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ABSTRACT: Metaproteomics is a powerful analytical approach
that can assess the functional capabilities deployed by microbial
communities in both environmental and biomedical microbiome
settings. Yet, the mass spectra resulting from these mixed biological
communities are challenging to obtain due to the high number of
low intensity peak features. The use of multiple dimensions of
chromatographic separation prior to mass spectrometry analyses
has been applied to proteomics previously but can require
increased sampling handling and instrument time. Here, we
demonstrate an automated online comprehensive active modu-
lation two-dimensional liquid chromatography method for
metaproteome sample analysis. A high pH PLRP-S column was
used in the first dimension followed by low pH separation in the
second dimension using dual modulating C18 traps and a C18 column. This method increased the number of unique peptides found
in ocean metaproteome samples by more than 50% when compared to a one-dimension separation while using the same amount of
sample and instrument time.
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■ INTRODUCTION

Metaproteomics, the analysis of proteins of mixed microbial
populations, is showing itself to be a powerful tool in assessing
the functional capabilities deployed by microbial communities
in both environmental and biomedical microbiome set-
tings.1−15 In natural environments such as the oceans, there
are diverse communities of microbial species that change
composition over the location and time. Characterizing the
biochemical activities of these microbial communities is
important in understanding their relationships with biogeo-
chemical cycles, particularly in the context of global carbon
cycling and the influence of the marine biological component.
In this context, metaproteomics has shown that nutrient and
micronutrient transporters, sensors, and storage molecules
often increase in abundance within microbes as part of an
adaptive response to nutrient scarcity.16,17 Moreover, bio-
geochemically relevant enzyme catalysts can be detected by
metaproteomics and can help constrain models and even
provide potential chemical reaction rates when coupled with
enzyme kinetic parameters.18 In biomedical microbiome
studies, metaproteomics has demonstrated that understanding
the functional composition of the microbiome can provide

valuable information about the system that is not revealed by
studying the microbial membership composition alone.19

The biologically diverse mixtures studied in metaproteomic
analyses produce extremely rich mass spectra that can be
substantially more complex than the human proteome.20

Moreover, the spectra typically need to be mapped to
metagenomic or metatranscriptomic data to obtain protein
identifications, which may not always be available or be of
limited sequencing depth. These biomass samples are often
limited in material and difficult to obtain, for example,
acquiring dilute microbial biomass in the oceans can require
filtration of large volumes of seawater, although some colonial
microbiomes and their symbionts are large enough to be
physically isolated. Therefore, a method to extract as much
information as possible from a single analysis of a small
amount of material is useful for metaproteomic workflows.
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A common method for protein identification in metapro-
teomics currently is bottom-up proteomics using protease
digestion to peptides followed by liquid chromatography and
high-resolution mass spectrometry. Peak capacity and peptide
identification of one-dimension liquid chromatography and
mass spectrometry (LC−MS) can be increased by using longer
columns and flow gradients but will eventually reach a length
and time limit.21 Offline two-dimensional liquid chromatog-
raphy mass spectrometry (2D-LC−MS, collecting fractions of
the first LC column and reinjecting them in multiple LC−MS
analyses) can achieve higher protein identification than LC−
MS due to higher peak capacity, which results in fewer
compounds entering the mass spectrometer at any given
time.22 However, 2D-LC−MS requires a longer mass
spectrometry analysis time and increased sample preparation
effort relative to LC−MS and also runs the risk of sample
dilution and potential loss of sample due to increased handling
or complex analytical systems.23−25 A comparison of LC−MS
and 2D-LC−MS methods for metaproteomics demonstrated
that 2D-LC−MS using strong cation exchange and C18
outperformed LC−MS using C18 alone, although the analysis
time was 22 h per sample for 2D-LC−MS in that particular
study.26

Other online 2D-LC−MS methods have been developed
that use a combination of high and low pH reversed phase
columns for proteomics analysis.27 Several approaches have
been done to adjust the pH and prepare the eluting sample
before analysis on the second dimension, such as active solvent
modulation,28,29 stop flow chromatography combined with a
trap column,30 and online noncontiguous fractionating and
concatenating.23 However, these methods required either
higher flow rates, sample size, specialized equipment, or
analysis time when compared to the method described here
(nanoscale, low sample size, and within a more typical sample
analysis time). Environmental samples are often limited in total
protein to 10 μg or less; therefore, nanoscale methods would
be beneficial to the analysis.
Online comprehensive active modulation two-dimensional

liquid chromatography (LC × LC) is a method that can
combine two separate LC separations that are normally
incompatible.31 The first LC separation column eluent is
modified in-line with a solvent that makes the eluent
compatible with the second dimension before loading onto a
trap column. The two traps are alternately loaded from the first
column and eluted onto the second column throughout the
analysis (Figure 1). A single long LC gradient is done in the
first LC dimension, while a series of shorter LC gradients are
performed in the second LC dimension that match the valve
modulation. There are a large variety of LC × LC
combinations to choose from that have the potential to be
coupled to mass spectrometry.31 Several LC × LC combina-
tions have been utilized with a variety of detectors, but few
have been coupled with high-resolution mass spectrometry
(HR-MS) .32−34

The nanoscale LC × LC−MS method described here uses a
combination of high pH reversed phase LC in the first
dimension with low pH reversed phase LC in the trap columns
and second dimension column followed by high-resolution
mass spectrometry. Offline, automated, and online 2D-LC−
MS using high and low pH reversed phase LC has been
previously demonstrated for proteomics analyses,22,23,27,30,35

but to our knowledge, it has not been automated with
comprehensive active modulation two-dimensional liquid

chromatography mass spectrometry (e.g., with sample
collection after the first dimension onto alternating dual trap
columns) and applied to metaproteomics previously. This
study used environmental samples from the Central Pacific
Ocean to compare LC−MS and LC × LC−MS metaproteo-
mics analysis, and it was successfully applied to produce high-
throughput analysis with greatly improved proteomic depth.

■ MATERIALS AND METHODS

Sample Collection and Preparation

Seawater samples were collected on filters using large-volume
in situ pumps (McLane Research Laboratories, Inc.) during a
research expedition to study proteomics in an oxygen
minimum zone in the Central Pacific Ocean from January to
February 2016 on the RV Falkor (FK160115 station 10, 8° N
140° W; chief scientist, M. Saito). Fraction filtration was done
using 142 mm diameter 51 μm pore size acid-cleaned (10%
hydrochloric, Seastar) nylon mesh filters positioned before 142
mm 0.2 μm pore size Supor polyethersulfone membrane filters
(Pall Corporation). Pumps were deployed simultaneously at
20, 80, 150, 200, 300, and 400 m and programmed to pump at
4 L/min for 3 h. Filters were then cut and frozen at −80 °C.
Proteins were extracted from filter quarter sections by a
modified magnetic bead extraction procedure as previously
described,18 adapted from the SP3 method for larger volumes
needed for metaproteome samples.36,37 Briefly, proteins were
extracted from the filters with an extraction buffer (50 mM
HEPES at pH = 8.5 (Boston BioProducts), 1% SDS in HPLC-
grade water), and the isolated protein was reduced and
alkylated (dithiothreitol and iodoacetamide) and then purified
with magnetic beads (GE Healthcare SpeedBeads). The
purified protein was cleaned and reconstituted from the
beads, and the protein concentration recovery was calculated
using a bicinchoninic acid assay (Pierce) and then trypsin
digested (Promega). HeLa peptides were also used for method
development (Pierce HeLa Protein Digest Standard 88329).

Figure 1. Schematic of the LC × LC−MS system, showing positions
A and B of the 10-port valve.
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Liquid Chromatography and Mass Spectrometry Sample
Analysis

All liquid chromatographic experiments were performed using
a Dionex UltiMate3000 RSLCnano system with a loading
pump, an additional RSLCnano pump, a 10-port two-position
switching valve (VICI Cheminert C72X-6670SHYD), and a
Dionex UltiMate3000 autosampler. All components were
controlled with Chromeleon 7 software linked to Thermo
Scientific Xcalibur 4.2. Columns were interfaced with a
Thermo Fusion mass spectrometer using a Thermo Flex ion
source.
To perform LC × LC−MS, 5 μg of each sample was directly

injected onto a PLRP-S column (200 μm × 150 mm, 3 μm
bead size, 300 Å pore size, NanoLCMS Solutions) followed by
a nonlinear 8 h gradient with a flow rate of 1 μL/min from 5 to
95% buffer B using the first RSLCnano pump, where buffer A
was 10 mM ammonium formate in water and buffer B was 10
mM ammonium formate in 90% acetonitrile, both adjusted to
pH = 10. The PLRP-S column eluent was diluted in-line (10
μL/min 0.1% formic acid using the loading pump and added to
the eluent using a Valco tee, P/N ZT1XCS6) and then trapped
and eluted every 30 min on alternating dual traps (300 μm × 5
mm, 5 μm bead size, 100 Å pore size, C18 PepMap100, in
PepMap trap holders, P/N 164649, Thermo Scientific). The
alternating traps were eluted at 500 nL/min onto a C18
column (100 μm × 150 mm, 3 μm particle size, 120 Å pore
size, C18 Reprosil-Gold, Dr. Maisch GmbH packed in a New
Objective PicoFrit column) with repeated 30 min nonlinear
gradients of 2−95% buffer D using the second RSLCnano
pump, where buffer C was 0.1% formic acid in water and buffer
D was 0.1% formic acid in 80% acetonitrile. All solvents were
Fisher Optima-grade. A diagram of the flow path is shown in
Figure 1, and flow gradients for both dimensions are shown in
Figure 2.

For comparison, 1D LC−MS was performed using the same
equipment as for LC × LC−MS but without the additional
RSLCnano pump. Then, 5 μg of each sample was first loaded
onto a trap column (300 μm × 5 mm, 5 μm bead size, 100 Å
pore size, C18 PepMap100, Thermo Scientific) and washed
with 0.1 formic acid and 2% acetonitrile for 10 min at 10 μL/
min. The valve was then switched to include the trap in line

with a C18 column (100 μm × 450 mm, 3 μm particle size,
120 Å pore size, C18 Reprosil-Gold, Dr. Maisch GmbH packed
in a New Objective PicoFrit column) and eluted with a 4 or 8
h nonlinear gradient of 5−95% buffer B, where buffer A was
0.1% formic acid in water and buffer B was 0.1% formic acid in
80% acetonitrile.
During 1D LC−MS and 2D LC × LC−MS, the Thermo

Fusion mass spectrometer collected MS1 spectra at 240 K
resolution in the Orbitrap between 380 and 1580 m/z with an
AGC target of 4.0 × 105. MS2 spectra were collected on the
ion trap in data-dependent mode with a cycle time of 2 s
between master scans. The maximum injection time was 50 ms
with the option to inject ions for all available parallelizable
time. The CID collision energy was set at 30% and a
quadrupole isolation window of 1.6 m/z. Monoisotopic peak
determination was set to peptide and to include charge states
from 2 to 10 with a mass tolerance of +/− 3 ppm. Dynamic
exclusion time was 20 s for LC−MS and 5 s for LC × LC−MS
to best match the peak widths obtained for both systems.

Data Analysis and Statistics

The raw mass spectra files were searched using SEQUEST HT
within Thermo Proteome Discoverer 2.2 software using a
parent ion tolerance of 10 ppm and a fragment tolerance of 0.6
Da and allowing up to 1 missed cleavage site. Oxidation and
acetyl dynamic modifications and carbamidomethyl static
modifications were included. Percolator peptide spectral
matching was used within Proteome Discoverer with a
maximum Delta Cn of 0.05 and a decoy search validation
based on posterior error probabilities (PEP).38 A custom
metagenomic database was used for peptide-to-spectrum
matching that was based on six deep metagenomic samples,
which were co-collected from this research expedition as
described previously.17,18 A HeLa reference proteome from
UniProt was used to match HeLa digest samples. Processed
files were then loaded into Scaffold 5.0 (Proteome Software
Inc.) using prefiltered mode with a protein threshold of 1.0%
false discovery rate (FDR), a peptide threshold of 0.1% FDR,
and a minimum of 1 peptide for analysis. MS1 filtering using
Skyline (Skyline 20.2)39 was used to compare MS1 precursor
and MS2 fragmentation intensity. RawBeans was used to
evaluate peak intensity and full width at half maximum
(FWHM).40

Data Availability in Repositories

Data used in this study have been deposited at the PRIDE
repository (dataset identifier: PXD027351 and 10.6019/
PXD027351) and Biological and Chemical Oceanography
Data Management Office (BCO-DMO). Sampling metadata,
processed data, and co-located environmental data from the
ProteOMZ expedition are available at BCO-DMO under the
project number 685696 (https://www.bco-dmo.org/project/
685696) and datasets for proteins, peptides, and FASTA of
identified sequences (https://www.bco-dmo.org/dataset/
737620, https://www.bco-dmo.org/dataset/737596, and
https://www.bco-dmo.org/dataset/737611).

■ RESULTS AND DISCUSSION

This study demonstrates the development of an active
modulation LC × LC−MS metaproteomics method and
compares its application to ocean microbial and human cell
line samples. Attributes of the method described include the
column and trap chemistry, LC × LC performance and peak

Figure 2. Elution gradients used for LC × LC active modulation over
a 460 min total gradient. First dimension column PLRP-S gradient at
1 μL/min (blue) and second dimension C18 gradient at 0.5 μL/min
(red) using the two RSLCnano pumps.
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widths, and instrument settings. Finally, applications of the
method to example ocean samples are described.

Selection of PLRP-S and C18 for LC × LC−MS

Polymeric reversed phase (PLRP-S) stationary phase was
chosen for the first LC dimension. High pH separation
columns are often used for the first dimension of 2D analysis,
which typically has better separation and solvent compatibility
than strong cation exchange and size exclusion chromatog-
raphy columns. A larger-diameter first dimension column (0.2
mm ID) was chosen to increase the total protein capacity and
minimize sample loss during direct injection of the sample.
C18 was selected for the two active modulation traps and
second dimension column due to its high separation capacity
for peptides and MS compatibility. Both of these phases
combined in 2D-LC−MS exhibited high resolution and solvent
compatibility and orthogonal selectivity as previously shown in
past experiments.16 All solvents are highly compatible with
mass spectrometry, and the two column phases are stable with
the solvents used when the 10 μL/min 0.1% formic acid in
water is added in-line to decrease the pH of the PLRP-S
column eluent (Figure 1).
Separation orthogonality of multiple LC−MS combinations

has been studied extensively and has shown that high pH and
low pH reversed phase columns are complementary for
peptide separations.41,42 The orthogonality of the two specific
LC phases used in this method (PLRP-S 3 μm bead size, 300 Å
pore size, NanoLCMS Solutions and C18 3 μm bead size, 120
Å pore size, Reprosil-Gold, Dr. Maisch GmbH) was examined
by analyzing them individually in 1D mode using 5 μg of HeLa
peptide standard. The same method for LC−MS as previously
described was used for the C18 analysis (loading on trap
column and eluting with an 8 h gradient). PLRP-S LC−MS 1D
data was obtained by loading 5 μg of HeLa digest directly onto
the column followed by the same 8 h gradient of ammonium
formate and acetonitrile used during the first dimension of the
LC × LC−MS method, with the eluent delivered to the mass
spectrometer with a silica nanospray tip. The peptide retention
time between the two columns demonstrated sufficient
orthogonality between the materials used in this experiment
when comparing each column separately in 1D mode (Figure
S1).

Trapping Efficiency

The two C18 traps are the same in design to trap columns
commonly used in 1D analysis to remove salts and other
impurities in 1D LC−MS, though in this case, used for a longer
trapping time (30 min compared to 5−10 min at 10 μL/min).
The additional buffer added at the tee to the PLRP-S eluent
reduces the pH and acetonitrile concentration to within the
range usually used for 1D trapping. The efficiency of trapping
the sample eluting from the first dimension high pH column
onto the two trap columns was monitored by attaching the
waste from the 10-port valve (Figure 1) to a heated
electrospray ionization source attached to the mass spec-
trometer. HeLa peptides were injected by the normal LC ×
LC−MS method, and the waste eluent was monitored for 8 h.
Only 25 proteins were identified in this 8 h analysis, indicating
low sample loss through the two C18 trap columns (data not
shown).

Performance of LC × LC−MS

Thirty-minute gradients in the second dimension were chosen
to have enough time for a quality LC gradient and to minimize

the equilibration time (Figure 2). Shorter gradients are
possible but would increase the relative amount of time
devoted to column equilibration throughout the analysis, thus
decreasing the usable MS analysis time and could result in peak
widths too narrow for the acquisition frequency of the mass
spectrometer used in this study. The typical peak width was 5 s
for 30 min gradients, which enabled the Fusion to obtain
quality MS2 spectra with an MS1 cycle time of 2 s. Note that
the dynamic exclusion time window was decreased in 2D to 5
from 20 s to compensate for the narrower peak widths in 2D.
This resulted in 14 separate second dimension LC chromato-
grams during the 8 h analysis as seen in Figure 3A (the first 30
min gradient is ignored because the first dimension is yet to
load on the trap column).

The MS1 chromatograms comparing LC−MS and LC ×
LC−MS for one of the sample depths are shown in Figure
3A,B. Narrower peak widths and higher intensities were
observed overall throughout the LC × LC−MS analysis as
observed in the 10 min time window comparison in Figure
3C,D. The peak widths versus peak intensity are shown for the
two methods in Figure 4A,D (additional depths and HeLa are
shown in Figure S2). To demonstrate how this affects data
acquisition, an example of a relatively low spectral count
protein was chosen (annotated as UPF0365 family protein

Figure 3. MS1 base peak plots of LC × LC−MS (A) and LC−MS
(B) of a 200 m depth 0.2 μm water filter metaproteomics sample
analyzed for 460 min. Panels (C) and (D) are a 10 min zoom of the
same chromatograms, demonstrating the higher peak capacity
achieved through LC × LC−MS (C).
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from the Candidatus Marinimicrobia bacterium) and MS1
filtering was performed in Skyline to plot the corresponding
MS1 peak chromatography and matching MS2 fragment
spectra for the detected peptides and is shown in Figure 4
(additional peptides in Figure S3). Increasing peak separation
simplifies MS1 spectra, which increases the number of ions for
a particular mass when injecting ions into the Orbitrap mass
analyzer to reach the AGC target. Figure 4 shows the increased
peak intensity and lower interference of other ions when using
LC × LC−MS compared to LC−MS, resulting in a larger
number of unique peptide identifications and percentage of
matched MS2 spectra for LC × LC−MS as observed in Table
1. This is particularly important in metaproteomic and
microbiome samples where there are many low-abundance
species producing a large amount of low-concentration

peptides. For example, a prior analysis of ocean metaproteo-
mics demonstrated far more detectable peaks (∼50%) with a
much lower average intensity (>10-fold less) relative to a
human cell line with similar amounts of total protein injected
(Saito et al.; their Figure 5).20 This appears to be less of a
problem with single organism proteomics as observed in Table
S1 when comparing HeLa digest analysis using both methods,
where the numbers of proteins and unique peptides are much
closer between methods compared to the ocean metaproteo-
mics samples (Figure 6).
An increase in peptide and protein identifications is often

observed with an increase in depth in ocean metaproteomics
samples (Table 1 and Figure 6). This is likely due to an
increase in the diversity of organisms with depth, where the
upper water column is often dominated by several abundant

Figure 4. Comparison of full width at half maximum (FWHM) to peak intensity for LC−MS (A) and LC × LC−MS (D) of a 400 m depth 0.2 μm
water filter metaproteomics sample, showing a large increase in both FWHM and peak intensity for LC × LC-MS. MS1 precursor peak intensity
and MS2 fragmentation intensity comparison between LC-MS (B, C) and LC × LC-MS (E, F) of a relatively low intensity peptide (Candidatus
Marinimicrobia bacterium, sequence identifier: NODE_160939_length_858_cov_11.7995_1_858_-).

Table 1. Comparison between LC−MS and LC × LC−MS Data from Seawater Filters

ProteOMZ protein and peptide matches

LC−MS LC × LC−MS

depth
(m) proteins peptides

unique
peptides

unique MS/MS
spectra

total MS/
MS proteins peptides

unique
peptides

unique MS/MS
spectra

total MS/
MS

20 5024 21,492 8733 10,912 141,095 8268 37,811 13,926 17,988 230,809
20 4 h 4413 15,201 7620 9376 85,496
80 3165 15,015 5119 6278 135,668 6140 25,361 9718 12,691 223,438
80 4 h 2693 11,114 4204 5028 79,509
150 5032 23,325 10,749 12,991 140,813 8925 42,262 17,598 22,463 229,439
200 6769 30,706 15,650 18,768 144,007 13,192 57,030 26,757 33,158 231,696
300 6984 31,642 16,818 20,022 152,732 13,508 60,085 28,266 35,070 233,835
400 6625 30,164 15,416 18,572 154,306 15,584 68,509 31,618 40,011 244,689
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phototrophic and lithotrophic species. The LC × LC−MS
method would become particularly useful in the more complex
and diverse deep ocean. Similar improvements could occur in
soil and sediment metaproteomics and complex microbiomes
(e.g., digestive systems) that are highly diverse.19

Instrument Settings

The Thermo Fusion mass spectrometer has the advantage of
performing MS1 scans in the Orbitrap mass analyzer while
simultaneously performing MS2 scans in the ion trap. This
allows a high-resolution MS1 scan without sacrificing time for
the Orbitrap scan to finish before obtaining MS2 spectra.
When performing data-dependent scans in cycle time mode (2
s between MS1 master scans as opposed to a set number of
MS2 scans per MS1 scan, or top N) and allowing ions to be
injected for all available parallelizable time, the MS2 injection
time during metaproteomics sample analysis is often above the
set maximum injection time of 50 ms, which can be beneficial

for very low concentration peptides. The injection time for
identified peptides typically ranges between 25 and 500 ms for
LC−MS metaproteomics samples (Figure 5) but is signifi-
cantly lower for LC × LC−MS with a majority of injection
times less than 75 ms. Previous results using only the Orbitrap
for MS1 and MS2 scans resulted in much fewer peptide
identifications when analyzing metaproteomics samples.
Different MS database search engines and post-search

algorithms can produce varying results on the same samples.43

For metaproteomics samples, more peptide matches were
initially observed with CID compared to HCD collision for
MS2 analysis using the ion trap on the Fusion MS, and this was
even more pronounced in LC−MS than in LC × LC−MS.
When data was analyzed using SEQUEST HT and Target
Decoy PSM Validator in Proteome Discoverer followed by
loading the resulting files in Scaffold using either PeptidePro-
phet or Local False Discovery Rate (LFDR) algorithms, it was
necessary to increase the Xcorr peptide threshold values to get
an acceptable FDR of less than 1% for proteins and 0.1% for
peptides. However, when SEQUEST HT was used with
Percolator PEP scoring followed by prefiltered mode in
Scaffold (available in version 4.11 and later), HCD collision
obtained slightly more peptide identifications than CID, and
both performed better overall. The better Xcorr values
obtained using CID may be a result of a decrease in low
mass fragments in CID, which may result in more interferences
in complex samples. However, the increased speed of HCD
compared to CID (10 ms collision time required only for CID)
may overcome this difference depending on the search
algorithms used.

Applications in Environmental and Microbiome
Metaproteomics

The 2D LC−MS method described here is suitable for high-
throughput metaproteomic analysis of environmental and
microbiome samples. Because both dimensions are fully
automated, users only load each sample a single time. For
example, three 8 h samples per day can be conducted on 24/7
operations. In contrast, offline 2D operations typically require
user intervention to load the second dimension extracts and
could be susceptible to handling errors. As a result, the 2D

Figure 5.MS2 ion injection time (A) for all peptide spectral matches (PSM) for LC × LC−MS (blue) and LC-MS (red) of a 400 m depth 0.2 μm
water filter metaproteomics sample. Percent isolation interference for all PSMs of the same sample are shown in (B), where the % isolation
interference = 100 × [1 − (precursor intensity in isolation window/total intensity in isolation window)]. A high % isolation interference indicates
the presence of co-isolated peptide species.

Figure 6. Comparison of unique peptide identification results by LC−
MS (red) and LC × LC−MS (blue) analyzing sea water
metaproteomics samples at different depths and HeLa.
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LC−MS method enables the analysis of large datasets with
great depth to provide coherence across large sample sets, such
as large-scale clinical cross-sectional or longitudinal micro-
biome studies or environmental studies with large-scale
longitudinal (literally in this case) sampling schemes. In the
latter case, we have applied this 2D LC−MS method to two
>100 sample datasets from the Central Pacific and North
Atlantic Oceans18 (also Saunders et al., in prep; Saito et al., in
prep). Data visualizations of these datasets demonstrate
coherence of low-abundance proteins across spatial scales
covering thousands of kilometers and a thousand meters deep.
For example, a relatively low-abundance sugar transporter from
alphaproteobacteria was identified by four unique peptides
across 4000 km in the Central Pacific in the upper mesopelagic
ocean where sugar release by degradation of sinking organic
materials is expected (Figure 7). This specific visualization and

tens of thousands more proteins are accessible through a data
access and visualization portal, the Ocean Protein Portal,
demonstrating the ability of high-throughput 2D LC−MS to
generate robust results that have been made accessible for use
in research and education.18

The 2D LC−MS method described here is also suited to the
generation of spectral libraries needed for data-independent
acquisition analysis. Deep 2D analysis of a subset of samples
could be employed for library generation that encompasses
much of the diversity present in the dataset. Further library
improvement parsing through machine learning-based spectral
generation (ProSIT) could avoid instances of false positives.44

■ CONCLUSIONS
This study was a comparison of 1D and 2D active modulation
LC methods for metaproteomics of oceanic filter samples and
demonstrated that protein identification increased by a factor
of 1.5 or more when using 2D active modulation LC while
using the same instrument and amount of sample. The system
requires only an additional LC pump and columns added to a
typical LC−MS and therefore has the potential to be used in
many labs. Based on these findings, it is recommended that
metaproteomics sample analysis would benefit from using LC
× LC−MS. This method has now been routinely used in this
lab for over 4 years and has analyzed hundreds of ocean
metaproteomics samples.18,20,45
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