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Stable isotope probing (SIP) of nucleic acids is a powerful tool that can identify the functional capabilities
of noncultivated microorganisms as they occur in microbial communities. While it has been suggested previ-
ously that nucleic acid SIP can be performed with 15N, nearly all applications of this technique to date have
used 13C. Successful application of SIP using 15N-DNA (15N-DNA-SIP) has been limited, because the maximum
shift in buoyant density that can be achieved in CsCl gradients is approximately 0.016 g ml�1 for 15N-labeled
DNA, relative to 0.036 g ml�1 for 13C-labeled DNA. In contrast, variation in genome G�C content between
microorganisms can result in DNA samples that vary in buoyant density by as much as 0.05 g ml�1. Thus,
natural variation in genome G�C content in complex communities prevents the effective separation of
15N-labeled DNA from unlabeled DNA. We describe a method which disentangles the effects of isotope
incorporation and genome G�C content on DNA buoyant density and makes it possible to isolate 15N-labeled
DNA from heterogeneous mixtures of DNA. This method relies on recovery of “heavy” DNA from primary CsCl
density gradients followed by purification of 15N-labeled DNA from unlabeled high-G�C-content DNA in
secondary CsCl density gradients containing bis-benzimide. This technique, by providing a means to enhance
separation of isotopically labeled DNA from unlabeled DNA, makes it possible to use 15N-labeled compounds
effectively in DNA-SIP experiments and also will be effective for removing unlabeled DNA from isotopically
labeled DNA in 13C-DNA-SIP applications.

The vast majority of microorganisms continue to resist cul-
tivation in the laboratory, and even when cultivation can be
achieved, the traits expressed by a microorganism in culture
may not be representative of those expressed when the organ-
ism is present in its natural habitat. Stable isotope probing
(SIP) of nucleic acids offers a means to study the metabolic
activity of microorganisms as they occur in the environment
and to characterize novel organisms that may have escaped
detection previously (35). SIP has been used in a range of
applications to follow the assimilation of isotopically labeled
compounds into the nucleic acids of microbial communities
(for a review, see references 6, 9, 22, 28, 36, and 42). While SIP
using DNA (DNA-SIP) has been performed primarily with
13C-labeled compounds, it is also possible to use 15N to selec-
tively label DNA from pure cultures, as was originally demon-
strated by Meselson and Stahl (29).

While nucleic acid SIP provides a powerful tool for charac-
terizing microbial activity under in situ conditions, the method
has notable limitations (5, 19, 22, 25, 26, 35, 36). One consid-
eration that can complicate the interpretation of DNA-SIP
experiments is the effect that genome G�C content has on the
buoyant density of DNA (39). This relationship between DNA
G�C content and buoyant density in CsCl gradients is de-
scribed by the equation � � (0.098[G�C]) � 1.66, where �
represents density in g ml�1 and [G�C] is the mole fraction

G�C content (1). Thus, the native buoyant density of DNA in
a CsCl gradient can differ by as much as 0.05 g ml�1 over the
range of genome G�C contents that can occur in complex
communities. This natural variation in DNA density explains
why DNA from complex communities can occur as a “smear”
extending over a range of densities in a CsCl gradient (35).
Since fully 13C-labeled DNA increases in buoyant density by
0.036 g ml�1 relative to unlabeled DNA (1), there arises the
very real possibility that “heavy” fractions will contain isotopi-
cally labeled DNA, as well as unlabeled DNA, from organisms
with a high genome G�C content (19, 25, 36). This problem can
be compounded if the incubation conditions used for DNA-SIP
experiments result in the unintended growth of high-G�C organ-
isms as a result of changes in soil moisture, temperature, bottle
effects, or other artifacts associated with substrate amendment.

While the G�C problem is a potential concern in any DNA-
SIP experiment, it represents a fundamental obstacle to the
successful application of DNA-SIP with 15N as an isotopic
label. The change in DNA buoyant density for fully 15N-la-
beled DNA (0.016 g ml�1 [1]) is less than half of the change in
density that occurs naturally as a result of natural variation in
the genome G�C content. Thus, there is a considerable po-
tential for 15N-labeled DNA to cooccur with unlabeled DNA.
This problem has been emphasized in recent attempts to use
15N-labeled compounds in DNA-SIP that have found signifi-
cant overlap in the buoyant densities of 15N-labeled and unla-
beled DNA in CsCl gradients (2, 3), but the extent to which
variation in the genome G�C content poses a problem in
complex communities has not been systematically examined.

To illustrate the nature of this problem, calculations were
performed to examine the theoretical effects of genome G�C
content and isotope incorporation on DNA density in a CsCl
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gradient (Fig. 1). The buoyant density of unlabeled DNA with
a G�C content between 30% and 80% was calculated to range
from 1.689 to 1.738 g ml�1, respectively (Fig. 1). It was calcu-
lated that 100% 13C-labeled DNA which has less than 40%
G�C content will have the same buoyant density as unlabeled
DNA which has more than 65% G�C content (Fig. 1). As
expected, considerably more overlap between unlabeled and
labeled DNA was calculated to occur for 100% 15N-labeled
DNA and for DNA that is only partially labeled (Fig. 1). For
example, Fig. 1 predicts that 100% 15N-labeled DNA from an
organism with a 51% genome G�C content, such as Esche-
richia coli, will have the same buoyant density as unlabeled
DNA from an organism with a 67% genome G�C content,
such as Pseudomonas aeruginosa.

To address the problem that variation in DNA G�C content
poses to DNA-SIP experiments, we have developed a method
that makes it possible to disentangle the effects of isotope
incorporation and genome G�C content on DNA buoyant
density in CsCl gradients. As illustrated in Fig. 1, isotopically
labeled DNA must have a lower genome G�C content than
any unlabeled DNA that cooccurs in a given primary gradient
fraction. Thus, this difference in genome G�C content can be
used to separate labeled DNA from unlabeled DNA. This is
accomplished by performing secondary centrifugation of gra-
dient fractions in the presence of an intercalating agent, such
as bis-benzimide, which alters DNA buoyant density in a G�C-
dependent manner. Bis-benzimide intercalates into DNA at
A-T base pairs, altering the hydration state of DNA and caus-
ing a decrease in buoyant density that is inversely proportional
to the DNA G�C content (12). This approach makes it pos-
sible to perform DNA-SIP experiments with 15N-labeled sub-
strates and should also prove useful during 13C-DNA-SIP ex-
periments as a quality control step to remove unlabeled DNA
from isotopically labeled “heavy” fractions. The objective of
this study was to develop and verify a method to enable DNA-
SIP of complex communities with 15N-labeled compounds. To
accomplish this goal, it was necessary to do the following: (i)
develop a protocol that maximizes the resolution of CsCl density
gradient fractionation, (ii) characterize the extent of the problem
that variation in genome G�C content poses for DNA-SIP ex-
periments involving complex communities, and (iii) develop a

technique to disentangle the effects of genome G�C content and
isotope incorporation on DNA buoyant density.

MATERIALS AND METHODS

CsCl gradient calculations. The time (in hours) required for a given particle
to reach equilibrium in a density gradient can be approximated by the following
expression: [1.13 � 1014 � �° � (� � 1)]/(v4 � r2 � S), where � is particle density
in g ml�1, �° is the density gradient proportionality constant (1.14 � 109 for 1.7 g
ml�1 CsCl at 20°C), v is rotor velocity in rpm, r is the expected radius that the
particle will occupy at equilibrium, and S is the sedimentation coefficient of the
particle (1). It is apparent that the time required for a particle to reach equilib-
rium can be reduced greatly by increasing the rotor velocity. However, higher
rotor speeds result in steeper density gradients, which are not optimal for sep-
arating particles having small differences in density. Thus, it is important to
consider the effect of the DNA molecular weight on the time required to reach
equilibrium. We used the above expression to calculate the impact that the DNA
molecular weight has on the time required for a particle of 1.71 g ml�1 to reach
equilibrium in a CsCl density gradient formed at 55,000 rpm (164,000 � g
maximum) in a TLA110 rotor (see Fig. S1 in the supplemental material). The
sedimentation coefficient of DNA was estimated as 2.8 � (0.00834 � M0.479),
where M is the molecular weight of a linear DNA fragment (43). Based on the
results of these calculations, we chose to use DNA of no less than 4,000 bp for
all CsCl gradient experiments.

CsCl gradient formation. High-molecular-weight genomic DNA for use in
CsCl gradients was extracted from E. coli (ATCC 9637) and P. aeruginosa
(ATCC 10145) by spooling as described previously (40). 15N labeling of E. coli
DNA was accomplished by growth in minimal M9 medium (40) to which either
NH4Cl or 98 atom% 15NH4Cl (Aldrich) was added in defined proportions to
obtain different amounts of 15N label incorporation into DNA. Cultures were
transferred twice in medium containing the desired proportion of 15NH4Cl, and
the inocula were kept small (1/100 volume) to minimize 14N carryover from
starter cultures.

Primary CsCl gradients were formed by filling 4.7-ml polyallomer Optiseal
tubes (Beckman) with 4.3 ml of 1.762-g ml�1 CsCl in gradient buffer (15 mM
Tris-HCl, 15 mM KCl, 15 mM EDTA, pH 8.0) and 0.45 ml of DNA in TE buffer
(50 mM Tris-HCl, 15 mM EDTA, pH 8.0). CsCl concentrations were determined
by using a Reichert AR200 handheld digital refractometer. The CsCl concen-
tration was calculated from the refractive index using the equation � � anc � b,
as described previously (1), where � is the density in g ml�1, nc is the corrected
refractive index, and a and b are coefficients of values 10.927 and 13.593, respec-
tively, for CsCl at 20°C. The corrected refractive index of CsCl in gradient buffer
was calculated as nc � nobserved � (nbuffer � nwater), where nbuffer is the refractive
index of the gradient buffer and nwater is that of water. Unless explicitly stated,
CsCl gradients were loaded with 10 �g of DNA. Tubes were balanced and then
sealed and mixed to obtain a homogeneous CsCl density of 1.69 g ml�1. Cen-
trifugation was carried out for 66 h at 55,000 rpm (164,000 � g maximum) and
20°C in an Optima Max-E tabletop ultracentrifuge (Beckman-Coulter) equipped
with a TLA110 rotor.

Secondary CsCl gradients were used to disentangle the effects of isotope
incorporation from genome G�C content. These secondary CsCl gradients were
prepared as described above with the exception that 8 �l of 10-mg/ml bis-
benzimide (Hoechst no. 33258; Sigma-Aldrich) was added to the DNA sample.

Gradient fractionation. Immediately following centrifugation, a fraction re-
covery system (Beckman) was used to collect 45 fractions of 100 �l from each
CsCl gradient. The fraction collection method has been described previously (25,
26) with the exception that in the current experiment, 4.7-ml centrifuge tubes and
100-�l fractions were used to enhance the resolution of gradient fractionation.
Fractions were displaced by using a syringe pump (KD Scientific) to dispense
mineral oil into the tops of sealed tubes at a rate of 200 �l min�1. Fractions were
collected through a side port needle inserted through the bottom of the tube. The
density of each fraction was determined immediately by measurement of the
refractive index using an AR200 digital refractometer (Reichert) which was
modified to allow measurement from 5-�l volumes by covering the prism surface
with a mask fashioned from black electrical tape with a 1.5-mm-diameter hole.
CsCl was removed from DNA by ethanol precipitation and resuspended in 25 �l
of 50 mM Tris-HCl, pH 8.0, and stored at �20°C.

Quantification of DNA in gradient fractions. The distribution of DNA in
primary CsCl gradients was determined by using the Quant-iT PICO Green
dsDNA assay (Invitrogen) as per the manufacturer’s instructions. A total of 5 �l
of purified DNA from each fraction was used in each assay, and the assays were
carried out in optically clear 96-well plates (Costar); fluorescent intensity was
quantified by using a Fluor-S Multimager (Bio-Rad). Secondary CsCl gradients

FIG. 1. Expected relationship between genome G�C content and
buoyant density in a CsCl gradient represented for unlabeled DNA and
DNA that is partially or completely labeled with either 13C or 15N. The
shaded region of the chart represents the range of densities over which
unlabeled DNA would be expected to occur based on biologically mean-
ingful values of genome G�C content (30% to 80% G�C content).
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generally contained less DNA than primary gradients, and so quantitative PCR
was used to determine the number of 16S rRNA genes in each fraction of these
gradients. Quantitative PCR was conducted with primers Bact519F (5�-CAG
CMG CCG CGG TAA NWC-3�) and Bact907R (5�-CCG TCA ATT CMT TTR
AGT T-3�), which target bacterial 16S rRNA genes (41). Reactions were carried
out in 50-�l volumes containing 1 �l of template DNA with each primer at a
concentration of 0.3 �M, each deoxynucleoside triphosphate at a concentration
of 50 �M, and 1� iTaq SYBR Green Supermix with ROX (Bio-Rad). Each PCR
consisted of a 50°C hold for 2 min and a 95°C hold for 10 min, followed by 40
cycles of 15 s at 95°C and 60 s at 60°C. Reactions were carried out in an Applied
Biosystems 7900 HT sequence detection system (ABI). E. coli 16S rRNA gene
sequences were amplified by PCR and gel purified for use as a standard to relate
threshold cycle values to the number of 16S rRNA genes present in each reaction.

Analysis of soil community DNA. A soil sample was collected from a plot on
Caldwell Field (Ithaca, NY) that has been maintained as a fallow for more than
30 years. DNA was extracted from four samples of 0.25 g soil using the Ultra-
Clean soil DNA extraction kit (MoBio, Inc.) as per the manufacturer’s instruc-
tions, and these DNA extracts were subsequently pooled. DNA was further
purified by electrophoresis through a 1% low-melting-temperature agarose gel to
remove DNA fragments smaller than 4 kbp. DNA of greater than 4 kbp was
excised from the gel, agarose removed by digestion with agarase (New England
Biolabs) as per the manufacturer’s instructions, and DNA obtained by ethanol
precipitation. Analysis of a subsample of the DNA extract by Pico Green assay
(Invitrogen) revealed total recovery of 1.8 �g of DNA per g of soil. This DNA
sample was equilibrated in a primary CsCl gradient as described above, and the
gradient was fractionated and gradient fractions analyzed by 16S rRNA gene
terminal restriction fragment length polymorphism (T-RFLP) analysis.

T-RFLP analysis of 16S rRNA genes was carried out using the PCR primers
Bact8F (5�-AGA GTT TGA TCM TGG CTC AG-3�), labeled at the 5� end with
the dye 6-carboxy-fluorescein, and the primer Univ1390R (5�-GAC GGG CGG
TGT GTA CAA-3�) (15). Reactions were carried out in 100-�l volumes con-
taining 2 �l of template DNA with the 6-carboxy-fluorescein-labeled primer at a
concentration of 0.5 �M and unlabeled primer at 0.3 �M, each deoxynucleoside
triphosphate at a concentration of 50 �M, 2.5 mM MgCl2, 5 U of AmpliTaq Gold
DNA polymerase (Applied Biosystems, Foster City, CA), and 1� PCR buffer
(supplied with the Taq enzyme). Each PCR consisted of a 95°C hold for 5 min
followed by 35 cycles of 45 s at 95°C, 30 s at 55°C, and 30 s at 72°C. Following
amplification, PCR products were desalted using Micro Bio-Spin P-30 Tris chro-
matography columns (Bio-Rad) and concentrated using an evaporative centri-
fuge (Eppendorf). PCR products were resuspended in 50 mM Tris-HCl, pH 8.0,
and 250 to 400 ng of this DNA was digested with MspI (New England Biolabs)
in 30-�l reaction volumes as per the manufacturer’s instructions; the enzyme was
subsequently inactivated by incubation at 65°C for 20 min. The digested PCR
products were desalted and concentrated again and then resuspended in form-
amide loading buffer and resolved on an Applied Biosystems Automated 3730
DNA analyzer.

T-RFLP data were used to determine the density profiles of individual termi-
nal restriction fragments (TRFs) in primary CsCl gradients. In addition, to
determine whether genome G�C content influences the distribution of commu-
nity DNA in CsCl gradients, overall similarity in T-RFLP patterns was deter-
mined with respect to gradient density. Similarity in T-RFLP profiles was deter-
mined by using the Sorenson index of similarity: S � (2 � ab)/(a � b), where a
and b are the numbers of TRFs in any two samples and ab is the number of TRFs
shared between those samples (23).

RESULTS

Precision of gradient fractionation. The buoyant density of
unlabeled E. coli DNA in CsCl was determined to be 1.707 	
0.001 g ml�1 (mean 	 standard error [SE]; n � 4), which
agreed with expectations (1, 38). In addition, 98% atom en-
riched 15N-DNA from E. coli was determined to have a buoy-
ant density of 1.724 	 0.002 g ml�1 (mean 	 SE; n � 5),
corresponding to a density change of 0.017 	 0.002 g ml�1

(mean 	 SE; n � 4) in response to 15N labeling (Fig. 2), which
also matched predictions (1). The analytical error for deter-
mining DNA buoyant density was 0.0025 	 0.0004 g ml�1

(mean 	 SE; n � 15). As expected, buoyant density of DNA
changed linearly in response to the degree of 15N incorpora-
tion (see Fig. S2 in the supplemental material). Differences

between observed buoyant densities and fitted values (see Fig.
S2 in the supplemental material) were used to calculate 95%
confidence intervals of 	0.001 g ml�1 that define predictions
for DNA atom% 15N incorporation made from buoyant den-
sity measurements. This result indicates that it is possible to
use a shift in DNA buoyant density to predict the degree of 15N
incorporation to within 	5 atom% 15N and that a particular
DNA species must have at least 10 atom% 15N to be conclu-
sively resolved from its unlabeled counterpart. When the dis-
tribution of completely 15N-labeled E. coli DNA in a CsCl
gradient was compared to that of unlabeled E. coli DNA, it was
apparent that 100% 15N-labeled DNA is easily resolved from its
unlabeled counterpart (Fig. 2). However, the buoyant density of
unlabeled P. aeruginosa DNA was 1.729 	 0.001 g ml�1 (mean 	
SE; n � 4), confirming that the buoyant density of unlabeled
DNA with a 67% G�C content overlaps considerably with that
of DNA that has a 51% G�C content and is 100% 15N labeled
(Fig. 2).

Effect of genome G�C content on buoyant density of DNA
from complex communities. An experiment was conducted to
determine whether DNA G�C content affects the buoyant
density of complex DNA mixtures in the same way that it
affects the buoyant density of DNA obtained from pure cul-
tures. DNA extracted from soil was equilibrated in a density
gradient, and T-RFLP analysis of 16S rRNA genes was con-
ducted on DNA from each gradient fraction. The fluorescence
intensity of each TRF was then plotted as a function of its
buoyant density. A total of 1,415 fluorescence peaks were ob-
served across all gradient fractions, corresponding to 322
unique TRFs. By plotting of the fluorescence intensities of
TRFs in relation to gradient density, it was found that TRFs
have distinct density profiles, consistent with the expectation
that genome G�C content is an independent variable from
TRF size (Fig. 3). TRFs could be identified that had distinct
buoyant densities, ranging between 1.687 and 1.731 g ml�1

(Fig. 3). Individual TRFs in many cases were observed to have
multiple peaks in fluorescence intensity with respect to buoy-
ant density (e.g., Fig. 3F and G). This result is consistent with
the expectation that different microorganisms that share a
TRF can have different genome G�C contents and different
buoyant densities. By using buoyant density to identify TRFs
shared by multiple organisms, it was possible to identify 731
distinct microorganisms in the soil sample. To further confirm

FIG. 2. Effect of 15N enrichment and genome G�C content on
DNA distribution in CsCl density gradients. Lines indicate the density
of unlabeled E. coli DNA (E), 100% 15N-labeled E. coli DNA (F), or
unlabeled P. aeruginosa DNA (‚). The genome G�C contents of E.
coli and P. aeruginosa are approximately 51% and 67%, respectively.
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that differences in genome G�C content influenced the distri-
bution of DNA in density gradients, pairwise similarity com-
parisons were made between T-RFLP profiles from different
gradient fractions with respect to fraction density (see Fig. S3
in the supplemental material). The similarity between T-RFLP
profiles was observed to decrease as the difference in density

between fractions increased (see Fig. S3 in the supplemental
material). The similarity between T-RFLP profiles of adjacent
fractions (separated by less than 0.004 g ml�1) was significantly
greater than that between fractions separated by an average of
0.008 g ml�1 (P 
 0.05, Mann-Whitney U test) (see Fig. S3 in
the supplemental material). Thus, the taxonomic composition
of gradient fractions was shown to vary as a function of gradi-
ent density.

Disentangling isotope incorporation from genome G�C
content. In a conventional CsCl gradient, there was significant
overlap in buoyant density between unlabeled DNA with a
67% G�C content and 15N-labeled DNA with a 51% G�C
content whether the DNA samples were run in separate gra-
dients (Fig. 2) or were combined in a single gradient (Fig. 4A).
When combined in a CsCl gradient containing bis-benzimide,
however, these two types of DNA were easily resolved (Fig.
4B). In the presence of bis-benzimide, the buoyant density of
P. aeruginosa DNA was 1.716 	 0.001 g ml�1 (mean 	 SE; n �
4), while that of 15N-labeled E. coli DNA was 1.701 	 0.004 g
ml�1 (mean 	 SE; n � 4). Thus, bis-benzimide caused a 0.023 	
0.002-g ml�1 (mean 	 SE; n � 4) reduction in the buoyant
density of DNA with a 51% G�C content and a 0.013 	
0.001-g ml�1 (mean 	 SE; n � 4) reduction in the density of
DNA with a 67% G�C content (Fig. 2 and 4).

To determine the ability of this technique to resolve small
quantities of target DNA in a background of nontarget DNA,
mixtures of 10 �g of unlabeled P. aeruginosa DNA and either
2 �g (high) or 200 ng (low) of 15N-labeled E. coli DNA were
run in CsCl primary gradients. The DNA from the 1.725-g
ml�1 fraction of these primary CsCl gradients was then run in
secondary gradients containing bis-benzimide. The total DNA
transferred to the secondary gradients was 1.0 �g and 0.8 �g
for the high and low samples, respectively, and from these
values and the original proportions of labeled and unlabeled
DNA loaded on primary gradients, the secondary gradients
were expected to contain 167 ng and 17 ng of 15N-labeled E.
coli DNA from the high and low samples, respectively. Quan-
titative PCR was used to determine the number of 16S rRNA
genes in each fraction of the secondary gradients (Fig. 5).

FIG. 4. Ability of bis-benzimide to disentangle effects of stable
isotope incorporation and genome G�C content on DNA density in
CsCl gradients. (A) In the absence of bis-benzimide, it is impossible to
resolve 100% 15N-labeled E. coli DNA from unlabeled P. aeruginosa
DNA in a mixture of unlabeled E. coli DNA, 100% 15N-labeled E. coli
DNA, and unlabeled P. aeruginosa DNA (▫). (B) In the presence of
bis-benzimide, it is possible to resolve 100% 15N-labeled E. coli DNA
from unlabeled P. aeruginosa DNA in a mixture of the two (F). The
density distribution of a pure sample of unlabeled P. aeruginosa DNA
from a second gradient is depicted for reference (‚).

FIG. 5. Secondary CsCl gradients containing bis-benzimide allow de-
tection of small amounts of 15N-labeled DNA in the presence of excess
unlabeled DNA. In separate experiments, either 2 �g (‚) or 200 ng (�) of
15N-labeled E. coli DNA was mixed with 10 �g of unlabeled P. aeruginosa
DNA, and following primary centrifugation, 0.8 to 1.0 �g of this DNA
with density of 1.725 g ml�1 was resolved in secondary CsCl gradients
containing bis-benzimide. The peaks corresponding to 15N-labeled E. coli
DNA and unlabeled P. aeruginosa DNA are labeled for clarity.

FIG. 3. Fluorescence intensities of TRFs from soil DNA equilibrated
in a CsCl density gradient and subjected to T-RFLP of 16S rRNA genes
in gradient fractions. TRFs were selected to demonstrate that the buoyant
densities of individual TRFs can vary between 1.69 g ml�1 and 1.73 g ml�1

in density gradients. Fluorescence intensity is shown as a ratio of the
maximum value of fluorescence intensity that was observed for each TRF.
The TRFs shown for panels A through I are 102 bp, 242 bp, 512 bp, 500
bp, 372 bp, 288 bp, 144 bp, 121 bp, and 177 bp, respectively.
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From these quantitative PCR results, it was possible to detect
232 ng and 22 ng of 15N-labeled DNA in the secondary gradi-
ents from the high and low samples, respectively (calculated
using the number of 16S rRNA copies detected in the E. coli
peak with a molecular weight of 3.1 � 109 and rrn operon copy
number of 7 for E. coli genomes (31). This result confirms that
effectively no DNA is being lost during gradient fractionation.

DISCUSSION

While 15N has been proposed as a suitable label for nucleic
acid SIP experiments (35, 36), the successful use of 15N-DNA-
SIP to identify microorganisms that assimilate 15N-labeled
compounds in complex communities has not yet been achieved
due to technical constraints (2, 3). Experiments with 15N-la-
beled DNA from pure cultures have demonstrated that it is
possible to resolve 15N-labeled DNA from unlabeled DNA
provided that label incorporation exceeds 40% (2, 29) but do
not address the fundamental obstacle that variation in genome
G�C content poses to the application of 15N-DNA-SIP in
complex communities. Variation in DNA G�C content also
presents a potential concern for the interpretation of 13C-
DNA-SIP experiments (21, 25, 36), and this is particularly a
problem when less than 100% of the C in DNA has been
isotopically labeled (Fig. 1). For example, DNA-SIP experi-
ments can be used to track the movement of isotopically la-
beled compounds into microbial food webs over time (5, 13, 21,
24, 28, 30, 45), but when incubation times are long or when
environmentally relevant amounts of substrate are added to
communities, it is likely that partial labeling of nucleic acids
will be common (25, 28, 35). Thus, it is desirable to have a
method that enables the accurate resolution of partially la-
beled DNA from unlabeled DNA in mixtures of DNA that
vary widely in G�C content. We demonstrate a relatively
straightforward approach to resolving this problem which takes
advantage of the ability of DNA-intercalating agents, such as
bis-benzimide, to change the buoyant density of DNA as a
function of G�C content.

Variability of genome G�C content within microbial com-
munities has previously been suggested as a factor that needs
to be considered during the interpretation of DNA-SIP exper-
iments (36), but the magnitude of this problem has not before
been demonstrated empirically. The use of DNA from pure
cultures reveals the extent to which genome G�C content can
affect DNA buoyant density (1, 3), and microbial communities
have been shown to contain a complex mixture of genomes
with a range of G�C contents (11, 12, 32, 33). However, in
complex mixtures of DNA (and in the absence of intercalating
agents that enhance differences in DNA buoyant density), in-
teractions between DNA molecules could affect the apparent
buoyant density of DNA fragments, thereby reducing the abil-
ity of DNA G�C content to affect buoyant density. For exam-
ple, changes in DNA conformation can influence DNA buoy-
ant density in CsCl density gradients, since native and
denatured DNA from E. coli can differ in buoyant density by
0.015 g ml�1 and circular and linear forms of the same DNA
molecule will also differ in buoyant density (1). Thus, it could
be hypothesized that DNA fragments from a complex mixture
would be normally distributed within a density gradient, with a
mean buoyant density corresponding to the mean G�C con-

tent of the community. However, Fig. 3 and Fig. S3 in the
supplemental material provide separate lines of evidence that
clearly demonstrate that this hypothesis is false. First, individ-
ual TRFs with distinct buoyant densities can be identified from
soil DNA equilibrated in a density gradient (Fig. 3), and the
range of buoyant densities spanned by these TRFs matches the
range over which variation in genome G�C content is ex-
pected to influence DNA buoyant density based on theoretical
predictions (Fig. 1). Second, analysis of T-RFLP profiles from
soil DNA equilibrated in a density gradient reveals that the
taxonomic composition of gradient fractions varies as a func-
tion of gradient density, consistent with the expectation that
differences in genome G�C content affect the buoyant densi-
ties of DNA fragments within complex mixtures (see Fig. S3 in
the supplemental material). The extent of the problem that
variation in G�C content poses to DNA-SIP experiments can
be easily seen, since the 102-bp TRF in Fig. 3A has a mean
buoyant density of approximately 1.69 g ml�1 and if the DNA
from this organism was fully 13C labeled it would be expected
to have a buoyant density of 1.726 g ml�1, which overlaps
considerably with unlabeled DNA from organisms with TRFs
of 144 bp, 121 bp, and 177 bp (Fig. 3G, H, and I). These results,
when considered in conjunction with the observation that the
distribution of G�C contents in a microbial community can
change in response to environmental characteristics (11, 12, 32,
33), emphasize the necessity of the proper use of controls in
DNA-SIP experiments (22).

Our calculations show that DNA molecular weight is also a
concern that must be considered when designing DNA-SIP
experiments (see Fig. S1 in the supplemental material). Small
DNA fragments below 2 kbp in length are commonly present
in DNA preparations that use bead beating to achieve cell lysis
(34), and this method of lysis is commonly employed for the
extraction of DNA from environmental studies. These small
DNA fragments may not reach equilibrium under the condi-
tions typically used for establishing density gradients (see Fig.
S1 in the supplemental material). An additional concern is that
G�C content can vary locally within a genome, such that the
G�C content of individual DNA fragments can vary from the
mean genome G�C content. Thus, as a genome is cut into
smaller and smaller fragments, the variation between the G�C
contents of the individual fragments and the G�C content of
the genome will tend to increase (44). The anticipated result
would be that the range of densities occupied by DNA from a
given genome (i.e., the width of the band in the gradient)
would increase as the molecular weight of DNA fragments
decreases. Thus, the G�C content of DNA fragments that are
smaller than 5 kbp can vary by as much as 13% for a single
genome (44). These effects may help to explain why low but
detectable amounts of nucleic acids can be recovered through-
out density gradients (8, 16, 19, 25, 37). Removal of DNA
fragments smaller than 4 kbp (see Fig. S1 in the supplemental
material) prior to ultracentrifugation is therefore a reasonable
precaution that can potentially increase the resolution of DNA
within density gradients.

One common concern associated with nucleic acid SIP ex-
periments is that cross-feeding and trophic cascades can result
in the movement of an isotopic label into nucleic acids from
nontarget functional groups (5, 35, 36). The isotopic signature
of nucleic acids from organisms involved in cross-feeding or
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secondary consumption should, as a natural consequence of
label dilution, be less than that of primary consumers until the
isotopic label saturates the community. Thus, by following the
incorporation of the isotopic label into the community over
time, it is possible to track the movement of the label from a
substrate into particular functional groups and then into other
components of the soil food web (5, 13, 18, 21). As a result,
DNA from isotopically enriched environmental samples can
contain a range of isotopic signatures from 0% to 100% label
incorporation (28, 30, 45). It is possible to use nucleic acid
fingerprinting methods to determine the degree of isotope
incorporation by particular microbial groups by fingerprinting
gradient fractions from isotopically labeled samples relative to
controls (19, 20, 25). However, to identify the organisms that
assimilated the label, it is necessary to match TRFs from par-
ticular gradient fractions with sequences obtained in clone
libraries, a task which can prove difficult with complex com-
munities (4, 7, 17). Also, the possibility that two or more
organisms may share a particular TRF (7, 14, 27) can lead to
difficulties in interpreting these data. The use of secondary
density gradients containing bis-benzimide to purify isotopi-
cally labeled DNA from unlabeled DNA should be useful in
these applications.

It is important to note that the behavior of DNA in density
gradients differs considerably from that of rRNA. rRNA has
greater buoyant density and lower molecular weight than
DNA. It also has a more narrow range of G�C contents (more
than 90% of 16S rRNAs have G�C content between 50% and
60%; personal observation calculated from 24,000 16S rRNA
sequences) and extensive regions of secondary and tertiary
structure (10). Variability in denaturing conditions during
equilibration of rRNA molecules in density gradients can affect
rRNA secondary structure, and as a result, rRNA from differ-
ent species can have buoyant densities that range over 0.08 g
ml�1 (19). Thus, isotopically labeled rRNA may be expected to
cooccur with unlabeled rRNA under certain circumstances
but, unlike the case with DNA, this phenomenon is less likely
to be driven by differences in nucleic acid G�C content. Thus,
additional experiments and validation would be needed to de-
termine whether the method we describe would be applicable
to RNA-SIP applications.

The centrifugation and fractionation conditions that we de-
scribe are optimized to resolve DNA molecules that have very
small differences in buoyant density. The collection of 100-�l
fractions from density gradients allows for increased resolution
of buoyant density relative to existing methods and results in
highly reproducible density profiles with respect to fraction
number (data not shown). In addition, the removal of small
DNA fragments prior to centrifugation is a simple step that
should theoretically enhance gradient resolution (see Fig. S1 in
the supplemental material), but the magnitude of this effect
still needs to be confirmed experimentally. These efforts to
improve gradient resolution likely contributed to our ability to
resolve differences in T-RFLP profiles and the distribution of
individual TRFs that result from the effect of genome G�C
content on DNA buoyant density in complex communities
(Fig. 3). The use of gradient fractionation and T-RFLP finger-
printing of gradient fractions make it possible to identify gra-
dient fractions that contain isotopically labeled DNA even
when it cooccurs with unlabeled DNA. Subsequent purification

of those target fractions in secondary density gradients con-
taining bis-benzimide will facilitate separation of labeled DNA
from unlabeled DNA and enable the identification and char-
acterization of isotopically labeled organisms. This approach
will make it possible to effectively use 15N-labeled compounds
in DNA-SIP experiments and will be beneficial in a range of
13C-DNA-SIP applications.
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