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ABSTRACT: The stable isotope ratios of C-bonded H (δ2Hn values) can be
used to locate soil samples for forensic purposes because of their close
correlation with the δ2H values of precipitation. Post-sampling bacterial activity
might change the δ2Hn values via glycolysis. We tested to which degree C-
bonded H is replaced by H from ambient water under favorable and
unfavorable growing conditions. We provided two heterotrophic bacteria
(Bacillus atrophaeus, Escherichia coli) with glucose (favorable) or lysine
(unfavorable) under aerobic conditions. We assessed the H incorporation
from ambient water via 2H labeling. We found that the H incorporation into
bacterial biomass in the glucose treatment was 79 ± 5.9% (B. atrophaeus) and
43 ± 3.0% (E. coli), likely as a consequence of glycolysis and conservation of the
δ2H value in the anabolic mode of the tricarboxylic acid (TCA) cycle.
Differences between species were possibly related with different compositions
of metabolite mixtures. The bacteria did hardly grow with lysine while
respiration continued, and we found no H incorporation because the catabolic mode of the TCA cycle, which was active when the
bacteria grew on lysine, is associated with CO2 release and a complete cleavage of former C−2H bonds. Our results support the
glycolysis pathway as a mechanism underlying the incorporation of ambient-water H into the C-bonded H pool of bacteria. Stressful
conditions forcing bacteria into a catabolism-dominated metabolism disable the incorporation of ambient-water H, and δ2Hn values
can be applied to identify the origin of soil samples in forensics.
KEYWORDS: stable H isotopes, C-bonded H, incubation, glucose, lysine

■ INTRODUCTION
Stable H isotope ratios (δ2H values) of carbon (C)-bonded H in
compounds formed during young age and conserved for the
whole life can help identify the region of birth of humans1 or the
natal origin of migrating animals.2−4 The stable H isotope
approach is based on the reliance of organisms on regional water
sources with typical geographical patterns in δ2H values.5

Similarly, δ2H values of C-bonded H (δ2Hn) of soil organic
matter (SOM) that is built up from organismic remains
correlates closely with δ2H values of precipitation.6,7 Therefore,
the origin of soil samples, which can be required, e.g., as evidence
in criminal cases, might be deducible from δ2Hn values of SOM.
However, not only dead organic remains with a preserved δ2Hn
value but also living microorganisms including bacteria are
present in soil. Because of the short life cycle of bacteria of
minutes to hours, no long-lived tissue exists in living bacterial
cells and the δ2Hn values can be quickly metabolically
overprinted by the introduction of H atoms from ambient
water.8,9

It is generally assumed that during glycolysis, a metabolic
reaction chain shared by nearly all organisms on Earth,10

ambient-water H is incorporated into the C-bonded H fraction
which includes de novo formation of C−H bonds.11−15 During

the fifth step of the glycolysis, an H atom from ambient water is
newly bound to the C2 position of the glycerinealdehyde-3-
phosphate (GAP) molecule. This H atom is eventually
conserved in bacterial biomass if pyruvate as the end-product
of glycolysis enters the anabolic mode of the tricarboxylic acid
(TCA) cycle that generates biosynthesis products. Because
many bacteria prefer glucose, the educt of the glycolysis, as a C
source16 for biosynthesis, an incorporation of ambient-water H
was found if Escherichia coli or Bacillus subtilis were grown on
glucose or growth substrates amended with glucose.8,17 In these
studies, the incorporation of ambient-water H was calculated for
the bulk bacterial biomass.8,17 Bulk bacterial biomass consists of
both C-bonded H as well as O-, N-, and S-bonded H
(exchangeable H; Hex) that rapidly exchanges with ambient air
moisture, e.g., in the laboratory atmosphere.18,19 Therefore, the
calculation of incorporation of ambient-water H in previous
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studies on bacteria did not relate exclusively to C-bonded H.
Accordingly, the calculated ambient-water H incorporation into
bacterial biomass of up to 30% of total H8,9,20,21 and of <5 to
>70% into bacterial amino acids17 contains uncertainties. The
quantification of the incorporation of ambient water-H into bulk
bacterial biomass requires distinguishing between exchangeable
and nonexchangeable H which can be reached by steam
equilibration.19,22 However, this method has not been applied in
microbiological studies so far.

Jointly, de novo formation of C−H bonds during glycolysis
and the incorporation of ambient-water H during bacterial
metabolism might suggest that H in the newly formed C−H
bonds originates from cell water reflecting ambient water.
However, the role of glycolysis for the incorporation of ambient-
water H during bacterial metabolism has not been studied yet.
Most bacterial species cannot grow on substrates that are not
involved in glycolysis e.g., lysine, a ketogenic amino acid.23−25

However, as an adaption to stationary phase growth condition,
E. coli was shown to continue metabolic activity including the
gluconeogenesis/glycolysis pathways if provided with lysine.25

Knorr et al.25 showed that E. coli is able to degrade lysine
catabolically. However, the used incubation medium was
supplemented with glucose resulting in basic glycolytic activity
and does not provide information about bacterial growth and
incorporation of ambient water-H when lysine is the sole C-
source.

The incorporation of ambient-water H into biosynthesized
compounds is associated with enzymatically mediated reactions
which fractionate H and thus produce kinetic isotope
fractionation.26−28 As opposed to different isotope fractiona-
tions during the biosynthesis of individual bacterial lipids,29−32

bulk bacterial biomass should be characterized by a consistent
fractionation factor if glycolysis precedes the majority of
biosynthesis products. For bacterial biomass and spores, a
range of net apparent fractionation (εbiosynthesis product/water) from
+40 to +122 ‰ was reported.20 However, the study of Kreuzer-
Martin et al.20 did not compare different bacterial species and
thus, does not allow to draw conclusions on a consistent
fractionation factor irrespective of bacterial species.

We aimed to prove that ambient-water H is incorporated into
C-bonded H during glycolysis. Moreover, we aimed to quantify
the apparent H isotope fractionation by this H incorporation.
We hypothesized that (i) there will be pronounced growth and a
substantial incorporation of ambient-water H in the glucose
treatment irrespective of the bacterial species; (ii) in the lysine
treatment, E. coli will show metabolic activity and associated
incorporation of ambient water-H into C-bonded H, whereas B.
atrophaeuswill die; and (iii), the isotope fractionation associated
with the incorporation of ambient-water H into bulk bacterial
biomass in the glucose treatment will be constant, i.e., not
depend on the bacterial species.

■ MATERIAL AND METHODS
Bacterial Cultures and Medium Preparation. No

unexpected or unusually high safety risks arose during the
experiment. We used the Gram-positive bacterium Bacillus
atrophaeus (DSM 675) and the Gram-negative bacterium
Escherichia coli K-12 (MG 1655) (DSMZ, Braunschweig,
Germany). Cultures were pre-grown in a Luria-Bertani (LB)
medium at pH 7. Afterward, E. coli and B. atrophaeus cultures
were inoculated and incubated in Erlenmeyer flasks at 28 and 32
°C, respectively. Cell cultures were harvested when reaching the
mid-exponential growth phase, which was identified by optical

density (OD) measurements and their relation to growth
functions. Cell suspensions were centrifuged (8 min) at 4000 g
(Hermle Z300, Hermle Labortechnik, Germany); pellets were
washed twice with 0.9% NaCl. For the incubation, we
transferred initial cells (grown on LB-medium) as necessary to
reach an initial optical density (OD) of 0.1 in the incubation
medium.

The incubation medium was a modified 2H-labeled M9
minimal medium, which is commonly used to provide a basic
supply of phosphorus, nitrogen, and sulfur.33 The chemical
composition of the medium is described in the Supporting
Information (SI). As the only C and energy source, we used 2.5 g
L−1 of either glucose or lysine (both Campro Scientific, Berlin,
Germany). Three stock flasks per C source of the two growth
media with varying H isotope ratios were prepared (δ2H: +150
‰, +250 ‰ and +500 ‰) by adding the appropriate amounts
of sterile 99.99% D2O (Campro Scientific). For each incubation
cycle, 100 mL of the corresponding stock media were filled in
250 mL flasks (Duran, Schott, Mainz, Germany), closed with gas
washbottle tops (Duran) and autoclaved.
Incubation. The incubation experiment was carried out for

12 (T1) and 24 h (T2). Two bacterial species, two C sources,
three incubation waters with different δ2H values (δ2HiW), and
two time intervals in triplicates resulted in an experimental setup
of 72 incubation flasks. Additionally, an identical setup but
without the addition of bacteria was considered as control
treatment for the CO2 production. Cell cultures of both bacteria
were incubated at 20 °C. The gas wash bottles were sealed
airtight at the top and aerated with C-free synthetic air through a
tube on the one side, while the other side was connected with
two tubes (Falcon, ThermoFisher, Waltham, MA, USA) filled
with NaOH for monitoring CO2 production. The processing of
the samples is described in the SI.
Analyses. Optical-Density, Flow-Cytometry, CO2, and

Substrate-Concentration Measurements. All OD measure-
ments to determine the bacterial biomass were performed at 600
nm (Specord 50 Plus, Analytic Jena, Jena, Germany). To
guarantee identical initial cell numbers of the two cultures, cell
numbers were determined via flow cytometry (Attune Nxt Flow
Cytometer, ThermoFisher) and OD was checked before each
incubation cycle. Additionally, we calculated bacterial growth
(BacG) for each time step as the difference in OD between the
final (ODti) and initial OD (ODt0) according to eq 1:

=BacG OD ODti to (1)

For measurements of C mineralization, respired CO2 was
trapped in 1 M NaOH. Detailed information on the calculation
of respiration rates is provided in the SI.

Glucose concentrations were determined by the glucose-6-
phosphate dehydrogenase-based test kit for glucose (D-glucose
UV-test 10 716 251 035. Food Analysis, Boehringer, Mannheim,
Germany) using the manufacturer′s instructions (https://food.
r-biopharm.com/wp-content/uploads/2012/06/roche_ifu_
glucose_en_10716251035_2017-11.pdf) and NADPH meas-
urements (Specord 50 Plus, Analytic Jena). Lysine concen-
trations were measured by HPLC at the Institute of Bio- and
Geosciences, Jülich, Germany.
Steam Equilibration and Stable H Isotope Analysis. We

used the steam equilibration device based on the design of
Wassenaar and Hobson19 and modified by Ruppenthal et al.22 to
determine δ2Hn bac values of bulk bacterial biomass. Addition-
ally, we measured the total δ2H values (δ2Ht) values of glucose
(δ2Hglucose = 91.6 ± 6.3 ‰; n = 6) and lysine (δ2Hlysine = 86.6 ±
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4.1 ‰; n = 6). Detailed information on the steam equilibration
setup, stable H analysis and analytical quality are presented in
the SI.
Calculations and Statistical Evaluation. To determine

δ2H values in bacterial biomass, which requires the elimination
of the contribution of exchangeable H to δ2Ht (i) and to quantify
the incorporation of ambient-water H into bacterial biomass (ii),
we used isotope labeling.34

We accounted for the exchangeable O-, N- and S-bonded H in
the bacterial species (i) with a mass balance approach adopted
from Ruppenthal et al.6 The total H (Ht) pool consists of an Hex
fraction that isotopically exchanges with water vapor and a C-
bonded H fraction (Hn) with respective δ2Hex and δ2Hn values.
Total δ2H values (δ2Ht) could be measured directly, and this
pool can be described by eq 2.18,19,35−37

= +x xH (1 ) H He e
2

t
2

n
2

ex (2)

xe is the H fraction that is isotopically exchanged during steam
equilibration. With regard to different organic compounds, the
exchangeable H fraction varies from 0.0 for simple hydrocarbons
up to 0.4 (i.e., 40 wt % of Ht) for complex compounds like
cellulose, kerogen, or humic acid.18,19,35,36 If the exchangeable H
fraction of a sample is in isotopic equilibrium with the
equilibration water, the δ2Hex value is related to the δ2H value
of the equilibration water (δ2Hw) with the corresponding
equilibrium fractionation factor (αex‑w, eq 3).6

= +
+

H 1000
H 1000ex w

2
n

2
ex (3)

The equilibrium fractionation factor αex‑w depends on the
chemical composition of the analyzed samples and the
equilibration temperature.18,19,35,36 However, for chemically
complex organic substances, direct experimental determination
of αex‑w is difficult because it would be necessary to assess αex‑w
values through δ2H values of isotopically equilibrated samples
with those of samples with chemically removed H.19 Recent
studies used an approximation of αex‑w for substances like humic
acid, kerogen, keratin, or collagen.18,19,38 Here, for αex‑w, a
provisional value of 1.08 was assigned, which is based on the
cellulose equilibrium isotopic fractionation factor between

isotopically exchangeable H and water-H for 20 h at 114 °C,
which has been experimentally determined.18 Via a sensitivity
analysis over an αex‑w range of 1.06 to 1.10, Schimmelmann et
al.39 and Wassenaar and Hobson19 showed that the use of a
provisional αex‑w value is admissible, while the isotopic shift,
which is caused by the equilibration procedure, is a function of
isotopically exchangeable H and xe. Therefore, in our study, we
used an αex‑w value of 1.08.

If xe is constant among aliquots, a plot of δ2Ht versus δ2Hw
should result in a straight line, defined by eq 4, which is obtained
by solving eq 3 for δ2Hex and substituting into eq 2.6

= +
+
x x

x

H H (1 ) H

1000 ( 1)
t e w e n

e

2
ex w

2 2

ex w (4)

When all of the isotopically exchangeable H is in equilibrium
with the water-H, δ2Hn from eq 2 is equivalent to δ2H of the C-
bonded H in the sample. Therefore, δ2Hn can be calculated by
rearranging eq 4 to eq 5.6

= x w
x

H
H 1000( 1) H

(1 )n
t e

e

2
2

ex w ex w
2

(5)

For further information about the steam equilibration and the
calculation of δ2Hn values, see Ruppenthal et al.6

To trace the incorporation of ambient-water H into the
bacterial biomass (ii), we manipulated the H isotope signature of
the water during the incubation of bacterial species (δ2Hiw: 150
‰, 250 ‰, 500 ‰). The incorporation of H from the
incubation water will shift the H isotope signature of bacterial
species (δ2Hn bac values) toward the δ2Hiw values and result in a
straight line (see explanation for eq 4). Therefore, eq 4 can be
rewritten as eq 6:

= +
+
x x

x

H H (1 ) H

1000 ( 1)

2
n bac ti inc inc w

2
iw inc

2
n bac t0

inc inc w (6)

with δ2Hn bac ti values after incubation composed of a proportion
that experienced incorporation (x i n cα i n c − wδ2Hi w +
1000xinc(αinc − w − 1)) and a proportion that did not ((1 −
xinc)δ2Hn bac t0), and δ2Hn bac t0 reflects the H isotope signature of

Figure 1. Remaining substrate concentrations in the incubation medium (a) and bacterial growth expressed as the differences in the optical density
[OD] at 600 nm between time steps ti and t0 (ΔODti-t0) (b) for B. atrophaeus (Bac.) and E. coli (Esc.) and the corresponding substrate (glucose (glu) or
lysine (lys)) after 12 and 24 h of incubation. Error bars show the standard deviation of substrate concentrations and optical density differences for each
time step (n = 9). To ease readability, the sampling times have been shifted slightly. Time, substrate, time × bacterial species, and time × substrate
significantly (p < 0.001) influenced substrate consumption and bacterial growth in the statistical model (Table S1).
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the bacterial species before incubation. From a mathematical
perspective, in the first term, xincαinc − w represents the slope of
the linear regression of δ2Hn bac ti on δ2Hiw, while the term ((1 −
xinc)δ2Hn bac t0 + 1000xinc(αinc − w − 1)) represents the y-axis
intercept.6 For the sake of simplicity, Horita and Vass9 who used
a similar approach for two bacterial species assumed no H
isotope fractionation associated with the incorporation (αinc‑w =
1). However, other studies on bacterial species reported a range
of 1.04 to 1.12 for αinc‑w associated with incorporation.20

Therefore, it seems advisable to account for αinc‑w in eq 6, which
then contains two known variables (δ2Hn bac ti; δ2Hn bac t0) and
two unknown variables (xinc and αinc‑w). We used the
Levenberg−Marquardt algorithm as an iterative procedure to
estimate the unknown variables.40,41 As a start value, we used
αinc‑w = 0.66, which is twice the lowest H isotope fractionation (2
times an ε of −170‰) reported for the production of 2H-
depleted photosynthates by autotrophic organisms.42 For xinc,
we set the start value to 0.0001, representing hardly any
incorporation. Theoretically, the maximum value for xinc would
be 1 (100% incorporation), which was neither exceeded nor
reached in our calculations. Linear regressions and estimations
of xinc and αinc‑w were only calculated in the case of a reliable
incorporation, namely, if there were (i) significant differences in
δ2Hn bac ti values among the three water label treatments and (ii)
significantly positive slopes. For all samples in the lysine
treatments, the prerequisites were not met. In all cases for which
the prerequisites were met, there was a unique solution of the
estimates for xinc and αinc‑w. In the same way, we calculated xinc

and αinc‑w based on published linear regressions of δ2Hbac on
δ2Hiw.8,9,20 To extract the exact values of the data points from the
published figures, we used the WebPlotDigitizer software (Ankit
Rohatgi, Version 4.5, USA). Information on statistical analyses
are described in the SI.

■ RESULTS
Substrate and Species Effects on Bacterial Perform-

ance. The interpretation of the 2H incorporation requires the
understanding of the bacterial performance during the
incubation experiment. Therefore, we assessed a number of
vital properties of the two studied bacterial species. Despite the
hardly detectable lysine consumption, B. atrophaeus did show a
small growth rate (Figure 1; means significantly different from
zero, p ≤ 0.03). By contrast, we observed a die-off of a
proportion of E. coli in the lysine treatment (Figure 1; bacterial
growth negative and significantly different from zero; p ≤
0.003). In the glucose treatment, E. coli consumed more
substrate than B. atrophaeus, yet this difference was significant
after 24 h only (Figure 1a; significant time × bacterial species
interaction in Table S1). In line, from 12 to 24 h, the growth
increase of E. coli was larger than that of B. atrophaeus in the
glucose treatment (Figure 1b; significant time × bacterial species
interaction in Table S1).

The 2H concentration in the used incubation waters had no
effect on the bacterial consumption of lysine or glucose, the
bacterial growth (BacG), and the respiration (p > 0.25, Table
S1). Lysine concentrations hardly changed with time in the

Figure 2. Bacterial biomass (optical density [OD] at 600 nm; (a, b) and bacterial respiration (c, d) of B. atrophaeus (Bac.) and E. coli (Esc.) and the
corresponding substrate (glucose (glu) or lysine (lys)) after 12 h (a, c) and 24 h (b, d) of incubation. Upper-case letters indicate significant differences
between substrates, while lower-case letters show significant differences between the two bacterial species. Error bars show the standard deviation of
bacterial biomass and respiration for each treatment (n = 9). Please note that (a) and (b) served as a basis to calculate the difference in the optical
density [OD] at 600 nm in Figure 1b.
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incubations with both test organisms (B. atrophaeus and E. coli;
Figure 1a and Table S1). In contrast, glucose concentrations
decreased significantly with time in the incubations with both
test organisms (Figure 1a and Table S1). The glucose
consumption was reflected in increased total bacterial biomass
production, growth, and respiration in the glucose than in the
lysine treatments (Figures 1b and 2a,b and Table S1). On
average, the total bacterial biomass production on glucose was
273% higher than on lysine. In general, the effect of substrate on
bacterial performance was more pronounced after 24 h (Figures
1 and 2 and Table S1) with the exception of respiration for
which the substrate effect was similar between the sampling
periods (non-significant time × substrate interactions in Table
S1). Accordingly, respiration standardized to the bacterial
biomass was significantly higher particularly after 24 h in the
lysine treatments (B. atrophaeus: 4.3 ± standard deviation of 1.4
mg CO2 (103 cells)−1; E. coli: 1.0 ± 0.24 mg CO2 (103 cells)−1)
as compared to the glucose treatments (0.9 ± 0.8 mg CO2 (103

cells)−1; Table S2). The substrate effects were consistent for

both bacterial species (Figures 1 and 2; non-significant bacterial
species × substrate interactions in Table S2).

Biomass production and respiration of B. atrophaeus were
larger than those of E. coli particularly after 12 h (Figure 2; Table
S1). After 24 h, we did not observe a significant difference in the
total respiration between bacterial species for glucose anymore
(Table S1, mean of 83.4 ± 15.9 mg CO2). For lysine, this effect
was still pronounced (55.6 ± 6.8 mg CO2 (B. atrophaeus) and
40.1 ± 3.4 mg CO2 (E. coli); Figure 2c,d; significant time ×
bacterial species interaction in Table S1). The same was true
when respiration was standardized to bacterial biomass. There
was a significant difference in respiration between bacterial
species in the glucose treatment after 24 h (p < 0.001; B.
atrophaeus: 1.7 ± 0.4 mg CO2 (103 cells)−1, E. coli: 0.26 mg ±
0.04 mg CO2 (103 cells)−1; Table S2).
Substrate and Species Effects on δ2Hn Values of

Bacteria and H Incorporation. Initial pre-cultures of B.
atrophaeus grown on LB-medium tended to show of lower
exchangeable H concentrations (19.1%; n = 2) compared with E.

Figure 3.Regression of the δ2Hn bac values of B. atrophaeus (Bac.) (a) and E. coli (Esc.) (b) on the δ2Hiw values (+150, +250, +500 ‰) for glucose (glu)
or lysine (lys) after 12 (solid lines) and 24 h (dashed lines) of incubation. If the regression line of δ2Hn bac values on δ2HiW values did not significantly
differ from zero indicating that 2H-enriched water labels did not result in more positive δ2Hn bac values, lines were colored in gray and the regression
equation was excluded. Error bars show the standard deviation of δ2Hn bac values for each time step (n = 3).

Table 1. Compilation of the Results for Bacterial Species, Analyzed Compartment, CultureMediumwith theMeans of Calculated
Incorporation (xinc), and the Isotope Fractionation (Expressed Both as αinc‑w and εBacBiom/w) of our Incubation Experiment and
Recalculated Values for Data of Previously Published Studies According to Eqs 6 and 7

source bacterial species compartment culture medium
time
[h] xinc [%] αinc‑w

εBacBiom/w
[‰]

this study B. atrophaeus cells M9 minimal medium (MM) + glucose 12 78.2 ± 6.0 0.835 ± 0.001 −165 ± 1
M9 MM + glucose 24 79.4 ± 5.7 0.789 ± 0.004 −207 ± 6

E. coli cells M9 MM + glucose 12 42.4 ± 2.7 0.809 ± 0.004 −191 ± 4
M9 MM + Glucose 24 44.1 ± 3.1 0.927 ± 0.000 −72 ± 1

Kreuzer-Martin et
al.20

B. subtilis cells Schaeffer’s sporulation medium (SSM) 3 10.9 1.171 171

spores SSM 48 35.6 0.785 −215
Kreuzer-Martin et

al.8
B. subtilis spores Difco SSM 48 26.9 1.041 41

spores Oxoid SSM 48 34.8 0.832 −168
spores Luria-Bertani 48 33.0 0.970 −30
spores Difco SSM + Glucose 48 30.3 1.022 22
spores Oxoid SSM + Glucose 48 33.1 0.996 −4

Horita and Vass9 B. subtilis cells BBL Trypticase Soy Broth -TSB (Soybean-Casein
Digest Medium)

96 26.3 0.974 −26

E. agglomerans cells BBL Trypticase Soy Broth -TSB 96 35.7 0.790 −210
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coli (25.3%; n = 2). After incubation in the M9 minimal medium
with either glucose or lysine, B. atrophaeus had a significantly
larger contribution of exchangeable H (23.4 ± 6.0%) than E. coli
(19.4 ± 3.4%; Tables S1 and S3).

The δ2Hn values of the inocula of the bacterial species ranged
between −119.8 and −115.7 ‰ (B. atrophaeus for the 12 and 24
h incubations, respectively; n = 1 for each incubation duration)
and between −163.0 and −168.8 ‰ (E. coli for the 12 and 24 h
incubations, respectively). We did not evaluate the effects of
time and bacterial species on δ2Hn values of the bacterial species
(δ2Hn bac) during the incubation. Nevertheless, the effect of
water can be assessed independently and this was different for
the substrates (significant substrate × water interaction in Table
S1).

δ2Hn bac values in the lysine treatment did not increase with
increasingly 2H-enriched incubation waters for each bacterial
species (mean and standard deviations of the δ2Hn bac values for
both incubation times: B. atrophaeus: −110.8 ± 9.4 ‰, E. coli:
−90.2 ± 12.4 ‰; Figure 3). Accordingly, the slope of the
regression of δ2Hn bac values on δ2Hiw values did not differ
significantly from zero (0.49 > p > 0.07) and no incorporation
from ambient-water H was detected for the lysine treatment
(therefore not included in Table S1). Nevertheless, the δ2Hn bac
values during the incubation were enriched in 2H as compared to
initial δ2Hn bac values (εti/t0; B. atrophaeus: 7.9 ± 10.7 ‰; E. coli:
90.8 ± 14.6 ‰) and this difference significantly differed from
zero (p ≤ 0.007; Figure 3).

In contrast to the lysine treatment, δ2Hn bac values in the
glucose treatment differed significantly among the three 2H-
enriched incubation water treatments for both bacterial species
(Figure 3 and Table S1). Based on the regression, we estimated
the incorporation of ambient-water H into the C-bonded H in
bacterial biomass (xinc) and the associated isotope fractionation
(αinc‑w, εBacBiom/w; Table 1). xinc did not change with time and was
consistently larger for B. atrophaeus (mean of the two incubation
periods 79.0 ± 5.9%) than for E. coli (43.2 ± 3.0%; Table S1).
The associated isotope fractionation was also different for the
two bacterial species (Table S1). However, the species-specific
effect changed with time (Table S1) and was related to the
growth rates: if growth rates were small (after 12 h for E. coli and
after 24 h for B. atrophaeus), εBacBiom/w was comparable between
species, while it differed between species if growth rates were
large (after 12 h for B. atrophaeus and after 24 h for E. coli).

■ DISCUSSION
H Incorporation into C-Bonded H in the Glucose

Treatment. In the glucose treatment, substrate consumption,
bacterial growth, bacterial biomass, and respiration were
significantly higher than in the lysine treatment (Figures 1 and
2). This is in line with the first part of hypothesis (i) and with
positive effects of glucose on bacterial growth,43,44 bacterial
biomass,45 and bacterial respiration.46,47 Growth involves
endergonic, anabolic reactions during biosynthesis that are
enabled by energy transfer by adenosine triphosphate (ATP).48

The glycolysis pathway requires glucose as the reaction educt,49

and glucose degradation generates ATP because the net balance
is the gain of two ATP molecules per molecule of glucose.50 This
positive net balance of ATP allows bacteria to build up cell
compounds and thus can explain the positive effect of glucose on
bacterial performance.

Along with the positive effect of glucose on bacterial
performance, we found substantial incorporation (39 to 86%)
of ambient-water H into the C-bonded H pool of bacteria in the

glucose treatment (Table 1). This also supports the first part of
hypothesis (i) and is higher than the incorporation of ambient-
water H in previous bacterial studies ranging from 11 to 36%
(Table 1). In these previous studies, a re-equilibration of Hex
with vapor in ambient air after incubation and before H isotope
measurements cannot be excluded but could hinder the
detection of 2H-enriched H and might have reduced the labeling
efficiency. Therefore, incorporation of ambient-water H is
underestimated if the exchangeable H is included.8,9,17,20,21 In
line with our results on the nonexchangeable, C-bonded H
fraction, 70% of H in lipids was derived from ambient-water H
during decomposition of soil organic matter and this
incorporation was mostly driven by bacterial biosynthesis.51

As opposed to the situation described below for the lysine
treatment, 2H from ambient water was incorporated into C-
bonded H during glycolysis and the resulting compounds were
not oxidized completely but were retained in organismic tissue.
This retention is possible via the anabolic mode of the TCA
cycle. In anabolic processes, intermediates of the TCA are used
for the synthesis of various compounds. For example, acetyl
coenzyme A (CoA), which is generated, e.g., from the pyruvate
produced by the glycolysis pathway, is an important building
block of metabolic intermediates in the central C metabolism52

and a precursor of many anabolic reactions.53 The fact that the
incorporation of ambient-water H into C-bonded H did not
change over time (Table 1) indicates that catabolic reactions (=
loss of incorporated 2H) and anabolic reactions (= preservation
of incorporation of 2H) keep pace with each other if glucose is
available as a substrate.

In contrast to the last part of hypothesis (i), we found that the
incorporation of ambient-water H significantly differed between
the two bacterial species (Figure 3; Table 1). This species-
specific difference was constant with time (Table S1), although
the species effect on bacterial performance was not (Figures 1
and 2). For example, E. coli grew and respired less than B.
atrophaeus after 12 h, whereas growth and respiration of the two
species did not differ after 24 h. Therefore, not the metabolism
but the species seem to be relevant for the extent of
incorporation of ambient-water H into bacterial biomass. Such
species-specific differences in the extent of incorporation of
ambient-water H might be related to different contributions of
biosynthesis pathways and thus ultimately to a species-specific
chemical composition of bacterial biomass. For example, Gram-
positive and Gram-negative bacteria differ in terms of the
composition of the cell wall.54 Peptidoglycan (PG) is the
building block of cell walls composed of units of N-acetyl-
glucosamine-N-acetyl-muramic acid cross-linked via pentapep-
tide chains.55 Cells and spores of Gram-positive bacteria such as
B. atrophaeus are surrounded by a thick PG layer that accounts
for up to 90% of the bacterial dry weight.56 By contrast, the PG
layer contributes only 10% in Gram-negative bacteria such as E.
coli.56 N-Acetyl-glucosamine is a derivative of glucose, and N-
acetyl-muramic acid is a glucose molecule with an acetylated
amid at the C2 position.57,58 Their synthesis structurally binds
acetyl-CoA. Therefore, a thicker layer of PG in B. atrophaeus
would also reflect a higher glycolysis-related incorporation of
ambient-water H than in E. coli, which is in line with our results.
This reasoning is also corroborated by a larger proportion of Hex
in B. atrophaeus than in E. coli (Table S3) because of an increased
contribution of O- and N-bonded H in hydroxyl, carboxyl, and
amine groups in the PG layer. In summary, the pronounced
effect of glucose corroborates glycolysis as the mechanism
underlying the incorporation of ambient-water H into
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organismic tissue. However, the subsequent biosynthesis
pathways likely determine the extent of incorporation into
micorbial biomass, which is species-specific.
H Incorporation into C-Bonded H in the Lysine

Treatment. E. coli showed a partial die-off, while B. atrophaeus
maintained growth, yet at slow rates, if lysine was provided as a
substrate (Figure 1). Irrespective of bacterial growth, both
bacterial species maintained metabolism as indicated by
respiration (Figure 2b), which is contrary to our expectation
(first part of hypothesis (ii)). In the case of C starvation of E. coli,
lysine could be recycled in the stationary phase (cease of growth
while metabolism continues) and catabolic reactions25 that
oxidize organic compounds to CO2, e.g., in the TCA cycle,
promote the energy regeneration. Knorr et al.25 demonstrated
the catabolic degradation during the central metabolic pathway
of lysine to succinate in E. coli via intermediates of glutarate and
L-2-hydroxyglutarate in wildtype E. coli.Compared with Knorr et
al.,25 our incubation was not conducted under optimal
conditions. More importantly, our M9 minimal medium was
not supplemented with glucose as a C and energy source. The
results of Knorr et al.25 suggest that the bacteria need a readily
available C source to metabolize lysine. The addition of glucose
therefore ensured basic glycolytic activity, which could explain
that E. coli was not able to show bacterial growth in our
experiment with lysine as the sole C source.

Because B. atrophaeus is not able to use lysine as an energy
source but also continued metabolic activity, a more likely
explanation for the observed ongoing bacterial respiration
without substrate consumption might be the bacterial
consumption of dead cells. During starvation, cell membranes
lose integrity59 and E. coli recycles metabolites from dead cells,
which sustains the viability of the remaining culture.60 For
Bacillus subtilis, Gonzaĺez-Pastor et al.61 described that cells that
entered the sporulation pathway act cooperatively by blocking
sister cells to sporulate, causing the latter to lyse, which allows
others to keep on metabolizing, and consequently, its siblings are
cannibalized. In line, we found an indication of sporulation for
the extracted bacterial pellets of B. atrophaeus, which showed a
red color.62 Therefore, in contrast to hypothesis (ii), not the
metabolic pathways but the bacterial recycling decided about the
bacterial performance of E. coli and B. atrophaeus in the lysine
treatment.

The lack of an incorporation of ambient-water H in the lysine
treatment (Figure 3) in principle corroborates the second part of
hypothesis (ii). However, this could have been simply
attributable to the lacking lysine consumption and growth
(Figure 1). Therefore, we cannot confirm that incorporation of
ambient-water H does not take place without glycolysis because
this would have required an uptake of lysine by the bacterial
species, which was not the case. Nevertheless, the lack of
incorporation of ambient-water H in the lysine treatment is
different from studies showing such an incorporation for any
metabolically active bacteria.8,9,17,20,21 Irrespective of the C
source, the measured respiration rates suggest that the studied
bacteria were metabolically active. The stressful conditions
indicated by large respiration:cell number ratios46,63,64 in the
lysine treatment were more pronounced for B. atrophaeus than E.
coli at both sampling times and even only showed up for E. coli
after 24 h of incubation (Figure S1). This stress likely forced the
bacterial species to produce energy for basic metabolism in the
absence of a suitable growth substrate. Yet, despite basic
metabolic activity, we could not calculate H incorporation for
the lysine treatment. Knowledge on reaction pathways of

metabolic activity under sub-optimal growth conditions is
scarce.60,65 Nevertheless, although glycolysis as part of the basic
metabolism might have involved the incorporation of 2H from
the isotopically labeled incubation waters in our study, the
C−2H bond in GAP can be broken again during subsequent
oxidation steps in the TCA cycle. We speculate that a
respiration-driven 2H incorporation was no longer detectable
because the former synthesized C−2H bonds were completely
oxidized to CO2. In other words, the amphibolic TCA cycle
worked in the catabolic mode that serves to generate energy. In
summary, the incorporation of ambient-water H into the C-
bonded H fraction was negligible in the studied bacteria under
the specific stressful conditions of our lysine treatment.

Strikingly, although the complete conversion to CO2 should
have eradicated any isotope effect, a significant, label-
independent 2H enrichment of δ2Hn bac values after incubation
as compared to initial δ2Hn bac values for bacterial species was
observed in the lysine treatment (εti/t0; B. atrophaeus: 7.9 ± 10.7
‰; E. coli: 90.8 ± 14.6 ‰). In general, a 2H enrichment in
bacteria growing on substrates involved in the TCA cycle was
also reported for lipids26,29 although the 2H enrichment was less
pronounced under stationary phase conditions.29 The 2H
enrichment was attributed to positive isotope fractionation
factors associated with the reduction of nicotinamide adenine
dinucleotide phosphate (NADP+) by dehydrogenase and
transhydrogenase enzymes.29,66 Because these reactions involve
hydride transfers also from ambient water,15,26 which we did not
find, NADPH-related reactions cannot explain the 2H enrich-
ment of bacteria in our incubation. Alternatively, kinetic isotope
fractionation associated with the complete conversion of R−
C−2H to H2O and CO2 might result in a 2H enrichment in the
remaining bacterial biomass and a 2H depletion in the produced
H2O. Similarly, during SOM decomposition, 13C enrichment in
the remaining SOM and 13C depletion in the produced CO2
were reported.67,68 Furthermore, a 2H depletion in intracellular
water due to metabolic activity of E. coli was also reported by
Kreuzer-Martin et al.69 Notably, the 2H depletion was most
pronounced under stressful (stationary phase) conditions69 that
also apply to our lysine treatment. In summary, the type of
growth substrate and the resulting importance of catabolic
reactions dictate whether the incorporation of ambient-water H
will leave an imprint on the bacterial species.
Isotope Fractionation Associated with H Incorpora-

tion into C-Bonded H. In the case of relatively small growth
rates (E. coli after 12 h; B. atrophaeus after 24 h; Figure 1b),
εBacBiom/w was around −200 ‰ for both species (Table 1). This
is in line with hypothesis (iii). However, during pronounced
growth (E. coli after 24 h; B. atrophaeus after 12 h; Figure 1b),
εBacBiom/w was less negative and differed between the two studied
bacteria species (Table S1). This is contrary to our expectation
and to the postulation of species-independent H isotope
fractionation factors.26 Furthermore, several studies suggested
that heterotrophic metabolism results in an enrichment in 2H in
the synthesized product relative to ambient water,7,15,29 which is
the opposite of what we found. Nevertheless, other studies
confirm that εBacBiom/w can be as low as −215 ‰20 (Table 1). In
conjunction with our findings related to the importance of
reactions involved in metabolism (Section 4.1), we propose that
the highly variable εBacBiom/w values are a result of different
growth-induced net apparent fractionation factors. In agree-
ment, different H isotope fractionations during lipid synthesis in
bacteria in stationary and exponential growth phases were
reported.29 In more detail, Wijker et al.26 argued that not only
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2H enrichment but also 2H depletion is possible in bacterial
lipids. They found 2H depleted lipids in E. coli and attributed this
to an imbalance between the demand for NADPH as reducing
agent for anabolic reactions and catabolic NADPH produc-
tion.26 The NADPH underproduction shifts the net apparent
isotope fractionation from 2H enrichment in NADPH as a
reaction product toward 2H depletion in NADH as the reaction
educt.26 Such an imbalanced NADPH consumption and
production was not only evident in E. coli but also in B.
subtilis.26 Consequently, our results suggest a species-
independent H isotope fractionation. However, we cannot
tease apart the effect of growth rates and metabolic fluxes from
species because the two species varied in growth (Figure 1b) and
metabolic rates. In summary, growth conditions and likely the
related metabolic fluxes influence the isotope fractionation
associated with the incorporation of ambient-water H into
bacterial biomass.

Our results show that bacteria adjust δ2Hn values to the H
isotopic composition of ambient water during metabolism, and
therefore, δ2Hn values of bacteria are not isotopically stable. On
the one hand, the influence of metabolic flux rates under
changing environmental conditions constrains the assignment of
bacterial origins and thus of soil samples based on H isotope
ratios. However, under stressful conditions, the isotopic
composition of water is not incorporated into bacterial biomass
because bacteria switch to catabolic metabolism. Stressful
conditions imply, e.g., desiccation,70 nutrient limitation,71 and
starvation,72 especially starvation of glucose,73,74 leading to
increased catabolic activity. Under these conditions, soil samples
will preserve the imprint of ambient water on δ2Hn values of
SOM at the sample location. On the other hand, the H isotope
approach opens up new opportunities to study growth
conditions of bacteria under different environmental conditions
together with different bacterial activities and metabolism.
Furthermore, our results improve the understanding of
microbial modification of δ2Hn values in soil organic matter
(SOM) and might moreover be useful to assess the microbial
input to SOM.
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72076 Tübingen, Germany; orcid.org/0000-0002-3558-
9500

Wolfgang Wilcke − Institute of Geography and Geoecology,
Karlsruhe Institute of Technology (KIT), 76131 Karlsruhe,
Germany; orcid.org/0000-0002-6031-4613

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsearthspacechem.2c00085

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank Lars Grimm, Ellen Röhm, and Dr. Casey Bryce for the
technical support in the microbiology laboratory and Sabine
Flaiz for advice and assistance in EA-IRMS analyses. We also
thank Prof. Dr. Jan Marienhagen and Sascha Sokolowsky
(Institute of Bio- and Geosciences; Jülich) for lysine analysis.
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