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Does the number of cells of individual strains
correlate with their contribution to the total
substrate turnover within a microbial
community?†

Daniel Buchner, * Johannes Scheckenbach,
Philipp R. Martin and Stefan B. Haderlein

The contribution of individual bacterial strains within a mixed microbial community to the overall turnover

of a specific compound is often assessed using qPCR data quantifying strain-specific 16S rRNA or functional

genes. Here we compare the results of a qPCR based approach with those of compound specific stable

isotope analysis (CSIA), which relies on strain-specific magnitudes of kinetic isotope fractionation associated

with the biotransformation of a compound. To this end, we performed tetrachloroethylene (PCE)

transformation experiments using a synthetic binary culture containing two different Desulfitobacterium

strains (Desulfitobacterium hafniense strain Y51; εC,PCE = −5.8‰ and Desulfitobacterium dehalogenans

strain PCE1; εC,PCE = −19.7‰). Cell abundances were analyzed via qPCR of functional genes and compared

to strain-specific PCE turnover derived via carbon isotope fractionation. Repeated spiking of an initially strain

Y51 dominated synthetic binary culture with PCE led to a steadily increasing contribution of strain PCE1 to

PCE turnover (εC,initial = −5.6 ± 0.6‰ to εC,final = −18.0 ± 0.6‰) which was not or only weakly reflected in

the changes of the cell abundances. The CSIA data further indicate that strain-specific PCE turnover varied

by more than 75% at similar cell abundances of the two strains. Thus, the CSIA approach provided new and

unexpected insights into the evolution of the metabolic activity of the single strains within a synthetic binary

culture and indicates that strain-specific substrate turnover appears to be controlled by physiological and

enzymatic properties of the strains rather than their cell abundance.

1. Introduction

The unambiguous identification of a single bacterial strain
within a microbial community that metabolizes a specific
biogeochemical process is still a major challenge but is a
prerequisite to gain insights into bacterial-driven
contaminant transformation.1,2 Deciphering the metabolic
activity of different key organisms within a microbial
community is difficult as (i) several bacterial strains can

catalyze the same process and/or (ii) metabolic versatile
bacterial strains do not necessarily catalyze the process under
investigation, e.g., contaminant transformation. Direct
evidence of catalytic activity can be obtained through
enzyme-activity assays under specific conditions with respect
to pH, temperature, or cofactors.3,4 However, these
techniques can be time and cost intensive. Furthermore, the
mere detection of a specific enzyme does not provide
conclusive evidence of its actual catalytic activity.5 Despite
the potential of new (meta-)omics techniques such as
metagenomics, metatranscriptomics and metaproteomics,6

evidence for bacterial substrate turnover is often derived
from the quantification of 16S rRNA of specific bacteria or of
functional genes at the DNA level. This is because this
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Water impact

The biotransformation potential at contaminated aquifers undergoing bioremediation is often assessed using qPCR data targeting 16S rRNA or functional
genes. Yet, data from compound specific isotope analysis demonstrates that the most abundant bacterial strain(s) may not be responsible for the
transformation under investigation. These findings need to be considered when assessing the potential for bioremediation of aquifers for drinking water
production.
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analytical technique is well established and widely available.
Such data are used according to the following principles:
firstly, an increase in 16S rRNA of specific bacteria or
functional gene copy numbers in space and/or time is
correlated with a specific process under investigation;
secondly, the specific bacterial strain(s) with the highest
abundance catalyze the process. However, it is important to
note that these data only provide information on the genetic
potential of a microbial community but do not give insights
into the actual bacterial activity.7,8 Consequently, it is
possible to imagine a scenario in which high turnover per
cell can compensate for low cell numbers (and vice versa),
thereby violating the basic principles. For metabolically
flexible bacteria that can also grow on a different substrate,
cell numbers and even growth may not be correlated to the
compound turnover under investigation at all.

Identification (and quantification) of bacterial key players
is highly relevant for bioremediation, for instance at sites
contaminated with chlorinated ethenes (CEs). Bioremediation
is often used as a follow-up treatment after the use of
conventional methods (e.g., pump and treat), as the latter
have proven ineffective at low residual concentrations of
CEs.9–11 These biological remediation approach relies on
organohalide-respiring bacteria (OHRB) which use
halogenated hydrocarbons like tetrachloroethene (PCE) or
trichloroethene (TCE) as terminal electron acceptor to
generate growth supporting energy.9,10 OHRB are found in
diverse microbial taxa and can be grouped into metabolically
versatile (e.g., Desulfuromonas, Desulfitobacterium) or obligate
OHRB which are restricted to organohalides (e.g.,
Dehalococcoides, Dehalobacter).12,13 The enzymes that catalyze
the transformation of CEs belong to the group of reductive
dehalogenases (RdhA) and are encoded in the genome of
OHRB within rdh-gene operons.13,14

Characterization and monitoring of OHRB in microbial
(enrichment) cultures and at contaminated sites is routinely
carried out by quantitative real-time PCR (qPCR) targeting
CE-rdhA-genes or 16S rRNA-genes of OHRB like
Desulfitobacterium or Dehalococcoides.15–18 The analyzed gene
trends (increase or decrease in time and/or space) are used to
estimate the contribution of individual OHRB strains to the
complete dichlorination of PCE (e.g., vcrA-gene indicative for
the transformation of cis-DCE to VC and ethene19,20).
Numerous studies analyzed CE-rdhA- and 16S rRNA-gene
abundances of different OHRB from multiple genera.21–25

These studies indicate that typically several OHRB strains of
Dehalococcoides, Desulfitobacterium, Dehalobacter,
Desulfuromonas coexist within a microbial community and
are involved in the complete dehalogenation of PCE to
ethene. Furthermore one transformation step (e.g., PCE to
TCE is done by Desulfitobacterium, Dehalobacter, Geobacter,
and/or Dehalococcoides) was shown to be carried out by
several OHRB.10,26 Changes over time in the abundance of
rdhA-genes of different OHRB in enrichment cultures also
indicated changes in the contribution of the different strains
to CE turnover.22,27,28 For obligate OHRB the qPCR data are

quite conclusive as growth is directly coupled to organohalide
transformation.17,29 Nevertheless there are also potential
pitfalls in the determination of the actual substrate turnover
of these bacteria, as studies have shown that transformation
and growth can be decoupled.30–32 Johnson et al.33 proposed
a quorum-sensing-type regulatory mechanism to control
maximum cell densities, decoupling the growth of a
Dehalococcoides mccartyi strain from dehalogenation. The
presence and growth of versatile OHRB cannot be taken as
clear evidence for organohalide respiration, as they are not
restricted to this process to gain energy. In addition, one
needs to consider that strain-specific substrate turnover is
not a pure function of the number of cells as also the
number of the catalyzing enzymes per cell can change.30 Even
further the enzyme activity itself was reported to changes
upon environmental factors such as pH, substrate supply or
cofactors.34–36 For example, a scenario is conceivable, in
which an increase in the cell numbers of a strain is observed,
but due to a simultaneous decrease in enzyme activity, the
contribution to the turnover of a substance by this strain is
actually reduced. Due to these ambiguities, the presented
study aims to shed light onto the qPCR derived
quantification of functional genes (equivalent to cell
numbers) as a proxy for the PCE turnover of a specific strain
within a synthetic binary culture.

Next to molecular biological analysis, transformation
processes can also be monitored and quantified via
compound specific stable isotope analysis (CSIA). This
approach relies on typically slightly faster reaction rate
constants for molecules containing a light isotope (e.g., 12C
or 35Cl) at the reactive position compared to molecules
containing a heavy isotope (e.g., 13C or 37Cl). This process,
known as kinetic isotope fractionation, results in an
enrichment of the heavy isotopes in the residual substrate
pool as it undergoes transformation.37,38 The magnitude of
isotope fractionation is quantified by the isotope enrichment
factor (ε).37,39 Previous studies investigated the effect of
different cultivation conditions on the ε values for
chlorinated ethenes both in pure cultures and in enrichment
cultures in which a single OHRB catalyzed the
dehalogenation.30,40 Measured ε values were robust and not
affected by repeated chlorinated ethene addition, different
electron donor and acceptor concentrations or micronutrient
availability.5,30,40 However, the ε value observed in a mixed
culture is a lumped parameter comprising the strain-specific
enrichment factors and the strains' contributions to substrate
turnover.41,42 To this end, the shift of 8‰ in the PCE carbon
isotope enrichment factor (εC) in a microbial enrichment
culture was correlated with a change in the predominantly
dechlorinating OHRB, highlighting the use of CSIA to observe
and even quantify changes in the contribution of different
transformation processes.43 CSIA is particularly valuable in
cases where the substrate is converted to the same products
(e.g., PCE to TCE), as this makes it impossible to distinguish
between the two transformation pathways based on product
formation. The diagnostic power of CSIA is further improved
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by the analysis of a second isotope system. For chlorinated
ethenes the combination of carbon and chlorine CSIA may
reveal mass transfer limitation, masking effects as well as
changes in the underlying reaction mechanisms of the
catalyzing enzymes.44–46

Our study aimed to investigate the reliability of changes in
cell abundances (quantification of functional genes via qPCR
on DNA level) as proxy for strain-specific substrate turnover
during contaminant biotransformation and to gain insights
into the development of the metabolic activity of the
investigated OHRB. To this end, reductive dechlorination of
PCE was investigated within a synthetic binary culture
containing Desulfitobacterium dehalogenans strain PCE1 and
Desulfitobacterium hafniense strain Y51 (initial PCE1 : Y51 ratio
of 1 : 5 (v/v)). These strains were selected because their
isotope enrichment factors for PCE differ considerably (strain
PCE1: εC = −19.7‰ and εCl = −6.3‰, strain Y51: εC = −5.8‰
and εCl = −2.2‰),47 allowing the use of isotope fractionation
as a proxy for strain-specific PCE turnover. Additionally, cell
numbers of the individual strains were tracked quantifying
PCE-rdhA-gene abundances of the individual strains (strain
PCE1: prdA-gene, strain Y51: pceA-gene; one copy of the
respective gene per genome).48–50

2. Materials and methods
2.1 Chemicals

Chemicals were purchased from Carl Roth (Karlsruhe, Germany),
Sigma-Aldrich (Steinheim, Germany) or Merck (Darmstadt,
Germany) with the highest available level of purity.

2.2 Cultivation of Desulfitobacterium spp. and experimental
setups

Desulfitobacterium dehalogenans strain PCE1 (no. 10344) was
obtained from the German Collection of Microorganisms and
Cell Cultures (DSMZ). Desulfitobacterium hafniense strain Y51
was kindly provided by Prof. Furukawa of the Department of
Food and Bioscience, Beppu University (Japan). Precultures
were cultivated in 250 mL serum flasks containing 200 mL
liquid medium, 200 μM PCE and 1 mM pyruvate. Serum
bottles were placed on a horizontal shaker (140 rpm, 48 h) to
dissolve the neat PCE. Serum bottles contained an anoxic,
sodium carbonate buffered medium as described by Buchner
et al.,30 while the headspace was flushed with N2/CO2 (80% :
20%). Precultures were grown on PCE after prior degassing
with N2/CO2 (80% : 20%) for 90 min prior to inoculation to
remove the PCE transformation products. Successful removal
was screened via GC-MS.

The re-spike transformation experiments were
conducted in 560 mL serum bottles sealed with butyl rubber
stoppers. The inoculation was done in an anaerobic glove
box (O2 < 1 ppm) by adding 40 mL (8% v/v) of a strain PCE1
preculture to 200 mL of PCE adapted cells of strain Y51. PCE
and pyruvate were added pre-dissolved in 250 mL fresh
medium as spike solution yielding a final concentration of

200 μM PCE and 1 mM pyruvate. The setup comprised two
living-replicates and a cell-free control.

The setup was continuously cultivated within six
monitored PCE (re-)spike experiments to investigate
development of cell numbers as well as the observable PCE
and TCE isotope fractionation. All experiments were
conducted with PCE (200 μM) as electron acceptor, except for
the 8th spike in which 200 μM TCE were supplied as electron
acceptor. After initial PCE transformation PCE was
continuously supplied to the culture and selected
dehalogenation events were monitored (see Table 1 and
Fig. 1). For non-monitored PCE additions, neat PCE was
added and dissolved by placing the cultures on a rotary
shaker at 140 rpm to achieve a final concentration of
200 μM. Monitored experiments were initiated in the
glovebox by adding PCE spike solutions. For the 8th spike,
initial TCE transformation was monitored and followed by
three additional non-monitored additions of neat TCE (each
200 μM). Each chlorinated ethene addition was accompanied
with the addition of 1 mM pyruvate as electron donor. After
each complete monitored or non-monitored PCE/TCE
transformation, cultures were degassed with N2/CO2 and
screened for residual chlorinated ethenes by GC-MS.
Experimental flasks were individually maintained including
the 7th spike. Thereafter, both living replicates were pooled
in a sterilized 1 L glass bottle after monitored transformation
experiments and equally divided into sterilized 560 mL
serum flasks prior to the following monitored experiment.
Cultures were stored in the dark. The control bottle was
treated the same way as living replicates, but non-monitored
PCE/TCE additions were omitted.

2.3 Sample extraction and analytical methods

Sample extraction. For downstream analysis (qPCR,
chlorinated ethene concentration, carbon and chlorine
isotope analysis, qPCR) liquid samples were extracted using
gas-tight glass syringes (ILS GmbH, Stützerbach, Germany).
Further information on sample handling, preservation and
storage can be found in the ESI.†

Chlorinated ethene concentrations. Analysis of chlorinated
ethenes was performed in duplicates on a GC-MS system (Agilent
Technologies 7890A GC coupled to an Agilent Technologies
5975VL MS Detector, Santa Clara, CA) via static headspace
injection of 500 μL using a Gerstel MultiPurpose Sampler
(Mülheim an der Ruhr, Germany). For details see ESI.†

Stable carbon isotope analysis. Stable carbon isotope
signatures of PCE, TCE and cis-DCE were determined using
gas chromatography combustion isotope ratio mass
spectrometry (GC-C-IRMS) comprising a Trace GC Ultra
(Thermo Finnigan, San Jose, CA) coupled to a Delta Plus XP
IRMS detector (ThermoFinnigan) via a GC Combustion III
interface (ThermoFinnigan). For details see ESI.†

Stable chlorine isotope analysis. Stable chlorine isotope
signatures of PCE and TCE were analyzed using an Agilent
Technologies 7890B GC coupled to an Agilent Technologies
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5977A MSD, equipped with a CombiPAL autosampler (CTC
Analytics, Zwingen, Switzerland).51,52 A two-point calibration
curve with external standards (PCE: δ37ClEIL-2 = −2.52‰;
δ37Cl-PCEenriched = 10.8‰ (recently developed by Buchner
et al.53) and TCE: δ37ClEIL2 = −2.7‰, δ37ClEIL1 = 3.05‰) was
used to convert raw data into δ37Cl isotope values relative to
the SMOC scale as recommended in previous studies.51,52 For
details see ESI.†

Determination of isotope enrichment factors (ε). Isotope
enrichment factors for carbon and chlorine were determined
according to the double logarithmic Rayleigh equation
without forcing the regression line through zero as suggested
by Scott et al. (2004):54

ln
R tð Þ
R 0ð Þ

� �
¼ ε × ln f tð Þsubstrate

� �
(1)

R(t) and R(0) denote the isotope ratios at different
sampling points and the initial isotope ratio at the start of
the experiment, respectively; f (t)substrate is the remaining
fraction of PCE or TCE at sampling point t. Fractions of
PCE as well as of the less chlorinated ethenes (TCE and
cis-DCE) were calculated based on the timepoint-wise mass
balance correction method described by Buchner et al.
(2017)55 to account for the cumulative mass removal due to
repetitive sampling. Dual isotope slopes (ΛC/Cl) and
associated standard errors (SE) were calculated for the
individual experiments by regressing measured δ13C and
δ37Cl data using the York method.56

Strain-specific substrate turnover based on CSIA data.
Strain-specific contribution (FA and FB) to the overall
PCE turnover within the synthetic binary culture was
calculated by:

FA ¼ εmeasured − εB
εA − εB

(2)

The εmeasured is the measured enrichment factor of the
synthetic binary culture and represents the weighted average
of strain-specific ε values (εA or εB).

37,57 Corresponding errors
were calculated by error propagation (eqn (S2)†) In an ideal
scenario the values of FA are equal to the fraction of the cell
numbers fA derived via qPCR analysis (see eqn (3)).

2.4 Molecular biological analysis

Cell abundances of D. dehalogenans strain PCE1 and D.
hafniense strain Y51 were determined using quantitative real-
time PCR (qPCR) assays. For strain PCE1, copy numbers of
the prdA-gene encoding the PCE transforming PrdA enzyme
were quantified.48 For strain Y51, copy numbers of the
pceA-gene encoding the PCE transforming PceA enzyme were
quantified.49 Based on genome analysis, one copy of the
genes is present per genome of the individual strains and
measured gene copy numbers therefore equal the cell
numbers of strain PCE1 and strain Y51, respectively.48,58

Detailed information on DNA extraction and the
quantification of prdA- and pceA-genes are provided in the
ESI† as well as the determination of error the qPCR analysis.

Table 1 Overview of experiments conducted with the synthetic binary culture of Desulfitobacterium dehalogenans strain PCE1 and Desulfitobacterium
hafniense strain Y51. Shown is the provided chlorinated ethene, the corresponding number of total chlorinated ethene (CE) dehalogenation events
between the monitored experiments, duration of the monitored experiments and the time in between the experiments

Experiment
Provided CE
(number of transformation event(s)) Duration in days

Time since last monitored
dehalogenation event in days

1st spike PCE <1 0
4th spike PCE (3) 1 (M1)a 22

2 (M2)a

7th spike PCE (6) <1 36
8th spike TCE (1) 6 (M1)a 21

16 (M2)a

12th spike PCE (7) after 4× TCE <1 26
15th spike PCE (10) <1 38

a Refers to the single microcosms (M) of the individual experiment.

Fig. 1 Overview of the (re-)spike experiments of the synthetic binary culture containing Desulfitobacterium dehalogenans strain PCE1 and
Desulfitobacterium hafniense strain Y51.
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Calculation of cell fractions. Strain-specific PCE-rdhA-gene
abundances were determined for each experiment at the start
of the experiment, the last point with a δ13C value for PCE
and the last sampling point of the experiment. Strain
abundances were converted into strain fractions ( fA or fB)
using the total cell numbers of both strains according to:

FA ¼ cellsA
cellsA þ cellsB

(3)

where cellsA or cellsB represent the average of the cell numbers
of the two strains of the microcosm replicates at time point t.
In an ideal scenario the values of fA are equal to the strain-
specific contribution FA derived via CSIA (see eqn (2)).

Since measured cell numbers of each microcosm are
associated with an error, the error of averaged strain
fractions at time point t was calculated via Gaussian error
propagation (see eqn (S1)†).

Calculation of expected isotope enrichment factors in the
synthetic binary culture. Theoretical expected εC values
(εC,calculated) for each transformation event were calculated and
compared to the measured εC values (εC,measured). The εC,calculated
values were calculated based on the measured strain fractions
obtained via qPCR analysis ( fA or fB) and the εC values analyzed
for pure cultures of the strains (εC,A or εC,B):

41

εC,calculated = (εC,A × fA) + (εC,B × fB) (4)

The εC,calculated values represent the weighted average of
the strain-specific enrichment factor and the strain-specific
contribution. Errors were calculated by error propagation,
considering the errors for the strain fractions and the
confidence intervals of the pure strain ε values (eqn (S3)†).

3. Results and discussion
3.1 Chlorinated ethene transformation pattern within the
synthetic binary culture

Setting up a synthetic binary culture containing
Desulfitobacterium dehalogenans strain PCE1 (dechlorination of
PCE to TCE) and Desulfitobacterium hafniense strain Y51
(dechlorination of PCE to cis-DCE) we monitored PCE as well as
TCE turnover upon continuously PCE and TCE re-spiking (see
Table 1 and Fig. 1). To gain insight into strain-specific turnover
of PCE and TCE, we conducted carbon (and chlorine) isotope
analysis and quantified kinetic isotope fractionation.
Furthermore, the cell numbers of each strain were tracked by
quantifying functional gene numbers via qPCR. The initial
synthetic binary culture containing the strains PCE1 and Y51 at
a volume ratio of 1 : 5 (strainPCE1 : strainY51) was re-spiked as
follows: (i) 1st spike with PCE followed by, (ii) six PCE re-spikes
while the 4th and 7th re-spike were monitored, (iii) four spikes
of TCE while the 1st TCE spike (equals to the 8th re-spike) was
monitored and finally (iv) five PCE spikes while the 12th and
15th re-spike were monitored.

For all PCE spikes a complete transformation to TCE
and finally to cis-DCE was observed (see Fig. S1–S5†).

Single PCE transformation events showed durations of up
to two days while TCE transformation in the 8th re-spike
was completed after 16 days (see Fig. S6†). As TCE can be
only metabolized by strain Y51 the TCE profile allows to
draw first conclusions on the activity of this strain within
the synthetic binary culture. For comparison, in pure
culture experiments with strain Y51 a maximum TCE
fractions of 20 to 25% are reported when PCE is provided
as initial substrate.47 Thus, high transient TCE fractions
such as 65 to 80% (observed in the 7th spike) suggest
that strain PCE1 predominantly catalyzed PCE
dehalogenation. While low TCE fractions implicate primary
catalysis of PCE dehalogenation by strain Y51 as observed
in the 1st spike.

3.2 Isotope fractionation as tool to decipher single strain PCE
turnover in a synthetic binary culture

PCE isotope fractionation. All observed εC, εCl and ΛC/Cl
values of the synthetic binary culture varied within the range
given by the pure cultures of strain Y51 and strain PCE1
(εC = −5.8 to −19.7‰; εCl = −2.2 to −6.3‰; ΛC/Cl = 2.4 to
3.1) (Fig. 2).47 Isotope data of all PCE dehalogenation
experiments could be described well by the Rayleigh model
in the double logarithmic plots (adjusted R2 ≥ 0.98 for
carbon & ≥ 0.96 for chlorine). For the synthetic binary
culture with an initial inoculated strainPCE1 : strainY51

volume ratio of 1 : 5 a gradual shift from a strain Y51
dominated culture towards a strain PCE1 dominated one
was observed. While the initial εC value was −5.6 ± 0.6‰, εC
values of −7.3 ± 0.3‰ and −17.4 ± 0.7‰ were observed for
the 4th and 7th PCE spike, respectively. The shift was also
reflected in εCl and ΛC/Cl values (4th spike εCl = −2.6 ± 0.4‰,
ΛC/Cl = 3.0 ± 0.1 and 7th spike εCl = −5.6 ± 0.6‰,
ΛC/Cl = 3.13 ± 0.04). After four sequential re-spikes with TCE
and therefore a provoked selective stimulation of strain Y51
an εC value of −7.3 ± 0.2‰ was observed for PCE in the 12th
spike, while two further PCE additions resulted again in a
shift of the εC value to −18.0 ± 0.6‰ in the 15th spike.

The observed variability of the εC values in the synthetic
binary culture exhibited a clear and reproducible trend
regarding the contribution of the two strains to PCE turnover.
While in the 1st spike PCE transformation was performed by
strain Y51, continuous PCE re-spikes resulted in increasing
contributions of strain PCE1 to the overall PCE turnover. The
addition of TCE had the potential to reverse this effect,
thereby re-establishing a culture in which PCE turnover is
once again dominated by strain Y51.

TCE isotope fractionation. TCE transformation in the 8th
spike was associated with ε values of −8.0 ± 0.2‰ for carbon
and −2.9 ± 0.1‰ for chlorine (ΛC/Cl = 2.8 ± 0.1) (Table 2).
These values agree well with TCE isotope fractionation
reported for strain Y51 pure cultures (εC = −8.7 ± 0.2‰;
εCl = −2.7 ± 0.2‰; ΛC/Cl = 3.2 ± 0.2)5,30 and therefore
showed that TCE transformation was solely conducted by
stain Y51. These values represent the intrinsic enzymatic
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TCE isotope fractionation of the PceA enzyme of strain
Y51. Therefore, any effects on the catalyzing enzyme
resulting from co-culturing is excluded.

The ε values (carbon and chlorine) for PCE observed for
the synthetic binary culture result from the strain-specific ε

values and thus reflect the contributions of the individual
strains.41 Therefore, the observed carbon isotope enrichment
factors of the synthetic binary culture were used to calculate
the strain-specific contribution (F) to the PCE turnover
according to eqn (2) (see Table 3). In previous studies in
which PCE and TCE isotope fractionation of the two strains
was individually investigated in detail, robust strain-specific
intrinsic εC and εCl values were observed despite significant
changes of the growth conditions.5,30,47 Therefore, it is well
justified to assume robust strain-specific ε values within the
synthetic binary culture. This assumption is further
supported by the observed robust TCE isotope fractionation
of strain Y51 in the synthetic binary culture.

In the (re-)spike experiments the contribution of strain
PCE1 to the overall PCE turnover successively increased
during successive PCE addition from no contribution in the
1st PCE spike to 11 ± 3% and 83 ± 6% in 4th re-spike and
the 7th re-spike, respectively. A decrease in the contribution
to PCE turnover by strain PCE1 was observed after four TCE
additions resulting in a contribution of 11 ± 2% in the 12th
spike. The following repeated three PCE additions resulted
again in an increased PCE turnover of strain PCE1 with a
contribution of 88 ± 5% in the 15th re-spike. These results
imply that (i) the PCE transformation within the synthetic
binary culture develops from a strain Y51 dominated
process to a strain PCE1 dominated one and (ii) that this
effect can be reversed. Thus, the added chlorinated ethene
and the growth history had major impacts on the
contribution and subsequently on the currently observed
metabolic activities of the two strains. While the PCE
turnover of strain PCE1 was enhanced by repeated PCE
addition, the PCE turnover of strain Y51 was adversely
affected by cultivation in the synthetic binary culture. It is
noteworthy that even though TCE can only be used by
strain Y51, the strain is unable to use this competitive
advantage in order to dominate the synthetic binary culture.
On the other hand, repeated TCE addition allows strain Y51
to outcompete strain PCE1 and selectively enhanced the
PCE turnover of strain Y51 for the following PCE addition.
These results demonstrate that the addition of chlorinated
ethene exerts selective pressure on single OHRB strains,
which is consistent with previous studies on microbial
enrichment cultures and contaminated sites.28,59 Further
studies may investigate possible inhibition/competition
effects of the two strains to elucidate the factor underlying
the increasing dominance of strain PCE1.

3.3 Correlation of PCE-rdhA-gene abundances and strain-
specific contribution to PCE turnover

Based on PCE isotope fractionation we demonstrated that
PCE turnover of the single strains significantly differed in
the synthetic binary culture. In a next step we investigated
whether strain-specific PCE turnover is correlated with PCE-

Fig. 2 Carbon and chlorine isotope fractionation of PCE in the
synthetic binary culture (re-)spike experiment. Shown are double
logarithmic Rayleigh plots for (A) carbon and (B) chlorine isotope
fractionation and (C) dual isotope plots (δ37Cl vs. δ13C). Error bars
represent standard deviation of measurement replicates (n = 2 for
δ13C, n = 3 to 5 for δ37Cl). Dashed lines in (A)–(C) represent PCE
isotope fractionation of Desulfitobacterium dehalogenans strain PCE1
and Desulfitobacterium hafniense strain Y51 in pure culture after
Büsing et al.47
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rdhA-gene abundances of the strains. To this end PCE/TCE-
rdhA-gene copy numbers on DNA level (strain PCE1: prdA
and strain Y51: pceA) were quantified at the start of the
experiment, the last point with a δ13C value for PCE and
after complete transformation of PCE to cis-DCE. Note that
measured PCE-rdhA-gene copy numbers correspond to cell
numbers of each strain, as there is only one copy of the
respective gene per genome.48,58 In the synthetic binary
culture, the total bacterial cell numbers are equal to the cell
numbers of strain PCE1 plus the cell numbers of strain
Y51. Therefore, for the purposes of simplicity, we will only
discuss the development of the cell fractions of strain PCE1
( fPCE1) in %.

In general, only minor changes in the absolute cell
numbers of the two strains and subsequently in the strain
fractions were observed within one single PCE
transformation event (see Fig. 3). For example, in the 1st PCE
spike the cell fraction of strain PCE1 shifted slightly from
initially 17% to a final fraction of 12% when PCE was fully
transformed to cis-DCE. On the other hand, a significant shift
in fPCE1 was observed when comparing the repeated PCE
addition events. While the cell fraction of the 1st spike
indicates a Y51-dominated culture ( fPCE1 = 12%) the cell
fraction shifted to be PCE1 dominated ( fPCE1 = 93%) in the
7th spike. Thereafter, the synthetic binary culture
composition was dominated by strain PCE1, with strain
fractions equal to or greater than 90%. Hence, both strains
decoupled cell growth from PCE transformation. Similar
observations were reported for pure and enrichment cultures
of other OHRB when the total cell numbers exceeded 107

cells per mL.29,30,60 Nutrient limitation and accumulation of
toxic metabolites can be excluded to limit microbial cell
growth in our experiments as with each spike a 1 : 2 dilution
of the cultures with fresh medium and degassing of
dehalogenation products was done.

Total cell numbers of both strains followed a similar
trend over all monitored transformation events (see Fig. 3B).
The change in the composition of the synthetic binary
culture from strain Y51 to strain PCE1 was due to a smaller
decrease in the cell number of strain PCE1 compared to
strain Y51 from the 1st to the 4th spike, and a stronger
growth of strain PCE1 from the 4th to the 7th spike. The
results indicate that strain PCE1 was more adaptable in the
synthetic binary culture during repeated PCE spikes
compared to strain Y51. Interestingly, strain PCE1
maintained its predominant abundance during TCE
addition, although no appropriate electron acceptor for this
strain was provided. This may be explained by an efficient
generation of metabolic energy by strain PCE1 from
fermentation of pyruvate which was added with each
chlorinated ethene addition.61

3.4 Comparison of strain-specific PCE turnover: CSIA vs.
qPCR

To investigated how strain-specific PCE turnover compares
with the measured cell abundances we calculated the
contribution of strain PCE1 (FPCE1) according to eqn (2)
considering the measured εC values (εC,measured) and the εC
values of pure cultures of each strain (see Table 3).

The εC,calculated value represents the average of the
enrichment factors calculated based on the strain fractions at
the beginning and the end of the experiment (see Table S1†).
The results show that contribution of strain PCE1 (FPCE1) to
PCE turnover in most cases did not correlate with the average
PCE1 strain fraction ( fPCE1) with deviations ranging from 0 to
82% (Table 3). Based on calculated FPCE1 values, the cell
abundance derived PCE turnover of strain PCE1 was
overestimated, especially for the initial transformation
period, as well as for the 4th and 12th spike. It is notable

Table 2 Isotope enrichment factors and slopes of dual-isotope plots (Λ) measured in pure cultures for Desulfitobacterium hafniense strain Y51 and
Desulfitobacterium dehalogenans strain PCE1 and the re-spike experiments conducted with a synthetic binary culture containing the two strains.
Adjusted R2 were ≥0.98 for carbon isotope enrichment factors and ≥0.96 for chlorine isotope enrichment factors

Experiment εC ± 95% CIa in ‰ εCl ± 95% CIa in ‰ ΛC/Cl ± SEb

Pure cultures

Dsb strain Y51 purec −5.8 ± 0.3 −2.2 ± 0.2 2.4 ± 0.1
Dsb strain PCE1 purec −19.7 ± 0.5 −6.3 ± 0.3 3.1 ± 0.1

(Re-)spike experiment

1st spike (v/v = 1PCE1 : 5Y51) −5.6 ± 0.6 −2.7 ± 0.2 2.1 ± 0.1
4th spike with PCE −7.3 ± 0.3 −2.6 ± 0.4 3.0 ± 0.1
7th spike with PCE −17.4 ± 0.7 −5.6 ± 0.6 3.1 ± 0.1
12th spike with PCE (after 4× TCE spikes) −7.3 ± 0.2 −3.6 ± 0.8 2.1 ± 0.3
15th spike with PCE −18.0 ± 0.6 −5.5 ± 0.9 3.3 ±0.3

TCE addition

Dsb strain Y51 pured −8.7 ± 0.2 −2.7 ± 0.2 3.2 ± 0.2
1st TCE addition (8th spike) −8.0 ± 0.2 −2.9 ± 0.1 2.8 ± 0.1

a 95% confidence interval (CI) for the linear regression in the double logarithmic Rayleigh plots. b Standard error (SE) for the York regression
calculated after Ojeda et al.56 c Data from Büsing et al.47 d Data from Buchner et al.5 and Buchner et al.30
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that at the 1st spike 107 cells per mL of strain PCE1 and
4 × 107 cells per mL of strain Y51 were present corresponding
to a fPCE1 values of 18 ± 9%. However, the CSIA data revealed
that the transformation of PCE was solely carried out by
strain Y51 (FPCE1 = 0 ± 5%). Good correlations were only
obtained for 7th and 15th spike where the synthetic binary
culture seams to reach a steady state condition and PCE
transformation is solely conducted by strain PCE1.

These results demonstrate that strain abundances did not
reflect the contribution to PCE turnover of the two strains.
Therefore, other physiological factors must have
compensated for low cell numbers of strain Y51 at least in
the 12th spike. The reductive dehalogenases PrdA (strain
PCE1) and PceA (strain Y51) are the catalysts of PCE
transformation suggesting that strain-specific dehalogenation
contribution was governed by a complex interplay between
RdhA de novo synthesis rates, amount of catalytically active
RdhA per cell and RhdA specific properties of the strains.
Thus, low abundances of strain Y51 were likely
compensated by a higher content of active PCE-RdhA per
cell and/or faster de novo RdhA synthesis rates compared to
strain PCE1. In addition, more beneficial RdhA properties
such as high substrate specificity for PCE (i.e., low
Michaelis–Menten constant KM) and high enzymatic
dehalogenation rates may have contributed to high
dehalogenation activities of this strain. The high
contribution of strain Y51 in the 12th spike, may be
explained by constant upregulation of PceA synthesis during
prior TCE additions.30 In contrast, PrdA is not expressed
upon exposure to TCE.62 In general, due to previous TCE
addition, a higher physiological adaption by strain Y51
compared to strain PCE1 may explain major PCE
transformation by strain Y51 despite its lower abundance in
the 12th spike. A calculation of the contribution to PCE
turnover per cell revealed that the turnover per cell is highly
variable. It is notable that the contribution of strain Y51
cells significantly increased (see eqn (S4) and Fig. S7†)
after addition of TCE. This further points towards an
enhanced metabolic status of strain Y51 cells due to
previous TCE additions.

In summary, our data show that the contribution of
individual strains to substrate turnover cannot reliably be
inferred from the abundance of cell numbers and/or
functional genes, at least not for metabolically versatile
bacteria. While CE-rdhA-gene and 16S rRNA gene
quantification is an essential tool for monitoring and
characterizing OHRB in microbial communities, it does not
allow for the inference of substrate turnover.

4. Conclusions

Quantifying the turnover of individual bacterial strains is
crucial for evaluating and optimizing bioremediation
approaches. Well-established techniques include
quantification of functional genes encoding key enzymes and
CSIA. While functional gene analysis can be used to
characterize the general bacterial potential, CSIA can
estimate or even quantify in situ biotransformation based on
appropriate isotope enrichment factors. As multiple OHRB
strains are typically present at contaminated sites, it is
important to understand the contribution of each strain to
the investigated transformation process. This can be achieved
by monitoring the evolution of cell numbers and/or
functional gene abundance. Increasing numbers are
commonly assumed to indicate the contribution to the
transformation process under investigation.

In this study, CSIA data revealed that PCE-rdhA-gene
analysis of a synthetic binary culture containing two OHRB –

the simplest case of a microbial community – the
contribution to the substrate turnover of the strains is not
necessarily reflected by their relative abundance in terms of
cell numbers. Thus, activities of single OHRB strains in
microbial communities cannot be reliably assessed by CE-
rdhA-gene and/or cell abundances. Our results demonstrate
that despite low rdhA-gene abundance, strain-specific RdhA
properties and physiological properties may give rise to high
dehalogenation turnover.

A combination of CSIA and functional gene analysis in
synthetic lab studies can help elucidating strain-specific
contaminant turnover. The strain-specific contaminant

Table 3 Comparison of the contributions of D. dehalogenans strain PCE1 and D. hafniense strain Y51 to PCE transformation based on carbon CSIA and
the respective cell fractions based on qPCR in the (re-)spike experiments. Contributions were calculated based on the theoretical framework of van
Breukelen (2007)41 and the corresponding errors via error propagation based on the confidence intervals of εC values (see ESI† for detailed equations)

Experiment

Carbon CSIA qPCR Deviation fPCE1 and
FPCE1

e ± error in %Measured εC ± 95%
CI in ‰

Contribution PCE1
(FPCE1)

a ± errorb in %
Average fraction PCE1
( fPCE1) ± errorc in %

Calculated
εC ± errord in ‰

1st spike −5.6 ± 0.6 0 ± 5 18 ± 9 −8.3 ± 1.8 18 ± 10
4th spike −7.3 ± 0.3 11 ± 3 31 ± 22 −10.1 ± 4.3 20 ± 22
7th spike −17.4 ± 0.7 83 ± 6 94 ± 5 −18.8 ± 1.1 11 ± 8
12th spike (after 4 TCE spikes) −7.3 ± 0.2 11 ± 2 92 ± 1 −18.6 ± 0.5 81 ± 2
15th spike −18.0 ± 0.6 88 ± 5 93 ± 4 −18.9 ± 0.9 5 ± 6

a Values calculated according to eqn (2). b Values calculated according to eqn (S2).† c Values calculated according to eqn (S1).† d Values
calculated according to eqn (S3).† e Deviation was calculated using the formula: dev = ( fPCE1 − FPCE1) × 100%.
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turnover at a field site can be evaluated by quantifying
isotope fractionation and OHRB abundance in laboratory
experiments using autochthonous microbial inocula from
groundwater and sediment in combination with
hydrogeochemical data such as pH and redox sensitive
species. Furthermore, the performance of in situ measures
such as stimulating microbial activity or bioaugmentation
can be better accessed by such a combined approach. Finally,
we would like to point out that a comprehensive analysis of
the contribution of different microbial strains using CSIA, as
done in the presented work, necessitates specific
requirements: (i) only two processes are active in the system
under investigation, (ii) the enrichment factors of the
individual processes must be known, and (iii) exhibit a high
degree of variation. Consequently, no standardized procedure

can be derived from these findings that describes the use of
CSIA to elucidate strain-specific contributions at a field site.

Future studies should therefore attempt to investigate the
effect of changing cultivation conditions on isotope
fractionation of mixed cultures in continuous chemostat
cultures, which allows a more dynamic simulation of
changing environmental conditions compared to batch
cultures. Under certain settings the combination of CSIA and
molecular biological tools quantifying rdhA-gene
transcription can then be applied to elucidate the effect of
changes in bacterial physiologies on dehalogenation activities
and isotope fractionation.
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