FEMS Microbiology Ecology, 2024, 100, fiae110

DOI: 10.1093/femsec/fiae110
Advance access publication date: 7 August 2024

Research Article

OXFORD

Single-cell measurement of microbial growth rate with
Raman microspectroscopy

Tristan A. Caro ', Srishti Kashyap!, George Brown?, Claudia Chen?, Sebastian H. Kopf', Alexis S. Templeton®

*Department of Geological Sciences, University of Colorado Boulder, Boulder, CO 80309, United States

?Department of Applied Mathematics, University of Colorado Boulder, Boulder, CO 80309, United States

*Corresponding author. Department of Geological Sciences, University of Colorado Boulder, 2200 Colorado Ave, Benson Earth Sciences Building, Rm. 285. UCB 399,
Boulder, CO 80309, United States. E-mail: tristan.caro@colorado.edu

Editor: [Tillmann Lueders]

Abstract

Rates of microbial growth are fundamental to understanding environmental geochemistry and ecology. However, measuring the het-
erogeneity of microbial activity at the single-cell level, especially within complex populations and environmental matrices, remains
a forefront challenge. Stable isotope probing (SIP) is a method for assessing microbial growth and involves measuring the incorpora-
tion of an isotopic label into microbial biomass. Here, we assess Raman microspectroscopy as a SIP technique, specifically focusing
on the measurement of deuterium (?H), a tracer of microbial biomass production. We correlatively measured cells grown in varying
concentrations of deuterated water with both Raman spectroscopy and nanoscale secondary ion mass spectrometry (nanoSIMS), gen-
erating isotopic calibrations of microbial ?H. Relative to Raman, we find that nanoSIMS measurements of ?H are subject to substantial
dilution due to rapid exchange of H during sample washing. We apply our Raman-derived calibration to a numerical model of mi-
crobial growth, explicitly parameterizing the factors controlling growth rate quantification and demonstrating that Raman-SIP can
sensitively measure the growth of microorganisms with doubling times ranging from hours to years. The measurement of single-cell
growth with Raman spectroscopy, a rapid, nondestructive technique, represents an important step toward application of single-cell

analysis into complex sample matrices or cellular assemblages.
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Introduction

Microbial growth rate is a critical parameter for assessing biogeo-
chemical cycling, environmental habitability, and microbial fit-
ness. Not only does the rate of microbial growth represent a chem-
ical process, but it is also a parameter that microorganisms mod-
ulate in response to changing conditions: microorganisms may
more readily replicate when conditions are favorable to them and
adopt alternative physiologic states under adverse conditions.
Methods for measuring microbial growth often rely upon the
addition of an isotopically labeled substrate to a natural sample
and measuringits incorporation into microbial biomass, a method
generally termed stable isotope probing (SIP) (Dumont and Mur-
rell 2005, Hungate et al. 2015, Caro et al. 2023). SIP has been ap-
plied with the stable isotopes of various elements including H, C,
N, O, S, and so on, through measurement of single-cells (Eichorst
et al. 2015, Berry et al. 2015, Trembath-Reichert et al. 2017, 2021,
Cui et al. 2019), membrane lipids (Kopf et al. 2015, Wegener et al.
2016, Caro et al. 2023), and nucleic acids (Hungate et al. 2015, Koch
et al. 2018, Coskun et al. 2019, Li et al. 2019). One approach to
probe cellular biosynthesis is to amend an environmental sam-
ple with deuterated water (?H,0) (Morono et al. 2011, Kellermann
etal. 2012, Eichorst et al. 2015, Kopf et al. 2015, Trembath-Reichert
etal. 2017, Schaible et al. 2022, Caro et al. 2023). Water is incorpo-
rated into microbial biomass during the synthesis of lipids, nucleic
acids, and proteins, and so probing a sample with deuterated wa-
ter allows the quantification of microbial biomass growth. ?H,0

has been termed a “passive” tracer for microbial anabolism, as it
is nutritionally neutral and taxonomically agnostic.

In microbial communities, spatial relationships dictate ecolog-
ical and evolutionary dynamics, as well as community structure
and function (Boetius et al. 2000, Cordero et al. 2012, Marlow et
al. 2021, Sokol et al. 2022, Védere et al. 2022). Microbial growth is
known to be extremely heterogenous in environments such as soil
matrices (Sokol et al. 2022), marine particles, (Grossart et al. 2003,
Kirchman 2016, Ebrahimi et al. 2019), the rock-hosted subsurface
(Casar et al. 2020, Templeton and Caro 2023), and others. Spa-
tially resolved measurements of microbial growth can identify the
habitability and biological activity of environmental samples at
the microscale. Furthermore, single-cell measurements of micro-
bial growth are especially useful for microbial ecologists as they
provide information on anabolic heterogeneity across and within
populations. However, describing the spatial distributions and in-
tracommunity heterogeneity of microorganisms in the environ-
ment remains one of the primary challenges in microbial ecology.

Currently, nanoscale secondary ion mass spectrometry
(nanoSIMS) is a primary method with which single-cell isotopic
ratios have been reported in natural samples (Morono et al.
2011, Kopf et al. 2015, Dekas et al. 2019, Schaible et al. 2022).
A nanoSIMS instrument applies a primary ion beam (Cs*) to
ionize and ablate a sample, inducing the release of secondary
ions whose isotopic composition is measured by magnetic sector
isotope ratio mass spectrometry. NanoSIMS has many benefits
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as an analytical technique: it can measure multiple isotopes
simultaneously and allows elemental and isotopic imaging at the
nanoscale. However, nanoSIMS is a destructive technique, often
requiring metallic sputtering and can result in the complete
ablation of a cell, and so is typically considered an end-point
analysis (Schaible et al. 2022). NanoSIMS is also extremely in-
tensive in terms of time, resources, and operating cost, and only
a handful of instruments exist in North America and Europe
(CAMECA, 2024). Given these limitations, it would be useful to
have additional methods that can complement the strengths of
nanoSIMS while overcoming some of its drawbacks. We therefore
set out to assess alternative single-cell methodologies.

In 2015, foundational work by Berry et al. (2015) established
Raman microscale spectroscopy (“microspectroscopy”) as a vi-
able tool for detecting deuterium (*H) enrichment of microbial
biomass at the single-cell level. Raman-based measurements of
deuterium in microbial biomass rely on the principle that Raman
scattering of light (in this case, monochromatic 532 nm “green”
light) by carbon-hydrogen bonds generates a strong spectral band
centered at 2800 cm~?, corresponding to C-H bonding environ-
ments associated with lipids, proteins, and nucleic acids of cells.
When deuterium is incorporated into microbial biomass as C-
’H (“C-D") bonds, this band becomes red-shifted to 2200 cm~?
(Fig. 1B). In previous work, this “CD% metric”, defined as the frac-
tional abundance of CD and CH peak areas, [CD% = CD/(CD +
CH) x 100%] was found to correlate with the deuterium fractional
abundance (°F) of the growth medium provided to the organisms
(Berry et al. 2015). Berry et al. (2015) illustrated applications of
Raman-SIP in combination with fluorescence in situ hybridization
(FISH) and cell-sorting methodologies to capture the identity of
active microbial community members.

For our study, we built upon this prior work in four key as-
pects. First, we use cultured representatives of two environmen-
tally relevant anaerobic taxa to generate a robust hydrogen iso-
topic calibration for Raman spectroscopy (Fig. 2). Second, we
combined the results of our isotopic calibration with a numer-
ical model of microbial growth to evaluate the feasibility and
sensitivity of Raman-SIP for quantitative inference of microbial
biomass growth rate (Fig. 3). Third, the cells used to generate our
Raman-based isotopic calibration were correlatively measured
by nanoSIMS to determine the extent to which nanoSIMS and
Raman-based measurements agree. Finally, we provide a compu-
tational framework and graphical user interface (GUI) for Raman—
SIP that allows users to optimize SIP incubations for their specific
study system.

Materials and methods
Microorganisms and growth conditions

We cultivated Thermodesulfovibrio hydrogeniphilus (Haouari et al.
2008) and Methanobacterium NSHQO04 (Miller et al. 2018), in media
containing 0%, 10%, 20%, 30%, 40%, or 50% ?H,0 (0% = local ultra-
pure water which contains ~140 ppm *H,0 naturally). Base media
(described below) were modified with different percentages (v/v)
of ?H,0 (Cambridge Isotope Laboratories), depending on the final
isotopic enrichment desired for the experiment. All cultures were
grown in the dark in anaerobic 60 ml serum vials containing 25 ml
of growth medium.

Thermodesulfouibrio hydrogeniphilus HBr5T (DSM 18151) (Haouari
etal. 2008), a sulfate-reducing bacterium (SRB), was obtained from
the Deutsche Sammlung von Mikroorganismen und Zellkulturen.
It was grown in a modified DSM 641 medium that contained (per

liter): 1.0 g NH4Cl, 2.0 g Na,SO4, 1.0 g NayS;05 x 5H,0, 1.0 g MgSO4
x 7H,0,0.1 g CaCl, x 2H,0,0.5 g KH,PO4, 2.0 gNaHCO3, 1 ml trace
element solution SL-10, 1 ml selenite-tungstate solution, 1 g yeast
extract, 0.5 ml sodium resazurin (0.1% w/v), 0.2 g sodium acetate,
10 ml 141 vitamin solution, and 0.1 g Na,S x 9H,0. The headspace
was flushed and over-pressurized with 1 bar H»:CO; (80:20).

Methanobacterium NSHQO4 (Miller et al. 2018) is a methanogenic
archaeon enriched from groundwater isolated from the Samail
ophiolite in Oman. The culture was grown in a synthetic site water
(NSHQO4) medium (Miller et al. 2018) containing (per liter): 420 mg
NacCl, 683 mg CaCl, x 2H,0, 1.2 mg H4SiO4, 1.7 mg NaBr, 60 mg
MgCl, x 6H,0, 100 mg NH4Cl, 10 ml 141 trace elements, 10 ml
141 vitamins, 0.5 ml sodium resazurin (0.1 w/v), 20 ml antibiotic
cocktail [containing per 100 ml MilliQ water, 500 mg penicillin G,
500 mg streptomycin, 500ul ampicillin (10 mg ml~* stock)], 10 ml
KH,PO4 (1.1 w/v), 4 ml yeast extract (5% w/v), 2 ml Fe(NHy),(SOx)
(0.2% w/v), 10 ml sodium formate (100 mM), 10 ml cysteine-HCl
(2.5% w/v), and 10 ml Na,S (2.5% w/v). The headspace was flushed
and over-pressurized with 2 bar Hy:Ny (5:95).

Cultures of T. hydrogeniphilus and M. NSHQ04 were incubated
in forced-air incubators at 65°C and 40°C, respectively. Cultures
were transferred three times into media of identical deuterium
enrichment. Before each transfer, cultures were grown to station-
ary phase, which was reached in 3-4 days for T. hydrogeniphilus
and 12-14 days for Methanobacterium NSHQO4. This ensured that
the cells measured were at or near isotopic equilibrium with their
respective growth water. After the third transfer, 1 ml of each cul-
ture was harvested and fixed by addition of paraformaldehyde
to a final concentration of 2% (v/v). Fixed cells were washed by
centrifugation in successively dilute phosphate-buffered saline
(PBS) of rinses [1X, 1%, 0.1%, and 0.01% (v/v) PBS] to ensure the
removal of excess salts and fixative. PBS was composed of Dul-
becco’s formula: KC1 200 mg 1%, KH,PO, 200 mg 1%, NaCl 8000 mg
171, NayHPO, 1150 mg 171, After the final wash, cells were resus-
pended in 50 pl of 0.01% (v/v) PBS.

Sample preparation

Sample coupons were prepared by raster engraving of aluminum-
coated glass slides (Deposition Research Lab Inc.) with an Epilog
Mini 24 CO, laser machine operating at 80 W laser power, 10%
etching speed, to create a 3 x 6 grid. These etchings were used
to manually break the glass slide, producing 7 mm? coupons that
are compatible with both Raman and nanoSIMS sample mounts.
Aluminum coupons were used instead of silicon wafers (often
used for nanoSIMS studies) because silicon exhibits a large peak
at 520 cm ! in the Raman spectrum. All coupons were sterilized
and rendered organic-clean by combustion for 8 h at 450°C in a
muffle furnace. 5 pl of fixed and washed cells was spotted on in-
dividual coupons and allowed to air-dry.

Raman spectroscopy, fitting, and SIP calculations

Raman spectroscopy was conducted at the Raman Microspec-
troscopy Laboratory, Department of Geological Sciences, Univer-
sity of Colorado-Boulder (RRID:SCR_019305) on a Horiba LabRAM
HR Evolution Raman spectrometer equipped with a 100 mW
532 nm excitation laser. The laser was focused with a 100X (NA
= 0.90) air objective lens, resulting in a spot size of ~1 um. Single-
cell spectra were captured in the 200-3150 cm ! range using 100%
laser power (2.55 mW) over 2 acquisitions of 45 s. We note that,
at time of analysis, the laser employed here was near end-of-life,
thereby requiring relatively long acquisition times (45 s). After the
collection of the original dataset a new laser was installed, which
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Figure 1. Representative Raman and nanoSIMS data collected in this study. Across all panels data from two representative cells, “1” and “2,” are noted.
Representative nanoSIMS isotopic images of are shown in Panel A, with pixel counts labeled on the x- and y-axes. From left to right, the pixel intensity
in each panel corresponds to direct ion counts for 'H-, ?H-, and the fractional abundance of deuterium (°F), respectively. The top row shows cells
grown in 0% “H,0 (natural abundance); the bottom row displays cells grown in 50 at. % 2H, 0. Representative single-cell fitted Raman spectra are
shown in Panel B, with the characteristic C-H band between 2800 and 3000 cm * visible. For cells grown in deuterated media (Cell 2), the C-D band
emerges between 2040 and 2300 cm ™ *. Panel C displays a typical micrograph captured through a confocal Raman microspectroscope. The scale bar
represents 2 pm. Cells in all panels are Thermodesulfovibrio hydrogeniphilus. The boxes annotated Panels A and C represent a correlated region imaged

with nanoSIMS and Raman (reflected light), respectively.

resulted in acquisition times of 10 s at 10% laser power. Future
researchers attempting to replicate our methods should note the
effective laser power of their instrument and adjust acquisition
time accordingly.

A 100 pm confocal pinhole and 600 lines mm~" diffraction grat-
ing were used, resulting in a spectral resolution of ~4.5 cm~2.
Duplicate acquisitions were averaged to remove noise and cos-
mic ray spikes. Spectra were baseline-subtracted using a polyno-
mial fit in LabSpec 6 (Horiba Scientific). Fitting of bands in the
1800-3150 cm ! region was performed using Gaussian-Lorentzian
curve fitting algorithms to integrate C-D (2040-2300 cm ) and C-
H (2800-3100 cm ') bands. Raman-derived °F was determined by

calculating the CD% value of each spectrum: °F = CD% = CD/(CH
+ CD) x 100% where CD and CH are the areas of the C-D and C-H
bands, respectively.

To correlate Raman spectra with nanoSIMS data, extensive con-
text maps of the sample coupons were acquired using reflected
light microscopy on the Raman instrument. Before cell spotting,
fiducial markings were etched into the aluminum coupon surface
with a Leica LMD7000 microdissection system.

As described in the section “Results and Discussion,” modeling
of growth rate was carried out with Egs (1-3). (Kopf et al. 2016, Caro
et al. 2023). Using these formulae, we modeled u across a range of
Fi, t,and a,,. We define an acceptable cutoff using a relative error
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Figure 2. Hydrogen isotope calibrations relating growth water and biomass *H content. Individual measurements of single-cell biomass deuterium
content (*Fyiomass) conducted with Raman spectroscopy (top panels) or nanoSIMS (bottom panels) are plotted against the corresponding deuterium
content of the microbial growth media (°Fgy). The dotted line indicates the 1:1 line; the solid line represents the line of best fit whose equation is noted
in each panel. Points and error bars displayed are mean and standard deviation of biomass deuterium content, respectively. Note that the linear
models displayed in each panel are calculated only with data between deuterium content of 0-40 at. % to ensure that these models are not affected by

the toxicity effects observed at 50 at. % label (point intervals in gray).

term defined as the fraction of uncertainty in calculated growth
rate over the growth rate itself (o,/u) where quantifiable growth
rate is where relative error = (o,/p) x 100% <50% (Fig. 3).

The value of the water hydrogen assimilation constant (ay)
was determined for both organisms from the slopes of the lin-
ear regression relating ?Fpiomass Versus ?Fuaer. This value, a, =
X X piomass/w, COTTESponds to the isotopic offset between micro-
bial biomass relative to its growth water. This term includes both
Xy, the mole fraction of lipid H sourced from growth water, and
Wpiomass/w, the isotopic fractionation between whole-cell biomass
and growth water (Zhang et al. 2009).

NanoSIMS

Samples were analyzed with a CAMECA NanoSIMS 50 L (CAMECA,
Gennevilliers, France) housed in the Caltech Microanalysis Cen-
ter at the California Institute of Technology. Before, analysis, cells
were sputter-coated with 25 nm of Au. Cells were analyzed us-
ing a 2.5-pA primary Cs+ beam current, and a presputter time
of 6-20 min depending on the size of the raster area. Two masses
were collected in parallel (*H~, ?H~) using electron multipliers. In-
dividual samples were identified using the NanoSIMS CCD cam-
era and correlated with Raman-measurements using previously

generated image maps. For all analyses, at least two frames were
collected. All ion images were recorded at 512 x 512 pixel area.
Single-cell isotope values were quantified using a custom script
(see the section “Data availability”) relying on the sims Python li-
brary (https://github.com/zanpeeters/sims). Cell areas were man-
ually defined using the GNU Image Manipulation Program. Isotope
ratios (°R) were converted to fractional abundances (°F) with the
relations: ?F = ?R/(1 + ?R) and ?R = ?H/*H, where 'H and H repre-
sent total ion counts in detectors EM1 and EM2, respectively, av-
eraged across a cell area. Additionally, a deadtime correction (Kil-
burn and Wacey 2014) was applied: N = (N,)/(1-N, x ©/T), where
N is the real number of secondary ions, Ny, is the number of sec-
ondary ions measured, t is deadtime (in seconds), and T is dwell
time (seconds per pixel). This instrument’s detector deadtime was
44 ns. Deadtime correction had a negligible effect on isotopic val-
ues (Supplementary Text, Supplementary Fig. S7).

Results and discussion

Single-cell isotopic measurements

To assess the sensitivity and precision of Raman microspec-
troscopy as a reporter of cellular ?H incorporation, we generated
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Figure 3. Modeling of microbial growth in the presence of enriched isotopic label (A and B) and associated error in biomass *F quantification (C) and
growth rate/generation time (D and E). A schematic figure (Panel A) visualizes how microbial growth rate is calculated as a function of biomass
isotopic enrichment (Fr), label strength (F;), incubation time (t), and water assimilation efficiency constant (a,) (Eq. 1). Similarly, Panel B displays
example output of the microbial growth model, where a,, = 0.7. Isotopic enrichment increases as a function of time but depends upon isotopic label
strength (F) and growth rate (i, noted above each plot). In Panels C-E, we display quantification ranges where relative error in the growth rate
measurement is <50% of the growth rate itself (relative error = o,/p x 100%, where p is apparent growth rate). In Panel C, relative error is plotted
against biomass deuterium enrichment (*Fyignass) for label strengths ?F; ranging from 20 to 50 at. %. Plotted points indicate the of minimum error for
each isotopic label. Along the top axis of Panel C, the lower limit, error optimum, and upper limit of quantification, are noted, for the isotopic label
strength of °F; = 35 at. %. The key results from Panel C are summarized in Table 2. In Panels D and E, relative error is plotted against biomass
generation times in the context of a simulated SIP incubation. In these examples, the incubation times of 5 days (Panel D) and 30 days (Panel E) are
chosen. Along the top axes of Panels D and E, the minimum, optimum, and maximum quantifiable generation times are noted for the isotopic tracer
strength of ?F, = 35 at. %. These generation times correspond to the limits of quantification and optima noted in Panel A.

a large isotopic dataset of bacterial and archaeal cells grown to
equilibrium with deuterated (?H,0) media of varying hydrogen
isotope compositions (0-50 at. % ?H). We focused our study on two
anaerobic organismsisolated from anaerobic subsurface aquifers:
a SRB T hydrogeniphilus (Haouari et al. 2008), and a methanogenic
archaeon Methanobacterium NSHQO4 (Miller et al. 2018). We correl-
atively acquired individual measurements of cellular deuterium
enrichment (n = 351) with Raman spectroscopy and nanoSIMS
(Fig. 1). We refer to hydrogen isotope content using both Raman
and nanoSIMS as the fractional abundance of deuterium, ?F, re-

ported in atom % (at. %) (see the section “Materials and meth-
o0ds”), where °F = ?H/(H + ?H) x 100%. To generate hydrogen iso-
tope calibrations, we fit simple linear models relating the hydro-
gen isotopic composition of microbial biomass (*Fyiomass) to the or-
ganism’s growth water (°Fyy) (Fig. 2).

With Raman microspectroscopy, biomass ?H content (*Fyiomass)
increased linearly and exhibited strong positive correlation (R? =
0.94, 0.95, for T. hydrogeniphilus and M. NSHQO04, respectively) with
the ?H content of the growth water (°Fy,) (Fig. 2, Table 1B). Ra-
man measurements of biomass deuterium content exhibited an
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Table 1. Results and statistical summary of the isotopic calibration. Here, we summarize key outputs of our analyses: (A) analytical un-
certainty in biomass measurements across growth water isotopic compositions (*Fyy), (B) linear models relating the isotopic composition
of biomass (*Fyigmass) to that of growth water (°Fgy), (C) water hydrogen assimilation efficiency factors (ay,) derived from the hydrogen
isotopic calibration, with associated standard error, and (D) assessment of correlation between biomass isotopic values estimated with
Raman spectroscopy (?Framan) and nanoSIMS (*Franesius) (Supplementary Figs S2 and S3).

Raman nanoSIMS

(A) Analytical uncertainty in cellular 2 F (SD) (at. %)

2Fgu = 0% (SD of the method blank) 1.13 0.01
?Fgu = 10% 2.56 1.24
2Fgy = 20% 3.34 1.04
?Fgu = 30% 3.07 2.95
2Fyy, = 40% 3.46 274
?Fgu = 50% 378 3.20
Mean SD across all conditions 2.89 1.86

(B) Hydrogen isotope calibration models
where: ¥ = 2Frigmass, X = *Fgu
T. hydrogeniphilus

M. NSHQO04

(C) Water hydrogen assimilation efficiency
ay + SE

T. hydrogeniphilus

M. NSHQO04

(D) Correlative statistics

Linear model equation

where:

y = 2FnanoSIMS

X = 2Framan

(Supplementary Text, Supplementary Figs S2 and S3)
RMSE (at. %)

y=0.761x + 3.05 y=029%x+1.11

R? = 0.94 R? = 0.84
y =0.878x + 1.89 ¥y = 0.512x-0.40
R2 =095 R2=096
0.761 4 0.014 0.290 % 0.009
0.878 + 0.020 0.512 4 0.010

y = 0.439x-0.3617
Slope SE = 0.01
Intercept SE = 0.24

2.52

average standard deviation of oor = 2.89 at. %. The variability of
Raman-derived ?Fyymss increased with the isotopic composition of
the growth water: a maximum standard deviation was observed
at the ?Fg,, = 50% 2H,0 condition, where o2r = 3.77 at. %. Corre-
sponding measurements by nanoSIMS of the same cells followed
a similar trend: ?Fpigmess increased linearly with the growth wa-
ter applied (R?> = 0.84, 0.96 for T. hydrogeniphilus and M. NSHQ04,
respectively) and the average standard deviation of nanoSIMS ?F
was oor = 1.86 at. %. Similar to Raman, the standard deviation of
nanoSIMS measurements increased along with the isotopic com-
position of growth water, reaching a maximum at the 50% label
where oor = 3.20 at. % (Table 1A). We emphasize that these mea-
sures of variance are conservative over-estimates of analytical er-
ror due to heterogeneity in the hydrogen isotopic enrichment of
individual cells. Our data support previous observations by Berry
et al. (2015) that point to high reproducibility of single-cell mea-
surements as we observe a typical analytical uncertainty of less
than 1 CD% (Supplementary Text, Supplementary Fig. S11). We
apply the larger error term for a more conservative estimation of
growth rate measurement range in the proceeding section.

Applying Raman microspectroscopy to SIP
growth rate measurements

Having generated a Raman-based hydrogen isotopic calibration
of microbial biomass, we sought to test the applicability of this
analytical method to measurements of cell-specific growth rate.
Microbial growth rate can be inferred from SIP incubations be-
cause the degree of an organism'’s biomass isotopic enrichment
over time depends on the isotopic composition of a given sub-
strate and its rate of biomass synthesis (Kopf et al. 2016). There-
fore, if measurements of ?H incorporation are reliable, then these

values should translate to cell-specific growth rates. To this end,
we sought to parameterize sources of uncertainty and propaga-
tion to downstream calculations to define acceptable experimen-
tal conditions and analytical uncertainties for quantitative mea-
surement of microbial growth rate.

The growth rate of an organism in the presence of a ?H,0 is
calculated with Eq. (1) (Kopf et al. 2016). In brief, microbial growth
rate is a natural logarithmic relationship between an organism’s
isotopic composition at the start of an incubation (Fy) and its iso-
topic composition at the time (t) of sampling (Fr). Cellular isotopic
enrichment is compared to the enrichment of the isotopic label
(F1) offset by a water hydrogen assimilation efficiency constant
(aw)—a value representing the fraction of biomass hydrogen that a
cell acquires from its growth water, as opposed to other metabolic
sources and associated fractionation effects.

u=—1~ln(7ﬁ_a“"ﬂ>. &)

t Fo—aW~FL

We modeled growth rates (i) (Eq. 1) across a wide range of SIP
experimental conditions (varying Fi, t, and ay,,) and applied stan-
dard error propagation to determine the associated uncertainty
(o) (Eq. 2) that result from compounding uncertainty of Raman-
SIP experimental parameters (Kopf et al. 2016, Caro et al. 2023):

\/(awa —F1)?02 + (auF — Fo)’02 + a2, - (Fo — Fr)20? +FZ - (Fo — Fr)’oZ,
t- (awFL — Fo) . ((ZWFL — Fr) !

o, =

)

where sigma (o) terms represent uncertainties of each subscripted
parameter (e.g. opr represents uncertainty in biomass isotopic
composition at time of sampling T). We convert growth rate to
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Table 2. Range of Quantification for Raman-derived (CD%-based)
measurements of single-cell deuterium content (Fig. 3C). The op-
timum value represents the Fomass value at which relative error
in growth rate calculation is minimized. The lower and upper lim-
its of quantification represent where relative error of growth rate
calculation exceeds 50%.

Lower limit of
quantification
(2F biomass at. %)

Isotopic label
strength
(2 Fp at. %)

Upper limit of
quantification
(ZFbiumass at. %)

Optimum
(2F biomass at. %)

20 7.4 12.6 16.7
25 6.8 15.8 224
30 6.6 189 27.7
35 6.4 21.8 32.6
40 6.4 25.0 37.7
45 6.3 28.1 42.8
50 6.2 31.3 48.0

biomass generation time using the relationship:

T = , 3)

where p is growth rate in units of t ! and Tg is generation time in
units of t.

To a first order, the range of growth rates (i) that can be mea-
sured with SIP depends on the isotopic composition of the label
and the incubation duration. Uncertainty in growth rate (o) de-
pends on uncertainty in label strength (or.), biomass isotopic en-
richment (opr), and microbial water hydrogen assimilation effi-
ciency (oqw). Our model constrains the region of quantification for
both isotopic enrichment (Fig. 3C) and corresponding growth rate
(Fig. 3D and E) in Raman SIP experiments. We propagate the uncer-
tainty estimates of ?Fpiomass €stimated from our hydrogen isotope
calibration as opr to estimate associated uncertainty in growth
rate (o) that results from a given SIP experiment. We report un-
certainty in growth rate relative to the growth rate itself as Relative
Error = (o,/1) x 100%. We set our limit for relative error to be 50%
such that errors below this cutoff result in growth rate differences
that are distinguishable with >2¢ confidence.

In Fig. 3, we display example outputs from our model using in-
cubation times of t = 5 days and t = 30 days across a range of
’H,0 label strengths. For example, the range of quantification for
an experiment applying a 35% label is 6.9-32.6 at. % deuterium
enrichment. Ranges of quantification and error optima for addi-
tional isotopic label strengths are reported in Table 2. For a 5-day
incubation, this range of °F quantification corresponds to growth
rates between 0.53 and 0.04 d !, or generation times of 1.3 and 17
days. For a 30-day incubation, this range of ?F quantification cor-
responds to growth rates between 0.09 and 0.007 d * or generation
times between 7.7 and 101.9 days (Fig. 3E).

Asymptotic rises in uncertainty at high and low biomass iso-
topic enrichment, respectively, correspond to (i) uncertainty in
growth rate as cell isotopic enrichment approaches that of the la-
bel solution and (ii) uncertainty resulting from biomass isotopic
signal not significantly exceeding that of the noise inherent to the
analytical method. The first condition (i) represents cells that grow
faster than can be discriminated using the set incubation time
and label strength, while (ii) represents cells that grow too slowly
to be distinguished from noise. It should be noted that our ranges
of quantification should be viewed conservative estimates, as the
source of uncertainty we apply corresponds to heterogeneity of
?H-incorporation across cell populations, as opposed to the error
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across individual Raman acquisitions. This latter source of error is
far smaller both in our dataset and in previously reported datasets
(Berry et al. 2015) (Supplementary Fig. S11).

Incubation time (t) shifts the dynamic range of SIP
(Supplementary Fig. S8): shorter incubations can resolve faster-
growing organisms from each other but may not capture
slower-growing organisms due to insufficient label incorporation.
Conversely, longer incubations can capture slower-growing or-
ganisms, but faster-growing organisms may become saturated
with the label and will no longer be resolvable from each other
(Fig. 3). Growth rates of fast-growing organisms, those that are
readily saturated with deuterium, could lead to underestimates
of aggregate microbial turnover.

Increasing the strength of the label (F) expands the dynamic
range of the SIP method i.e. both slower and faster growth rates
can be captured as there is more isotopic “space” that can be mea-
sured (Table 2, Fig. 3). However, increasing F; must be weighed
against the risk that higher deuterium concentrations can impose
toxicity or unintended physiological effects. Deuterated water at
high levels of isotopic labeling have been shown to have no effect,
inhibition and even stimulation among different microorganisms
(Lester et al. 1960, Berry et al. 2015, Kopf et al. 2015). In our ex-
periments, we observed depressed isotopic enrichment in growth
water containing 50 at. % 2H,0. These effects were noted for both
organisms and both the Raman and nanoSIMS data (gray point
intervals in Fig. 2). We suspect that this result stems from iso-
topic toxicity affecting microbial growth or metabolic switching
at high isotopic enrichment. Deuterium toxicity may result from
decreased reaction rate of deuterium relative to protium and by
physiological stress induced by altered solvent characteristics. Re-
cent molecular dynamics analyses suggest that ?H,O as a sol-
vent can have profound impacts on lipid membrane packing and
protein organization (Tempra et al. 2023). Thus, it is conceivable
that increased protein and membrane rigidity at high 2H,0 con-
centrations inhibits growth, induces metabolic switching (i.e. ac-
quiring more H from nonwater sources) or stress responses. We
emphasize that the exact mechanism of D,O toxicity cannot be
explained by our study and that more targeted studies of deu-
terium toxicity mechanisms are warranted. We caution against
applying ?H,0 label strengths at or above 50 at. % due to varying
physiological effects that may arise at this threshold, especially
when applying this approach to natural microbial communities
of unknown and mixed composition. In addition, we encourage
future researchers applying ?H,O-SIP at high concentrations to
include an unlabeled control to monitor changes in physiology,
metabolite production, transcription, and so on. Uncertainties in
isotopic label strength (or.) due to pipetting or gravimetric dilu-
tion contribute relatively minor components to total uncertainty,
especially at high isotopic enrichment. Unintended evaporation
of a water-based tracer may lead to increased uncertainty in la-
bel strength via the different evaporation rates of deuterated and
nondeuterated water. Evaporative effects would contribute to a
gradual isotopic enrichment of the growth medium in a manner
predicted by a Rayleigh distillation model. Thus, though isotopic
distillation can be numerically modeled, conducting water-based
SIP in a closed system is preferable for many experimental de-
signs.

The water hydrogen assimilation efficiency constant (a) is es-
sential for estimation of microbial growth rate, as it sets the up-
per limit of biomass deuterium enrichment. This limit is repre-
sented by the a,, - F, terms in Eq. (1) (Fig 3A). Therefore, similar to
increasing the strength of the label, an organism with a greater
ay, has more isotopic “space” in which to become enriched. In our
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study, we use Raman-derived °F measurements to empirically de-
termine the a,, of T hydrogeniphilus and M. NSHQO04 to be a,, = 0.76
+ 0.02 and a,, = 0.88 £ 0.02, respectively (Table 1C, Fig. 2). The
higher a,, observed with the methanogen M. NSHQ04 is in line
with primarily autotrophic growth (Miller et al. 2018) with an off-
set from a,, = 1 due to hydrogen isotopic fractionation. The slightly
lower ay, for the sulfate reducing T. hydrogeniphilus is indicative of
a hydrogen contribution from its acetotrophic metabolism. This
result supports prior observations by Berry et al. (2015) who noted
substantial differences in ?H incorporation between heterotrophs
and autotrophs arising from differences in hydrogen sources be-
tween organisms and metabolisms. We note that Raman-derived
values represent a,, of whole-cell biomass, which may be distinct
from those calculated via compound-specific analysis (Zhang et
al. 2009, Wijker et al. 2019, Caro et al. 2023). It was previously
reported that uncertainty in ay is a significant driver of uncer-
tainty in hydrogen SIP-derived growth rate estimates (Caro et al.
2023). In studies of mixed communities, this uncertainty must be
propagated through growth rate calculations. For organisms with
known metabolisms, the a,, term can be estimated as common
metabolic modes often constrain a, factor to a degree (Zhang
et al. 2009, Wijker et al. 2019, Caro et al. 2023). In an ideal sce-
nario, this uncertainty would be constrained or minimized by
prior knowledge of dominant metabolisms present in an environ-
mental sample (e.g. via marker gene or metagenomic sequencing).

Raman and nanoSIMS measure different pools of
cellular hydrogen

Deuterium abundances measured by Raman were greater than
those measured by nanoSIMS when compared to the culture
growth water (Fig. 2). When we correlated cell-specific ?Fyiomass
measurements we observed that, cell-to-cell, nanoSIMS-derived
hydrogen isotope values were severely depressed compared to cor-
responding Raman-derived values (Supplemental Fig. S2). A de-
pression in expected isotopic content relative to an expected value
can be expressed as a dilution factor, where the decrease in iso-
tope abundance is expressed as a percentage. From this correla-
tive dataset, we calculated an average approximate hydrogen iso-
tope dilution factor of 58.7 & 6.0% across all growth water labeling
conditions (Supplementary Text).

Depression of isotopic enrichment measured by nanoSIMS due
to sample preparation has been widely reported for multiple sta-
ble isotope tracers (*3C, 80, *° N, ?H, and 34S) under various prepa-
ration conditions, as stains, fixatives, and nucleic acid probes
can overprint cellular isotopic signals (Musat et al. 2014, Kopf
et al. 2015, Pernice et al. 2015, Woebken et al. 2015, Stryhanyuk
et al. 2018, Meyer et al. 2021). Our results point to a separate
phenomenon: the replacement of exchangeable hydrogen dur-
ing sample washing. Such a significant dilution of deuterium
abundance speaks to a fundamental difference in the nature of
nanoSIMS- and Raman-based measurements. Owing to how the
primary ion beam ionizes and ablates a cell, nanoSIMS is mostly
agnostic to the sources of ?H/'H it measures, setting aside po-
tential differences in hydrogen ionization efficiency across differ-
ent classes of molecules. Therefore, 'H~ and ?H~ ions reaching
the instrument detectors can derive from a variety of cellular hy-
drogen sources including relict cytosolic water, adsorbed extra-
cellular water, and biomass hydrogen in both nonexchangeable
sites and exchangeable sites that are readily mixed with natural-
abundance washing buffers during sample preparation. Proto-
nated sites in biomolecules (e.g. O-H, N-H, S-H, and so on) expe-
rience rapid exchange with aqueous wash solutions on the order

of picoseconds to minutes (Bai et al. 1993, Englander et al. 1996),
meaning that anabolically produced O-?H, N-?H, S-’H, and so on
bonds would be rapidly overprinted by natural-abundance hydro-
gen during washing procedures (Fig. 4). As described in the sec-
tion “Materials and methods,” no stains or probes were applied
to the cells in this study. Therefore, the hydrogen dilution fac-
tors reported here result primarily from sample washing. This sig-
nificant and persistent isotopic dilution may confound efforts to
use deuterium tracers as measures of biosynthesis in nanoSIMS-
based studies (Kopf et al. 2015). This problem is compounded at
lower-isotopic enrichment, where substantial variability in ?H/*H
values results from low ?H ion counts as well as variation in which
cell subcomponents (which may display distinct ?H enrichments)
are ablated (Kopf et al. 2015). Preparatory methods that forego or
reduce washing may suffer from an opposite effect: protic sites
in microbial biomass, still in isotopic equilibrium with the *H-
enriched growth medium, could contribute to a biomass ?H/*H
in excess of what was generated through anabolic processes. Fu-
ture work should apply caution when applying dilution factors to
back-calculate isotopic abundance, as these can vary widely be-
tween the sample preparation and organism (Meyer et al. 2021),
an effect that may be pronounced in environmental systems with
mixed microbial communities.

A key advantage of Raman-SIP is that the C-H (2800-
3100 cm~1) and C-D (2040-2300 cm~*) bands report solely nonex-
changeable carbon-hydrogen and carbon-deuterium stretching
modes associated with mostly lipids, proteins, and nucleic acids
(Berry et al. 2015, Cui et al. 2022). These spectral regions are
oblivious to exchangeable bonding environments including O-
H, N-H, S-H, and so on, as well as relict water. Raman mi-
crospectroscopy, therefore focuses on anabolically produced or-
ganic bonds without confounding hydrogen sources. It is impor-
tant to note that the application of organic nucleic acid probes,
such as stains, FISH, or CARD-FISH, as well as organic fixatives
such as formaldehyde, may interfere with Raman-derived mea-
surements via the introduction of nonbiomass C-H bonds (Berry
et al. 2015) (Supplementary Text, Supplementary Fig. S9). There-
fore, despite the utility linking microbial identity to function,
the application of nucleic acid probes to both Raman-SIP and
nanoSIMS-SIP studies may be unsuitable for optimum quantifica-
tion of microbial growth. However, because of its nondestructive
nature, Raman can be readily applied as a mid-point, rather than
end-point analysis, and so the application of FISH or stains after
Raman measurement is plausible.

Future directions and limitations for Raman-SIP

Because Raman microspectroscopy is a standard technique for
mineralogical/material characterization, it brings with it several
aspects that complement SIP practices. First, it is a nondestruc-
tive, rapid method. Like nanoSIMS, Raman is readily coregistered
with other techniques such as fluorescence microscopy, FISH,
scanning electron microscopy, or cell sorting (Berry et al. 2015,
Schaible et al. 2022). A single Raman spectrum takes between
seconds to 1 min to acquire, and many Raman instruments are
equipped with epifluorescence modules that can enable simulta-
neous visualization of cells in addition to transmitted or reflected
light microscopy. Second, Raman is comparatively accessible rel-
ative to nanoSIMS and allows analysis with minimal preparation,
foregoing the need for conductive surfaces and/or metallic sput-
ter coating, vacuum chamber, and secondary electron optics. Ra-
man instruments like those employed in this study are similar
in operation to epifluorescence microscopes, which lowers user
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Figure 4. Schematic diagram showing the dilution of ?H/H isotopic signal due to sample preparation, and how Raman and nanoSIMS measure
different pools of biomass ?H/H. (A) The original pool of deuterated cell mass is biosynthesized, sourcing ?H from the growth medium. During sample
washing, hydrogen in exchangeable, or “protic” bonding environments rapidly exchange with wash solutions, leaving a diluted residual pool of ?H/H.
Carbon-hydrogen and carbon-deuterium bonds are not affected by this dilution effect, as ?H/H in these bonds do not exchange during washing. (B)
Within the C-H and C-D (C-?H) wavenumber regions, Raman is only sensitive to carbon-hydrogen and carbon-deuterium bonds, which are not
affected by dilution due to washing, whereas (C) nanoSIMS ostensibly measures all pools of ?H/H, including those affected by dilution.

barrier-to-entry and improves the capacity for direct deployment
on various forms of environmental samples including filters, rock
faces, plant material, and so on. Third, Raman microspectroscopy
has microscale spatial resolution and provides diagnostic infor-
mation about cellular organic composition. The fingerprint region
(200-1800 cm ') can identify specific biomolecular composition
(Cui et al. 2022), which can be useful for differentiating taxa and
growth stage (Supplementary Fig. S1) (Mosier-Boss 2017, Novelli-
Rousseau et al. 2018, Wang et al. 2020). Fourth, the Raman fin-
gerprint region enables identification of biologically precipitated
minerals and the mineralogical/material context of a cell (Klein
et al. 2015, Suzuki et al. 2020). Raman SIP with deuterium, specif-
ically, makes identification of individual cell and mineral com-
ponents in organic-mineral assemblages feasible because the C-
D band occupies a typically silent region in inorganic Raman
spectra. Coregistered mineral and cell-activity measurements can
support investigations into the cell-mineral and cell-cell relation-
ships that drive microbial activity (Templeton and Caro 2023).
Despite the promise of Raman SIP, this method has key caveats
that must be considered and/or addressed. The major disadvan-
tage of ?H-Raman-SIP is sensitivity. Classical or spontaneous Ra-
man microspectroscopy of microbial cells is limited by low sig-
nal intensities, particularly in samples with high autofluorescence
(Hatzenpichler et al. 2020). A key outcome of our study is the def-
inition of Raman-SIP ranges of quantification for growth rate es-
timation. Our results conservatively define the minimum cutoff
for quantitative growth rate measurement as ~7 at. % (Table 2),
depending on the label strength applied. Microbial ?H incorpo-

ration that does not exceed this threshold cannot be quantita-
tively distinguished from noise. Similarly, microbial ?H incorpora-
tion in excess of the upper range of quantification cannot yield
quantitative growth rates. We emphasize that our estimates of
uncertainty (and by extension, growth rate quantification ranges)
should serve as guidelines and we encourage future researchers to
estimate these parameters for their own instruments and exper-
iments. Further computational tool development and optimiza-
tion may further improve Raman’s detection limit and growth rate
quantification capabilities (Schaible et al. 2024).

While we have demonstrated severe dilution of hydrogen iso-
topic measurements by nanoSIMS, this methodology remains
well-suited to sensitively measure isotopes of C, N, O, S, and so
on at the single-cell level. While measurement of *C and ** N
has been demonstrated with Raman, the precision of these mea-
surements is far below that of nanoSIMS and is traceable only
within specific biomolecules (Cui et al. 2017, Weber et al. 2021). In
the coming years, advancements in Raman technology and data
processing (Schaible et al. 2024) could conceivably increase sensi-
tivity and subsequently improve isotopic measurements. Specif-
ically, surface- or tip-enhanced Raman spectroscopy (Efrima and
Zeiri 2009, Mosier-Boss et al. 2016, Chisanga et al. 2017, 2018,
Mosier-Boss 2017), stimulated Raman scattering, resonance Ra-
man spectroscopy, or coherent anti-Stokes Raman spectroscopy,
which are shown to improve acquisition times and enhance sig-
nal, could be evaluated for isotopic measurements (Ivleva et al.
2010, 2017, Camp and Cicerone 2015, Kubryk et al. 2015, Cicerone
2016, Cui et al. 2017, Chisanga et al. 2018, Hu et al. 2019, Weiss
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et al. 2019). However, at present, validation of these methods for
SIP is required (Supplementary Text, Supplementary Figs S4 and
S5). As noted earlier, Raman-SIP may suffer dilution effects re-
lated to staining or the use of nucleic acid probes (FISH), similar to
nanoSIMS. Similarly, fixatives such as formaldehyde, in stabilizing
the cell membrane, introduce C-H bonds that can affect isotopic
measurements (Supplementary Text, Supplementary Fig. S9).

Compared to the surveys of microbial identity and functional
potential, relatively few measurements of cellular growth rates in
nature exist (Koch et al. 2018, Caro et al. 2023, Templeton and Caro
2023, Foley et al. 2024). Growth rates of microorganisms in com-
plex systems can inform theories of microbial ecology, as well as
elucidate preferences of microbial taxa for specific environmen-
tal niches, substrates, and microscale locality. In the rock-hosted
biosphere, for example, measurements of microbial anabolic ac-
tivity can clarify how microbial activity relates to mineralogical
context, or how the activities of microbial partners/consortia are
correlated. While we present a calibration of environmentally rel-
evant taxa, further validation of Raman-SIP and correlative mea-
surements of mineralogical/material composition is required in
complex environmental samples.

For the benefit of future researchers, we designed an inter-
active GUI, Shiny R-SIP, that allows users to implement our SIP
model and optimize their experiments by considering how the rel-
evant sources of uncertainty impact the design of a Raman-SIP
experiment (Supplementary Data or online: https://apps.kopflab.
org/login with login credentials username: shiny-rSIP, password:
public-access). The GUI allows users to adjust parameters of label
strength, incubation time, and water-hydrogen assimilation effi-
ciency, as well associated uncertainties in these terms, in order to
design effective SIP experiments. The parameters we define in our
microbial growth model are specific to the study organisms used
and our Raman instrument—they are intended to provide reason-
able estimates of uncertainty that may be encountered. Users of
this GUI are encouraged to define their own uncertainty terms by
constraining the technical variation in individual CD% measure-
ments inherent to their Raman instrument. For samples where
microbial growth may exhibit large variation, we suggest users
consider multiple incubation times (or subsampling efforts) to ef-
fectively capture a wide range of biomass growth rates in experi-
ments targeting natural microbial communities, while also quan-
tifying their threshold of tracer saturation as an upper-limit of
growth-rate quantification.

Conclusions

In this work, we provide the basis for the quantitative mea-
surement of single-cell microbial growth rates via Raman-SIP.
We develop hydrogen isotope calibrations for two organisms,
T. hydrogeniphilus (sulfate-reducing bacterium) and M. NSHQO04
(methanogenic archaeon). These calibrations validate the utility
of Raman microspectroscopy as a method for measuring micro-
bial 2H/*H enrichment. Applying our Raman-derived isotopic cali-
bration to a model of microbial growth, we define ranges of quan-
tification for Raman SIP experiments where single-cell growth
rates can be sensitively distinguished. We find that with reason-
able (20-40 at. % 2H,0) isotopic label strengths and incubation
times, Raman-SIP can capture a wide array of microbial genera-
tion times, with this range being defined by the parameters of the
SIP experiment. These ranges of quantification can guide the de-
sign and interpretation of SIP experiments where Raman is used
to track cellular ?H incorporation. Finally, we observe that hydro-
gen isotopic values derived from nanoSIMS suffer from severe di-

lution resulting from the rapid exchange of protic H in aqueous
solution. Raman-based methodology avoids this issue because its
analytical windows exclusively target carbon-bound hydrogen. In
conclusion, this work provides a robust framework for applying
deuterium Raman-SIP to spatially resolved, quantitative investi-
gations of microbial activity in environmental and model systems.
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