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The natural abundance of stable carbon isotopes measured in bacterial nucleic acids extracted from estuarine
bacterial concentrates was used to trace sources of organic matter for bacteria in aquatic environments. The
stable carbon isotope ratios of Pseudomonas aeruginosa and nucleic acids extracted from cultures resembled
those of the carbon source on which bacteria were grown. The carbon isotope discrimination between the
substrate and total cell carbon from bacterial cultures averaged 2.3%o + 0.6%o (n = 13). Furthermore, the
isotope discrimination between the substrate and nucleic acids extracted from bacterial cultures was 2.4%o ±
0.4%o (n = 10), not significantly different from the discrimination between bacteria and the substrate. Estuarine
water samples were prefiltered through l-,m-pore-size cartridge filters. Bacterium-sized particles in the
filtrates were concentrated with tangential-flow filtration and centrifugation, and nucleic acids were then
extracted from these concentrates. Hybridization with 16S rRNA probes showed that approximately 90% of the
nucleic acids extracted on two sample dates were of eubacterial origin. Bacteria and nucleic acids from
incubation experiments using estuarine water samples enriched with dissolved organic matter from Spartina
alternjffora and CycloteUla caspia had stable carbon isotope values similar to those of the substrate sources. In
a survey that compared diverse estuarine environments, stable carbon isotopes of bacteria grown in incubation
experiments ranged from -31.9 to -20.5%o. The range in isotope values of nucleic acids extracted from
indigenous bacteria from the same waters was similar, -27.9 to -20.2%o. Generally, the lack of isotope
discrimination between bacteria and nucleic acids that was noted in the laboratory was observed in the field.
Exceptions to this generalization were due to changes in bacterial substrate sources as a result of the incubation
experiments that were used to obtain bacteria for isotope analysis. Our results from work in the field and
laboratory indicate that this approach is useful for tracing sources of dissolved organic matter in aquatic
environments and describing the bacterial role in its cycling.

Estuarine bacteria obtain organic matter for growth from a
variety of sources, including upland vegetation, phytoplank-
ton, salt marsh macrophytes, seagrasses, subtidal sedi-
ments, and a host of anthropogenic sources. The relative
contributions of these sources to estuarine bacterial produc-
tion vary temporally and spatially within an environment (8,
29, 30). Sources of organic matter for bacteria are difficult to
identify because of complex biological, chemical, and phys-
ical interactions. Furthermore, since all dissolved organic
matter (DOM) may not be readily metabolized by bacteria
and the amount that is labile varies among sources, it is not
sufficient simply to identify the sources of DOM to deter-
mine substrate sources for bacteria.

Stable isotopes are recognized as a powerful tracer of
energy and elemental cycling in complex aquatic food webs
(23). Carbon, nitrogen, and sulfur isotopes have been used
extensively to study sources of organic matter in estuarine
and coastal waters (6, 9, 24, 27). Recently, preliminary work
was completed that used stable carbon isotope ratios (813C)
to study sources of organic matter for estuarine bacteria (7).
Bacteria grown in incubation experiments enriched with
glucose and DOM extracted from Spartina alterniflora and
oak trees had b13C values similar to that of the source of
organic matter. To measure the 813C of indigenous bacteria,
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filtered (0.2-p.m pore size) estuarine water was inoculated
with filtered (1.0-p.m pore size) water and incubated for 24 to
48 h. Their approach used bacteria as a bioassay for the 813C
ofDOM present in the water rather than direct measurement
of the 813C of bacteria or DOM. This distinction is important
because filtration may remove particulate sources of organic
matter, such as phytoplankton, zooplankton, and detritus,
that are available to indigenous bacterial populations. Fur-
thermore, during batch culture experiments, bacteria may
use substrates that are different from the natural substrates.
A method is needed that allows measurement of bacterial

stable isotope ratios without an incubation step. In a study
that examined the stable carbon isotope ratios of molecular
components of Escherichia coli, nucleic acids were reported
to be similar to whole cells (4). Therefore, analysis of stable
isotopes of nucleic acids could be a useful indicator of
estuarine bacterial isotope compositions. The advantage of
this approach is that the in situ stable isotope composition of
bacteria can be measured directly without incubation. Also,
nucleic acids provide a specific bacterial biomarker in com-
plex mixtures of estuarine suspended particulate matter.
With nucleic acids as a biomarker, it is possible to determine
the organism from which the nucleic acids were extracted by
using genetic probes.

In this study, laboratory experiments were designed to
illustrate isotopic continuity among bacteria, nucleic acids,
and the substrate source. In the field, nucleic acids extracted
from concentrated estuarine particulate matter were exam-
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ined with kingdom level rRNA probes to confirm that the
extracts contained predominantly bacterial nucleic acids.
Estuarine bacteria were incubated with sources of organic
matter with distinct 813C values to support comparisons of
substrates, bacteria, and nucleic acids in the laboratory. The
natural abundances of stable carbon isotopes in bacteria
from bioassay experiments and extracted nucleic acids of
indigenous bacteria sampled from several ecologically dis-
tinct estuarine environments were compared. These studies
were used to demonstrate that 8'3C in nucleic acids is a
useful tracer of bacterial substrate sources in aquatic envi-
ronments.

MATERIALS AND METHODS

Bacterial cultures. Pseudomonas aeruginosa PA01 was
grown with 20 mM glucose or 20 mM glutamate as the sole
carbon source in 250 to 500 ml of minimal salts medium (13).
Cultures were incubated at 37°C with vigorous mixing.
Bacterial growth was monitored with a Klett-Summerson
spectrophotometer. Incubations were stopped after 4 to 6 h
while cells were growing exponentially. Bacteria were har-
vested by centrifugation at 10,000 x g for 10 min, resus-
pended, washed in phosphate buffer (1.5 mM; pH 7), and
centrifuged again. Cell pellets were stored at -70°C before
nucleic acid extraction.

Nucleic acid extraction. Nucleic acids were extracted from
cell pellets of bacterial cultures and concentrated bacteria
(see below) by using a chloroform extraction method (4; Fig.
1). Bacterial pellets were suspended in 5 to 10 ml of 1.5 M
NaClO4 and shaken for 15 min. To ensure complete cell
lysis, 2 g of glass beads free of organic matter were added to
the bacterial suspension and cells were further broken in a
bead beater (BioSpec Products, Bartlesville, Okla.) for 1
min. Lysates were extracted with an equal volume of chlo-
roform. After separation of the aqueous layer that contained
nucleic acids from the chloroform-cell debris layers by
centrifugation, 5 to 10 ml of 15 mM NaCl-1.5 mM Na2HPO4
(pH 7.0) was added to the chloroform-cell debris layer and
the extraction was repeated. After extraction, nucleic acids
were precipitated at -70°C for 10 min with 0.2 M NaCl and
95% cold ethanol. Precipitated nucleic acids were concen-
trated by centrifugation at 17,000 x g for 30 min, and pellets
were washed with distilled 70% cold ethanol (-20°C). Ex-
cess ethanol was removed in a vacuum oven for 30 min at
room temperature. Nucleic acids were suspended in 5 ml of
NaCl-phosphate buffer, extracted with chloroform, and pre-
cipitated once more.
To improve recovery of nucleic acids, phenol-chloroform

extraction was also tested (17, 18; Fig. 1). Bacterial pellets
were suspended in 5 to 10 ml ofTE buffer (10mM Tris, 1 mM
EDTA, pH 8.0). Cells were lysed by incubation with 2%
(vol/vol) sodium dodecyl sulfate at 65°C for 30 min. Lysed
cells were extracted twice with equal volumes of phenol,
twice with a mixture of phenol-chloroform-isoamyl alcohol
(50:48:2), and twice with chloroform-isoamyl alcohol (24:1).
Phenol for these extractions had been distilled and frozen
previously, while chloroform and isoamyl alcohol were
high-pressure liquid chromatography grade reagents. Nu-
cleic acids were precipitated as described above. The purity
of the nucleic acids was determined with UV spectropho-
tometry at 260 and 280 nm and, on one occasion, protein
analysis. Finally, nucleic acids were freeze-dried for isotope
analysis.

Concentration of particles of <1 ,um from environmental
samples. Bacterium-sized particles were concentrated by
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FIG. 1. Flow chart depicting concentration of <1-,um particles
from water samples and extraction of nucleic acids from the
concentrates. Ppt, Precipitate.

using a method described by Barkay et al. (2). Particles
greater than 1 p.m in diameter were removed from water
samples by filtration through Millipore cartridge filters (Fig.
1). Bacterium-sized particles in 50- and 100-liter water sam-
ples were concentrated to approximately 1-liter volumes
with a Pellicon tangential-flow filtration system (Millipore
Corp., Bedford, Mass.). This system used low-shear, low-
pressure peristaltic pumping with filter velocities of 7 to 8
liters min-'. Filtration times were minimized by using up to
three ultrafiltration cassettes (nominal molecular weight,
100,000). The concentrated suspension was centrifuged at
11,000 x g for 30 min, and the pellet was frozen at -70°C.
The efficiency of each concentration step was estimated with
acridine orange direct counts (14).

Bacterial bioassay experiments. Estuarine bacteria were
incubated in filtered water samples. Particle-free water (4 to
10 liters) collected from the outflow of the Pellicon system
was incubated with a 1% (vol/vol) inoculum of filtered
(1.0-p.m pore size) seawater for 24 to 48 h, until the bacterial
biomass was sufficient for isotopic analysis (7).

Substrate addition experiments. Water-soluble DOM was
collected from S. alterniflora and Quercus virginiana (live
oak) by blending leaves in deionized water. DOM was
separated from particulate material by centrifugation and
filtration (0.2-p.m pore size). DOM was collected from Cy-
clotella caspia by sonification and centrifugation and fil-
tering out of particulate material. Substrate concentrations
were 0.5, 1.7, and 1.2 g of C liter-' for S. alterniflora, Q.
virginiana, and C. caspia, respectively. Samples of DOM
concentrates were prepared for stable carbon isotope anal-
ysis by freeze-drying.
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TABLE 1. Comparison of nucleic acid extraction techniques for
stable carbon isotope ratiosa

813C (%M) of:
Source

Whole cells Chloroform-extracted Phenol-extracted
nucleic acids nucleic acids

P. aeruginosa
Expt. 1 -10.6 -10.7 -14.5
Expt. 2 -10.3 -10.5 -13.9

Calf thymus -12.4 -12.1 -14.8

a Bacteria were grown with glucose as the sole carbon source. Nucleic
acids were extracted as described by Marmur (18) (phenol) and Blair et al. (4)
(chloroform). As a control, the nucleic extraction methods were tested on
commercially prepared calf thymus DNA.

Bioassay experiments were prepared with water from
Santa Rosa Sound as described above. Fifty-liter bioassay
experiments were amended with 10 mg of C from Spartina,
Quercus, or Cyclotella DOM liter-' (final concentration).
One sample received no substrate addition. Samples were
incubated in the dark with aeration for 48 h. Bacterial
abundance was monitored in samples with acridine orange
direct counts (14). A time-zero V3C value for bacteria was
obtained by using nucleic acids extracted from the cell pellet
obtained with one 50-liter filtered (1-p.m pore size) sample.

Stable carbon isotope analysis. Samples were analyzed
isotopically by a modified Dumas combustion that converts
organic carbon and nitrogen to CO2 and N2 gases for mass
spectral analyses (S. A. Macko, Ph.D. thesis, University of
Texas at Austin, 1981). The samples were placed in quartz
tubes containing Cu and CuO, and the tubes were evacuated
and sealed. The tubes were heated to 900°C for 1 h and then
cooled to 700°C at a rate of 4°C min' and from 700 to 500°C
at 0.6°C min-1 to ensure that any oxides of nitrogen were
converted to N2. CO2 gas was separated from N2 gas by
cryogenic distillation. Carbon dioxide was analyzed in a
triple-collector Nuclide 6-60 isotope ratio mass spectrome-
ter. 813C was determined by the formula 513C(%0) = [(Rsampie/
Rstandard)-] 103, where R = 13C/12C. The standard for
carbon was Pee Dee belemnite. The analytical precision of
the nucleic acid extraction for 813C was +0.2%o (n = 5),
slightly more variable than the 813C measurements of repli-
cate bacterial cultures, +0.1%o (n = 5; Table 1).

Determination of relative abundances of eubacteria and
eucaryotes. The proportional representation of eubacteria
and eucaryotes in the microbial population was determined
by hybridizations with universal and kingdom-specific
rRNA-targeted oligonucleotide probes (10, 28). The se-
quences of the probes (mixed positions are in brackets)
complementary to the following small-subunit rRNA regions
were as follows: universal, E. coli numbered positions 1406
to 1392 (ACGGGCGGTGTGT[GA]C); eubacterial, E. coli
numbered positions 123 to 109 (GTGTTACTCACCCGT);
eucaryote, Dictyostelium discoideum numbered positions
557 to 542 (ACCAGACTTGCCCTCC). The universal probe
hybridizes to small-subunit rRNA from every known organ-
ism, the eubacterial probe hybridizes only to eubacterial 16S
rRNA, and the eucaryote probe hybridizes only to eucaryote
small-subunit rRNA. Probes were labeled at their 5' ends by
using 32Py-labeled ATP and polynucleotide kinase (26).
Samples of 7.8 to 1,000 ng of nucleic acids extracted from the
microbial populations, together with 5- to 20-ng samples of
nucleic acids from reference organisms, were applied to
nylon membranes by using a slot blot filtration apparatus
(Schleicher & Schuell, Inc., Keene, N.H.). The membranes
were dried, and the samples were hybridized with the probes

as detailed previously (28). The membranes were washed
once for 30 min at room temperature in lx SSC (0.015 M
NaCl, 0.015 M sodium citrate)-1% sodium dodecyl sulfate
and again in lx SSC-1% sodium dodecyl sulfate at prede-
termined temperatures (universal, 46°C; eubacterial, 43°C;
eucaryote, 58°C). Hybridization signals obtained by autora-
diography were quantified by densitometry with a Bio-Rad
60 densitometer. Probe bound to the nucleic acids from the
microbial populations was compared to the reference sam-
ples. Relative abundances of eubacteria and eucaryotes were
expressed as the fractional amounts of their rRNAs as
determined by hybridization with the universal probe.

RESULTS

Comparison of nucleic acid extraction methods. The
method used previously to extract nucleic acids from bacte-
ria for stable carbon isotope analysis uses chloroform and
inorganic buffers (4). With this protocol, P. aeruginosa cells
grown on glucose in our laboratory had 8'3C values of -10.3
and - 10.6%o (Table 1). Nucleic acids isolated by chloroform
extraction had values similar to those of cells, -10.5 and
-10.7%o, respectively. The purity of the extracted nucleic
acids was estimated by UV A260/A280 ratios. Pure nucleic
acids are expected to have a ratio of 2.0 (17). The UV
absorbance ratio for replicate nucleic acid samples extracted
with this protocol was 1.63 (+0.03; n = 4). This low ratio
indicates that protein was present in the nucleic acid ex-
tracts. The protein content of one sample was 6.2% (weight
of protein/weight of nucleic acids). To improve the purity of
the extracted nucleic acids, a method using phenol, chloro-
form, and organic buffers (18) was tested. In contrast to the
first method, the A26IA28o ratio was 1.92 (+0.05; n = 5) and
the protein content was 0.3%, suggesting that the nucleic
acids were more pure. However, the "13C values of nucleic
acids extracted with phenol were more negative than those
of whole cells by 3.4 and 3.9oo (Table 1). For a control, both
extraction protocols were repeated with commercially puri-
fied calf thymus DNA. The carbon isotopic composition of
unamended calf thymus DNA and that of DNA that was
subjected to chloroform extraction were similar, -12.4 and
-12.1%o, respectively (Table 1). After phenol extraction, the
813C of the calf thymus DNA was - 14.8%o. It seems unlikely
that removal of protein from samples by the phenol method
was responsible for the shift in 8'3C. This is because the
protein content was small and the isotope discrimination
between protein and bacterial cells has been found to be only
1.1%o (4). We concluded that the phenol method caused
unexplained isotopic contamination, and therefore we used
chloroform extraction for all of our samples.

b'3C of nucleic acids from P. aeruginosa. P. aeruginosa
was cultured with glucose (813C, -13.3%o) or glutamate
(813C, -27.4%o) as the carbon source. The 813C of the cells
after incubation with glucose averaged -10.3 ± 0.2%o (n = 6;
Table 2). When glutamate was the carbon source, the
average bacterial 813C was -25.4 + 0.4%o (n = 9; Table 2).
When incubation experiment results obtained with both
substrates were averaged, bacteria were 2.4 + 0.6%o (n = 15)
heavier than the substrate source. Nucleic acids extracted
from bacteria cultured with glucose had 813C values of -10.5
and - 10.7%o (Table 2). With glutamate as the carbon source,
the 813C of the nucleic acids averaged 25.4 + 0.4%o (n = 9).
Relative to these substrates, the average enrichment of
nucleic acids was 2.4 + 0.5%o (n = 11). Stable carbon isotope
values for bacteria and nucleic acids were not significantly
different (t test; a, 0.025).
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TABLE 2. Stable carbon isotope fraction of whole cells and nucleic acids of P. aeruginosa grown on glucosea or glutamate' as the sole
carbon source

Sample 813C (%O) of:
collection Whole Nucleic Substratec

date cells acids A&ceCls-substrate &nucleic acid-substrate

6/3/88 -10.2 NDd 3.1 ND Glucose
-10.4 ND 2.9 ND Glucose

6/8/88 -10.2 ND 3.1 ND Glucose
-10.2 ND 3.1 ND Glucose

10/24/88 -10.3 -10.5 3.0 2.8 Glucose

11/28/88 -25.5 -25.1 1.9 2.3 Glutamate
-25.9 -26.3 1.5 1.1 Glutamate (100 mM)
-26.2 -25.5 1.2 1.9 Glutamate (200 mM)

12/8/89 -10.6 -10.7 2.7 2.8 Glucose

1/23/89 -25.2 -24.5 2.2 2.9 Glutamate
-25.0 -24.7 2.4 2.7 Glutamate
-25.1 -24.9 2.3 2.5 Glutamate
-25.2 -25.0 2.2 2.4 Glutamate
-25.2 -24.9 2.2 2.5 Glutamate

5/12/89 -25.4 -24.7 2.0 2.7 Glutamate
a 813C, -13.3%o.
b 813C, -27.4%o.
c The substrate concentration was 20 mM, except when noted otherwise.
d ND, Not done.

Nucleic acids extracted from environmental samples. Nu- tween 0.345 and 1.465 mg of nucleic acids. Nucleic acid
cleic acids were extracted from water samples taken from extracts ranged from 6 to 35 fg per cell (Table 3).
Santa Rosa Sound, off the dock at Gulf Breeze Environmen- We used small-subunit rRNA hybridization as an index of
tal Research Laboratory (GBERL), and Range Point, a local the relative amounts of extracted eucaryotic and eubacterial
enclosed salt marsh (Table 3; Fig. 2). Particles were concen- nucleic acids. Three rRNA probes were used, a universal
trated from 50- or 100-liter water samples, depending on the probe with specificity for both eubacterial and eucaryotic
season and the environment. Bacterial abundances in these small-subunit rRNAs (as well as archaebacterial rRNA) and
samples ranged from 1.8 x 109 to 5.2 x 109 liter-' (Table 3). eubacterium- and eucaryote-specific probes. Purified rRNAs
The efficiency of each concentration step was monitored from control organisms confirmed the specificity of each
with acridine orange direct counts. Prefiltration through probe (Fig. 3). The eubacterial control organisms Mycobac-
1-,um-pore-size filters did not reduce bacterial abundances terium sp., Desulfovibrio sp., and Thiothrix sp. hybridized
significantly. Upon concentration of <1-,um particles with with the universal and eubacterial probes. However, nucleic
the Pellicon system, between 30 and 88% of the bacteria acids from Vitreoscilla sp. did not hybridize with the eubac-
remained. After centrifugation, approximately 30 to 90% of terial probe. rRNAs from eucaryotic control organisms,
the concentrated cells were recovered. Total recoveries Dictyostelium sp., and rat liver hybridized with the universal
ranged from 10 to 45% (Table 3). For maximum bacterial and eucaryotic probes but not with the eubacterial probe.
recovery, centrifugation for 60 min at 27,000 x g was Nucleic acids that had been extracted from concentrates of
needed. Extraction of concentrated samples provided be- prefiltered (1- and 3-,um pore sizes) water samples were

TABLE 3. Recovery of bacteria and nucleic acids from estuarine waters with tangential-flow filtration and centrifugationa
Total bacteria, 10 Nucleic acids/

Date Site Vol %Total nucleic bacterium(liters) Initial After After After Remaining acids (mg) celiu)
prefiltration Pellicon centrifugation

6/15/88 GBERL 50 1.75 1.90 0.32 0.27" 15 0.46 17
6/15/88 GBERL 50 1.95 1.90 0.34 0.297 15 1.01 35
6/20/88 GBERL 50 2.10 0.8 0.77" 37 0.47 6
6/20/88 GBERL 50 2.10 0.93 0.89b 42 0.57 6
11/17/88 GBERL 100 1.70 1.80 0.17 10 0.31 19
12/8/88 RP 100 3.10 3.70 2.50 1.40 45 1.47 11
1/4/89 RP 100 5.20 5.00 4.40 2.20 42 1.29 6
1/31/89 GBERL 100 1.80 1.50 0.87 0.44 24 0.35 8

a Water from two marine sites was collected for concentration. RP, Range Point.
b This calculation was based on the number of bacteria that remained in the supernatant after centrifugation. All other values were calculated from a

resuspended pellet.
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Atlantic Ocean

Gulf of Mexico I

FIG. 2. Map of estuarine sampling stations near Pensacola,
Fla.

hybridized with this complement of probes. The universal
and eubacterial probes resulted in the strongest hybridiza-
tion signals with the target RNAs. Weaker signals were
observed with the eucaryotic probe, indicating that only
small amounts of eucaryotic nucleic acid were present in the
extracted samples (Fig. 3). Use of a densitometer to quantify
the degree of hybridization showed that 90% of the nucleic
acids from these samples were of eubacterial origin.

Substrate addition experiment. Bioassay experiments with
GBERL dock water were amended with DOM from S.
alterniflora, C. caspia, or Q. virginiana. Figure 4 reviews the
experimental design and results. Stable carbon isotope ratios
were measured in whole plants, DOM from the plants,
bacteria incubated with the sources of DOM, and nucleic
acids extracted from the same bacteria. The stable carbon
isotope ratio of nucleic acids from the initial water sample
was -21.8%o. With S. alterniflora or C. caspia as the DOM
source, carbon isotope values for bacteria reflected the
source (Fig. 4). With DOM from S. alterniflora as the
substrate source, the 813C of extracted nucleic acids also
reflected the substrate source. With no addition of substrate
to bioassay experiments, bacteria and extracted nucleic
acids changed little. DOM from Q. virginiana leaves did not
appear to be taken up by bacteria; the 813C was similar to
that of the samples that received no substrate addition. After
48 h of incubation, the bacterial abundance in waters

amended with Quercus DOM was only 2.4 x 109 cells
liter-1, compared with 11 x 109 and 6.5 x 109 cells liter-1 for
samples incubated with organic matter from S. alterniflora
and C. caspia.

Stable carbon isotopes of nucleic acids extracted from
environmental samples. Nucleic acids extracted from field
samples were compared with bacteria cultured in bioassay
experiments (7; see Materials and Methods). The 813C of
Range Point and GBERL dock bacteria grown in the bioas-
say experiments ranged from -20.5 to -24.2%o (Table 4).
The 813C ratios for nucleic acids varied between -20.2 and
-22.6%o. Isotopic discrimination between the nucleic acids
and bacteria ranged from +0.3 to +1.6%o.

In the Perdido Estuary (Fig. 2), three stations were
examined; C-4 is at the mouth of a tributary that carries pulp
mill waste to the Perdido estuary, C-17 is located 17 km
downstream from the mouth of the tributary, and C-6 is 1 km
upstream in the Perdido River. At C-4, the 813C's of bacteria
from bioassays and extracted nucleic acids were -31.9 and
-27.5%o (Table 4). Farther away from the source of pulp mill
waste, bacteria and nucleic acids were enriched in 13C;
downstream at C-17, the values were -29.9 and -27.9oo,
respectively, and upstream at C-6, the ratios were -26.8 and
-26.4%o, respectively.

DISCUSSION
To trace sources of bacterial carbon successfully with the

813C of nucleic acids, several criteria must be met. Nucleic
acid extractions must yield enough material for isotope
analysis, bacteria must be separated from other microorgan-
isms, and the 813C of nucleic acids must be similar to that of
the whole bacterium. We showed that prefiltration removed
most eucaryotic microorganisms and that tangential-flow
filtration concentrated sufficient bacterial biomass for ex-
traction of nucleic acids for isotope analysis. The analytical
minimum for stable carbon isotope analysis in this study was
100 mg of C. The smallest amount of nucleic acid recovered
from estuarine samples was 310 pug (Table 2). Assuming an
average nucleoside carbon content of 45.1%, the lowest
recovery of nucleic acid was equivalent to 140 ,ug of C.
Furthermore, the amount of nucleic acid that was extracted
per cell concentrated was consistent with the results of other
laboratory and field studies. RNA/DNA ratios for Vibrio
proteolyticus range from 0.83 to 5.06 and are highest during
log-phase growth (W. H. Jeffrey, M.S. thesis, University of
South Florida, Tampa, 1985), and the DNA contents of
aquatic bacteria vary from 5.66 to 14.4 fg cell-1 (21, 22). In
our study (Table 3), there was 6 to 35 fg of nucleic acids
cell-' (including RNA and DNA).

Bacterial recovery ranged from 10 to 45%. Recovery of
bacteria, and therefore nucleic acids, can be improved at two
steps in the concentration protocol. (i) Recovery of bacteria
with the tangential-flow system varies with the filtration rate.
Higher recoveries were observed when the ratio of recycled
water to filtrate was above 15. Later in the study, bacterial
recoveries were improved by increasing this ratio (Table 3).
(ii) Although centrifugation is necessary because the Pellicon
system can only concentrate cells in a final volume of 1 liter,
centrifugation is not an efficient concentration step. Centrif-
ugation removed most estuarine bacteria (80 to 90%) from
the supematant. However, it is difficult to resuspend the
bacterial pellet quantitatively. To overcome this problem,
we have recently tested a smaller tangential-flow system that
is designed to concentrate cells to 10 to 30 ml. This system
eliminates the need for large-volume centrifugation and
increases bacterial recoveries.
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FIG. 3. Small-subunit rRNA-targeted hybridization of nucleic acids extracted from estuarine samples.

We used 16S rRNA hybridization as an index of the
relative proportion of extracted procaryotic and eucaryotic
nucleic acids. Prefiltration through a 1- or 3-,um-pore-size
cartridge selectively removed larger eucaryotic microorgan-
isms from water samples. The contribution of nucleic acids
from eucaryotes in prefiltered water was estimated to be
<10%o on the two dates when the 16S rRNA probes were

Santa Rosa Sound water

Nucleic acid = -21.8

used. Recently, new probes specific for eubacterial rRNA
have been developed (D. Stahl, personal communication);
these probes will be used in the future for more quantitative
analysis of the sources of nucleic acids. The results of our
study are consistent with other work in which most of the
organisms in the 0.2- to 1.0-jxm size range were bacteria (21).
However, the probes used for this survey do not address the
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FIG. 4. Incubation experiment tracing the 8'3C (%M) of extracts leached from S. alterniflora, C. caspia, or Q. virginiana into bacteria and
extracted nucleic acids. n.d., Not done.

untreated
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TABLE 4. Stable carbon isotope values for bacteria concentrated
from bioassay experiments with estuarine waters and nucleic

acids extracted from the same water samples

813C (%0) of:
SampleDate location Bacteria Nucleic

(bioassay) acids

11/17/88 GBERL -24.2 -22.6
12/8/88 Range Point -20.5 -20.2
1/4/89 Range Point -21.4 -21.2
1/31/89 GBERL -22.3 -21.1
6/24/89 Perdido C-4 (mouth) -31.9 -27.5

Perdido C-6 (1 km -26.8 -26.4
upstream)

Perdido C-17 (5 km -29.9 -27.9
downstream)

contribution of nucleic acids from phototrophic procaryotes
(e.g., references 5, 11, and 12). Upon microscopic examina-
tion of concentrates from the estuarine samples, autofluo-
rescent cells did not appear to be a significant proportion of
the microorganisms that were present. However, data pre-
sented in a recent study in the Mediterranean Sea indicate
that coccoid cyanobacteria could account for up 37% of the
procaryotic biomass (12). Recently, 16S rRNA probes have
been developed for identification of cyanobacterial species
(11). Clearly, heterotrophic bacteria do not dominate the
<1-,um biomass in all aquatic environments. Combining the
probes used in our study with probes for phototrophic
bacteria would provide a quantitative screening tool for
environments where phototrophic organisms contribute sig-
nificantly to the picoplankton biomass.
To establish isotopic continuity among substrates, bacte-

ria, and nucleic acids, P. aeruginosa was grown on glucose
or glutamate as the sole carbon source. Bacterial cells and
nucleic acids were consistently 2.4%o enriched in 13C relative
to the substrate sources. This result is at the high end of the
range reported for discrimination between bacteria and
carbon sources, 1.9 to -1.9%oo (1, 4, 7, 20). In the laboratory,
E. coli 8"3C was depleted in 13C with respect to glucose by
0.6%o (4). With glutamate as the carbon source, V. harveyi
was 0.1 to 2.5%o enriched in '3C (16). However, in the same
study, 813C fractionation by V. harveyi ranged from -5.5 to
11.1%o with other amino acids. Therefore, the amount of
fractionation appears to be related to the carbon source and
possibly to the bacterial genus. However, natural bacterial
populations incubated with extract leached from S. alterni-
flora and oak leaves were 1.7 to 1.9%oo enriched with 13C
relative to the substrate (7). As a result of the close fidelity
between estuarine bacteria and natural substrate sources,
Coffin et al. (7) suggested that species- and substrate-specific
isotope fractionation is averaged in field samples. Results of
our experiments with natural substrates provide further
support for this conclusion (discussed below).

Isotopic discrimination between nucleic acids and bacteria
is small when glucose and glutamate are used as carbon
sources (Table 2). This result is consistent with those of
another study in which the 813C of nucleic acids was not
significantly different from that of whole E. coli cells when
glucose was the carbon source (4). The low stable carbon
isotope fractionation between bacteria and nucleic acids in
our laboratory studies supports the use of nucleic acids as a
tracer of bacterial substrate sources. Our results are further
supported by those of experiments that traced 813C ratios of
substrate sources into bacteria and bacterial nucleic acids in
estuarine water samples. The 813C of bacteria incubated with

DOM from S. alterniflora or C. caspia was distinctly related
to the isotope value of the carbon source. However, when
extract leached from Q. virginiana was used as a source of
organic matter, isotope values were not different from those
of the control sample and the initial estuarine sample,
suggesting that this carbon source was not used. The b'3C
values of nucleic acids extracted from bacteria grown on
each of these carbon sources were close to those of whole
cells, as had been noted in the laboratory with P. aerugi-
nosa.

Isotope-based discrimination between bacteria and the
substrate was 2.1%o for S. alterniflora and -3.3%o for C.
caspis. In a recent study, Benner et al. (3) compared the 813C
contents of whole S. alterniflora tissue and the hemicellu-
lose, cellulose, and lignin components. They reported that
the whole plant was enriched in 13C relative to lignin by
4.3%o and depleted in comparison with cellulose and hemi-
cellulose by 1.5 to 1.7%o. In our study, DOM from S.
alterniflora was depleted in 13C by 2.2%o relative to the
whole plant, suggesting a significant lignin content in the
DOM. Since bacteria preferentially select the more labile
cellulose and hemicellulose components of Spartina DOM,
isotope-based discrimination between bacteria and the sub-
strate was considerably different from that measured for C.
caspia (diatoms do not contain lignin). This experiment
shows that it is not sufficient to measure the b'3C ofDOM to
determine sources of bacterial substrates, because bacteria
preferentially select more labile components of DOM. The
813C of the bacterium must therefore be measured.

Potential sources of dissolved organic matter for estuaries
and coastal waters have a broad range of 813C values. The
813C of aquatic carbon sources is a function of the isotopic
composition of CO2 that is fixed by the primary producer
(aquatic or atmospheric) and the pathway and physiological
conditions associated with CO2 fixation (C3 or C4 metabo-
lism). As a result, typical 813C values of upland vegetation
range from -31.0 to -24.0%Y6 (3, 24, 27), those of phyto-
plankton range from -21.0 to -16.69%o (6, 23, 24), those of
C-4 salt marsh plants (e.g., S. alterniflora) range from -13.2
to -12.4%o (3, 9, 24), and those of seagrasses range from -24
to -3%o (19, 27). Stable carbon isotope values of seagrasses
overlap those of marsh grasses and phytoplankton. A mul-
tiple-isotope approach using stable carbon, nitrogen, and
sulfur would be useful to distinguish substrate sources in
environments where carbon isotope signals overlap (24).
We surveyed 813C values of bacteria and nucleic acids in

different estuarine environments (Table 4). Bacteria grown
in bioassay experiments (7) were compared with nucleic
acids extracted from estuarine concentrates. At Range
Point, the dominant seagrass species include Syringodium
filiforme, Thalassia testudinim, and Halodule wrightii (15,
25). Stable carbon isotope values of these seagrasses range
from -3 to -13%o in Gulf of Mexico coastal waters (19). As
mentioned above, phytoplankton 813C values range from
-16.6 to -21.0%Y6 (6, 23, 24). On two dates, the 813C values
of bacteria were -20.5 and -21.4%o and for extracted
nucleic acids they were -20.2 and -21.2%o, respectively.
Our preliminary analysis of bacterial 813C from Range Point
suggests that phytoplankton could have been the major
source of carbon. If seagrasses were an important substrate,
we would expect lower isotope values in bacteria, and S.
alterniflora is not abundant around the marsh source. In
Santa Rosa Sound, we expected that organic matter from
terrestrial sources would be important because this system
receives large freshwater inputs. Bacterial 813C values on
two different dates were -24.2 and -22.3%o, and those of the
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corresponding nucleic acids were -22.6 and -21.1%o (Table
4). These 813C values of nucleic acids indicate that DOM
from phytoplankton was probably the dominant carbon
source at the station in Santa Rosa Sound. However, we are
continuing our field work in both the Range Point marsh and
Santa Rosa Sound to confirm the relative importance of
carbon sources.

In the Perdido Estuary, station C-4 is located at the mouth
of Eleven Mile Creek, which carries pulp mill waste effluent
into Perdido Bay; C-6 is located 1 km upstream in the
Perdido River; and C-17 is 17 km downstream from station
C-4 in the Perdido Bay (Fig. 2). Nucleic acid 8'3C data from
these stations indicated a larger contribution from terrestrial
carbon sources than at Range Point or in Santa Rosa Sound.
Closest to the source of pulp mill effluent, the 813C for
nucleic acids was -27.5%o, upriver it was -26.4%o, and
downriver it was -27.9%oo. Although the 813C values of
nucleic acids did not vary greatly among these stations,
carbon isotopes in bacteria from bioassays did vary. Above
the pulp mill input, the nucleic acids were only 0.4%o heavier
isotopically than bacteria grown in a bioassay experiment;
this value is similar to the discrimination measured in
laboratory studies and at Range Point (Table 4). Closest to
the pulp mill, nucleic acids were 4.4%o heavier isotopically
than the bacteria. Further downstream, at C-17, nucleic
acids were 2.01%oo enriched in 13C relative to bacteria. There-
fore, at C-6 the 813C values of both bacteria and nucleic acids
suggested that terrestrial sources were important. However,
at C-4 and C-17 identification of bacterial carbon sources
was more difficult. Simply examining the nucleic acids
extracted from these stations indicated that the carbon
source was the same as that of station C-6. Results of the
bioassay experiments alone indicated that the source of
organic matter was isotopically lighter than that at station
C-6. Dissolved organic carbon concentrations in and at the
mouth of Eleven Mile Creek suggested that the pulp mill was
the source of the isotopically lighter carbon; concentrations
measured recently were 17.9 mg ofC liter-' at a station 7 km
up Eleven Mile Creek, 12.9 mg of C liter-1 at station C-4,
and 6.9 mg of C liter-' at station C-6 (R. B. Coffin, L. A.
Cifuentes, and R. Benner, unpublished data). A possible
explanation for the difference between the stable isotope
values of bacteria and nucleic acids is that bacteria in nature
were growing on two different substrate sources at stations
C-4 and C-17. The 813C for seston measured at C-17 was
-21.6%o (Coffin et al., unpublished data), suggesting that
phytoplankton was a major component of the seston. Since
phytoplankton is excluded by filtration from bioassay exper-
iments, the difference between the bioassay and nucleic acid
data could result from removal of this carbon source. We are
continuing our examination of carbon sources in the Perdido
Estuary to confirm our hypothesis.
Combined 8'3C measurements of extracted nucleic acids

and bacteria grown in bioassay experiments revealed several
important observations regarding sources of DOM for
aquatic bacteria. The 813C of bacteria grown in bioassay
experiments reflects the source of consumable dissolved
substrates. If particulate substrate sources (i.e., phytoplank-
ton) are not important, this approach is satisfactory. The
813C of nucleic acids is an in situ measurement of the
averaged bacterial substrate. As was demonstrated in the
Perdido Estuary, when multiple substrate sources are impor-
tant, isotope analysis of the nucleic acids alone may not
provide adequate resolution. A combination of stable carbon
isotope analyses of both extracted nucleic acids and bacteria
grown in bioassay experiments provided the most descrip-

tive approach for identification of bacterial substrate
sources.
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