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Abstract 

DN A/RN A-sta b le isotope probing (SIP) is a powerful tool to link in situ micr obial acti vity to sequencing data. Ev er y SIP dataset captur es 
distinct information about microbial community metabolism, process rates, and population dynamics, offering valuable insights for 
a wide range of research questions. Data reuse maximizes the information deri v ed fr om the la bor and r esource-intensi v e SIP ap- 
pr oaches. Yet, a r e vie w of pub licl y av aila b le SIP sequencing metadata showed that critical information necessar y for r e pr oducibility 
and reuse was often missing. Here , w e outline the Minimum Information for any Stable Isotope Probing Sequence (MISIP) according 
to the Minimum Information for any (x) Sequence (MIxS) fr amew ork and include examples of MISIP r e porting for common SIP exper- 
iments. Our objecti v es ar e to expand the capacity of MIxS to accommodate SIP-specific metadata and guide SIP users in metadata 
collection when planning and r e porting an experiment. The MISIP standard r equir es 5 metadata fields—isotope, isotopolog, isotopolog 
la bel, la beling appr oac h, and gr adient position—and r ecommends sev eral fields that r e pr esent best practices in acquiring and r e port- 
ing SIP sequencing data (e .g., gr adient density and nucleic acid amount). The standard is intended to be used in concert with other 
MIxS c hec klists to compr ehensi v el y describe the origin of sequence data, such as for marker genes (MISIP-MIMARKS) or metagenomes 
(MISIP-MIMS), in combination with metadata r equir ed by an environmental extension (e.g., soil). The adoption of the proposed data 
standard will impr ov e the r euse of any sequence deri v ed fr om a SIP e xperiment and, by e xtension, deepen understanding of in situ 
biogeochemical processes and microbial ecology. 

Ke yw ords: sta b le isotope pr obing, minim um information standard, MIxS, amplicon, metagenome, metatranscriptome, MIMARKS, 
MIMS, microbial ecology 
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Introduction 

T he in vention of DN A/RN A-stable isotope probing (SIP) w as 
a gr oundbr eaking ac hie v ement that contin ues to ad vance our 
knowledge of micr obiology, micr obial ecology, and biogeochem- 
istry [ 1 , 2 ]. SIP provides a method to link sequencing data with mi- 
cr obial activity r esulting fr om the incor por ation of an isotopicall y 
labeled compound of interest ( isotopolog ) into the nucleic acids 
of metabolically active populations (Fig. 1 A). Subsequent innova- 
tions hav e impr ov ed the utility of SIP for quantifying the differ- 
ential gr owth r ates of populations within whole microbial com- 
munities [ 3–5 ]. To achieve this, a typical SIP experiment generates 
large amounts of sequencing data, given the necessity of sam- 
pling multiple density gradient fractions and the use of paired 

controls (Fig. 1 B). Despite fundamental similarities in SIP exper- 
iments, there is no consistent vocabulary to catalog the metadata 
Recei v ed: J une 1, 2024. Revised: July 29, 2024. Accepted: August 27, 2024 
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ener ated. Additionall y, the metadata needed to tr ac k the com-
osition and handling of nucleic acids during the SIP pr ocedur e
r e fr equentl y absent in sequence arc hiv es, impairing the r epr o-
ucibility of SIP studies and data reuse (Fig. 2 A). 

The need to facilitate metadata standardization of SIP sequenc- 
ng data is increasing, as the number of studies generating SIP
equencing data has been rising year upon year (Fig. 2 B), with fur-
her growth expected due to improvements in automated sam- 
le processing [ 6 ]. Furthermore, the reuse of SIP sequence data
as considerable value given the expense and labor involved in
hese experiments and the information gained by extr a polating
cr oss v arious isotopologs or study conditions [ 7–9 ]. Her e, we pr o-
ose a minimum set of r equir ed metadata terms for SIP-derived
equencing data, as well as a recommended set that embodies
he best practices in acquiring and reporting SIP sequencing data.
 written by (a) US Government employee(s) and is in the public domain in 
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A

B

Figure 1: An ov ervie w of the k e y principles of the DN A/RN A-SIP method, illustrating the impact of density gradient separation on sequencing data 
composition (A) and the need for paired samples supplied with different isotopologs to distinguish natural variation in buo y ant density from the 
effects of isotopic enrichment (B). Panel A shows the standard series of steps performed to isotopically enrich and separate nucleic acids using density 
gradient (“isopycnic”) ultracentrifugation. In this case, an isotopically enriched isotopolog is incubated in the presence of a microbial community, 
during which the nucleic acids of active cells incorporate artificially high concentrations of the isotope (step 1). Whole nucleic acids are extracted from 

the sample (step 2) and centrifuged at high force to establish a density gradient and separation of nucleic acids based on buo y ant density (step 3). The 
final step is to fractionate the separated nucleic acids, follo w ed b y purification and sequencing (ste p 4). Panel B de picts the use of paired samples 
supplied with either natural abundance (“unlabeled”) or isotopically enriched isotopologs to isolate the variation in buo y ant density of DN A/RN A, due 
to GC content, from the effects of isotopic enrichment. The excess atom fraction (EAF) of isotopes can be estimated on a per sequence basis using the 
change in buo y ant density ( �BD) between paired samples [ 3 ], demonstrating the importance of paired samples. 
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hese terms were selected based on a compr ehensiv e liter atur e
 e vie w and de v elopment with domain experts in the SIP commu-
ity. 

ssential properties of SIP sequence data 

n all cases, sequence data generated from a SIP experiment origi-
ate from nucleic acid pools that have been fractionated by isopy-
nic (or “density gradient”) separation [ 10 ]. The gradient sepa-
ates nucleic acids based on differences in buo y ant density due
o the added mass per nucleic acid from the incor por ation of
eavy stable isotopes (e.g., 13 C, 15 N, or 18 O) during the metabolism
f an isotopically labeled source isotopolog (e.g., 13 CO 2 , 15 NH 4 

+ ,
r H 2 

18 O). The fractionated pools of nucleic acids are then se-
uenced to r esolv e differ ences in buo y ant densities correspond-

ng to isotopic enric hment. Man y fr actions may be sequenced to
etermine fine-scale isotopic enrichment (“density-resolved SIP”),
r fractions may be pooled before sequencing to compare coarse
ifferences in buo y ant density. Either way, each nucleic acid sam-
le typically generates multiple sequencing libraries (Fig. 1 A). 

Ther e is natur al v ariation in the buo y ant density of nucleic
cids due to the effect of GC content on genome density [ 11 ].
his variability creates sample-specific buo y ant density distribu-
ions of nucleic acids based on the genomic composition of the
iological community under study. To control for this, the stan-
ard SIP a ppr oac h involv es comparing sequence data gener ated
r om identicall y tr eated sample pairs: one that r eceiv ed an un-
abeled isotopolog (i.e., natural abundance) and another that re-
eived an artificially labeled isotopolog [ 10 ] (Fig. 1 B). Alternative
IP a ppr oac hes without pair ed contr ols ar e possible based on the
odeling of expected natural abundance distribution patterns

rom sequence data [ 12 ]. In either case, the r epr oducibility and
euse of SIP sequence data cannot be achieved without informa-
ion about the position fr om whic h the nucleic acids originated
n the density gradient and/or its corresponding paired control,
s well as information about the stable isotope(s) and source iso-
opolog compound(s) used. 

he case for a SIP-specific data standard 

t pr esent, ther e is no conv ention for the handling of SIP se-
uence metadata despite the arc hiv al of hundreds of datasets in
ublic databases, spanning over 2 decades of sequencing types

clone libraries to shotgun metagenomes) from diverse environ-
ents ( Supplementary Fig. S1 ). A formal standard describing the
inimum information for any SIP sequence is needed to ensure

he adoption of FAIR principles (Findability , Accessibility , Interop-
rability, and Reusability) for data reuse [ 13 ]. Currently, there are

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae071#supplementary-data
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Figure 2: A summary of the quality of metadata associated with SIP sequencing data available in the Sequence Read Arc hiv e (A) and the gr owth in the 
number of DN A/RN A-SIP studies published over time (B). In (A), an ov ervie w of the metadata quality of studies with SRAs containing more than 5 
samples. SRAs that reported the isotopolog, isotopolog label status, and gradient position for each entry met the “Minim um” r equir ements, while those 
that reported at least one of these items were “Insufficient,” and those that reported none were categorized as “None.” In (B), the new number of 
published studies by year was identified using the search term: “Stable Isotope Probing” and “DNA” or “RNA” in Google Scholar. A timeline showing the 
major advances in the SIP methodology was included. 
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no accommodations for essential SIP metadata or a stable iden- 
tifier for SIP sequencing pr ojects, r equiring users to glean this in- 
formation from the study description or associated publication,
whic h poses c hallenges to findability. The absence of data labeling 
r equir ements cr eates the risk of naiv e users misinter pr eting am- 
biguously labeled SIP data and failing to account for biases caused 

by density gradient fractionation. Furthermore, there is no com- 
mon vocabulary for the diverse types of SIP sequence metadata 
generated during the course of an experiment. The formalization 

of a specific, ric hl y described, and consistent vocabulary is criti- 
cal for inter oper ability among SIP sequence data, facilitating com- 
parisons across SIP studies . T he creation of SIP-specific metadata 
fields will gr eatl y impr ov e the mac hine r eadability, anal yses, and 

inter pr etation of SIP sequence data. 
For these reasons, we propose the Minimum Information for 

any Stable Isotope Probing Sequence (MISIP) data standard de- 
signed to ca ptur e critical information about the origin of se- 
quences from SIP experiments. MISIP contains SIP-specific fields 
in combination with other Minimum Information for any (x) Se- 
quence (MIxS) standards, including the “Minimum Information 

about a MARKer gene Sequence” (MISIP-MIMARKS) [ 14 ] and the 
“Minimum Information about a Metagenome Sequence” (MISIP- 
MIMS) [ 15 ] c hec klists, whic h hav e been de v eloped in collabor ation 

with the Genomic Standards Consortium (GSC) [ 16 ]. MISIP must 
also be paired with a MIxS extension to describe the environmen- 
tal context from which nucleic acids were extracted (e.g., water,
soil, or host associated). MISIP was de v eloped after an extensive 
r e vie w of existing SIP liter atur e ( Supplementary Table S1 ), conver- 
sations with the SIP r esearc h comm unity, solicitations for com- 
ment on a preprint [ 17 ], and via a survey of activ e SIP r esearc h 

groups . T he standard then underwent iter ativ e r efinement with 

the Compliance and Inter oper ability Working Gr oup (CIG) of the 
GSC. All proposed field names are unique and nonredundant ac- 
ording to queries of all curr ent MIxS c hec klists and extensions
escribed by the GSC. When possible, terms are compliant with
tandard SIP terminology [ 18 ], with labels of r equir ed or r ecom-
ended to enable machine-actionable validation. 

he minimum information for any SIP-deri v ed 

equence 

he MISIP standard includes a r equir ed and a recommended
et of metadata fields (Table 1 ). Required fields are essential for
ocumenting the fundamental changes in nucleic acid compo- 
ition due to the SIP method, without which archived SIP se-
uence data risk being misused and losing their scientific utility.
ecommended fields ca ptur e information that most SIP practi- 
ioners a gr ee is vital for r obust v alidation and meaningful anal-
ses, including quantitative SIP analyses and cross-study com- 
arisons. In the follo wing sections, w e provide descriptions of the
etadata fields in the MISIP standard and justify their designa-

ion as r equir ed or recommended in the associated sequencing
epositor c hec klist. We intend this information to serve as a ref-
rence for users of MISIP and to help newcomers to SIP meth-
ds to collect and curate better metadata. We have also pro-
ided examples of SIP metadata curated according to the MISIP 
tandard, including examples of a common gradient pooling ap- 
r oac h ( Supplementary Table S2 ), a more complex SIP experiment
 Supplementary Table S3 ), quantitative SIP (qSIP; Supplementary 
able S4 ), and examples of curation data derived from 

18 O
 Supplementary Table S4 ) and 

15 N experiments ( Supplementary
able S5 ), along with se v er al other cases ( Supplementary Tables
5 –S9 ). MISIP will be maintained as a living standar d b y the GSC,
nsuring it may be adapted to serve the evolving methods and
eeds of the SIP community. 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae071#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae071#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae071#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae071#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae071#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae071#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae071#supplementary-data
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Table 1: The minimum set of SIP-specific metadata required or recommended by the MISIP data standard. The table summarizes the 
standar dized v ocabulary, data format, and whether it is r equir ed or r ecommended (i.e., optional). Descriptions of eac h metadata field 

and justifications for their inclusion are provided in the text below. 

Slot Term Format Criteria 

isotope Isotope(s) Element with atomic mass (e.g., 13 C, 15 N, 2 H, or 18 O) Required 
isotopolog ∗ Isotopolog (isotope 

source/substrate) 
PubChem Compound Identification (CID) number or, 

if an undefined mixture, “0”
Required 

isotopolog_label Isotopolog label status Defined category (“isotopically labeled” or “natural 
abundance”) 

Required 

isotopolog_a ppr oac h Labeling a ppr oac h (number of 
labeled isotopologs supplied) 

Defined category (“single” or “multiple”) Required 

gradient_position Gradient position An integer designating the gradient position from 

heaviest ( = 1) to lightest 
Required 

gradient_pos_density Density of gradient position Density of the fraction in g/mL Recommended †

gr adient_pos_r el_amt Relative amount of DNA in the 
gradient position 

Proportion of total DNA (min = 0, max = 1) Recommended †

sip_method Method for fractionating DOI Recommended †

source_mat_id ID of sample prior to fractionating Any text Recommended 
isotopolog_atom_frac Atom fraction of isotopolog Proportion (min = 0, max = 1) Recommended 
isotopolog_atom_pos Set of labeled atoms in isotopolog InChI label Recommended 
isotopolog_dose Dose of isotopolog Amount of isotopolog in ppm Recommended 
nucleobase_atom_frac Atom fraction of nucleobases Proportion (min = 0, max = 1) Recommended 
isotopolog_incu_time Incubation time Hours Recommended 
c hem_administr ation Additional substrates Any text (comma separated) Recommended 
internal_standard Internal standard method DOI Recommended 

∗Specify the attributes of the material deliv er ed to the biological system. If the isotopolog is an undefined mixture, follow instructions provided in the text. 
†Highl y r ecommended, but not strictl y r equir ed for metadata arc hiv al. 

D
I
T  

r  

n  

s  

e  

b  

u  

T  

r  

c  

c  

a  

a

I
T  

m  

(  

m  

d  

c  

t  

m  

s  

m  

S  

d  

o  

i  

(  

6  

t  

P  

t  

t  

n  

(  

a  

t  

s

I
T  

h  

a  

a  

1  

t  

l  

n  

a  

t  

r  

a  

c
 

s  

o  

t  

a  

w  

p

I
S  

t  

e  
escriptions of required MISIP fields 

sotope 
he specific stable isotope(s) supplied to the biological system is
 equir ed information, since the stoichiometry of each element in
ucleic acids can influence the magnitude of shift in buo y ant den-
ity of the nucleic acids used to generate SIP sequencing data. For
xample, fully 13 C-labeled DN A w ould pr oduce a lar ger incr ease in
uo y ant density compared to fully 15 N-labeled DN A, o wing to the
nequal ratio of approximately 5 carbons to 1 nitrogen in DNA.
he isotope field specifies the element and mass number (e.g., 18 O
ecorded as “18O”) of the stable isotope of interest. This field will
orrespond to the same stable isotope regardless of whether the
oncentration of the isotope was artificiall y enric hed (e.g., 0.99
tom fraction 

18 O) or occurred at natural abundance ( ∼0.00205
tom fraction 

18 O), often referred to as a “control.”

sotopolog 

he central aim of a SIP experiment is to link the isotopic enrich-
ent of nucleic acids to the metabolism of an isotopolog source

or “substrate”). The chemical properties of the isotopolog deter-
ine how to inter pr et the underl ying metabolic activity that pro-

uced the isotopic enrichment of nucleic acids and the associated
hanges in the composition of sequence data. For example, cer-
ain isotopologs, such as H 2 

18 O, are used to characterize the whole
etabolic activity of a micr obial comm unity [ 19 ], while others,

uch as ring- 13 C 6 -labeled phenolic acid, are used to target specific
etabolic activity [ 20 ]. Sur prisingl y, the number of accessioned

IP experiments that report the isotopolog in the associated meta-
ata is low ( < 30%; Supplementary Table S1 ), making it an often
verlooked, but essential, attribute of SIP sequencing data. The
sotopolog field specifies the PubChem Compound Identification
CID) number for the isotopolog serving as the isotope source (e.g.,
255 for maltose). If a PubChem CID does not exist for the iso-
opolog molecule, users should create a new CID using the NCBI
ubChem website. If the isotopolog is an undefined chemical mix-
ure, the isotopolog field should specify “heterogenous source,” and
he additional field, hetero_isotopolog , should be used to specify the
ature of the isotopolog mixture in a separate column in text form

e.g., Supplementary Table S6 ). In cases where a sample was not
mended with an isotopolog (e.g., an unamended control), the iso-
opolog field should list “none,” and other isotopolog-related fields
hould specify “not applicable.”

sotopolog label 
he standard SIP method r equir es the pairing of samples that
ave been supplied with either an isotopically labeled or natural
bundance (“unlabeled”) isotopolog to account for shifts in buoy-
nt density due to variation in the GC content of genomes [ 10 ,
1 ]. The isotopolog label status is essential to determine whether
he buo y ant density distribution of nucleic acids reflects isotopic
abeling or natural variation. The inclusion of paired samples is
ot r equir ed by MISIP, since the gr adient distribution of natur al
bundance nucleic acid fr a gments can be modeled [ 12 ]. Ho w e v er,
he isotopolog_label field is r equir ed as it specifies whether the cor-
esponding isotopolog contains the natural abundance (“natural
bundance”) or artificially enriched (“isotopically labeled”) con-
entration of stable isotopes. 

In cases where one control sample has been amended with
e v er al natur al abundance isotopologs and is pair ed with numer-
us samples supplied with individual isotopically enriched iso-
opologs (e.g., [ 8 ]), the contr ol sample ( isotopolog_label = “natur al
bundance”) should be replicated multiple times in the metadata
ith eac h corr esponding isotopolog field c hanged to matc h the
air ed isotopicall y labeled source (e.g., Supplementary Table S3 ). 

sotopolog labeling approach 

e v er al isotopes and/or isotopologs may serve as the source of
he isotopic enrichment of nucleic acids in an SIP experiment. For
xample, r esearc hers can use a dual-labeling a ppr oac h, as pr e vi-

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae071#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae071#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae071#supplementary-data
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A B C

Figur e 3: T he se paration of n ucleic acids accor ding to differences in buo y ant density due to isotopic enric hment is a defining featur e of SIP sequence 
data. The gradient position designates the location along the density gradient from which the sequenced nucleic acids were reco vered. T he gradient 
position gener all y follo ws the or der in whic h gr adient fr actions wer e collected, accounting for cases wher e fr actions hav e been lost during pr ocessing. 
P anel A demonstr ates the importance of ensuring gradient positions match between paired isotopically labeled and natural abundance samples. Panel 
B illustrates the disparity in gradient density due to study-specific methods when comparing fraction numbers. Panel C illustrates the use of the 
gradient position system to accommodate different strategies emplo y ed for gradient fraction pooling. 
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ously performed with H 2 
18 O and 

13 C-glucose [ 21 ]. In these cases,
multiple isotopes can contribute to shifts in nucleic acid buoy- 
ant density, complicating the analysis and interpretation of SIP se- 
quence data. These datasets should be clearly labeled and easily 
filtered to ensure appropriate data reuse . T he isotopolog_approach 

field specifies whether the associated SIP experiment utilized a 
single isotope and isotopolog ( isotopolog_approach = “single”) or 
multiple isotopes or isotopologs ( isotopolog_approach = “multiple”) 
within the same sample. 

While m ultiple-labeling a ppr oac hes make up less than 10% 

of accessioned SIP studies ( Supplementary Table S1 ), these ex- 
periments complicate the reporting of a number of other fields,
such as the isotope, isotopolog, and isotopolog-describing fields. 
In these cases, users should list values for these fields in a consis- 
tent order separated with a vertical bar symbol corresponding to 
each isotope (e.g., isotope = 

13 C | 18 O, isotopolog = 5793 | 962). 

Gradient position 

SIP sequencing data are heavily influenced by the differences in 

the buo y ant density of nucleic acids r ecov er ed at positions acr oss 
the density gradient. T hus , MISIP requires information about the 
gradient position from which the sequenced nucleic acids were re- 
cov er ed. The gradient_position field is specified as a number start- 
ing from the densest (“heaviest”) gradient fraction ( = 1) moving 
in sequential order to the least dense fraction (“lightest”), k ee p- 
ing with the order in which a gradient is typicall y fr actionated.
MISIP users must take special care to ensure that the gradient 
position numbers match between paired isotopically labeled and 

natural abundance samples (Fig. 3 A), accounting for any pooling 
of fractions that may be performed. The inclusion of unfraction- 
ated samples, from which fractionated samples were derived, can 

be denoted with gradient_position = –1. 
The MISIP standard uses the numerical order of the gradient 

position to match paired samples because it is the most flexible 
way to accept SIP sequence data. SIP experiments typically assign 

a fraction number or measure the buo y ant density of the fraction 

fr om whic h nucleic acids wer e r ecov er ed. Ho w e v er, the tr eatment
of fractionated nucleic acid pools will depend on the subjective 
aims of a SIP experiment, leading to diverse and ad hoc ways in 
hic h fr actions ar e pooled prior to sequencing. Defaulting to the
umerical order for the position in the density gradient parallels
he common a ppr oac h of assigning a number to each “gradient
raction” obtained. MISIP uses the term “gradient position” to avoid 

he assumption of equivalence between fr actions acr oss studies,
ince fractionation will yield different volumes and density ranges 
epending on methodologies (Fig. 3 B). When fr actions ar e pooled
r sequenced in an ad hoc manner, we str ongl y ur ge depositors
o pr ovide gr adient density measur ements ( gradient_pos_density ) to
nable normalization among samples and across studies, based 

n the actual buo y ant density range of nucleic acids. 
Dir ect measur ement of the buo y ant density of eac h gr adient

r action is str ongl y recommended but not r equir ed for se v er al
easons . T he measurement of buo y ant density, using the refrac-
ometric index or b y w eighing, is not the only method to estab-
ish whether nucleic acids have been separated according to dif-
erences in buo y ant density. Differences in the relative amount of
ucleic acids and/or their excess atom fraction can also serve as
 measure of density gradient separation [ 22 ]. Furthermore, it is
ossible to use internal standards in lieu of gradient density to
btain a direct measure of the buo y ant density distribution of nu-
leic acids [ 5 ]. Consequently, the MISIP standard will populate the
IxS c hec klist with the gradient density field by default, but ac-

uiring and submitting gradient density data is not r equir ed for
ata arc hiv al. 

Gradient position is agnostic to the assortment of ways nucleic
cids are treated during fractionation. For example , “hea vy” and
light” are common designations of the location in the density gra-
ient fr om whic h SIP sequence data originate after pooling multi-
le gradient fractions. In the MISIP gradient position system, these
ategorical values would be assigned a gradient position of 1 and
, r espectiv el y, whic h ar e decoupled fr om the original fr actions
umbers (Fig. 3 C). The gradient position system has its own pit-
alls, with positioning becoming discordant when a fraction is lost
r when fractionation is inconsistently initiated, though we antic- 
pate the consistency of fractionation will impr ov e ov er time due
o increasing automation [ 6 ]. 

De positors must tak e special care to ensure that, at the very
east, the gradient position numbers reflect the gradient distribu- 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae071#supplementary-data
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A B

Figure 4: Data on the r elativ e amount of nucleic acid at each gradient position ( gradient_pos_rel_amt ) can be used to calculate taxon-, genome-, or 
gene-specific EAF using the qSIP method. This value is given as the proportion of nucleic acids at each sequenced gradient position relative to the total 
nucleic acids available for sequencing. The total amount of nucleic acids depends on the sequencing a ppr oac h. For shotgun a ppr oac hes (in A), the 
gradient_pos_rel_amt will correspond to the total mass of nucleic acids (DNA or RNA). For amplicon a ppr oac hes (in B), the gradient_pos_rel_amt will 
correspond to the total copy number of the targeted gene established via quantitative PCR. 
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ion between paired isotopically labeled and unlabeled controls,
hould pairs exist in the dataset. Users of MISIP sequence data
ust be aware of the potential incongruity between buoyant den-

ity and gradient position. These sources of error can be easily re-
olved by collecting the recommended MISIP metadata, including
easurements of gradient density ( gradient_pos_density ), quantify-

ng the distribution of nucleic acids, or using internal standards to
 v aluate gr adient formation [ 5 ]. Similarl y, if pair ed samples do not
xist, users should provide the information on the method used
o validate density gradient formation. 

ecommended MISIP sequence metadata 

he r equir ed set of fields in the MISIP standar d w er e c hosen to ac-
ommodate the fullest diversity of SIP experimental a ppr oac hes
nd sequence data while maintaining the minimum basis for
euse . T he minimum required terms should be augmented with
he recommended fields to impr ov e FAIRness of submitted meta-
ata and to impr ov e cr oss-study comparisons and r epr oducibility
 13 ]. We propose a set of recommended fields and highlight those

e consider to be the gold standard ( ) for supporting the most
ophisticated and quantitative reuse of SIP sequencing data. Ex-
mple metadata that have been curated according to the MISIP
tandard are available in Supplementary Tables S2 to S9 . 

radient position density 

easurement of the density of solution r ecov er ed at eac h gr adi-
nt position is crucial to (i) e v aluate the formation of the den-
ity gradient, (ii) normalize among gradient fractionated samples,
nd (iii) calculate the change in buo y ant density (“�BD”) to es-
imate the degree of isotopic enrichment of sequenced nucleic
cids [ 3 ]. The gradient_pos _ density field is specified as a numerical
 alue corr esponding to the density of gradient solution in grams
er milliliter (g · mL −1 ). Measurements of gradient density can be
btained using a r efr actometer or anal ytical balance [ 10 ]. When
easured with a refractometer, ensure the following: (i) ensure
hat r efr actometer has been r ecentl y calibr ated, (ii) use sufficient
olume and take r a pid measur ement to avoid fluctuations caused
y e v a por ation, (iii) oper ate in a consistent ambient temper atur e,
nd (iv) provide information on the methods used to convert be-
ween r efr activ e index and gr adient density (including an y tem-
er atur e corr ection) in your SIP methodology ( sip_method ), as pr e-
iously shown [ 23 , 24 ]. 

elative amount of nucleic acid at gradient position 

easurement of the relative quantity of sequenced nucleic acids
n each density gradient fraction can establish the separation
f nucleic acids b y buo y ant density and is used to estimate the
axon-, genome-, or gene-specific isotopic enrichment, or excess
tom fraction (EAF), according to the qSIP method [ 3 , 5 ]. The gra-
ient_pos_rel_amt field is specified as the proportion of sequenced
ucleic acids r elativ e to the total amount of nucleic acids added
o the density gradient prior to ultracentrifugation and must not
xceed a value of 1. This measure is also referred to as the “ratio
f maximum quantity.” For shotgun sequencing data, this propor-
ion could be calculated from total nucleic acids (Fig. 4 A), while
or amplicon sequence data, this proportion should be calculated
rom the total copies of the gene tar get, typicall y measur ed by
uantitative PCR (Fig. 4 B). 

IP methodology 

ensity gradient formation and the composition of nucleic acids
 ecov er ed depend on a range of methodological considerations,
ncluding rotor type, run speed, run length, gradient medium (e.g.,
esium chloride for DNA or trifluoroacetic acid for RNA), frac-
ion volume, and pooling strategy. These methodological details
o not fit cleanly into a data standar d. Ho w ever, this information

s vital for data inter pr etation and to explain potential differences
mong studies during a meta-analysis . T he sip_method field spec-

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae071#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae071#supplementary-data
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ifies a DOI corresponding to a protocol, article, or data accession 

in which the complete methodological details have been provided,
including any modifications to standard a ppr oac hes . T his type of 
information can be stored on Protocols.io with a stable DOI [ 25 ] 
when an alternate DOI is not available at the time of archival. 

Source material identity 

SIP sequence data are often complicated by the generation of 
m ultiple sequencing pr oducts fr om a single nucleic acid ex- 
tract (“sample”). We recommend that depositors specify a unique 
identifier that links all postfractionation sequence data to the 
original (unfractionated) nucleic acid extract. The source_mat_ID 

(MIXS:0000026) is an existing field in the MIxS fr ame work used 

to indicate the source sample from which nucleic acids were de- 
rived [ 14 ]. In MISIP, the source_mat_ID field is specified as a c har ac- 
ter string that denotes the unique sample identity for the unfrac- 
tionated nucleic acid source from which all downstream sequence 
data originate. 

Following the MIxS source_mat_ID r equir ements, we ur ge users 
to employ a unique Globally Unique IDentifier (GUID) to main- 
tain the link between the origin of a sample and all downstream 

measur ements. We r ecommended that the unique GUIDs r efer to 
the experimental sample (e.g., soil) or the unfractionated nucleic 
acid source. Options for r esolv able GUIDs include an International 
Generic Sample Number (IGSN) [ 26 ], a BioSample accession num- 
ber, or an Arc hiv al Resource K ey, among others. Notabl y, if the un- 
fractionated source material was sequenced, the sample should 

be specified by setting gradient_position = –1. 

Isotopolog atom fraction 

The isotopolog atom fr action r efers to the av er a ge pr oportion of an 

isotope in an isotopolog. For example, the atom fraction of isotopi- 
cally labeled acetate containing an av er a ge of one 13 C atom per 
molecule ( 13 C-CH 3 O 2 ) would be 0.5 atom fraction 

13 C. The atom 

fraction of an isotopolog will affect the kinetics of the isotopic la- 
beling of nucleic acids. For example, a low atom fraction will tend 

to yield more marginal enrichment of nucleic acids and smaller 
shifts in buo y ant density, which can impact the interpretation of 
sequence data analysis . T he isotopolog_atom_frac field is specified 

as the atom fraction isotope (as a decimal) of the isotopolog source 
substrate. Note that this is an av er a ge of all isotopolog molecules 
in the pr epar ed isotopolog source material and is often stated as 
atom % by the commercial provider of isotopically enriched ma- 
terial. Finally, if the isotopolog was produced in-house (e.g., bac- 
terial cellulose from 0.99 atom fraction 

13 C-glucose), ensure that 
the isotopolog_atom_frac corresponds with the atom fraction of the 
final isotopolog used to label nucleic acids (e.g., 13 C-labeled bac- 
terial cellulose), not the upstream isotopolog used to generate the 
labeled substrate (e .g., 13 C-glucose). T his will r equir e a r esearc her 
to measure the isotopic concentration of their isotopolog. 

Isotopolog atom position 

In cases where an isotopolog is not uniforml y isotopicall y labeled,
differences in the molecular position of isotope atoms can al- 
ter the proportion of isotope metabolized into nucleic acids. For 
example, organisms that preferentially metabolize a functional 
gr oup, or sidec hain, might r eceiv e mor e isotopic label than those 
that metabolize the whole , or parts , of a partially labeled iso- 
topolog [ 27 ]. The isotopolog_atom_pos field is specified as the In- 
ternational Chemical Identifier (InChI) label [ 28 ], which desig- 
nates the set of all isotopicall y enric hed atoms present in the iso- 
topomer [ 18 ] of the isotopolog supplied, according to their molec- 
ular position. The isotopolog_atom_pos should specify the orienta- 
ion of isotopes in the main isotopomer of the isotopolog source. If
he isotopolog consists of more than 1 defined isotopomer, users
hould list separate InChI labels for each delimited with a verti-
al bar symbol (“| ”). If more than 1 isotopolog has been used, list
he isotopolog_atom_pos of each isotopolog delimited with a verti- 
al bar in an order that matches the list in the isotopolog field. A
rotocol for generating an InChI label using the InChI open-source
 hemical structur e r epr esentation algorithm is av ailable on Pr o-
ocols .io [ 29 ]. T he isotopolog_atom_pos should only be provided if
he isotopolog is a defined compound (i.e., isotopolog ! = “none” or
not applicable”). 

sotopolog dose 
he concentration of isotopolog (“dose”) added to the system 

ill influence the rate and degree of isotopic labeling of nucleic
cids . T he dose is the mass of isotopolog added per volume of
he r ele v ant envir onmental matrix (e.g., glucose/total volume soil;
H 4 /total container volume). The dose should reflect the concen-

ration of isotopolog in the biological system, accounting for the
ilution by the environmental matrix, not the concentration of 
he added isotopolog solution (Fig. 5 ). The dose should also re-
ect the total cum ulativ e isotopolog added to the system prior
o nucleic acid extraction, accounting for multiple additions to 
he system across time. In cases where the isotopolog is not ho-

ogenized within the environmental matrix, the dose should be 
n estimate of the isotopolog concentration in the sample used
or nucleic acid extraction. When estimates are too uncertain or
hen the concentration of isotopolog in the system is unknown

e.g., root exudates), no dose should be specified, but contextual- 
zing information should be provided in the r efer ence pr ovided in
he sip_method field. The isotopolog_dose field is specified as the fi-
al concentration of isotopolog added to the system in parts per
illion (ppm). 

ucleobase atom fraction 

ulk measurement of the isotope content of nucleic acids can be
sed to assess the rate of isotopic labeling, measure the buoy-
nt density separation of nucleic acids, or validate buo y ant den-
ity shift-based estimates of EAF. The nucleobase_atom_frac field 

s specified as the atom fraction (as a decimal between 0 and 1)
f isotope in the nucleic acids pool used to generate sequencing
ata, as pr e viousl y described [ 22 ]. 

ncubation time 
he isotopic enrichment of nucleic acids depends on the ki-
etics of isotopolog metabolism and the fluxes of stable iso-
ope in the experimental system. Over time, isotopic labeling of
econdary populations will occur due to access to isotopolog- 
erived metabolites and biomass . T he dynamics of cross-feeding
f isotopolog-derived biomolecules will influence SIP sequence 
omposition o ver time . T he inclusion of incubation time is rec-
mmended to support the calculation of labeling rates (especially 
hen combined with nucleobase_atom_frac ) and to estimate growth 

ates using qSIP [ 30 , 31 ]. The isotopolog_incu_time field is a numer-
cal field specified as the time in hours (h) from the addition of
sotopolog to the end of the incubation period. 

dditional substrates 
IP experiments ma y in volve the co-amendment of unlabeled
ompounds with an isotopolog to serve as growth substrates 
 32 ] or other chemical treatments, including inhibitors of specific
opulations or metabolisms [ 33 ]. The chemical modification of
rowth conditions exerts a profound influence over community 
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Figur e 5: T he isotopolog_dose field pro vides the concentration, in ppm, of isotopolog in the biological system under study. This field corresponds to the 
isotopolog exposure of the biological community as measured by the total concentration throughout the system (indicated by the blue fill color) and 
not the concentration of the amended gas, liquid, or solid material (indicated by the “no symbol”). The numbers provided here are intended to serve as 
examples. 
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etabolism and the isotopic labeling of nucleic acids. In these
ases, we encour a ge the inclusion of the chem_administration field
MIXS:0000751) to specify a comma-separated list of chemical
ompounds coadministered to a host or environment along with
n isotopolog(s). 

nternal standard 

nternal nucleic acid standards can be used to e v aluate density
radient formation and nucleic acid separation, as well as to nor-
alize gradient position across samples. Internal standards are

ools of nucleic acids chosen to r epr esent a r ange in buo y ant den-
ities based on c har acteristics of atom fraction isotope and GC
ontent. For example, pre-centrifugation internal spike-in stan-
ar ds w ere used to identify samples with anomalous density gra-
ient formation [ 5 ]. At pr esent, ther e is no standard methodol-
gy for generating or implementing SIP internal standards . T hus ,
he internal_standard field specifies a DOI corresponding to a pro-
ocol that provides the methodological details, including the se-
uence composition, isotopic enrichment, and expected buo y ant
ensity distribution, of any internal standard added to sequenc-

ng libraries . T his information can be provided on Protocols.io and
ccessioned with a stable DOI [ 25 ]. The internal standard DOI
ay be the same as the SIP methodology DOI so long as the SIP
ethodology fully describes the characteristics of the internal

tandards. 

ccommodating the complexity of SIP 

xperiments 

he MISIP data standard specifies the essential information
eeded to r eliabl y discern the influence of isotopic labeling on
he nucleic acid composition of SIP sequence data (Fig. 6 ). These
dv ancements, along with r ecommendations to guide the col-
ection of other valuable metadata, are sufficient for the major-
ty of SIP experiments. Ho w e v er, the div ersity of SIP experimen-
al configurations exceeds the capacity of the MISIP standard to
ccount for e v ery attribute r ele v ant for inter pr eting a giv en SIP
equence dataset. Se v er al common, but poorl y constr ained, ex-
erimental attributes were not included in MISIP. For example,
he standard does not account for the frequency and timing of

ultiple doses of isotopolog in a pulse-chase type of experiment,
he spatial heterogeneity of isotopolog within the system dur-
ng an incubation, whether the incubation took place in situ , or
hether an experimental system was open or closed to the envi-
 onment. Eac h of these experimental configurations may alter iso-
opic labeling due to the spatial-tempor al v ariation in community

etabolism and the influx or efflux of unlabeled or isotopically
nriched isotopologs. MISIP can capture the kinetics of isotope
nrichment of nucleic acids using the fields nucleobase_atom_frac
nd isotopolog_incu_time . Yet, measures of nucleic acid enrichment
o not necessarily capture the full kinetics of isotope assimila-
ion and cr oss-feeding, whic h may be ca ptur ed in activity mea-
ur ements, suc h as r espir ation or the isotopic labeling of other
etabolites [ 34 ]. 
To address these limitations, we advise depositors to use the

ISIP standard to guide data collection in planning and perform-
ng a SIP experiment. Once a user has completed the MISIP MIxS
 hec klist, we r ecommend they pr ovide an y additional method-
logical information in the description of their methods refer-
nced by the sip_method field. This will help ensure the relevant
etadata not ca ptur ed by the c hec klist ar e included in method-

logical descriptions available elsewhere in the public record. In
ddition to the provided metadata fields, if additional metadata
r expanded information is needed to completely describe the
xperimental design (e.g., incubation parameters), details can be
dded using the misc_parameter term [MIXS:0000752]. We encour-
ge users of the MISIP standard and community members that are
omain experts to contribute to MISIP de v elopment by suggesting
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Figur e 6: T he MISIP standard ca ptur es metadata at se v er al sta ges during a SIP experiment. This sc hematic pr o vides an o v ervie w of the typical 
w orkflo w of DN A/RN A-SIP experiment and the SIP-specific metadata (highlighted in blue boxes) that can be collected at each step. The related 
upstream and downstream metadata required for sequence data archival covered by other data standards are highlighted in black boxes. 
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Ta ble 2: The MISIP standar d uses a standar dized v ocabulary for instances where an expected value cannot be pro vided. T here are 2 
scenarios when this is necessary: (i) when users include a recommended field that includes samples with missing data and (ii) for 
unfr actionated r efer ence samples or other contr ols . T he MISIP missing values v ocabulary follo ws the latest standar ds issued. 

Slot Case 1: Data not collected 
Case 2: Unfr actiona ted reference 

samples Criteria 

isotope Required Not a pplicable—contr ol sample –
isotopolog Required None –
isotopolog_label Required Not a pplicable—contr ol sample –
isotopolog_a ppr oac h Required Not a pplicable—contr ol sample –
gradient_position Required −1 –
gradient_pos_density Missing—not collected Not a pplicable—contr ol sample Recommended 
gr adient_pos_r el_amt Missing—not collected Not a pplicable—contr ol sample Recommended 
sip_method Missing—not described Missing—not described Recommended 
source_mat_id Missing—not described Missing—not described Recommended 
isotopolog_atom_frac Missing—not collected Not a pplicable—contr ol sample Recommended 
isotopolog_atom_pos Missing—not described Not a pplicable—contr ol sample Recommended 
isotopolog_dose Missing—not described Not a pplicable—contr ol sample Recommended 
nucleobase_atom_frac Missing—not collected Not a pplicable—contr ol sample Recommended 
isotopolog_incu_time Not applicable Not a pplicable—contr ol sample Recommended 
hetero_isotopolog Not applicable Not a pplicable—contr ol sample Recommended 
internal_standard Missing—not collected Not a pplicable—contr ol sample Recommended 
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d ditional terms, ad ding clarification, and providing feedback us-
ng the GSC issue tr ac ker on the GSC GitHub repository [ 35 ]. This
nsures that the standard meets the needs of the community and
ontinues to e volv e with newer methods. 

The fields described in the MISIP standard are designed to be
ombined with at least one other MIxS c hec klist (MIMS or MI-
ARKS) plus a MIxS environmental extension. Users can also
tilize controlled vocabulary from other existing MIxS exten-
ions, such as the extensions for a gricultur al pr oduction systems
 36 ] or for built en vironments [ 37 ]. T he use of additional MIxS
elds is r ecommended, suc h as nucleic acid extraction meth-
ds ( nucl_acid_ext : MIXS:0000037), the primers used to generate
ene marker data ( pcr_primers : MIXS:0000046), and other contex-
ual information in an environmental extension, such as the lo-
ation sampled ( lat_lon : MIXS:0000009) and chemical descriptions
f the environment (e.g., carb_nitro_ratio : MIXS:0000310). Further-
ore, the MISIP standard accommodates missing values using

he vocabulary defined by the International Nucleotide Database
ollaboration. In cases where a field that includes samples with
issing data or when unfractionated reference samples are in-

luded, the user should provide the corresponding missing val-
es (consult Table 2 for guidance). The use of missing values is
ypically necessary when compiling data from multiple SIP stud-
es, as seen in Supplementary Table S10 , where we have compiled
upplementary Tables S2 to S9 in mac hine-r eadable format as an
xample. 

ISIP for qSIP 

SIP can be used to estimate the degree of isotopic enrichment of
ucleic acids (or EAF) by resolving shifts in the buo y ant density
f individual nucleic acid sequences (Fig. 1 B) [ 3 ]. The calculations
ecessary to perform qSIP r equir e pr ecise measur ements of the
raction densities ( gradient_pos_density ) and r elativ e DNA amount
 gradient_pos_rel_amt ). T hus , to perform qSIP, these 2 metadata
elds are r equir ed rather than recommended. Practitioners of qSIP
ust determine the gradient_pos_rel_amt based on their sequenc-

ng a ppr oac h by, for example, obtaining either the total gene abun-
ance (in the case of amplicon data) or the total nucleic acid
ass (for shotgun metagenomics) for the total amount of unfrac-

ionated nucleic acid sample added to the density gradient pool
Fig. 4 ). Other fields provide critical information for linking the
uantitativ e enric hment of nucleic acids with envir onmental pr o-
esses, including isotopolog_incu_time (for estimating process rates)
nd isotopolog_dose , nucleobase_atom_frac , and isotopolog_atom_frac
for estimating mass transfer). The ability to calculate rates of iso-
ope incor por ation with qSIP has been used to gr eat effect in mea-
uring the taxon-specific growth and mortality of soil populations
 30 ], estimating microbial predator–pre y d ynamics [ 9 ], and disen-
angling the relationships between microbial communities, fluc-
uating environmental conditions, and biogeochemical processes
 31 ]. 

dvice on the reuse of SIP sequence data 

he MISIP standard is designed to encour a ge the reuse of SIP se-
uence data. To that end, we offer brief advice to assist in reana-

yzing existing datasets . T he primary focus of the analysis should
e to contrast sequence data from equivalent gradient positions
etween paired samples supplied with either isotopically labeled
r natural abundance isotopolog. We advise against making com-
arisons within a density gradient using isotopically labeled se-
uence data, except when a suitable standard is utilized and ad-

ustments are made for the natural variation in GC content. Com-
ositional differences due to GC content are easily controlled by
omparison to sequence data from the paired natural abundance
ample . T hat said, the inclusion of paired natural abundance sam-
les is not r equir ed by MISIP, and in cases where it is missing, it
ay be possible to model the theoretical buo y ant density distribu-

ion of natural abundance nucleic acid fr a gments fr om sequenc-
ng data [ 12 , 38 ]. 

Although the MISIP standard aims to reduce error from mis-
atc hed gr adient fr actions, ther e is al ways a possibility of human

rror. For this reason, the inclusion of buo y ant density informa-
ion is highly recommended . Ho w e v er, in cases wher e density in-
ormation is not provided, one should perform an iter ativ e anal-
sis using a “sliding window a ppr oac h” to c har acterize differ en-
ial abundance of nucleic acids [ 4 ], where adjacent gradient posi-
ions are combined to offset small variations in density at any one
osition. 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae071#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae071#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae071#supplementary-data
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Conclusions 

For over two decades, the global SIP community has worked to- 
gether to establish fundamental methods to connect microbial 
processes to nucleic acid sequencing and leverage the -omics an- 
al ytical toolkit. Tr ac king the fate of an isotopicall y enric hed iso- 
topolog offers a unifying signal from which to integrate -omics 
data types (i.e ., genomics , proteomic , metabolomic , etc.). While 
this a ppr oac h offers a systems-le v el vie w of biological pr ocesses,
it also r equir es ada ptable fr ame works to accommodate differ ent 
SIP data types and metadata. The MISIP standard was de v eloped 

to provide a foundation for these efforts by formalizing the mini- 
m um metadata r equir ements for an y SIP-deriv ed nucleic acid se- 
quence and to formalize a common vocabulary for SIP metadata.
By providing a shared vocabulary to guide metadata entry and 

validation, MISIP can assist in the development of bioinformatic 
software for SIP data analysis and the design of SIP data intake on 

platforms that extend a FAIR fr ame w ork [ 13 ] to do wnstream data 
analysis, ensuring SIP continues to deepen our understanding of 
micr obial comm unities in their envir onment. 

The participation and support provided by the GSC governance 
and technical infrastructure is vital for standards development 
and for facilitating collaboration within scientific communities to 
de v elop ne w c hec klists and envir onmental extensions. To further 
the mission to increase the usability , reproducibility , maintain- 
ability, and consistency of arc hiv ed sequencing data, the GSC has 
switc hed to mana ging MIxS standards via an open GitHub r epos- 
itory [ 35 ] and using LinkML tooling [ 39 ] with the release of MIxS 
version 6. The MISIP checklist will be included as part of the up- 
coming MIxS version 7 release (Fall 2024) and subsequently inte- 
grated into the International Nucleotide Sequence Database Col- 
laboration and other databases . T he entire suite of MIxS standards 
is updated r egularl y thr ough a ppr oximatel y yearl y r eleases. Once 
MISIP is r eleased thr ough MIxS, MISIP terms will be assigned per- 
manent, r esolv able, globall y unique identifiers, and the latest sta- 
ble authoritative version of the standard will always be available 
[ 35 ]. 

Additional Files 

Supplementary Figure S1 . An ov ervie w of the quality of SIP meta- 
data arc hiv ed at the Sequence Read Arc hiv e (SRA) fr om v arious 
en vironments . SIP studies accessioned in PubMed with a SRA con- 
taining more than five samples were evaluated for their metadata 
quality. SRA accessions which reported the isotopolog, isotopolog 
label status, and gradient position met the minimum ("Min") re- 
quirements, while those that reported at least one of these items 
were “Insufficient,” and those that reported none were categorized 

as “None.”
Supplementary Table S1. A list of all SIP experiments published 

on the SRA with ≥5 sequenced samples, including information on 

whether basic SIP metadata were a vailable . 
Supplementary Table S2. Example MISIP information for sam- 
ples fr om Br adfor d et al., 2018 (PubMedID: 30483229). RN A-SIP 
was used to investigate the effect of toluene on the transcriptome 
of a BTEX (benzene , toluene , ethylbenzene , xylene)–contaminated 

aquifer. Note: the “Associated accession” is not r equir ed for MISIP 
and will be generated during the arc hiv al pr ocess . We ha ve in- 
cluded it here to reference the original archived sequence data 
used in this example. 
Supplementary Table S3. Example MISIP information for select 
samples from Barnett et al., 2021 (PubMedID: 34799453). The use 
of diverse carbon sources in a gricultur al soils was investigated us- 
ng amplicon DNA-SIP. Note: the “Associated accession” is not re- 
uired for MISIP and will be generated during the arc hiv al pr o-
ess . We ha ve included it here to r efer ence the original arc hiv ed
equence data used in this example. 
upplementary Table S4. Example MISIP information for select 
amples from Papp et al., 2018 (PubMedID: 29439990). The rela-
ionship between growth rate and metabolic activity in soil mi-
r oor ganisms was investigated using qSIP. Note: the “Associated
ccession” is not r equir ed for MISIP and will be generated during
he arc hiv al pr ocess . We ha v e included it her e to r efer ence the
riginal arc hiv ed sequence data used in this example. 
upplementary Table S5. Example MISIP information for DNA-SIP 

ibr aries gener ated by Conov er et al., 2021 (PubMedID: 34519133)
sing trimethylamine as the isotopolog. The aim was to test
hether N from TMA was incorporated directly or secondarily via

ross-feeding. Note: the “Associated accession” is not required for 
ISIP and will be generated during the arc hiv al pr ocess . We ha ve

ncluded it here to reference the original archived sequence data
sed in this example. 
upplementary Table S6. Example MISIP information for select 
amples from Kong et al., 2020 (PubMedID: 31953339). The effect
f manure on microbial use of rice residues in agricultural soil
as investigated using amplicon DNA-SIP. Note: the “Associated 

ccession” is not r equir ed for MISIP and will be generated during
he arc hiv al pr ocess . We ha v e included it her e to r efer ence the
riginal arc hiv ed sequence data used in this example. 
upplementary Table S7. Example MISIP information for samples 
rom Thomas et al., 2021 (PubMedID: 33953365). The use of algi-
ate (a macroalgal polysaccharide) by marine microbes was in- 
estigated using amplicon DNA-SIP. Note: the “Associated acces- 
ion” is not r equir ed for MISIP and will be gener ated during the
rc hiv al pr ocess . We ha v e included it her e to r efer ence the origi-
al arc hiv ed sequence data used in this example. 
upplementary Table S8. Example MISIP information for samples 
rom Ding et al., 2014 (PubMedID: 25171335). The use of acetate
y pad d y soil micr oor ganisms under differ ent ir on amendment
onditions was investigated by amplicon RNA-SIP. Note: the “As- 
ociated accession” is not r equir ed for MISIP and will be generated
uring the arc hiv al pr ocess . We ha v e included it her e to r efer ence
he original arc hiv ed sequence data used in this example. 
upplementary Table S9. Example MISIP information for sam- 
les from Macey et al., 2020 (PubMedID: 32156318). Methylotrophs 

n bulk soil and pea and wheat rhizospher e wer e c har acterized
 y amplicon DN A-SIP. Note: the “Associated accession” is not re-
uired for MISIP and will be generated during the arc hiv al pr o-
ess . We ha ve included it here to r efer ence the original arc hiv ed
equence data used in this example. 
upplementary Table S10. A mac hine-r eadable v ersion of all
tudy data used to demonstr ate cur ation according to the MISIP
tandard. 

bbreviations 

ID: PubChem compound identification number; DOE: Depart- 
ent of Energy; DOI: digital object identifier; EAF: excess atom 

raction; FAIR: Principles of “Findability , Accessibility , Interop- 
rability, and Reusability”; GC: guanine-cytosine; GSC: Genomic 
tandards Consortium; IGSN: International Generic Sample Num- 
er; InChI: International Chemical Identifier; MIMARKS: Mini- 
um Information about a MARKer gene Sequence; MIMS: Min- 

mum Information about a Metagenome Sequence; MISIP: Mini- 
um Information for any Stable Isotope Probing Sequence; MIxS: 
inimum Information for any (x) Sequence; ORCID: Open Re- 
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