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Three different DNA fragments ranging in size from 2.69 kbp (1.75 MDa) to 23 kbp (14.95 MDa) were used
as tracers to study the adsorption of polydisperse solutions of calf thymus DNA to eight model soils. The
adsorption of the three tracers to all soils was described by the Freundlich adsorption model, with adsorption
coefficients (K) ranging from 1.1 for acid-washed sand to over 300 for one soil. An inverse relationship between
tracer size and K was observed with six of the eight soils, indicating that smaller fragments are sorbed
preferentially versus larger fragments in these soils. No significant correlation between K and the organic
carbon contents, clay contents, pHs, or cation exchange capacities of the model soils was observed.

One of the primary factors controlling the fate of extracel-
lular DNA in soils and sediments is its adsorption to particu-
lates. In a number of studies (1, 7, 9, 10, 23), adsorbed DNA
has been shown to be at least partially protected from attack
from DNase I, indicating that the persistence of DNA in soils
may be a function of its adsorption. The adsorption of DNA
may also affect its availability for uptake by cells for genetic
transformation or as a nutrient; adsorbed molecules are not
generally thought to be available for intracellular uptake,
although transforming DNA may be an exception (7). Knowl-
edge of the extent and mechanisms ofDNA adsorption to soils
would aid in our understanding of the fate of DNA in the
environment.
The adsorption of DNA to clean, well-characterized sor-

bents such as sands and pure clays has been thoroughly studied
(4, 9, 10), but these sorbents are quite different from more
complex and heterogeneous natural soils. The mineral content,
solution composition, and organic carbon content of a given
soil will affect the adsorption of DNA, as might the length of
the DNA polymer (14, 21, 25, 27). Extracellular DNA in the
environment has been shown to exhibit a range of polymer
sizes (3, 13), and the extent of adsorption is likely to differ
between larger and smaller fragments within a polydisperse
solution (27).
We have studied the adsorption of three different polymer

lengths within polydisperse solutions of DNA to eight soils
possessing a range of chemical and physical characteristics.
The fragment sizes used in these studies, 2.69 kbp (1.75 MDa),
11.19 kbp (7.27 MDa), and 23 kbp (14.95 MDa), were chosen
because they are likely to represent a significant portion of the
range of transformable fragment sizes found in soils and
sediments (13). Fragments smaller than 2 kbp would be less
likely to harbor functional genes, and fragments larger than 30
kbp would be less likely to persist because of the ubiquity of
nucleases in the environment (3, 5).

MATERIALS AND METHODS

Soils. The soils used in this study and their major properties
are listed in Table 1. Soil pHs, percents organic carbon, clay
mineral content, particle size distributions, and cation ex-
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change capacities were determined by standard methods (8,
17). All soils were air dried and autoclaved with 2% (wt/wt)
0.01 N CaCl2 for 30 min prior to use in order to inactivate
nucleases. Inactivation of nucleases by autoclaving was neces-
sary because of the ubiquitous nature of nucleases in soil, even
though it is recognized that autoclaving may influence the
sorption of certain compounds to certain soils by changing
various chemical properties of the soils (2, 29). The chemical
and physical characteristics of the soils listed in Table 1 are for
the autoclaved soils, and the sorption analyzed in this study
should be considered for soils possessing these properties. We
do not believe that autoclaving will invalidate any interpreta-
tions of data discussed in this paper, particularly those regard-
ing trends concerning the effects of polymer size on adsorption.
DNA. Linearized forms of four different plasmids were used

as tracers in these studies. These plasmids included pUC19
(2.69 kbp) (11), pRE2.1c (4.19 kbp) (19), pEP102 (11.19 kbp)
(18), and pCP13 (23 kbp) (24). Plasmids were isolated from
Escherichia coli DH5 by an alkaline lysis procedure and
purified by CsCl-ethidium bromide gradient ultracentrifuga-
tion. The plasmids were then linearized by digestion with the
appropriate restriction endonuclease and purified by extracting
twice with phenol-chloroform-isoamyl alcohol (24:24:1) and
precipitating in 1/10 volume of ammonium acetate and 2
volumes of ethanol at room temperature for 10 min. The DNA
was recovered by centrifugation, washed in 70% ethanol, dried
under vacuum at room temperature, and resuspended in sterile
TE (10 mM Tris HCI, 1 mM EDTA [pH 8.0]) (11).

Stock solutions of calf thymus DNA (Sigma Chemical Co.,
St. Louis, Mo.) were prepared in sterile 0.01 N CaCl2 at
concentrations of 2 to 4 mg/ml. Concentrations were deter-
mined by using UV spectrophotometry to measure A260. The
DNA was sheared by 25 passages through a 21-gauge needle.

Linearized plasmid DNA to be used as tracers was labeled
with 32P by using terminal deoxynucleotidyl transferase
(GIBCO BRL, Gaithersburg, Md.) and [32P]dCTP (111 TBq/
mmol; NEN-duPont, Wilmington, Del.) according to the
vendor's instructions. The labeled DNA was purified of un-
incorporated nucleotides by repeated centrifugation in Centri-
con-30 microconcentrator tubes (Amicon, Beverly, Mass.).
Centrifugation in Centricon-30 tubes was repeated until no
radioactivity was detected in the filtrate.

Sorption isotherms. A standard batch slurry procedure was
used for the generation of all adsorption isotherms (22).
Sheared calf thymus DNA in 0.01 N CaCl2 at concentrations of
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TABLE 1. Soil properties

Soil Texture pH % Clay Major minerals' % Organic carbon Cation exchange capacity(meq/100 g)

Hesson A Silty clay loam 3.9 30.6 Intergrade, kaolinite 7.7 14.34
Helmer B22 Silt loam 3.7 13 Intergrade 1.9 10.45
Hoquiam A Silty clay 4.0 44 Chlorite, intergrade 5.2 10.53
Hoquiam B Silty clay 4.7 45 Intergrade, chlorite 2.4 10.34
Kinney A Silty clay 5.6 50 Smectite 12.4 20.84
Palouse A Silt loam 4.5 27.4 Illite 1.5 22.29
Quillayute A Silty clay loam 6.5 37 Chlorite, illite 9 13.16
Sand Sand 4.8 0 Quartz 0 NDb

a Intergrade refers to vermiculite or smectite with hydroxyl-Al interlayers indicated by 11 to 14 spacing that does not fully collapse to 10 A (1 nm) upon heating to
550°C.

b ND, not determined.

either 10, 25, 50, and 100 ,ug of DNA per ml or 50, 100, 200,
and 400 jig of DNA per ml) was spiked to a concentration of
approximately 10,000 cpm/ml with the appropriate radiola-
beled tracer DNA. The use of 0.01 N CaCl2 is a common
means of maintaining a constant ionic strength in adsorption
studies (6, 12, 17) and does not directly influence adsorption to
soils. DNA solution (4 ml) was then added to three replicates
of 2 g of autoclaved soil in 30-ml Oak Ridge tubes, vortexed,
and shaken overnight on a reciprocating shaker. The tubes
were centrifuged, and the supernatants were sampled. A 0.5-ml
portion of supernatant was mixed with 10 ml of Beckman
Ready-Gel (Beckman Instruments, Fullerton, Calif.) scintilla-
tion cocktail in scintillation vials and analyzed in a Packard
model 1900CA liquid scintillation counter. The assumption
that maximum adsorption was achieved was checked by mea-
suring the amount of adsorption at various times, and in no
case was there a significant difference between adsorption at 5
h and that at 17 h, the approximate time for overnight shaking
(data not shown). This indicates that at least a metastable state
was reached in the adsorption isotherm.
The assumption that the length of the radiolabeled tracer

remained unchanged throughout the course of the experiment
was spot-checked by agarose gel electrophoresis of an aliquot
of the supernatant followed by capillary transfer of the DNA to
a Nytran membrane (Schleicher & Schuell, Keene, N.H.) and
autoradiography. No change in the size of a tracer was
detected (data not shown).
The data were analyzed graphically by a log-log transform of

the Freundlich adsorption model, as follows: S = KCCn, where
S is the concentration of DNA adsorbed (in micrograms per
gram of soil), Ce is the concentration of DNA in solution at
adsorption equilibrium (in micrograms per milliliter), K is the
Freundlich adsorption coefficient [expressed as follows: (mi-
crograms per gram)/(micrograms per milliliter)'], and n is a
unitless constant. The fit of the model to the adsorption data
was greater than 0.9 r2 for all treatments, and analysis of
variance by PC SAS (SAS Institute, Cary, N.C.) was deter-

mined in order to compare n and K for different polymer
lengths within a given soil.

RESULTS AND DISCUSSION

The adsorption of DNA of all three polymer sizes to the
eight model soils was described by the Freundlich adsorption
model. The extent of adsorption, as indicated by the Freund-
lich adsorption coefficient (K), was highly dependent upon the
soil. Values for K ranged from a low of 1.1 for acid-washed
sand to highs of over 300 for Kinney A soil (Table 2). Sample
adsorption isotherms showing the relationship between ad-
sorption and polymer size for Kinney A soil are presented in
Fig. 1.
As expected, adsorption of individual fragments within the

polydisperse solutions was dependent upon both fragment size
and soil. An inverse relationship between K and polymer size
was observed for six of the eight soils studied, with acid-washed
sand and Quillayute A soil being the exceptions (Table 2). The
linearity of the isotherms varied both between soils and within
soils for different fragment sizes, with no clear relationship
between fragment size and n being observed (data not shown).
The observation that shorter fragments are adsorbed to a

greater extent than longer fragments for most of the soils in
this study may be explained by a number of possible mecha-
nisms, including a size exclusion mechanism and two mecha-
nisms related to the kinetics of diffusion. This observation is
not due to differences in molecular weights between the large
and the small polymers. The trends do not change when the
data are reanalyzed in terms of moles rather than in terms of
mass of DNA adsorbed. It is possible that the larger fragments
are excluded from some of the pores within the soil particles,
resulting in lower adsorption coefficients than for smaller, and
potentially nonexcluded, fragment sizes. This trend has been
observed in the adsorption of polyvinyl alcohol to clays and has
been attributed to the porous nature of expanding smectite
clay minerals such as montmorillonite (25). While it has been

TABLE 2. Effects of DNA polymer size on K

Molecular size K of soil'
(kbp) Hesson A Helmer B22 Hoquiam A Hoquiam B Kinney A Palouse A Quillayute A Sand

2.69 196.37 A 170.72 A 145.47b A 204.38bA 343.78 A 66.69 A 18.92 A 1.11 A
11.19 127.36 B 106.7 B ND 65.37 B ND 56.83 B ND 1.40 A
23 75.19 C 80.64 B 34.47 B 60.58 B 117.92 B 31.82 C 21.12 A 4.56 B

a Values followed by the same letter are not significantly different at the P < 0.05 level. ND, not determined.
b A 4.19-kbp fragment was used in place of a 2.69-kbp fragment.
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FIG. 1. Isotherms of adsorption of 2.69- and 23-kbp fragments of

calf thymus DNA to Kinney A soil in polydisperse solutions.

shown that DNA at pHs below 5 does move into the interlayer
spaces of pure montmorillonite, resulting in interlayer expan-

sion (4), it is unlikely that this is the general mechanism
observed in the soils of this study because only one of these
soils (Kinney A) contains appreciable amounts of expanding
clay. It is more likely that the larger fragments are at least
partially excluded from pores within small aggregates and
organic matter. It is probable that such a size exclusion effect
would be operative only above a certain (as-yet-undetermined)
polymer length, below which sorption would be limited by
decreasing numbers of sorptive moieties per polymer and by
available adsorption sites within the pore. One would expect a

positive correlation between polymer size and K to exist for
polymers below this effective pore size (21).
The observed differences may also be related to differences

in diffusion rates between the larger and smaller polymers. The
kinetics of adsorption may be controlled by either intraparticle
diffusion rates or film diffusion rates (15, 16, 20, 26), with the
diffusion rate of the smaller polymer being higher than that of
the larger polymer. Even though these experiments were

conducted in well-mixed systems which were not diffusion
limited with regard to the distribution of the various polymer
sizes throughout the bulk solution, diffusion limitation may

have occurred either within intraparticle pores or within the
film of adsorbed water surrounding the particles. The higher
diffusion rate of the smaller polymer (28) either within intra-
particle pores or within adsorbed water would lead to faster
adsorption kinetics, possibly resulting in the smaller polymer
outcompeting the larger polymer for adsorptive sites.
The inverse relationship between K and polymer length was

not observed with the sand, with which greater adsorption was

observed with the larger polymer sizes, or with Quillayute A,
with which adsorption was independent of polymer size. The
increase in K with increasing polymer lengths in sand was

significant, and this trend has been reported for polymers other
than DNA (27). This is believed to be due to the fact that
longer polymers contain more sorptive moieties, thereby in-
creasing the extent of adsorption in the absence of size
exclusion effects. The higher K observed with the sand for the
larger polymer sizes may be reflective of differences in the
surface of the sand compared with those of the other model
soils. The increase in K with DNA polymer length in sands has
been reported previously (14) and may be due to the relatively
nonporous surface of sand. Possible reasons for the lack of
dependence of K on polymer length observed for the Quill-
ayute A soil are unknown at this time.
The adsorption coefficients for a given tracer size varied

considerably for different soils, and the primary factors con-

trolling adsorption in these soils have not yet been determined.
Previous work with clean clays has demonstrated the impor-
tance of smectites in adsorbing DNA at pHs below 5 (4), but
only one soil contained significant amounts of smectite (Kin-
ney A), and this soil exhibited the highest K. No correlation
between the K values and the organic carbon contents, clay
contents, pHs, or cation exchange capacities of the soils was
observed.
The implications of these findings regarding the persistence

of DNA in the environment and its availability for uptake for
genetic transformation may be significant. One would expect
that DNA would have become more strongly adsorbed to many
soils as it became shorter because of degradation by environ-
mental nucleases. This increase in adsorption with decreasing
fragment length may increase the persistence of the smaller
DNA in soils because of the partial protection afforded
adsorbed DNA from attack by nuclease. It is also likely that
smaller fragments adsorbed within pores would be protected
from degradation by nuclease more effectively than those
fragments adsorbed to surface sites.

Availability of DNA for uptake by cells for genetic transfor-
mation is also likely to be affected by the adsorption of DNA
to soils. It is generally believed that sorbed solutes are not
available for uptake by bacteria, although this paradigm may
not be applicable to transforming DNA according to a recent
study by Khanna and Stotzky (7) in which irreversibly sorbed
DNA may have transformed bacteria. If bacteria are somehow
capable of taking up sorbed DNA, it is likely that small DNA
fragments that are sorbed within pores would be inaccessible
to the much larger, and hence excluded, bacteria.
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