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ABSTRACT: Biological interpretation of untargeted LC-MS-based metab-
olomics data depends on accurate compound identification, but current
techniques fall short of identifying most features that can be detected. The
human fecal metabolome is complex, variable, incompletely annotated, and
serves as an ideal matrix to evaluate novel compound identification methods.
We devised an experimental strategy for compound annotation using
multidimensional chromatography and semiautomated feature alignment and
applied these methods to study the fecal metabolome in the context of fecal
microbiota transplantation (FMT) for recurrent C. dif f icile infection. Pooled
fecal samples were fractionated using semipreparative liquid chromatography
and analyzed by an orthogonal LC-MS/MS method. The resulting spectra
were searched against commercial, public, and local spectral libraries, and
annotations were vetted using retention time alignment and prediction.
Multidimensional chromatography yielded more than a 2-fold improvement
in identified compounds compared to conventional LC-MS/MS and successfully identified several rare and previously unreported
compounds, including novel fatty-acid conjugated bile acid species. Using an automated software-based feature alignment strategy,
most metabolites identified by the new approach could be matched to features that were detected but not identified in single-
dimensional LC-MS/MS data. Overall, our approach represents a powerful strategy to enhance compound identification and
biological insight from untargeted metabolomics data.
KEYWORDS: Clostridioides dif f icile, C. dif f , HILIC, RPLC, LC × LC, untargeted metabolomics, compound identification, bile acids,
LC-MS, MS/MS

■ INTRODUCTION
Untargeted metabolomics data typically contains hundreds to
thousands of unknown features, even after data cleaning
techniques are applied to reduce degenerate signals1−4 and the
best currently available spectral searching strategies are applied
to identify metabolites.5−7 The most important experimental
method to help identify or annotate biologically relevant
unknown metabolites is the acquisition of high-quality tandem
mass spectrometry (MS/MS) data, which can be queried
against experimental and in-silico spectral databases.5 Yet even
using multiple spectral libraries containing thousands of high-
quality spectra, some features are inherently difficult to identify
for one of several reasons: they may be present at low
abundance and generate a poor quality MS/MS spectrum, the
MS/MS spectra they produce may contain few unique product
ions, they may be difficult to distinguish from structurally
similar compounds that produce nearly identical spectra, or
they may be confounded by chimeric MS/MS spectra resulting
from cofragmentation of coeluting precursors with the same

nominal mass.6,7 Spectral resolution and mass accuracy also
affect identification accuracy. Liquid chromatography (LC)
can separate isomers, reduce competition for ionization and
improve MS signal, but many features remain challenging to
identify by data-dependent or data-independent LC-MS/MS
due to incomplete chromatographic resolution or low
abundance.8 Ion mobility spectrometry-mass spectrometry
has been proposed as a strategy to resolve isomers and
measure collisional cross-section (CCS) values of small
molecules.9 However, recent work by Asef et al. demonstrated
that comparing experimentally measured CCS against
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predicted values filtered fewer than 1/3 of candidate structures
in a study involving C. elegans metabolites and lipids.10

Enhancing chromatographic separations is an additional
strategy to improve compound identification performance in
metabolomics. Current untargeted metabolomics studies
commonly use relatively short chromatographic gradients
(∼20 min or less) to achieve sufficient throughput for large
numbers of samples. For accurate quantification, sample
loading quantities must avoid column or detector saturation
for the most abundant features. However, these conditions are
not optimized for compound identification. Previously, our
group demonstrated significant improvement in compound
identification performance when longer run times (∼3 h),
higher sample loading, and multirun precursor ion exclusion
were used.11 Such conditions only needed to be used to
analyze a representative pooled sample, since software tools
could be used to achieve confident alignment of newly
identified compounds with features detectable but not
identifiable using conventional LC-MS conditions.12 However,
at the longest gradients and highest loading conditions,
broader peaks and increased coelution resulted in a leveling-
off of the number of compounds identified in a sample,
suggesting that a practical limit exists for one-dimensional
(1D) LC separations using commercially available instrumen-
tation and columns.
Larger diameter columns offer higher loading capacity than

the 1 to 2.1 mm inner diameter columns typically used for LC-
MS, but since electrospray ionization (ESI) sensitivity is
mostly concentration-dependent,13 higher mass loading can
only be translated to improved sensitivity when eluted
compounds can be concentrated before data acquisition by
the MS.14 By performing a separation using a semipreparative
column (10 mm or larger bore), collecting and concentrating
fractions, and reinjecting them on a narrower-bore column,
higher mass loading can be achieved for many compounds
while avoiding column overloading resulting in peak broad-
ening. This technique, termed offline two-dimensional
chromatography (LC × LC), also reduces coelution and
corresponding ion suppression.15 Only a few metabolomics-
focused examples of LC × LC are found in the literature. In
one such study, a semipreparative ion-pairing RPLC first
dimension separation detected 3564 unique ion pairs in human
urine after collected fractions were isotopically dansylated to
impart additional hydrophobicity prior to an analytical scale
RPLC separation.16 In a 1D RPLC-MS separation of the same
sample, only 1218 ion pairs were observed. A similar approach
was recently published utilizing supercritical fluid chromatog-
raphy (SFC) for fractionation of lipids by lipid class.6,17 In this
approach, 404 lipids were identified with the SFC fractionation
workflow compared to 150 with a 1D RPLC-MS approach.
Various column chemistry combinations have also been
evaluated for orthogonality and application to compound
identification.18,19 Due to their orthogonality and suitability for
both polar and apolar metabolites, RPLC × HILIC and ion
exchange × RPLC configurations yielded the greatest
identification performance for urine metabolites.18 Taken
together, these studies provide evidence for the potential of
LC × LC to improve detection and identification of low-
abundance metabolites. In our present work, we describe a
strategy to harmonize a single high-resolution LC × LC-MS/
MS analysis with data from typical-length 1D LC-MS runs,
harnessing the benefits of LC × LC for compound

identification while avoiding any significant decrease in
throughput.
While human plasma and urine have been extensively

evaluated using a multitude of techniques including a limited
number of LC × LC methods,11,20−23 the fecal metabolome
remains substantially less well characterized, even as evidence
gathers of the importance of the gut microbiome and its
interaction with host metabolism.24−29 In this study, we
demonstrate an offline LC × LC-MS/MS metabolomics
approach to identify low abundance human fecal metabolites
in a small group of subjects that received a fecal microbiota
transplant (FMT) for treatment of recurrent Clostridioides
dif f icile (C. dif f) infection (rCDI). Multiple criteria were used
to assess accuracy and confidence of these compound
identifications, including MS/MS database search score
criteria, RT alignment with authentic standards, and
comparison of experimental and computationally predicted
RT. Compared with conventional (20 min) 1D separations,
our offline two-dimensional methods (RPLC × HILIC and
RPLC × RPLC) more than doubled the number of unique
database match assignments (1513 to 3414) and identified 72
more metabolites that significantly differentiated pre- and post-
FMT samples. The differential compounds include bile acids,
amino acids, lipids, and several previously unreported
metabolites. Our work complements a recent manuscript by
Stewart et al.29 that studied FMT samples from the same
clinical trial, and includes data from four additional subjects.
Furthermore, whereas Stewart et al. focused on targeted
analysis of bile acid-related compounds using LC-IMS-MS, our
method identified a broader range of metabolites using an
untargeted workflow. Overall, our study demonstrates a
practical, time-conscious strategy to enhance compound
identification in metabolomics data using LC × LC-MS and
applies this method to generate novel insight into the fecal
metabolome in the context of FMT.

■ EXPERIMENTAL SECTION

Sample Collection and Extraction

All patients were enrolled under IRB #16−2283 at the
University of North Carolina Hospital.29 Fecal samples were
collected pre-FMT and 2 weeks post-FMT for eight patients
with prior unsuccessful antibiotic treatment for rCDI.
Following collection, samples were stripped of all personally
identifiable information and relabeled using the designations
R3, R4, R7, R8, R9, R12, R13, and R14 for each of the 8
recipients included in the study, with the suffixes “-1” and “-2”
appended to designate pre- and post-FMT samples,
respectively. Samples were sent to the analysis laboratory on
dry ice where they were stored at −80 °C. On the day of
extraction, samples were weighed into pretared 2 mL screw-top
polypropylene vials, and one 2.8 mm stainless steel bead was
added to aid homogenization. Chilled extraction solvent was
added to the tubes at a ratio of 5 mL solvent per 1 g feces and
was comprised of 1:1:1 methanol:acetonitrile:acetone contain-
ing 10 mM of D3-creatine, D10-isoleucine, D2-biotin, D5-
tryptophan, D3-caffeine, D3-octanoylcarnitine, D3-palmitoylcar-
nitine, D4-deoxycholic acid, D4-cholic acid, and D7-arginine as
internal standards. Metabolites were extracted from the
samples using a Precellys Evolution homogenizer (Bertin
Corp., Montigny-le-Bretonneux, France) using two 20 s cycles
at 6,200 rpm, separated by a 30 s break. Following extraction,
samples were centrifuged for 10 min at 17,000 r.c.f. A 100 mL

Journal of Proteome Research pubs.acs.org/jpr Article

https://doi.org/10.1021/acs.jproteome.4c00022
J. Proteome Res. 2024, 23, 2000−2012

2001

pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.4c00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


aliquot of supernatant was transferred to clean microcentrifuge
vials, dried under a gentle stream of nitrogen, and stored at
−80 °C. On the day of analysis, the dried extracts were
reconstituted as described below. Pooled samples were
prepared by combining equal volumes of reconstituted fecal
matter extract from all subjects.
First Dimension: Semipreparative LC with Fraction
Collection

For pooled samples analyzed using offline LC × LC,
semipreparative RPLC (SP-RPLC) of 2-fold concentrated
fecal matter extract (1800 mL total dried extract reconstituted
in 900 mL 9:1 water: methanol) was performed on a Waters
(Milford, MA) Atlantis T3 OBD prep column (10 × 150 mm;
5 mm particle diameter) using an Agilent (Santa Clara, CA)
1200 liquid chromatograph equipped with a 900 μL injection
kit. The column compartment was maintained at 55 °C.
Mobile phase A was water with 0.1% v/v formic acid and
mobile phase B was methanol with 0.025% v/v formic acid.
The chromatographic gradient was as follows: 0−1 min 0% B;
1−20 min 100% B; 20−40 min 100% B. The flow rate was 3
mL/min and a postcolumn tee was used to establish a 50:1
effluent split between a Bio-Rad (Hercules, CA) BioFrac
fraction collector and an Agilent 6520 quadrupole time-of-
flight mass (QTOF) spectrometer operated as described in the
Supporting Information. The resulting MS data was used for
real-time monitoring of the semipreparative separation and
initial screening of fraction contents, but not for compound
identification or quantitation. Ninety-four 0.35 min fractions
with a volume of 1.05 mL each were collected into tapered-
base glass autosampler vials (Thermo Scientific) beginning at
3.0 min postinjection of the semipreparative method. The
fractions were then dried using a GeneVaca ̂ Ez-2 (Ipswich,
United Kingdom) vacuum centrifuge at room temperature.
The dried fractions were reconstituted in 50 mL of method-
specific reconstitution solvent (85:15 acetonitrile:water for
HILIC analysis or 9:1 water:methanol for RPLC analysis).
Adjacent fractions were combined, resulting in forty-seven 100
mL fractions. Five mL of each fraction was analyzed by
analytical LC-MS/MS as described below.
Second Dimension: Analytical LC-MS/MS

Fecal samples from individual human subjects, fractionated
and unfractionated pooled samples, and authentic standards
(which are listed in the Supporting Information) were analyzed
by HILIC (Waters BEH Amide, 2.1 × 100 mm, 1.7 mm) and
high-pH RPLC (Waters Charged-Surface Hybrid [CSH] C18,
2.1 × 100 mm, 1.7 mm) in both positive and negative ion
modes on a Thermo Vanquish Horizon LC coupled to an
Orbitrap ID-X mass spectrometer. For HILIC separations,
mobile phase A consisted of 95:5 water:acetonitrile with 10
mM ammonium formate plus 0.125% v/v formic acid and
mobile phase B was 5:95 water:acetonitrile with the same
additive concentrations. HILIC separations utilized the
following gradient: 0 min, 100% B; 0−0.5 min 100% B; 0.5−
7 min 85% B; 7−9 min 85% B; 9−16 min 50% B; 16−16.1 min
100% B; 16.1−20 min 100% B. For RPLC separations, mobile
phase A consisted of water with 10 mM ammonium acetate
plus 0.025% ammonium hydroxide (v/v) and mobile phase B
was methanol with the same additives. RPLC separations
utilized the following gradient: 0 min 0% B, 0−5 min 60% B;
5−13 min 99% B; 13−17 min 99% B; 17−17.1 min 0% B; 17−
20 min 0% B. A five μL injection volume was used for both
separation modes. Data-dependent MS/MS was collected in

positive and negative ion modes using parameters listed in the
Supporting Information.
Data Processing and Compound Identification

MS1 feature detection, integration, alignment, and adduct
annotation was performed in Thermo Compound Discoverer
3.3 as described in the Supplemental Methods. Peak areas for
the internal standards were assessed for reproducibility before
and after normalization. Univariate and multivariate statistical
analysis of the metabolomics data was performed following
median normalization and log transformation using Metab-
oAnalyst 5.0.30 To detect features that were differentially
abundant between pre- and post- FMT sample groups, we used
an unpaired students t test with Benjamini-Hochberg False
Discovery Rate (FDR) correction for multiple comparisons.
The threshold for statistical significance of differential features
was assigned as a minimum of ±1.25-fold change with an
FDR-corrected p-value of 0.1 or lower.
Compound identification using MS/MS data was performed

using our software tool MetIDTracker, which has been
described previously.11 Both identity and “hybrid” spectral
search were performed against public and commercially
available libraries using the parameters described in the
Supporting Information. To supplement spectral search scores,
both an endogenous metabolite library of ∼1000 compounds
and retention time prediction using the ReTip software
package31 were used to further qualify compound identi-
fications; details regarding application of these methods are
described in the Supporting Information. Metabolite identi-
fication confidence levels were assigned as follows. Only
features satisfying MS/MS search score criteria (entropy score
greater than or equal to 0.65) and with close RT alignment
(±0.5 min) to the matching analytical standard were
designated as MSI level 1 (MSI1) identifications.32 Similarly,
MS/MS library hits matching the structure of a compound in
our library of authentic standards that did not align with the
experimentally measured retention time were downgraded to
compound class-level annotations (MSI3). Spectral hits to
compounds for which we did not possess an authentic
standard, but with a measured retention time within ±1.0
min of retention time predicted by Retip, were classified as
MSI2A identifications. Features matched as identity hits by
MS/MS entropy score alone were termed MSI2B identi-
fications. All features assigned a MSI level of 1, 2A, or 2B are
hereafter referred to as “identifications”. Compound-class-level
MSI3 annotations were assigned for features meeting one or
more of the following criteria: NIST hybrid score3 600, 0.5 ≤
identity MS/MS entropy score <0.65, or in-source MS/MS
entropy score3 < 0.65.33 Remaining detected features were
classified as MSI4 (unknowns). MSI3 and MSI4 features were
further consolidated to the highest intensity MS/MS feature
within 0.2 min and ±0.0025 m/z. The number of
identifications by each method was assessed by determining
the number of compounds with a unique InChIKey (first 14
characters) with an MSI1, MSI2A, or MSI2B identification
level. Compounds identified in four or more fractions were
considered background ions and removed from the tally of
unique compounds.
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■ RESULTS AND DISCUSSION

Response of the Metabolome to Fecal Microbiota
Transplantation
As reported previously, fecal microbiota transplant causes
significant alteration to the fecal microbiome and metab-
olome.34,35 To detect metabolites with differential abundance
between pre- and post-FMT time points, samples from
subjects with rCDI (8 pre-FMT samples and 8 post-FMT
samples) were first analyzed by analytical RPLC- and HILIC-
MS/MS as described above. Total ion chromatograms (TIC)
of the fecal extracts under the different modes of
chromatography and ionization are shown in Figure S1. High
variability in the intersubject fecal metabolome is expected due
to differences in diet, microbiome, and other factors.36,37 One
notable feature of the data was the presence of sizable clusters
of peaks in the RPLC separation in the retention time range
from 3 to 6 min (Figure S1A-B). These were attributed to
polyethylene glycol (PEG) polymers, which were likely present
due to pre-FMT bowel prep.38,39 PEG-related ions were
removed from the data before statistical comparison of pre-
and post-FMT samples. However, ion suppression of
metabolites eluting near PEG may have reduced the ability
to accurately detect differential metabolites in this retention
time range.40

While we have shown previously that preconcentration
strategies are beneficial for compound identification,11 routine
metabolomics data collection and quantitation is achieved
using conventional sample loading and typical run length (∼20
min), thus all comparisons of pre- and post-FMT samples was
performed using these methods. Principal component analysis
(PCA) revealed a large separation between pre- and post-FMT
samples in the first two principal components (Figure S2). A
slight overlap of the 95% confidence intervals is seen for three
of the four PCA plots; subject R3, which had particularly high
levels of PEG, was consistently the furthest from the other
samples within the group. The significantly up- and down-
regulated features contributing to sample group differentiation
are illustrated in volcano plots in Figure S3. In total, 2146
features were significantly differential between pre- and post-
FMT sample groups; these features were later aligned to the
MS/MS data for compound identification. A complete listing
of differential features and all identified compounds are
included in the Supporting Information (Metabolomics
Workbench data upload).
Assigning Confidence to Metabolite Identifications
Several classification schemes have been proposed to report
identification confidence for metabolomics data, however,
assignment to a specific level in most schemes is subject to
interpretation. For instance, using the original Metabolomics
Standards Initiative ID levels an MSI2 identification is
generally regarded as requiring a MS/MS spectral match, but
no specific search algorithm, score threshold or confidence
criteria are specified.32,41,42 Higher confidence identifications
can be achieved when multiple pieces of experimental evidence
including retention time alignment with authentic standards is
performed. However, purchasing and analyzing such libraries is
costly, and no library covers all possible metabolites. To assess
identification confidence to metabolites not included in our in-
house authentic standard library, retention time prediction
(RTP) for RPLC and HILIC models were created with the R
package Retip.31 Both experimentally measured retention times
and the predicted RT models are in the Supporting

Information (Metabolomics Workbench data upload). Repli-
cate RTP model performance is reported in Tables S1−S2 and
Figure S4. Modeling HILIC retention was less accurate than
RPLC retention likely due to its more complex mechanism of
separation.43−45 It is our observation that RTP accuracy is not
sufficient to confidently confirm identifications, but it adds
supporting evidence if observed and predicted retention times
align within an empirically determined margin, which was
selected as ±1 min for this study.
In addition to RT prediction, searching MS/MS data against

spectral libraries remains an essential component of compound
identification in untargeted metabolomics. Spectral entropy
scoring, an alternative to conventional dot-product algorithms,
has recently been demonstrated to reduce false positive
metabolite identification rates.46 Entropy scores range from 0
to 1 with higher values generally representing more accurate
matches. We observed that accurate metabolite identifications,
supported by RT alignment to authentic standards or well-
matched predicted RT, were often observed with entropy
scores of 0.65 and above. We therefore selected this threshold
as a reasonable balance between identification confidence and
false discovery. An example head-to-tail plot of diltiazem, a
common antihypertensive drug, is shown in Figure S5. This
match had an entropy score of 0.681 and excellent retention
time alignment to a pure standard. The combination of
entropy score and RT prediction (or RT matching when
authentic standards were available) were used to assign
metabolite ID confidence levels for all reported features.
Assessing Identification Performance of 1D- and 2D-LC
Approaches

To rigorously evaluate the potential of offline 2D separations
to improve compound identification performance and to assess
whether the increased time and sample consumption they
require is justified, 2D methods must be assessed relative to
typical 1D separations. Prior to MS/MS data collection, an
exclusion list of background ions was created by running a
RPLC and HILIC blank injection of the corresponding
reconstitution solvents. Then five iterative LC-MS/MS runs
of a pooled fecal sample were performed with run-to-run
precursor ion exclusion enabled.47 Compounds were identified
in the resulting data according to criteria described in the
methods and were tabulated (Figure S6). The number of
unique identifications increased with each successive injection
but trended toward a plateau for both ionization modes and
separations. 931 and 288 total identifications (MSI1, MSI2A
and MSI2B) were observed for the RPLC separations in
positive and negative mode, and 545 and 292 were observed
using HILIC. Lower identification totals for negative mode
were expected, as the acidity of the mobile phases favored the
formation of positive ions. This compromise was accepted to
allow retention time alignment between ionization modes.
1147 unique identifications were made by RPLC and 770 by
HILIC when positive and negative mode results were
combined; 1513 unique identifications were made in total
for all 1D methods. MSI-level feature breakdowns for each 1D
method are illustrated in Figure S7. Greater than 65% of
collected MS/MS features for all methods were classified as
unknowns.
A semipreparative RPLC (SP-RPLC) first dimension

separation at low pH performed on a 10 mm inner diameter
Waters High Strength Silica T3 column was used as the first
dimension for all 2D analyses. Semipreparative HILIC was also
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evaluated as a first dimension, but it was determined to have
lower loading capacity than RPLC, making it difficult to
prepare high-concentration fractions for subsequent analysis. A
preparative-scale HILIC column or pooling fractions from
multiple runs could be used to increase loading capacity, but
would have required either different instrumentation or more
time for fraction collection and drying, and was therefore not
pursued further.48

The effective peak capacity of offline 2D separations is
determined by several factors, including the peak capacity of
each separation, separation method orthogonality, and fraction
sampling frequency.49,50 We evaluated LC × LC performance
for metabolite identification using two different second-
dimension columns. First, a high-pH RPLC separation (Waters
Charged Surface Hybrid column) was used to improve
orthogonality with the low-pH first dimension separation.
Our second method, HILIC (Waters BEH Amide column), is
inherently more orthogonal to RPLC, thus we expected a
higher total peak capacity using this approach. Several previous
studies have systematically investigated column combinations
and orthogonality in greater detail;18,19 our study focuses on
the potential for enhanced metabolite identification and
compound classification using SP-LC × LC-MS.
A TIC from the first dimension SP-RPLC separation is

shown in Figure S8. The TICs for the full LC × LC separations
are illustrated as heatmaps with peak intensity visualized as a

logarithmically scaled grayscale gradient in Figure 1. A clear
diagonal band of peaks can be seen for the SP-RPLC × RPLC
separation in which high-pH RPLC was used as the second
dimension, revealing limited orthogonality with the first-
dimension separation. For the SP-RPLC × HILIC separation,
compounds that eluted earlier from the first dimension (polar
compounds) were spread over a wider range of the second
dimension (HILIC) separation space, whereas late-eluting
nonpolar compounds were lightly retained and eluted early in
the HILIC gradient. The number of unique identifications
made per fraction (Figure S9) further illustrates the difference
in orthogonality between the methods, as more identifications
in the first ∼20 fractions were observed with SP-RPLC ×
HILIC. In total, 1479, 555, 1917, and 830 identifications were
made when RPLC positive mode, RPLC negative mode,
HILIC positive mode, and HILIC negative mode were used as
the second-dimension method, respectively. 1917 and 2548
unique identifications were made in total for both modes of the
RPLC and HILIC methods, and 3414 total unique
identifications were achieved across all 2D methods. Figure 2
summarizes the total number of identifications made by each
of the 1D and 2D methods.
Compared to 1D separations, 2.25 times as many

metabolites were identified by the offline 2D approaches,
and a much higher number of MS/MS features were detected
with a comparable proportion of unknowns (Figure S10).

Figure 1. Two-dimensional TICs derived from LC-MS analysis of fractionated pooled fecal extract using (A) SP-RPLC positive mode, (B) SP-
RPLC negative mode, (C) SP-HILIC positive mode, and (D) SP-HILIC negative mode methods. The logarithm of TIC intensity is represented by
grayscale.
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Compared to 1D methods, a slightly larger proportion of the
identifications achieved with the offline 2D methods were
classified as MSI1 (11.5% versus 10.8%) and MSI2A (59.7%
versus 46.8%) confidence levels. We have observed previously
that the use of multirun precursor ion exclusion and high
sample loading as strategies for increasing the number of
compounds identified also tends to yield a higher total number
and higher proportion of unidentified (MSI4) features.11 In
this study, however, the offline 2D methods identified a
comparable proportion of the unknown MS/MS features to
our standard 1D method. This suggests that breaking a
complex sample into simpler fractions may generate cleaner
MS/MS spectra that are more amenable to identification by
library searching. Supporting this hypothesis, average precursor
ion purity, a metric of how many different ions exist within the
quadrupole isolation window of the MS scan, was modestly
(∼5−10%) but consistently lower (i.e., less “pure”) for 1D
than 2D separations and had a broader distribution for all
identification levels (Figure S11). As precursor ion purity
decreased, so did identification confidence; higher proportions
of MSI4 features for 1D methods may also partly explain this
observation. Additional factors underlying the increased
number of identified compounds observed using LC × LC
may include reduction in ionization suppression in the
fractionated samples, improved MS/MS coverage of low
abundance precursors, and the ability to load higher
concentrations of a limited number of metabolites in each
fraction without overloading the column as would likely occur
if the mass loading of an unfractionated sample were
significantly increased.
Iterative LC-MS/MS acquisition of the fractions was not

performed to keep instrument run time under ∼16 h for each
separation and ionization mode combination. However, the
potential benefit of using iterative MS/MS for deeper
annotation of individual fractions was investigated using
several fractions of varying abundance and regions of the
first-dimension chromatogram (Figure S12). With each
iterative injection, more metabolites were identified in each
fraction, suggesting that further gains in compound identi-
fication could be achieved by combining fractionation with
iterative LC-MS/MS runs of each fraction, if sample and run-
time are not limited. Nevertheless, even the first injection of an
iterative LC-MS/MS sequence resulted in the identification of
more compounds than were observed in a typical single-

injection, noniterative data-dependent acquisition LC-MS/MS
worklist.
Many metabolites were identified by both 1D and 2D

approaches, but 2261 metabolites were identified only using
the offline LC × LC methods (see UpSet plot in Figure S13).
A much smaller number of metabolites, 360, were only
identified using 1D methods. These limited losses may be
attributed to the additional sample manipulation required for
2D approaches (drying/reconstitution), slightly different
thresholds for removal of high-scoring database matches by
iterative methods (creation of an exclusion list), and exclusion
of metabolites found in more than four fractions. Thus, to
maximize total compound identification, it is still worthwhile
to acquire LC-MS/MS data using an unfractionated sample in
addition to performing separate analyses of each fraction.
Evaluating Coverage of the Fecal Metabolome
Compound class information for all unique metabolite
identifications and MSI3 annotations from a pooled fecal
extract is shown in Figure 3. The most common chemical

classes observed (by superclass level according to ClassyFire
ontology)51 were lipid and lipid-like molecules (26.80%),
organoheterocyclic compounds (20.11%), and organic acids
and derivatives (17.28%). Certain subclasses of particular
relevance to the fecal metabolome, including bile acids and
fatty acid esters, were prevalent in this sample; these
observations are discussed in more detail in the next section.
While “lipid and lipid-like molecules” was the most common
superclass observed, it exhibited the lowest improvement in the
number of unique identifications and compound class
annotations achieved with offline 2D approaches (Figure
S14). The greatest improvement in unique compound class
annotations with fractionation and preconcentration was for
benzenoids and nucleosides/nucleotides, which both demon-
strated over a 3-fold increase from 1D methods. A substantial
proportion (>65%) of features in the data set remained
unidentified. While some of these unknown features represent
degenerate fragment ions, adducts, and contaminants, another
portion likely represent previously unannotated or unreported
fecal metabolites. Strategies for the identification of such
unknowns are discussed below.

Figure 2. Total number of unique identified compounds (MSI1,
MSI2A, and MSI2B) observed by each method. Checkered and
striped fill patterns are for positive and negative mode methods,
respectively. Solid bars are a combination of both ion modes. “All 1D”
encompasses the total number of unique identifications made by
“RPLC 1D” and “HILIC 1D” methods in, while “All Offline 2D”
includes the total number of unique identifications made by “RPLC
Fractions” and “HILIC Fractions.”

Figure 3. Compound class breakdown of all unique InChIKeys
assigned an MSI1, MSI2A, MSI2B, and MSI3 identification level.
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Several recent studies have explored the fecal and lumen
metabolomes, seeking improved understanding of the biology
of this previously poorly characterized compartment of human
and mammalian physiology. In one study, a small diameter
tube that was advanced from the stomach and duodenum to
the jejunum was used to collect samples from the human gut
for 8.5 h.28 Eight hundred twenty-eight unique metabolites,
including bile, food, and protein breakdown metabolites, were
identified from a single healthy human participant consuming
food and water ad libitum.28 In a recent set of companion
publications, noninvasive robotic sampling capsules with pH-
sensitive coatings were ingested by a cohort of 15 human
participants. This allowed for sampling different regions in the
small intestine.26,27 A total of 1909 metabolites were identified;
several significant clusters related to fruit, alcohol, dessert, and
caffeine consumption were also annotated.26 A recent study on
a larger cohort of subjects focused on the repeatability and
reproducibility of detection and quantitation of targeted
metabolites in feces using multiple extraction protocols.52 A
total of 360 metabolites and 132 lipids detected by LC-MS/
MS were reported in these fecal extracts LC-MS. A study of
antibiotic-induced shifts in the mouse gut microbiome and
metabolome identified 480 metabolites in the mouse cecum.53

Secondary bile acids, glucose, free fatty acids, and dipeptides
notably decreased, while primary bile acids and sugar alcohols
increased with antibiotic treatment which allowed for
colonization of C. dif f. Of the 3774 unique metabolites we
matched to a MS/MS database, at least 793 were also
identified in one or more of the studies cited above. Different
sample types, participants, and our distinct analytical methods
likely resulted in many of our identified compounds not having
been reported elsewhere. Among the compounds observed
uniquely in our study, 49 and 2217 metabolites were classified
at MSI confidence levels 1 and 2A, respectively.
Merging Identifications and Significantly Differential
Features from FMT

Compared to 1D methods, 2D approaches identified on
average 1.6 times more features that were significantly
differential between pre- and post-FMT samples (Table 1).
Identifying more relevant features by 2D approaches produced
a clearer picture of metabolic changes associated with receiving
an FMT, including biological insights regarding the response of
the fecal metabolome to FMT to treat rCDI. Prior to C. dif f
infection, dysregulation of bile acids, amino acids, fatty acid
esters, and carbohydrates have been reported previously as

signals of alterations in microbial metabolism.54−60 Our data
provides additional detail regarding the impact of FMT on
these metabolite classes. Volcano plots for the corresponding
ClassyFire subclasses are shown in Figure 4. Our results
confirmed previous trends that primary bile acids (i.e.,
glycocholic acid and taurocholic acid) decreased, and
secondary bile acids (i.e., taurodeoxycholic acid, lithocholic
acid, deoxycholic acid) increased following FMT (Figure 4A),
reflecting recolonization of the gut with active micro-
biota.29,54,61,62 N-acetylated amino acids (Figure 4B) have
been reported to decrease with C. dif f colonization;63 N-
acetylarginine, N-acetyllysine, N-acetylvaline, N-acetylthreo-
nine, and N-acetylglutamic acid were found to increase
significantly following FMT. Prolylhydroxyproline, an amino
acid that is beneficial for C. dif f growth, and released during
toxin-mediated CDI from host collagen,62−65 was also found to
decrease substantially following FMT. Carbohydrates (Figure
4C), including sorbitol, melezitose, and maltose, have been
identified as significant carbon sources for C. dif f growth; we
observed a decrease in abundance of these compounds
following FMT.54,63 FMT also affected carnitine metabolism
(Figure 4D). Intracellular shifts in carnitine concentration in
bacteria have been observed and attributed to a cellular
response to osmotic stresses.66 Interpretation of the biological
significance of these observations and identification of
unknown fecal metabolites is complex due to intermixing of
human and microbial metabolism. Both represent major topics
of ongoing research in our laboratories.
Identification of Recently Discovered and Novel
Metabolites

Use of LC × LC-MS/MS improved the signal and spectral
quality of many unknown features compared to conventional
1D LC-MS/MS for a pooled fecal extract. However, the
resulting higher quality MS/MS data did not always result in
matches when searched against our set of spectral libraries.
Such libraries continue to expand but remain incomplete and
may be deficient in compounds related to bacterial metabolism
which are abundant in the fecal metabolome. Continued
improvements with in silico based structure prediction
methods, including those implemented by software tools like
SIRIUS, CANOPUS, and COSMIC, may help prioritize and
identify unknown features.67−69 We assessed the subset of
unknown metabolites that were significantly different between
pre- and post FMT samples using each of these tools. SIRIUS
proposed 7-oxoglycodeoxycholic acid as a probable identi-
fication (0.865 COSMIC score) of a previously unidentified
feature (Figure 5). An MS/MS spectrum of 7-oxoglycodeox-
ycholic acid did not exist in any of the reference libraries
searched. To date, no other studies in Metabolomics
Workbench have reported this compound as an identified
metabolite, although other literature sources have suggested it
as a plausible secondary bile acid that could be generated by
bacterial metabolism.70

A specific focus on annotating microbially conjugated bile
acids (MCBAs), bile acids conjugated with other amino acids
than glycine- and taurine, was motivated by recent research
that proved the existence of multiple such novel conjugated
bile acids.26,29,71 In the context of C. dif f infection, bile salt
hydrolases have been reported to alter the pool of MCBAs
present and to potentially alter virulence of the infection.72

MCBAs were first identified in samples collected from the
small intestine and are expected to have higher concentration

Table 1. Alignment of Significant FMT-Related Features to
MS/MS Data and the Number of Unique IDs by Each
Method

Method
Found lookup

features
Missed lookup

features
Unique
IDs

RPLC 1d Pos 330 96 75
RPLC Fractions Pos 340 86 97
RPLC 1d Neg 452 68 52
RPLC Fractions
Neg

311 209 83

HILIC 1d Pos 363 179 88
HILIC Fractions
Pos

481 61 158

HILIC 1d Neg 468 190 63
HILIC Fractions
Neg

459 199 103
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in that location within the gut. Furthermore, MCBAs are
relatively low-abundance compounds, reported as generating
approximately three times lower signal than canonical bile
acids in human fecal extracts.29 Nevertheless, we confirmed the
identification of 16 of the 22 MCBAs reported by Shalon et. al
in human fecal samples using offline 2D HILIC by precursor
m/z and alignment of two expected fragment ions (see
Supporting Information).26 An extracted ion chromatogram
and MS/MS spectrum for once MCBA, tyrosocholic acid, is
shown in Figure S15. Five other MCBAs could be matched by

precursor mass with reasonable chromatographic peaks but
lacked confirmatory MS/MS evidence in our data, whereas
only Cys-trihydroxlated bile acid was not detected. Notably,
none of the MCBAs identified were found to differ significantly
between pre- and post-FMT samples, although targeted
methods with lower detection limits would allow more
accurate quantitation and differential analysis of these low-
abundance compounds.
As an additional approach to categorize unknown features in

our fecal samples, we employed spectral networking analysis

Figure 4. Volcano plots of unique significant MSI level 1−3 (A) bile acids, alcohols, and derivatives, (B) amino acids, peptides, and analogs, (C)
carbohydrates and carbohydrate conjugates, and (D) carnitines. MS/MS features corresponding to the same compound were consolidated to the
highest confidence and highest intensity feature observed in any experiment. Fold change is reported as the difference between post-FMT to pre-
FMT samples. Specific bile acids glycocholic acid (GCA), taurocholic acid (TCA), glycoursodeoxycholic acid (GUCDA), taurodeoxycholic acid
(TDCA), taurochenodeoxycholic acid (TCDCA), isohyodeoxycholic acid (IHDCA), deoxycholic acid (DCA), lithocholic acid (LCA), and 12-
ketodeoxycholic acid (12-keto-DCA) are highlighted. N-acetylated amino acids shown are simplified to “N-A” followed by the single letter code for
the corresponding amino acid. Sorbitol, maltopentose, and melezitose were all downregulated. Carnitine (Car) 8:0 and 10:0 were also
downregulated.

Figure 5. Unidentified differential feature (pre vs post-FMT) detected using HILIC negative ion mode. (A) extracted ion chromatograms of
426.2861 m/z from 1D separations of a (blue) pre-FMT pool and (red) post-FMT pool compared to (black) fraction 25. (B) Experimental MS/
MS and proposed identification 7-oxoglycodeoxycholic acid.
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using the Global Natural Products Social Molecular Network-
ing tool (GNPS, https://gnps.ucsd.edu) as described in
Supporting Information.73 One resulting subnetwork, illus-
trated in Figure 6A, contained an unknown compound with m/
z 747.586 that was closely associated with the spectrum of
glycocholic acid, but it was observed at a distinct HILIC
retention time in a later RPLC chromatographic fraction.
Noting the mass difference of 281.27 Da between the unknown
and glycocholic acid, we speculated the compound could be an
fatty acid esterified bile acid (FA-BA), a compound class which
has been hypothesized based on classical assay methods74,75

and has only recently begun to be characterized by LC-MS/
MS.76 We synthesized an oleate ester of glycocholic acid and
several other bile acids and used this to confirm the identity of
the unknown feature as an [M+NH4]+ adduct of glycocholic
acid oleate (Figure 6B-D), which to our knowledge has not
been reported previously. Further examination of our LC ×
LC-MS/MS data revealed the presence of at least 13 additional
fatty acid esterified bile acids (FA-BA) (Table S3). FA-BA are
believed to originate from bacterial metabolism and may play a
role in modulating host immunity or in reducing the effective
concentration of specific cytotoxic bile acid species.76

For remaining unknown features for which current in silico
and data searching strategies yield no results, collecting nuclear
magnetic resonance (NMR) data may be possible with our 2D
approach, especially if the second-dimension separation were
scaled up to match the semipreparative first dimension. Low
mM concentrations are typically required for 1H NMR
identification of unknown compounds, but improvement in
instrument sensitivity has yielded promising results for lipid
identification using analytical-scale LC-MS.77 Preconcentration
of semipreparative fractions may allow even moderate
abundance metabolites to produce sufficient NMR signal for
structural elucidation.

■ CONCLUSION
Our offline LC × LC-MS/MS method improved the number
of unique features identified in a pooled human fecal extract by
2.25-fold compared to a typical strategy using iterative 1D LC-
MS/MS. This result suggests the utility of high-resolution
separations, including multidimensional separations, as a
strategy to improve spectral matches and use in-silico structure
prediction tools to identify unknowns in MS/MS data.
Automated retention time alignment allowed us to perform

Figure 6. (A) GNPS network containing bile acids and related unknowns. (B) Overlaid chromatographic trace and (C) head-to-tail MS/MS
spectrum of unknown feature with m/z 747.586 and synthesized GCA-oleate. (D) proposed structure of GCA-oleate.
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comprehensive LC × LC analysis on only a single pooled
sample and permitted use of faster LC-MS runs on the
remainder of the study samples, resulting in minimal impact on
overall throughput. Using this approach, we identified
significant differences in the fecal metabolome associated
with FMT for recurrent C. dif f infection, including both
previously observed and novel alterations in bile acids, amino
acids, carbohydrates, acylcarnitines, and multiple unknown
compounds. Our study adds to the growing body of literature
focused on understanding the depth of the human microbial
metabolome and its connection with specific disease states
such as C. dif f infection, recurrence, and treatment. Many fecal
metabolites and their potential interactions with their host
organism remain as-yet unexplored. Ongoing efforts to deepen
knowledge of the fecal microbiome and its metabolism, which
may be facilitated by the approaches described here, can be
expected to yield important insights relevant to human health
and treatment of disease.
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