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Abstract

Introduction Human metabolomics has made significant strides in understanding metabolic changes and their implications
for human health, with promising applications in diagnostics and treatment, particularly regarding the gut microbiome.
However, progress is hampered by issues with data comparability and reproducibility across studies, limiting the translation
of these discoveries into practical applications.

Objectives This study aims to evaluate the fit-for-purpose of a suite of human stool samples as potential candidate reference
materials (RMs) and assess the state of the field regarding harmonizing gut metabolomics measurements.

Methods An interlaboratory study was conducted with 18 participating institutions. The study allowed for the use of preferred
analytical techniques, including liquid chromatography-mass spectrometry (LC-MS), gas chromatography-mass spectrometry
(GC-MYS), and nuclear magnetic resonance (NMR).

Results Different laboratories used various methods and analytical platforms to identify the metabolites present in human
stool RM samples. The study found a 40% to 70% recurrence in the reported top 20 most abundant metabolites across the
four materials. In the full annotation list, the percentage of metabolites reported multiple times after nomenclature stand-
ardization was 36% (LC-MS), 58% (GC-MS) and 76% (NMR). Out of 9,300 unique metabolites, only 37 were reported
across all three measurement techniques.

Conclusion This collaborative exercise emphasized the broad chemical survey possible with multi-technique approaches.
Community engagement is essential for the evaluation and characterization of common materials designed to facilitate
comparability and ensure data quality underscoring the value of determining current practices, challenges, and progress of
a field through interlaboratory studies.
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1 Introduction

Metabolomics is a discipline focusing on the systematic
study of endogenous and exogenous small molecules that
are intermediates and end products of metabolism. Metab-
olites are a downstream expression of the various changes
that occur in the genome, transcriptome, and proteome,
and are continuously influenced by external factors. As
a result, the metabolome represents a phenotypic finger-
print by providing a snapshot of the biochemical status
within a biological system, and is used to detect changes
related to diet, environmental exposure, disease, etc. (Sun
& Hu, 2016). Qualitative, semi-quantitative, and some-
times quantitative approaches are all used to obtain infor-
mation about the collection of small molecules found in
a biological sample that can then inform about the status
of a biological system. Untargeted metabolomics pre-
sents significant opportunities for chemical discovery,
as it encompasses a wide spectrum of analytes (Sinde-
lar & Patti, 2020). In metabolomics studies conducted in
humans, biological samples such as blood, sweat, urine,
breast milk, skin extracts, saliva, and cerebrospinal fluid
have been used, each one of these biospecimens has spe-
cific metabolomes that can provide unique insight about
the status of the respective organs (Bang et al., 2022;
Brunmair et al., 2021; Elpa et al., 2021; Gardner et al.,
2020; Kondoh et al., 2021; Langenau et al., 2020; Moreau
et al., 2020; Poulsen et al., 2022; Rodriguez-Morat6 et al.,
2018; Wawrzyniak et al., 2018).

Similarly, the investigation of the human microbiome
has increasingly drawn interest due to its role in human
health and disease. Specifically, the gut microbiome has
been shown to have a critical impact on the modulation
of human homeostasis and to have an influence on con-
ditions such as depression, diabetes, obesity, metabolic
syndrome, allergies and cancer (Barandouzi et al., 2022;
Cunningham et al., 2021; De Filippis et al., 2021; Pantazi
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et al., 2023; Parekh et al., 2015; Radjabzadeh et al., 2022).
Evaluating these associations in depth poses a set of new
challenges that require probing a different type of bio-
specimen: human stool or fecal matter.

Fecal matter is primarily composed of water and bacte-
rial biomass (Stephen & Cummings, 1980) but it also con-
tains proteins, lipids (i.e., fats), and carbohydrates. This
composition reflects the net result of nutrient ingestion,
digestion, and absorption, offering a comprehensive sam-
ple type to understand the impact of the gut microbiome
on human health. The gut microbiota is a collection of
microorganisms, including bacteria, archaea, fungi, and
viruses found in the gastrointestinal tract, which plays a
role in digestion, immune function, disease, metabolism
and hormone regulation (Neuman & Koren, 2016). Its
composition is influenced by factors such as diet, use of
antibiotics, inflammation status, physical activity, and
body weight (Erlandson et al., 2021; Journey et al., 2020;
Monda et al., 2017; Vandeputte et al., 2016; Wang et al.,
2023). Therefore, fecal matter can provide valuable infor-
mation about microbial activity and can be considered a
non-invasive approach to studying host—-microbiome inter-
actions (Zierer et al., 2018).

The gut microbiota, which is considered the largest
microbiome in the human body, is a complex and ever-
changing ecosystem that plays a vital role in human health
and disease, as shown in the literature. Although there have
been promising advancements in using it as a diagnostic
tool, there is still much to learn about this intricate system.
Moreover, the field faces significant challenges in ensur-
ing data reproducibility and comparability due to the com-
plexity of the analytical approaches used in the analysis of
stool samples. These challenges, widely acknowledged as
critical bottlenecks, hinder the progression of metabolomics
research, which is fundamental for understanding the intri-
cate relationship between the gut microbiome and human
host and the translation into clinical application and bio-
therapeutic development.

Given this context, the National Institute of Standards
and Technology (NIST) is working to address these needs
by developing a Human Fecal Reference Material (RM
8048), characterized for metagenomics and metabolomics,
to support the gut microbiome community. NIST history
of developing successful reference materials in the biology
space, such as the NISTmAb monoclonal antibody (De Leoz
et al., 2020) and the SRM 1950 Metabolites in frozen plasma
(Simé6n-Manso et al., 2013) sets a precedent for the potential
impact of the human fecal reference material. These two
examples have become a benchmark in their community
by facilitating method development, validation, and setting
quality control. Similarly, the human fecal reference material
is expected to have the same impact in a field where the vari-
ability inherent in human gut microbiome poses significant
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analytical challenges. This reference material aims to serve
as a critical tool for the community to achieve reliable and
robust measurements. As part of this effort, NIST has con-
ducted an interlaboratory exercise to evaluate the suitability
of a candidate reference material as a standard in a diverse
laboratory setting. This study had two primary goals: (1)
to evaluate the fitness-for-purpose of a whole stool refer-
ence material that could support metabolomic measurement
assurance and (2) to assess the state of the field with respect
to data comparability given a common, complex material.
To achieve these goals, the study was conducted on a suite
of four stool samples prepared as lyophilized and aqueous
materials, collected from donors who followed vegan and
omnivorous diets. Samples were analyzed by eighteen par-
ticipants from academic, industrial, and government institu-
tions and results were reported to NIST as a list of annotated
metabolites. Moreover, members of the scientific community
have contributed to this effort by analyzing the candidate ref-
erence materials and publishing their findings, which further
support the development and validation of these reference
materials (Aristizabal-Henao et al., 2021; Cumeras et al.,
2023; Gauglitz et al., 2022; Nam et al., 2023).

2 Materials and methods
2.1 Human stool production

NIST launched a Gut Microbiome Metabolomics Interlabo-
ratory Program in August 2020 to obtain consensus charac-
terization of candidate human whole stool materials. The
stool material was a candidate RM obtained from The Bio-
Collective (Denver, CO, USA) through volunteer donors.
Stool samples were collected from eight donors, including
two vegan females, two vegan males, two omnivore females,
and two omnivore males. Donors were matched by age, sex,
and body mass index (BMI) and were all surveyed for health
and diet to ensure they were healthy. Samples were col-
lected after informed consent under approved Institutional
Review Board (IRB) protocols at The BioCollective. After
donation, the samples were deposited into a BioCollector™
device and shipped overnight on ice bricks, maintaining a
temperature of approximately 4 °C. Upon receipt, each sam-
ple was segmented into 30-50 g portions, stored in speci-
men collection jars, and placed at — 80 °C until processing.
Initial screening for pathogens including HIV, Hepatitis B,
and Hepatitis C was performed using rapid diagnostic tests.
During manufacturing, stool samples were homogenized,
filtered, and aliquoted into aqueous and lyophilized forms.
Further details are available in the NIST Internal Report
8451: Multi-omic Characterization of Human Whole Stool
Research Grade Test Materials (RGTMs) (Bayless et al.,
2023). Samples consisted of vegan and omnivore donors

@ Springer

(self-identified) stored in aqueous and lyophilized conditions
(i.e., vegan-aqueous, vegan-lyophilized, omnivore-aqueous,
and omnivore-lyophilized) at — 80 °C until shipped on dry
ice to participants.

2.2 Participants

Twenty-six participants enrolled in the study and only 18
participants returned data, representing a 69.2% response
rate. The demographic distribution of participants included
14 from the United States, 10 from Europe and two from
Canada. Regarding their affiliations, 20 were associated with
academic institutions, five from governmental organizations,
and one from industry.

2.3 Study design

Vegan-aqueous, vegan-lyophilized, omnivore-aqueous and
omnivore-lyophilized samples were shipped in triplicate
(twelve samples in total) on dry ice to the participants. A
detailed breakdown of the analytical techniques used by
each participant is provided in Table 1. The participants
analyzed the samples and provided a report containing
all annotated metabolites. In addition, participants were

Table 1 Summary of analytical techniques used in the evaluation of
human stool materials

Participant ID LC-MS GC-MS NMR
1 X X

2

3 X

4 x* X X
5 <b b

6 x*

7 X

8 X
9 X

10 x©

11 X

12 X

13 X

._.
~
>

15 X

16 X

17

18 X X

ANIST reordered the list of the Top 20 metabolites provided by this
participant by either the reported peak height or peak area. This par-
ticipant did not report the data in the requested format

"NIST processed the raw data provided by the participant

“This participant reported only mass-to-charge ratio (m/z) values for
the Top 20 metabolites. This data was excluded from the analysis
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instructed to rank the top 20 metabolites by abundance
(signal intensity, peak height, peak area and/or concen-
tration—no instruction was applied). Participants were
allowed to use the analytical technique and sample prepa-
ration protocol of their choice. This approach was chosen
to reflect the diverse methodologies used across laborato-
ries, aiming to evaluate the comparability among results
without the constraints of a standardized protocol. A sum-
mary of the methods used by participants is provided in
the Supplementary Information (Tables 2, 3, 4), and fur-
ther details can be accessed through the DOI provided in
the Supplementary Information section.

Fig. 1 Data analysis workflow Vegan/Lyo

2.4 Data analysis

The full list of annotated metabolite data provided by each
participant was organized in Excel files with one spreadsheet
per participant and a separate file per technique (LC-MS,
GC-MS, and NMR). In a subsequent spreadsheet, all metab-
olites reported across participants by a given technique were
combined to count the number of total metabolites. Metabo-
lite nomenclature standardization was performed via RefMet
(Fahy & Subramaniam, 2020). All lists provided by the
participants were then combined and sorted in alphabetical
order. Each metabolite was color-coded by each participant

Vegan/Aq Omni/Lyo Omni/Lyo

= =

Combined data (Full list): Across
participants, diet and storage
condition

Partially combined data (Top 20 most
abundant) only across participants

'

Count of total number
of metabolites

Nomenclature
standardization

Y

RefMet

Sorted

Y

Alphabetical order

the origin of the
metabolite

y

Comparison analysis

Color-coded to identify

Participant 18

Reduction of duplicate metabolite to
1 entry per participant.

h 4

Count of total number
of metabolites (raw)

Nomenclature
Standardization

RefMet

Count of total number
of metabolites

A 4

Comparison Analysis
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to identify its source. Finally, the combined list was screened
to reduce duplicate metabolites to one entry per participant
across diets and storage conditions. Some of the metabolites
were not able to be converted by RefMet, and the original
laboratory annotation was kept (Fig. 1).

The top 20 metabolites by abundance reported by each
participant were analyzed following almost the same steps
applied to the full list of metabolites. The list was partially
combined (only across participants) but separated by diet
(omnivore and vegan) and storage conditions (aqueous and
lyophilized) to assess the results of each analytical method.
It should be mentioned that six participants used more than
one method to analyze their samples. The metabolite annota-
tions and peak areas or peak heights, as provided by partici-
pants 4 and 6, were not listed in descending order of inten-
sity and had to be reorganized by NIST to display the correct
top 20 metabolites. In two other cases, participants 5 and 12
submitted data incorrectly or in an unusable format, and the
raw publicly available data was located and processed by
NIST. Participant 10 provided partially processed data with
no annotations, only the m/z result, and was excluded from
the initial top 20 analysis. As shown in Table 1, the ordering
and reprocessing was only applied to the top 20 metabolites
by abundance, except for participants 5 and 12 where NIST
was able to process and include the top 20 and the whole list
of metabolites. Further details on the data analysis process
can be accessed through the DOI provided in the Supple-
mentary Information.

3 Results
3.1 LC-MS

Fourteen participants provided LC-MS data (full annotated
list and top 20 most abundant annotated metabolites). A
compilation of the experimental approaches is described in
Supplementary Table 1, which reports the ionization mode,
reported annotation, and the type of analysis (targeted or
untargeted) performed. Most participants used both positive
and negative ionization, two participants used only posi-
tive mode and two did not report which ionization mode
was used. In addition, most participants did not report the
type of analysis performed on the samples (targeted or untar-
geted). Participants largely classified the annotated analytes
in the broad term of metabolites. Several categorized iden-
tifications regarding specific chemical classes, such as vita-
mins, bile acids, lipids, amino acids, short-chain fatty acids
(SCFAs) and per- and polyfluoroalkyl substances (PFAS).
Details about the experimental conditions such as chro-
matographic columns, solvents, temperature, and the gen-
eral analytical workflow are available in the Supplementary
Table 2. Participants used different solvent combinations to

@ Springer

extract analytes from samples, including acetonitrile, water,
methanol, sulfadimethoxine, isopropanol, chloroform, etha-
nol, methyl tert-butyl ether (MTBE), 1-cyclohexyl ureido
dodecanoic acid (CUDA), and 1-phenylureido 3-hexanoic
acid (PUHA). Chromatographic separation of extracts
covered multiple strategies; eleven participants used C18
columns, three used amide columns, two used hydrophilic
interaction liquid chromatography (HILIC) columns and
the remaining three participants used amino, phenyl and C8
columns. Mobile phases were acetonitrile, water, methanol
and isopropanol and were used with modifiers. The modi-
fiers included acetic acid, formic acid, ammonium formate,
ammonium hydroxide, and ammonium acetate at varying
volume fractions. Chromatography temperatures ranged
from 20 to 60 °C, and flow rates were between 250 and 500
pL/min.

In the case of the top 20 most abundant metabolites, sev-
eral participants provided data for more than one LC-MS
method (i.e., varying columns, extraction methods and sol-
vents), resulting in 25 total datasets. Initially, 14,448 metab-
olites were reported by LC-MS. Upon RefMet standardi-
zation, the number decreased to 8510 unique metabolites.
A comparison of all reported metabolites was performed
to assess the percentage of participants observing the same
metabolites independent of the experimental approach. In
a separate analysis of the data, a given metabolite reported
multiple times by the same participant was reduced to a sin-
gle report. This was noticed for participants who utilized
different experimental approaches (e.g., different LC col-
umn/gradient systems) or analytical techniques to analyze
the stool samples. As a result of this analysis, only 36%
of metabolites were reported more than once (Fig. 2). The
list of metabolites is in the Supplementary Information. For
instance, tyrosine, isoleucine, hypoxanthine and deoxy-
cholic acid were reported by 12 participants (Supplemen-
tary Fig. 1).

For the top 20 most abundant metabolites, 25 datasets
from 14 participants resulted in 499 metabolites per each
diet and storage condition. A few participants used more
than one analytical technique to analyze the samples. Thus,
there were 399 unique metabolites reported for vegan-lyo-
philized stool, 396 metabolites reported for vegan-aqueous
stool, and 408 metabolites each for omnivore-lyophilized
and omnivore-aqueous stools. Before RefMet nomenclature
standardization, an average of 38.9% of metabolites were
reported more than once, with a relative standard deviation
(relSD) of 4.9%, while after normalization, this number
increased to 54.4% (4.4% relSD) (Fig. 3). The list with the
commonly reported metabolites for each sample is available
in Supplementary Fig. 2.
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Fig.2 Frequency of metabo-
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Fig.3 Frequency (%) of annotated metabolites reported before (A)
and after (B) nomenclature standardization by RefMet. The colors

indicate the frequency of metabolites reported, ranging from one to
ten times. For reference, before standardization 47.4, 42.2, 47 and

3.2 GC-MS results

Six participants conducted GC—MS analysis on the sup-
plied materials; five participants provided data and the
sixth dataset was acquired from published results (Aris-
tizabal-Henao et al., 2021). A summary of GC-MS experi-
mental approaches is shown in Supplementary Table 3.
All participants used helium as a carrier gas, and, while

46% of metabolites were reported one time across all samples (blue).
After nomenclature standardization these values were 60.5, 58.7,
62.4 and 62.8% respectively, showing a higher frequency of multiple
reported metabolites

there were some common extraction solvents, the meth-
ods used were unique. Five participants used silylation
as derivatization method, four used 2-stage trimethylsi-
lylation with methoxylamine hydrochloride (MeOX) and
N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA)
and one used N-(tert.-butyldimethylsilyl)-N-methyl-trif-
luoroacetamide (MTBSTFA). Only one participant used
solid phase microextraction (SPME). For this analytical

@ Springer
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Fig.4 Frequency of annotated Frequency  Annotated
metabolites (full list, 875 0% of report metabolite

total) reported by participants
using GC-MS. The table
denotes the number of times a
metabolite was reported across
participants. For instance, 16
metabolites were reported by
five participants, while no sin-
gle metabolite was consistently
reported by all six participants.
For example, 21% of metabo-
lites (92 unique metabolites)
were reported by two datasets

technique, 544 metabolites were obtained after RefMet
nomenclature standardization in the same manner as the
LC-MS data. A comparison across participants revealed
that 58% of these metabolites were reported more than
once (Fig. 4). Examples of reported metabolites can be
found in Supplementary Fig. 3.

Similarly, to the LC-MS data, the top 20 most abundant
metabolites by GC-MS were used to assess the number of
times that a metabolite was reported by participants. A total
of 120 metabolites were provided, with 98 unique metabo-
lites reported for vegan-lyophilized stool, 88 metabolites
for vegan-aqueous stool, 99 metabolites for omni-lyophi-
lized stool and 91 metabolites for omnivore-aqueous stool
after nomenclature standardization using RefMet. Before
standardization, an average of 38.2% (relSD 11.9%) of

Fig.5 Frequency of annotated
metabolites (full list, 246
total) reported by participants
using NMR. The table shows
how often metabolites were
recorded across participants.
For instance, nine unique
metabolites were reported by
all five participants and 16% of
metabolites were reported by
three datasets
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metabolites were recorded more than once. The percentage
increased to 59.6% (relSD 7.3%) after standardization (Sup-
plementary Fig. 4).

3.3 NMRresults

Five participants provided NMR data, and the experimental
conditions were similarly consistent across all participants,
including the software used to identify the metabolites
(Supplementary Table 4). The full list of metabolites was
analyzed in the same manner as the other two analytical
techniques. Across the five participants (total number of
participants using NMR to analyze the stool samples), 246
metabolites were generated after RefMet normalization.
This number includes repeated metabolites, indicating that

Annotated
metabolite

Frequency
of report
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77% of the metabolites were reported multiple times. Out
of 246 metabolites, 60 metabolites were reported a single
time, while nine metabolites were reported across all five
participants (Fig. 5).

Acetic acid, alanine, butyric acid, fumaric acid, isoleu-
cine, lactic acid, propionic acid, uracil and xanthine were
metabolites reported across all five participants (Supplemen-
tary Fig. 5). In the list of the top 20 most abundant metabo-
lites, 93 metabolites were counted across all five partici-
pants, with one participant reporting only 13 metabolites.
Nomenclature standardization via database was unnecessary,
as only a few metabolites were named differently due to the
software conventions. Only a few metabolites were reported
multiple times including acetate, butyrate, propionate, and
alanine. Out of 93 metabolites, about 40 metabolites were
unique according to diet and storage conditions. Prior to
harmonization, 70.1% (relSD 1.9%) of the metabolites were
detected by multiple participants. Following harmonization,
this percentage increased to 80% (Supplementary Fig. 6).

3.4 Metabolites from all methods

A comprehensive comparison using the full metabolite list
was conducted using the datasets from all participants reg-
istered in this ILS to assess metabolites commonly recorded
independent of diet, storage condition or technique. The
dataset consolidation included 8510 metabolites from
LC-MS, 544 metabolites from GC-MS and 246 metabolites
from NMR. Twenty-eight metabolites were reported across
all three analytical techniques, which included mostly amino
acids, dicarboxylic acids, hexoses, and saturated fatty acids
(FA) (Table 2).

4 Discussion

In the rapidly evolving field of gut metabolomics, the com-
plexity of the gut microbiome presents both opportunities
and challenges in confidently correlating a metabolic signa-
ture with human health and disease. To better understand the
current challenges, NIST conducted an interlaboratory study.
The first goal of the study was to evaluate the fitness-for-
purpose of a candidate human whole stool reference material
to support metabolomic measurement assurance. The second
goal was to assess the state of the field with respect to data
comparability given a common, complex material. Notably,
rather than prescribe specific methods, this ILS asked par-
ticipants to use their preferred protocols.

Overall, the materials developed were amenable to mul-
tiple metabolomic extraction methods and analytical tech-
niques; we received data back from all four sample types.
Two primary characteristics were evaluated when consid-
ering if this material was fit-for-purpose for metabolomic

Table 2 Metabolites reported across all analytical techniques, diet
and storage conditions used in this study

Sub class Reported metabolites
1,2-diols Glycerol
Amino acids Alanine

Amino acids Glutamic acid

Amino acids Glutamine
Amino acids Glycine
Amino acids Isoleucine
Amino acids Leucine
Amino acids Methionine
Amino acids Proline
Amino acids Threonine
Amino acids Tryptophan
Amino acids Valine

Dicarboxylic acids 2-Methylglutaric acid

Dicarboxylic acids Glutaric acid

Dicarboxylic acids Malonic acid

Hexoses Galactose

Hexoses Glucose

Hexoses Mannose

Hydroxy FA 3-Hydroxybutyric acid
Other phenols P-Cresol

Other pyrimidines Uracil

Pentoses Xylose

Phenolic acids 3-Hydroxyphenylacetic acid

Pyridine alkaloids 4-Pyridoxic acid
Saturated FA Acetic acid
Saturated FA Butyric acid
Saturated FA Capric acid
Saturated FA Propionic acid
Saturated FA Valeric acid
SCFAs Lactic acid
SCFAs Pyruvic acid

Short-chain keto acids 3-Methyl-2-oxovaleric acid

Sulfonic acids Taurine
Trichloroacetic acids Fumaric acid
Trichloroacetic acids Succinic acid
Trioses Dihydroxyacetone

Xanthines Xanthine

measurements: (1) Do the two dietary cohorts present unique
profiles? and (2) What is the effect of preservation method?
A reference material with two cohorts can be useful when
evaluating the ability of a workflow to distinguish between
distinct populations. A clear separation in gut microbiomes
based on diet, has been reported by several studies, mak-
ing this a useful option for obtaining two distinct materi-
als (Prochazkova et al., 2022; Sun et al., 2023; Xing et al.,
2023). Some of the laboratory participants published reports
on the identified differences between the vegan and omnivore

@ Springer



125 Page 100f 14

A.K.Cruzetal.

samples presented here (Bayless et al., 2023; Cumeras et al.,
2023; Gauglitz et al., 2022) supporting that the two dietary
cohorts result in distinguishable microbiome samples. While
the top 20 metabolite profiles reported for the two dietary
cohorts were distinct on a lab-by-lab basis, more global anal-
ysis was not practical given that reported metabolite differ-
ence between materials would be confounded by methodo-
logical differences and the disproportionately small number
of metabolites requested for a given sample. Similarly, with
respect to preservation method, data could be compared on
a lab-by-lab basis, but it was difficult to distinguish reported
metabolites that were solely attributable to a specific preser-
vation method. While some literature suggests lyophilization
is a better method for preserving fresh stool samples (De
Spiegeleer et al., 2020), given that both preservation meth-
ods appeared suitable for analysis, NIST has decided to pre-
serve the upcoming homogenized human fecal material in
aqueous condition to represent a fresh sample more closely.
This decision was also made to avoid any potential losses of
volatile compounds, such as SCFAs, which could potentially
occur during the lyophilization process. It is important to
note that the type of reference material used in this study
is designed to support comparability and reproducibility or
measurement precision. This type of material does not rep-
resent ground truth, in that the actual chemical constituents
have not been confirmed, and therefore is not amenable for
evaluating a preservation method (or analytical method) to
measure what is present in the sample.

With respect to the second goal, this study provided a
comprehensive overview of the diverse methodologies in the
field. All reported sample preparation protocols for each ana-
Iytical approach and technique were distinct, despite some
similarities in extraction solvents and general steps. This
study aimed to evaluate the comparability of results across
diverse analytical methods, allowing participants to use
their own sample preparation protocols to reflect real-world
variability. For example, by comparing different approaches,
such as silylation for GC-MS and SPME (Fiehn, 2016), the
study focused on identifying which metabolites were con-
sistently detected across laboratories, providing insights into
the comparability of metabolite identification. The goal was
to compile a comprehensive list of metabolites and assess
the consistency of detection across a variety of analytical
platforms and distinct methodologies.

Methodologies are usually determined by fit-for-purpose
of the specific aims of a study; for example, specific extrac-
tion methodology and analytical protocols can be developed
to optimize metabolite recovery in stool for specified appli-
cations (Deda et al., 2017; Gray et al., 2022; Moosmang
et al., 2019). It is unlikely that metabolomics will adopt
standardized methodologies and developing a standardized
protocol may stifle scientific advances; however, this inhib-
its data and study comparability. Rather than a prescribed
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method, these instances highlight where a reference material
such as NIST RM 8048, would increase the transferability
of application-driven methods across laboratories. Given the
range of analytical tools with varying levels of throughput,
coverage, and sample preparation used to address metabo-
lomics-related hypotheses (not limited to LC-MS, GC-MS,
and NMR as presented in this study), a reference material
would promote some interchangeability between platforms,
then comparisons can be made when results are considered
in the context of the methods used. A RM would also high-
light relevant strengths and weaknesses of each technique
beyond the well-known strengths of greater coverage in
mass spectrometry and the inherently quantitative and non-
destructive nature of NMR.

To this effect, an interlaboratory study is an important
community collaboration effort to gauge the state of the
field. Ideally, this is a repetitive occurrence, evaluating the
same reference materials, to understand the current state and
the progression of the field, identify best methodologies or
reveal practices that show promise as useful techniques, and
demonstrate the bottlenecks and challenges that should be
addressed to advance metabolomics. This particular effort
expanded the analysis of a candidate reference material
through community engagement and diverse workflows. The
paradigm of reference material development has shifted with
the advent of omics research (Lippa et al., 2022), where
standards development organizations, like NIST, cannot
fully characterize a material to suit the extensive needs of
the community, thus requiring collaboration from commu-
nity expertise. Currently, the Reference and Test Material
Working Group of the Metabolomics Quality Assurance and
Quality Control (mQACC) consortium (https://www.mqacc.
org/) is spearheading such an effort to more fully character-
ized the widely-used NIST SRM 1950—Metabolites in Fro-
zen Plasma. If successful, perhaps this pioneering endeavor
will be considered for other highly valuable reference mate-
rials such as NIST RM 8048. In this interlaboratory exercise,
we showcased broad chemical coverage of candidate human
whole stool reference materials using multiple methods and
multiple platforms.

In addition to providing a survey of materials and cur-
rent methodologies, this study also revealed some challenges
posed by data reporting. Significant effort was required to
standardize the nomenclature and enable an accurate repre-
sentation of the frequency distinct metabolites was reported.
One source of the lack of comparability was attributable to
the various metabolite identification databases used, a chal-
lenge well known to the community. Collecting full annota-
tion lists for analysis by individual participants improved the
detection of similar metabolites across labs. Preceding the
guidance on metabolite naming conventions is the impor-
tant step of metabolite identity authentication. Metabolite
reporting should, at a minimum, include the Metabolomics
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Standards Initiative (MSI) level (Sumner et al., 2007) at
which the metabolite was annotated. Even for qualitative
studies, verifying the identification of a metabolite using an
authentic standard is increasingly recognized as important,
especially when claims are made regarding the biological
significance of said compound. While this would be ideal;
it is not financially realistic to obtain and run standards for
all putative annotations in a metabolic phenotyping, com-
prehensive study. Therefore, materials like NIST RM 8048,
which include a list of confident annotations, can provide the
community with greater assurance in their results, especially
as the community continues to build on and report the meta-
bolic composition of this and similar materials. The com-
munity is aware of the urgent need for updated guidelines for
metabolite identification and nomenclature standardization
and efforts are currently underway (Alseekh et al., 2021;
Kofeler et al., 2021; McDonald et al., 2022; Salek et al.,
2013; Wilson et al., 2021).

Across various scientific disciplines, but specifically in
the microbiome field, metadata, and data reporting stand-
ards are an active area of data harmonization. Notably for
metabolomics, minimum reporting standards have been pro-
posed by the MSI (Fiehn et al., 2007; Sumner et al., 2007),
mQACC (Kirwan et al., 2022), Non-targeted Analysis
(NTA) community (Peter et al., 2021), toxicologists (Viant
et al., 2019) and others. Reporting standards adoption will
ultimately facilitate data comparability including the use
and reuse of data submitted to repositories. In this study,
many laboratories reported an untargeted analysis, but upon
further investigation, it was revealed that searches were con-
ducted within a specific mass range or for particular classes
of compounds. If this information had been reported, the
data could have been less ambiguous and could have sim-
plified and expedited the alignment of results for meaning-
ful comparisons. Findings from this study will help inform
future interlaboratory study design including a more com-
plete standard reporting format using guidelines available to
the community, requests for full annotation lists rather than
a subset, nomenclature reporting guidelines or protocols for
standardization, and clearly defined benchmarks.

5 Conclusions

Different laboratories employed various methods and
analytical platforms to identify the metabolites present in
human stool RM samples. This collaborative venture cre-
ated a more defined chemical fingerprint for each specimen
than any single method alone. Community engagement in
reference material characterization is crucial. Continuous
reference material use (and reporting of) and data evalu-
ation can reveal progress or change as a field evolves, can
aid in defining best practices, or uncover challenges like

the difficulties in harmonizing datasets due to metabolite
nomenclature discrepancies that occurred here.

This study highlights the complexity associated with
metabolomic measurements and provides an opportunity
to reflect on the challenges and insights that arise from
this type of measurement. It also serves as a prelude to
establishing communication between NIST, the gut micro-
biome, and metabolomics communities to come up with
strategies to improve data reproducibility and compara-
bility through the development of standards. The results
of this study have been used to inform the design of two
microbiome materials. RM 8048 Human Fecal Mate-
rial, a reference material similar to the material used for
this study, is aimed at improving data reproducibility in
metagenomics and metabolomics research. Measurements
will include metagenomics sequences with relative abun-
dances and highly confident metabolite annotations with
associated reference datasets. This material will be com-
prised of a set of samples derived from two cohorts, veg-
etarian and omnivore, and delivered as an aqueous slurry
stored at — 80 °C. In addition, the need for instrument
harmonization led to the development of RGTM 10212
Fecal Metabolite Mixture which is intended to provide
ground truth measures of instrument performance both
in system suitability and across-batch/lab precision with
known quantitative values.
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tary material available at https://doi.org/10.1007/s11306-024-02185-0.
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