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Abstract

Purification and PCR amplification procedures for DNA extracted from environ-

mental samples (soil, compost, and river sediment) were improved by introducing

three modifications: precipitation of DNA with 5% polyethylene glycol 8000 (PEG)

and 0.6 M NaCl; filtration with a Sepharose 4B–polyvinylpolypyrrolidone (PVPP)

spin column; and addition of skim milk (0.3% w/v) to the PCR reaction solution.

Humic substances’ concentration after precipitation with 5% PEG was 2.57-, 5.3-,

and 78.9-fold lower than precipitation with 7.5% PEG, 10% PEG, and isopropa-

nol, respectively. After PEG precipitation, Sepharose, PVPP and the combined

(Sepharose–PVPP) column removed 92.3%, 89.5%, and 98%, respectively, of the

remaining humic materials. Each of the above-mentioned modifications improved

PCR amplification of the 16S rRNA gene. DNA extracted by the proposed protocol

is cleaner than DNA extracted by a commercial kit. Nevertheless, the improvement

of DNA purification did not improve the detection limit of atrazine degradation

gene atzA.

Introduction

Molecular microbial ecology studies commonly involve

DNA extraction and purification, followed by an enzymatic

reaction or DNA hybridization (Amann et al., 1995; Head

et al., 1998; Dabert et al., 2002). Although many extraction

protocols and commercial kits are now available (e.g. Steffan

et al., 1988; Tsai & Olson, 1991; Berthelet et al., 1996; Zhou

et al., 1996; Miller et al., 1999; Martin-Laurent et al., 2001;

Luna et al., 2006), they still suffer from bias (Martin-Laurent

et al., 2001; Niemi et al., 2001; Luna et al., 2006) and from

the persistence of contaminants in the purified DNA extract

(Wilson, 1997; Schneegurt et al., 2003). These contaminants,

particularly humic substances, might preclude PCR amplifi-

cation (Zhou et al., 1996; Miller et al., 1999; Niemi et al.,

2001; Braida et al., 2003), interfere with DNA hybridization

(Steffan et al., 1988), and increase the background in micro-

array hybridization (Lemarchand et al., 2005).

Some of the most popular DNA purification methods

involve removal of humic material through agarose gel

electrophoresis, polyvinylpolypyrrolidone (PVPP), size ex-

clusion chromatography or silica-based DNA binding

(Berthelet et al., 1996; Jackson et al., 1997; Miller et al.,

1999; Miller, 2001). DNA precipitation, which is performed

to discard the extraction buffer and contaminants, is also a

crucial step affecting the quality of the preparation. Most

commonly, precipitation is achieved with isopropanol (e.g.

Zhou et al., 1996; Miller et al., 1999; Rondon et al. 2000;

Martin-Laurent et al., 2001), but ethanol and polyethylene

glycol are also used.

Recently, LaMontagne et al. (2002) reported that using

10% polyethylene glycol 8000 (PEG) instead of isopropanol

resulted in a fourfold reduction in humic substance content,

without decreasing DNA yields. Other reports about the

effect of PEG precipitation on the yield of DNA and humic

material are contradictory (Purdy et al., 1996; Cullen &

Hirsch, 1998; Krsek & Wellington, 1999). It is hypothesized

that these differences could have resulted from differences in

the precipitation protocols (i.e. the concentration of PEG

and NaCl) used by the different researchers (Purdy et al.,

1996; Cullen & Hirsch, 1998; Krsek & Wellington, 1999;

LaMontagne et al., 2002). To test this hypothesis, the quality

and quantity of DNA precipitated with different concentra-

tions of PEG and NaCl were compared, and DNA obtained

with the most effective PEG and NaCl combination was

compared with DNA precipitated with isopropanol. For

further purification of the DNA extracts, filtration over spin

columns containing PVPP, Sepharose 4B, or a combination

of Sepharose 4B and PVPP in one spin column (combined

column) were compared. Finally, it was tested whether skim
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milk, which was shown to improve the PCR amplification of

plant DNA (De Boer et al., 1995), would also improve PCR

amplification of environmental DNA.

Materials and methods

Environmental samples

Three different environmental samples were used for refine-

ment of DNA extraction methods: river sediment (Rı́o-

Bogotá, 1.22% organic carbon, Garcı́a-Chaves et al., 2007),

compost (produced at the Agronomy Faculty, Universidad

Nacional de Colombia – Sede-Bogota, 11.9% organic car-

bon) and loamy sand soil (campus of Universidad Nacional

de Colombia Sede-Bogota, 78% sand, 20% silt, 2% clay, and

6.73% organic carbon). This soil was selected as it was the

most problematic in relation to PCR amplification among

15 soils tested in a preliminary study.

Optimization of DNA precipitation

DNA was extracted from 5 g of each environmental sample

using modifications to the method of Zhou et al. (1996).

The grinding, freezing and thawing steps were included and

the following extraction buffer was used: 100 mM Tris-HCl

(pH 8.0), 100 mM sodium EDTA (pH 8.0), 100 mM sodium

phosphate (pH 8.0), 1.5 M NaCl, and 1% CTAB. The

original method was followed up to the point of the chloro-

form purification stage, immediately before DNA precipita-

tion. Following chloroform purification, samples were

divided into 1 mL subsamples in 2 mL tubes in order to

compare DNA precipitation at 0.6 M NaCl with varying final

concentrations of PEG (2.5%, 5%, 7.5%, and 10%) or at 5%

PEG with varying final concentrations of NaCl (0.6, 0.8, 1,

and 1.2 M). To each tube, 1 mL of a precipitation solution

was added and mixed with the 1 mL of crude DNA extract to

yield the above-mentioned concentrations of PEG and

NaCl. Each combination of PEG, NaCl, and environmental

sample was tested in triplicate for a total of 72 precipita-

tions. Samples were left overnight at 4 1C, centrifuged

(16 000 g, 20 min), and the pellets were washed twice with

70% ethanol and dissolved in 100mL TE buffer (Tris-HCl,

10 mM; EDTA 1 mM; pH 8).

The recommended conditions for PEG precipitation (5%

PEG and 0.6 M NaCl) were compared with precipitation

with isopropanol. To do this, 1 mL PEG (10% in H2O HPLC

grade) or 1 mL of isopropanol was added to 1 mL of crude

DNA extract. Three separate precipitations were performed

for each combination of environmental sample and precipi-

tation method, for a total of 18 precipitations.

DNA purification by spin column

DNA precipitated with isopropanol or at 5% PEG was

further purified by passage through three different types of

spin columns: Sepharose 4B, PVPP, or Sepharose 4B1PVPP

(combined). Sepharose 4B and PVPP were prepared accord-

ing to Jackson et al. (1997) and Berthelet et al. (1996),

respectively, with some modifications as described below (F.

Martin-Laurent, pers. commun.): Micro Bio Spin columns

(Bio-Rad) were loaded with either 1.4 mL Sepharose 4B

(Sigma) or 95 mg PVPP (Sigma). The new combined

columns were loaded with 45 mg PVPP followed by 1.4 mL

Sepharose 4B. The columns were inserted into 2-mL tubes.

Sepharose and combined column were first centrifuged

(1100 g, 2 min) to discard liquids (20% ethanol in water).

Then all columns were washed three times: the Sepharose

and combined column with 500 mL TE and centrifugation at

1100 g for 2 min, and PVPP columns with 400 mL H2O

(HPLC grade) and centrifugation at 1000 g for 2 min. DNA

samples (100 mL) were loaded into the columns and were

migrated by centrifugation (Sepharose 4B and combined

columns at 1500 g for 4 min and PVPP columns at 1000 g

for 4 min), and eluents were collected and stored at � 20 1C

till analysis.

PCR amplification

PCR amplification was performed in a total reaction volume

of 20 mL containing 1� buffer (Invitrogen), 0.2 mM of each

dNTP, 1.5 mM MgCl2, 0.5 mM of each universal primer

(F27/R1492) (Weisburg et al., 1991), 1.25 U of Taq DNA

polymerase (Invitrogen), 1mL of DNA template (undiluted

or 10-fold-diluted extracts), and 0.3% (w/v) dry skim milk

when indicated. Stock solution of skim milk (Proleche,

Colombia) was prepared in water (HPLC grade) at a

concentration of 20% (w/v). Amplifications were performed

with an iCycler (Bio-Rad), using the following program:

denaturation for 5 min at 95 1C; then 30 cycles consisting of

94 1C for 1 min, 58 1C for 40 s, and 72 1C for 2 min; and a

final extension step at 72 1C for 5 min. Amplification

products were analyzed by electrophoresis in a 1% (w/v)

agarose (Sigma) gel in 0.5� TBE and stained with ethidium

bromide in order to visualize DNA bands.

Quantification of DNA and humic substances

DNA concentration was determined as follows: 5 mL of each

sample and a standard (20 ng mL�1, l phage DNA, Sigma)

were electrophoresed on a 1% (w/v) agarose gel, stained

with ethidium bromide, and photographed. The quantities

of DNA were determined according to the relative intensities

of the bands evaluated with an image analyzer (Hitachi

Genetic System). The concentration of humic acids was

determined with a spectrophotometer (SmartSpec Plus,

Bio-Rad) at a wavelength of 320 nm (A320 nm) according to

Miller (2001).
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Sensitivity: comparison with a commercial kit

The sensitivity of the optimized methods and the Mo Bio

Ultraclean Soil DNA Kit was compared by assessing the

detection limit of the atrazine degradation gene atzA by PCR

amplification (de Souza et al., 1998). This gene is typically

found only in soils with a history of atrazine and was not

detected in the soil described above (data not presented).

Soil (0.4 g) was added to 2 mL tubes, which already con-

tained 840mL extraction buffer (Zhou et al., 1996) and to

the tubes supplied by the commercial kit. Pseudomonas sp.

strain ADP (Mandelbaum et al., 1995) was added at

different concentrations (decimal gradient, 0–106 CFU g�1

soil, in duplicate). In order to reduce experimental error,

grinding was omitted from the protocol of Zhou et al.

(1996). DNA extraction was commenced from the freezing

and thawing step and continued as described above. The

omission of grinding from the protocol is expected to reduce

DNA yield (Zhou et al., 1996). For the commercial kit, DNA

extraction was performed according to the manufacturer’s

instructions. The gene atzA was amplified using the primers

described by de Souza et al. (1998) (50-CCA TGT GAA CCA

GAT CCT-30; 50-TGA AGC GTC CAC ATT ACC-30), in a

reaction buffer as described above, and using the following

program: denaturation for 5 min at 95 1C; then 30 cycles

consisting of 94 1C for 1 min, 52 1C for 1 min, and 72 1C for

1 min; and a final extension step at 72 1C for 5 min.

Statistical analysis

All data were subjected to an ANOVA arranged in a rando-

mized block design (according to sample source) using SAS

program, version 8. The experimental results presented in

Fig. 1a and b and Table 1 had one factor in the treatment

structure (concentration of PEG, concentration of NaCl,

and precipitation method, respectively). The experimental

results presented in Table 2 were arranged in a 2� 3 factorial

design, in order to determine the effect of two factors:

precipitation method and column type. All data but one

fulfilled all the assumptions of ANOVA. In the experimental

results presented in Fig. 1a, there was an autocorrelation in

the error of humic substances and therefore the results were

subjected to the Freidman nonparametric analysis.

Results and discussion

Optimization of DNA precipitation

Protocols for environmental DNA precipitation with PEG

were probably adopted directly from studies with cleaner

systems such as pure cultures and were never optimized for

environmental samples. Here, it is shown that the concen-

tration of PEG and NaCl had a significant influence on the

amount of DNA and humic contaminants precipitated. The

concentration of humic acids in the final DNA preparation

was the lowest at the lowest concentrations of PEG and NaCl

tested, namely 2.5% PEG and 0.6 M NaCl (Fig. 1). However,

at 2.5% PEG, DNA recovery was very low (Po 0.0001),

while there were no significant differences in DNA recovery

under all other PEG or NaCl precipitation conditions

(P4 0.48). Precipitation at 5% PEG yielded significantly

(a= 0.01) less humic acids when compared with
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Fig. 1. Humic substance concentration, represented as absorption at a

wavelength of 320 nm, and DNA concentration (ng mL�1) after precipita-

tion with different concentrations of PEG at constant 0.6 M NaCl (a) or

NaCl at constant 5% PEG (b). The concentrations of PEG and NaCl are

those achieved after mixing the precipitation solution with the extraction

buffer. Corresponding statistical data are presented in the text.

Table 1. Effect of 5% PEG vs. isopropanol precipitation on concentra-

tions of humic substance and DNA�

Sample

Humic substance (A320 nm)w DNA (ng mL�1)z

Isopropanol 5% PEG Isopropanol 5% PEG

Soil 139.7 1.03 46.7 48.1

Compost 60.2 1.18 40.6 44.1

Sediment 91.1 1.92 16.3 19

�Results were subject to analysis of variance arranged in a randomized

block design (according to the sample source).
wThe difference in humic substance contents after precipitation by

isopropanol or 5% PEG was highly significant (Po 0.0001).
zNo significant difference was observed in DNA yield after precipitation

by isopropanol or 5% PEG (P = 0.29).
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precipitation at 7.5% or 10% PEG (2.57- or 5.3-fold,

respectively). Similarly, precipitation at 0.6 M NaCl yielded

significantly less humic acids when compared with precipi-

tation at 0.8, 1, and 1.2 M (P = 0.0281, 0.0012, 0.0191,

respectively). For this reason, the recommended precipita-

tion conditions are 5% PEG and 0.6 M NaCl.

The recommended precipitation condition (5% PEG and

0.6 M NaCl) was compared with isopropanol precipitation.

Humic contaminants could dissolve fairly well in PEG but

were precipitated with isopropanol. The absorbance at

A320 nm following PEG precipitation was 48.5-, 51.5-, and

136.8-fold lower than precipitation with isopropanol in

sediment, compost, and soil, respectively, while there was

no significant difference in DNA recovery (P = 0.29) (Table 1,

Fig. 2a).

To the author’s knowledge, this is the first instance of

systematic optimization for PEG precipitation of environ-

mental DNA, and common protocols use 8–10% PEG

(Sambrook et al., 1989; Purdy et al., 1996; Kingsley &

Richards, 2001; LaMontagne et al., 2002). Although LaMon-

tagne et al. (2002) have suggested that PEG precipitation is

better than isopropanol, many researchers still use isopro-

panol, probably because of inconsistent results obtained

with PEG in different studies (Purdy et al., 1996; Cullen &

Hirsch, 1998; Krsek & Wellington, 1999; LaMontagne et al.,

2002). Furthermore, it is shown that the protocol used by

LaMontagne et al. (2002) can be improved.

DNA purification by spin column

For further purification, DNA filtration through three

different types of spin columns were compared: Sepharose

4B, polyvinylpolypyrrolidone, or Sepharose 4B1polyvinyl-

polypyrrolidone (combined column). Following PEG pre-

cipitation, Sepharose, polyvinylpolypyrrolidone, and the

combined column removed 90.3%, 94%, and 97.6% of the

remaining humic material, respectively, and all column

types yielded less humic substance than the commercial kit.

After isopropanol precipitation, Sepharose, polyvinylpoly-

pyrrolidone, and the combined column removed 94.4%,

85% and 98.5% of the humic material, respectively (for

statistics, see Table 2). All column types yielded more humic

substance than the commercial kit. In all protocols, there

was no significant difference in DNA recovery (Table 2), and

DNA fragment size was equivalent (410 kb, Fig. 2). Thus,

removal of humic contaminants was best with the combined

column, probably due to two distinct mechanisms: size

exclusion (by Sepharose 4B) and adsorption (by

Table 2. Effect of precipitation solvent and spin column type on DNA quantity and quality�

Precipitation Column

Humic acids

(A320 nm)

DNA

(ngmL�1)

A260 nm/

A280 nm

% Humic acids

removal A320 nm
w

% DNA

recovery z,‰

No. of successful PCR amplifications

(out of three)

100z

10�1z

PEG 5% Sepharose 0.129 14.4 1.89 90.3 36.2 3 3

PVPP 0.075 15.3 1.89 94 42.3 3 3

Combined 0.026 15.1 1.97 97.6 39.9 3 3

Isopropanol Sepharose 4.5 13.2 1.68 94.4 42.9 0 0

PVPP 17.7 10.7 1.63 85 29.4 0 0

Combined 1.2 13.5 1.85 98.5 40.4 0 3

Mo Bio Kit 0.615 0 3

�Results were subject to analysis of variance arranged in a randomized block design (according to sample source) and a 2� 3 (precipitation

type� column type) factorial array.
wThe differences in humic substance removal by different column types after precipitation by 5% PEG or isopropanol were significant (P = 0.0141 and

0.0001, respectively). The difference in humic substance removal by different precipitation types was significant after filtration by PVPP (P = 0.0009) and

insignificant after filtration with Sepharose and combined columns (P = 0.0716 and 0.6618, respectively).
zNo significant difference between all possible combinations was observed in DNA recovery (P4 0.15).
‰Calculated as: DNA before precipitation/DNA after precipitation � 100.
zDilution rate of template DNA.

1

10 k

10 k

(a)

(b)

2 3 4 5 6

Fig. 2. Agarose gel electrophoresis of soil’s genomic DNA after precipi-

tation before (a) and after (b) gel filtration. Odd lanes are of DNA

precipitated with 5% PEG, 0.6 M NaCl; even lanes are of DNA precipi-

tated with isopropanol. Lanes 1, 2: DNA filtered with a combined

column; lanes 3, 4: DNA with polyvinylpolypyrrolidone column; lanes 5,

6: DNA filtered with Sepharose 4B filtered.
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polyvinylpolypyrrolidone). In other words, in the combined

column, humic substances with a higher molecular weight

that comigrated with the DNA through the Sepharose were

removed by polyvinylpolypyrrolidone. The importance of

combining Sepharose and polyvinylpolypyrrolidone was

further illustrated in additional experiments (results not

shown), where consecutive filtrations with a Sepharose

column followed by a polyvinylpolypyrrolidone column

were superior to consecutive filtrations with Sepharose

followed by Sepharose, or polyvinylpolypyrrolidone fol-

lowed by polyvinylpolypyrrolidone. In this experiment, the

sequence the Sepharose column followed by a polyvinylpo-

lypyrrolidone column yielded better results than the oppo-

site sequence (polyvinylpolypyrrolidone column followed

by Sepharose column). This is in accordance with the fact

that the Sepharose column showed better performance at

high concentrations of humic acids, while the polyvinyl-

polypyrrolidone column showed better performance at low

concentrations of humic acids (Table 2). Consecutive filtra-

tions with a polyvinylpolypyrrolidone column followed by a

Sepharose column were previously used by other research-

ers, but comparative data were not presented (Ranjard et al.,

2003; Lakay et al., 2007). The present results indicate that

filtration order matters, and that combining the two materi-

als in one spin column, which is cheaper and faster, would

be more cost effective.

PCR amplification

PCR amplification is one of the most commonly used

methods in molecular microbial ecology. Thus, PCR ampli-

fication of bacterial 16S rRNA gene was used as a final

evaluation test of the various purification methods. In

addition, it was tested whether skim milk, which was

previously used to improve PCR amplification of DNA

extracted from plant material (De Boer et al., 1995), would

also be useful for DNA extracted from environmental

samples.

Amplification of the 16S rRNA gene in the presence of

skim milk was achieved with all PEG-precipitated samples,

regardless of the column type used for purification. This was

true for both undiluted and 10-fold-diluted DNA extracts

(Table 2, Fig. 3a). In contrast, PCR amplification of DNA

that was previously precipitated with isopropanol was

possible only with the 10-fold-diluted DNA samples pur-

ified with the combined column (Table 2). Similarly, no

PCR amplification was obtained with nondiluted DNA

extracted by the Mo Bio Kit. PCR amplification of 16S

rRNA genes from these extracts was possible when using the

10-fold-diluted DNA samples as templates. Likewise, Miller

et al. (1999), who used isopropanol precipitation, four

different purification procedures (SpinBind column, gel

electrophoresis, ammonium acetate precipitation and Se-

phadex G-200 column), and also added bovine serum

albumin (BSA) and Tween 20 in the PCR reaction buffer,

could not obtain PCR amplification without dilutions and

none of their protocols yielded 100% amplifications from

the 1/10 diluted DNA samples.

PCR amplification without skim milk was tested only for

the PEG-precipitated samples. While all 10-fold-diluted

DNA extracts could be amplified, only three undiluted

extracts yielded amplification products in the absence of

skim milk: compost and river sediment DNA samples that

were filtered with the combined column, and river sediment

DNA that was filtered with the polyvinylpolypyrrolidone

column. Furthermore, this experiment shows that skim milk

not only improves PCR amplification but also increases

amplification specificity (Fig. 3b). The mechanism by which

skim milk improves PCR amplification is not known (De

Boer et al., 1995), but it is likely to act in a manner similar to

BSA.

Sensitivity: comparison with a commercial kit

The detection limit of the gene atzA by the two tested

methods was 106 CFU of Pseudomonas sp. strain ADP per

gram of soil (data not presented). This is in spite of the fact

that DNA extracted by the commercial kit had to be diluted

10-fold before use as a template, while DNA purified by the

present method could be used without prior dilution (for an

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18(a)

(b)

3.0

1.5

3.0

1.5

kb

Fig. 3. Agarose gel electrophoresis of 16S rRNA gene amplified by PCR with (a) or without (b) skim milk in the PCR. All DNA samples were previously

precipitated with PEG. Lanes 1–6: DNA extracted from soil; lanes 7–12: DNA extracted from compost; lanes 13–18: DNA extracted from sediment. Odd

lanes indicate undiluted DNA extracts; even lanes indicate 10-fold-diluted DNA extracts. Lanes 1, 2, 7, 8, 13, 14 represent DNA extracts filtered with

Sepharose 4B; lanes 3, 4, 9, 10, 15, 16 represent DNA extracts filtered with polyvinylpolypyrrolidone; lanes 5, 6, 11, 12, 17, 18 represent DNA extracts

filtered with a combined column.
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explanation, see above and Table 2). The effect of the

purification protocol described here on the detection limit

is not clear from this experiment, because two distinct

extraction methods were used. To test the effect of purifica-

tion, DNA extracted by the Mo Bio Kit was further purified

by the Sepharose–polyvinylpolypyrrolidone combined col-

umn. Although it yielded DNA suitable for PCR amplifica-

tion (without dilution), it did not improve the detection

limit (results not presented). DNA hybridization depends

on the ratio between the target and the nontarget sequence

(Rhee et al., 2004). Because sample dilution does not change

this ratio, it does not necessarily affect the detection limit.

Other studies have shown that a higher amount of extracted

DNA or efficiency of PCR amplification did not significantly

affect the observed bacterial richness diversity (Martin-

Laurent et al., 2001; Luna et al., 2006). Thus, it appears that

the relationship between the amount of extracted DNA or its

purity and the detection limit or the recovery of bacterial

diversity is not obvious.

Conclusions

This work presents a three-step improvement of purification

and PCR amplification of environmental DNA. It suggests

that protocols should include precipitation with 5% PEG

8000 and 0.6 M NaCl, purification with a combined (Se-

pharose 4B1PVPP) spin column, and addition of skim milk

to the PCR reaction. These steps can be incorporated into

any extraction procedure. The protocol described here is

time consuming, but the purification steps could be used to

purify DNA extracted with faster methods such as bead

beating-based procedures (e.g. Berthelet et al., 1996; Miller

et al., 1999; Lakay et al., 2007). The DNA extract purified by

the present procedure was cleaner than DNA purified with

Mo Bio Kit and the overall price of the procedure that was

used was about half of that of the kit.

Inhibition of PCR was observed with DNA extracted from

a variety of sources such as clinical, food, animal, plant

tissue, and environmental samples (Wilson, 1997).

Although this protocol was tested on only three environ-

mental samples, it may have wider applications.
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