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High-Sensitivity Stable-Isotope Probing by a Quantitative Terminal
Restriction Fragment Length Polymorphism Protocol
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Stable-isotope probing (SIP) has proved a valuable cultivation-independent tool for linking specific microbial populations to
selected functions in various natural and engineered systems. However, application of SIP to microbial populations with rela-
tively minor buoyant density increases, such as populations that utilize compounds as a nitrogen source, results in reduced reso-
lution of labeled populations. We therefore developed a tandem quantitative PCR (QPCR)-TRFLP (terminal restriction fragment
length polymorphism) protocol that improves resolution of detection by quantifying specific taxonomic groups in gradient frac-
tions. This method combines well-controlled amplification with TRFLP analysis to quantify relative taxon abundance in ampli-
con pools of FAM-labeled PCR products, using the intercalating dye EvaGreen to monitor amplification. Method accuracy was
evaluated using mixtures of cloned 16S rRNA genes, DNA extracted from low- and high-G+C bacterial isolates (Escherichia coli,
Rhodococcus, Variovorax, and Microbacterium), and DNA from soil microcosms amended with known amounts of genomic
DNA from bacterial isolates. Improved resolution of minor shifts in buoyant density relative to TRFLP analysis alone was con-

firmed using well-controlled SIP analyses.

ince its introduction, stable-isotope probing (SIP) has served

as a valuable technique for linking microbial function to com-
munity structure by identifying populations that metabolize se-
lected substrates (7, 18,22, 31). In SIP, the system of interest is first
challenged with a substrate labeled with a stable isotope, usually a
heavier isotope of carbon (1*C) or nitrogen (°N). Then, DNA or
RNA from organisms that have incorporated the isotope are sep-
arated from unlabeled nucleic acid by cesium chloride (CsCl) or
cesium trifluoroacetate (CsTFA) density gradient centrifugation
(23,27), respectively. Populations that have incorporated label are
identified by comparative analysis of gradient fractions containing
heavy and light DNA, generally by selective amplification and se-
quencing of specific genes (32), fingerprinting techniques such as
terminal restriction fragment length polymorphism (TRFLP)
analysis (7, 22, 36) and denaturing gradient gel electrophoresis
(DGGE) (15, 23, 33), or metagenomic analysis (18, 26, 37).

The most statistically robust conclusions are derived from sim-
ple presence-or-absence analysis, for example, as determined by
using diagnostic TRFLP fragments (10). However, presence-
absence assessment is dependent upon complete separation of
heavy and light DNA. For this reason, with some notable excep-
tions (6, 7, 36, 41), most analyses have focused on substrates la-
beled with 13C, offering better resolution of labeled and unlabeled
nucleic acids than can be achieved with the smaller increases in
buoyant density (BD) from !N incorporation (1, 11). In particu-
lar, small changes in density with >N incorporation may not be
sufficient to differentiate labeled DNA from unlabeled DNA of
high G+C content (1, 6, 8, 11). Although analysis can be im-
proved by using AT-selective intercalating dyes which exaggerate
G+C bias (6, 7, 19), because the distribution of nucleic acids is
Gaussian (28), nucleic acids derived from an abundant popula-
tion are often distributed throughout a gradient. Thus, TRFLP
analysis alone may not be sufficient for accurate determination of
peak position within a gradient or for comparisons of gradients
containing variable amounts of DNA.

To address this limitation, we developed a general protocol for
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accurate determination of peak position by combining a
fluorophore-labeled primer with an intercalating dye to quantify
individual TRELP restriction fragments (RFs) in individual frac-
tions of the gradient. The intercalating dye is used for real-time
monitoring of amplification so reactions can be terminated before
amplification efficiency is compromised by reaction component
limitations (40). The fluorophore label is subsequently employed
to quantify individual RFs. Importantly, the method is not con-
strained by the requirement for an additional internal hybridiza-
tion site, as required for the TagMan protocol (43), providing
greater flexibility in the design of primers used to assess sequence
diversity.

MATERIALS AND METHODS

Figure 1 presents an overview of the developed tandem qPCR-TRFLP
protocol for SIP analysis. The experiments conducted to validate the pro-
tocol are described below.

Construction of 16S rRNA gene standards. DNA standards for
TRFLP analysis with minimal sequence variation near the qPCR priming
sites were constructed for the initial experiments. Bacterial primers 27F
and 1492R were used to amplify near-complete 16S rRNA gene sequences
from Flavobacterium sp., Acidovorax sp., Arthrobacter sp., and Microbac-
terium sp. chromosomal DNA (21) and ligated into the Invitrogen pCR4
vector (Life Technologies; Carlsbad, CA). Plasmids containing the cloned
fragments were extracted using the Qiagen plasmid miniprep kits (Qia-
gen, Valencia, CA) following the manufacturer’s instructions, quantified
by triplicate A, , measurements using a NanoDrop ND-1000 spectropho-
tometer (ThermoFisher Scientific; Wilmington, DE), and stored as 25-ng
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Tandem qPCR-TRFLP analysis of CsCl gradients

Step 1. DNA extraction, SIP separation, fractionation and
purification

Y4

Step 2. Fractions amplified, quantified with SsoFast
EvaGreen Supermix using a fluorescently-labeled 16S primer
set: [FAM]-27F, 338R.
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gPCR reactions terminated in exponential phase (e.g., the
samples ca. 10 copies in the inserted image) to minimize #
of cycles and associated bias

"

Step 3. qPCR product purified, digested (Mspl and MnlI),
and separated on an ABI 3730 DNA Analyzer

&

Step 4. Individual RF abundance calculated from qPCR of
total 16S rRNA gene copy numbers.
RF copy number = total copy numbers * RF fraction

Step 5. Copy numbers of each RF plotted against buoyant

density for each gradient.
15

N-SIP profiles are compared to unlabeled controls to
identify assimilating populations.

FIG 1 Tandem qPCR-TRFLP analysis of CsCl gradients. The flow diagram
shows the steps used to assign quantities for individual RFs (steps 2 to 4) and
how these calculations are used in SIP analysis.

pul™ ! stock solutions. Mixes of 16S rRNA gene clones from the four species
were prepared at various gene copy ratios (from equimolar to 10:1:1:1; see
Table S1 in the supplemental material).

Preparation of pure culture genomic DNA. The influence of se-
quence variation on amplification efficiency was examined using DNA
extracted from pure cultures of both high- and low-G+C organisms. E.
coli K-12 MG1655, Rhodococcus rhodochrous 11Y, Microbacterium sp.
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MAL1, and Variovorax sp. were grown on the previously described (3)
minimal medium used for enrichment of 1,3,5-trinitro-1,3,5-triazine
(RDX)-degrading organisms with either RDX, 99% [!>N]RDX (Defense
Research and Development Canada, Valcartier, QC, Canada), ammo-
nium nitrate, or 98% ['*N]ammonium [!°N]nitrate (Sigma-Aldrich; St.
Louis, MO) supplied as a nitrogen source. Genomic DNA mixtures were
prepared from pure cultures as described previously, with the exception
that sucrose was not used in the lysis solution (3). DNA for the SIP exper-
iment was prepared using the soil extraction protocol described below,
excluding aluminum sulfate incubation.

Soil microcosms. Soil microcosms were established to provide a di-
verse, undefined source of DNA for the mock SIP experiment and method
development. Soil slurries containing 13% (wt/vol) soil were incubated
for 3.5 days with an enrichment medium for RDX degraders (3). RDX
degradation was monitored using the previously described high-pressure
liquid chromatography method (3).

DNA extraction from soil microcosms. DNA was extracted from soil
slurries using a modification of a previously published protocol by incor-
porating a preincubation step with aluminum sulfate to remove humic
acids (13). Approximately 300 mg of soil was loaded into a lysing matrix E
tube (MP Biomedicals; Solon, OH) with 130 ul of 100 mM AISO, solution
(pH 3), 200 ul of 100 mM sodium phosphate buffer (pH 6.6), 60 ul of 1 M
NaOH (to pH ~9.0), 560 ul of extraction buffer (55 mM NaPO,, 225 mM
Tris, 100 mM NaCl [pH ~8.5]), and 160 ul of 20% sodium dodecyl
sulfate (SDS) solution. The samples were disrupted in a FastPrep 1200
bead beater (MP Biomedicals) for 30 s at a machine setting of 4.0 and
centrifuged for 10 min at 16,000 X g, and the supernatant was transferred
to a clean microcentrifuge tube on ice. Concentrated HCI (2 ul) was then
added to the soil pellet, and extraction was repeated using a 200 mM
AISO, solution and volumes of all reagents that were 50% of those used in
the initial extraction. After centrifugation, the supernatants were com-
bined, incubated on ice or at —20°C for 20 min, and centrifuged for 10
min at 20,000 X g at 4°C to remove excess SDS. A 0.2 volume of 5 M
NaClO, (pH 9) was added to the combined supernatants, and the mixture
was incubated for 10 min at 55°C. Following two extractions with cold
CIA (chloroform-isoamyl alcohol, 24:1), nucleic acids were recovered by
the addition of 1 volume isopropanol and washed using standard proto-
cols (35).

Isopycnic centrifugation and gradient fractionation. DNA (~4.9
pg) recovered from a soil microcosm using the described protocol was
added to a mixture of unlabeled or '>N-labeled genomic DNA (~620 to
670 ng) from E. coli K-12 MG1655, Rhodococcus rhodochrous 11Y, and
Microbacterium sp. MA1. The combined DNA was then added to a TE/
CsCl solution (10 mM Tris, 10 mM EDTA [pH 8.0], CsCl to a BD [buoy-
ant density] of 1.71 g ml~!) with a volume of 4.8 ml in OptiSeal polyal-
lomer tubes (Beckman Coulter, Brea, CA) and a final BD of ~1.67 gml !
based on density measurements. Gradients were established in a TLA110
rotor run for 96 h at 55,000 rpm in an OptimaMax ultracentrifuge (Beck-
man Coulter) (6). Gradients were then displaced with light mineral oil
pumped into the top of the tube, collecting 90 to 105 ul fractions dropwise
from a point near the bottom of the tube. The BD of each fraction was
determined using a modified AR200 digital refractometer (Reichart,
Ithaca, NY) as described by Buckley et al. (6). To account for possible
measurement error, fraction number was plotted against buoyant density
and fitted with a linear curve for analysis. Fractions were combined, con-
centrated, and dialyzed against DNA suspension buffer (10 mM Tris, 0.1
mM EDTA [pH 8.0]) using 30-kDa Microcon membrane spin filters (Mil-
lipore, Billerica, MA) centrifuged at 6,000 X g. Eluates were all adjusted to
60 wl by addition of the same buffer.

Quantitative PCR. Amplification products for TRFLP analyses were
produced and quantified using the following protocol. gPCR (20 ul) con-
sisted of 10 pl of SsoFast EvaGreen supermix (Bio-Rad, Hercules, CA), 6.4
wl of PCR certified water (Teknova, Hollister, CA), 8 pmol each of the
6'-carboxyfluorescein (6'-FAM)-labeled primer 27F (Eurofins MWG
Operon; Huntsville, AL) and unmodified primer 338R (2), and 2 ul of
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TABLE 1 Effect of fluorescein labeled primer 6’-FAM-27F on qPCR standard curve values®

Copy no. for MAI Coefficient of

Primer Threshold? Slope¢ Intercept® R2¢ Avg SD variation (%)
27F 0.016 —3.51 34.0 1.00 6.48E + 04 8.19E + 03 12.64
6'-FAM-27F 0.154 —3.57 37.4 1.00 5.50E + 04 7.42E + 03 13.51

@ Data were generated from E. coli and copy number calculations for Microbacterium sp. MA1 using either 27F or 6’-FAM-27F with 338R. E. coli genomic DNA was diluted from
107 to 103 copies of the 16S rRNA gene per ul, and MA1 copy number statistics were generated using threefold dilutions of the DNA within the standard curve’s range.

Amplifications were performed in duplicate under the same cycling conditions.
b Threshold value used for C; calculation in respective quantifications.
¢ Standard curve [log(gene copy no.) versus C].

template DNA or water. PCR and amplification monitoring was run in
duplicate for each dilution using an MJ-Research PTC-200 gradient ther-
mocycler with a Chromo 4 real-time PCR detector with Opticon Monitor
3.1 software (Bio-Rad). Initial denaturation was performed at 98°C for 2
min, and each cycle was 98°C for 8 s, 58°C for 12 s, and 72°C for 15 s, with
a 5-min final extension step added after cycling was finished. A dilution
series from 250 pg ul=! to 2.5 fg ul=! of Flavobacterium sp. 16S rRNA
gene clones (4.3 X 107 to 4.3 X 102 copies ul~!) was used to generate a
standard curve for quantification of 16S rRNA gene clones. For genomic
DNA and spiked soil samples, E coli K-12 MG1655 from 25 ng ul ! to 250
fgul=1(3.44 X 107 to 3.44 X 102 copies ul~!) was used for standard curve
generation to avoid the overestimation of the copy numbers that can
occur when plasmids are used for standards (17). To estimate 16S rRNA
gene quantities in DNA extracted from pure cultures and soils, qPCR was
performed on serial dilutions of the genomic DNA in multiple qPCRs.

Purified density gradient fractions were purified as described above,
and an initial amplification was performed to estimate concentration in
each fraction. Fractions were then amplified in batches based on threshold
cycle (Cy) (each sample in duplicate or triplicate) values so that amplifi-
cation could be terminated in exponential phase. The Opticon software
was used for analysis with subtraction of global minimum baselines and
without curve smoothing. Threshold fluorescence levels were set to the
lowest levels that minimize error in standard curves, typically at values
between 0.1 and 0.15. Slopes and R? values of semilog regression curves of
the standards were routinely —3.3 = 0.3 and >0.99, respectively.

TRFLP sample preparation and processing. qPCR products were pu-
rified using a PSIclone HTS PCR 96 purification kit (Princeton Separa-
tions, Freehold, NJ) following the manufacturer’s instructions. DNA was
digested with 0.5 ul each of FastDigest MnlI and MsplI enzymes (Fermen-
tas; Glen Burnie, MD) for 1 h, followed by a second addition of enzyme
and incubation from 2 h to overnight. Digests were purified by addition of
phenol chloroform followed by centrifugation, and 20 ul of supernatant
was applied to Centrisep 96 plates (Princeton Separations). Aliquots (4
wl) of properly diluted reaction mixtures were mixed with 12.5 ul of HiDi
formamide and 0.2 ul of ROX-labeled custom Mapmarker (30, 50, 100,
150, 200, 250, 300, 400, 500, 510, and 550 bp; Bioventures, Murfreesboro,
TN). Samples were processed on an Applied Biosystems 3730 DNA ana-
lyzer (Life Technologies).

Data analysis. Analysis of TRFLP profiles was performed using DAx
data acquisition and analysis software, v7.0 (Van Mierlo Software Con-
sultancy, Eindhoven, The Netherlands). Peaks were binned manually, and
quantification of peaks was performed based on both relative area and
relative height of the peaks when normalized to total profile area or total
profile height, respectively.

DNA sequencing. 16S rRNA gene sequences originating from this
work were amplified using the bacterial primers 27F and 1492R (21),
ligated into the pCR4 vector (Invitrogen), and transformed using a
TOPO-TA cloning kit (Invitrogen), and recombinant colonies were sub-
mitted directly to High-Throughput Sequencing Solutions (www.htseq
.org). The GenBank accession numbers for the partial 16S rRNA gene
sequences of E. coli K-12 MG1655 (5), R. rhodochrous 11Y (38) and Mi-
crobacterium sp. MA1 (3) are NC_000913, AF439261, and FJ357539, re-
spectively.
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Nucleotide sequence accession numbers. The accession numbers for
the partial 16S rRNA sequence clones used in the plasmid tests are
JN983794, TN983795, JN983796, and JN983797. The accession number
for the Variovorax 16S rRNA sequence used in the tests with genomic
DNA is JN983798.

RESULTS

Because a linear relationship between fluorescence intensity and
target sequence abundance could be achieved by early termination
of the amplification reaction (Fig. 1), the relative copy number of
each RF corresponds to the relative fluorescence intensity. Several
initial tests were performed to validate this equivalency. The ef-
fects of replacing a typical primer in the qPCR with a fluorescein-
labeled primer (Fig. 1, step 2) were first analyzed. Then, a series of
experiments were conducted to develop and evaluate the method
of calculating the copy numbers associated with individual RF
values (Fig. 1, step 4). Finally, a mock SIP experiment was con-
ducted to demonstrate the improvement in resolution of density-
shifted populations obtained with this method versus a TRFLP
analysis alone.

The influence of the fluorescein-labeled primer on qPCR
quantification was investigated by comparing standard curves de-
veloped for DNA from E. coli (3.44 X 107 to 3.44 X 10° 16S rRNA
gene copies ul~1) and Microbacterium sp. MA1 (170 pg ml—1, 17
pg ml~!, and 1.7 pg ml~!). Following amplification with either
27F or 6'-FAM-27F paired with 338R, the threshold was set em-
pirically to maximize R? for the standard curve, subtracting the
global minimum baseline. Table 1 shows a comparison of the
standard curves [log(gene copy number) versus C;] parameters,
as well as the average calculated copy numbers, for the MA1 DNA.
The major difference between the two data sets is the increased
threshold used to calculate C; values (0.154 versus 0.016) for the
FAM-labeled primer amplification due to the FAM background
fluorescence. Nonetheless, the parameters and calculations gener-
ated at the respective threshold values with the fluorescent primer
were very close to those obtained with the unlabeled primer.

The effects of DNA concentration and amplification cycles on
RF quantification were initially examined using mixtures of plas-
mids and mixtures of pure culture DNA. Two RF quantification
methods were evaluated: relative peak areas and relative peak
heights. The accuracy of the various qPCR conditions and RF
quantification methods were compared through linear regres-
sions of the quantities added versus the quantities detected.

The four plasmids, or 16S rRNA gene standards, consisted of
the pCR4 vector containing either a Flavobacterium sp., Arthro-
bacter sp., Microbacterium sp., or Acidovorax sp. 16S rRNA gene
sequence, having RFs of 44, 150, 156, and 280 bp, respectively. Ten
mixtures of the reference plasmids were prepared in ratios ranging
from 1:1:1:1 to 10:1:1:1 (see Table S1 in the supplemental mate-
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TABLE 2 Consistency between predetermined compositions of DNA mixtures and qPCR-TRFLP quantification of the compositions under

varied amplication®

Linear regression values

Area“ Height?
16S rRNA gene No. of gPCR red o8
Template DNA copy no.” Avg C cycles Slope Intercept R? Slope Intercept R?
Plasmid mixtures 10¢ 13 16 1.03 —0.75 0.97 1.02 —0.56 0.99
107 10 16 0.93 1.74 0.93 0.94 1.46 0.95
103 24.5 26 0.81 4.8 0.84 0.84 4.12 0.89
10° 17 26 0.80 4.97 0.90 0.80 5.04 0.97
107 10 26 0.65 8.86 0.84 0.71 7.39 0.93
Genomic DNA mixtures 100 13 19 0.92 2.02 0.98 0.91 2.74 0.98
10° 16.5 19 1.00 —0.96 0.99 1.01 —0.30 0.99

@ Concentrations and cycle amplifications were varied from 103 to 107 gene copies/ul and 16 to 26 cycles for gene standards and 107 to 10° gene copies/ul and 19 cycles for genomic
DNA respectively (see the supplemental material). The results of each of the four gene standards were plotted together at each condition (60 to 104 data points per plot). Similarly,

the data points for each genomic DNA dilution (45 and 51) were plotted together.

b Plasmid mixtures and genomic DNA mixtures were quantified with 16S rRNA gene standards and E. coli genomic DNA, respectively.
¢ Linear regression values are the percentage added versus the TRFLP percentage, calculated as RF area divided by total chromatogram area. Intercept units are number of copies

detected ul~1, and slope units are number of copies detected per calculated copy.

4 Linear regression values are the percentage added versus the TRFLP percentage, calculated as RF height divided by total chromatogram height. Intercept units are number of

copies detected ul !, and slope units are number of copies detected per calculated copy.

rial), diluted to concentrations between 250 pg ul~! and 25 fg
pl™ 1, and amplified using either 16 or 26 temperature cycles. Ta-
ble 2 presents the linear regression values for the relative RF quan-
tities of the plasmids. Linear regressions were performed on plas-
mid RF quantities combined based on DNA quantity and number
of amplification cycles.

Although 16S rRNA gene ratios were generally comparable
when either relative peak areas or relative peak heights were used,
calculations based on RF peak heights provided greater precision
and accuracy. The best quantification of the plasmid mixture RFs,
i.e., slopes closest to 1.00 and intercepts closest to 0.00, was ob-
served in the samples amplified with the fewest cycles and termi-
nated in mid-exponential phase (3 cycles beyond its threshold
cycle) (Table 2). The accuracy decreased slightly when the reaction
was terminated in late exponential phase. Linear regression slopes,
intercepts, and R? values were poorer at higher template concen-
trations (107 copies ul—! versus 10° copies ul~!) (Table 2) and
when amplification was extended from 16 to 26 cycles. These find-
ings illustrate the importance of terminating amplification in ex-
ponential phase for accurate quantification of RFs.

Table 2 also presents linear regression parameters derived from
RF quantification of genomic DNA from the low-G+C E. coli and
the high-G+C organisms, Variovorax sp. and Rhodococcus rhodo-
chrous 11Y. Genomic DNA from these three isolates was amplified
alone and in mixtures in which each species accounted for 10% to
80% of the 16S rRNA gene copy numbers (see Table S2 in the
supplemental material). In the absence of corresponding genome
sequences, the numbers of 165 rRNA gene copies per ng of DNA
for Variovorax sp. (4.04 X 10° standard deviation [SD], 2.4 X
10%) and Rhodococcus rhodochrous (2.75 X 10°; SD, 2 X 10%) were
estimated using E. coli DNA as a qPCR standard. The 16S rRNA
gene copy numbers of three Rhodococcus strains and six Coma-
monadaceae family members available in the Microbesonline.org
database (12) ranged from 6.58 X 10° to 1.44 X 10° copies per ng
DNA for Rhodococcus and 9.46 X 10° and 1.68 X 10° copies per ng
for the Comamonadaceae (see Table S3 in the supplemental mate-
rial). TRELP profiles from all three species generated primary and
secondary RF peaks that were verified in silico and summed for
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abundance calculations. E. coli had primary and secondary peaks
at 122 bp and 172 bp, Variovorax sp. at 231 bp and 273 bp, and R.
rhodochrous at 158 bp and 168 bp, respectively. When amplifica-
tion was terminated closer to the C; values, better correlations
were observed. Nonetheless, both dilutions correlated well, having
R? values greater than 0.98 regardless of dilution or calculation
metric, along with slopes above 0.9 and intercepts less than 3 de-
tected copies wl ! in all cases (Table 2).

Quantification using the qPCR-TRFLP method was then eval-
uated using a more complex template mixture. TRFLP profiles
were generated using soil microcosm DNA amended with various
amounts of DNA from pure cultures of E. coli, Variovorax sp., or
R. rhodochrous 11Y (comprising 5% to 80% of total DNA) (see
Table S4 in the supplemental material). Each amended sample was
then analyzed at three dilutions (25 ng pl™! to 25 fg ul™1). As
inferred from the slopes of the soil DNA and diluted genomic
DNA, amplification efficiency was between 87% and 101% (ca.
—3.3 to —3.7 copies detected per copy calculated).

Copy numbers of the 16S rRNA genes determined for the soil
extract alone (5.08 X 10° copies ng™!; SD, 1.3 X 10°) were used to
calculate the number of copies of added DNA. Linear regressions
of the calculated copy numbers versus the RF copy numbers all
had slopes above 0.69 and in most cases R? values above 0.96 (see
Table S5 in the supplemental material). Instances of lower corre-
lation may be attributable to variation in amplification efficiency
between the various populations due to differences in G+C con-
tent and sequence variability around priming sites (30). For ex-
ample, quantification of E. coli DNA was better at 25 amplification
cycles, whereas quantification of high-G+C bacteria was better at
32 amplification cycles (see Table S5). Additional analyses of these
mixtures at different concentrations and amplification cycles were
comparable (see Tables S4 and S5 and Fig. S1 in the supplemental
material). TRFLP analysis of the soil DNA (data not shown) re-
vealed small RFs corresponding to the genomic DNA RFs, ac-
counting for the increase in intercept values from zero.

Finally, the optimized qPCR-TRFLP method was used to de-
termine shifts in buoyant density (BD) of individual operational
taxonomic units (OTUs), which are diagnostic of stable isotope
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FIG 2 qPCR-TRFLP analysis of 16S rRNA genes in SIP fractions. (A) 16S
rRNA gene copies (FAM-27F and 338R) per fraction of the CsCl gradients with
soil DNA amended with unlabeled genomic DNA (solid line) and '*N-
genomic DNA (dashed line). (B to D) Profiles of unlabeled (solid line) and
15N-labeled (dashed line) 16S rRNA gene fragment copies of E. coli, R. rhodo-
chrous 11Y, and Microbacterium sp. MA1. (E and F) 16S rRNA gene copy
profiles of two RF fragments from the unlabeled soil DNA in the two gradients.
The data in panels B to F were generated from TRFLP analysis of digested
(MnlI and Mspl) qPCR products (A); RF copies per fraction were calcu-
lated from relative peak heights multiplied by full copy number. Error bars
are standard deviations for duplicate qQPCR (A) and calculated RF quanti-
ties (B to F).

assimilation. DNA isolated from a soil microcosm was combined
with a known mixture of >’N-labeled genomic DNA from Micro-
bacterium sp. MA1, Rhodococcus rhodochrous 11Y (high G+C),
and E. coli (low G+C). A reference gradient contained the soil
DNA and unlabeled genomic DNA from the same three isolates.
Relative percentages of the RF copy number in each fraction were
determined by dividing individual RF peak heights by the sum of
the peak heights. Table S6 in the supplemental material shows a
sample calculation from one of the fractions in the '°N gradient
demonstrating how the qPCR values shown in Fig. 2A were dis-
tributed among the various populations (Fig. 2B to F). RF quan-
tities for each fraction were determined by multiplying the relative
numbers by the total number of bacterial 16S rRNA genes. If a
species had multiple peaks, the peaks were summed. Figure 2
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shows the abundance of 16S rRNA amplicons as a function of BD:
total 16S rRNA genes (Fig. 2A), RFs for E. coli 16S rRNA genes
(Fig. 2B), RFs for Rhodococcus rhodochrous 11Y 16S rRNA genes
(Fig. 2C), RFs forMicrobacterium sp. MA1 16S rRNA genes (Fig.
2D), and two RFs from the soil selected for their apparent varia-
tions in G+C content (Fig. 2E and F).

Figure 2B to D show clear shifts in the RF peaks of the added
ISN-DNA (gray lines) relative to the RF profiles of the unlabeled
DNA (black lines). In contrast, the two RF profiles of indigenous
bacteria in the unlabeled soil DNA (Fig. 2E and F) were not shifted
in the gradient with >N-labeled DNA from the isolates. The shifts
of the diagnostic 16S rRNA gene RFs presented in Fig. 2B to F were
quantified by calculating differences in buoyant density values
between gradients at the RF profile maximums. The calculated
buoyant density increases for the RFs in Fig. 2B to F are presented
in Table 3. The efficiency of DNA recovery from the fractions was
not factored into the calculations. Examination of the purification
method used indicated that DNA recovery efficiency decreased as
DNA concentrations fell below ca. 200 pg ul~! (data not shown).
However, this decreased efficiency would not be expected to alter
the RF BD calculations presented in Table 3. The shifts observed in
the three genomic DNA samples are similar to the predicted shift
of 0.016 gml~"' (6).

A direct comparison of the qPCR-TRFLP method to com-
monly used methods for comparing RF distributions demon-
strated its improvement over the conventional approaches (Fig.
3). Although the position of some of the RF peaks could be deci-
phered from direct TRFLP analysis (e.g., the E. coli position) (data
not shown), others could not. Figure 3A through C compare al-
ternative methods to determine the position of RF 144. Figure 3A
presents RF 144 relative peak height values normalized by maxi-
mum height, as commonly used in published '°N SIP analyses (7).
Figure 3B displays the relative peak heights normalized using the
sum of all peak values from each chromatogram. Figure 3C is an
analysis of peak position using the qPCR-TRFLP protocol. The
same comparison of analysis methods was made for the RFs spe-
cific for Microbacterium sp. MA1 (Fig. 3D to F). Using the RF
abundance (Fig. 3C and F), the distributions of these two popula-
tions along the gradients were clearly resolved, and the buoyant
density shift of MA1 indicative of 1°N assimilation was observed.

DISCUSSION

The main objective of this study was to advance SIP analysis by
developing a sensitive and robust method for measuring copy
number of specific OTUs at different buoyant densities, a modi-
fication essential for assessing minor changes due to partial *C

TABLE 3 Calculated buoyant density shifts of peaks between the
unlabeled and >N profiles”

Maximum BD (g ml~!)

Source 14N gradient >N gradient BD shift (gml~1)
E. coli K-12 MG1655 1.713 1.730 0.017

R. rhodochrous 11Y 1.728 1.745 0.017
Microbacterium sp. MA1 ~ 1.724-1.728  1.741 0.013-0.017

Soil RF 40 1.704-1.707  1.705-1.709  0.001-0.005

Soil RF 144 1.724 1.726-1.730  0.002-0.006

@ Peaks correspond to those presented in Fig. 2A to F. Maximum BD values were
derived from the fractions with the maximum RF copy numbers. A range is provided
where a clear maximum was not observed.
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FIG 3 Stable isotope probing (SIP) profiles of soil DNA peak 144 and RFs of
Microbacterium sp. MA1 in the buoyant density gradients determined by three
methods. (A and D) SIP profiles of relative RF values (RF peak heights divided
by the largest RF of each chromatogram; values in panel D rise above 1 due to
multiple RF peaks of MA1 summed). (B and E) SIP profiles of relative peak
heights (RFs % of total peak heights). (C and F) SIP profiles of RF copy num-
bers (values in panels B and E multiplied by respective qPCR values from each
reaction).

incorporation or any degree of 1°N labeling of DNA. In brief, the
fluorescence intensity of EvaGreen provided for highly sensitive
quantification not compromised by inclusion of a fluorescein-
labeled primer ([6’-FAM]-27F) in the reaction mix. Although
higher threshold values were needed to calculate C; values with
the inclusion of the labeled primer, the calculations derived at the
respective threshold levels were comparable (Table 1). Subse-
quent testing with GM3 (25) or a 5-carboxy-2'4,4',5'7,7'-
hexachlorofluorescein-modified version, 5-HEX-GM3 paired
with 338R, displayed comparable baseline levels and no change in
threshold was required for C; calculation (data not shown). How-
ever, FAM is one of the most commonly used labels for TRFLP
analysis, and recent tests comparing primers labeled with either
FAM or HEX found that more OTUs could be identified using
FAM (29). Additionally, many qPCR quantification software
packages contain methods, such as the second derivative method
(34), which calculate a crossing-point value independent of the
baseline. Despite the difference in G+C content of E. coli (50%)
and R. rhodochrous (ca. 66%) in the genomic DNA mixes, TRFLP
profiles were predictive of DNA mixture content (slopes within
0.1 of 1 and R? values > 0.98) (Table 3) when amplification was
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held below 20 cycles. Slightly better results were achieved when the
reaction was stopped closer to the C. values (14, 30, 39). Abun-
dance calculations based on relative peak height or relative peak
area were comparable and would generally provide a useful cross-
check in general sample analysis. Although greater deviation was
observed between the amount of reference DNA added and the
amount predicted from gradient profiles when it was mixed with
soil DNA, the R? values remained consistently high. This observed
difference would have little influence on the detection of minor
shifts in density (Fig. 2).

The qPCR-TRFLP analysis applied to gradients with bisbenz-
amide, which increases the separation of DNA based on G+C
content (6, 19), may possibly obviate the requirement for a second
centrifugation step to identify minor populations in >N SIP (19).
Unlike previous reports linking TRFLP analysis with real-time
PCR (43), quantification using EvaGreen allows a wider range of
applications, such as targeting multiple regions of the 16S rRNA
gene and potentially quantifying changes within a community’s
functional gene diversity (4, 16). Similarly, quantification of am-
plicons using EvaGreen may make other fingerprinting analyses of
density gradients more robust. For example, quantification
should be possible prior to DGGE analyses of density gradients
because the amplicons are often less than 400 bp (15, 20, 23, 33).
EvaGreen is also suitable for high-resolution melting-curve anal-
ysis which can be used to verify amplification products or to ex-
pand community and gene diversity analyses (9, 24, 42). Finally,
when used in conjunction with an unlabeled control gradient, the
method can identify populations within a community having very
small increases in buoyant density, as is associated with >N assim-
ilation. Therefore, the method may have broad application to SIP
analyses, allowing the identification of populations assimilating
smaller amounts of 1*C isotopes than in previously reported SIP
experiments.
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