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Combining lipid biomarker profiling with stable isotope probing (SIP) is a powerful technique for studying
specific microbial populations responsible for the degradation of organic pollutants in various natural envi-
ronments. However, the presence of other easily degradable substrates may induce significant physiological
changes by altering both the rate of incorporation of the target compound into the biomass and the microbial
lipid profiles. In order to test this hypothesis, Cupriavidus necator JMP134, a 2,4-dichlorophenoxyacetic acid
(2,4-D)-degrading bacterium, was incubated with [>C]2,4-D, [>C]glucose, or mixtures of both substrates
alternatively labeled with >C. C. necator JMP134 exhibited a preferential use of 2,4-D over glucose. The
isotopic analysis showed that glucose had only a small effect on the incorporation of the acetic chain of 2,4-D
into the biomass (at days 2 and 3) and no effect on that of the benzenic ring. The addition of glucose did change
the fatty acid methyl ester (FAME) composition. However, the overall FAME isotopic signature reflected that
of the entire biomass. Compound-specific individual isotopic analyses of FAME composition showed that the
3C-enriched FAME profiles were slightly or not affected when tracing the 2,4-D acetic chain or 2,4-D benzenic
ring, respectively. This batch study is a necessary step for validating the use of lipid-based SIP methods in

complex environments.

Microbial processes responsible for the biodegradation of
organic pollutants in soil or groundwater are the driving forces
behind natural attenuation (2). An ongoing challenge is to
establish the link between the fate of xenobiotics and the spe-
cific microbial degrader communities. During the past few
years, significant advances in stable isotope ratio measurement
technology and molecular biology have allowed in situ obser-
vations of the assimilation of isotopically labeled substrates by
microbial communities (19, 31). This technique, known as sta-
ble isotope probing (SIP), is based on the analysis of different
types of biomarker molecules. Phospholipid fatty acids (PLFA)
were the first to be analyzed by SIP (8), and then the technique
was extended to DNA (DNA SIP) and RNA (RNA SIP) a few
years later (49, 38). More recently, SIP has been performed
successfully with proteins (27). The very high degree of label-
ing (about 100%) required to separate “heavy” from “light”
nucleic acids by buoyant density centrifugation remains a ma-
jor limitation of the DNA or RNA SIP method. A distinct
advantage of the isotope analysis of lipids (and now of pro-
teins) by isotope ratio mass spectrometry (IRMS) with a sen-
sitivity of 0.1 to 1 %o is that far less label incorporation into the
biomarker is needed (19). Sensitivity is likely to be an impor-
tant issue when the available labeled compounds are present in
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very low concentrations (44). For that reason, lipid SIP offers
the most appropriate approach when monitoring pollutant
degradation processes in natural environments (24, 28, 29, 35),
although it is phylogenetically less specific than DNA or RNA
SIP (31).

In order to provide taxonomic information on the targeted
communities, isotopically enriched lipid profiles have to be
compared to existing fatty acid databases of cultured microor-
ganisms, unlike DNA or RNA molecules, which can be ampli-
fied, cloned, and sequenced. Although the literature already
provides a lot of information concerning lipid profiles (60), the
identification of reliable fatty acid biomarkers of microorgan-
isms will be a challenge until the fatty acid database is ex-
panded (40). For instance, novel C,g., fatty acids have been
recently suggested as diagnostic biomarkers for aerobic meth-
ane-oxidizing bacteria (6). Thus, pure culture studies are still
necessary not only to increase phylogenetic resolution of lipid
biomarkers but also to ensure their accuracy, despite the fact
that many microorganisms cannot be grown on synthetic me-
dia. This is particularly true for investigating the limitations
and effectiveness of lipid-based SIP, due to the physiological
adaptations of microorganisms to environmental stress.

It is known, for instance, that the fatty acid composition of
the cell membrane may be affected by stresses such as high
temperature (25), low pH (3), or exposure to heavy metals (21)
or organic pollutants (50). Changes in membrane lipids can
also be induced by the nature of growth substrates. For exam-
ple, the lipid composition of Marinobacter hydrocarbonoclasti-
cus was reported to change according to the structure of the
hydrocarbon it was fed (52). Bacteria able to degrade xenobi-
otics exhibit different lipid profiles when grown on other sub-
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strates as sole C source (30, 33) or a mixture of substrates (42,
58, 59). This physiological adaptation may be a concern, as
most of the lipid profiles used to identify in siftu communities
are obtained from reference strains grown on substrates like
glucose or rich media (60). Furthermore, whole-community
studies using SIP techniques usually assume that the incorpo-
ration of a '*C-labeled substrate into the microbial biomass is
uniform and not or only slightly affected by the presence of
unlabeled cosubstrates. The bioincorporation or respiration of
radiolabeled compounds has been demonstrated to depend on
the position of the label in the molecule (32, 54). In addition,
it’s been shown that the lipid isotopic composition can differ
from the whole biomass, depending on the substrate of growth
(1) and the growth phase (34). To our knowledge, the effect of
a cosubstrate on the incorporation of a labeled compound has,
however, never been studied, although a small change during
the metabolism of the target compound could seriously bias
the interpretation of results obtained with the SIP technique.
In complex environments such as soils, microorganisms able to
use organic pollutants as sources of C are usually exposed to a
mixture of different substrates. These C sources can either be
cometabolized, or the bacteria can preferentially use the C
sources that allow fastest growth (2). Strategies of growth with
mixtures of substrates can change, depending on the concen-
tration of substrates. When substrates are present at high con-
centrations, the short lag phase in the growth curve before the
use of the less-preferred substrate is typical of diauxic growth
(41). In many of the model organisms studied, the first and
most famous example being the glucose-lactose diauxie in
Escherichia coli (41), a preference for glucose over the other
source of C is observed. The regulatory phenomenon by which
the expression of functions for the use of secondary C sources
and the activities of the corresponding enzymes are reduced in
the presence of a preferred C source has been called C catab-
olite repression (CCR) (23). It is known that with low concen-
trations of substrates, the model of diauxic growth proposed by
Monod is not valid (16). A number of studies have demon-
strated that under these conditions, heterotrophic microbes
can use simultaneously easily degradable carbon sources plus
environmental chemicals (17).

The general objective of this work was to evaluate the effect
of glucose on the biodegradation of 2,4-dichlorophenoxyacetic
acid (2,4-D) by Cupriavidus necator IMP134. We hypothesized
that adding glucose to a culture medium would modify 2,4-D
metabolism and also alter the lipid profile. These pure culture
experiments allowed us to assess whether (i) the incorporation
of ["*C]2,4-D into fatty acid methyl esters (FAME) is repre-
sentative of that in the whole biomass and whether (ii) the
13C-enriched FAME profiles are modified when glucose is
added. The importance of the labeling position was also inves-
tigated, since previous work had shown that C. necator IMP134
did not incorporate the acetic chain or the benzenic ring of
2,4-D in the same way when 2,4-D was used as sole C source
(34).

MATERIALS AND METHODS

Bacterium, chemicals, and culture conditions. The JMP134 strain of Cupria-
vidus necator, formerly known as Alcaligenes eutrophus, Ralstonia eutropha, and
Waustersia eutropha (55), was obtained by courtesy of F. Martin-Laurent (INRA,
Dijon, France). This strain is able to grow on 2,4-D (. 0.21 h™1) or glucose
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(Pemax 0-17 h™1) as sole carbon source. Unlabeled 2,4-D (chemical purity, >99%;
313C, —29%0) was purchased from Sigma-Aldrich Co., Ltd., and ring U-labeled
['*C]2,4-D (99% chemical purity; isotopic enrichment, >98%) was obtained
from Dislab’s system (France). Unlabeled glucose (chemical purity, >99%; §'3C,
—12.1%o0) was purchased from Sigma-Aldrich Co., Ltd., and U-labeled [**C]g-
lucose (99% chemical purity; isotopic enrichment, >98%) was obtained from
Eurisotope. Before any experiment, the level of enrichment of '3C-labeled sub-
strates was checked by elemental analysis-IRMS (see description below). C.
necator JMP134 was first incubated in rich medium, before the inoculation of
minimal medium (MM). The precultures were prepared in a liquid medium (TY)
containing 5 g liter ! of tryptone (8'3C, —23.1%0), 3 g liter ! of yeast extract
(3'3C, —26.1%0), and 25 mg liter ! of unlabeled 2,4-D. At the end of the
exponential growth phase, the cells were harvested, and inoculations of 10° CFU
ml~! into the minimal medium were performed. Each inoculum was rinsed once
with phosphate buffer to avoid the addition of C from the TY medium to the
MM. The nutrients in the MM were K,HPO, (1.5 g liter™ '), KH,PO, (0.5 g
liter '), (NH4),SO, (1 g liter™"), MgSO,:7H,0 (207 mg liter '),
ZnSO, + TH,0 (200 pg liter 1), MgCl, - 4H,0 (10 pg liter '), H;BO; (5 pg
liter "), CoCl, + 6H,0 (25 pg liter '), CuSO, (100 pg liter "), NiCl, - 6H,O (5
ng liter ™), FeSO, - 7H,0 (250 pg liter '), and EDTA (ED4S; 125 pg liter ™).
We used 4 different C sources in the MM: [*C]2,4-D (250 mg liter™'; §'3C,
1,045%o0) as sole C source (P), ['*Clglucose (250 mg liter—%; 3'3C, 1,377%0) as
sole C source (G), a mixture of [**C]2,4-D (125 mg liter'; 8'°C, 1,304 %o0) and
unlabeled glucose (125 mg liter~!; §'3C, —12%0) (PG1), or a mixture of ['*C]g-
lucose (125 mg liter—!; 3'3C, 1,315%0) and unlabeled 2,4-D (125 mg liter ';
313C, —32%0) (PG2). The concentrations of substrates in the latter mixtures
were calculated to bring the same amount of C per substrate. All the batch
cultures were performed in serum bottles (120 ml), with Teflon rubber stoppers
crimped with aluminum seals, containing 50 ml of each MM, at 25°C in the dark
on a rotary shaker at 150 rpm. All experiments were carried out in quadruplicate.
The bacterial density and the 2,4-D concentration in the liquid medium, as well
as the CO, that evolved, were analyzed for all samples after 1, 2, 3, 5, and 10 days
of incubation. At each sampling date, 4 replicates of each treatment were de-
structively sampled for elementary and isotopic analyses and FAME profiling.
For all experiments, the 2,4-D degradation rate and bacterial growth were esti-
mated by measuring the optical density (OD) in the liquid medium by using a
Lambda 5 spectrophotometer (Perkin-Elmer; N, 4 5, 282 nm; A, cqeria, 600 nm).
Results were expressed as the percentage of the initial amount of 2,4-D in the
medium and the log(CFU) ml~! for 2,4-D and microbial biomass concentrations,
respectively.

Carbon mineralization and assimilation into the biomass. The amount of
substrate mineralized was estimated by measuring the amount and the *C
signature of the CO, that evolved, as described by Lerch et al. (34). At each
sampling date, gas samples were taken from the headspace of each serum bottle,
and the CO, was directly quantified with a micro-gas chromatograph (micro-GC;
Agilent 3000A). The isotopic content of the CO, was measured with a GC-c-
IRMS instrument (Isochrom Optima; Micromass) (described below). At the
beginning of the experiment and after measuring CO,, all the flasks were flushed
with reconstituted air (19% O,, 81% N,). At each sampling date, cells were
harvested by centrifugation of each MM (3,500 X g for 20 min at 4°C) using a
Beckman-Coulter Adventi J20 XP1, and then the biomass was lyophilized. A
subsample of 0.5 mg of dried biomass was combusted in an element analyzer
(Carlo Erba NA 1500) with CHN packing and analyzed with an isotope ratio
mass spectrometer (Isochrom Optima; Micromass). Results are expressed as
percentages of initial amounts.

Lipid analyses. The material and methods used for lipid analyses were those
described by Lerch et al. (34). Briefly, subsamples from the freeze-dried biomass
were extracted with a mixture of dichloromethane and methanol (1:1, vol/vol).
The total lipid fraction method was preferred to the PLFA method, because
2,4-D and potential metabolites are also extracted with the total lipid fraction
method. The total lipid fatty acids obtained after extraction were transesterified
with BF;-methanol to recover the FAME and 2,4-D as methyl-2,4-D. The pre-
liminary peak identification was performed with a GC-flame ionization detector
(HP 5890) and comparisons of retention times with commercial standards for
FAME (BAME mix; Supelco) and some molecules, such as 2,4-D, 2,4-DCP
(2,4-dichlorophenol), and 3,5-CC (3,5-dichlorocatechol). Peak identifications
were completed by GC-mass spectrometry (GC-MS) analysis (HP 6890N instru-
ment interfaced to an HP 5373 quadrupole mass spectrometer). Compound-
specific 3'*C measurements were then performed on an Isochrom III isotopic
mass spectrometer (Micromass GVI Optima) coupled to a GC HP5890 with the
same column and conditions as for GC-FID and GC-MS analyses.

Isotopic calculations. The standard notation for expressing high-precision gas
IRMS results in 3 is defined as follows:
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FAME

R
313C(%0) = (1000 + 1) X Ryppp 1

where Rpame and Ryppp are the 13C/'2C isotope ratios corresponding, respec-
tively, to the sample and to the Vienna Pee Dee Belemnite (VPDB) standard
(11). Precision of measurements was 0.1%o for '2C and 0.2%o for 8'°N. The
derivatization of the fatty acids introduces one additional carbon that is not
present in the parent compound and which alters the original isotope ratio of the
fatty acids. The measured isotope ratios of the FAME were corrected for the
isotope ratio of the methyl moiety to obtain the isotope ratios of the nonderiva-
tized carboxylic acids, as described by Lerch et al. (34). This was done by using
equation 2:

_ (Cn + ]) X 813CFAME - 8]3CM5‘()H

13,
5°Cea c @

where 8'3Cp, is the 3'3C of the fatty acid, C,, is the number of carbons in the
fatty acid, 3'3Cpapg is the 3'3C of the FAME, and §'3Cy;. 0 is the 3-'3C of
the methanol used for the methylating reaction (—63.2%o0). Considering 2,4-D as the
sole C source in the medium (P), we used the mass conservation equation 3 and the
mixing isotopic mass equation 4 in order to calculate the amount of ring-C and
chain-C in a considered fraction (CO, evolved, biomass, or given FAME):

Craction = Cring T Cehain 3)
8" Crraction X Crraction = 8" Ching X Cring T 8" Cenain X Ccnain “)

where Crpaeiion is the amount of C total, Cg;y, is the amount of C coming from
the benzenic ring of the 2,4-D (ring-C) and Ccy,,;, is the amount of C coming
from the acetate chain of the 2,4-D (chain-C). By solving equations 3 and 4, the
equations giving Crjne and Cepy, in @ given fraction are the following:

8" Chraction = " Chring

Cehain = Chraction X 3 Conam — 813(:‘““g ®)
8" Crraction — 8" Cehain

Cring = Crraction X < 8 Crine — 8" Conan ) (6)

where 8'*Crpyeiion is the measured value and 83Cepyin (—32%0) and 3'3Cring
(+1,404%o0) are the isotopic signatures of the acetate chain and benzene ring,
respectively. When 2,4-D and glucose were mixed in the medium, we used the
mass conservation equation (7) and the mixing isotopic mass equation (8) in
order to calculate the amount of ring-C, chain-C, and glucose-C in a considered
fraction:

Crraction = Cring T Ccnain T Catucose (7)
8" Chraction X Ceraction = 8" Ching X Cring + 8" Ceain X Cenain + 8" Citucose X Catucose

®)

where Cgucose a1d 8'2Cgucose are the amount of C and the isotopic signature of
the glucose used, respectively. In the experiment in which ['*C]2,4-D was used
(PG1), we assumed that the isotopic signatures of the unlabeled glucose and
acetic chain were similar (8"3Cgycose = 8"*Cpain = 8> Cgiucose + Chain) 0 that of
the '3C-labeled benzenic chain. By simplifying equations 7 and 8, the equations
giving Cgjp in a given fraction are the following:

13, 13,
8" Ceraction — & Colucosc+c1min>
13 13,

8" Chring = 8" Coiucose +Chain

Cring = Crraction X < )
where 3'3Criacion 1S the measured value, 3'3Cgucoseschain (—18%0) and
83 Chring (+1,749%0) are the isotopic signatures of the acetate chain and the
glucose (weighted mean value) and benzene ring, respectively. In the experiment
where ["*CJglucose was used (PG2), we assumed that the isotopic signatures of
the unlabeled 2,4-D chain and ring were similar (3*Cgjne = 8"*Cepain =
3'3C,4.p) to that of the *C-labeled glucose. By simplifying equations 7 and 8,
the equation for Cgjyeoe in @ given fraction is the following:

13 13
8" Crraction — d Czw)

Glucose Fraction 13 13
) C(}lucnse -3 CZ.A—D

(10)
where 8"*Cgyaeiion i the measured value, 8'°C, 4 (—32%0) and 8"3Cegpeose
(+1,315%o0) are the isotopic signatures of the 2,4-D and glucose, respectively. By
comparing results from the experiments where '*C labeling was alternatively on
the benzenic ring of 2,4-D (PG1) and the glucose (PG2), we estimated the
fraction of C derived from the acetate chain of 2,4-D in every fraction analyzed
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by using equation 7. It should be noted that the isotopic fractionation that occurs
during 2,4-D metabolism (34) or glucose (data not shown), leading to a *C
depletion of the CO, evolved and a '*C enrichment of the biomass (shift of
<2%o compared to the substrate), was neglected since the levels of *C enrich-
ment of the labeled substrates were 2 to 3 orders of magnitude higher. Also, the
amount of C of the inoculum (a fourth potential C source in the system), and its
possible contribution to the isotopic signature of the CO,, the biomass, and the
FAME, was also neglected, since it was 2 orders of magnitude lower than the
amount of biomass C after only 1 day of incubation. The assumption we made is
that the '3C enrichment of the substrates does not affect microbial growth,
respiration, or lipid biosynthesis compared to nonlabeled substrates. This effect
was evaluated in this study.

For each substrate, we estimated the yield of C incorporation during the
exponential phase of growth (Yg,,) as follows:

ACs;
Yeg = ACum & ACn X 100 (11)

where ACg;, and AC,y;, are the amounts of C incorporated into the biomass or
mineralized, respectively, between 2 dates of sampling during which the differ-
ence in the bacterial growth was the highest.

Statistical analyses. The amounts of C mineralized or incorporated into the
biomass are expressed as the percentage of the initial amount of C added. FAME
profiles were analyzed by principal components analysis (PCA) performed on the
correlation matrix with normalized data (either the molar composition of each
FAME or the distribution of C derived from a substrate). Analysis of variance
(ANOVA) was conducted on CO,, biomass, and FAME amounts as well as on
the PCA scores, using 3 replicates for each treatment to determine the error
terms. A P value of <0.05 was considered statistically significant. All statistical
analyses were performed using R software (version 2.11.0), except for the linear
regressions between FAME and microbial biomass, which were performed with
SigmaPlot.11 (Systat Software, Inc.).

RESULTS

Bacterial growth, 2,4-D degradation, and mineralizeation.
Figure 1A shows that the addition of glucose in the liquid
medium did not change the rate of 2,4-D degradation. After 3
days of incubation the concentration of 2,4-D in the medium
did not evolve significantly. After 10 days of incubation, 70 to
80% of the pesticide had been removed in all treatment
groups. Figure 1B shows that the amount of CO, evolved was
significantly (P < 0.001) higher when C. necator JIMP134 grew
only on 2,4-D, compared to the mixtures of 2,4-D and glucose
and to glucose only (65% * 3%, 53% = 3%, and 43% * 5%,
respectively, after 10 days of incubation [means * standard
deviations]). Figure 1C shows that the concentration of bacte-
ria in solution was similar for all treatments after 5 days of
incubation, reaching a maximum of approximately 9.107 cells
ml~!. However, at days 2 and 3, the microbial biomass was
always (P < 0.001) lower in samples containing glucose. No
difference in the bacterial growth or in the mineralization rate
was observed between the mixture of ['*C]2,4-D and glucose
(PG1) and that of 2,4-D and ["*C]glucose (PG2), indicating
that the *C enrichment of the substrates did not affect these
two parameters. The amount of biomass C measured by ele-
mental analysis (data not shown) followed the OD measure-
mentsm with no differences between any treatments, except at
day 3 when the microbial biomass was always (P < 0.001) lower
in samples containing the mixture of glucose and 2,4-D. Again,
no differences in the amount of biomass C were observed
between the mixture of [**C]2,4-D and glucose (PG1) and that
of 2,4-D and [*C]glucose (PG2).

Mineralization and assimilation of different sources of C.
The amounts of C and the 8'3C values of the CO, and the
biomass are shown in Fig. S1 to S4 in the supplemental mate-
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FIG. 1. Evolution of 2,4-D concentration in liquid media (A),
2,4-D mineralization (B), and estimated bacterial growth by measure-
ment of the optical density of the liquid media (C). P, ['*C]2,4-D; G,
[*Clglucose; PG1, mixture of ['*C]2,4-D and glucose; PG2, mixture of
2,4-D and ["*C]glucose. Error bars correspond to the standard devia-
tions calculated for 3 experimental replicates.

rial. Figure 2 shows the cumulative amounts of 2,4-D-Cg;,,
(A), 2,4-D-Cpain (B), and glucose-C mineralized throughout
the incubation. The mineralization of 2,4-D-Cg;,, Was not af-
fected by the addition of glucose. After 10 days of incubation,
about 55% of the initial amount of 2,4-D-Cg;,,, was mineral-
ized. At days 2 and 3, the mineralization of 2,4-D-C,,;, was
significantly (P < 0.001) lower in samples containing glucose.
After 10 days of incubation, between 70 and 80% of 2,4-D-
Cchain Was mineralized, regardless the composition of the me-
dium. The mineralization of glucose reached similar amounts
when used as a sole C source or mixed with 2,4-D after 10 days
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of incubation. However, after 2 days of incubation, only a small
amount (<5%) of glucose-C was found in the CO, that
evolved when C. necator JIMP134 was cultured in the mixture
of glucose and 2,4-D. When cultured on both substrates, the
glucose-C was mainly respired between 5 and 10 days. Figure
3 shows the amounts of 2,4-D-Cg,g (A), 2,4-D-Ceppai, (B), and
glucose-C incorporated into the biomass throughout the incu-
bation. The assimilation of 2,4-D-Cg;,, was not affected by the
addition of glucose (Fig. 3A). After 3 days of incubation, a
maximum of 9 to 12% of the initial amount of 2,4-D-Cg;,, Was
incorporated into the biomass. The assimilation of 2,4-D-
Cchain Was lower than that of 2,4-D-Cg;,,,, with 5 to 8% of the
initial amount found in the biomass. At day 3, the assimilation
of 2,4-D-Cy,in Was significantly (P < 0.001) higher in samples
containing glucose (Fig. 3B). As already observed for the min-
eralization of glucose-C, we observed that the assimilation of
glucose-C was similar in all treatments after 10 days of incu-
bation (Fig. 3C). Similarly, only a small amount (<0.5%) was
found in the biomass after up to 2 days of incubation when C.
necator JMP134 was cultured in the mixture of glucose and
2,4-D. In that case, the glucose-C was mainly incorporated
after 3 days. These results indicate that C. necator JMP134
exhibited a preferential use of 2,4-D over glucose. The yield of
assimilation into the biomass during the exponential phase
(Yexp) Was calculated for the period of time between day 1 and
day 2 for all substrates, except for the glucose when mixed with
2,4-D, between 3 and 5 days. When 2,4-D or glucose was added
as a sole C source, Y, was 19% * 4%, 18% * 4%, and 7% =
2% for the glucose, 2,4-D-Cg,e, and 2,4-D-Cey,;, TESPEC-
tively. When both substrates were mixed, Yg,, was 23% *+ 4%,
19% = 3%, and 14% = 3% for the glucose, the benzenic ring,
and the acetic chain of 2,4-D, respectively. It should be men-
tioned that the yield of assimilation of glucose during the
exponential degradation of 2,4-D was only 9% * 2%.

Fatty acid amounts and compositions. Regardless of sam-
pling date, the lipid fraction only contained fatty acids without
any residues of 2,4-D or its metabolites. GC analyses showed
that the lipid profiles of every sample were mainly composed of
10 FAME: C, .y, iC5:0, aCy5.9, Cy5.9, C16.109¢, Cy6.0o €¥€Cq7.0,
Ci5.109¢, Cig.0, and cycCyo., (Fig. 4A). Five other FAME
(iCi6:00 1C17:0, Ci7:0, Cisor Cr:1@9t, and Cy,9) were present at
trace levels (relative amount, <0.3%). The amount of FAME
was compared to the amount of biomass, knowing that the C
contents of FAME varied from 60 to 75% according to their
molecular structure and the C content of the biomass mea-
sured with the elementary analyzer was 35% * 2%. Figure 4A
shows the relationship between Cpg;onass @a0d Cpape for
all samples (n = 80). A good linear correlation was found:
Crame = 0.067 X Cpiomass T 0.091 (% = 0.92; P < 0.001). The
intercept was not significantly different from zero, as shown by
the 99% confidence intervals. The relative amounts of the 10
most important FAME are shown in Fig. S5 in the supplemen-
tal material. For all treatments, the ratio between saturated
and unsaturated fatty acids, an indication of the membrane
fluidity status, doubled between 1 and 10 days of incubation
(Fig. 5A). Over the same period, the ratio of cyclopropane
fatty acids to their precursors (cis-unsaturated fatty acids), an
indication of the starvation status of the cells, also increased
for all treatments (Fig. 5B). Bacteria grown on 2,4-D produced
relatively more cyclopropyl fatty acids, and bacteria grown on
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FIG. 2. Proportion of C mineralized from 2,4-D ring-C (A), 2,4-D chain-C (B), and glucose (C) with time. P, 2,4-D; PG, glucose and 2,4-D;
G, glucose. Error bars correspond to the standard deviations calculated for 3 experimental replicates.

glucose produced relatively less than those grown on the mix-
ture of both substrates (see Fig. S5 in the supplemental mate-
rial). In contrast, the relative amount of methyl branched sat-
urated fatty acids was the highest for bacteria grown on glucose
and the lowest for those grown on 2,4-D (Fig. S5).

The evolution of the FAME distributions was corroborated
by the PCA performed with the molar percentage of each
FAME (Fig. 6A). The 2 main components represented 91% of
the variability (Fig. 6A). The ANOVA performed on the first
component scores showed a significant (P < 0.001) change of
FAME profiles with time (the increase of cyclopropyl [cycC, .,
and cycC,q,,] compared to saturated straight chain [C,,.,
Cis.00 Cig:0o and Cig.0] and unsaturated [C,4.@9cis and Cig.
1w9cis]) fatty acids. The ANOVA performed on the second
component scores showed significant differences (P < 0.001)
between treatments: bacteria grown on 2,4-D as sole C source
synthesized more unsaturated fatty acids (C,¢.;®9cis and Cyg.
1w9cis), saturated fatty acid C,.,, and cyclopropyl fatty acids
(cycCy5. and cycC,q.,) than those grown on glucose. FAME
profiles of bacteria grown on 2,4-D and glucose were similar to
those grown only on 2,4-D during the first 3 days. No differ-
ences in the FAME profiles were observed between the bac-

teria grown on the mixture of [**C]2,4-D and glucose (PG1)
and those grown on 2,4-D and [**C]glucose (PG2) (Fig. 6).
Incorporation of the different C sources into fatty acids. For
each treatment and date of sampling, the 8'>C values of fatty
acids followed those of the whole biomass (data not shown). As
a consequence, for both types of 2,4-D carbon source (Cgjpg OF
Cchain), Significant linear relationships were found between the
amount of C incorporated into FAME and that incorporated
into the whole biomass (Fig. 4B and C): Cpapmge = 0.065 X
Chiomass T 0.055 (7 = 0.84; P < 0.001) and Cypp = 0.053 X
Chiomass T 0.032 (* = 0.75; P < 0.001) for Cgjpg and Cepains
respectively. The intercepts were not significantly different
from zero, as shown by the 99% confidence intervals. Both
slopes were similar to that of the linear regression between
total amount of FAME and biomass (Fig. 4A). The distribu-
tions of Cg;,, and Ceypy,in among FAME are shown in Fig. S6
and S7 in the supplemental material, respectively. The 2 main
components of the PCA performed based on the distribution
of Cgine among FAME represent 73% of the variability (Fig.
6B). The ANOVA performed on the principal component
scores did not show any influence of the addition of glucose on
Cring incorporation into FAME. On the first principal compo-

Biomass (% initial amount)

Biomass (% initial amount)

00— ; : . — ;
0 0

Time (days)

FIG. 3. Proportion of C incorporated into the biomass from 2,4-D ring-C (A), 2,4-D chain-C (B), and glucose (C) with time. P, 2,4-D; G,
glucose; PG, glucose and 2,4-D. Error bars correspond to the standard deviations calculated for 3 experimental replicates.



VoL. 77, 2011

40

30

20

FAME (ug C)

0 : :
0 200 400 600
Biomass (ug C)

FAME-C,,, (% initial amount)

® © op

0w+
0o 2 4 6 8 10 12 14
Biomass-Cp,,, (% initial amount)

0,8

C

Biomass-C,,.., (% initial amount)

0 2 4 6 8 10 12
Biomass-C,,.;, (% initial amount)

FIG. 4. Relationship between the total amount of FAME and the
microbial biomass (A) and relationships between the relative amounts
of 2,4-D ring-C (B) or 2,4-D chain-C (C) incorporated in FAME and
the microbial biomass. P, 2,4-D; G, glucose; GP1 and GP2, mixtures of
2,4-D and glucose. The solid line represents the linear regression, and
the dotted lines are the 99% confidence intervals. Symbols are indi-
vidual measurements at every date of sampling.

nent, a significant (P < 0.001) change was observed with time:
the relative concentration of Cg;,, was higher in unsaturated
fatty acids (Cy4.q09cis and C,g.09cis) and in the saturated
fatty acid C,,., during the first 2 days of incubation. Thereafter,
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Cring Was relatively more incorporated into the saturated fatty
acids C,g., and C,s.q, cyclopropyl (cycC;,., and cycC,q.,), and
the saturated methyl branched fatty acid iCs.,. The 2 main
components of the PCA performed with the distribution of
Ccnain among FAME represented 80% of the variability (Fig.
6C). The ANOVA performed on the scores showed significant
differences between treatments and date of sampling. During
the first 2 days, the relative concentration of C,,;, was higher
in the straight chain (C,4o, Cis, and C,4,) and methyl
branched fatty acids (iCs.(, aC,s.). Thereafter, relatively more
Cecnain Was incorporated into cyclopropyl fatty acids (cycC, .
and cycC,q.,) and unsaturated fatty acids (C, . ;w9cis and C,g.
1w9cis). When glucose was added to 2,4-D in the medium, the
contribution of Cg,,;, was the highest in C,g.;w9cis, cycC,q.(,
and C,.0-

DISCUSSION

Preferential use of 2,4-D over glucose. Two different strate-
gies have been reported to describe microbial growth with
mixtures of substrates. The first, described by Monod, is based
on the preferential utilization of a “better” carbon source over
a “worse” substrate (41). The second, suggested by Egli, relies
on the simultaneous utilization of substrates (16). A recent
review of the literature (17) suggested that the latter strategy
occurs frequently in batch cultures at low substrate concentra-
tions (below 10 mg liter ') or at high concentrations with
combinations of carbon sources that support only low to me-
dium specific growth rates (up to 0.3 h™'). In our study, C.
necator JMP134 preferentially used 2,4-D over glucose when
fed a mixture of both substrates. The conditions under which
this experiment was performed (concentrations of substrates
above 100 mg liter ') and the fact that the preferred substrate
provided faster growth (Wpuw24-D > MmaxsGlucose) aI€ CONSis-
tent characteristics of a diauxic growth phenomenon. Although
the frequency of OD measurements did not show evidence a
two-phased utilization pattern typical of diauxie, the smaller
amount of biomass measured after 2 days of incubation could
be due to a second lag phase.

Few bacteria have been shown to use glucose as a secondary
C source. It is the case, for instance, for the Gram-positive
bacteria Streptococcus thermophilus and Bifidobacterium
longum when lactose has been completely depleted (47, 56).
With regard to Gram-negative bacteria, a similar reverse CCR
(i.e., repression of genes for glucose utilization as long as the
preferred C sources are available) has also been reported for
some strains of Pseudomonas (10). It was recently shown that
aromatic compounds such as naphthalene were preferred to
glucose in Pseudomonas putida CSV86 (5). We hypothesize
that the sequential utilization of 2,4-D and glucose by C. ne-
cator JMP134 is due either of such mechanisms of inverse
CCR. However, no conclusion about catabolic pathway regu-
lation can be drawn, since we did not assess gene activity in the
present study.

It should be noted that, contrary to most diauxic models
where the secondary C source is used once the primary one has
been completely depleted, here the uptake of glucose did not
increase dramatically until the 2,4-D concentration was nearly
25% of the initial dose. Similarly, Pseudomonas sp. CF600 was
reported to start using glucose when the phenol concentration
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FIG. 5. Evolution of saturated/unsaturated fatty acids ratio (A) and evolution of the cyclopropane/cis-unsaturated fatty acids ratio (B) with
time. P, [*C]2,4-D; G, ["*C]glucose; PG1, mixture of ['*C]2,4-D and glucose; PG2, mixture of 2,4-D and [*C]glucose. Error bars correspond to

the standard deviations calculated for 3 experimental replicates.

was nearly 50% of its initial concentration (42). These results
suggest that a total depletion of the preferred substrate is not
a necessary condition for a bacterium to switch to a secondary
source of C. In addition, we observed that a very low fraction
(5 to 10%) of glucose was used simultaneously with 2,4-D. This
suggests that the consumption of both substrates can also occur
according to the needs of the mass flow of biosynthesis (i.e.,
according to the oxygen and hydrogen content and the redox
status of the respective C atoms).

The way C. necator JIMP134 used 2,4-D or glucose as sole C
source could explain the hierarchy of substrate use by this
strain. In our study, the growth of C. necator IMP134 was faster
with 2,4-D (e = 0.21 h™1) than with glucose (pa = 0.17
h™ ") as sole C source. The absence of an uptake system for this
hexose in its genome (37) could explain why this strain is not
able to grow rapidly with glucose. On the contrary, the specific
tfdK gene, located on the plasmid pPJ4 (48), allows fast uptake
of 2,4-D in the medium, especially when the strain has been
precultured in medium containing 2,4-D. Furthermore, the
genome analysis revealed that C. necator JIMP134 has an in-
complete Embden-Meyerhoff pathway (37). The catabolism of
sugars, as with many other Cupriavidus strains, is based on the
Entner-Doudoroff pathway, with 2-keto-3-desoxy-6-phosphog-
luconate (KDPG) aldolase as a key enzyme. In the Entner-
Doudoroff pathway, one more molecule of ATP is needed
during the first step of glucose degradation than in the more
common Embden-Meyerhoff pathway, reducing from 2 to 1
mol the ATP per mole of glucose assimilated. Thus, the com-
petitive success of C. necator JIMP134 with other microorgan-
isms in natural environments would probably be very low for
sugars. On the contrary, its abilities to degrade 2,4-D and a
variety of other chloroaromatic compounds and chemically
related pollutants allow this strain to be more competitive in
highly contaminated environments.

Influence of glucose on 2,4-D metabolism. In the mixture of
substrates, the distributions of C derived either from the glu-
c0se (Cgycose)> the 2,4-D benzenic ring (Cg;y,), and the 2,4-D
acetic chain (Cgy,;,) Were calculated using some assumptions.
One of them was related to the possible effect of '*C labeling

of the substrates. Here, no differences in the growth or in the
respiration rates were observed when using labeled or unla-
beled glucose or 2,4-D when mixed. No labeling effect was
found when adding glucose or 2,4-D as sole C source either
(data not shown). These observations are in line with a previ-
ous study on *C-labeled 2,4-D (34) but contradict a study on
3C-labeled toluene (20). The latter found that the growth
yields of some aerobic toluene-metabolizing bacteria were
lower with '*C-labeled toluene than with nonlabeled toluene.
This difference may been due to distinct physiological charac-
teristics between the investigated bacteria and/or the metabolic
pathways of 2.4-D, glucose, and toluene. Moreover, the degree
of '3C labeling of the C sources was much lower in our study
(equivalent of 2 to 3%) than the 86% used by Fang et al. (20).
The "*C enrichment used in our study was considered optimal
because it did not change the growth or respiration rate of C.
necator JMP134 and also allowed us to neglect any possible
isotopic fractionation, both necessary conditions when employ-
ing equations 9 and 10. Here, no difference was observed in the
use of Cg;,, When glucose was added to 2,4-D in the medium.
On the contrary, the addition of glucose increased slightly the
yield of incorporation of Cg,,;, during the exponential phase.
Although C. necator JMP134 exhibited a sequential use of
2,4-D and then glucose, the isotopic analysis revealed that a
small fraction of glucose was cometabolized during 2,4-D deg-
radation, with a lower yield of incorporation than when used as
sole C source. This result suggests an interaction between the
use of C originating from the acetic chain of 2,4-D and that of
glucose, the first being relatively less mineralized in the pres-
ence of the latter. We hypothesized that C. necator IMP134
used a small fraction of glucose essentially for energy, so the
acetic chain was slightly more assimilated into the biomass,
while it was preferentially used as the energy source without
glucose. With or without addition of glucose, C. necator
JMP134 preferentially used Cgy,,;,, for energy and C asaC
source, as previously reported (34).

Whatever the substrate used by C. necator JMP134, the total
amount of fatty acids was well correlated with the amount of
the biomass. We found that total fatty acids represented about

Ring
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were derived from three experimental replicates.

6.7% of the amount of C of the cell, which is similar to the ratio
for aerobic bacteria reported by Brinch-Iversen and King (9).
The isotopic labeling of the substrates did not change the
amount of lipid extracted, contrary to the negative or positive
effects observed with high '*C concentrations (7, 20). The
present study indicates that the addition of glucose does not
change the relative differences in the allocation of Cg;,, and
Cchain for fatty acids synthesis. The similarity of the FAME/

biomass ratio between total C and Cg;,, suggests a nonpref-
erential use of the benzenic ring during fatty acid synthesis. On
the contrary, the FAME/biomass ratio for Cg,,;, was lower
than that for total C, which could indicate a lower allocation of
the acetic chain for fatty acid synthesis, as mentioned previ-
ously by Lerch et al. (34).

Sensitivity of FAME profiles to change in growth substrate.
One mechanism for microbial cells to adapt to changing envi-
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ronmental conditions and/or the presence of a xenobiotic com-
pound is to modify the lipid composition of their membranes,
thereby altering membrane fluidity. The mechanisms of mem-
brane toxicity caused by chemicals have been reviewed by sev-
eral authors (13, 26, 51, 57). The perturbations of membrane
structure and function differ according to the class of chemical.
Our results clearly revealed that the fatty acid profile changed
when C. necator JMP134 used either glucose or 2,4-D as a C
source. Toxic effects due to 2,4-D exposure have been reported
in pure cultures of Rhizobium sp. (14) and on different strains
of Escherichia coli (4) with a concomitant decrease in mem-
brane fluidity. It has been suggested that these microorganisms
compensate the membrane-fluidizing effect of 2,4-D by in-
creasing the saturated/unsaturated ratio of their fatty acids.
Our study findings tend to corroborate this. However, unlike
the bacteria used in the latter studies, C. necator IMP134 did
not exhibit any toxic effect when exposed to the same concen-
tration of 2,4-D (about 1 mM).

Few studies have compared the lipid compositions of micro-
organisms able to degrade xenobiotics when grown on different
substrates. The comparative analyses of Ochrobactrum an-
thropi grown on atrazine versus succinate (33), Ralstonia eutro-
pha H850 grown on biphenyl versus fructose (30), Mycobacte-
rium frederiksbergense LB501T grown on anthracene versus
glucose (59), or Pseudomonas sp. CF600 on phenol versus
glucose or on catechol versus glucose (42) all suggest that even
bacteria able to degrade a xenobiotic need to adapt the fluidity
of their membrane. This can be achieved by increasing the
proportion of saturated fatty acids, as observed in our study.
The role of the saturated branched fatty acids is not as clear. In
the case of C. necator JIMP134, exposure to 2,4-D led to an
increase in cyclopropyl fatty acids but a decrease in methyl
branched fatty acids, compared to glucose-based cultures. On
the contrary, Pseudomonas sp. CF600 produced relatively
more cyclopropyl fatty acids and less methyl branched fatty
acids on glucose than on catechol or phenol (42). For Myco-
bacterium frederiksbergense LB501T, only the proportion of
methyl branched fatty acids significantly increased during
growth on anthracene compared to glucose-based cultures
(589). For Ochrobactrum anthropi, cyclopropyl fatty acid
cycC,o., decreased when atrazine was the source of C (33),
contrary to Ralstonia eutropha H850, which increased the pro-
portion of cyclopropyl PLFA when grown on biphenyl, com-
pared to growth on fructose (30). While the increase in the
degree of saturation of fatty acids appears as a common adap-
tation among bacteria when exposed to xenobiotics, the nature
of the branched fatty acids that confer even more rigidity to the
membrane may be more specific to a group of microorganisms
and to a particular chemical.

When C. necator IMP134 was grown in mixtures of 2,4-D
and glucose, the FAME profile obtained during the assimila-
tion of glucose was still more similar to those obtained on
2,4-D as a sole C source than those obtained on glucose only.
Several hypotheses may explain this result. First, the accumu-
lation of pesticide or more-lipophilic metabolites into the
membrane (29) could still alter its composition, even during
glucose uptake. Here, no residues of 2,4-D nor metabolites
were detected, suggesting that neither intracellular accumula-
tion of residues nor entrapment in the membrane occurred
during the incubation, as mentioned previously (34). Alterna-
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tively, the lipid composition of the membrane may be due to
the presence of residual 2,4-D in the liquid medium, several
days after the degradation peak, as suggested by OD measure-
ments. It is known that OD measurements may overestimate
the concentration of 2,4-D when UV-absorbing intermediate
metabolites accumulate in the medium (45). The accumulation
of metabolites like 2,4-DCP or 3,5-CC in the liquid medium
have been found previously (34). Consequently, the bacteria
may have preserved a similar membrane composition in order
to prevent the possible inhibitory effects reported for these
molecules (43). This study also revealed that FAME profiles
changed with time, with an increase in the proportion of cy-
clopropyl fatty acids during the stationary phase. This change
was previously observed when C. necator IMP134 was incu-
bated with 2,4-D as a sole C source (34) and also in other
proteobacteria grown on various substrates, such as Alcaligenes
eutrophus (46), Escherichia coli (39), or Pseudomonas fluore-
scens (12). Thus, the lipid composition of C. necator JIMP134
does not only reflect the degree of exposure to 2,4-D and/or
metabolites but also other physiological stresses.

Distribution of labeling in FAME and consequences for
lipid SIP analyses. Previous work on C. necator JMP134
showed that more Ccy,;, is used to produce energy than Cg;,,
(34), especially in the first step of the degradation. This can be
explained by the catabolic pathway of 2,4-D (18, 36, 54). The
cleavage of the acetate chain and the benzenic ring by the
a-ketoglutarate-dioxygenase regulated by #fdA genes is the first
step of 2,4-D degradation (22), while the assimilation of the
Cring into the biomass is only possible after the formation of
maleyacetate by the dienelactone hydroxylase regulated by
tfdE genes, or after the formation of 3-oxoadipate by the ma-
leyacetate reductase regulated by #fdF genes (15). Therefore,
Cechain 18 available at the beginning of the metabolic process,
whereas Cg;,, only becomes available later on. Results ob-
tained in the present study clearly indicated that the distribu-
tion of Cg;,,, into FAME remained the same, but that of Ccy,i
revealed some modification due to the presence of glucose.
This is probably due to the increase in the yield of incorpora-
tion of the Cgy,;, and the decrease of its allocation toward
fatty acid synthesis. We observed from the very beginning of
the experiment that fatty acids with longer chains had slightly
higher levels of '*C in the presence of glucose. Since distribu-
tion of Cg,, did not change significantly, the corollary is that
the C derived from glucose was more incorporated into short-
er-chain fatty acids. Consequently, we assume that the pres-
ence of other available substrates in natural environments
would not influence the interpretation of lipid SIP results when
probing 2,4-D-degrading populations, if the '*C labeling is
located on the benzenic ring. In contrast, caution must be
exercised when the acetic chain is labeled since both the
amount incorporated and the way it is allocated into fatty acids
may be altered by the use of other C sources.

Conclusion. Although new methods, like protein SIP (27),
could provide a much higher information content with the
same sensitivity, lipid SIP is still a method of choice when
probing microbial xenobiotic degraders in sifu. In most of the
studies using this approach, changes in *C-enriched lipid pro-
files have been interpreted as shifts in the soil microbial com-
munity involved in the uptake of the C from the considered
substrate. However, responses to environmental changes may
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also involve changes in the lipid composition of individual
organism. Despite the fact that an extreme diversity of sources
of C are available in natural environments, the influence of a
secondary source of C on the '*C-enriched FAME profile had
never been studied to date. Therefore, pure culture studies are
still needed to improve the use of SIP methods in microbial
ecology and, more particularly, those based on lipid biomark-
ers. The present study showed that C. necator JIMP134 prefer-
entially uses 2,4-D over glucose when fed with a mixture of
both substrates at relatively high concentrations. Compound-
specific individual isotopic analyses of FAME showed that the
3C-enriched FAME profiles were slightly or not affected by
glucose when tracing the 2,4-D acetic chain or 2,4-D benzenic
ring, respectively. We recommend that more studies be carried
out on the influence of cosubstrates on the metabolism of
xenobiotics. As already suggested (17), research on mixed sub-
strate growth should be done under realistic environmental
conditions (namely, with low concentrations of substrates).
Other studies have also emphasized that the interactions be-
tween the cosubstrates added to the xenobiotics (40) and their
degree of availability (56), as well as the formation of microbial
biofilms (57), may be of importance for calibrating lipid SIP
analyses.
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