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B

oth plants and animals record aspects of their environment
and physiology through the stable isotope ratios of elements
(e.g., 2H兾1H, 13C兾12C, 15N兾14N, and 18O兾16O) that form the
organic matter of those organisms. For example, isotope ratios
have been used to trace the origins of migratory butterflies (1),
birds (2, 3), and elephants (4, 5). Point-of-origin information can
span several spatial scales. As an example, the physiological
differences between C3 and C4 photosynthetic pathways, which
result in large 13C兾12C differences, allow one to trace the flow of
this organic carbon as differential dietary inputs to animals (6),
the transport of carbon across ecosystems (7), and, ultimately,
the movement of region-specific carbon back into the atmosphere (8–10). This sourcing aspect of stable isotopes has also
been applied to forensic issues, such as determining the pointof-origin of illicit drugs (11, 12) and adulteration of foods and
alcoholic beverages (13–15).
Continentality, storm-track trajectories, and moisture origins
result in substantial geographic gradients in the ␦18O and ␦D
values of precipitation and, therefore, of local waters (16).
Several maps have been produced that show the extent of
isotopic variations in waters at the continental and global scales
(17, 18). Again, organisms often record the isotopic composition
of these source waters in their organic compounds. In trees, for
example, the isotopic composition of cellulose is correlated with
that of source water (19, 20). Similar examples are found in
animals where oxygen isotope ratios of bone and blood are
closely related to that of the local water (21).
We hypothesized that microorganisms, too, should show a
record of their growth environment in their cellular components.
If relationships between growth environment and cellular isotope composition could be elucidated, it might become possible
to draw conclusions about the waters in which the microbes had
been grown, particularly for genetically identical organisms
cultured in different geographic regions. We used the growth of
Bacillus subtilis in laboratory culture as a model system. B. subtilis
is a nonpathogenic, endospore-forming, Gram-positive soil bacterium. Because B. subtilis can grow on a variety of nutrients, we
focused first on the relationship between the ␦18O and ␦D values
in the microbial products (cells or spores) and those ratios in the
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water used to make the culture media. We then tested the values
predicted by laboratory model with cultures grown in different
geographical regions across the United States.
Methods
Our experimental organism was B. subtilis strain 6051 (American
Type Culture Collection). Cultures were grown in Schaeffer’s
sporulation medium (SSM) (22), which contained 8 g of Difco
nutrient broth powder per liter plus the following volumes of
solutions: 10% KCl, 10 ml; 1.2% MgSO4 heptahydrate, 10 ml;
1M NaOH, 1 ml; 1 M Ca(NO3)2, 1 ml; 0.01 M MnCl2, 1 ml; and
1 mM FeSO4, 1 ml. To make the media, the nutrient broth
powder was dissolved in 976 ml of water, the KCl, MgSO4, and
NaOH solutions were added, and the medium was autoclaved.
The autoclaved solution was cooled to ⬇50°C, and the remaining
sterile solutions were added. The same salt solutions were used
to make all of the media, even when the water was varied.
We prepared four containers of water of different oxygen and
hydrogen isotope ratios by adding various amounts of D2O and
H218O to local deionized water. We used waters from these
containers throughout our experiments. The containers had
airtight lids and were kept in the cold room. Isotope ratios of the
four waters are listed in Table 1.
Cultures were grown in 100 ml of media in 1-liter flasks at 37°C
and aerated by shaking at 200–225 rpm. Growth of cells was
monitored by measuring the OD of the culture at 560 nm.
Samples of mid-log-phase cells were harvested when the OD
reached 0.5. Cells were harvested by chilling the culture on ice,
then centrifuging the culture at 8,000 ⫻ g for 10 min. The pellets
were resuspended in cold 0.9% NaCl made with the same water
as was the culture medium. Cells were spun down again and then
resuspended in 1 ml of cold 0.9% NaCl, frozen, and lyophilized
for analysis.
Spore cultures were grown for 48 h, then centrifuged for 10
min at 8,000 ⫻ g, resuspended in one-fourth volume of culture
water, recentrifuged, and resuspended in one-fifth volume of
culture water (20 ml for a 100-ml culture). Spores were purified
by shaking in water for at least 1 week, centrifuging each day for
20 min at 20,000 ⫻ g, and resuspending the resulting pellet (23).
Finally, the spore pellet was resuspended in 1 ml of water, frozen,
and lyophilized for analysis.
Stable isotope contents are expressed in ‘‘delta’’ notation as ␦
values in ‰, where ␦‰ ⫽ (RA兾RStd ⫺ 1) 䡠 1,000‰, and RA and
RStd are the ratios of the rare to abundant isotope (e.g., 18O兾16O)
in the sample and the standard. The standard used for both O
and H is Vienna Standard Mean Ocean Water (VSMOW).
Organic samples including growth media, cells, and spores
were weighed and placed into silver capsules, which had been
treated to remove silver oxide. Oxygen and hydrogen isotopic
composition of each sample was determined on a Delta Plus XL
isotope ratio mass spectrometer (IRMS, Thermo Finnigan,
Abbreviation: SSM, Schaeffer’s sporulation medium.
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Bacillus subtilis, a Gram-positive, endospore-forming soil bacterium, was grown in media made with water of varying oxygen
(␦18O) and hydrogen (␦D) stable isotope ratios. Logarithmically
growing cells and spores were each harvested from the cultures
and their ␦18O and ␦D values determined. Oxygen and hydrogen
stable isotope ratios of organic matter were linearly related with
those of the media water. We used the relationships determined in
these experiments to calculate the effective whole-cell fractionation factors between water and organic matter for B. subtilis. We
then predicted the ␦18O and ␦D values of spores produced in
nutritionally identical media and local water sources for five
different locations around the United States. Each of the measured
␦18O and ␦D values of the spores matched the predicted values
within a 95% confidence interval, indicating that stable isotope
ratio analyses may be a powerful tool for tracing the geographic
point-of-origin for microbial products.

Table 1. ␦D and ␦18O of media before and after preparation
Sample
Nutrient broth powder
Salt Lake City lab deionized water
(autoclave system water)
Water 1
SSM in water 1 before autoclaving
SSM in water 1 after autoclaving
SSM in water 1 after final salt additions
Water 2
SSM in water 2 before autoclaving
SSM in water 2 after autoclaving
SSM in water 2 after final salt additions
Water 3
SSM in water 3 before autoclaving
SSM in water 3 after autoclaving
SSM in water 3 after final salt additions
Water 4
SSM in water 4 before autoclaving
SSM in water 4 after autoclaving
SSM in water 4 after final salt additions

␦D of solids,
‰⫾2

␦18O of solids,
‰ ⫾ 0.2

⫺97

15.5

⫺98
⫺96
⫺94

14.5
14.7
15.5

⫺98
⫺98
⫺94

14.8
15.0
14.9

⫺95
⫺96
⫺95

15.7
14.7
15.2

⫺95
⫺92
⫺96

14.9
14.9
15.2

Bremen, Germany) equipped with a Thermo Chemical Elemental Analyzer (Thermo Finnigan) and a zero-blank autosampler
(Costech Analytical, Valencia, CA).
Hydrogen isotope ratios of water samples were obtained by
reducing the hydrogen in 2 l of water to H2 with 100 mg of Zn
reagent in a Pyrex tube at 500°C. The resulting hydrogen gas was
analyzed on a Thermo Finnigan Delta S IRMS equipped with a
dual inlet.
Water samples for oxygen isotopes were prepared by equilibration with CO2 as described (24). Isotopic analysis was done
on a Thermo Finnigan Delta S IRMS equipped with an elemental analyzer (1108, Carlo Erba, Milan).
Results and Discussion
Media Preparation Had Little to No Effect on the Isotopic Content of
Media Solids or Water. The O and H atoms available for incor-

poration into cellular material originate from either the powdered media components (nutrient broth mix and salts) or water.
To determine the effect of media preparation on the isotopic
content of the media solids and water, we prepared media in
waters of four different isotopic compositions (waters 1–4; see
Table 1) made in our laboratory by adding various amounts of
D2O and H218O to local deionized water. We took samples of the
media (i) after dissolving the nutrient broth powder in the water
and adding some of the salt solutions, (ii) after autoclaving the
solution, and then (iii) after the addition of the remaining sterile
salt solutions. We lyophilized a portion of each sample to recover
the media solids, extracted water from another portion, and
determined the stable isotope ratios.
The ␦18O and ␦D values of the media solids were not changed
by dissolving and autoclaving in water using typical laboratory
methods, even when isotope ratios of the water were very
different from the powdered media (Table 1). Thus, there was
no evidence of detectable isotopic exchange between the O and
H atoms of the media solids and the water during media
preparation. Furthermore, autoclaving media in steam made
from local deionized water had little to no effect on the isotopic
composition of the media water, even when it varied substantially
(390‰ in D and 27‰ in 18O) from that of the local water (Table
1). The differences between waters 1–4 and the mixed media,
particularly the ␦D values, can be accounted for by the mixing of
816 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.252747799

␦D of water,
‰⫾2

␦18O of water,
‰ ⫾ 0.2

⫺122

⫺15.3

⫺124
⫺123
⫺123
⫺123
17
14
12
14
145
138
138
137
271
266
271
264

⫺15.8
⫺16.0
⫺15.8
⫺15.9
⫺5.8
⫺6.0
⫺6.1
⫺6.1
3.8
3.0
2.9
3.3
12.1
13.0
12.1
12.8

⬇24 ml of salt solutions made with deionized lab water per liter
of medium.
The ␦18O and ␦D Values of Both Cells and Spores Are a Linear Function
of the Culture Water Values. To determine the relationship be-

tween culture water isotope ratios and spore isotope ratios, we
grew cultures of B. subtilis in SSM made with waters 1–4. We
conducted three independent trials in which cells were harvested
in mid-log phase (after ⬇3 h of growth) and four trials in which
cells were grown until they had sporulated (48 h). The ␦18O
values of both spores and logarithmically growing cells were
linearly correlated with the ␦18O values of the culture water (r2
⬎ 0.99, Fig. 1). The slopes and intercepts of the lines describing
mid-log-phase and spore-phase growth were statistically different from each other. Although the y intercepts appear close to
each other, they fall outside their respective 95% confidence
intervals. Likewise, the ␦D values of both spores and logarithmically growing cells were linear functions of the ␦D values of the
culture waters (r2 ⬎ 0.99, Fig. 2). The slopes and intercepts of the
lines were again statistically different. We determined the isotopic content of the culture water after the growth of the spore

Fig. 1. ␦18O values of spores and logarithmically growing cells correlate with
␦18O values of culture water. Spore data are averaged from four independent
trials, and cell data are averaged from three independent trials. Error bars
represent one standard error of measurement.
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Table 2. Aggregate fractionation factors (AG) for cells
and spores

Logarithmically growing cells
Spores

AG ␦D, ‰

AG ␦18O, ‰

122
40

22.6
16.4

occurred during cell growth was likely to have been mediated by
metabolic activities of the cells.
We describe the isotope fractionation occurring during heterotrophic biosynthesis of organic compounds as

␦ organic ⫽ n共␦water ⫹ 兲 ⫹ 共1 ⫺ n兲␦NE,

[1]

␦18O

cultures (48 h) and found no substantial change, indicating that
the fractionation observed was not due to any changes in culture
water isotope ratios.
Exchange of Spore Hydrogen Atoms with Environmental Water Is Not
Significant. Theoretically, it is possible that hydrogen atoms not

bound to carbon undergo exchange with atmospheric water
vapor. We tested the extent to which chemical exchange between
spore hydrogen atoms and environmental water was occurring in
a reciprocal washing experiment. We grew two batches of spores,
one in water 1 (␦D ⫽ ⫺124‰) and the other in water 4 (␦D ⫽
271‰). Each of these batches of spores was split into two
portions. One portion was washed in water 1 and the other in
water 4, which involved soaking the spores in wash water for at
least 7 days. After washing, spores were lyophilized and analyzed.
No significant difference in spore ␦D values was observed as a
function of wash water, even though waters 1 and 4 have ␦D
values differing by ⬇400‰ (t ⫽ 0.322, P ⫽ 0.769 for spores
grown in water 1; t ⫽ 0.194, P ⫽ 0.859 for spores grown in water
4). In similar experiments with feather keratin, Chamberlain et
al. (3) observed limited hydrogen exchange between feathers
and environmental water, and most of that exchange occurred in
the first 8 days of exposure. We concluded that no significant
exchange between spore hydrogen atoms and environmental
water took place.
We also tested for a potential effect of hygroscopic adsorption
of water on the ␦D values of our spore samples. The ␦D values
of a number of spore samples grown in each water were
determined after storage in a vacuum desiccator and also after
equilibration in laboratory air. No significant differences in ␦D
values were observed (t ⫽ 0.298, P ⫽ 0.786 for spores grown in
water 1; t ⫽ 1.333, P ⫽ 0.314 for spores grown in water 4). Salt
Lake City has a dry climate; adsorption might be more significant in a more humid area. It is standard procedure to store
spores in a desiccator before analysis to minimize interaction
with atmospheric water.
Aggregate Fractionation Factors Between Cellular Organic Matter and
Water Are Different Between Log-Phase Cells and Spores. The O and

H isotopes in culture water can be incorporated into cellular
macromolecules through the direct incorporation of atoms into
macromolecular products or through the exchange of O and H
atoms during biosynthetic reactions. Because no isotopic exchange occurred between the media substrates and water before
growth of the organisms, all of the isotope fractionation that
Kreuzer-Martin et al.

where ␦organic, ␦water, and ␦NE are the ␦D or
values of
synthesized organic matter, water, and the nonexchangeable
stable isotopes of the substrate, respectively; n is the proportion
of oxygen or hydrogen derived from medium water during
organic biosynthesis; and  is the isotope fractionation effect for
enzyme-mediated exchange or addition (25, 26). Eq. 1 was
originally applied to studies of the synthesis of a single product
(cellulose) from a single substrate via a pathway of limited,
defined steps, assuming that the O and H atoms that were not
exchangeable with water were not otherwise fractionated by
biosynthetic enzymes.
In considering the aggregate biosynthesis of all cellular products in a microbe from a complex medium, we must assume that
even O or H atoms unavailable for exchange with water might
undergo enzymatic reactions in which isotope fractionation
could occur. We modified Eq. 1 to describe our system by
including a potential fractionation factor, NE, for O or H atoms
that undergo enzyme-mediated rearrangement but are not available for exchange with water.

␦ microbe ⫽ n共␦water ⫹ E兲 ⫹ 共1 ⫺ n兲共␦media ⫹ NE兲,

[2]

where ␦microbe, ␦media, and ␦water are the isotope ratios in the cells
or spores, powdered media components, and culture water,
respectively; n is the fraction of atoms in the cells or spores
derived from culture water; and E is the isotope fractionation
that occurs to the atoms derived from water.
In our experiments, the powdered media components and
growth conditions were held constant, so that the term (1 ⫺
n)(␦media ⫹ NE) in Eq. 2 is constant. Eq. 2 can therefore be
rearranged to the linear equation form y ⫽ mx ⫹ b, in which the
slope m is equal to n, the fraction of atoms in the microbial
product derived from the media water. The value of the y
intercept is equal to
b ⫽ n E ⫹ 共1 ⫺ n兲␦media ⫹ 共1 ⫺ n兲NE,

[3]

where n and ␦media are known. Rearranging, the aggregate
fractionation effects, AG, can be expressed as
 AG ⫽ 关b ⫺ 共1 ⫺ n兲␦media兴兾n ⫽ E ⫹ 关共1 ⫺ n兲兾n兴NE.

[4]

If all of the reactions in which isotopic fractionation occurs make
the atoms available for exchange with water, as Sternberg and
colleagues observed for heterotrophic cellulose biosynthesis
(25, 26), then NE ⫽ 0 and AG ⫽ E. Table 2 lists AG for each
of our experimental systems. By growing cultures in media that
are nutritionally identical but have different stable isotope
compositions, it should be possible to determine specific values
for E and NE.
For hydrogen in particular, it will be important to determine
how changing the culture medium affects spore isotope ratios.
The slopes of the line relating water hydrogen isotope ratios
to those of spores grown in SSM indicate that only ⬇28% of
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Fig. 2. ␦D values of spores and logarithmically growing cells correlate with
␦D values of culture water. Spore data are averaged from four independent
trials, and cell data are averaged from three independent trials. Error bars
represent one standard error of measurement.

Table 3. Predicted and measured ␦D and ␦18O values of spores grown at remote sites
Water

Spores

Site

␦D, ‰

␦18O, ‰

Predicted ␦D, ‰

Measured ␦D, ‰

Predicted ␦18O, ‰

Measured ␦18O, ‰

Baton Rouge, LA
Durham, NC
Columbus, OH
Los Alamos, NM
Salt Lake City, UT

⫺27.3
⫺46.2
⫺46.0
⫺77.8
⫺120.4

⫺4.7
⫺7.4
⫺7.5
⫺10.7
⫺14.9

⫺64.9
⫺70.2
⫺70.1
⫺79.0
⫺91.0

⫺59.5
⫺70.3
⫺72.7
⫺76.3
⫺95.9

13.3
11.3
11.2
8.8
5.7

13.0
11.2
11.3
9.3
6.0

the spore hydrogen atoms were derived from water. Most of the
hydrogen atoms in spores, therefore, were derived from the
culture medium and not from water. Hydrogen isotope ratio
values (␦media) of culture media would be expected to have a
significant effect on ␦D of spores.
We have ignored any possible contribution of atmospheric
oxygen to the final oxygen isotope content of the spores and cells,
which seems justified. B. subtilis is aerobic and uses oxygen as its
final electron acceptor, creating water molecules. These water
molecules might affect the isotopic composition of intracellular
water in a way that would be reflected in the isotopic composition of macromolecular products. If so, the effect of atmospheric oxygen should be a constant offset for every culture and,
along with the oxygen isotopes found in the media solids, would
contribute to the y intercept of the equations in Figs. 1 and 2. It
is possible that the amount of oxygen available to a culture
during growth (as a function of shaker rpm, for example) could
affect the final oxygen isotope ratio in the spores and complicate
data interpretation. In the off-campus growth experiment described below, we do not know exactly what shaker rpm or sizes
of culture flasks were used to grow the organisms, yet results fell
along the predicted line. It would be particularly important to
investigate this question if the organism in question were a
facultative anaerobe that changed its metabolism with changing
oxygen availability, but such potential concerns appear insignificant for B. subtilis.
Logarithmically growing cells and spores have different aggregate fractionation factors and n values. This is not surprising,
given that they are distinctly different developmental stages of
the organism. Sporulation begins at the end of logarithmic
growth in laboratory cultures and requires 6–8 h to complete
(27). A suite of sporulation-specific proteins is induced, including extracellular hydrolytic enzymes, internal biosynthetic enzymes, and spore structural proteins. Spores contain novel
compounds such as dipicolinic acid and muramic ␦-lactam
residues, novel structures such as the spore cortex and coat, and
storage compounds such as 3-phosphoglyceric acid that comprise
0.1–0.3% of the dry weight of a spore (28). Stable isotope
analysis of various cell and spore components should make it
possible to identify fractionation factors associated with specific
cellular processes.

The measured ␦18O of the resulting spores matched the
predicted values within the 95% confidence limits of the regression line in Fig. 1 in every case (Table 3, Fig. 3), as did the ␦D
values. In each case, except those of the samples from North
Carolina and Ohio, which were grown in waters of identical
isotope ratios, we could unambiguously assign the correct origin
to the spores from our list of potential sources, based on their
isotopic content and the predictions we made from the water
isotope values.
Stable Isotope Ratios Provide a Potential Forensic Tool for Tracing
Geographic Origins of Microbial Cultures. The ␦18O and ␦D values

of precipitation are predictable based on topography, distance
from an ocean, and climate, and maps based on measured values

␦18O and ␦D Values Correctly Identified the Geographical Source of
Spores Produced Across the United States. From Figs. 1 and 2, one

can predict ␦D and ␦18O of spores grown in SSM in water of
known isotopic content. Likewise, given ␦D and ␦18O values of
spores grown in SSM, one should be able to predict the ␦D and
␦18O values of the water in which they were grown. To test
this hypothesis, we asked colleagues in North Carolina, Ohio,
Louisiana, and New Mexico to grow spores for us in SSM and
supplied them with the dry media components. We grew spore
cultures in our local deionized water to make a fifth test batch
of spores. Our colleagues provided us with samples of the water
they used to make the media. Using the ␦D and ␦18O values of
the water samples, we predicted the ␦D and ␦18O values of the
spores.
818 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.252747799

Fig. 3. (A) ␦18O values of test spore samples versus their local water ␦18O
plotted with standard curve from Fig. 1. (B) ␦D values of test spore samples
versus their local water ␦D plotted with standard curve from Fig. 2. In both,
the points representing the samples from Ohio and North Carolina are
superimposed.
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have been assembled (18). Although not unique for every
geographic region, the ␦18O and ␦D values nevertheless constitute a geographic signature for a given region that can often be
used to distinguish waters from two geographically different
regions. Purification techniques such as distillation or ionexchange chromatography, typically used to prepare water for
microbiological uses, do not change stable isotope ratios. Our
results have delineated the relationship between water isotopes
and spore isotopes when the spores are grown in SSM. Given a
batch of spores grown in this medium, it is now possible to
identify those geographic regions from which the culture water
could have originated. Further work is needed to extend these
results to other strains and growth media.
With bioterrorism a threat, stable isotope analyses may help
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constrain the range of regions from which microbiological
materials might have originated. Although DNA analysis can
reveal specific genetic information about the strain of an organism, it does not provide direct evidence of the environment in
which a particular batch of organisms was produced (29, 30).
Stable isotope analyses are a potential forensic tool to complement genetics-based studies.
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