm along the 2.3-m 
core. Each of the 45 samples was divided into two parts: an intact part 
(named bulk) and a size-fractionated part of particle sizes 0–4, 4–16, 

16–64, and >64 μm; size-fractionation was done according to Stokes’ 
law (Bergaya and Lagaly, 2013). To avoid physical or chemical modi
fications that possibly damage stored DNA (e.g., sedaDNA) and to 
maintain the characteristics of sedimentary particles, the samples were 
not disaggregated. It was therefore assumed that sedimentary 
mineral-mineral and organo-mineral complexes remained mostly intact. 
In another study, the physical, physico-chemical, chemical, organic, and 
mineral properties of the sediments showed distinct features with depth; 
accordingly, a clear distinction was made between two units (Kanbar 
et al., in preparation). The deepest unit (U2: 200–225 cm) marked the 
transition from the Late Pleistocene to the Holocene (10,000–8000 BP), 
as indicated by drastic mineralogical changes. These sediments were 
relatively poor in organic matter (15 ± 9%) and clay minerals (chlorite 
and mica, 34 ± 7%), and rich in quartz and feldspars (56 ± 5%); feld
spars is the sum of albite and K-feldspars. The deepest sediment (225 
cm) was identified as glacial till (named till). The more shallow and 
recent unit (U1: 0–195 cm) only showed minor weathering attributes 
that were noticeable at a chemical level, but not on a mineralogical one 
(8000 BP to present). These sediments were relatively rich in organic 
matter (27 ± 2%) and clay minerals (49 ± 5%). 

2.2. X-ray diffraction 

The crystalline minerals of the bulk and size-fractionated sediments 
were determined by powder X-ray diffraction (XRD) measurements 
using PANalytical X’pert3 powder diffractometer (CuKα radiation 
1.54187 Å). The minerals were identified by the Crystallography Open 
Database (COD) and quantified by the Rietveld refinement method using 
the GUI Profex-BGMN (Doebelin and Kleeberg, 2015; Post and Bish, 
1989). The fundamental parameters approach (FPA) was set to match 
the instrument’s settings (e.g., divergence slits, soller slits, and optical 
elements in the beam path) for accurate peak shape modeling. The 
experimental diffractograms were fitted to the mineral phases detected 
in the sediments. The quality of the fit was assessed by goodness-of-fit 
(GoF) and chi-squared values (χ2). It should be noted that only the 
crystalline minerals are reported in this study; amorphous phases, al
lophanes, and poorly crystalline minerals were not taken into 
consideration. 

2.3. Grain size distribution 

The grain size distribution (GSD) of non-freeze-dried bulk samples 
was determined by laser diffraction (Partica LA-950V2 Laser Scattering 
Particle Size Distribution Analyzer from Horiba). The samples were 
agitated in a sample bath with distilled water and grain size measure
ments were done before and after 1-min sonication. Sonication is ex
pected to break sedimentary aggregates (e.g., mineral-mineral and 
organo-mineral complexes). The volumetric percentages were used to 
calculate the percentiles D16, D50, and D90 (in μm). 

2.4. DNA sorption onto sediments 

Low molecular weight salmon sperm DNA was purchased from 
Sigma Aldrich (CAS 100403-24-5). DNA sorption experiments were 
carried out on bulk and size-fractionated sediments (named Sed). DNA 
sorption experiments were also done on the same sediments after OM 
removal (named Sedinorg) by sodium hypochlorite (e.g., Anderson, 1961; 
Mikutta et al., 2005); detailed information about OM removal by NaOCl 
is included elsewhere (Margenot et al. (2019) and Appendix A1). Briefly, 
8 mg of sediments (Sed and Sedinorg) were mixed in 2 ml solutions 
containing 200 μg/ml DNA, 10 mM Tris base buffer (trisaminomethane), 
and 25 mM CaCl2 for 2 h; detailed information is included in Appendix 
A2. The remaining DNA concentrations were used to calculate the sor
bed DNA amounts; dissolved DNA was quantified by a UV–Vis spectro
photometer based on the absorbance at 260 nm (Lambda 750 
UV/Vis/NIR spectrometer by PerkinElmer). The DNA contents sorbed 
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onto Sed and Sedinorg are named DNAs and DNAs-inorg, respectively. DNA 
sorption experiments were run as triplicates (named -DNA). Addition
ally, control treatments, named -Ctr, were run along with the samples; 
the controls included sediments with Tris and CaCl2 solutions, but not 
DNA. After the DNA sorption experiment, the -DNA and -Ctr treated 
sediments were freeze-dried before infrared analyses. The experimental 
conditions are based on similar DNA sorption experiments (e.g., Cai 
et al., 2006b; Pedreira-Segade et al., 2018). It should be noted that the 
sorbed DNA contents reported here depend on the experimental condi
tions; therefore, they do not reflect sedaDNA contents. The objective of 
the sorption experiment is to find a link between DNA sorption and 
sedimentary components (minerals and organic matter) and conse
quently to locate preferential DNA sorption sites in lake sediments (i.e., 
DNA-hotspot). 

2.5. Diffuse reflectance infrared fourier transform 

Diffuse reflectance infrared Fourier transform spectra (DRIFT; IFS 
66v/s by Bruker) were collected for the initial (-initial), control (-Ctr), 
and DNA treated samples (-DNA). The dried samples were homogenized 
with KBr. For each sample, 128 spectra were recorded under vacuum 
(<7 mbar) in the 5200 and 400 cm− 1 range with 4 cm− 1 spectral reso
lution. The raw DRIFT spectra were treated using the open-source MCR- 
ALS GUI provided by the Vibration Spectroscopy Core Facility at Umeå 
University (www.umu.se/en/research/infrastructure/visp/downloads/ 
). This script was designed for biological material, however, it can 
identify, characterize, and categorize chemical composition (Felten 
et al., 2019, 2015), thus making the script applicable to the initial, -Ctr, 
and -DNA treated Sed and Sedinorg samples. The organic matter contents 
reported hereafter are based on organic IR signatures (e.g., Rosén et al., 
2010; Vogel et al., 2008). The DNA-IR fingerprint of the sorbed DNA 
onto the sediments was determined by subtracting the Sed-Ctr from 
Sed-DNA IR spectra after spectral normalization (detailed information is 
included in Appendix A3). The DNA-IR fingerprint was then compared 
to that of the salmon sperm DNA that was treated with 25 mM CaCl2 and 
10 mM Tris. 

3. Results 

3.1. DNA sorption onto bulk sediments 

DNA sorption (DNAs) onto the bulk U1 samples ranged between 15 
and 19 μg/mg (Fig. 1a). The DNAs values were relatively lower in the U2 

sediments, especially in the till (same as 225 cm, ~2 μg/mg). Quartz and 
feldspars (albite + K-feldspars) were the predominant minerals of the till 
(68%), clay minerals (Σclays: chlorite + mica) represented a small 
fraction (18%), and OM was very low (~0.27%) (Fig. 1b). Quartz and 
feldspars have significantly lower surface areas and surface charges 
compared to clay minerals (e.g., Yu et al., 2013 and references therein), 
which explain relatively low DNAs in the till and other U2 sediments. 
Oppositely, the higher clay mineral and OM contents in the upper U2 
sediments and all U1 sediments explain relatively higher DNAs. The role 
of minerals and OM on DNA sorption is highlighted by considerable 
differences in DNAs between U1 and U2 sediments. The DNAs of the 
205-, 210-, 215-, and 225-cm sediments were 17 ± 5%, 25 ± 4%, 35 ±
4%, and 86 ± 1% lower than the average DNAs in the U1 sediments. In 
sediments and soils having pH greater than 5 (case of the initial Hotagen 
sediments), cation-bridge formation is expected to be the predominant 
mechanism for DNA binding. The cation bridge is formed between the 
phosphate moieties of DNA and the negatively charged oxide surfaces of 
minerals and OM (Levy-Booth et al., 2007; Sheng et al., 2019). However, 
OM (e.g., humic substances) also bind onto mineral oxide surfaces. 
Therefore, competition between OM and DNA might reduce DNA 
sorption onto minerals. The 1- and 165-cm sediments showed slightly 
higher DNAs than the other U1 sediments. This might be caused by 
higher clay mineral and OM contents in the 1-cm sediment. As for the 
165-cm sediment, it showed bigger aggregates than the other samples, 
as indicated by a relatively higher difference in percentiles before and 
after sonication (Fig. 1c). This difference points to possible DNA binding 
sites that can become exposed upon disaggregation. Accordingly, 
aggregate type (organo-mineral and mineral-mineral complexes) and 
sediment size are expected to play a role in DNA binding. So, even with 
similar sediment mineralogy, different DNAs might result based on 
aggregate characteristics and available DNA binding sites. This was 
more obvious in OM-rich samples since OM acts as a cementing factor in 
organo-mineral complexes. The role of OM in aggregate size was seen by 
the relatively higher difference in percentiles after sonication in the 
OM-rich samples of U1 (Fig. 1c). 

3.2. Sedimentary organic matter plays a role in DNA sorption but not in 
terms of quantity 

The DNAs and DNAs-inorg showed similar trends as a function of 
depth, mainly noticeable in the U1–U2 transition (Fig. 1a). Interestingly, 
unlike DNAs, the DNAs-inorg of the 165-cm sediment was similar to the 
surrounding sediments. On the one hand, OM that is bound to minerals 

Fig. 1. Variation of a) DNAs (DNA sorption onto sediments) and DNAs-inorg (DNA sorption onto Sedinorg, i.e., sediments without organic matter), b) organic matter 
(OM) and minerals (Σclays and Σquartz and feldspars), and c) percentiles (D16, D50, and D90) of bulk sediments as a function of depth. The symbols of DNAs and DNAs- 

inorg represent average values (n = 3). 
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(mainly clay minerals) occupies possible DNA binding sites, thus 
reducing the DNA binding capacity (Cai et al., 2006b; Crecchio et al., 
2005). On the other hand, surface charges of OM might increase DNA 
binding capacity (Pietramellara et al., 2009; Xue and Feng, 2018). The 
mineralogy, organic composition, and aggregates dictate which of these 
two processes predominates in lake sediments. 

In the Hotagen sediments, DNAs-inorg showed to be lower, equal, or 
higher than DNAs, depending on sediment composition (i.e., sediment 
depth and size fraction). The first case applied to the 1-75-cm sediments 
which contained comparable amounts of clay minerals and OM 
throughout most U1 sediments (Fig. 1a and b). Furthermore, after OM 
removal, which caused the disaggregation of organo-mineral complexes, 
more mineral surfaces were exposed. These surfaces had less significant 
DNA sorption than those offered by OM, indicating that OM promoted 
DNA binding in these sediments. In most sediments below 75 cm, OM 
removal did not affect DNAs, indicating that the two processes 
mentioned above (mineral surface exposure and OM removal) had 
neutralizing effects on DNA sorption. Moreover, the similarity in DNAs 
and DNAs-inorg in the U2 sediments is further linked to the significantly 
low OM contents and consequently insignificant organo-mineral com
plexes (Fig. 1b and c). The third case (DNAs-inorg > DNAs) was only and 
slightly seen in the 215-cm sediment (more examples are given in the 
next section). Although the difference might be insignificant, higher 
DNAs-inorg could come from the disaggregation of organo-mineral com
plexes; the newly exposed DNA binding sites of the minerals over- 
compensated those of OM or organo-mineral complexes. Additionally, 
the deepest U2 sediment contained insignificant amounts of OM, making 
clay minerals the main aggregating factor. Therefore, higher DNAs-inorg 
might be linked to the disaggregation of mineral-mineral complexes, 

consequently leading to more DNA binding sites. Finally, the role of OM 
in DNA sorption was sample-specific in the Hotagen sediments, yet the 
change in DNA sorption quantity might be insignificant. 

3.3. Role of sediment geochemistry on DNA sorption 

The 0-4-μm size fractions had the highest DNAs, followed by 4–16, 
16–64, and >64 μm (Fig. 2). The same applied to the clay mineral 
contents (Σclays), suggesting the role of clays in increasing DNAs due to 
their high surface areas (Levy-Booth et al., 2007; Yu et al., 2013). A more 
direct comparison of DNAs, DNAs-inorg, and minerals in the different size 
fractions is presented in Fig. A1 (Appendix). Moreover, the general trend 
of DNAs in the sediment depths, i.e., higher values in U1 in comparison 
to U2, was seen for all the size fractions. Interestingly, the three fractions 
(4–16, 16–64, and >64 μm) of the 1-, 135-, and 165-cm sediments 
showed similar DNAs (16.6 ± 1.2, 17.6 ± 0.7, and 18.6 ± 0.3 μg/mg, 
respectively), while DNAs of the 0-4-μm fractions were higher (22.8, 
21.3, and 21.9 μg/mg, respectively). The geochemical distinction be
tween the 0–4 μm and the coarser fractions was established by multi
variate curve resolution alternating least square – MCR-ALS (Kanbar 
et al., in preparation). In all cases, DNAs was linked to the sum of clay 
minerals in general for all size fractions (Fig. 2a–d); yet, it was most 
obvious in the 0-4-μm size fraction (Fig. 2a). In addition to clay minerals, 
DNAs can also be indirectly linked to quartz and feldspars. This was seen 
by the opposite trends between quartz and feldspars on the one hand and 
DNAs on the other (e.g., the 4-16-, 16-64-, and >64-μm size fractions, 
Fig. 2b–d). 

The main variation between DNAs and DNAs-inorg occurred in the U1 
sediments, while it was quasi-absent or significantly reduced in U2 

Fig. 2. Variation of DNAs (DNA sorption onto sediments), DNAs-inorg (DNA sorption onto Sedinorg, i.e., sediments without organic matter), organic matter (OM), and 
minerals (Σclays and Σquartz and feldspars) for a) 0-4-μm, b) 4-16-μm, c) 16-64-μm, and d) > 64-μm size fractions as a function of sediment depth. The symbols of 
DNAs and DNAs-inorg represent average values (n = 3). 
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(Fig. 2). The DNAs-inorg of some U2 sediments, e.g., the 0-4-μm fractions 
of 205 and 215 cm, were higher than DNAs. In these relatively OM-poor 
sediments, the mineral surfaces that protruded after disaggregation 
could compensate the OM surfaces (as discussed in Section 3.2). In this 
case, OM had a less significant role in DNA sorption than the aggregates. 
However, the DNAs-inorg in almost all size fractions of the U1 sediments 
were lower than DNAs, indicating the role of OM in promoting DNA 
sorption. 

3.4. Changes in sediment IR characteristics after DNA sorption 

The geochemical characteristics of the sediments showed major 
differences in the IR spectra between sediment sizes lower and greater 
than 4 μm (Kanbar et al., in preparation). The IR modifications caused by 
DNA binding onto bulk sediments were based on 2 steps. The first step 
indicated Ca binding onto mineral or organic surfaces (case of the 
control samples, -Ctr). The second step indicated the sorption of DNA 

most probably by cation-bridge formation between surface-bound Ca 
and DNA (case of DNA-treated samples; -DNA). Therefore, the IR spectra 
are compared between initial, -Ctr, and -DNA samples. The main IR al
terations occurred in the 1750-1300 cm− 1 and 3700-2800 cm− 1 regions, 
while apparently insignificant changes occurred in the 1300-900 cm− 1 

region (Fig. 3a and b). Organic matter, including DNA, and cations form 
stable complexes via O-containing functional groups, such as –COOH 
(~1600 cm− 1) and –OH (~3400 cm− 1) (Drever and Vance, 1994; 
Franchi et al., 1999; Huang et al., 2016). The major IR characteristics of 
the salmon sperm DNA, as identified in this study, and according to 
Huang et al. (2016) and Han et al. (2018), were the phosphate backbone 
of DNA (P=O stretching and O–P–O bending at 1055 and 1231 cm− 1, 
respectively), C=C and C=O stretching of the amine bases at 1600-1400 
cm− 1 and 1690-1660 cm− 1, respectively, CH2 stretching at 2890 and 
2940 cm− 1, and the OH and NH stretching vibrations in the 3400-3000 
cm− 1 region (Fig. 3c). 

The phosphate backbone IR peaks of the salmon sperm DNA (1055 

Fig. 3. DRIFT spectra of the initial (black), control (blue), and DNA (red) treated bulk samples (Sed and Sedinorg) for a) U1, b) U2, and d) the till. c) The DRIFT 
spectrum of the salmon sperm DNA. Regions of interests (in a and b) are highlighted in grey color. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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and 1231 cm− 1) coincide with the Si–O stretching bands of quartz, 
feldspars, and clay minerals in the 1250-950 cm− 1 region (Fig. 3a–c). 
Therefore, these main DNA-IR signatures could hardly be detected in the 
Hotagen sediments. This would be the case of clay-, quartz-, and 
feldspar-rich media, i.e., most soils and sediments. However, there was a 
slight protrusion of a shoulder at 1300-1150 cm− 1 for DNA treated 
samples. The amine characteristic bands of DNA (in the 1690 and 1470- 
1400 cm− 1 regions) overlap with organic matter bands (–C-O stretching 
vibration of carboxyl groups of humic substances) and water bending 
bands (Rosén et al., 2010). Nonetheless, these peaks, roughly centered at 
1620, 1470, and 1416 cm− 1, increased in the control samples due to the 
–OH and amine bands of Tris (Fig. A2, Appendix), and further increased 

after DNA sorption due to nucleobase bands (Banyay et al., 2003). 
However, there was no link between peak intensity or area and the 
amount of DNA sorbed. 

In addition to the vertical shifts, a more notable horizontal shift of 
the water bending peak occurred from ~1640 to 1615 cm− 1 upon sur
face Ca binding (-Ctr); this peak then shifted to 1640 cm− 1 after DNA 
sorption (Fig. 3a and b). This change indicates the sorption of surface Ca 
followed by cation-bridge formation (DNA binding). These horizontal 
displacements occurred in Sed and Sedinorg, yet they were more 
noticeable in Sedinorg due to narrower 1630 cm− 1 bands (Fig. 3a and b). 
As for the till, the IR spectra (bulk and fractions) were unique due to 
quartz and feldspar abundance and clay mineral and organic matter 

Fig. 4. a-b) Compiled DRIFT spectra showing the change in the ~1600 cm− 1 region of the initial (black), control (blue), and DNA (red) treated sediments. The 
change is shown for a) Sed and b) Sedinorg samples and for bulk, 0-4-μm, and >64-μm size fractions. c) The component spectra produced by the multivariate statistical 
analysis (MCR-ALS) of the initial, Ctr, and DNA treated samples for Sed and Sedinorg. Salmon sperm DNA spectra are included for comparison. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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scarcity. As a result, the DNA-IR characteristic bands at 1690 and 1660 
cm− 1 were obvious for all fractions, especially for the 0-4-μm size 
fraction (Fig. 3d). Finally, the 2926 and 2852 cm− 1 peaks (C–H 
stretching of OM) increased in -Ctr and -DNA samples. The same applied 
for the 3600-3000 cm− 1 band (Fig. 3a and b). These variations cannot be 
linked to DNA sorption as the change in the peak intensities was not 
consistent between the initial, -Ctr, and -DNA samples. 

The IR spectra of the initial, -Ctr, and -DNA treated sediment frac
tions showed a change in the 1690-1600 cm− 1 region (Fig. 4a and b). 
Even though the 0-4-μm fractions had higher DNAs than the coarser 
fractions (especially >64-μm fractions), the DNA-induced IR change was 
similar for the different size fractions (Fig. 4a). The DNA-induced IR 
change was clearer in Sedinorg due to the absence of overlapping OM-IR 
peaks (Fig. 4b). Furthermore, multivariate statistical analysis (MCR- 
ALS) produced three resolved component spectra that represent the 
initial, -Ctr, and -DNA treated samples (Fig. 4c). The DNA component 
spectra showed some characteristics of the salmon sperm DNA used in 
this study, as indicated by peaks or shoulders in the 1690-1595 cm− 1 

region (Fig. 4c). 

4. Discussion 

4.1. The significance of clay minerals on DNA sorption in lake sediments 

The significance of pure and homo-ionic clay minerals on DNA 
sorption has been presented in the literature (e.g., Benetoli et al., 2008; 
Franchi et al., 1999; Pedreira-Segade et al., 2018). However, this sig
nificance is expected to be different in real lake sediments due to the 
presence of clay-mineral and organo-mineral complexes. In sediments 
and soils, clay minerals are not limited to clay fractions (i.e., the fraction 
<2 or 4 μm) since they are parts of bigger aggregates (clay-mineral and 
organo-clay); this was the case of the Hotagen sediments (Fig. A1, Ap
pendix). However, the correlation between DNA sorption (DNAs and 
DNAs-inorg) and the sum of clay minerals (Σclays) was not dependent on 
particle size, rather it was significant regardless of size (Fig. 5a, P values 
and correlation coefficients are included in Appendix A4); clay minerals 
showed a higher correlation with DNAs-inorg in comparison to DNAs. This 
higher correlation is due to the disaggregation of organo-mineral com
plexes, thus creating more available clay mineral surfaces. Moreover, 
the correlation was further distinct for individual clay minerals, i.e., for 
each of chlorite and mica; chlorite was only significantly correlated to 
DNAs in size fractions greater than 16 μm (Fig. 5b, correlation co
efficients and P values are included in Appendix A5). Even more, the 

correlation between chlorite and DNAs was negative for the 0-4- and 
4-16-μm size fractions. This neither indicates that chlorite reduced DNA 
sorption nor that DNA was not sorbed onto chlorite minerals (as indi
cated by insignificant correlations, Appendix A5). Rather, the negative 
correlation might arise from unavailable DNA binding sites caused by 
organo-mineral or mineral-mineral complexes. Mica, on the other hand, 
showed to be strongly correlated to DNAs in all size fractions (Fig. 5b and 
A5). This shows that mica, which had relatively higher contents in the 
Hotagen sediments and higher surface charge than chlorite, had the 
most significant DNA binding sites. Among the discussed minerals in this 
study, mica minerals generally have the highest surface area, followed 
by chlorite minerals, feldspar minerals, and finally quartz (Pansu and 
Gautheyrou, 2006). Quartz and feldspars were negatively correlated to 
DNAs (Fig. 5b and A5). Yet, they were indirectly linked to DNAs by 
diluting clay minerals in the sediments, consequently reducing DNAs. 
This highlights the role of minerals in general, and clay minerals in 
particular, on DNA sorption. Regardless of the individual clay mineral, it 
is safe to say that DNA is preferentially stored in clay mineral-rich fine 
fractions of sediments, as shown by significant correlations between the 
sum of clay minerals and DNAs (Fig. 5b and A5); the same applies to OM. 

4.2. A simple and inexpensive method to determine DNA-hotspots using 
sediment geochemistry 

The theoretical DNAs was estimated by multiple linear regression 
based on only clay minerals (chlorite and mica), all minerals (clay 
minerals, quartz, and feldspars), clay minerals and organic matter, and 
all minerals and organic matter as explanatory variables (Fig. 6). The 
regression statistics, including coefficients and F significance, are 
included in Appendix A6. The theoretical DNAs showed a strong corre
lation to the experimental DNAs even when only the clay minerals were 
used as explanatory variables (R2 = 0.66, Fig. 6a). Indeed, clay minerals 
are the preferential DNA sorbing minerals (Levy-Booth et al., 2007; Yu 
et al., 2013). The regression slightly increased when quartz and feld
spars were added as explanatory variables (R2 = 0.69, Fig. 6b). Inter
estingly, when OM and the clay minerals were taken as explanatory 
variables in the multiple regression analysis, the correlation became 
higher (R2 = 0.91, Fig. 6c). However, the best fit resulted when all 
minerals, regardless of their direct link to DNA sorption, and OM were 
included in the multiple regression analysis (R2 = 0.92, Fig. 6d). This fit 
between the experimental and theoretical DNAs highlights the role of 
sediment geochemistry on DNA sorption. The significance of clay min
erals on DNA sorption is not straightforward, partially due to the 

Fig. 5. a) The sorption of DNA onto Sed (DNAs) and Sedinorg (DNAs-inorg), in μg/mg, according to the sum of clay minerals (ΣClays: chlorite + mica); n = 60 for each 
of DNAs and DNAs-inorg. b) The principal component analysis (PCA) correlation matrix showing the link between individual minerals (quartz, albite, K-feldspars, 
chlorite, and mica), ΣClays, OM, and DNAs based on sediment size. Each color represents a variable (mineral, OM, or DNAs) and each shape represents a size fraction. 
For better visualization of the variation, the four PCA plots (one plot for each size fraction) are merged. The statistical data are found in Appendix A5. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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presence of clay-mineral and clay-OM aggregates. Therefore, although 
not directly linked, OM and minerals, such as quartz and feldspars in this 
case, have a considerable role in determining sedaDNA-hotspots. Even 
though the correlations presented here are significant (Appendix A6), 
they are solely based on the crystalline minerals and organic matter. 
Poorly crystalline and amorphous minerals (e.g., ferrihydrite and allo
phanes) also bind DNA (e.g., Huang et al., 2016; Saeki et al., 2011, 2010; 
Schmidt and Martínez, 2017). The importance of such information when 
identifying potential sedaDNA-hotspots is yet to be explored. Addi
tionally, it must be noted that the multiple regression model is based on 
internal validations; external validation is needed to evaluate the gen
erality of the model. The purpose of the correlations or the model is not 
to estimate DNAs in sediments; the DNAs and theoretical DNAs indicated 
in this study depend on the nature of DNA, experimental conditions, and 
physico-chemical parameters (e.g., pH and ionic strength), which are 
expected to differ from in-situ conditions. Rather, the aim is to show the 
importance of sediment geochemistry when addressing sedaDNA. 
Indeed, similar approaches can be applied to geochemically heteroge
neous sediments and soils to identify possible DNA-hotspots. Therefore, 
geochemical identification of matrices (soils or sediments) is a fast, 
cost-effective, and fruitful tool to identify potential DNA-hotspots. 
Focusing sampling and analysis on such hotspots will provide consid
erably increased detection probability for rare taxa. However, the lim
itations and biases resulting from using DNA-hotspots, i.e., clay fractions 
or clay mineral-rich fractions, in metabarcoding (e.g., 
over-representation of the rare taxa) must be well identified and over
come before implementing such strategies (e.g., Giguet-Covex et al., 
2019). 

4.3. Are we looking at the right place for comprehensive DNA detection? 

Recent studies have debated how well sedaDNA abundances repre
sent the occurrence of species (e.g., Alsos et al., 2018; Clarke et al., 
2019a; Giguet-Covex et al., 2019; Parducci et al., 2017). For example, 
taxa growing merely a few meters from the sampling sites could not be 
identified even by metagenomic shotgun sequencing (Parducci et al., 
2019). However, in those studies, the abundance of sedaDNA was linked 
to clay fractions (i.e., the particle sizes below 2 or 4 μm, but not clay 
minerals). The role of clay fractions and OM in affecting sedaDNA 
sorption has been reported (Clarke et al., 2019b; Parducci et al., 2019, 
2017; Torti et al., 2015). In this study, the importance of sediment 
geochemistry in general, and clay minerals in particular, on DNA sorp
tion was seen by significant DNAs variation between U1 and U2 sedi
ments (Figs. 1 and 2). This significant mineral variation, i.e., clay 
minerals, quartz, and feldspars, must be taken into consideration when 
comparing taxa abundance or concentrations (e.g., via number of reads 
or positive PCR replicates in metabarcoding). Consequently, and ac
cording to the current knowledge about preferential DNA sorption onto 
clay minerals, the conventional ways of DNA extraction from bulk 

samples need to be revisited. More attention should be paid to selective 
DNA extraction mainly based on mineralogy. Indeed, new or updated 
sampling designs have been suggested mainly due to the tight binding of 
DNA onto clay minerals (Huerlimann et al., 2020). The effect of minerals 
on DNA binding is most critical in studies where the target taxa are 
represented by low sedaDNA abundance. Likewise, the mineralogy may 
be of less concern for taxa with high sedaDNA abundance. The concern 
of over and under-representation of taxa in one matrix might not be 
critical, however, it is critical when taxa between different 
macro-environments are compared, e.g., different layers of lake sedi
ments having mineral variations (e.g., Giguet-Covex et al., 2019). It 
should be noted that the correlation between sedaDNA and clay min
erals is valid when clay minerals originate from lands or soils where 
DNA is expected to sorb. On the other hand, if clay minerals originate 
from other sources, e.g., glacier flours (Giguet-Covex et al., 2019), then 
sedaDNA is not expected to be present, which makes the model pre
sented here inapplicable. 

4.4. Unveiling the DNA-infrared fingerprint in sediments 

Clay minerals and DNA have IR bands in common regions, such as 
the 1100-950 cm− 1 region that includes the phosphate moiety of DNA 
and the Si–O stretching of clay and silicate minerals and the 1690-1614 
cm− 1 region that includes the DNA amine bases (C=C and C=O) and the 
water bending band in clay minerals. The DNA-IR bands in pure clay 
mineral-DNA systems can generally be seen without significant IR 
treatment (e.g., Benetoli et al., 2008; Cai et al., 2006c; Franchi et al., 
1999; Huang et al., 2016; Sheng et al., 2019). In lake sediments, as well 
as in soils, the detection of DNA related IR peaks is more challenging due 
to the presence of a combination of interfering mineral and organic 
matter IR bands, especially in the 530, 1490, 1690, 2900, and 3330 
cm− 1 regions. These challenges were greatly overcome in the Hotagen 
sediments by IR spectral subtraction. Interestingly, the DNA-infrared 
fingerprint produced from the heterogeneous sediments resembled the 
salmon sperm DNA spectrum (Fig. 7). The most distinct DNA-IR 
fingerprint was detected by the amine base peaks at 1690, 1660, and 
1595 cm− 1. The 1690 cm− 1 peak was more centered (narrow) in Sedinorg 
due to the absence of overlapping OM IR peaks and for the 0-4-μm size 
fractions due to low OM contents (Fig. 7b). Another distinct feature of 
the DNA-IR fingerprint was the phosphate band at 1231 cm− 1. As 
mentioned earlier, the 1231 cm− 1 peak interferes with the Si–O 
stretching bands of clay minerals (1095 cm− 1) and quartz or feldspars 
(1020 cm− 1). The 1231 cm− 1 peak was more noticeable in the quartz- 
and feldspar-rich >64-μm size fractions since Si–O interferences of these 
minerals were less intrusive than those of clays. Similarly, the DNA-IR 
shoulder at 1120 cm− 1 was mainly detected in the DNA-IR fingerprint 
spectra of the 0-4-μm size fractions. Even though overlapping with the 
Si–O stretching band, the DNA-IR peak at 1055 cm− 1 was occasionally 
detected in the DNA-IR fingerprint spectra. The DNA-IR fingerprint 

Fig. 6. Multiple linear regression showing the correlation between the theoretical and experimental DNAs by taking into consideration a) only the clay minerals (i.e., 
chlorite and mica), b) all minerals (the clay minerals, quartz, and feldspars), c) the clay minerals and organic matter, and d) all the minerals and organic matter as 
explanatory variables. n = 60 for each plot. The regression statistics are included in Appendix A6. 
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spectra also evidenced the C=C amine stretching peaks of the salmon 
sperm DNA between 1490 and 1410 cm− 1. These peaks could not be 
evidenced before IR spectral subtraction (Fig. 3). Less significant 
DNA-IR fingerprints were detected at 2940 cm− 1 (CH2 stretching of 
nucleotides) and 2890 cm− 1. These fingerprints were not dependent on 
DNA sorption, making them impractical for deducing the DNA-IR 
fingerprint. Finally, a DNA-IR fingerprint can be produced even from 
heterogeneous sedimentary materials. This can be used to monitor DNA 
on heterogeneous sorbents (minerals or organics) and detect DNA 
conformational changes, leaching potential, degradation, and protection 
against DNases (Schmidt and Martínez, 2017; Ye et al., 2011). Using this 
DNA-IR fingerprint, in combination with a real-time reaction vessel set 
up (e.g., Gillgren and Gorzsás, 2016), makes live monitoring of DNA 
sorption/desorption possible. 

5. Recommendations 

Based on the influence of minerals and organic contents on DNA 
sorption in lake sediments, the following is recommended before taxa 
identification. 

1. Extract a potential clay mineral-rich subsample from the bulk sam
ple. This is done by collecting fine particles (clay fraction), for 

example, based on Stokes’ law (detailed steps are included in Ap
pendix A7).  

2. Verify that the collected subsample is indeed rich in clay minerals (e. 
g., by XRD). The clay mineral-rich fraction might be present in 
relatively coarse particles due to clay-mineral or organo-clay 
complexes.  

3. Although not addressed here, optimize DNA extraction protocols for 
clay mineral-rich samples. 

6. Conclusion 

The role of sediment geochemistry on DNA sorption was analyzed for 
bulk and size-fractionated samples. The sediments contained variable 
amounts of minerals and organic matter. In general, clay minerals were 
the preferential sedimentary components to bind DNA. Even more, DNA 
sorption onto the various size fractions was shown to be clay mineral- 
specific. In the Hotagen sediments, mica was the main DNA sorbent, 
regardless of size fraction, while chlorite had prominent DNA binding 
roles in size fractions greater than 16 μm. This is possibly due to the 
heterogeneity of lake sediments and the presence of clay-mineral and 
organo-clay mineral complexes. Furthermore, these complexes might 
affect the role of sedimentary OM in either increasing DNA sorption by 
expanding the surface area or in decreasing DNA sorption by covering 

Fig. 7. DNA-IR fingerprint (DRIFT) spectra for a) Sed and b) Sedinorg samples obtained after spectral subtraction (difference between -DNA and -ctr spectra). The IR 
fingerprint spectra for U1 and U2 samples and for bulk, 0-4-μm, and >64-μm size fractions are included. Regions of interest are highlighted in grey color. Salmon 
sperm DNA spectra are included for comparison. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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mineral surfaces. Additionally, IR peaks of the DNA amine bands in the 
1640 and 1416 cm− 1 regions evidenced DNA sorption. Significant shifts 
of these peaks were seen between the initial, control, and DNA treated 
samples by multivariate statistical analysis using MCR-ALS. The main 
DNA-IR peaks (1055 and 1231 cm− 1) were detected only after spectral 
subtraction. Indeed, the resulting DNA-IR fingerprint spectra were 
comparable to the salmon sperm DNA used in the sorption experiment. 
This distinct DNA-IR fingerprint can be produced even in heterogeneous 
sediments where the DNA-IR peaks overlap with mineral- and OM-IR 
peaks. Consequently, this fingerprint can be used to monitor DNA on 
sorbent surfaces. Additionally, a potential DNA-hotspot can be obtained 
in sedimentary materials based on mineral and organic contents. Using 
such hotspots for focusing sampling will increase the detection proba
bility and precision, especially for rare taxa. Therefore, it is crucial to 
couple DNA findings in paleo-ecology studies (e.g., sedaDNA) to 
geochemical properties of sediments, mainly mineralogy. 
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1 

A1: Sedimentary organic matter removal by sodium hypochlorite (NaOCl) 

Sedimentary organic matter was removed from the bulk and size-fractionated sediments. 

The initial sediments are named Sed and the ones after organic matter (OM) removal are named 

Sedinorg. Several methods are found in the literature to remove OM from soils and sediments 

(e.g.,(Mikutta et al., 2005). In our case, we are aiming for a method that will result in minimal 

mineral alteration. Therefore, we used a relatively gentle method, which is NaOCl treatment. 

Even though chemical treatment by NaOCl does not remove all the organic matter, it does not 

cause a change in the mineral structure of the matrix, like ashing (thermal combustion) or H2O2 

treatment would do (Margenot et al., 2015; Mikutta et al., 2005). The steps for OM removal 

via NaOCl is included in Margenot et al. (2019). 

  



2 

A2: Salmon sperm DNA sorption onto sediments 

The low molecular weight salmon sperm DNA solution (200 µg/ml, ~2000 base pair; 

CAS 100403-24-5; Sigma Aldrich) was prepared in 10 mM Tris base buffer 

(trisaminomethane) and 25 mM CaCl2. The pH was adjusted to 8 by 1 M HCl. In 2 ml 

Eppendorf tubes, 2 ml of the solution was added to 8 mg of sediments (for i. initial sediments 

named Sed and for ii. sediments after organic matter removal named Sedinorg) and mixed in an 

end-over-end shaker for 2 hours (under dark conditions, 25ºC). The Eppendorf tubes were then 

centrifuged at 20,000 g for 25 minutes. The supernatants were used to determine the remaining 

DNA concentrations. The final DNA concentrations (DNAf) were quantified by absorbance at 

260 nm (A260) using a UV spectrophotometer (Lambda 750 UV/Vis/NIR spectrometer by 

Perkin Elmer); standards of known DNA concentrations were prepared from the stock solution. 

The turbidity (at A320) was subtracted from A260 before calculating the DNA concentration. 

The experimental conditions are based on other studies (Cai et al., 2006; Pedreira-Segade et 

al., 2018); the same references also include information on the quantification of DNA in 

solution. The purity of DNA in the solutions was verified by A260/A280 ratios higher than 1.8. 

The sorbed DNA contents on Sed and Sedinorg were calculated per dry sediment mass using the 

following equation 

DNAs = (𝐷𝑁𝐴𝑖  – 𝐷𝑁𝐴𝑓)𝑥 
𝑉

𝑚
 

Where DNAs is the sorbed DNA content (µg/mg), DNAi and DNAf are the initial and final 

concentrations of DNA (µg/ml), respectively, V is the volume of the solution used in the 

sorption experiment (ml), and m is the mass of the sediment used (mg). The sorbed DNA 

contents onto Sed and Sedinorg are named DNAs and DNAs-inorg, respectively. 
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A3: Infrared spectral subtraction to determine the DNA-IR fingerprint 

The DNA infrared (IR) fingerprints of the sediments were produced by spectral 

subtraction of the control samples (-Ctr) from the DNA treated samples (-DNA). Here, we 

highlight the importance of control treatment; the control treatment included sediments mixed 

with solutions containing 10 mM Tris and 25 mM CaCl2, but did not contain any DNA. The 

experimental conditions, i.e., shaking time, centrifugation, and freeze-drying, were similar to 

the DNA treated samples. That way, the obtained DNA-IR fingerprint solely belongs to the IR 

change caused by DNA sorption and is not influenced by Tris nor by CaCl2. Spectral 

subtraction was done on Opus 7.0 after normalization using the MCR-ALS GUI provided by 

the Vibration Spectroscopy Core Facility at Umeå University 

(www.umu.se/en/research/infrastructure/visp/downloads/). The spectra were normalized 

according to the regional maximum represented by the Si-O stretching peak at the 1150-

950 cm-1 region. Although several researchers discuss modifying the subtraction factor (SF) to 

zero-out, cancel, or reduce mineral peak interferences (e.g.,(Margenot et al., 2019, 2016; 

Padilla et al., 2014; Smith, 1998), this was not necessary in our case because normalization was 

done using the MCR-ALS GUI. Therefore, SF was = 1 in all cases. Indeed, the mineral 

interference of quartz (2000-1780 cm-1 and 800 cm-1) was zeroed-out in the subtracted spectra, 

as suggested, for example, by Margenot et al. (2016) and Nguyen et al. (1991). Another note 

is that each subtracted spectrum was produced from the same sample (i.e., same depth and 

same size-fraction), thus, there was no change in mineral or organic composition. Therefore, 

the product spectra represent the change solely caused by DNA sorption. 

http://www.umu.se/en/research/infrastructure/visp/downloads/
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A4: Regression analysis data for clay minerals and DNA sorption (DNAs and DNAs-inorg) 

This section includes the statistical data for the correlation between DNA sorption (DNAs 

and DNAs-inorg) and ΣClays that are presented in Fig. 5a in the main text.  

DNAs: DNA sorbed onto sediments (Sed). 

DNAs-inorg: DNA sorbed onto sediments after the removal of organic matter (Sedinorg). 

ΣClays: the sum of mica and chlorite (quantified by XRD-Profex). 

 

1. DNAs and ΣClays 

Regression statistics 

Multiple R 0.815 

R Square 0.664 

Adjusted R Square 0.658 

Standard Error 2.979 

Observations 60 

 

ANOVA 

  df SS MS F Significance F 

Regression 1 1017.02 1017.02 114.59 2.34E-15 

Residual 58 514.76 8.88   

Total 59 1531.78       

 

 Coefficients 
Standard 

Error 
t Stat P-value 

Lower 

95% 

Upper 

95% 

Lower 

95.0% 

Upper 

95.0% 

Intercept 3.13 1.16 2.70 9.17E-03 0.81 5.45 0.81 5.45 

ΣClays 0.26 0.02 10.70 2.34E-15 0.21 0.31 0.21 0.31 

 

 

2. DNAs-inorg and ΣClays 

Regression statistics 

Multiple R 0.858 

R Square 0.737 

Adjusted R Square 0.732 

Standard Error 2.184 

Observations 60 

 

ANOVA 

  df SS MS F Significance F 

Regression 1 774.04 774.04 162.23 1.90E-18 

Residual 58 276.74 4.77   

Total 59 1050.78       

 

 Coefficients 
Standard 

Error 
t Stat P-value 

Lower 

95% 

Upper 

95% 

Lower 

95.0% 

Upper 

95.0% 

Intercept 3.51 0.85 4.12 1.20E-04 1.80 5.21 1.80 5.21 

ΣClays 0.23 0.02 12.74 1.90E-18 0.19 0.27 0.19 0.27 
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A5: Correlation coefficients for the PCA plots 

This part includes 1) the principal component analysis (PCA) correlation coefficients for 

chlorite, mica, albite, quartz, K-feldspars, the sum of clay minerals (ΣClays = chlorite + mica), 

organic matter (OM), and DNA sorption (DNAs), 2) the percentage of variance for the PCA 

plots (Fig. 5b in the main text), and 3) the non-parametric Spearman correlation. Each table 

represents the correlation coefficients for one size fraction (n=12 for each size fraction). Albite 

and K-Feldspars are both feldspar minerals; in the text and in the tables below, only the sum 

of feldspars is used (i.e., feldspars = albite + K-feldspars). 

1. PCA correlation matrix 

 

0-4 µm Mica Albite Quartz K-Feldspars ΣClays OM DNAs 

Chlorite -0.584 0.213 -0.381 0.429 -0.288 -0.098 -0.141 

Mica  -0.859 0.042 -0.942 0.946 0.638 0.687 

Albite   -0.098 0.860 -0.928 -0.884 -0.851 

Quartz    -0.054 -0.103 0.238 0.134 

K-Feldspars     -0.939 -0.597 -0.663 

ΣClays      0.713 0.754 

OM       0.902 

 

4-16 µm Mica Albite Quartz K-Feldspars ΣClays OM DNAs 

Chlorite -0.564 0.404 -0.059 0.129 -0.300 -0.533 -0.577 

Mica  -0.974 -0.588 -0.833 0.957 0.790 0.870 

Albite   0.606 0.888 -0.983 -0.781 -0.838 

Quartz    0.606 -0.700 -0.487 -0.619 

K-Feldspars     -0.916 -0.657 -0.691 

ΣClays      0.725 0.803 

OM       0.965 

 

16-64 µm Mica Albite Quartz K-Feldspars ΣClays OM DNAs 

Chlorite 0.233 -0.681 -0.003 -0.292 0.581 0.509 0.667 

Mica  -0.683 -0.592 -0.544 0.927 0.525 0.799 

Albite   0.143 0.239 -0.835 -0.614 -0.847 

Quartz    0.069 -0.496 -0.144 -0.391 

K-Feldspars     -0.568 -0.545 -0.548 

ΣClays      0.636 0.926 

OM       0.832 

 

>64 µm Mica Albite Quartz K-Feldspars ΣClays OM DNAs 

Chlorite 0.795 -0.299 -0.796 -0.675 0.910 0.683 0.919 

Mica  -0.510 -0.702 -0.713 0.975 0.681 0.856 

Albite   -0.001 0.149 -0.458 -0.190 -0.314 

Quartz    0.349 -0.772 -0.624 -0.885 

K-Feldspars     -0.735 -0.541 -0.571 

ΣClays      0.716 0.922 

OM       0.795 
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2. Percentage of variance for the PCA data 

 

 % of variance 

 0-4 µm 4-16 µm 16-64 µm >64 µm 

PC 1 65.05 73.58 62.03 70.42 

PC 2 16.65 15.43 15.99 13.42 
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3. Spearman correlation 

 

0-4 µm Mica Albite Quartz K-Feldspars ΣClays OM DNAs 

Chlorite 
Rho (ρ) -.587* 0.189 -0.105 0.287 -0.098 -0.025 -0.014 

P 0.045 0.557 0.746 0.366 0.762 0.940 0.966 

Mica 
Rho (ρ)   -.741** -0.175 -.804** .818** 0.515 .622* 

P   0.006 0.587 0.002 0.001 0.087 0.031 

Albite 
Rho (ρ)     -0.168 .783** -.853** -.722** -.804** 

P     0.602 0.003 0.000 0.008 0.002 

Quartz 
Rho (ρ)       0.077 -0.105 0.326 0.077 

P       0.812 0.746 0.301 0.812 

K-Feldspars 
Rho (ρ)         -.895** -.613* -.608* 

P         0.000 0.034 0.036 

ΣClays 
Rho (ρ)           .715** .846** 

P           0.009 0.001 

OM 
Rho (ρ)             .746** 

P             0.005 

Rho (ρ): Spearman’s rho. 

P: P value. The P value is the probability of finding the observed results when the null hypothesis (H0) is true. 

H0: there does not exist a correlation between X and Y. 

**: Correlation is significant at the 0.01 level (2-tailed). 

*: Correlation is significant at the 0.05 level (2-tailed). 

 

4-16 µm Mica Albite Quartz K-Feldspars ΣClays OM DNAs 

Chlorite 
Rho (ρ) -.620* 0.462 -0.200 0.116 -0.238 0.032 -0.221 

P 0.032 0.130 0.534 0.721 0.456 0.923 0.491 

Mica 
Rho (ρ)  -.951** -0.497 -.727** .895** .601* .776** 

P  0.000 0.101 0.007 0.000 0.039 0.003 

Albite 
Rho (ρ)   0.538 .734** -.944** -.706* -.755** 

P   0.071 0.007 0.000 0.010 0.005 

Quartz 
Rho (ρ)    0.538 -.636* -.797** -.839** 

P    0.071 0.026 0.002 0.001 

K-Feldspars 
Rho (ρ)     -.811** -.643* -.580* 

P     0.001 0.024 0.048 

ΣClays 
Rho (ρ)      .713** .769** 

P      0.009 0.003 

OM 
Rho (ρ)       .853** 

P       0.000 

 

16-64 µm Mica Albite Quartz K-Feldspars ΣClays OM DNAs 

Chlorite 
Rho (ρ) 0.517 -.755** -0.014 -0.301 .720** 0.503 .671* 

P 0.085 0.005 0.966 0.342 0.008 0.095 0.017 

Mica 
Rho (ρ)  -.867** -0.476 -0.552 .902** 0.294 .860** 

P  0.000 0.118 0.063 0.000 0.354 0.000 

Albite 
Rho (ρ)   0.350 0.364 -.951** -0.455 -.937** 

P   0.265 0.245 0.000 0.138 0.000 

Quartz 
Rho (ρ)    -0.084 -0.455 0.315 -0.448 

P    0.795 0.138 0.319 0.145 

K-Feldspars 
Rho (ρ)     -0.524 -0.399 -0.448 

P     0.080 0.199 0.145 

ΣClays 
Rho (ρ)      0.427 .972** 

P      0.167 0.000 

OM 
Rho (ρ)       0.517 

P       0.085 
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>64 µm Mica Albite Quartz K-Feldspars ΣClays OM DNAs 

Chlorite 
Rho (ρ) .755** -0.210 -.762** -.650* .846** .741** .916** 

P 0.005 0.513 0.004 0.022 0.001 0.006 0.000 

Mica 
Rho (ρ)  -0.399 -.776** -.671* .965** .685* .790** 

P  0.199 0.003 0.017 0.000 0.014 0.002 

Albite 
Rho (ρ)   -0.028 0.133 -0.413 -0.462 -0.231 

P   0.931 0.681 0.183 0.131 0.471 

Quartz 
Rho (ρ)    0.336 -.839** -.629* -.874** 

P    0.286 0.001 0.028 0.000 

K-Feldspars 
Rho (ρ)     -.615* -0.371 -0.462 

P     0.033 0.236 0.131 

ΣClays 
Rho (ρ)      .769** .881** 

P      0.003 0.000 

OM 
Rho (ρ)       .762** 

P       0.004 
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A6: Multiple linear regression statistics for theoretical and experimental DNA sorption 

values 

Below are the statistical data for the multiple linear regressions of the theoretical and 

experimental DNA sorption values (Fig. 6 in the main text). 

1. Explanatory variables: chlorite and mica (Fig. 6a) 

 

Regression statistics 

Multiple R 0.816 

R Square 0.666 

Adjusted R Square 0.654 

Standard Error 2.995 

Observations 60 

 

ANOVA 

  df SS MS F Significance F 

Regression 2 1020.46 510.23 56.88 2.63E-14 

Residual 57 511.32 8.97   

Total 59 1531.78    

 

 Coefficients 
Standard 

Error 
t Stat P-value 

Lower 

95% 

Upper 

95% 

Lower 

95.0% 

Upper 

95.0% 

Intercept 3.31 1.20 2.75 7.94E-03 0.90 5.72 0.90 5.72 

Chlorite 0.20 0.10 2.05 4.53E-02 0.00 0.40 0.00 0.40 

Mica 0.28 0.04 7.31 9.61E-10 0.20 0.36 0.20 0.36 

 

2. Explanatory variables: chlorite, mica, quartz, albite, and K-feldspars (Fig. 6b) 

 

Regression statistics 

Multiple R 0.834 

R Square 0.695 

Adjusted R Square 0.667 

Standard Error 2.942 

Observations 60 

 

ANOVA 

  df SS MS F Significance F 

Regression 5 1064.29 212.86 24.59 8.12E-13 

Residual 54 467.49 8.66   

Total 59 1531.78    

 

 Coefficients 
Standard 

Error 
t Stat P-value 

Lower 

95% 

Upper 

95% 

Lower 

95.0% 

Upper 

95.0% 

Intercept -11.00 18.63 -0.59 5.57E-01 -48.35 26.34 -48.35 26.34 

Chlorite 0.43 0.20 2.13 3.78E-02 0.03 0.83 0.03 0.83 

Mica 0.41 0.19 2.11 3.92E-02 0.02 0.79 0.02 0.79 

Quartz 0.27 0.21 1.32 1.92E-01 -0.14 0.69 -0.14 0.69 

Albite 0.13 0.26 0.53 6.02E-01 -0.38 0.65 -0.38 0.65 

K-feldspars -0.10 0.31 -0.31 7.57E-01 -0.71 0.52 -0.71 0.52 
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3. Explanatory variables: chlorite, mica, and organic matter (Fig. 6c) 

 

Regression statistics 

Multiple R 0.953 

R Square 0.909 

Adjusted R Square 0.904 

Standard Error 1.581 

Observations 60 

 

ANOVA 

  df SS MS F Significance F 

Regression 3 1391.82 463.94 185.62 4.62E-29 

Residual 56 139.96 2.50   

Total 59 1531.78    

 

 Coefficients 
Standard 

Error 
t Stat P-value 

Lower 

95% 

Upper 

95% 

Lower 

95.0% 

Upper 

95.0% 

Intercept -2.42 0.79 -3.07 3.32E-03 -4.01 -0.84 -4.01 -0.84 

OM% 0.41 0.03 12.19 2.18E-17 0.34 0.48 0.34 0.48 

Chlorite 0.23 0.05 4.42 4.54E-05 0.13 0.34 0.13 0.34 

Mica 0.15 0.02 6.73 9.77E-09 0.11 0.20 0.11 0.20 

 

4. Explanatory variables: chlorite, mica, quartz, albite, K-feldspar, and organic matter (Fig. 

6d) 

 

Regression statistics 

Multiple R 0.961 

R Square 0.923 

Adjusted R Square 0.914 

Standard Error 1.493 

Observations 60 

 

ANOVA 

  df SS MS F Significance F 

Regression 6 1413.66 235.61 105.71 1.08E-27 

Residual 53 118.12 2.23   

Total 59 1531.78    

 

 Coefficients 
Standard 

Error 
t Stat P-value 

Lower 

95% 

Upper 

95% 

Lower 

95.0% 

Upper 

95.0% 

Intercept -16.98 9.46 -1.79 7.85E-02 -35.96 2.00 -35.96 2.00 

OM% 0.40 0.03 12.52 1.85E-17 0.34 0.47 0.34 0.47 

Chlorite 0.43 0.10 4.17 1.14E-04 0.22 0.63 0.22 0.63 

Mica 0.29 0.10 3.00 4.10E-03 0.10 0.49 0.10 0.49 

Quartz 0.22 0.11 2.12 3.88E-02 0.01 0.43 0.01 0.43 

Albite 0.17 0.13 1.34 1.86E-01 -0.09 0.44 -0.09 0.44 

K-feldspars -0.01 0.16 -0.09 9.29E-01 -0.33 0.30 -0.33 0.30 
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A7: Detailed steps for the collection of selected particle sizes 

The particle size separation is based on Stokes’ law (see Lagaly and Dékány (2013) p 

258-261 for more information). The following formula is used, 

 

𝑡 =
18 ∙ η ∙ h

(ρ𝑠 − ρ𝑙)𝑑2𝑔
 

where: t is the time (in seconds) needed for particles to settle within the given distance h (in m, 

see figure below), η is the viscosity of the solution (in kg•s/m/s2), ρs and ρl are the particle and 

liquid densities (in kg/m3), respectively, d is the particle cut-off size (in m), and g is the 

gravitational acceleration (9.81 m/s2). 

In case the experiment is done at 25ºC and water is used, then η and ρl can be taken as 

0.00089 kg•s/m/s2 and 1000 kg/m3, respectively. The value of ρs depends on the composition 

of the matrix. However, 2650 kg/m3 (2.65 g/cm3) can be used for most soils and sediments (for 

example, the densities of quartz, feldspars, kaolinite, illite, chlorite, calcite, aragonite, and 

dolomite are 2.65, 2.56, 2.65, 2.75, 2.95, 2.71, 2.93, and 2.84 g/cm3, respectively). It should be 

noted that organic matter rich samples have lower densities. 

 

To avoid any contamination with airborne DNA, the steps included below must be done 

in sterile environments. 

1. Add sterile Milli-Q water to ~1 g of fresh sample (sediment or soil) in a closed 

cylindrical container (e.g., glass bottle) and shake overnight. 

2. Let the container stand for a specific period (sedimentation time, t) before collecting 

the suspension containing the desired particle sizes (in the sedimentation distance, h). 

Time depends on the size of the particles to be collected as well as h. 

 

For example, the fraction <4 µm is collected by taking the top 3 cm of the solution 

after keeping the suspension at rest for 31 min (i.e., t=31 minutes if the cut-off size 

d=0.000004 m and h=0.03 m). 

h

Shake well and let 

stand for “t” minutes 

(sedimentation)

After “t” minutes

Collect the 

suspension in “h”



12 

3. The sample is then centrifuged to collect the selected fraction (e.g., at 4,000 rpm for 

30 min or higher speeds for less time). Discard the supernatant without disturbing the 

pellet. 

4. DNA extraction is performed on the pellet which contains the fractions/particles of 

interest. 

 

Some important notes to consider. 

1. All steps are preferentially done under dark conditions. 

2. Overnight shaking is optional; it helps in sample disaggregation. 

3. Working with fresh samples (instead of previously frozen or freeze-dried) is 

preferred. Freezing and freeze-drying might introduce aggregates. 

4. The mass of the sample used in size-fractionation depends on the mass of the material 

to be recovered. However, the concentration of the particles should be less than 5 g/L 

to avoid particle-particle interaction during sedimentation (which renders Stokes’ law 

inapplicable). 

5. Repeated collection of the desired fraction might be necessary to collect adequate 

masses for analysis. For example, after the collection of the suspension in “h” the 

first time, re-add sterile Milli-Q water, shake for a minute, let the container stand for 

sediment settling, and collect the fraction again. 

6. The mass of the “dry” sample used for DNA extraction is preferably noted. This will 

lead to a better comparison between different samples. Reporting the DNA copies 

per dry mass would be optimum. 

7. Any treatment, for disaggregation purposes, that leads to modification or destruction 

of DNA must be avoided. Never sonicate, heat, or add chemicals for disaggregation 

or removal of organic matter or carbonates (e.g., hydrochloric acid, acetic acid, 

hydrogen peroxide, or sodium hexametaphosphate). 

8. The cut-off size depends on the abundance of clays and the recovery of adequate 

mass for analysis. If not enough sample is recovered for a certain size-fraction, even 

with more than one step “h” suspension collection, higher cut-off size is suggested. 

Cut-off size for clayey samples can easily be 4 µm, while it is expected to be higher 

for coarser particles (e.g., 20 µm). 
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Fig. A.1: Variation of DNAs, DNAs-inorg, ΣClays (chlorite+mica), ΣQuartz and feldspars, 

and organic matter (OM) for different size fractions as a function of sediment depth 

 

 

Clay minerals are predominantly present in the 0-4-µm size fraction. Nonetheless, clay 

minerals are also present in the coarse fractions due to mineral-mineral and organo-mineral 

aggregates. 
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Fig. A.2: Diffuse reflectance infrared Fourier transform (DRIFT) spectra for the initial 

compounds used in the DNA sorption experiment 
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