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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 for efr ont c hallenge . Sta b le isotope pr obing (SIP) is a method for assessing micr obial gr owth and inv olv es measuring the incorpora- 
tion of an isotopic label into microbial biomass. Here , w e assess Raman microspectroscopy as a SIP tec hnique , specifically focusing 
on the measurement of deuterium ( 2 H), a tracer of microbial biomass production. We correlatively measured cells grown in varying 
concentr ations of deuter ated water with both Raman spectroscopy and nanoscale secondary ion mass spectr ometr y (nanoSIMS), gen- 
er ating isotopic calibr ations of micr obial 2 H. Relati v e to Raman, we find that nanoSIMS measurements of 2 H are subject to substantial 
dilution due to r apid exc hange of H during sample washing. We apply our Raman-derived calibration to a numerical model of mi- 
cr obial gr owth, explicitl y parameterizing the factors contr olling gr owth r ate quantification and demonstr ating that Raman–SIP can 

sensiti v el y measur e the gr owth of micr oorganisms with doub ling times ranging from hours to years. The measurement of single-cell 
growth with Raman spectroscopy, a rapid, nondestructi v e tec hnique , r e pr esents an important step to war d application of single-cell 
analysis into complex sample matrices or cellular assemblages. 

Ke yw ords: deuterium; growth rate; nanoSIMS; Raman micr ospectr oscopy; single-cell analysis; stable isotope probing 
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Introduction 

Micr obial gr owth r ate is a critical par ameter for assessing biogeo- 
c hemical cycling, envir onmental habitability, and micr obial fit- 
ness. Not only does the rate of microbial growth represent a chem- 
ical process, but it is also a parameter that micr oor ganisms mod- 
ulate in response to changing conditions: microorganisms may 
mor e r eadil y r eplicate when conditions ar e favor able 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 measuring its incor por ation into microbial biomass, a method 

gener all y 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 , Tr embath-Reic hert 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 a ppr oac h to
probe cellular biosynthesis is to amend an environmental sam- 
ple with deuterated water ( 2 H 2 O) (Morono et al. 2011 , Kellermann 

et al. 2012 , Eichorst et al. 2015 , Kopf et al. 2015 , Tr embath-Reic hert 
et al. 2017 , Schaible et al. 2022 , Caro et al. 2023 ). Water is incorpo- 
r ated into micr obial biomass during the synthesis of lipids, nucleic 
acids , and proteins , and so pr obing a sample with deuter ated wa- 
ter allows the quantification of microbial biomass growth. 2 H 2 O 
Recei v ed 22 J an uar y 2024; revised 12 July 2024; accepted 5 August 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution-NonCommercial License ( https://cr eati v ecommons.org/licen
r e pr oduction in any medium, provided the original work is properly cited. For com
as been termed a “passiv e” tr acer for microbial anabolism, as it
s nutritionally neutral and taxonomically agnostic. 

In micr obial comm unities, spatial r elationships dictate ecolog- 
cal and evolutionary dynamics, as well as community structure 
nd function (Boetius et al. 2000 , Cordero et al. 2012 , Marlow et
l. 2021 , Sokol et al. 2022 , Védère et al. 2022 ). Microbial growth is
nown to be extr emel y heter ogenous in envir onments suc h as soil
atrices (Sokol et al. 2022 ), marine particles, (Grossart et al. 2003 ,

irc hman 2016 , Ebr ahimi et al. 2019 ), the r oc k-hosted subsurface
Casar et al. 2020 , Templeton and Caro 2023 ), and others. Spa-
iall y r esolv ed measur ements of micr obial gr owth can identify the
abitability and biological activity of environmental samples at 
he micr oscale. Furthermor e, single-cell measur ements of micro-
ial growth are especially useful for microbial ecologists as they
rovide information on anabolic heterogeneity across and within 

opulations. Ho w e v er, describing the spatial distributions and in-
r acomm unity heter ogeneity of micr oor ganisms in the envir on-

ent remains one of the primary challenges in microbial ecology.
Curr entl y, nanoscale secondary ion mass spectrometry 

nanoSIMS) is a primary method with which single-cell isotopic 
 atios hav e been r eported in natur al samples (Mor ono et al.
011 , Kopf et al. 2015 , Dekas et al. 2019 , Schaible et al. 2022 ).
 nanoSIMS instrument applies a primary ion beam (Cs + ) to

onize and ablate a sample, inducing the release of secondary
ons whose isotopic composition is measured by magnetic sector 
sotope ratio mass spectrometry. NanoSIMS has many benefits 
 is an Open Access article distributed under the terms of the Cr eati v e 
ses/by-nc/4.0/ ), which permits non-commercial re-use, distribution, and 

mercial re-use, please contact journals.permissions@oup.com 
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s an anal ytical tec hnique: it can measur e m ultiple isotopes
im ultaneousl y and allows elemental and isotopic imaging at the
anoscale. Ho w e v er, nanoSIMS is a destructiv e tec hnique, often
equiring metallic sputtering and can result in the complete
blation of a cell, and so is typicall y consider ed an end-point
nal ysis (Sc haible et al. 2022 ). NanoSIMS is also extr emel y in-
ensive in terms of time , resources , and operating cost, and only
 handful of instruments exist in North America and Europe
C AMEC A, 2024 ). Given these limitations , it would be useful to
ave additional methods that can complement the strengths of
anoSIMS while overcoming some of its dra wbacks . We therefore
et out to assess alternative single-cell methodologies. 

In 2015, foundational w ork b y Berry et al. ( 2015 ) established
aman micr oscale spectr oscopy (“micr ospectr oscopy”) as a vi-
ble tool for detecting deuterium ( 2 H) enrichment of microbial
iomass at the single-cell le v el. Raman-based measur ements of
euterium in microbial biomass rely on the principle that Raman
cattering of light (in this case, monoc hr omatic 532 nm “green”
ight) by carbon–hydrogen bonds generates a strong spectral band
entered at 2800 cm 

−1 , corresponding to C–H bonding environ-
ents associated with lipids , proteins , and nucleic acids of cells.
hen deuterium is incor por ated into micr obial biomass as C–

 H (“C–D”) bonds, this band becomes red-shifted to 2200 cm 

−1 

Fig. 1 B). In pr e vious work, this “CD% metric”, defined as the frac-
ional abundance of CD and CH peak areas, [CD% = CD/(CD +
H) × 100%] was found to correlate with the deuterium fractional
bundance ( 2 F ) of the growth medium provided to the organisms
Berry et al. 2015 ). Berry et al. ( 2015 ) illustrated applications of
aman–SIP in combination with fluorescence in situ hybridization

FISH) and cell-sorting methodologies to ca ptur e the identity of
ctiv e micr obial comm unity members. 

For our study, we built upon this prior work in four k e y as-
ects. First, we use cultur ed r epr esentativ es of two environmen-
all y r ele v ant anaer obic taxa to gener ate a r obust hydr ogen iso-
opic calibration for Raman spectroscopy (Fig. 2 ). Second, we
ombined the results of our isotopic calibration with a numer-
cal model of microbial growth to evaluate the feasibility and
ensitivity of Raman–SIP for quantitative inference of microbial
iomass gr owth r ate (Fig. 3 ). Third, the cells used to generate our
aman-based isotopic calibr ation wer e corr elativ el y measur ed
y nanoSIMS to determine the extent to which nanoSIMS and
aman-based measur ements a gr ee. Finall y, we pr ovide a compu-
ational fr ame work and gr a phical user interface (GUI) for Raman–
IP that allows users to optimize SIP incubations for their specific
tudy system. 

aterials and methods 

icroorganisms and growth conditions 

e cultivated Thermodesulfovibrio hydrogeniphilus (Haouari et al.
008 ) and Methanobacterium NSHQ04 (Miller et al. 2018 ), in media
ontaining 0%, 10%, 20%, 30%, 40%, or 50% 

2 H 2 O (0% = local ultra-
ure water which contains ∼140 ppm 

2 H 2 O naturally). Base media
described belo w) w er e modified with differ ent percenta ges (v/v)
f 2 H 2 O (Cambridge Isotope Laboratories), depending on the final
sotopic enrichment desired for the experiment. All cultures were
rown in the dark in anaerobic 60 ml serum vials containing 25 ml
f growth medium. 

Thermodesulfovibrio hydrogeniphilus HBr5 T (DSM 18151) (Haouari
t al. 2008 ), a sulfate-reducing bacterium (SRB), was obtained from
he Deutsche Sammlung von Mikroorganismen und Zellkulturen.
t was grown in a modified DSM 641 medium that contained (per
iter): 1.0 g NH 4 Cl, 2.0 g Na 2 SO 4 , 1.0 g Na 2 S 2 O 3 × 5H 2 O, 1.0 g MgSO 4

7H 2 O, 0.1 g CaCl 2 × 2H 2 O, 0.5 g KH 2 PO 4 , 2.0 g NaHCO 3 , 1 ml trace
lement solution SL-10, 1 ml selenite–tungstate solution, 1 g yeast
xtract, 0.5 ml sodium resazurin (0.1% w/v), 0.2 g sodium acetate,
0 ml 141 vitamin solution, and 0.1 g Na 2 S × 9H 2 O. The headspace
as flushed and ov er-pr essurized with 1 bar H 2 :CO 2 (80:20). 
Methanobacterium NSHQ04 (Miller et al. 2018 ) is a methanogenic

rc haeon enric hed fr om gr oundwater isolated fr om the Samail
phiolite in Oman. The culture was grown in a synthetic site water
NSHQ04) medium (Miller et al. 2018 ) containing (per liter): 420 mg
aCl, 683 mg CaCl 2 × 2H 2 O, 1.2 mg H 4 SiO 4 , 1.7 mg NaBr, 60 mg
gCl 2 × 6H 2 O, 100 mg NH 4 Cl, 10 ml 141 trace elements, 10 ml

41 vitamins, 0.5 ml sodium resazurin (0.1 w/v), 20 ml antibiotic
ocktail [containing per 100 ml MilliQ water, 500 mg penicillin G,
00 mg stre ptom ycin, 500ul ampicillin (10 mg ml −1 stock)], 10 ml
H 2 PO 4 (1.1 w/v), 4 ml yeast extract (5% w/v), 2 ml Fe(NH 4 ) 2 (SO 4 ) 2

0.2% w/v), 10 ml sodium formate (100 mM), 10 ml cysteine–HCl
2.5% w/v), and 10 ml Na 2 S (2.5% w/v). The headspace was flushed
nd ov er-pr essurized with 2 bar H 2 :N 2 (5:95). 

Cultures of T. hydrogeniphilus and M. NSHQ04 were incubated
n forced-air incubators at 65 ◦C and 40 ◦C, r espectiv el y. Cultur es
er e tr ansferr ed thr ee times into media of identical deuterium
nric hment. Befor e eac h tr ansfer, cultur es wer e gr own to station-
ry phase, which was reached in 3–4 days for T. hydrogeniphilus
nd 12–14 days for Methanobacterium NSHQ04 . This ensured that
he cells measured were at or near isotopic equilibrium with their
 espectiv e gr o wth w ater. After the thir d tr ansfer, 1 ml of eac h cul-
ure was harvested and fixed by addition of paraformaldehyde
o a final concentration of 2% (v/v). Fixed cells w ere w ashed b y
entrifugation in successiv el y dilute phosphate-buffer ed saline
PBS) of rinses [1X, 1%, 0.1%, and 0.01% (v/v) PBS] to ensure the
 emov al of excess salts and fixative. PBS was composed of Dul-
ecco’s formula: KCl 200 mg l −1 , KH 2 PO 4 200 mg l −1 , NaCl 8000 mg
 

−1 , Na 2 HPO 4 1150 mg l −1 . After the final w ash, cells w er e r esus-
ended in 50 μl of 0.01% (v/v) PBS. 

ample prepar a tion 

ample coupons were prepared by raster engraving of aluminum-
oated glass slides (Deposition Research Lab Inc.) with an Epilog
ini 24 CO 2 laser mac hine oper ating at 80 W laser po w er, 10%

tching speed, to create a 3 × 6 grid. These etchings were used
o manuall y br eak the glass slide, pr oducing 7 mm 

2 coupons that
re compatible with both Raman and nanoSIMS sample mounts.
luminum coupons were used instead of silicon wafers (often
sed for nanoSIMS studies) because silicon exhibits a large peak
t 520 cm 

−1 in the Raman spectrum. All coupons were sterilized
nd r ender ed or ganic-clean by combustion for 8 h at 450 ◦C in a
uffle furnace. 5 μl of fixed and washed cells was spotted on in-

ividual coupons and allo w ed to air-dry. 

aman spectroscopy, fitting, and SIP calculations 

aman spectroscopy was conducted at the Raman Microspec-
r oscopy Labor atory, Department of Geological Sciences, Univer-
ity of Colorado-Boulder ( RRID:SCR _ 019305 ) on a Horiba LabRAM
R Evolution Raman spectrometer equipped with a 100 mW
32 nm excitation laser. The laser was focused with a 100X (NA
 0.90) air objectiv e lens, r esulting in a spot size of ∼1 μm. Single-
ell spectr a wer e ca ptur ed in the 200–3150 cm 

−1 r ange using 100%
aser po w er (2.55 mW) o ver 2 acquisitions of 45 s . We note that,
t time of analysis, the laser emplo y ed here was near end-of-life,
her eby r equiring r elativ el y long acquisition times (45 s). After the
ollection of the original dataset a new laser was installed, which

https://scicrunch.org/resolver/RRID:SCR_019305
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Figure 1. Re presentati ve Raman and nanoSIMS data collected in this study. Across all panels data from two re presentati ve cells, “1” and “2,” are noted. 
Re presentati ve 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 1 H 

−, 2 H 

−, and the fractional abundance of deuterium ( 2 F ), respectively. The top row shows cells 
grown in 0% 

2 H 2 O (natural abundance); the bottom row displays cells grown in 50 at. % 

2 H 2 O. Re presentati ve single-cell fitted Raman spectra are 
shown in Panel B, with the characteristic C–H band between 2800 and 3000 cm 

−1 visible. For cells grown in deuterated media (Cell 2), the C–D band 
emerges between 2040 and 2300 cm 

−1 . Panel C displays a typical micrograph captured through a confocal Raman microspectroscope . T he scale bar 
r epr esents 2 μm. Cells in all panels are Thermodesulfovibrio h ydrogeniphilus . The boxes annotated Panels A and C represent a correlated region imaged 
with nanoSIMS and Raman (reflected light), respectively. 
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resulted in acquisition times of 10 s at 10% laser po w er. Future 
r esearc hers attempting to replicate our methods should note the 
effective laser po w er of their instrument and adjust acquisition 

time accordingly. 
A 100 μm confocal pinhole and 600 lines mm 

−1 diffraction grat- 
ing were used, resulting in a spectral resolution of ∼4.5 cm 

−1 .
Duplicate acquisitions were averaged to remove noise and cos- 
mic ray spikes. Spectr a wer e baseline-subtr acted using a pol yno- 
mial fit in LabSpec 6 (Horiba Scientific). Fitting of bands in the 
1800–3150 cm 

−1 region was performed using Gaussian–Lorentzian 

curve fitting algorithms to integrate C–D (2040–2300 cm 

−1 ) and C–
H (2800–3100 cm 

−1 ) bands. Raman-derived 

2 F was determined by 
alculating the CD% value of each spectrum: 2 F = CD% = CD / (CH
 CD) × 100% where CD and CH are the areas of the C–D and C–H
ands, r espectiv el y. 

To correlate Raman spectra with nanoSIMS data, extensive con- 
ext maps of the sample coupons were acquired using reflected
ight microscopy on the Raman instrument. Before cell spotting,
ducial markings were etched into the aluminum coupon surface 
ith a Leica LMD7000 microdissection system. 
As described in the section “Results and Discussion,” modeling 

f growth rate was carried out with Eqs ( 1 –3 ). (Kopf et al. 2016 , Caro
t al. 2023 ). Using these form ulae, we modeled μ acr oss a r ange of
 L , t , and a w . We define an acceptable cutoff using a r elativ e err or
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Figure 2. Hydrogen isotope calibrations relating growth water and biomass 2 H content. Individual measurements of single-cell biomass deuterium 

content ( 2 F biomass ) conducted with Raman spectroscopy (top panels) or nanoSIMS (bottom panels) are plotted against the corresponding deuterium 

content of the microbial growth media ( 2 F gw ). 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). 
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erm defined as the fraction of uncertainty in calculated growth
 ate ov er the gr owth r ate itself ( σ μ/ μ) wher e quantifiable gr owth
ate is where relative error = ( σ μ/ μ) × 100% < 50% (Fig. 3 ). 

The value of the water hydrogen assimilation constant ( a w )
as determined for both or ganisms fr om the slopes of the lin-

ar r egr ession r elating 2 F biomass v ersus 2 F water . This v alue, a w =
 w × αbiomass/w , corresponds to the isotopic offset between micro-
ial biomass r elativ e to its gr o wth w ater. This term includes both
 w , the mole fraction of lipid H sourced from growth water, and

biomass/w , the isotopic fractionation between whole-cell biomass
nd growth water (Zhang et al. 2009 ). 

anoSIMS 

amples were analyzed with a C AMEC A NanoSIMS 50 L (C AMEC A,
enne villiers, Fr ance) housed in the Caltech Microanalysis Cen-

er at the California Institute of Tec hnology. Befor e, anal ysis, cells
ere sputter-coated with 25 nm of Au. Cells wer e anal yzed us-

ng a 2.5-pA primary Cs + beam current, and a presputter time
f 6–20 min depending on the size of the raster area. Two masses
ere collected in parallel ( 1 H 

−, 2 H 

−) using electron multipliers. In-
ividual samples were identified using the NanoSIMS CCD cam-
ra and correlated with Raman-measurements using previously
ener ated ima ge ma ps. For all anal yses, at least two fr ames wer e
ollected. All ion images w ere recor ded at 512 × 512 pixel area.
ingle-cell isotope values were quantified using a custom script
see the section “Data availability”) relying on the sims Python li-
rary ( https:// github.com/ zanpeeters/ sims ). Cell areas were man-
ally defined using the GNU Image Manipulation Program. Isotope
 atios ( 2 R ) wer e conv erted to fr actional abundances ( 2 F ) with the
elations: 2 F = 

2 R / (1 + 

2 R) and 

2 R = 

2 H / 1 H , where 1 H and 

2 H r epr e-
ent total ion counts in detectors EM1 and EM2, r espectiv el y, av-
r a ged acr oss a cell ar ea. Additionall y, a deadtime corr ection (Kil-
urn and Wacey 2014 ) was applied: N = ( N m 

)/(1–N m 

× τ / T ), where
 is the real number of secondary ions, N m 

is the number of sec-
ndary ions measured, τ is deadtime (in seconds), and T is dwell
ime (seconds per pixel). This instrument’s detector deadtime was
4 ns. Deadtime correction had a negligible effect on isotopic val-
es ( Supplementary Text , Supplementary Fig. S7 ). 

esults and discussion 

ingle-cell isotopic measurements 

o assess the sensitivity and precision of Raman microspec-
roscopy as a reporter of cellular 2 H incorporation, we generated

https://github.com/zanpeeters/sims
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae110#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae110#supplementary-data
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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 2 F quantification (C) and 
gr owth r ate/gener ation time (D and E). A sc hematic figur e (P anel A) visualizes how micr obial gr owth r ate is calculated as a function of biomass 
isotopic enrichment ( F T ), label strength ( F L ), incubation time ( t ), and water assimilation efficiency constant ( a w ) (Eq. 1 ). Similarly, Panel B displays 
example output of the microbial growth model, where a w = 0.7. Isotopic enrichment increases as a function of time but depends upon isotopic label 
strength ( F L ) and growth rate ( μ, 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 = σ μ/ μ × 100%, where μ is apparent growth rate). In Panel C, relative error is plotted 
against biomass deuterium enrichment ( 2 F biomass ) for label strengths 2 F L 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 lo w er limit, error optimum, and upper limit of quantification, are noted, for the isotopic label 
strength of 2 F L = 35 at. %. The k e y r esults fr om P anel C ar e summarized in Table 2 . In P anels D and E, r elativ e err or is plotted a gainst 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 2 F L = 35 at. %. These generation times correspond to the limits of quantification and optima noted in Panel A. 
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a large isotopic dataset of bacterial and archaeal cells grown to 
equilibrium with deuterated ( 2 H 2 O) media of varying hydrogen 

isotope compositions (0–50 at. % 

2 H). We focused our study on two 
anaer obic or ganisms isolated fr om anaer obic subsurface aquifers: 
a SRB T. hydrogeniphilus (Haouari et al. 2008 ) , and a methanogenic 
archaeon Methanobacterium NSHQ04 (Miller et al. 2018 ). We correl- 
ativ el y acquir ed individual measur ements 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, 2 F , re- 
orted in atom % (at. %) (see the section “Materials and meth-
ds”), where 2 F = 

2 H/(H + 

2 H) × 100% . To gener ate hydr ogen iso-
ope calibrations, we fit simple linear models relating the hydro-
en isotopic composition of microbial biomass ( 2 F biomass ) to the or-
anism’s growth water ( 2 F gw ) (Fig. 2 ). 

With Raman micr ospectr oscopy, biomass 2 H content ( 2 F biomass )
ncr eased linearl y and exhibited str ong positiv e corr elation ( R 

2 =
.94, 0.95, for T. hydrogeniphilus and M. NSHQ04 , r espectiv el y) with
he 2 H content of the growth water ( 2 F gw ) (Fig. 2 , Table 1 B). Ra-
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Table 1. Results and statistical summary of the isotopic calibr ation. Her e, we summarize k e y outputs of our anal yses: (A) anal ytical un- 
certainty in biomass measur ements acr oss gr o wth w ater isotopic compositions ( 2 F gw ), (B) linear models relating the isotopic composition 

of biomass ( 2 F biomass ) to that of growth water ( 2 F gw ), (C) water hydrogen assimilation efficiency factors ( a w ) derived from the hydrogen 

isotopic calibration, with associated standard error, and (D) assessment of correlation between biomass isotopic values estimated with 

Raman spectroscopy ( 2 F Raman ) and nanoSIMS ( 2 F nanoSIMS ) ( Supplementary Figs S2 and S3 ). 

Raman nanoSIMS 

(A) Analytical uncertainty in cellular 2 F (SD) (at. %) 
2 F gw = 0% (SD of the method blank) 1.13 0.01 
2 F gw = 10% 2.56 1.24 
2 F gw = 20% 3.34 1.04 
2 F gw = 30% 3.07 2.95 
2 F gw = 40% 3.46 2.74 
2 F gw = 50% 3.78 3.20 
Mean SD across all conditions 2.89 1.86 
(B) Hydrogen isotope calibr a tion models 
where: y = 

2 F Biomass , x = 

2 F gw 

T. hydrogeniphilus y = 0.761x + 3.05 y = 0.29x + 1.11 
R 2 = 0.94 R 2 = 0.84 

M. NSHQ04 y = 0.878x + 1.89 y = 0.512x–0.40 
R 2 = 0.95 R 2 = 0.96 

(C) Water hydrogen assimilation efficiency 
a w ± SE 
T. hydrogeniphilus 0.761 ± 0.014 0.290 ± 0.009 
M. NSHQ04 0.878 ± 0.020 0.512 ± 0.010 
(D) Correlati v e statistics 
Linear model equation y = 0.439x–0.3617 
where: Slope SE = 0.01 
y = 

2 F nanoSIMS Intercept SE = 0.24 
x = 

2 F Raman 

( Supplementary Text , Supplementary Figs S2 and S3 ) 
RMSE (at. %) 2.52 
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v er a ge standard deviation of σ 2F = 2.89 at. %. The variability of
aman-deriv ed 

2 F biomass incr eased with the isotopic composition of
he gro wth w ater: a maximum standar d deviation w as observed
t the 2 F gw = 50% 

2 H 2 O condition, where σ 2F = 3.77 at. %. Corre-
ponding measurements by nanoSIMS of the same cells followed
 similar tr end: 2 F Biomass incr eased linearl y with the gro wth w a-
er applied ( R 

2 = 0.84, 0.96 for T. hydrogeniphilus and M. NSHQ04 ,
 espectiv el y) and the av er a ge standard de viation of nanoSIMS 2 F
as σ 2F = 1.86 at. %. Similar to Raman, the standard deviation of
anoSIMS measurements increased along with the isotopic com-
osition of growth water, r eac hing a maxim um at the 50% label
here σ 2F = 3.20 at. % (Table 1 A). We emphasize that these mea-

ur es of v ariance ar e conserv ativ e ov er-estimates of anal ytical er-
or due to heterogeneity in the hydrogen isotopic enrichment of
ndividual cells. Our data support pr e vious observ ations by Berry
t al. ( 2015 ) that point to high r epr oducibility of single-cell mea-
urements as we observe a typical analytical uncertainty of less
han 1 CD% ( Supplementary Text , Supplementary Fig. S11 ). We
 ppl y the larger error term for a more conservative estimation of
r owth r ate measur ement r ange in the pr oceeding section. 

pplying Raman micr ospectr oscopy to SIP 

ro wth r a te measurements 

aving generated a Raman-based hydrogen isotopic calibration
f microbial biomass, we sought to test the applicability of this
nalytical method to measurements of cell-specific growth rate.
icr obial gr owth r ate can be inferr ed fr om SIP incubations be-

ause the degree of an organism’s biomass isotopic enrichment
ver time depends on the isotopic composition of a given sub-
trate and its rate of biomass synthesis (Kopf et al. 2016 ). There-
or e, if measur ements of 2 H incor por ation ar e r eliable, then these
 alues should tr anslate to cell-specific gr owth r ates. To this end,
e sought to parameterize sources of uncertainty and pr opa ga-

ion to downstream calculations to define acceptable experimen-
al conditions and analytical uncertainties for quantitative mea-
urement of microbial growth rate. 

The growth rate of an organism in the presence of a 2 H 2 O is
alculated with Eq. ( 1 ) (Kopf et al. 2016 ). In brief, microbial growth
ate is a natural logarithmic relationship between an organism’s
sotopic composition at the start of an incubation ( F 0 ) and its iso-
opic composition at the time ( t ) of sampling ( F T ). Cellular isotopic
nric hment is compar ed to the enric hment of the isotopic label
 F L ) offset by a water hydrogen assimilation efficiency constant
 a w )—a value representing the fraction of biomass hydrogen that a
ell acquir es fr om its gr o wth w ater, as opposed to other metabolic
ources and associated fractionation effects. 

μ = − 1 
t 

· ln 
(

F T − a w · F L 
F 0 − a w · F L 

)
. (1)

We modeled growth rates ( μ) (Eq. 1 ) across a wide range of SIP
xperimental conditions (varying F L , t , and a w ,) and applied stan-
ard err or pr opa gation to determine the associated uncertainty
 σ μ) (Eq. 2 ) that r esult fr om compounding uncertainty of Raman–
IP experimental parameters (Kopf et al. 2016 , Caro et al. 2023 ): 

σμ = 

√ 

( a w F L − F T ) 
2 
σ 2 

F 0 
+ ( a w F L − F 0 ) 

2 
σ 2 

F T 
+ a 2 w · ( F 0 − F T ) 

2 
σ 2 

F L 
+ F 2 L · ( F 0 − F T ) 

2 
σ 2 

a w 

t · ( a w F L − F 0 ) · ( a w F L − F T ) 
, 

(2)

here sigma ( σ ) terms represent uncertainties of each subscripted
ar ameter (e.g. σ FT r epr esents uncertainty in biomass isotopic
omposition at time of sampling T ). We convert growth rate to

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae110#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae110#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae110#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae110#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae110#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae110#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae110#supplementary-data
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Table 2. Range of Quantification for Raman-derived (CD%-based) 
measurements of single-cell deuterium content (Fig. 3 C). The op- 
tim um v alue r epr esents the 2 F biomass v alue at whic h r elativ e err or 
in gr owth r ate calculation is minimized. The lo w er and upper lim- 
its of quantification r epr esent wher e r elativ e err or of gr owth r ate 
calculation exceeds 50%. 

Isotopic label 
strength 
( 2 F L at. %) 

Lo w er limit of 
quantification 
( 2 F biomass at. %) 

Optimum 

( 2 F biomass at. %) 

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

20 7 .4 12 .6 16 .7 
25 6 .8 15 .8 22 .4 
30 6 .6 18 .9 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 
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biomass generation time using the relationship: 

T G = 

ln ( 2 ) 
μ

, (3) 

wher e μ is gr owth r ate in units of t 
−1 and T G is generation time in 

units of t . 
To a first order, the range of growth rates ( μ) that can be mea- 

sured with SIP depends on the isotopic composition of the label 
and the incubation duration. Uncertainty in growth rate ( σ μ) de- 
pends on uncertainty in label strength ( σ FL ), biomass isotopic en- 
richment ( σ FT ), and microbial water hydrogen assimilation effi- 
ciency ( σ aw ). Our model constrains the region of quantification for 
both isotopic enrichment (Fig. 3 C) and corresponding growth rate 
(Fig. 3 D and E) in Raman SIP experiments. We pr opa gate the uncer- 
tainty estimates of 2 F biomass estimated from our hydrogen isotope 
calibration as σ FT to estimate associated uncertainty in growth 

rate ( σ μ) that results from a given SIP experiment. We report un- 
certainty in gr owth r ate r elativ e to the gr owth r ate itself as Relative 
Error = ( σ μ/ μ) × 100%. We set our limit for r elativ e err or to be 50% 

such that errors below this cutoff result in growth rate differences 
that are distinguishable with > 2 σ 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 
2 H 2 O label strengths. For example, the range of quantification for 
an experiment a ppl ying 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 2 F quantification corresponds to growth 

rates between 0.53 and 0.04 d 
−1 , or generation times of 1.3 and 17 

da ys . For a 30-da y incubation, this range of 2 F quantification cor- 
responds to growth rates between 0.09 and 0.007 d 

−1 or generation 

times between 7.7 and 101.9 days (Fig. 3 E). 
Asymptotic rises in uncertainty at high and low biomass iso- 

topic enric hment, r espectiv el y, corr espond to (i) uncertainty in 

gr owth r ate as cell isotopic enric hment a ppr oac hes 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) r epr esents cells that grow 

faster than can be discriminated using the set incubation time 
and label strength, while (ii) r epr esents 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 a ppl y corr esponds to heter ogeneity of 
2 H-incor por ation acr oss cell populations, as opposed to the error 
cross individual Raman acquisitions . T his latter source of error is
ar smaller both in our dataset and in pr e viousl y r eported datasets
Berry et al. 2015 ) ( Supplementary Fig. S11 ). 

Incubation time ( t ) shifts the dynamic range of SIP
 Supplementary Fig. S8 ): shorter incubations can r esolv e faster-
r owing or ganisms fr om eac h other but may not ca ptur e
lo w er-gro wing organisms due to insufficient label incor por ation.
onv ersel y, longer incubations can ca ptur e slo w er-gro wing or-
anisms, but faster-gr owing or ganisms may become satur ated
ith the label and will no longer be r esolv able fr om eac h other

Fig. 3 ). Gr owth r ates of fast-gr owing or ganisms, those that ar e
 eadil y satur ated with deuterium, could lead to underestimates
f a ggr egate micr obial turnov er. 

Increasing the strength of the label ( F L ) expands the dynamic
ange of the SIP method i.e. both slo w er and faster growth rates
an be ca ptur ed as there is more isotopic “space” that can be mea-
ured (Table 2 , Fig. 3 ). Ho w ever, increasing F L must be weighed
gainst the risk that higher deuterium concentrations can impose 
oxicity or unintended physiological effects. Deuterated water at 
igh le v els of isotopic labeling have been shown to have no effect,

nhibition and e v en stim ulation among differ ent micr oor ganisms
Lester et al. 1960 , Berry et al. 2015 , Kopf et al. 2015 ). In our ex-
eriments, we observ ed depr essed isotopic enric hment in gr owth
ater containing 50 at. % 

2 H 2 O . These effects were noted for both
rganisms and both the Raman and nanoSIMS data (gray point
ntervals in Fig. 2 ). We suspect that this result stems from iso-
opic toxicity affecting microbial growth or metabolic switching 
t high isotopic enrichment. Deuterium toxicity may result from 

ecr eased r eaction r ate of deuterium r elativ e to pr otium and by
hysiological stress induced by altered solvent characteristics. Re- 
ent molecular dynamics analyses suggest that 2 H 2 O as a sol-
ent can have profound impacts on lipid membrane packing and
r otein or ganization (Tempr a et al. 2023 ). T hus , it is conceivable
hat increased protein and membrane rigidity at high 

2 H 2 O con-
entr ations inhibits gr owth, induces metabolic switc hing (i.e. ac-
uiring mor e H fr om nonw ater sour ces) or str ess r esponses. We
mphasize that the exact mechanism of D 2 O toxicity cannot be
xplained by our study and that more targeted studies of deu-
erium toxicity mechanisms are warranted. We caution against 
 ppl ying 2 H 2 O label str engths at or abov e 50 at. % due to v arying
hysiological effects that may arise at this thr eshold, especiall y
hen a ppl ying this a ppr oac h to natur al micr obial comm unities
f unknown and mixed composition. In addition, we encour a ge
utur e r esearc hers a ppl ying 2 H 2 O–SIP at high concentr ations to
nclude an unlabeled control to monitor changes in physiology,

etabolite pr oduction, tr anscription, and so on. Uncertainties in
sotopic label strength ( σ FL ) due to pipetting or gravimetric dilu-
ion contribute r elativ el y minor components to total uncertainty,
specially at high isotopic enrichment. Unintended evaporation 

f a water-based tracer may lead to increased uncertainty in la-
el strength via the different evaporation rates of deuterated and
ondeuter ated water. Ev a por ativ e effects would contribute to a
r adual isotopic enric hment of the gr owth medium in a manner
redicted by a Rayleigh distillation model. T hus , though isotopic
istillation can be numerically modeled, conducting water-based 

IP in a closed system is pr efer able for many experimental de-
igns. 

The water hydrogen assimilation efficiency constant ( a w ) is es-
ential for estimation of microbial growth rate, as it sets the up-
er limit of biomass deuterium enrichment. This limit is repre-
ented by the a w · F L terms in Eq. ( 1 ) (Fig 3 A). Ther efor e, similar to
ncreasing the strength of the label, an organism with a greater
 w has more isotopic “space” in which to become enriched. In our

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae110#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae110#supplementary-data
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tud y, we use Raman-deri v ed 

2 F measur ements to empiricall y de-
ermine the a w of T. hydrogeniphilus and M. NSHQ04 to be a w = 0 .76

0.02 and a w = 0 .88 ± 0.02, r espectiv el y (Table 1 C, Fig. 2 ). The
igher a w observed with the methanogen M. NSHQ04 is in line
ith primaril y autotr ophic gr owth (Miller et al. 2018 ) with an off-

et from a w = 1 due to hydrogen isotopic fractionation. The slightly
o w er a w for the sulfate reducing T. hydrogeniphilus is indicative of
 hydrogen contribution from its acetotrophic metabolism. This
esult supports prior observations by Berry et al. ( 2015 ) who noted
ubstantial differences in 

2 H incorporation between heterotrophs
nd autotrophs arising from differences in hydrogen sources be-
ween organisms and metabolisms. We note that Raman-derived
 alues r epr esent a w of whole-cell biomass, whic h may be distinct
rom those calculated via compound-specific analysis (Zhang et
l. 2009 , Wijker et al. 2019 , Caro et al. 2023 ). It was pr e viousl y
eported that uncertainty in a w is a significant driver of uncer-
ainty in hydrogen SIP-derived growth rate estimates (Caro et al.
023 ). In studies of mixed communities, this uncertainty must be
r opa gated thr ough gr owth r ate calculations. For or ganisms with
nown metabolisms, the a w term can be estimated as common
etabolic modes often constrain a w factor to a degree (Zhang

t al. 2009 , Wijker et al. 2019 , Caro et al. 2023 ). In an ideal sce-
ario, this uncertainty would be constrained or minimized by
rior knowledge of dominant metabolisms present in an environ-
ental sample (e.g. via marker gene or metagenomic sequencing).

aman and nanoSIMS measure different pools of
ellular hydrogen 

euterium abundances measured by Raman were greater than
hose measured by nanoSIMS when compared to the culture
ro wth w ater (Fig. 2 ). When w e correlated cell-specific 2 F biomass 

easurements we observed that, cell-to-cell, nanoSIMS-derived
ydrogen isotope values were severely depressed compared to cor-
 esponding Raman-deriv ed v alues ( Supplemental Fig. S2 ). A de-
ression in expected isotopic content r elativ e to an expected value
an be expressed as a dilution factor, where the decrease in iso-
ope abundance is expressed as a per centage. F rom this correla-
ive dataset, we calculated an average approximate hydrogen iso-
ope dilution factor of 58.7 ± 6.0% across all growth water labeling
onditions ( Supplementary Text ). 

Depression of isotopic enrichment measured by nanoSIMS due
o sample pr epar ation has been widel y r eported for m ultiple sta-
le isotope tracers ( 13 C, 18 O, 15 N, 2 H, and 

34 S) under various prepa-
ation conditions, as stains, fixatives, and nucleic acid probes
an ov er print cellular isotopic signals (Musat et al. 2014 , Kopf
t al. 2015 , Pernice et al. 2015 , Woebken et al. 2015 , Stryhanyuk
t al. 2018 , Meyer et al. 2021 ). Our results point to a separate
henomenon: the replacement of exchangeable hydrogen dur-

ng sample washing. Such a significant dilution of deuterium
bundance speaks to a fundamental difference in the nature of
anoSIMS- and Raman-based measurements. Owing to how the
rimary ion beam ionizes and ablates a cell, nanoSIMS is mostly
gnostic to the sources of 2 H/ 1 H it measures, setting aside po-
ential differences in hydrogen ionization efficiency across differ-
nt classes of molecules . T her efor e, 1 H 

− and 

2 H 

− ions r eac hing
he instrument detectors can derive from a variety of cellular hy-
rogen sources including relict cytosolic water, adsorbed extra-
ellular water, and biomass hydrogen in both nonexchangeable
ites and exchangeable sites that are readily mixed with natural-
bundance washing buffers during sample pr epar ation. Pr oto-
ated sites in biomolecules (e.g. O–H, N–H, S–H, and so on) expe-
ience r a pid exc hange with aqueous wash solutions on the order
f picoseconds to minutes (Bai et al. 1993 , Englander et al. 1996 ),
eaning that anabolicall y pr oduced O–2 H, N–2 H, S–2 H, and so on

onds would be r a pidl y ov er printed by natur al-abundance hydr o-
en during washing pr ocedur es (Fig. 4 ). As described in the sec-
ion “Materials and methods,” no stains or pr obes wer e a pplied
o the cells in this study. Ther efor e, the hydr ogen dilution fac-
ors reported here result primarily from sample washing. This sig-
ificant and persistent isotopic dilution may confound efforts to
se deuterium tracers as measures of biosynthesis in nanoSIMS-
ased studies (Kopf et al. 2015 ). This problem is compounded at
o w er-isotopic enric hment, wher e substantial v ariability in 

2 H/ 1 H
 alues r esults fr om lo w 

2 H ion counts as w ell as v ariation in whic h
ell subcomponents (which ma y displa y distinct 2 H enrichments)
re ablated (Kopf et al. 2015 ). Preparatory methods that forego or
educe washing may suffer from an opposite effect: protic sites
n microbial biomass, still in isotopic equilibrium with the 2 H-
nric hed gr owth medium, could contribute to a biomass 2 H/ 1 H
n excess of what was generated through anabolic processes. Fu-
ure work should apply caution when applying dilution factors to
ack-calculate isotopic abundance, as these can v ary widel y be-
ween the sample pr epar ation and organism (Meyer et al. 2021 ),
n effect that may be pronounced in environmental systems with
ixed microbial communities. 
A k e y ad v anta ge of Raman–SIP is that the C–H (2800–

100 cm 

−1 ) and C–D (2040–2300 cm 

−1 ) bands report solely nonex-
 hangeable carbon–hydr ogen and carbon–deuterium str etc hing
odes associated with mostly lipids , proteins , and nucleic acids

Berry et al. 2015 , Cui et al. 2022 ). These spectr al r egions ar e
blivious to exchangeable bonding environments including O–
, N–H, S–H, and so on, as well as relict water. Raman mi-
r ospectr oscopy, ther efor e focuses on anabolicall y pr oduced or-
anic bonds without confounding hydrogen sources. It is impor-
ant to note that the application of organic nucleic acid probes,
uch as stains, FISH, or CARD-FISH, as well as organic fixatives
uch as formaldehyde , ma y interfere with Raman-derived mea-
urements via the introduction of nonbiomass C–H bonds (Berry
t al. 2015 ) ( Supplementary Text , Supplementary Fig. S9 ). There-
ore, despite the utility linking microbial identity to function,
he application of nucleic acid probes to both Raman–SIP and
anoSIMS–SIP studies may be unsuitable for optimum quantifica-
ion of microbial gro wth. Ho w ever, because of its nondestructive
ature, Raman can be readily applied as a mid-point, rather than
nd-point analysis, and so the application of FISH or stains after
aman measurement is plausible. 

uture directions and limitations for Raman–SIP 

ecause Raman micr ospectr oscop y is a standar d technique for
iner alogical/material c har acterization, it brings with it se v er al

spects that complement SIP practices. First, it is a nondestruc-
iv e, r a pid method. Like nanoSIMS, Raman is r eadil y cor egister ed
ith other techniques such as fluorescence microscopy, FISH,

canning electron microscopy, or cell sorting (Berry et al. 2015 ,
chaible et al. 2022 ). A single Raman spectrum takes between
econds to 1 min to acquire, and many Raman instruments are
quipped with epifluorescence modules that can enable simulta-
eous visualization of cells in addition to transmitted or reflected

ight microscopy. Second, Raman is comparatively accessible rel-
tive to nanoSIMS and allows analysis with minimal preparation,
oregoing the need for conductive surfaces and/or metallic sput-
er coating, vacuum chamber, and secondary electron optics. Ra-

an instruments like those emplo y ed in this study are similar
n operation to epifluorescence microscopes, which lo w ers user

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae110#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae110#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae110#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae110#supplementary-data
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Figure 4. Sc hematic dia gr am showing the dilution of 2 H/H isotopic signal due to sample pr epar ation, and how Raman and nanoSIMS measur e 
different pools of biomass 2 H/H. (A) The original pool of deuterated cell mass is biosynthesized, sourcing 2 H from the growth medium. During sample 
washing, hydrogen in exchangeable, or “protic” bonding environments rapidly exchange with wash solutions , lea ving a diluted residual pool of 2 H/H. 
Carbon–hydrogen and carbon–deuterium bonds are not affected by this dilution effect, as 2 H/H in these bonds do not exchange during washing. (B) 
Within the C–H and C–D (C–2 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 2 H/H, including those affected by dilution. 
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barrier-to-entry and impr ov es the ca pacity for dir ect deployment 
on various forms of environmental samples including filters, r oc k 
faces, plant material, and so on. Third, Raman micr ospectr oscopy 
has microscale spatial resolution and provides diagnostic infor- 
mation about cellular organic composition. The fingerprint region 

(200–1800 cm 

−1 ) can identify specific biomolecular composition 

(Cui et al. 2022 ), which can be useful for differentiating taxa and 

gr owth sta ge ( Supplementary Fig. S1 ) (Mosier-Boss 2017 , Nov elli- 
Rousseau et al. 2018 , Wang et al. 2020 ). Fourth, the Raman fin- 
ger print r egion 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 or ganic–miner al assembla ges feasible because the C–
D band occupies a typically silent region in inorganic Raman 

spectr a. Cor egister ed miner al and cell-activity measur ements 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 k e y caveats 
that must be considered and/or addressed. The major disadvan- 
tage of 2 H–Raman–SIP is sensitivity. Classical or spontaneous Ra- 
man micr ospectr oscopy of micr obial cells is limited by low sig- 
nal intensities, particularly in samples with high autofluorescence 
(Hatzenpichler et al. 2020 ). A k e y outcome of our study is the def- 
inition of Raman–SIP ranges of quantification for gr owth r ate es- 
timation. Our r esults conserv ativ el y define the minim um cutoff 
for quantitativ e gr owth r ate measur ement as ∼7 at. % (Table 2 ),
depending on the label strength applied. Microbial 2 H incorpo- 
ation that does not exceed this threshold cannot be quantita-
iv el y distinguished fr om noise. Similarl y, micr obial 2 H incor por a-
ion in excess of the upper range of quantification cannot yield
uantitativ e gr owth r ates. We emphasize that our estimates of
ncertainty (and b y extension, gro wth rate quantification ranges)
hould serve as guidelines and we encourage future researchers to
stimate these parameters for their own instruments and exper- 
ments. Further computational tool de v elopment and optimiza- 
ion may further impr ov e Raman’s detection limit and growth rate
uantification capabilities (Schaible et al. 2024 ). 

While we have demonstrated severe dilution of hydrogen iso- 
opic measurements by nanoSIMS, this methodology remains 
ell-suited to sensitiv el y measur e isotopes of C, N, O, S, and so
n at the single-cell le v el. While measur ement of 13 C and 

15 N
as been demonstrated with Raman, the precision of these mea- 
urements is far below that of nanoSIMS and is traceable only
ithin specific biomolecules (Cui et al. 2017 , Weber et al. 2021 ). In

he coming years, advancements in Raman technology and data 
r ocessing (Sc haible et al. 2024 ) could conceiv abl y incr ease sensi-
ivity and subsequentl y impr ov e isotopic measurements. Specif-
cally, surface- or tip-enhanced Raman spectroscopy (Efrima and 

eiri 2009 , Mosier-Boss et al. 2016 , Chisanga et al. 2017 , 2018 ,
osier-Boss 2017 ), stimulated Raman scattering, resonance Ra- 
an spectroscopy, or coherent anti-Stokes Raman spectroscopy,
hic h ar e shown to impr ov e acquisition times and enhance sig-
al, could be e v aluated for isotopic measurements (Ivleva et al.
010 , 2017 , Camp and Cicerone 2015 , Kubryk et al. 2015 , Cicerone
016 , Cui et al. 2017 , Chisanga et al. 2018 , Hu et al. 2019 , Weiss

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae110#supplementary-data
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t al. 2019 ). Ho w e v er, at pr esent, v alidation of these methods for
IP is r equir ed ( Supplementary Text , Supplementary Figs S4 and
5 ). As noted earlier, Raman–SIP may suffer dilution effects re-
ated to staining or the use of nucleic acid probes (FISH), similar to
anoSIMS. Similarl y, fixativ es suc h as formaldehyde, in stabilizing
he cell membr ane, intr oduce C–H bonds that can affect isotopic

easurements ( Supplementary Text , Supplementary Fig. S9 ). 
Compared to the surveys of microbial identity and functional

otential, r elativ el y fe w measur ements of cellular gr owth r ates in
ature exist (Koch et al. 2018 , Caro et al. 2023 , Templeton and Caro
023 , Foley et al. 2024 ). Growth rates of microorganisms in com-
lex systems can inform theories of microbial ecology, as well as
lucidate pr efer ences of micr obial taxa for specific envir onmen-
al nic hes, substr ates, and micr oscale locality. In the r oc k-hosted
iosphere , for example , measurements of microbial anabolic ac-
ivity can clarify how microbial activity relates to mineralogical
ontext, or how the activities of microbial partners/consortia are
orr elated. While we pr esent a calibr ation of envir onmentall y r el-
 v ant taxa, further validation of Raman–SIP and correlative mea-
urements of mineralogical/material composition is required in
omplex environmental samples. 

For the benefit of future resear chers, w e designed an inter-
ctive GUI, Shiny R-SIP , that allows users to implement our SIP
odel and optimize their experiments by considering how the rel-

 v ant sources of uncertainty impact the design of a Raman–SIP
xperiment ( Supplementary Data or online: https://a pps.k opflab.
rg/login with login credentials username: shin y-rSIP , passw or d:
ublic-access ). The GUI allows users to adjust parameters of label
trength, incubation time, and water–hydrogen assimilation effi-
ienc y, as w ell associated uncertainties in these terms, in order to
esign effective SIP experiments . T he parameters we define in our
icr obial gr owth model ar e specific to the study or ganisms used

nd our Raman instrument—they are intended to provide reason-
ble estimates of uncertainty that may be encountered. Users of
his GUI are encouraged to define their own uncertainty terms by
onstraining the technical variation in individual CD% measure-
ents inherent to their Raman instrument. For samples where
icr obial gr owth may exhibit lar ge v ariation, we suggest users

onsider multiple incubation times (or subsampling efforts) to ef-
ectiv el y ca ptur e a wide r ange of biomass gr owth r ates in experi-

ents targeting natural microbial communities, while also quan-
ifying their threshold of tracer saturation as an upper-limit of
r owth-r ate quantification. 

onclusions 

n this w ork, w e provide the basis for the quantitative mea-
urement of single-cell microbial growth rates via Raman–SIP.
e de v elop hydr ogen isotope calibr ations for two or ganisms,

. hydrogeniphilus (sulfate-reducing bacterium) and M. NSHQ04
methanogenic archaeon). These calibrations validate the utility
f Raman micr ospectr oscopy as a method for measuring micr o-
ial 2 H/ 1 H enric hment. Appl ying our Raman-derived isotopic cali-
ration to a model of microbial gro wth, w e define ranges of quan-
ification for Raman SIP experiments where single-cell growth
ates can be sensitively distinguished. We find that with reason-
ble (20–40 at. % 

2 H 2 O) isotopic label strengths and incubation
imes, Raman–SIP can ca ptur e a wide arr ay of micr obial gener a-
ion times, with this range being defined by the parameters of the
IP experiment. These ranges of quantification can guide the de-
ign and inter pr etation of SIP experiments where Raman is used
o tr ac k cellular 2 H incor por ation. Finall y, we observ e that hydr o-
en isotopic v alues deriv ed fr om nanoSIMS suffer fr om se v er e di-
ution r esulting fr om the r a pid exc hange of pr otic H in aqueous
olution. Raman-based methodology avoids this issue because its
nalytical windows exclusively target carbon-bound hydrogen. In
onclusion, this work provides a robust framework for applying
euterium Raman–SIP to spatially resolved, quantitative investi-
ations of microbial activity in environmental and model systems.
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addition, the GUI can be downloaded for local use from the 
manuscript GitHub repository. 
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