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Abstract: As our understanding of soil biology deepens, there is a growing demand for investigations
addressing microbial processes in the earth beneath the topsoil layer, called subsoil. High clay
content in subsoils often hinders the recovery of sufficient quantities of DNA as clay particles bind
nucleic acids. Here, an efficient and reproducible DNA extraction method for 200 mg dried soil
based on sodium dodecyl sulfate (SDS) lysis in the presence of phosphate buffer has been developed.
The extraction protocol was optimized by quantifying bacterial 16S and fungal 18S rRNA genes
amplified from extracts obtained by different combinations of lysis methods and phosphate buffer
washes. The combination of one minute of bead beating, followed by ten min incubation at 65◦C
in the presence of 1 M phosphate buffer with 0.5% SDS, was found to produce the best results.
The optimized protocol was compared with a commonly used cetyltrimethylammonium bromide
(CTAB) method, using Phaeozem soil collected from 60 cm depth at a conventional agricultural field
and validated on five subsoils. The reproducibility and robustness of the protocol was corroborated by
an interlaboratory comparison. The DNA extraction protocol offers a reproducible and cost-effective
tool for DNA-based studies of subsoil biology.
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1. Introduction

In agricultural systems, the distinction between top- and subsoil is made based on the present
or historical tillage depth, which is commonly around 20 to 30 cm [1,2]. Although subsoil accounts
for the vast majority of agricultural soil [2] and its management becomes increasingly important in
light of resource scarcity, [3] our knowledge on soil processes and microbial communities in subsoils is
scarce compared to topsoils. Fortunately, however, the number of scientific studies investigating both
top- and subsoils is steadily increasing, as the methodologies for such studies become more refined
and reliably reproducible. These investigations have broadened the understanding of the role of soil
microbes in carbon and nutrient cycling, as well as the fate of soil pollutants [4]. There is a growing
body of literature recognizing the significance of microbial processes influencing the stability of soil
organic carbon in subsoils [5–8]. Physio-chemical properties have been reported to vary with soil
depth [9–11], and a greater spatial heterogeneity has been found in subsoils [12,13] as compared to
topsoils where soil is homogenized by tillage [14]. The abundance of soil microorganisms is commonly
decreasing with increasing soil depth [9,15,16]. Alongside with absolute changes with increasing
soil depth, compositional differences between top- and subsoil microbial communities have been
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reported using molecular tools [17,18]. Given the low abundance of microorganisms inhabiting subsoil
environments, the extraction of sufficient amounts of nucleic acids for molecular methods like real-time
PCR (qPCR) and next generation sequencing is challenging, particularly in clay-rich soil [16,19–22].

It has long been established that clays have a strong capacity to adsorb nucleic acids and
nucleotides [23]. The main mechanisms contributing to the difficulty in obtaining sufficient DNA yields
from clay soils are related to electrostatic and physical properties of clay minerals and nucleic acids.
Cations associated with clay minerals, namely Ca2+ Mg2+ Fe3+ and Al3+, facilitate the adsorption or
precipitation of DNA from solution through interactions with negatively charged phosphate groups.
Expansive clays like montmorillonite intercalate a mass of DNA in excess of their own weight below
pH 5 [24,25]. The effect of pH on adsorption of DNA onto clay minerals is significant, with the
greatest capacity for adsorption occurring at a pH below 5.5 [24–26]. The fragment size of DNA is
another influential factor affecting its adsorption to clay minerals [27,28]. Orgam and co-workers [27]
assessed the effect of polymer length on soil adsorption in various soil types using calf thymus DNA
and found that, in a silty clay soil dominated by smectite minerals, the shortest length polymer of
2.69 kbp exhibited the highest observed Freundlich adsorption coefficient (K) of the study, in excess of
300. The authors posed that such a high K value for the short fragments may be explained by their
nonexclusion from the pores of the expanding clay and also by kinetics of adsorption, by which the
short fragments are able to outcompete longer fragments for binding sites, due to their higher diffusion
rate in intraparticle pores or water film surrounding particles [27]. The above described properties
of clay and DNA present challenges that any soil DNA extraction method must overcome through
effective pre-lysis and lysis treatment.

Soil DNA extractions are commonly performed using either commercial soil DNA extraction kits
or in-house methods. Commercial kits offer the advantage that they are easy to use; however, compared
to in-house methods, commercial kits are expensive and most of their reagents are supplied in limited
volumes with an unspecified composition. Furthermore, yield differences between commercial kits
have been observed [29]. The chemical diversity of soils is tremendous and may vary over several
orders of magnitude [30], which may require that a DNA extraction protocol be tailored for a particular
soil [31]. Therefore, small volumes of unspecified reagents of commercial kits limit the flexibility
needed to account for chemical differences among soil and/or soil depths. Assessments of soil DNA
extraction protocols, which included commercial extraction kits, have demonstrated that such kits do
not yield sufficient quantity or quality of DNA when utilized for soils with high clay content [22,32,33].
He and colleagues [34] found that washing of soil having high clay and iron oxide content with 0.1 M
sodium phosphate buffer (PB) (pH 7.5) may be implemented to obtain high quantity and quality DNA
with commercial kits. The use of phosphate-based buffer washes is effective for exchanging clay bound
DNA with phosphate ions (e.g., [22]), but it also elutes humic substances and other contaminants,
necessitating careful implementation [35,36].

In this study, we assessed the effectiveness of different lysis procedures in combination with
different phosphate buffers for recovering nucleic acid from a range of subsoils having high clay
content. Subsequently, we selected one promising lysis and phosphate buffer combination, which was
optimized to reliably and reproducibly extract subsoil DNA suitable for use in DNA-based studies of
microbial communities.

2. Materials and Methods

2.1. Optimization of DNA Extraction from Subsoil

2.1.1. Subsoil Collection for Optimization

Subsoil for DNA extraction optimization was collected on July 20, 2019 from a Phaeozem soil
at a conventional agricultural field near Dornburg, Thuringia, Germany (Table S1). A soil core (Ø
10 cm) was obtained using a steel cylinder, with a hardened steel cutting head driven into the soil by
an electric caulking hammer (Makita HM1400, Makita, Fischamend, Austria). Subsoil was collected
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from 60 cm depth and the outer few millimetres (approximately 5 mm) of the soil core were removed
to avoid a transfer of the topsoil into the subsoil material (carryover) during the sampling procedure.
The subsoil was homogenized in a sterile polyethylene bag and approximately 50 g of fresh soil
was transferred into a sterile 50-mL Falcon tube (SARSTEDT, Nümbrecht, Germany) and frozen at
−20 ◦C in the field. Upon arrival at the laboratory, the subsoil sample was freeze-dried for 72 h and
subsequently homogenized using a swing mill (Retsch MM400, Retsch, Haan, Germany) at 25 Hz for 1
min. Homogenized soil was stored air-tight in the dark at room temperature.

2.1.2. Subsoil DNA Extraction Using CTAB Buffer

Extractions were performed using 50 and 200 mg freeze-dried soil, as previously described for the
upper 5-cm topsoil by [37]. Finely ground soil was weighted into 2-mL tubes and three tungsten carbide
beads (Ø 3 mm) were added. The samples were pulverized using a swing mill (Retsch MM400, Retsch,
Haan, Germany) at 25 Hz for 1 min and subsequently suspended in 1 mL cetyltrimethylammonium
bromide (CTAB) buffer (10 mM Tris, 20 mM ethylenediaminetetraacetic acid (EDTA), 0.02 M CTAB,
0.8 M NaCl, 0.03 M N-lauroylsarcosine, 0.13 M sorbitol, 1% (w/v) polyvinylpolypyrrolidone, adjusted
to pH 8.0 with NaOH) with 1 µL proteinase K (20 mg/mL) and 2 µL 2-mercaptoethanol. The mixture
was incubated at 42 ◦C and subsequently at 65 ◦C for 10 min each, with multiple inversions every
60 s for 5 s. After incubation, 800 µL phenol (redistilled, in TE buffer equilibrated, pH 7.5 to 8.0)
were added, the mixture was thoroughly shaken, and centrifuged at 7380× g for 10 min. Following
centrifugation, 800 µL of the supernatant was transferred into a new 2-mL tube and 1 volume (800 µL)
chloroform-isoamyl alcohol (24:1 (v/v)) was added. The mixture was shaken, incubated 10 min on ice,
and centrifuged at 7380× g for 10 min. After centrifugation, 700 µL of the supernatant was transferred
to a new 1.5-mL tube, to which 1 volume (700 µL) chloroform-isoamyl alcohol (24:1 (v/v)) was added.
The mixture was incubated for 10 min on ice and centrifuged at 7380× g for 10 min. Following
this, 600 µL of the supernatant was transferred into a new 1.5-mL tube, containing 200 µL 30% (w/v)
polyethylene glycol (PEG 6000) and 100 µL 5 M NaCl. The mixture was shaken, incubated at room
temperature for 20 min, and centrifuged at 16,000× g for 20 min to pellet the DNA. The supernatant
was discarded and the remaining DNA pellets were washed twice with 500 µL 80% (v/v) EtOH with a
centrifugation step (5 min at 16,000× g) each time prior to discarding the supernatant. DNA pellets
were dried at 30 ◦C for 15 min using a vacuum centrifuge and subsequently re-suspended in 50 µL of
1× TE buffer (10 mM Tris, 1 mM EDTA, adjusted to pH 8.0 with HCl). The dissolution of the pelleted
DNA was facilitated by incubating the samples at 42 ◦C for 2 h. Finally, 3 µL of the DNA extracts
were mixed with 2 µL loading buffer (100 mM EDTA, 50% (v/v) glycerol, 0.025% (v/v) bromophenol
blue) and checked on 0.8% agarose gels (in 1 × TAE buffer (40 mM Tris, 20 mM sodium acetate, 1 mM
Na2EDTA, adjusted to pH 7.6)) by using agarose gel electrophoresis (4.6 V/cm for 60 min). Agarose
gels were stained with ethidium bromide solution (1 mg/L (w/v)) for 10 min and de-stained in double
distilled water (ddH2O) for 10 min. Subsequently, the DNA was visualized by fluorescence in UV
light. DNA extracts were stored at −20 ◦C until analysis.

2.1.3. Subsoil DNA Extraction Using Phosphate Buffer

DNA was extracted from 200 mg of finely ground freeze-dried soil, weighted into 2-mL tubes.
Microbial cells in soil were mechanically lysed by adding three tungsten carbide beads (Ø 3 mm) and
bead beating the samples using a swing mill (Retsch MM400, Retsch, Haan, Germany) at 25 Hz for
1 min. Additionally, we tested whether a saturation step with chloroform, which is expected to increase
the permeability of membranes of microbial cells that were not mechanically lysed, can increase DNA
yield. For this, 250 µL chloroform was added to the 2-mL tubes and the suspension was vortexed for
10 s. Following this, the chloroform was completely evaporated at 30 ◦C for 10 min using a vacuum
centrifuge. Dried soil pellets were either used directly for DNA extraction or again pulverized using a
swing mill as described above prior to extraction, resulting in three cell lysis methods prior to DNA
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extraction: i) bead beating, ii) bead beating + chloroform, and iii) bead beating + chloroform + bead
beating (Figure 1).

Microorganisms 2020, 8, x FOR PEER REVIEW  4  of  16 

 

extraction: i) bead beating, ii) bead beating + chloroform, and iii) bead beating + chloroform + bead 

beating (Figure 1). 

For each of these three cell lysis methods, two different phosphate buffers (PBs) were used to 

compete with DNA  for  the adsorption sites of  the soil matrix:  i) 1 M PB  (1 M Na2HPO4 and 1 M 

NaH2PO4, blended to achieve pH 7.2) and ii) 1 M PB with 0.5% (w/v) sodium dodecyl sulfate (SDS) 

(Figure 2). The addition of SDS in the PB was chosen, because this anionic detergent lyses cells and 

denatures proteins [38], but in contrast to CTAB does not interact with DNA [39]. 

We added 250 μL of  the  respective PB  (1 M PB with/without 0.5% SDS)  to  the samples and 

vortexed the suspension at 3000 rpm for 10 s using a HS120209 vortexing unit (Heathrow Scientific, 

Vernon Hills, USA). Samples were  incubated  at  room  temperate  for  10 min, with  shaking  every 

minute for 5 s, to facilitate the desorption of DNA. Following incubation, samples were centrifuged 

at 7380× g for 1 min and 90 μL of the supernatant was transferred to a new 2‐mL tube. The supernatant 

was diluted 1:10 by adding 810 μL ddH2O, as suggested by Hurt et al. [22], and extracted by adding 

900  μL  phenol.  The mixture was  shaken,  centrifuged  at  7380×  g  for  10 min,  and  800  μL  of  the 

supernatant was  transferred  into  a  new  2‐mL  tube.  The  supernatant was  extracted  twice with 

chloroform‐isoamyl alcohol, DNA was precipitated using PEG‐NaCl and pelleted by centrifugation. 

DNA pellets were washed with ethanol  twice, dried, and  re‐suspended  in 50 μL of TE buffer, as 

described above for the CTAB method. Extracted DNA was visualized on agarose gels as described 

above (2.1.2. Subsoil DNA extraction using CTAB buffer). 

 

Figure 1. Workflow  illustration of preliminary  test of different  combinations of  lysis method and 

buffer solution. ddH2O = double‐distilled water; PB = phosphate buffer; RT = room temperature; SDS 

= sodium dodecyl sulfate. 

2.1.4. Optimization of the Incubation Temperature and Time in the Phosphate Buffer 

Figure 1. Workflow illustration of preliminary test of different combinations of lysis method and buffer
solution. ddH2O = double-distilled water; PB = phosphate buffer; RT = room temperature; SDS =
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For each of these three cell lysis methods, two different phosphate buffers (PBs) were used to
compete with DNA for the adsorption sites of the soil matrix: i) 1 M PB (1 M Na2HPO4 and 1 M
NaH2PO4, blended to achieve pH 7.2) and ii) 1 M PB with 0.5% (w/v) sodium dodecyl sulfate (SDS)
(Figure 2). The addition of SDS in the PB was chosen, because this anionic detergent lyses cells and
denatures proteins [38], but in contrast to CTAB does not interact with DNA [39].

We added 250 µL of the respective PB (1 M PB with/without 0.5% SDS) to the samples and vortexed
the suspension at 3000 rpm for 10 s using a HS120209 vortexing unit (Heathrow Scientific, Vernon
Hills, USA). Samples were incubated at room temperate for 10 min, with shaking every minute for
5 s, to facilitate the desorption of DNA. Following incubation, samples were centrifuged at 7380× g
for 1 min and 90 µL of the supernatant was transferred to a new 2-mL tube. The supernatant was
diluted 1:10 by adding 810 µL ddH2O, as suggested by Hurt et al. [22], and extracted by adding 900 µL
phenol. The mixture was shaken, centrifuged at 7380× g for 10 min, and 800 µL of the supernatant
was transferred into a new 2-mL tube. The supernatant was extracted twice with chloroform-isoamyl
alcohol, DNA was precipitated using PEG-NaCl and pelleted by centrifugation. DNA pellets were
washed with ethanol twice, dried, and re-suspended in 50 µL of TE buffer, as described above for the
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CTAB method. Extracted DNA was visualized on agarose gels as described above (2.1.2. Subsoil DNA
extraction using CTAB buffer).
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2.1.4. Optimization of the Incubation Temperature and Time in the Phosphate Buffer

Following the optimization of the cell lysis method and the choice of PB, we optimized the
incubation temperature and time of the samples in the PB. For this, we chose cell lysis method i) (bead
beating) in combination with PB with 0.5% SDS, which was as effective as the cell lysis method iii)
(bead beating + chloroform + bead beating), but consumed less time and chemicals. The incubation
times were 0 s, 2 min, 5 min, 10 min, 20 min, and 40 min at both RT and 65 ◦C, while the samples were
shaken every minute for 5 s (Figure 2). Following incubation in the PB with 0.5% SDS, the samples
were extracted as described above for the PB method. Extracted DNA was visualized on agarose gels,
as described above for the CTAB method.

2.2. DNA Extraction from Different Types of Subsoil

Subsoil samples of different depths were collected from five sites in Germany from August to
September 2019 (Table S1). We hereafter refer to these soil samples as subsoils 1 to 5. The subsoil
samples were collected in 50-mL Falcon tubes (SARSTEDT, Nümbrecht, Germany), frozen at −20 ◦C in
the field and freeze-dried for 72 h upon arrival in the laboratory. Following freeze-drying, the samples
were finely ground and extracted using PB with 0.5% SDS, with 10 min incubation at 65 ◦C as described
above (2.1.4. Optimization of the incubation temperature and time in the phosphate buffer). For subsoil
4, no supernatant was obtained after centrifuging the soil/PB suspension. Therefore, we increased the
volume of PB added, from 250 to 500 µL. Furthermore, DNA precipitation of subsoil 4 was performed
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by using PEG-NaCl as for the other samples, as well as using 500 µL isopropanol instead of PEG-NaCl.
For biochemical characterization of the soils, soil pH, soil organic C, and total N were determined from
these samples, as described previously by Beule et al. [40].

2.3. Quantification of Soil Bacteria and Fungi

Soil bacteria and fungi were quantified in all soil DNA extracts, as described by Beule et al. [41]
Briefly, fragments of bacterial 16S rRNA gene and fungal 18S rRNA gene were amplified from 1:20
dilutions of the soil DNA extracts in ddH2O in 4 µL reaction volumes in 384-well plates, using primer
pair Eub338/Eub518 [42,43] for bacteria and FR1/FF390 [44] for fungi. All DNA extracts were amplified
in triplicate and their mean was used for further analysis.

2.4. DNA Amplification Inhibition Test

The effect of PCR-inhibiting substances (e.g., phenolic compounds and humic acids co-extracted
from the soil matrix) on the enzymatic amplification of DNA was quantified using a qPCR inhibition test.
For this, we tested inhibition of the soil DNA extracts on the amplification of Verticillium longisporum
VL43 by spiking the qPCR reactions with dilutions of the extracts. All qPCR reactions were performed
in a CFX384 Thermocycler (Bio-Rad, Rüdigheim, Germany) in 384-well plates, with a total reaction
volume of 4 µL. The mastermix was comprised of ddH2O; buffer (20 mM Tris-HCl, 10 mM (NH4)2SO4,
10 mM KCl, 2 mM MgSO4, 0.1% Triton® X-100, pH 8.8 at 25 ◦C); additional 1 mM MgCl2 to achieve 3 mM
Mg2+; 200 µM of each deoxyribonucleoside triphosphate (Bioline, Luckenwalde, Germany); 0.3 µM
of each primer (OLG 70 (5′-CAGCG AAACG CGATA TGTAG-3′) and OLG 71 (5′-GGCTT GTAGG
GGGTT TAGA-3′) [45]); 0.1X SYBR Green I solution (Invitrogen, Karlsruhe, Germany); 1 mg/mL bovine
serum albumin; 0.025 u Taq DNA Polymerase (New England Biolabs, Beverly, Massachusetts, USA)).
Positive controls contained 2 µL mastermix, 1 µL containing 10 pg/µL genomic DNA of Verticillium
longisporum VL43 (provided by A. von Tiedemann, University of Goettingen) dissolved in 0.5 × TE
buffer, and 1 µL ddH2O. Positive controls spiked with soil DNA extract contained 2 µL mastermix,
1 µL of a solution containing 10 pg/µL genomic DNA of V. longisporum VL43, and 1 µL of a 1:20
dilution of the soil DNA extract in ddH2O. Positive and positive controls spiked with soil DNA extracts
were amplified in triplicate and their mean was used for further analysis. Negative controls were
amplified in duplicates and contained 2 µL mastermix and 2 µL ddH2O. The thermocycling conditions
consisted of an initial denaturation at 95 ◦C for 120 s, followed by 40 cycles of denaturation (94 ◦C, 10 s),
annealing (60 ◦C, 15 s), and extension (68 ◦C, 15 s) and final extension (68 ◦C, 5 min). Melting curves
were generated by heating the samples to 95 ◦C for 60 s and cooling to 55 ◦C for 60 s, followed by a
temperature increase from 55 to 95 ◦C by 0.5 ◦C per step, with continuous fluorescence measurement.
The effect of inhibitors on DNA amplification was determined by comparing the quantification cycles
(Cq) between pure V. longisporum DNA and V. longisporum DNA, spiked with soil DNA extracts.

2.5. Interlaboratory Comparison

The reproducibility of our optimized extraction method was tested by an interlaboratory
comparison. Five different subsoil samples were extracted at the department of Molecular
Phytopathology and Mycotoxin Research, University of Goettingen, Germany. The same soil samples,
excluding subsoil 3 which had limited sample volume, were extracted at the North Florida Research
and Education Center, University of Florida, United States of America. The extractions were carried
out by a different researcher at each laboratory, following a step-by-step guide (Supplementary File S1).

2.6. Statistical Analysis

Data were tested for normality of distribution (Shapiro–Wilk test; ‘shapiro.test’-function in the
R-package ‘stats’ version 3.4.3) and equality of variance (Levene’s test; ‘leveneTest’-function in the
R-package ‘car’ version 3.0-0). If data were normally distributed and equality of variances was satisfied,
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student’s t-test (‘t.test’-function in the R-package ‘stats’ version 3.4.3) or a one-way analysis of variance
(ANOVA) (‘anova’-function in the R-package ‘stats’ version 3.4.3) with Tukey’s honestly significant
difference (HSD) post-hoc test and Holm-corrected p-values (‘TukeyHSD’-function in the R-package
‘stats’ version 3.4.3) was conducted. When data were not normally distributed or the variance of groups
was not equal, a Mann–Whitney U test (‘wilcox.test’-function in the R-package ‘stats’ version 3.4.3)
or Kruskal–Wallis test with multiple comparison extension (‘kruskalmc’-function in the R-package
‘pgirmess’ version 1.6.9) was performed. All statistical analyses were performed in R version 3.4.3 [46].

3. Results

3.1. Choice of Extraction Buffer

Extraction from 50 and 200 mg subsoil using a cetyltrimethylammonium bromide (CTAB)-based
protocol with polyethylene glycol (PEG)-NaCl precipitation resulted in low total DNA yield (Figure 3 A).
Likewise, the yield of DNA of soil bacteria and fungi was comparatively low (Figure 3B,C). We observed
that the extraction of 200 mg soil resulted in lower recovery of bacteria (p = 0.0072) than 50 mg soil
(Figure 3B), and fungal DNA was not detectable when DNA was extracted from 200 mg soil (Figure 3C).
Compared to the CTAB-based protocol, the usage of 1 M PB increased total DNA yield, as well as the
recovery of soil bacteria and fungi (Figure 3). The comparison of three different cell lysis methods (i) bead
beating, (ii) bead beating + chloroform, and (iii) bead beating + chloroform + bead beating (Figure 1),
prior to DNA extraction using PB with/without 0.5% sodium dodecyl sulfate (SDS) revealed that bead
beating prior to extraction in PB with 0.5% SDS resulted in the largest total DNA yield (Figure 1). The cell
lysis method (iii) (bead beating + chloroform + bead beating), followed by washing with PB with 0.5%
SDS, resulted in similar total DNA yield as bead beating (Figure 3), but consumed more time and
resources and did not reduce the effect of PCR inhibitors on amplification (Figure 4A).

3.2. Optimization of Incubation Temperature and Time

The optimization of the incubation temperature and time was performed using bead beating,
with a subsequent washing using PB with 0.5% SDS. Incubating the soil/PB suspension at 65 ◦C
generally increased total DNA yield as compared to room temperature (RT) (Figure 3). At the same
time, however, incubation at 65 ◦C increased the effect of co-extracted PCR inhibitors (Figure 4A).
The optimal incubation time at which the greatest DNA yield with comparatively low degradation
was achieved was 10 min for both incubation temperatures, whereas bacterial and fungal recovery
was greater at 65 ◦C than at RT (p = 0.010) (Figure 3). Therefore, we selected bead beating of 200 mg
freeze-dried subsoil, followed by a 10-min washing using PB with 0.5% SDS, performed at 65 ◦C
(Supplementary File S1) as the optimal extraction protocol.

3.3. DNA Extraction from Different Subsoils

Our optimized extraction protocol for DNA from subsoil (Supplementary File S1) was tested using
five different subsoils of different depths and soil characteristics (Table S1). We successfully extracted
DNA from subsoils 1, 2, 3, and 5 and were able to quantify soil bacteria and fungi in these extracts using
qPCR (Figure 5). Furthermore, visual assessment of extracted DNA in agarose gels as well as qPCR
data indicated that our optimized protocol is suitable for these types of subsoil (Figure 5). For subsoil 4,
we obtained no supernatant after centrifugation of soil suspension in PB. Even increasing the volume
of PB to 500 µL has not allowed us to extract sufficient quantities of DNA for the quantification of
bacteria and fungi from subsoil 4 (Figure 5). The replacement of isopropanol as a precipitation agent
by PEG-NaCl increased the DNA yield (Figure 5A), but simultaneously appeared to enhance PCR
inhibition, although this effect was not supported statistically (Figure 4B). Isopropanol precipitation of
DNA from subsoil 4 enabled us to quantify soil bacteria (Figure 5B), whereas soil fungi were still not
detectable by qPCR (Figure 5C). The reliability of the optimized extraction protocols was confirmed by
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an interlaboratory comparison between the University of Goettingen, Germany and the University of
Florida, USA (Figure S2).
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Figure 3. Comparison of DNA obtained with different extraction protocols and copy number of rRNA
genes determined by qPCR. (A) Separation of extracted DNA in 1.7% agarose gel. Samples loaded onto
the gel were pooled from three technical replicates shown in Figure S1. (B) Abundance of bacterial 16S
rRNA. (C) Abundance of fungal 18S rRNA. Differences between two groups of samples (e.g., 1 and 2 or
10 and 11) were tested using student’s t-test (* p < 0.05). Differences among more than two groups of
samples (e.g., 3 to 8) were tested using ANOVA with Tukey HSD. Different uppercase letters indicate
statistically significant differences at p < 0.05. n.d. = not detectable; n.s. = no statistically significant
differences; PB = phosphate buffer; RT = room temperature; SDS = sodium dodecyl sulfate.
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methods (see 2.4. DNA amplification inhibition test for methodological details) (A) and subsoil 4 using
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samples (e.g., 1 and 2 or 10 and 11) were tested using student’s t-test (* p < 0.05). Differences among
more than two groups of samples (e.g., 3 to 8) were tested using ANOVA with Tukey HSD. Different
uppercase letters indicate statistically significant differences at p < 0.05. Cq = quantification cycle; n.s. =

no statistically significant differences; CTAB = cetyltrimethylammonium bromide; PB = phosphate
buffer; RT = room temperature; SDS = sodium dodecyl sulfate.
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4. Discussion

DNA extraction using a CTAB-based protocol yielded a low amount of DNA when 50 mg soil per
mL buffer was used and almost no detectable DNA when 200 mg soil was used (Figure 3). Investigations
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on the effect of pH on the adsorption of DNA to clay minerals have shown that adsorption capacity
decreased at higher pH [24,36]. Recently, Hou et al. [47] demonstrated that clay minerals modified with
CTAB have a greater capacity for DNA adsorption and intercalation of DNA into the clay galleries.
This mechanism may contribute to the overall low performance of CTAB-based protocols on clay soils.

Commercial kits for the extraction of DNA from soil are available, but their performance has often
been criticized as unsatisfactory. For instance, the effectiveness of a commercial kit for releasing bound
DNA from clay loam soil was called into question by Emmons et al. [48], in a study investigating the
persistence of human DNA in grave soil; Vishnivetskaya et al. [29] demonstrated that the DNA content
of bacterial taxa in soil DNA extracted using certain commercial kits is biased, and Lim et al. [49]
showed that an in-house method outperformed a commercial kit in the extraction of bacterial DNA
from sand. To compensate for the shortcomings of commercial kits, using a combination of two kits
has been exploited. Dimitrov et al. [50] employed successive extractions of the same sample with
two commercially available kits to increase yields of DNA from soils with clay content as high as
36.7%. In a complementary approach, Yamanouchi et al. [51] extracted soil DNA using a commercial
kit and processed the extract with another kit to improve the quality of DNA. Antony-Babu et al. [52],
however, used two commercial kits for DNA extraction from soil sequentially in this way, yet the
quality of DNA was not adequate. Washing soil samples with diluted EDTA five times prior to
DNA extraction, and washing DNA bound to the columns of the kit with a concentrated solution of
guanidine thiocyanate up to five times was necessary to obtain DNA of adequate quality. For some
soils, an additional extraction with a mixture of phenol and chloroform was necessary [52].

Apart from the high costs of commercial kits, especially when two kits are used sequentially,
the fundamental drawback of using commercial kits is that the constitution of key components is
unknown and their future availability is uncertain. This hampers the replication and continuation
of research relying on such kits. For instance, in 2003, Braid et al. [53] developed a method for the
removal of PCR inhibitors from soil DNA by flocculation with aluminum ammonium sulfate, based on
Ultra-Clean Soil DNA Purification kit (Mo Bio Labs, Solana Beach, CA, USA). In 2005, van den Boogert
et al. [54] optimized the use of the kit for the extraction of soil DNA for the diagnosis of Synchitrium
endobioticum. In 2010, van Gent-Pelzer et al. [55] extended the applicability of the method to fresh wart
tissue and optimized its sensitivity. In 2009, Gonzales-Franco et al. [56] developed a method for the
extraction of Actinomycetes DNA from soil, based on the same kit with additional heating and bead
beating steps. In 2013, all these protocols became obsolete, because the soil DNA extraction kit on
which they were based was removed from the market. The protocol developed in this work will not
suffer this fate, because it does not use proprietary reagents.

Reports of the effect of PEG versus isopropanol precipitation on DNA yield and co-extraction
of contaminants like humic acids are contradictory, as summarized by Arbeli and Fuentes [57].
It was suggested that differences among precipitation protocols likely account for these inconclusive
results [57]. For environmental samples with very low microbial biomass, the selection of an appropriate
precipitation agent is important for the successful recovery of DNA. Precipitation of DNA with PEG
is more selective than precipitation with isopropanol [57]; it was therefore used for the removal
of contaminants from DNA extracted from microbial sediments [58] and PCR inhibitors from soil
DNA [59]. While some authors reported the efficient removal of PCR inhibitors from DNA by PEG
precipitation, others were less successful. For instance, Yeates at al. [60] had to strongly dilute extracted
DNA before PCR and Cullen and Hirsch [61] observed brown humic substances co-precipitating with
DNA; the suitability of DNA for amplification was equal to DNA precipitated with isopropanol [61].
We assume that the PEG concentration used in these works, namely 10% and 15%, was too high.
Arbeli and Fuentes [57] showed in their elegant study that the concentration of humic substances in
DNA solution was 5-times higher after precipitation with 10% PEG, as compared to DNA precipitated
with 5% PEG. In their work, 5% was the lowest PEG concentration at which no loss of DNA was
observed. Five percent was also the lowest PEG concentration traditionally used to precipitate DNA in
the presence of 0.5 M NaCl [62]. However, choosing the lowest suitable concentration from a tested
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series does not lead to a robust protocol, because a slightly lower concentration or the use of PEG with
a slightly different length distribution might reduce the yield. Indeed, losses of DNA after precipitation
with 5% PEG have been reported [63]. We therefore chose 6.7% PEG for our protocol.

Among five subsoils tested in this work, four subsoils generated sufficient amounts of DNA to be
detected in agarose gels, but the extraction of subsoil 4 failed (Figure 5). Replacement of PEG-NaCl
precipitation with isopropanol precipitation led to the successful extraction of DNA from subsoil 4
(Figure 5). It should be noted, however, that the substitution of PEG with isopropanol increased the
co-extraction of PCR inhibitors as well (Figure 5B). This finding agrees with previous reports that
isopropanol precipitation increased the amount of co-extracted humic acids and other contaminants,
as compared to precipitation with PEG [57,59]. In cases without a detectable recovery of DNA, carriers
such as polyacrylamide [64], carrier DNA [65], or glycogen [66] may be added to soil extracts prior to
DNA precipitation.

The inclusion of SDS in the PB increased DNA yield (Figure 3). SDS is a strong anionic detergent
that lyses cells [67,68] and is routinely used in soil DNA extraction protocols (e.g., [31]), either
as an alternative to mechanical cell disintegration by bead beating [69] or in combination with
bead beating [60,70]. While developing a DNA extraction method for marine sediments, Gray and
Herwig [71] found that 1 min bead beating, followed by incubation at 70 ◦C in the presence of lysis
buffer containing SDS, resulted in high yields of high molecular weight DNA, but they had to purify
the DNA using a commercial kit before amplification. The authors rationalized that the bead beating
step was necessary for partial cell lysis and homogenization of the sample while the 70 ◦C incubation
completed the lysis. They also observed that prolonging the bead-beating step caused DNA shearing.
In another work [72], mechanical disintegration was found to be the key factor affecting the efficiency
of DNA extraction from soil. While SDS has been used to denature proteins (e.g., [39]) and lyse tissues
and cells in the laboratory [67,68], chloroform was used in soil microbiology to lyse microbial cells
directly in soil [73]. Due to the fact that certain soil bacteria were reported to survive SDS treatment
and bead beating [74], we investigated whether treatment with chloroform prior to bead beating
improves the DNA recovery from soil. The results showed that chloroform pre-treatment did not
improve the yield of DNA when the extraction buffer contained SDS (Figure 3). Therefore, we chose the
bead beating of freeze-dried soil, with subsequent washing with PB containing SDS as the extraction
method. In our experience, the incubation of freeze-dried soil at 65 ◦C in PB with 0.5% SDS for 10 min
resulted in high DNA yield with minimal degradation. Dry clays and adsorbed DNA may experience
greater electrostatic interaction as DNA molecules change configuration and become closely packed
under dry conditions, resulting in greater negative charge density [28]. In our study, incubation for
10 min might have provided enough time for rewetting and weakening such electrostatic interactions.
Furthermore, the amount of DNA and other compounds released from cells in the presence of SDS
have been observed to dramatically increase around ten minutes’ elapsed time [68]. It is likely that
the initial homogenization step, along with the bead beating step, mechanically lysed some cells and
additionally homogenized the clay, which facilitated penetration of the lysis buffer.

5. Conclusions

We assessed different lysis procedures in combination with phosphate buffers for the extraction
of DNA from a range of clay-rich subsoils. The best recovery was achieved after homogenization by
bead beating, followed by an extraction with 1 M phosphate buffer and 0.5% SDS at 65 ◦C. The DNA
extraction protocol for subsoils is suitable for downstream molecular analysis, and is robust as well as
reproducible across laboratories.
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