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Experimental - Supporting Information

Optimized M9 minimal medium composition with D-glucose as the

sole carbon source

SI Table 1: Exact M9 minimal medium composition with D-glucose as the sole carbon source;
optimized according to Weiß et al.1

Constituent Molar
mass
[g/mol]

Concentration
[mmol/L]

Na2HPO4 · 2 H2O
M9 salt solution, pH 7

177.0 48
KH2PO4 136.1 22
NaCl 58.44 9.2
NH4Cl 53.49 19
MgSO4 · 7 H2O 246.5 1.0
CaCl2 · 2 H2O 147.0 0.30
FeSO4 · 7 H2O 278.0 1.0 × 10−4

Co(NO3)2 · 6 H2O


Trace Metal Mix A5

291.0 1.7 × 10−4

H3BO3 61.83 4.6 × 10−2

MnCl2 · 4 H2O 197.9 9.1 × 10−3

ZnSO4 · 7 H2O 287.5 7.7 × 10−4

Na2MoO4 · 2 H2O 242.0 1.6 × 10−3

CuSO4 · 5 H2O 249.7 3.2 × 10−4

D-glucose (12C6/13C6), 4 g L−1 180.2/186.2 22

Recording of bacterial growth curves with a microplate reader

Monitoring of microbial growth under different medium compositions was performed with

a multi-mode microplate reader (Synergy HT, BioTec Instruments Inc., Winooski, VT,

USA). For each tested medium, triplicates of medium blank and medium inoculated with

bacteria were prepared in 96-well-microplates (transparent, PS, Greiner Bio-One GmbH,

Frickenhausen, Germany). Each well was filled with 200 µL of the respective sample and

the microplates were sealed with transparent adhesive sheets (polyester, 50 µm thickness,

SealPlate, Carl Roth GmbH, Karlsruhe, Germany). After inserting into the microplate reader,
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plates were incubated at 37 °C with constant shaking. Optical density (OD) measurements

at 600 nm were performed automatically by the device for each well at an interval of 30 min.

Determination of random measurement coordinates on the sample

spot

For the measurement of SCRM spectra, a defined number of single cells were randomly chosen.

For this, the sample spot on the Al-coated glass slide was approximated to be circular. The

center and radian of the spot were determined with a 5× objective (Zeiss EC Epiplan-Neofluar

HD, NA = 0.13, Zeiss, Oberkochen, Germany). With this, an in-house R script (R-4.0.3, R

Core Team, Vienna, Austria) was used to calculate a set of random coordinates within the

circular geometry. The motorized microscope stage was sequentially moved to the randomly

generated x- and y-coordinates and the optical focus was laid manually on the nearest single

bacterium cell.

Processing of raw single-cell Raman spectra

The processing of raw spectra with the in-house R script (R-4.0.3, R Core Team, Vienna,

Austria) was done according to the following automated scheme:

First, the random shift in the wavenumber axis of each spectrum is corrected by referencing

to the first order signal of a Si-wafer. A spectrum of this Si-wafer was acquired at the start

of each measurement day. The exact position of the first order signal is determined by fitting

a Gaussian density function to the respective band and extracting its mean. Subsequently,

the shift is calculated and corrected by comparison to a fixed reference value. Spectra are

cropped to a defined range and background-corrected using a rolling ball algorithm from

the baseline package.2 After that, spectra are min-max scaled using a function from the

caret package3 and mean spectra are calculated if desired. To determine approximate peak

positions, a simple peak picking mechanism based on local maxima was implemented using a
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function of the IDPmisc package.4 For principal component analysis (PCA), a function of

the FactoMineR package5 was applied (same spectral range as for average spectra). Data

visualization was carried out with the ggplot2 package.6 Furthermore, the packages tibble

and data.table were utilized for data organization.7,8

For the individual spectra in Figure 1, a Savitsky-Golay filter was applied using a function

of the signal package.9 3D visualization of the individual spectra in Figure 1 was carried out

with the rgl package.10

Signal positions and FWHM from Gaussian fits

In order to determine exact signal positions, single-cell Resonance Raman (SCRR) signals

were fitted with a Gaussian density function. First, preprocessed (background corrected and

scaled) individual spectra were cropped to a range that fully comprised the investigated signal.

The four parameters of a Gaussian density function g of the form a + |b| ∗ g(x, µ, σ) (with

the y-offset a, a positive scaling factor b, the Gaussian mean µ and the standard deviation σ)

were fitted with a least squares algorithm. The means µ of the fitted Gaussian curves were

extracted as the SCRR signal positions.

For the computation of the full width at half maximum (FWHM) of individual SCRR

signals, the half maximum intensity at the Gaussian means µ (i.e. signal positions) were

calculated. For the two halves of the signal peak, the wavenumbers corresponding to the half

maximum intensity were extracted and the FWHM was obtained from their difference.

Signal integral ratios from Gaussian fits

Signal integral ratios of Resonance Raman and regular CH/CD-stretch signals were analyzed

by fitting Gaussian density functions on the respective signals, similar as described above.

However, the fit included the sum of two Gaussian functions with fixed mean (µ) parameter

(i.e. defined wavelength of the signal position): a + |b1| ∗ g(x, σ1) + |b2| ∗ g(x, σ2). Both

Gaussian fit curves were integrated and the ratio Isignal A/(Isignal A + Isignal B) was calculated.
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Figures - Supporting Information
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SI Figure 1: (A) Average single-cell Raman spectrum (n = 35) of Sphingomonas sp. acquired
with an integration time of 2 s and a laser power of 1 mW (532 nm laser); the most prominent
bands are designated as ν1, ν2 and ν3; (B) general carotenoid structure with terminal rings.
Structural elements that contribute to the most relevant Raman-active vibrations – C-double-
and single-bond stretchings and methyl rocking vibrations – are marked and assigned to ν1,
ν2 and ν3.11
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SI Figure 2: Time series of Raman spectra acquired from a single Sphingomonas sp. cell with
integration intervals of 1 s (laser power: 3 mW); spectra were not background corrected or
normalized but processed with a Savitsky-Golay filter (order 3 and window size 9); the plots
to the right show integrations of the individual Raman spectra over the periods of 0 s to 2 s
(orange) and 10 s to 60 s (blue).

A B

SI Figure 3: (A) Average single-cell Raman spectra (n = 30-40; 20 s integration time,
10 mW laser power) of Sphingomonas sp. grown in medium containing diverging ratios of
12C6- and 13C6-glucose; (B) fingerprint area zoom of the spectra (700 cm−1 to 1800 cm−1)
with selected signals assigned to cellular biomolecules as follows:12,13 I – ν(C, U, T )ring, II –
(Phe)ring breathing, III – ν(Amide III), IV – δ(CH2)rocking, V – δ(CH2)scissor, VI – ν(G, A)ring,
VII – ν(Amide I) where U, C, T, G, A and Phe stand for uracil, cytosine, thymine, guanine,
adenine and phenylalanine (ν = stretching mode, δ = bending mode).
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SI Figure 4: Facet plot of the ν1-signal of individual spectra corresponding to the average
single-cell Resonance Raman spectra of Sphingomonas sp. depicted in Figure 2 A; cells were
grown in medium containing different ratios of 12C6- and 13C6-glucose, n = 35 per condition;
overlayed red lines indicate the gaussian fits carried out for each spectrum.
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SI Figure 5: Residual spectra facet plot of the ν1-signal of individual spectra and gaussian
fits shown in SI Figure 4.
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SI Figure 6: PCA scores plot (first and second PCA dimension) of the individual Resonance
Raman spectra (n = 25) of unlabeled Sphingomonas sp. inoculated into 13C6-glucose (as
shown in Figure 3); spectra were acquired of unlabeled cells and cells harvested 2 h, 4 h, 6 h,
8 h and 24 h after the inoculation; in the scores plot, selected individual points of the 6 h
sample were marked and the corresponding individual spectra are shown (processed with a
Savitsky-Golay filter with order 3 and window size 9, dashed lines in the spectra correspond
to the position of carotenoid signals of unlabeled bacteria).
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SI Figure 7: Growth curves of Sphingomonas sp. incubated with different ratios of H2O/D2O
and either 12C6-glucose or 13C6-glucose (triplicates for each composition). Optical density at
600 nm was automatically recorded with a multi-mode microplate reader in time intervals of
30 min.
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SI Figure 8: (A) Average single-cell Raman spectra (n = 20-30; 20 s integration time,
10 mW laser power) of Sphingomonas sp. grown in medium containing 12C6-glucose and
diverging ratios of H2O/D2O; (B) fingerprint area zoom of the spectra (700 cm−1 to 1800 cm−1)
with selected signals assigned to cellular biomolecules as follows:12,13 I – ν(C, U, T )ring, II –
(Phe)ring breathing, III – ν(Amide III), IV – δ(CH2)rocking, V – δ(CH2)scissor, VI – ν(G, A)ring,
VII – ν(Amide I) where U, C, T, G, A and Phe stand for uracil, cytosine, thymine, guanine,
adenine and phenylalanine (ν = stretching mode, δ = bending mode); (C) ratio of the
CH/CD-stretch signal integrals corresponding to unlabeled (CH-strech at 2938 cm−1) and
D-labeled (CD-stretch at 2152 cm−1) cells for the individual spectra as a function of the
D2O-content in the medium.
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SI Figure 9: Average single-cell Resonance Raman spectra (n = 50, n = 25 for pure H2O
medium) as shown in Figure 3 A, but with broader range down to 500 cm−1 in order to
highlight the absence of additional bands at lower wavenumbers; Sphingomonas sp. were
grown in media containing 12C6-glucose and diverging ratios of H2O/D2O; dashed lines
correspond to the position of carotenoid signals of unlabeled bacteria.
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SI Figure 10: (A) Average single-cell Raman spectra (n = 20-30; 20 s integration time, 10 mW
laser power) of Sphingomonas sp. grown in media containing 13C6-glucose and diverging ratios
of H2O/D2O (as a reference, the spectrum of unlabeled cells is shown in the top position);
(B) fingerprint area zoom of the spectra (700 cm−1 to 1800 cm−1) with selected signals
assigned to cellular biomolecules as follows:12,13 I – ν(C, U, T )ring, II – (Phe)ring breathing, III –
ν(Amide III), IV – δ(CH2)rocking, V – δ(CH2)scissor, VI – ν(G, A)ring, VII – ν(Amide I)
where U, C, T, G, A and Phe stand for uracil, cytosine, thymine, guanine, adenine and
phenylalanine (ν = stretching mode, δ = bending mode); (C) ratio of the CH/CD-stretch signal
integrals corresponding to [1H,13C]-labeled (CH-strech at 2938 cm−1) and [D,13C]-labeled
(CD-stretch at 2149 cm−1) cells for the individual spectra as a function of the D2O-content
in the medium.
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