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Shewanella oneidensis is able to conserve energy for growth by reducing a wide variety of terminal electron
acceptors during anaerobic respiration, including several environmentally hazardous pollutants. This bacte-
rium employs various electron transfer mechanisms for anaerobic respiration, including cell-bound reductases
and secreted redox mediators. The aim of this study was to develop rapid tools for profiling the key metabolic
changes associated with these different growth regimes and physiological responses. Initial experiments
focused on comparing cells grown under aerobic and anaerobic conditions. Fourier transform infrared (FT-IR)
spectroscopy with cluster analysis showed that there were significant changes in the metabolic fingerprints of
the cells grown under these two culture conditions. FT-IR spectroscopy clearly differentiated cells of S.
oneidensis MR-1 cultured at various growth points and cells grown using different electron acceptors, resulting
in different phenotypic trajectories in the cluster analysis. This growth-related trajectory analysis is applied
successfully for the first time, here with FT-IR spectroscopy, to investigate the phenotypic changes in con-
trasting S. oneidensis cells. High-performance liquid chromatography (HPLC) was also used to quantify the
concentrations of flavin compounds, which have been identified recently as extracellular redox mediators
released by a range of Shewanella species. The partial least-squares regression (PLSR) multivariate statistical
technique was combined with FT-IR spectroscopy to predict the concentrations of the flavins secreted by cells
of S. oneidensis MR-1, suggesting that this combination could be used as a rapid alternative to conventional
chromatographic methods for analysis of flavins in cell cultures. Furthermore, coupling of the FT-IR spec-
troscopy and HPLC techniques appears to offer a potentially useful tool for rapid characterization of the
Shewanella cell metabolome in various process environments.

Shewanella oneidensis, a Gram-negative dissimilatory metal-
reducing bacterium, is able to conserve energy for growth by
reducing a variety of terminal electron acceptors during aero-
bic and anaerobic respiration (24), including several environ-
mentally hazardous pollutants (1). The terminal electron ac-
ceptors used during anaerobic respiration vary, ranging from
nitrate, fumarate, trimethylamine N-oxide (TMAO), dimethyl
sulfoxide (DMSO), and sulfur compounds to fuel cell anodes
and various metals and metalloids, including insoluble metal
oxides (5, 33, 34).

There has been intense interest in the versatile metabolism
of this bacterium and its potential to respire and bioremediate
toxic environmental chemicals and metals, such as U(VI) and
Cr(VI) (25, 43), under anoxic conditions. Riboflavin (RF),
flavin mononucleotide (FMN), and flavin-adenine dinucleo-
tide (FAD) were identified as the dominant electron shuttles
secreted by a diversity of Shewanella cells and shown to medi-
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ate extracellular reduction of insoluble Fe(III) minerals and
organic molecules, including azo dyes (23, 40). Field and Brady
tested riboflavin and found that its presence during anaerobic
reduction of azo dyes improves the overall kinetics of the
reduction process (9). von Canstein et al. recently found that
Shewanella cells are able to secrete flavins, FAD, FMN, and
riboflavin as extracellular redox mediators and quantified these
using high-performance liquid chromatography-mass spec-
trometry (HPLC-MS) (44). The experiments showed that the
production profiles of these three chemicals were different
under anaerobic and aerobic regimes, and this can be used to
distinguish the two metabolic pathways with oxygen or fuma-
rate as electron acceptors.

Although we are gaining a deeper understanding of the
genetic and biochemical basis of the diverse respiration path-
ways of this organism, supported by the recent availability of
the complete genome sequence (14), complementary metabo-
lomic approaches have not been used to identify or quantify
the metabolic changes expected with major physiological shifts
in this organism under contrasting growth regimes. Fourier
transform infrared (FT-IR) spectroscopy was chosen for this
study, as this method offers the advantage of minimal sample
preparation, as well as being rapid, nondestructive, readily
automatable, relatively inexpensive, and quantitative, com-
pared with other metabolic profiling techniques (8, 12, 15, 35).
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The infrared absorbance spectra generated by FT-IR spectros-
copy have been used to identify specific biochemical features
and also provide a global biochemical “fingerprint” for mixed,
complex samples (11, 27) in many research areas (10, 11). For
instance, FT-IR spectroscopy has proved sensitive enough for
analysis of the chemical composition of a single strain of Esch-
erichia coli after exposure to ionic liquids (6), for functional
genomics screening (22), for measuring abiotic perturbations
in algae (39), and for characterization of microbial degradation
pathways (16). We believe that this technique offers consider-
able potential for rapid differentiation of metabolic changes of
bacteria responding to contrasting growth regimes in natural
and engineered environments, although this remains to be
demonstrated.

The FT-IR spectra generated from microorganisms have
very complex profiles that can be related back to biochemical
components which one would expect to be detected in the
samples. While some subtle quantitative differences can be
observed between the spectra, there are few, if any, qualitative
differences to be seen, and so it is almost impossible to inter-
pret these data with the naked eye (19, 20, 45). Therefore,
multivariate statistical techniques are needed to model the
relationship between the phenotypic changes occurring in this
organism during growth with the observations recorded by
FT-IR spectroscopy.

In the present study, we investigated the ability of FT-IR
spectroscopy to analyze the S. oneidensis MR-1 cell metabo-
lome and distinguish significant metabolic changes associated
with anaerobic and aerobic growth conditions. Analyses were
conducted directly on the cells for the endometabolome in
assessing the metabolic fingerprint. Both unsupervised and
supervised learning methods (viz., principal component analy-
sis [PCA] [21] and discriminant function analysis [DFA] [26])
were used to identify any differences between the FT-IR spec-
tra from cells grown under the two regimes, and the contribu-
tions of a range of biomolecules were elucidated. In addition to
metabolic fingerprinting of whole cells by FT-IR, key compo-
nents of the extracellular metabolome (the so-called exo-
metabolome, or metabolic footprint) were also quantified by
HPLC analysis. Here, riboflavin, FMN, and FAD in culture
supernatants were quantified, and partial least-squares regres-
sion (PLSR) was used to identify correlations between the
cell’s FT-IR spectra and flavin concentrations assessed using
HPLC data. These studies show for the first time that FT-IR
analyses can be used for rapid identification of metabolic shifts
in both the intracellular and the extracellular metabolomes of
S. oneidensis MR-1 cultures.

MATERIALS AND METHODS

Bacterial strains and medium. S. oneidensis strain MR-1 was obtained from
the Manchester University Geomicrobiology group culture collection and stored
at —80°C in 50% glycerol prior to use. Cells were incubated at 30°C in LB agar
and then kept at room temperature. Starter cultures were grown in tryptic soy
broth (TSB; 30 g/liter and 50 ml in a 250-ml Erlenmeyer conical flask). The TSB
aerobic culture was incubated overnight at 30°C while being shaken at 150 rpm
(C24KC refrigerated incubator shaker; New Brunswick Scientific). All the ex-
periments were conducted using a fully defined minimal medium, based on the
method of Myers and Nealson (34). Amino acid solution (20 mg/liter L-arginine
hydrochloride, 20 mg/liter L-glutamate, 20 mg/liter L-serine) was added. Sodium
pL-lactate (100 mM) was used as the carbon source and the electron donor, and
fumarate (20 mM) or oxygen was used as the electron acceptor. The pH of the
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medium was adjusted to 7.6 before sterilization. All chemicals were purchased
from Sigma unless noted otherwise.

Aerobic bath culture studies. Inocula were grown overnight in TSB liquid
medium to late log phase at 30°C. A 1-ml suspension was transferred into 250-ml
flasks containing 50 ml of sterile minimal medium and grown overnight at 25°C
with shaking at 130 rpm. Cultures (three biological replicates) were incubated at
20°C with shaking at 130 rpm until the biomass density (optical density at 600 nm
[ODgq0]) indicated that the cultures had entered late exponential phase (~18 h).
For growth measurements, new cultures were started by transferring 5 ml of
late-exponential-phase culture to a 250-ml Erlenmeyer flask containing 50 ml of
minimal medium and incubated at 130 rpm at 25°C. Subsamples were periodi-
cally removed and analyzed for turbidity (ODy). In addition, 1-ml samples were
centrifuged, and cell pellets were stored at —20°C for subsequent analysis of total
cellular protein, while the supernatant was also frozen for HPLC analysis of
extracellular flavins. Biomass samples for FT-IR and HPLC analysis of intracel-
lular flavins were also prepared by centrifugation and washed with sterile 0.9%
NacCl prior to storage at —80°C.

Anaerobic batch culture studies. Experiments were conducted in a Coy an-
aerobic chamber under an atmosphere of 5% hydrogen-95% nitrogen (vol/vol),
unless otherwise noted. Anaerobic cultures were grown in 80 ml of defined
minimal medium in 100-ml serum bottles (flushed with N, for 10 min and sealed
with a butyl rubber stopper before use; Bello Glass, Inc.). Inocula for these
experiments were grown overnight anaerobically at 30°C to early exponential
phase. A 10-ml aliquot of the “starter” culture was used to inoculate three
biological replicate “experimental” cultures, which were incubated without agi-
tation at 30°C. Samples were withdrawn regularly for ODy, analysis. In addition,
samples (1 ml) were centrifuged at 13,000 X g in a microcentrifuge and cell
pellets stored at —20°C for subsequent total cellular protein analysis. The sam-
ples for FT-IR and HPLC analysis were prepared as described for the aerobic
cultures.

Cell metabolism analysis by FT-IR spectroscopy. The metabolic profiles of
cells grown aerobically and anaerobically were recorded by FT-IR spectroscopy
periodically. Samples (5 ml) were collected and centrifuged at 4°C at 12,000 X g
for 10 min, the supernatant was removed, and the cell pellet was washed twice
with sterile 0.9% NaCl solution and centrifuged again prior to storage at —80°C.
After all the samples had been collected, they were defrosted and resuspended
in sterile 0.9% NaCl solution to 0.8 g/liter biomass (dry weight).

All FT-IR spectroscopy analysis was conducted using an Equinox 55 infrared
spectrometer equipped with a high-throughput motorized microplate module,
HTS-XT (Bruker Optics, Coventry, United Kingdom). The motorized module of
this instrument introduces the plate into the airtight optics of the instrument, in
which tubes of desiccant are contained to provide a moisture-free environment
(13). A deuterated triglycine sulfate (DTGS) detector was employed for trans-
mission measurements of the samples to be acquired. A 96-well Si sample plate
was washed thoroughly with 2-propanol and deionized water and allowed to dry
at room temperature prior to use. Twenty microliters (0.016 g biomass) of each
bacterial sample was evenly applied in triplicate onto the plate (so-called tech-
nical replicates). The plate was consequently dried at 60°C in an oven for 10 min
and loaded into the motorized module for FT-IR spectroscopy. Spectra were
collected over the wavelength range of 4,000 to 600 cm ™' under the control of a
computer programmed with Opus 4, operated under Microsoft Windows 2000.
Spectra were acquired at a resolution of 4 cm™!, and 64 spectra were coadded
and averaged to improve the signal-to-noise ratio. The collection time for each
spectrum was approximately 1 min.

Quantification of flavins by HPLC. Cultures for the analyses of extracellular
flavins were grown in minimal medium as described above. Reverse-phase high-
performance liquid chromatography (HPLC) was used to separate and quantify
the flavins. A Gemini 5u Cjg 110A column (dimensions, 250 by 10.0 mm;
Phenomenex, United Kingdom) was used, fitted to a GP50 gradient pump and a
UVD170U UV-visible-light (UV-vis) detector, both from Dionex, United King-
dom. Samples (1 ml) were harvested by centrifugation at 13,000 X g for 20 min
and the supernatants analyzed for extracellular flavins. To analyze intracellular
flavins, the cell pellets were washed in HEPES buffer (100 mM, pH 7.4) twice and
split into aliquots of 1.0 ml, pelleted again at 12,000 X g for 3 min, resuspended
in 490 wl NaOH (0.1 M), mixed thoroughly for 10 s, and then acidified by the
addition of 510 pl HCI (0.1 M) to stabilize the flavins. All the samples were
analyzed by HPLC using a nonlinear gradient of methanol versus an aqueous
solution of 20 mM NH, acetate, pH 6.4. An initial isocratic step at 5% methanol
for 6 min was followed by an increase to 34.5% methanol (by 12 min) and then
to 37% methanol (at 28 min) and 95% methanol (maintained between 33 and 38
min), followed by a rapid drop to 5% methanol (by 39 min), which was main-
tained for a further 16 min. Flavins were detected at 280 nm. The column was
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FIG. 1. Profile of S. oneidensis MR-1 growth under aerobic (A) and anaerobic (B) conditions. Each point shows the biological repeats from 3
measurements, and the error bars indicate standard deviations. The arrows represent samples collected for metabolic analysis. The coding is such
that Ae34 is from cells grown aerobically for 34 h and An46 from cells grown anaerobically for 46 h.

calibrated using standard FAD, FMN, and riboflavin, and the retention times
were found to be 13.7, 20.7, and 30.6 min, respectively.

FAD, FMN, and riboflavin (Sigma, United Kingdom) standard solutions of
0.01, 0.1, 1.0, 10.0, and 100 uM were separated using HPLC, and the peak area
was calculated using the software program Chromeleon (version 6.50; Dionex).
The concentrations of unknown samples were calculated by comparison with a
graph prepared from the standards.

Data processing. The ASCII data were imported into Matlab version 6 (The
MathWorks). The FT-IR spectra were normalized such that the lowest recorded
absorbance was set to 0 and the highest was set to 1 for each spectrum. Baseline
correction, extended multiplicative scatter correction (EMSC) (29), and row
normalization preprocessing steps were applied before exportation of the data to
PyChem v3.0.3 for further analysis (18).

Discriminant analysis. An unsupervised data reduction method, principal
component analysis (PCA), was employed to reduce the dimensionality of the
FT-IR data from 1,764 absorbance measurements at different wavelengths to 10
principal components (PCs), representing 99% of the total variance in the FT-IR
data. These PCs were used as inputs for discriminant function analysis (DFA),
which is a supervised technique that discriminates groups by use of a priori
knowledge of class membership. The algorithm works to maximize between-
group variance and minimize within-group variance. In this study, knowledge of
the sampling time was passed to the algorithm, and all models were cross-
validated by 3-fold cross-validation, using each biological repeat measurement
for model testing in each fold (37). The a priori class structure used by the DFA
algorithm provided information on the biological sample membership (that is to
say, 17 groups), and this allowed any similarities between the different biological
samples to be modeled. Thus, in this process, as we conducted the experiment in
triplicate (3 biological replicates, each analyzed 3 times) during calibration (or
training) of the chemometric models, two of these biological replicates (with all
technical replicates, i.e., 6 spectra in total) were used for training and the third
biological replicate (containing all 3 of its technical replicates) was used to test
whether the model was valid. On the basis of this, we rotated the test data 3
times, and this allowed any similarities between the different biological samples
to be modeled.

Calculation of peak areas. A range of peak areas from identifiable FT-IR
bands were integrated in MATLAB version 6, using a function written in-house,
whereby the extent of each peak was identified manually, a linear trend sub-
tracted from the base of the peak to remove baseline variation, and the total
intensity within this region summed. Quantitative information on cellular pro-
teins was computed from amide I and II peak integrals from absorbances at 1,630

to 1,654 cm ™' and 1,530 to 1,550 cm !, respectively. Lipid content was estimated
using the integrals of absorbance from 1,370 to 1,400 cm ™! (COO™ stretch and
CH; symmetric bending in protein and lipids), the area of the CH, asymmetric/
CH; asymmetric stretch (2,885 to 2,945 cm™!), and aliphatic CH vibrations
between 2,948 and 2,984 cm™!. Phosphate-related vibrations, including asym-
metric PO, (1,270 to 1,200 cm ™ ') and symmetric PO, (1,135 to 1,000 cm ™),
were also calculated. Finally, information on the levels of RNA and DNA in the
cells were estimated from the areas between 1,710 cm™! to 1,716 cm ™~ '. The
ratios of these values were calculated and plotted.

Partial least-squares regression. The supervised multivariate linear regression
approach of partial least-squares regression (PLSR), as detailed in references 3,
17, and 28, was used to model the relationship between the concentrations of
flavins on the basis of HPLC analysis and FT-IR spectra. PLSR was calibrated
with FT-IR data from the bacterial fingerprints to predict the known flavin
concentrations measured by HPLC. As with PC-DFA, models were cross-vali-
dated by 3-fold cross validation. For each model, the optimal number of PLSR
factors was determined with reference to the minimum of the root mean squared
(RMS) error for the cross-validation samples. The RMS errors for calibration
and cross-validation predictions, as well as the equations for the least-squares
method, show strong linear correlations. The root mean squared error of
prediction (RMSEP) was also used to compare the performances of different
models.

RESULTS AND DISCUSSION

Profiles of growth under aerobic and anaerobic conditions.
Prior to metabolomic analyses, the growth kinetics and bio-
mass yields of S. oneidensis MR-1 under aerobic and anaerobic
conditions were compared (Fig. 1). A fully defined minimal
medium containing lactate and fumarate was used, with fuma-
rate as the sole electron acceptor under anaerobic conditions.
The lag phases of the two contrasting growth regimes were
markedly different, lasting 4 h in the aerobic cultures and 8 h
in the anaerobic cultures, while the doubling times were ap-
proximately 5 and 7.5 h, respectively. The final biomass yields
were also very informative of the growth condition; an ODg,
of 3.12 was reached at 26 h in the aerobic culture and 0.15 at
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FIG. 2. FT-IR spectra of cells of S. oneidensis MR-1 collected at different time intervals from aerobic and anaerobic cultures. The bars at the
top of the figure relate to the following biochemical regions: FA, fatty acids; A,, amide I; A,, amide II; A;, amide III; MP, carboxylic groups of
proteins and fatty acids (phosphate rich); PS, polysaccharides; L, RNA and DNA. The six spectra (from bottom to top) are as follows: Ael2,
aerobic conditions in exponential phase (12 h); Ae34, aerobic conditions in stationary phase (34 h); Ae50, aerobic conditions in death phase (50
h); An17, anaerobic conditions in exponential phase (17 h); An48, anaerobic conditions in stationary phase (48 h); An72, anaerobic conditions in
death phase (72 h). These spectra are offset so that the spectral features can be clearly seen.

50 h in the anaerobic culture. This organism has fairly low
growth rates in the above-defined regimes, which makes study-
ing the phenotypic variation of the cells via their metabolic
fingerprints readily achievable.

FT-IR metabolic fingerprinting. To make broad compari-
sons of the metabolic states of S. oneidensis MR-1 grown under
aerobic and anaerobic conditions, 17 samples (with 3 biological
repeats for each) were collected at various points in the growth
cycle, including the log, exponential, stationary, and death
phases, and analyzed by FT-IR spectroscopy. In Fig. 2, exam-
ples of the FT-IR absorbance spectra are shown, and these
were typical of bacterial FT-IR spectra reported previously (7,
36). The biological characteristic bands, which included the
acyl vibration bands from fatty acids and lipids (C=0O and
N—H from amides I and II as well as the P=0 nucleic acid
vibration and phospholipids), were readily observed in these
spectra (Fig. 2) and demonstrate that from the cells a whole
organism fingerprint has been generated (11).

Visible inspection of these FT-IR data is difficult, as all
spectra are qualitatively very similar. Therefore, PC-DFA
models based upon the FT-IR data were used to observe the
overall relationships between S. oneidensis MR-1 samples. The
cross-validation data were all correctly classified with the train-
ing samples, falling within the 95% confidence intervals (data
not shown). Plotting the first two PC-DFA scores recovered
from all of the samples (Fig. 3A) showed clear separation of
the growing cells from those in the death phase, rather than
revealing the effect of the electron acceptors introduced to the
growth medium. This is hardly surprising, given that the cells’
fingerprints are totally different when the bacteria are dying,
and this is irrespective of the medium. Thus, these “outlying”
spectra need to be removed from the cluster analysis.

After removing these “death phase” samples, the remaining
aerobic and anaerobic samples were reanalyzed by PC-DFA
(Fig. 3B). It is clear from this plot that the first PC-DF score
represents the difference between the anaerobic and aerobic

cultures, while PC-DF2 accounts for growth time. This proved
that the highest variation among the samples is dependent on
the electron acceptors and that the second-highest variation is
caused by growth time. The plots showed clearly that the
anaerobically and aerobically grown cells fall into two groups.
All the anaerobic samples were located in the negative area of
PC-DF1, while the aerobic samples were clustered in the pos-
itive area. This indicates that FT-IR spectroscopy is able to
detect the metabolic changes in bacterial cells associated with
the delivery of different electron acceptors (oxygen in aerobic
medium and fumarate in anaerobic medium).

To reveal the metabolic changes of the Shewanella cells as a
function of growth time, the FT-IR spectra of anaerobic (Fig.
3C and D) and aerobic (Fig. 3E and F) samples were analyzed
separately. Coincident with the above observation, the largest
variation was on the lag and dying phases for both cultures
(Fig. 3C and E). Therefore, reanalysis of the cells harvested
during early log phase and stationary phase was conducted
(Fig. 3D and F). Figure 3D shows the PC-DF1 scores versus
the PC-DF2 scores calculated from the FT-IR spectra of MR-1
cells cultivated after growing for 12, 17, 23, 37, 46, and 62 h
under anaerobic conditions with fumarate as the electron ac-
ceptor. These samples were located in the early exponential
and stationary phases during anaerobic growth. The cluster
plot shows that there was a clear trend in the plots among the
samples that correlates with growth time (as indicated by the
arrow). The same trend was also seen for aerobically grown
MR-1 cells (Fig. 3F). Thus, it would seem that FT-IR is sen-
sitive enough to detect the metabolic changes in whole cells
associated with growth time.

The observed growth-related trends (or trajectories) can be
interpreted in terms of the underlying chemical changes occur-
ring under these different conditions, which in turn can be
linked to specific biomolecules, including proteins, lipids, car-
bohydrates, fatty acids, phospholipids, and nucleic acids (4).
Changes in these specific compounds will reflect important
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replicates (i.e., 1 class per sample point, giving 17 classes in total). The different symbols represent the different sample points. The circles represent

the 95% x? confidence interval about the mean.

biochemical shifts in S. oneidensis MR-1 in response to changes
in metabolism (38). To reveal this biochemical information,
the PC-DFA loading matrices need to be investigated further.

Interpretation of the FT-IR spectra. Decomposition of the
spectral data during the application of PC-DFA yields a matrix
of spectral loadings, which gives an indication of the relative
importance of the spectral variables for derivation of each
latent variable (26). The spectral loadings for the first two
PC-DFA variables, which account for the majority of the vari-
ance in the data, are plotted against one another in Fig. 4. The
bands recovered by PC-DFA loading were assigned to specific
molecular vibrations, and these results are detailed in Table
1, along with their biological relevance.

The key bands contributing to PC-DFA separation in Fig.

3A were identified by examining the PC-DFA loading plots
(Fig. 4A). The first PC-DF loadings showed that the separation
between living and dying bacteria is characterized mainly by
the regions comprising 1,639 to 1,612 cm™* and 1,581 to 1,508
cm ™!, which represent proteinaceous contributions from the
amide I and II vibrations, respectively. In addition, the region
comprising 950 to 941 cm ™", which corresponds to carboxylic
acids, was also changed during the death phase. This indicates
in particular that the protein content of cells was reduced
during the death phase.

The PC-DFA loadings from Fig. 4B (corresponding to the
PC-DF score plot in Fig. 3B) indicate that the largest differ-
ences among anaerobic and aerobic early-exponential- and
stationary-phase samples corresponded to changes in the cel-
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FIG. 4. PC-DFA plots for FT-IR spectra of S. oneidensis MR-1 cells. PCs 1 to 20 (accounting for 99.5% of the total explained variance) were
used by the DFA algorithm with a priori knowledge of machine replicates (i.e., 1 class per sample point, giving 17 classes in total). The different
symbols represent the different sample points. The circles represent a boundary of 2 standard deviations from the loading centroid, and this is used
to give a nonstatistical approximation of a 95% confidence interval (this aid to visualization highlights bands which are changing the most). The
order of these plots is the same as that in Fig. 3: (A) combined aerobic and anaerobic samples; (B) early-exponential- and stationary-phase samples
grown aerobically and anaerobically; (C) combined anaerobic samples; (D) early-exponential- and stationary-phase samples grown anaerobically;
(E) combined aerobic samples; (F) early-exponential- and stationary-phase samples grown aerobically.

lular proteins and some membrane phospholipids. Anaerobic cleic acid-related vibrations, ranging between 983 and 866
samples were characterized mainly by the region comprising cm ™!, also contributed to the anaerobic sample cluster. The
1,683 t0 1,651 cm ™' (corresponding to amide I vibrations) and aerobic samples, which were grouped in the positive area of the
those comprising 1,537 to 1498 cm ™" and 1,265 to 1,188 cm™! PC-DF?2 axis, were characterized mainly by similarities across

corresponding to amide II and amide III, respectively). Nu- the region comprising 1,095 to 1,014 cm ™' of the spectra,
p g p y g p g p
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TABLE 1. Tentative assignment of biochemical bands identified by
FT-IR spectroscopy

Biomolecule group W?Z;l?lll)gth Assignment(s)”
Protein 3,200 Amide A v(NH)
3,129 Amide B v(NH)
3,070 Amide B CNH
1,667 Amide I v(CO) coupled to
3(NH,) in-plane
1,655 Amide I (a helix)
1,637 Amide I (B structure)
1,550 Amide II « helix
1,530 Amide II, B structure
1,330 Amide III
1,267 Amide IIT (« helix)
1,250 Amide III (B sheet)
Phospholipids and 2,960 v(CH;3) membrane
lipid proteins phospholipids
2,920 v(CH,) membrane
phospholipids
2,875 vy(CH3)
2,850 vy(CH,) membrane
phospholipids
1,740 v(CO) esters
1,467 8(CH,) lipids and proteins
1,455 3(CH;) and 3(CH,)
scissoring lipids and
proteins
1,420 v,(CHs;) lipids and
aromatics
1,397 8(CH3) methyl bond
1,370-1,400 3(COO0™) and 3(CHs)
lipids and proteins
Phosphate and 1,235 v,(PO5*")
carbohydrate 1,170 v,(COOC) phospholipids
and/or cholesterol esters
1,150 v(CO) saccharides
1,054 v,(COOC)
970 v(CC), v(CN), and
v(PO;")
935 CC residue « helix
906 CC stretch proline
RNA and DNA 1,710 v(CO) RNA (esters)
1,690 v(CO), RNA, and DNA
1,106 v(PO, ™) nucleic acids
1,063 v(CO), deoxyribose/ribose
DNA, and RNA
Finger print 600-900

“ See references 6, 14, 32, and 45. Vibration modes: v, stretch; 8, deformation;
s, symmetric; a, antisymmetric.

which corresponds to the PO, symmetric stretch [v(PO, )]
from nucleic acids, v(CO), and a deoxyribose/ribose DNA ab-
sorption region. Differences in the amide II region (1,631 to
1,558 cm ™) also separated the aerobic samples from the an-
aerobic samples. Smaller contributions based on differences
between the regions comprising 2,931 to 2,914 cm ™! and 1,747
to 1,732 cm ™! were also observed, corresponding to the ali-
phatic CH; and CH, stretches from membrane phospholipid
and CO lipid vibrations.

As shown in Fig. 3C to F, PC-DFA also showed biochemical
similarities in the trajectories observed for aerobic and anaer-
obic conditions during cell growth in the early exponential and

APPL. ENVIRON. MICROBIOL.

stationary phases. For anaerobic culture, the early-exponen-
tial-phase samples were characterized mainly by the CH,
(2,966 to 2,900 cm™') and CH; (2,866 to 2,854 cm™!) vibra-
tions from lipids, the PO stretch from nucleic acids (1,099 to
1,055 cm™'), and the CO stretch of esters (1,755 to 1,647
cm ™), carbonic acid, nucleic acids, and amide I absorption
regions. After growth, the FT-IR spectra of the bacteria were
differentiated by the amide I (1,635 to 1,612 cm™!) and II
(1,533 to 1,519 cm™ ') regions, with some contribution from
aromatic groups at 1,568 to 1,560 cm™*. For aerobic cultures,
bands arising from the nucleic acids (1,722 to 1,701 and 872 to
862 cm™ ') and amide I (1,670 to 1,637 cm™ ') were stronger in
the early log phase, but after further growth, lipid (2,929 to
2,912 em™ ') and phospholipid (2,856 to 2,846 cm™') signals
were also elevated. Inspection of both loading plots showed
that there were many changes throughout the whole cellular
metabolism, including changes within spectral regions relating
to protein, fatty acids, nucleic acids, and phospholipids.

The interpretations of these FT-IR spectra signify that spe-
cific biochemical information can be gained from this meta-
bolic fingerprinting approach. Therefore, the next stage was to
see if it was possible to identify the specific functional changes
in the FT-IR spectra as a function of growth time.

Growth-related phenotypes estimated from the FT-IR spec-
tra. To elucidate further the biochemical differences between
samples on the basis of incubation time and culture conditions,
specific FT-IR peak areas (highlighted above) were plotted
against the growth time (Fig. 5).

The amount of protein and lipid present in the cell mem-
brane plays an important role in maintaining membrane struc-
ture and dynamics. Our analysis has shown that the protein-
to-lipid ratios in aerobically cultured cells were higher than
those observed during anaerobic growth. These ratios were
shown to increase subtly with the growth time, and this is in
agreement with a previous study (41). In addition, Mourant et
al. (32) also found that the ratio of protein to lipid content
increases with increasing cellular proliferation. After the cells
moved toward the “death phase,” there was a large increase in
these peak area ratios for dying aerobic samples, but a small
decrease was noted for the anaerobic cells (Fig. 5). In both
instances, there were marked decreases in total protein over
time.

The CH,/CHj, ratio can be related either to changes in the
acyl chain length or to the overall lipid content (31). This
information corresponds with the PC-DFA loading (Fig. 4),
which showed the intense absorptions arising mainly from lip-
ids at 1,736 cm ™! (ester C=O0 stretching modes) and/or from
acyl chains at 1,469 cm ™' (CH, bending vibration). During the
stationary phase and into the death phase, the CH,/CH; ratio
decreased under aerobic conditions but increased under an-
aerobic conditions (Fig. 5). The ratio was greater in aerobic
samples than in anaerobic cells, which further confirms the
high lipid content in the MR-1 cells growing under aerobic
conditions.

The nucleic acid content of the cells can also be analyzed by
FT-IR spectroscopy. The ratio of the band area of the PO,
antisymmetric stretch to the PO,~ symmetric stretch (PO,
asy/sy ratio) showed very different responses in anaerobic and
aerobic samples. The starting point for the anaerobic samples
was slightly higher than that for the aerobic samples, and with
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FIG. 5. Quantitative analysis of the absorbance band areas of FT-IR spectra. Protein/lipid ratio, ratio of amide I and II area to lipid area; amide
I/II ratio, ratio of band areas of amide I to amide II regions; CH,/CHj ratio, ratio of band area of CH, asymmetric/CH; asymmetric; PO, asy/sy
ratio, ratio of band area of PO, antisymmetric stretch to PO,™ symmetric stretch; RNA, DNA/lipid content ratio, ratio of band area of RNA and
DNA to band area of lipids. Points show the means of results from 3 measurements, and the standard deviation error bars are plotted.

increasing incubation time, this ratio remained constant for
anaerobic cells in the exponential and stationary phases and
then increased in the death phase. In contrast, for aerobic
samples, these ratios decreased during the exponential phase
and then remained constant following the stable death phases.
These changes showed that the ratios of PO, asy/sy for the

MR-1 cells were affected not only by the different electron
acceptors but also by the growth conditions.

The ratio of RNA to lipid content should coincide with the
ratio of protein to lipid (32), but this trend was not observed in
this study, and we have not been able to ascertain quantitative
information indicative of RNA synthesis. This is most likely
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TABLE 2. FMN and RF concentrations secreted by S. oneidensis MR-1 cells as determined by the reference methods (HPLC)*

Mean concn (uM/g protein) (SD)

Condition Sample name
FMN RF Total
Aerobic Ael2(Ex) 0.02 (0.00) 0.66 (0.01) 1.18 (0.01)
Ae24(Ex) 0.12 (0.01) 0.96 (0.02) 1.56 (0.02)
Ae29(St) 0.15 (0.01) 0.95 (0.02) 1.63 (0.02)
Ae34(St) 0.17 (0.00) 0.94 (0.01) 1.72 (0.02)
Aed2(St) 0.21 (0.01) 0.94 (0.02) 1.83 (0.02)
Anaerobic An12(Ex) 1.27 (0.06) 0.21 (0.01) 1.47 (0.06)
Anl7(Ex) 1.41 (0.03) 0.23 (0.01) 1.63 (0.04)
An23(Ex) 1.71 (0.04) 0.21 (0.01) 1.91 (0.04)
An37(St) 1.68 (0.03) 0.34 (0.01) 2.03 (0.04)
An46(St) 1.72 (0.03) 0.51 (0.01) 2.23 (0.03)
An62(St) 1.93 (0.01) 0.72 (0.03) 2.65 (0.01)

“ Ex, samples harvested at the exponential phase; St, samples harvested at the stationary phase. The number after the label stands for the incubation time; labels
beginning with “Ae” are for aerobic samples, and those with “An” are for anaerobic samples. For example, An12 represents cells grown in anaerobic medium for 12 h,

and Ae24 represents cells grown in aerobic medium for 24 h. Numbers in brackets indicate standard deviations of measurements from 3 biological repeats.

due to very large numbers of overlapping bands in this region,
which could account for the large error bars seen for the
RNA-to-lipid spectral area ratios (30).

In summary, S. oneidensis is capable of respiring a range of
electron acceptors, including oxygen and fumarate, and previ-
ous studies have confirmed that changes in the dominant res-
piratory process result in well-defined alterations in gene ex-
pression (2). We therefore sought to study the impact of these
changes on cellular metabolism and phenotype. The ratio of
protein to lipid, the CH,/CHj, ratio, and the PO, asy/sy ratio
in the FT-IR spectra all showed very different responses be-
tween anaerobic and aerobic samples as a function of growth
time, confirming large metabolic differences between these
cells.

Quantification of secreted extracellular flavins by HPLC. In
addition to metabolic fingerprinting using FT-IR spectroscopy,
experiments were conducted to quantify the concentrations of
the flavin compounds riboflavin, flavin-adenine dinucleotide
(FAD), and flavin mononucleotide (FMN) secreted by S. onei-
densis MR-1, as these have been shown to act as extracellular
redox shuttles (44). The concentrations of the three flavins
secreted by S. oneidensis MR-1 under anaerobic and aerobic
conditions in culture supernatants were analyzed by HPLC
(Table 2).

The predominant flavin secreted by S. oneidensis MR-1 un-
der aerobic and anaerobic conditions was FMN, followed by
riboflavin. FAD occurred only at trace concentrations, typically
as cells entered the death phase, presumably due to release of
cellular FAD by lysed cells (data not shown). The extracellular
concentrations of flavins were 3 to 5 times higher in aerobic
cultures than in anaerobic cultures (Table 2). These results are
in accordance with those from previous studies from our lab-
oratory (44).

In this study, we measured the concentrations of the flavin
components throughout the aerobic and anaerobic cultures to
generate a series of values against which to calibrate the FT-IR
spectra for rapid and accurate screening (Table 2). Under
aerobic conditions, the extracellular concentrations of both
FMN and riboflavin increased during the exponential phase.
However, the riboflavin concentrations leveled off as the cells
entered the stationary phase, while FMN concentrations con-

tinued to increase. Nevertheless, riboflavin was present at
higher concentrations throughout, e.g., riboflavin was present
at 0.96 uM/g protein, versus FMN at 0.21 pwM/g protein, after
42 h (corresponding to the stationary phase). In anaerobic
cultures, FMN dominated throughout, with both FMN and
riboflavin increasing through the exponential and stationary
phases and reaching 1.93 and 0.72 nM/g protein, respectively
(at 62 h, in the stationary phase).

Quantification of flavins by use of PLSR analysis of the
FT-IR spectra. The correlation between the FT-IR spectra of
S. oneidensis MR-1 and the extracellular flavin concentrations
measured by HPLC were quantified using the supervised
learning method of PLSR (26). The FT-IR spectra were used
as the input to the PLSR models (X-variables), and the indi-
vidual concentrations of (i) FMN, (ii) riboflavin, and (iii) total
flavin content were used as the target output (y variable) in
three different PLSR models. A plot of predicted total flavin
content versus measured flavin content for cells grown under
anaerobic conditions is shown in Fig. 6, where it can be clearly
seen that the model’s results lie on the expected y = x line and
so graphically show excellent prediction; the same was also

0.35 -

m  Cross-validation predictions (R=0.96)

¥ Independent test predictions (R=1.00) l P
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FIG. 6. Actual total flavin concentrations calculated from HPLC
analyses plotted against the predicted concentration values using a
calibration model based on FT-IR spectra analyzed by PLSR. In this
PLSR model, 8 latent variables are employed (Table 3).
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TABLE 3. Partial least-squares regression results for FT-IR spectra versus flavin concentrations®
No. of RMSE LSR value (error)
Condition PLSR RMSEP ‘o -
factors Calibration Validation Train intercept Y::ﬁiggf Train slope Vai}ggte“’“
FMN in An 8 7.00 0.01 0.05 0.00 (0.01) 0.08 (0.08) 1.00 (0.01) 0.95 (0.05)
RF in An 8 15.00 0.01 0.01 0.00 (<0.001) 0.01 (0.01) 1.00 (0.01) 0.97 (0.02)
Total in An 8 10.42 0.02 0.05 0.00 (0.02) 0.06 (0.07) 1.00 (0.01) 0.96 (0.04)
FMN in Ae 10 3.61 0 0 0.00 (0.01) —0.03 (0.08) 1.00 (0.01) 1.03 (0.09)
RF in Ae 6 7.14 0.02 0.02 0.04 (0.03) 0.04 (0.04) 0.92 (0.05) 0.92 (0.08)
Total in Ae 6 11.89 0.03 0.03 0.09 (0.07) 0.05 (0.13) 0.94 (0.04) 0.97 (0.08)

¢ An, anaerobic medium; Ae, aerobic medium; RMSEP, percentage of the root mean square error of prediction; RMSE, root mean squared error; LSR: least-squares

regression.

seen for predictions of the FMN and riboflavin concentrations
(data not shown).

The statistics for the three PLSR calibration models devel-
oped for extracellular FMN, riboflavin, and total flavin con-
centrations under both aerobic and anaerobic conditions are
summarized in Table 3. The number of PLSR factors (latent
variables) used, the percentage of the RMSEP, the calibration
error, the cross-validation error, and the intercepts and slopes
were calculated from self-prediction (calibration) and cross-
validation. The root mean square error of prediction
(RMSEP) is the most unbiased parameter and so was used to
compare the performances of different models.

As shown in Table 3, all of the PLSR models produced
excellent predictive results, underlining the correlation be-
tween the spectra and the concentrations of the flavins, and
this clearly showed that FT-IR could provide an accurate
means of determining the relative concentrations of the flavins
secreted by S. oneidensis MR-1 without recourse to time-con-
suming chromatographic separations and could play a role in
the high-throughput screening of microbial cultures for the
flavins.

Conclusions. This study demonstrates that the use of FT-IR
spectroscopy in combination with multivariate statistical meth-
ods is a powerful approach for distinguishing significant met-
abolic changes associated with anaerobic and aerobic growth
conditions for S. oneidensis MR-1. This is the first time that
FT-IR spectroscopy has been applied in analyzing the S. onei-
densis MR-1 metabolic fingerprinting profiles under these two
regimes. It is also clear that FT-IR spectroscopy can be used to
distinguish cells collected at different growth phases due to
their significantly metabolic fingerprint variations. Changes in
phenotype that were highlighted include altered protein and
lipid profiles in these cells. Furthermore, using PLSR, secreted
flavins could be quantified accurately without the need to use
complicated and time-consuming chromatographic separa-
tions. This study reveals that metabolic fingerprinting using
FT-IR spectroscopy has excellent potential for future use in
rapid detection of the Shewanella cell metabolome in a range
of engineered and natural environments.
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