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Abstract: A single universal open protocol RIAM (named after Research Institute for Agricultural
Microbiology) for the isolation of high purity DNA from different types of soils and other substrates
(high and low in humic, clay content, organic fertilizer, etc.) is proposed. The main features of
the RIAM protocol are the absence of the sorption–desorption stage on silica columns, the use of
high concentrations of phosphate in buffers, which prevents DNA sorption on minerals, and DNA
precipitation using CTAB. The performance of RIAM was compared with a reference commercial kit
and showed very good results in relation to the purity and quantity of DNA, as well as the absence
of inhibitory activity on PCR. In all cases, the RIAM ensured the isolation of DNA in quantities
much greater than the commercial kit without the effect of PCR inhibition up to 50 ng DNA per
reaction in a volume of 15 µL. The latter circumstance along with the ability of the protocol to extract
low molecular weight DNA fractions makes the method especially suitable for those cases where
quantitative assessments, detection of minor components of soil microbiota, and completeness of
isolation of all DNA fractions are required.

Keywords: soil DNA isolation; high phosphate; CTAB DNA precipitation

1. Introduction

For many years, the isolation of DNA from the soil has been the one of the most
difficult tasks compared to DNA isolation from other substances. The main reasons are
the difficulties in getting rid of humic substances of the soil, the presence of which, even
in small amounts, can completely inhibit PCR and DNA sorption on minerals, which
significantly reduces the yield of DNA. Most of these issues have been resolved in the
commercial kits, but their disadvantages are high prices, closed protocols that limit the use
of commercial kits in long-term projects, and the widespread use of the sorption–desorption
stage on silica columns, which can also create a number of problems (column shelf life, loss
of low molecular weight fractions of DNA, and reduced yield).

To date, a fairly large number of methods for extracting DNA from the soil including
commercial kits and open laboratory protocols have been proposed and continue to be
developed [1–4]. Most of the developed methods focused on solving one of the problems,
such as high clay or humic substances content. The reason that inclined us to develop a
new protocol for isolating total DNA from soil was to overcome most of the difficulties in a
single universal protocol that provides both high DNA yield and high purity. Of particular
concern was the avoidance of DNA purification by sorption–desorption on silica columns,
which often leads to the significant decrease in the yield of DNA, as well as to the loss of
low-molecular fractions of soil DNA, analysis of which may be important for the studies
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requiring the isolation of the entire array of soil DNAs, belonging to living microorganisms
and the extracellular pool of DNA (eDNA), both high and low molecular weight fractions.

The problem of DNA/RNA sorption on clay soil components has been known for a
long time. It is believed that sorption happens mainly due to the cation-mediated interaction
of negatively charged phosphate residues of the polysaccharide skeleton of nucleic acid
molecules with a negatively charged surface of clays, which are complex aluminosilicate
minerals [5], while polyvalent cations are much more effective in the formation of DNA–
clay complexes than monovalent ones [6,7]. Known methods for solving this problem are
based, firstly, on the use of blocking agents of organic or inorganic origin (ATP, proteins,
deoxynucleotide triphosphates, lactose, Ficoll, yeast RNA, PVP, Skim Milk, and modified
nucleotides), which compete with DNA molecules for binding centers on clay particles, and
secondly, on the selective removal of polyvalent cations (Ca2+, Mg2+, Zn2+, Fe3+, and Al3+)
from soil suspensions using chelating agents such as EDTA or EGTA [4,8–11]. Biological
materials used to block DNA binding centers have a single, but a very significant, drawback:
they can contain fragments of nucleic acids of the organisms from which they were obtained,
which is especially critical in metagenomic studies.

The simplest and most effective blocker of DNA binding sites on clay particles is
the PO4

3− phosphate ion [8,12–14]. However, the concentration of phosphates in the
solution, especially when extracting DNA from clay soils, must be quite high up to 1 M in
order to maintain the possibility of working in small volumes. The use of phosphate as a
blocker has one inconvenience: at phosphate concentrations above 200 mM, the standard
protocol for precipitating DNA with ethanol or isopropanol becomes impossible, since,
at such concentrations, phosphates are precipitated together with DNA in the form of a
drop immiscible with alcohol at the bottom of the tube [15]. The most obvious way to
solve this problem is to dilute the DNA preparation by 5–10 times before precipitation
with alcohol [1,13], but in this case, the mass isolation of DNA from the soil becomes
inconvenient. In this RIAM protocol we found a way to use high phosphate concentration,
which not only does not interfere with DNA precipitation, but also helps to get rid of humic
components in the next step.

In the RIAM protocol, we unconventionally use the cationic detergent CTAB to precipi-
tate DNA from solutions with high concentrations of phosphates. At NaCl concentrations
not higher than 600 mM, CTAB forms a complex with DNA molecules, which is easily
precipitated by centrifugation, and at higher salt concentrations, the CTAB-DNA complex
is destroyed, and the components of the complex go into solution, where they can easily be
separated by extraction with a mixture of chloroform and isoamyl alcohol [16]. CTAB has
long been used in the isolation of DNA from the soil [3,17–19]; however, its function has
always been to form complexes with proteins, polysaccharides, and humic components
of the soil insoluble in lysis buffers with a high concentration of NaCl. In our case, the
formation of the DNA-CTAB complex under conditions of low NaCl concentration not
only allows DNA to be precipitated by centrifugation, but also stabilizes DNA molecules,
making them less susceptible to various damaging agents [20].

The main requirement for DNA preparations isolated from the soil is the absence of
humic components of the soil (humic acids and fulvic acids), which, even in very small
quantities, block the work of polymerases during PCR. Chromatographic methods are
most often used to purify crude DNA preparations from humic components, such as the
sorption of DNA on silica, followed by washing and elution of bound DNA. This method
is used in most commercial soil DNA extraction kits. Less common are the methods
based on the sorption of humic components on columns with PVPP [21], gel size exclusion
chromatography of DNA preparations on large-pore matrices [22–24], purification of
DNA from humic components using agarose gel electrophoresis [25], and using activated
charcoal [26]. Other methods are based on the selective formation of insoluble complexes
with humic components that are removed from solutions by simple centrifugation. The
most commonly used technique is DNA precipitation with polyethylene glycol (PEG)
with a molecular weight of 6000 or 8000 in the presence of various concentrations of
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NaCl [1,27]. Inorganic salts, Al(NH4)(SO4)2 and CaCl2, more precisely, their cations [28,29],
form insoluble complexes with various soil components, including humic ones, so they
are often used to wash soil samples until bacterial cells are destroyed or in the process
of destruction. In the RIAM protocol we used CaCl2 salt for the removal of soil humic
substances from DNA preparations, which is added to a lysing solution containing a high
concentration of phosphates (1 M). All introduced Ca2+ ions form insoluble salts with
phosphates, which, however, retain the ability to bind the humic substances of the soil [30]
forming poorly soluble Ca-phosphate-humic complexes. Since there are no free Ca2+ ions
in the solution, there is no danger of nucleic acid precipitation or their interaction with the
clay components of the soil.

Thus, in the present study, we have developed a new protocol RIAM that allows us to
cope very effectively with the described difficulties, for various types of soils, specifically
with high content of humic substances and clay. The hallmark of the protocol is the use of
high concentrations of phosphate, the precipitation of humic substances with a calcium
containing solution, and the unconventional use of CTAB for DNA precipitation.

2. Experimental Design

Three contrast soil types were used for DNA isolation: chernozem (high humic),
sod-podzolic soil 1 (low clay and low organic), sod-podzolic soil 2 (high clay and low
organic), and organo-mineral fertilizer OMUG produced from poultry dung with a very
high content of humic substances [31]. As a reference kit NucleoSpin Soil (Macherey-
Nagel, Düren, Germany) was used. This kit was chosen for two reasons. Firstly, we have
been successfully using this kit for several years and were completely satisfied with the
convenience of working with it and the quality of the isolated DNA. Secondly, this kit gives
the opportunity to use several buffer options suitable for soils with different humic and
clay contents.

For each DNA isolation variant, 0.2 g soil in three replications was used. Four buffers
suggested by the NucleoSpin Soil kit were used: SL1, SL2 (700 µL) each with and without
added Enhancer SX (150 µL). According to the manual, Buffer SL1, in combination with
Enhancer SX, is more suitable for soils consisting predominantly of minerals while Buffer
SL2 is more suitable for soils with a high amount of organic carbon; however, the best
combination can only be determined experimentally. Enhancer SX ensures the highest
possible DNA yield but reduces the purity of DNA. The formulas of kit buffers are unknown.
In this study, we used all four possible combinations. Finally, isolated DNA samples were
dissolved in 50 µL SE buffer from NucleoSpin Soil kit.

Five microliters of each DNA sample was loaded in 1% agarose gel and separated for 1 h
by 5 v/cm in 0.5 × buffer TAE and documented with a digital camera. The exact amount of
DNA was measured fluorometrically with Quibt4 (Thermo Fisher Scientific, Waltham, MA,
USA). A260/280 and A260/230 were estimated with NanoPhotometr NP80 (Implen Inc., West-
lake Village, CA, USA). The PCR inhibition effect was tested with standard PCR protocol with
primers targeting the fragment of the variable region V4 of the 16S rRNA gene using universal
primers (515F-GTGCCAGCMGCCGCGGTAA/806R-GGACTACVSGGGTATCTAAT) [32].
For analysis of the taxonomic structure of soil microbiome, the deep sequencing of the
above-mentioned amplicon library of 16S rRNA gene fragment was performed. The library
preparation using primers 515F/806R together with linkers and unique barcodes was per-
formed on a T100 Thermal Cycler (BIO-RAD Laboratories, Heracles, CA, USA) in 15 µL of a
reaction mixture containing 0.5 units of Q5® High-Fidelity DNA Polymerase (New England
BioLabs, Ipswich, MA, USA), 1X Q5 Reaction Buffer, 5 pM of each primer, 2 mM dNTP
(LifeTechnologies, Carlsbad, CA, USA), and 1–5 ng DNA template. The PCR program in-
cluded the stage of denaturation at 94 ◦C—1 min, amplification of the product for 25 cycles
(94 ◦C—30 s, 50 ◦C—30 s, 72 ◦C—30 s), and final elongation at 72 ◦C—3 min. Further sample
preparation and sequencing were carried out in accordance with Illumina protocol (“16S
Metagenomic Sequencing Library Preparation”) on the Illumina MiSeq platform (Illumina
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Inc., San Diego, CA, USA) using the MiSeq Reagent Kit v3 (600 cycles) with pair-end reading
(2 × 300 b) (Illumina Inc., San Diego, CA, USA).

The initial data processing, including demultiplexing and adapter trimming, was
performed using Illumina Software (Illumina Inc., San Diego, CA, USA). For further
denoising, merging reads, inferring amplicon sequence variants (ASV), and removing
chimera, the dada2 [33] package in R software was used. For the taxonomic classification of
ASVs, the DECIPHER [34] package was used. To train the classifier, we extracted v4 rRNA
fragments from the SILVA database (138 release) [35] records and used them as a training set
for the function learnTaxa (DECIPHER). The classification of ASVs was performed with the
IdTaxa function with a confidence threshold equal to 70. To construct a phylogenetic tree,
the SEPP fragment insertion algorithm implemented in the QIIME2 plugin was used [36].
The QIIME2 package was used to conduct the beta-diversity analysis using PCoA based on
the weighted UniFrac metric [37]. The raw sequence data are available in the SRA under
the accession number PRJNA892059.

Buffers for RIAM protocol:
Sα
1 M (NH4)2HPO4
100 mM Tris-HCl, pH 8.0
100 mM EDTA
0.5 M Guanidine hydrochloride
Before use add β-Mercaptoethanol to 1% (v/v)
Sβ
150 mM CaCl2
35% (v/v) Ethanol
Sγ
5% (w/v) CTAB
3% (v/v) Triton X100
50 mM EDTA
Sδ
400 mM NaCl
1.5% (w/v) CTAB
20 mM EDTA
Sε
1 M NaCl
20 mM EDTA
Phenol:(Chloroform/Isoamyl Alcohol) 30:70 saturated with 10 mM Tris, pH 8.0,
1 mM EDTA
Chloroform:Isoamyl Alcohol 24:1
96% (v/v) Ethanol
70% (v/v) Ethanol
5 mM Tris-HCl pH 8.0
Garnet abrasive (GMA Garnet 80 Mesh)
MOLYKOTE High Vacuum Grease (as a phase-lock media)
All buffers used were sterilized by filtration through 0.22 µm pore size membrane filter.
Those who avoid working with phenol can change this solution for Chloroform:Isoamyl

Alcohol 24:1 without loss of DNA quality. However, in this case, there will not be the ad-
vantage of using a vacuum grease as a phase-lock media (see Section 3. Procedure step 5).

The RIAM protocol consists of 5 basic stages. 1—disruption of soil microbiota using a
homogenizer in solution with a high concentration of phosphate; 2—precipitation of humic
substances with Ca2+ containing solution; 3—DNA precipitation with CTAB; 4—CTAB
elimination with chloroform; 5—DNA precipitation with ethanol. The whole procedure
takes about 2.5 h for 24 soil samples.
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2.1. Important Materials

Only standard laboratory equipment, disposals, and reagents are required. Some
important positions are listed below. Instead of these materials and equipment, you can
use any analogs. These positions are given here as references.

2.2. Materials

• GMA 80 Mesh Garnet Abrasive Media (GMA Group, Melbourne, Australia);
• MOLYKOTE Vacuum grease (DuPont, Wilmington, DE, USA).

Garnet abrasive, used in industries as a blasting agent for cleaning and waterjet cutting,
is a perfect and cheap substitution for other lysing matrices such as glass or ceramic beads.
High density, which is the main efficiency factor (4.10 Kg/dm3), hardness (7.5–8.0 Mohs),
chemical resistance, and extremely low price (about $30 for 25 kg) make it a perfect choice
compared to glass beads (at least) with lower density (2.5 Kg/dm3), hardness (5.5 Mohs),
and price (a hundred times more expensive). Fraction 80 Mesh (0.18–0.3 mm) is quite
universal for pro- and eukaryotic cell disruption. Before use, rinse several times in tap
water, once in distilled water, autoclave for 30 min at 1 atmosphere and dry at 200 ◦C.

MOLYKOTE Vacuum grease or other silicon-based lubricants with appropriate density
can be optionally used in this protocol. It acts like a phase-lock media, forming a tight plug
between the aqueous and phenol-chloroform phases, separating problematic interphase
from the supernatant, which allows easy pouring of the interphase-free supernatant. Before
use autoclave the grease for 30 min at 1 atmosphere.

2.3. Equipment

• Precellys Evolution Homogenizer (Bertin Technologies SAS, Montigny-le-Bretonneux, France);
• Microcentrifuge.

3. Procedure

1. Place a sample of soil (50–300 mg) in a 2 mL test tube with a screw cap, add 300 µL
of Sα solution to the tube and suspend the soil by vigorous shaking on a shaker for
5–10 min.

2. Add to the suspension 1 g of Garnet abrasive (fraction 80 Mesh, 0.18–0.3 mm) and
500 µL of a mixture of phenol/chloroform taken in a ratio of 30/70 parts, and tightly
tighten the caps;

3. Place the tubes in a bead homogenizer (Precellys Evolution, France) and shake at
6000 rpm 2 times for 30 s;

4. Centrifuge the homogenate at a maximum speed of (16,000–20,000 g) for 2 min.
5. Add 500 µL of Sβ solution to the same tube, close the tube, mix the contents by

turning the tube upside down 8–10 times, and centrifuge at maximum speed for
5 min. (To speed up the isolation process at this stage, after adding the Sβ solution,
approximately 1 g of silicone grease (Dow Corning High Vacuum Grease, Molykote)
can be added to the tube, which after centrifugation forms a tight plug between the
aqueous and phenol-chloroform phases, which allows to separate the aqueous phase
simply by pouring from test tube to test tube without tedious pipetting. Before use,
the lubricant is preferably autoclaved for 30 min at 1 atmosphere);

6. Transfer the aqueous phase into a new 1.5 mL microcentrifuge tube, add an equal
volume of Sγ solution (volume determination accuracy ± 10%), mix thoroughly,
incubate at room temperature for 5 min and precipitate DNA-CTAB complexes by
centrifugation for 5 min at maximum speed. (Volume of the aqueous phase may vary
depending on the amount of clay minerals in the soil);

7. Remove the supernatant by inverting the tube, remove the remaining drops by placing
the neck of the tube on sterile (autoclaved) filter paper. Complete removal of the
supernatant is not necessary. Add 500 µL of Sδ solution to the precipitate, incubate for
5 min at room temperature with vigorous shaking, then precipitate by centrifugation
for 5 min at maximum speed;
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8. Remove the supernatant as in step 7. Add 400 µL of Sε solution to the pellet and
incubate for 5 min at room temperature with vigorous shaking. Then add an equal
volume of a mixture of chloroform-isoamyl alcohol (24:1) to the solution and, after
vigorous shaking, separate the aqueous and organic phases by centrifugation at
maximum speed for 5 min. (For some soils incubation of test tubes at protocol steps 6,
7, and 8 at 65 ◦C instead room temperature can increase the DNA yield);

9. Transfer the aqueous phase into a new 1.5 mL centrifuge tube, add 2.5 volumes (1 mL)
of chilled 96% ethanol, mix well and precipitate the nucleic acids by centrifugation at
maximum speed for 10 min;

10. Remove the supernatant, wash the precipitate by adding 400 µL of cold 70% ethanol
solution, followed by centrifugation for 5 min at maximum speed;

11. Carefully remove the supernatant (preferably with an aspirator), dry the precipitate
for 1 min at 65 ◦C, and dissolve in the desired volume of autoclaved water or 5 mM
Tris-HCl, pH 8.0. To speed up the dissolution, the tubes can be incubated for 5 min
at 65 ◦C.

Figure 1 shows the results of the electrophoretic separation of DNA preparations (5 µL
from 50 µL final DNA preparation) obtained using the NucleoSpin Soil kit with four buffer
combinations and the RIAM protocol.
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(Macherey-Nagel, Germany). The white triangle marks a place where a weak band of 16S rRNA
is visible.
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According to the gel electrophoresis data, it can be concluded that the amounts of
DNA isolated using the NucleoSpin Soil kit differ significantly depending on the buffer
used. However, the RIAM protocol shows a stable result, and the amount of isolated
DNA is significantly higher (sometimes five times) than when using the kit (Table 1).
Interestingly, in the case of chernozem, the amount of DNA extracted is about 40 µg per g
of soil, which is about 1.5 × 109 in terms of the number of E. coli genomes, which is
close to the maximal expected value and suggests that the RIAM protocol can provide
quantitative isolation of DNA from the soil. The purity of the DNA preparation, according
to the A 260/280 values, does not differ from the results of the kit; however, according
to the A 260/230 values, it significantly exceeds the kit’s results. The latter, apparently,
is associated with the residues of guanidine components used in the sorption processes
in the kit. There are some differences in the molecular weight of DNAs isolated. In the
DNA preparations isolated using the RIAM protocol, the low molecular weight fraction of
DNA is highly represented. This may be partly due to differences in the used matrix for the
destruction of samples (users can choose a more delicate matrix than garnet abrasive and a
less intensive destruction mode), but partly due to the fact that using the RIAM protocol,
we isolate all DNA fractions present in the soil, including low molecular weight ones. We
are not talking about DNA degradation, since in most DNA samples isolated using RIAM,
we can observe a visible band corresponding to 16S rRNA (Figure 1). Most likely, the
taxonomic differences revealed between the libraries of 16S rRNA gene corresponding
to the kit and the RIAM protocol can be explained precisely by the representation of low
molecular weight DNA pools (probably eDNA) with their own specific taxonomic structure
(Figure 2, Supplementary Figures S1–S5). In any case, taxonomic differences due to the
use of different kits, including the most popular ones such as MoBio and Macherey-Nagel,
are not uncommon [38,39]. The sequence length and GC content distributions in 16S
rRNA libraries do not have significant differences between protocols of DNA isolation
(Supplementary Figures S6 and S7).

Table 1. The concentration of isolated DNAs and purity metrics.

Soil MN SL1 MN SL1+E MN SL2 MN SL2+E RIAM

conc. ng/µL chernozem 49.37 ± 5.7 57.93 ± 4.7 nd 1 62.90 ± 16.1 168.67 ± 5.7 *
sod-podzolic 6.25 ± 0.5 25.20 ± 2.0 nd 19.08 ± 3.9 32.73 ± 1.5 *
sod-podzolic (clay) nd 8.30 ± 0.9 8.18 ± 1.8 3.43 ± 0.9 42.00 ± 3.5 *
OMUG nd 3.34 ± 0.9 nd 3.35 ± 0.4 12.81 ± 1.47 *

A 260/280 chernozem 1.92 ± 0.02 1.91 ± 0.01 nd 1.89 ± 0.01 1.92 ± 0.0
sod-podzolic 1.68 ± 0.03 1.81 ± 0.06 nd 1.75 ± 0.03 1.86 ± 0.01
sod-podzolic (clay) nd 1.87 ± 0.23 2.23 ± 0.82 2.07 ± 0.49 1.91 ± 0.01
OMUG nd 1.87 ± 0.26 nd 1.87 ± 0.28 1.87 ± 0.0

A 260/230 chernozem 0.35 ± 0.16 0.33 ± 0.08 nd 0.80 ± 0.22 2.07 ± 0.10
sod-podzolic 0.34 ± 0.13 0.50 ± 0.30 nd 0.76 ± 0.25 2.07 ± 0.11
sod-podzolic (clay) nd 0.34 ± 0.21 0.27 ± 0.15 0.23 ± 0.19 2.07 ± 0.12
OMUG nd 0.20 ± 0.17 nd 0.06 ± 0.03 2.07 ± 0.13

PCR inhibition
with 50 ng

of DNA
OMUG 2 nd yes nd yes no

1 for these very low amounts (by electrophoresis data) measurements were not taken. 2 The effect is shown only
for OMUG, since PCR inhibition is not detected for other soils. * Statistically significant differences in DNA
amount between RIAM protocol and the best variant of NucleoSpin Soil kit accordingly to t-test (p < 0.05).

It should be especially noted that the DNA preparation isolated from the highly prob-
lematic substrate OMUG differs not only quantitatively, but also in the fact that it does not
inhibit the PCR reaction even at a high amount of DNA in the reaction (Figure 3, Table 1).
DNA isolated from other soils using the MN and RIAM protocols did not inhibit PCR. The
latter is important for the detection of minor components of soil microbiota, since a commonly
used dilution of the template DNA before PCR in order to avoid inhibition can lead to the
disappearance of minor components of the microbiota from the NGS libraries.
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On the whole, it can be concluded that the RIAM protocol makes it possible, using
a single universal approach, to isolate DNA from various, including complex, substrates,
which is not inferior in both the quantity and purity of the preparation, but in some respects
is significantly superior to the commercial kits.

DNA extraction according to the RIAM protocol takes about 2.5 h, this is almost the
same as Macherey-Nagel NucleoSpin Soil kit takes. In terms of the cost of isolation, the
RIAM method is at least 5–8 times cheaper than the MN kit or MO BIO’s PowerSoil DNA
kit. The bulk of the cost comes from plastic disposals and depends on their type.

4. Conclusions

A new protocol for DNA extraction from various soils and other humic substances
has been developed. The advantages of the RIAM protocol are the possibility of using high
concentrations of phosphates without complicating the isolation process; use of CTAB for
DNA precipitation, which speeds up and simplifies the purification process; high yield
and high purity of DNA preparations isolated from different sources (high and low humic,
high and low clay soils and organic fertilizers) and availability of all reagents, minimal use
of consumables, and the absence of expensive components. Disadvantages of the RIAM
protocol are use of phenol and chloroform, although for those who would like to avoid
the use of phenol, it is suggested to use chloroform only. However, in this case, it becomes
impossible to use a silicone lubricant as a phase-lock agent. In general, the developed
method is a good alternative to commercial kits due to the open protocol, availability of all
consumables and reagents, and low cost. The limitation of the study is the small number of
studied soils. Since the natural diversity of soils is extremely high, we do not exclude that
DNA isolation from some soils using the RIAM protocol may not be as efficient.
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named; Figure S6: Sequence length distribution in 16S rRNA gene libraries; Figure S7: GC content
distribution in 16S rRNA gene libraries.

Author Contributions: Method developing and writing A.G.P.; laboratory and bioinformatics A.A.K.
and T.S.A.; validation and conceptualization E.V.K. and V.I.S.; supervision and writing E.E.A. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Higher Education of the Russian
Federation within the project “Mobilization of the genetic resources of microorganisms on the basis of
the RCAM at the ARRIAM according to the network principle of organization” (agreement number
075-15-2021-1055, 28 September 2021). The study was carried out using the equipment of the resource
center “Genomic Technologies, Proteomics and Cell Biology” of ARRIAM.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw sequence data are available in the SRA under the accession
number PRJNA892059.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Guerra, V.; Beule, L.; Lehtsaar, E.; Liao, H.L.; Karlovsky, P. Improved protocol for DNA extraction from subsoils using phosphate

lysis buffer. Microorganisms 2020, 8, 532. [CrossRef] [PubMed]
2. Saidi-Mehrabad, A.; Neuberger, P.; Cavaco, M.; Froese, D.; Lanoil, B. Optimization of subsampling, decontamination, and DNA

extraction of difficult peat and silt permafrost samples. Sci. Rep. 2020, 10, 14295. [CrossRef] [PubMed]
3. Echeverría-Beirute, F.; Varela-Benavides, I.; Jiménez-Madrigal, J.P.; Carvajal-Chacon, M.; Guzmán-Hernández, T. EDNA Extraction

protocol for metagenomic studies in tropical soils. Biotechniques 2021, 71, 581–586. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/mps5060099/s1
https://www.mdpi.com/article/10.3390/mps5060099/s1
http://doi.org/10.3390/microorganisms8040532
http://www.ncbi.nlm.nih.gov/pubmed/32272709
http://doi.org/10.1038/s41598-020-71234-0
http://www.ncbi.nlm.nih.gov/pubmed/32868827
http://doi.org/10.2144/btn-2021-0057
http://www.ncbi.nlm.nih.gov/pubmed/34636654


Methods Protoc. 2022, 5, 99 10 of 11

4. Sakai, Y. Improvements in extraction methods of high-molecular-weight DNA from soils by modifying cell lysis conditions and
reducing adsorption of DNA onto soil particles. Microbes Environ. 2021, 36, ME21017. [CrossRef] [PubMed]

5. Cai, P.; Huang, Q.; Zhang, X.; Chen, H. Adsorption of DNA on Clay Minerals and Various Colloidal Particles from an Alfisol. Soil.
Biol. Biochem. 2006, 38, 471–476. [CrossRef]

6. Franchi, M.; Ferris, J.P.; Gallori, E. Cations as mediators of the adsorption of nucleic acids on clay surfaces in prebiotic environ-
ments. Orig. Life Evol. Biosph. 2003, 33, 1–16. [CrossRef]

7. Beall, G.W.; Sowersby, D.S.; Roberts, R.D.; Robson, M.H.; Lewis, L.K. Analysis of oligonucleotide DNA binding and sedimentation
properties of montmorillonite clay using ultraviolet light spectroscopy. Biomacromolecules 2009, 10, 105–112. [CrossRef]

8. Direito, S.O.L.; Marees, A.; Röling, W.F.M. sensitive life detection strategies for low-biomass environments: Optimizing extraction
of nucleic acids adsorbing to terrestrial and Mars analogue minerals. FEMS Microbiol. Ecol. 2012, 81, 111–123. [CrossRef]

9. Ikeda, S.; Tsurumaru, H.; Wakai, S.; Noritake, C.; Fujishiro, K.; Akasaka, M.; Ando, K. Evaluation of the effects of different
additives in improving the DNA extraction yield and quality from Andosol. Microbes Environ. 2008, 23, 159–166. [CrossRef]

10. Lever, M.A.; Torti, A.; Eickenbusch, P.; Michaud, A.B.; Šantl-Temkiv, T.; Jørgensen, B.B. A modular method for the extraction
of DNA and RNA, and the separation of DNA pools from diverse environmental sample types. Front. Microbiol. 2015, 6, 476.
[CrossRef]

11. Jacobsen, C.S.; Nielsen, T.K.; Vester, J.K.; Stougaard, P.; Nielsen, J.L.; Voriskova, J.; Winding, A.; Baldrian, P.; Liu, B.; Frostegård,
Å.; et al. Inter-laboratory testing of the effect of DNA blocking reagent G2 on DNA extraction from low-biomass clay samples. Sci.
Rep. 2018, 8, 5711. [CrossRef] [PubMed]

12. Tanaka, T.; Sakai, R.; Kobayashi, R.; Hatakeyama, K.; Matsunaga, T. Contributions of phosphate to DNA adsorption/desorption
behaviors on Aminosilane-modified magnetic nanoparticles. Langmuir 2009, 25, 2956–2961. [CrossRef] [PubMed]

13. Hurt, R.A.; Robeson, M.S.; Shakya, M.; Moberly, J.G.; Vishnivetskaya, T.A.; Gu, B.; Elias, D.A. Improved yield of high molecular
weight DNA coincides with increased microbial diversity access from iron oxide cemented sub-surface clay environments. PLoS
ONE 2014, 9, e102826. [CrossRef]

14. Engel, K.; Coyotzi, S.; Vachon, M.A.; McKelvie, J.R.; Neufeld, J.D. Validating DNA extraction protocols for bentonite clay. mSphere
2019, 4, e00334-19. [CrossRef]

15. Phosphate Buffer. Cold Spring Harb. Protoc. 2006, pdb.rec8543. [CrossRef]
16. Jones, A.S. Use of Alkyltrimethylammonium Bromides for the isolation of ribo- and deoxribo-nucleic acids. Nature 1963, 199,

280–282. [CrossRef]
17. Cho, J.-C.; Lee, D.-H.; Cheol, C.-Y.; Cho, J.-C.; Kim, S.-J. Direct extraction of DNA from soil for amplification of 16S RRNA gene

sequences by polymerase chain reaction. J. Microbiol. 1996, 34, 229–235.
18. Zhou, J.; Bruns, M.A.; Tiedje, J.M. DNA recovery from soils of diverse composition. Appl. Environ. Microbiol. 1996, 62, 316–322.

[CrossRef]
19. Kachiprath, B.; Jayanath, G.; Solomon, S.; Sarasan, M. CTAB influenced differential elution of metagenomic DNA from saltpan

and marine sediments. 3 Biotech 2018, 8, 44. [CrossRef]
20. Pattarkine, M.V.; Ganesh, K.N. DNA-surfactant interactions: Coupled cooperativity in ligand binding leads to duplex stabilization.

Biochem. Biophys. Res. Commun. 1999, 263, 41–46. [CrossRef]
21. Frostegård, Å.; Courtois, S.; Ramisse, V.; Clerc, S.; Bernillon, D.; le Gall, F.; Jeannin, P.; Nesme, X.; Simonet, P. Quantification of

bias related to the extraction of DNA directly from soils. Appl. Environ. Microbiol. 1999, 65, 5409–5420. [CrossRef]
22. Jackson, C.R.; Harper, J.P.; Willoughby, D.; Roden, E.E.; Churchill, P.F. A simple, efficient method for the separation of Humic

substances and DNA from environmental samples. Appl. Environ. Microbiol. 1997, 63, 4993–4995. [CrossRef]
23. Anderson, M. A Lab-Made Method for extracting DNA from soils. Soil Res. 2018, 56, 560–567. [CrossRef]
24. Miller, D.N.; Bryant, J.E.; Madsen, E.L.; Ghiorse, W.C. Evaluation and optimization of DNA extraction and purification procedures

for soil and sediment samples. Appl. Environ. Microbiol. 1999, 65, 4715–4724. [CrossRef]
25. Sarma, P.V.S.R.N.; Srinivas, V.; Anil, K.; Podile, A.R. Isolation and purification of microbial community DNA from soil naturally

enriched for chitin. Biologia 2012, 67, 644–648. [CrossRef]
26. Devi, S.G.; Fathima, A.A.; Radha, S.; Arunraj, R.; Curtis, W.R.; Ramya, M. A rapid and economical method for efficient DNA

extraction from diverse soils suitable for metagenomic applications. PLoS ONE 2015, 10, e0132441. [CrossRef]
27. Arbeli, Z.; Fuentes, C.L. Improved purification and PCR amplification of DNA from environmental samples. FEMS Microbiol.

Lett. 2007, 272, 269–275. [CrossRef]
28. Braid, M.D.; Daniels, L.M.; Kitts, C.L. Removal of PCR Inhibitors from Soil DNA by Chemical Flocculation. J. Microbiol. Methods

2003, 52, 389–393. [CrossRef]
29. Zaveri, P.; Patel, R.; Patel, M.; Sarodia, D.; Munshi, N.S. Modification of extraction method for community DNA isolation from

salt affected compact wasteland soil samples. MethodsX 2017, 4, 63–67. [CrossRef]
30. Alvarez, R.; Evans, L.A.; Milham, P.J.; Wilson, M.A. Effects of humic material on the precipitation of calcium phosphate. Geoderma

2004, 118, 245–260. [CrossRef]
31. Arkhipchenko, I.A.; Salkinoja-Salonen, M.S.; Karyakina, J.N.; Tsitko, I. Study of three fertilizers produced from farm waste. Appl.

Soil. Ecol. 2005, 30, 126–132. [CrossRef]
32. Bates, S.T.; Berg-Lyons, D.; Caporaso, J.G.; Walters, W.A.; Knight, R.; Fierer, N. Examining the global distribution of dominant

archaeal populations in soil. ISME J. 2011, 5, 908–917. [CrossRef]

http://doi.org/10.1264/jsme2.ME21017
http://www.ncbi.nlm.nih.gov/pubmed/34234043
http://doi.org/10.1016/j.soilbio.2005.05.019
http://doi.org/10.1023/A:1023982008714
http://doi.org/10.1021/bm800970v
http://doi.org/10.1111/j.1574-6941.2012.01325.x
http://doi.org/10.1264/jsme2.23.159
http://doi.org/10.3389/fmicb.2015.00476
http://doi.org/10.1038/s41598-018-24082-y
http://www.ncbi.nlm.nih.gov/pubmed/29632323
http://doi.org/10.1021/la8032397
http://www.ncbi.nlm.nih.gov/pubmed/19437706
http://doi.org/10.1371/journal.pone.0102826
http://doi.org/10.1128/mSphere.00334-19
http://doi.org/10.1101/PDB.REC8543
http://doi.org/10.1038/199280b0
http://doi.org/10.1128/aem.62.2.316-322.1996
http://doi.org/10.1007/s13205-017-1078-x
http://doi.org/10.1006/bbrc.1999.1266
http://doi.org/10.1128/AEM.65.12.5409-5420.1999
http://doi.org/10.1128/aem.63.12.4993-4995.1997
http://doi.org/10.1071/SR17261
http://doi.org/10.1128/AEM.65.11.4715-4724.1999
http://doi.org/10.2478/s11756-012-0059-0
http://doi.org/10.1371/journal.pone.0132441
http://doi.org/10.1111/j.1574-6968.2007.00764.x
http://doi.org/10.1016/S0167-7012(02)00210-5
http://doi.org/10.1016/j.mex.2017.01.002
http://doi.org/10.1016/S0016-7061(03)00207-6
http://doi.org/10.1016/j.apsoil.2005.02.005
http://doi.org/10.1038/ismej.2010.171


Methods Protoc. 2022, 5, 99 11 of 11

33. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [CrossRef]

34. Wright, E.S. Using DECIPHER v2.0 to analyze big biological sequence data in R. R J. 2016, 8, 352–359. [CrossRef]
35. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene

database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590–D596. [CrossRef]
36. Janssen, S.; McDonald, D.; Gonzalez, A.; Navas-Molina, J.A.; Jiang, L.; Xu, Z.Z.; Winker, K.; Kado, D.M.; Orwoll, E.; Manary, M.; et al.

Phylogenetic placement of exact amplicon sequences improves associations with clinical information. mSystems 2018, 3, e00021-18.
[CrossRef]

37. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F.; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019,
37, 852–857. [CrossRef]

38. Voyron, S.; Marisa, Í.; Victorino, M.; Caser, M.; Demasi, S.; Scariot, V.; Bianciotto, V.; Ghignone, S.; Lumini, E. Truth or lie: Does the
DNA extraction procedure really affect the insight in composition and diversity of microbial communities in saffron cultivated
soils? Appl. Microbiol. 2022, 2, 492–501. [CrossRef]

39. Shaffer, J.P.; Carpenter, C.S.; Martino, C.; Salido, R.A.; Minich, J.J.; Bryant, M.; Sanders, K.; Schwartz, T.; Humphrey, G.; Swafford,
A.D.; et al. A comparison of six DNA extraction protocols for 16S, ITS and shotgun metagenomic sequencing of microbial
communities. Biotechniques 2022, 73, 34–46. [CrossRef]

http://doi.org/10.1038/nmeth.3869
http://doi.org/10.32614/RJ-2016-025
http://doi.org/10.1093/nar/gks1219
http://doi.org/10.1128/mSystems.00021-18
http://doi.org/10.1038/s41587-019-0209-9
http://doi.org/10.3390/applmicrobiol2030038
http://doi.org/10.2144/btn-2022-0032

	Introduction 
	Experimental Design 
	Important Materials 
	Materials 
	Equipment 

	Procedure 
	Conclusions 
	References

