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Abstract

Bacteroides thetaiotaomicron is a gram negative bacteriumwithin the human gut micro-

biome that metabolizes a wide range of dietary and mucosal polysaccharides. Here,

we analyze the proteome response of B. thetaiotaomicron cultivated on two differ-

ent carbon sources, glucose and sucrose. Two quantitative LC-MS based proteomics

approaches, encompassing label free quantification and isobaric labeling by tandem

mass tags were applied. The results obtained by both workflows were compared

with respect to the number of identified and quantified proteins, peptides support-

ing identification and quantification, sequence coverage, and reproducibility. A total

of 1719 and 1696 proteins, respectively, were quantified, covering 35 % of the pre-

dicted B. thetaiotaomicron proteome. The data show that B. thetaiotaomicron widely

maintains its intracellular proteome upon change of the carbohydrates and that major

changes are observed solely in the machinery necessary to make use of the carbon

sources provided.With respect to the central role of carbohydrates on gut health these

data contribute to the understanding of how different carbohydrates contribute to

shape bacterial community in the gut microbiome. All proteomics raw data have been

uploaded to the ProteomeXchange Consortium via the PRIDE partner repository with

the dataset identifier PXD033704.
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The glycophilic anaerobic gram-negative bacteriumBacteroides thetaio-

taomicron (B. thetaiotaomicron) is an important member of the human

gut microbiome [1]. Due to its ability to produce a wide range

of polysaccharide depolymerases and glycosylhydrolases [2, 3], this

organism is capable to break downa variety of dietary polysaccharides.

High-sugar consumption as prevalent in western diet is regarded to

be one causative or at least promoting factor for many diseases such
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as inflammatory bowel diseases (IBD) [4, 5], with simple carbohydrates

enhancing the susceptibility to colitis [6]. It has been shown, that an

increased intake of glucose, sucrose and other simple carbohydrates

inhibits gut colonization of B. thetaiotaomicron by silencing the ROC

protein (regulator of colonization) in addition to altering the composi-

tion of other beneficialmicrobial species in the gut [7, 8]. In contrast, an

experimental study in mice provided strong evidence that a high-sugar
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diet promotes the relative abundance of mucolytic bacteria, such as

Bacteroides genus, leading to the degradation of the mucus barrier,

an initiating event of intestinal inflammation [4]. These contradictory

findings highlight the need for studies focusing on the functional

behavior of the gut microorganisms.

Previous proteomic studies on B. thetaiotaomicron focused mainly

on the composition of the outer membrane proteome, surfacome, and

outer membrane vesicles [9, 10]. To the best of our knowledge, a quan-

titative analysis of the cellular proteome of B. thetaiotaomicron has not

yet been presented, especially its reaction on different carbon sources.

In this study, we applied two bottom-up proteomics approaches

encompassing label free quantification (LFQ) and isobaric labeling

by tandem mass tags (TMT) for a total proteome analyses of B.

thetaiotaomicront’s grown on the monosaccharide glucose and the dis-

accharide sucrose, aiming to identify potential changes in the cellular

repertoire of the bacterium under two growth conditions known for

increasing the risk of gut inflammatory diseases [4, 6].While most pro-

teome studies focus on the exponential growth phase (resembling the

ideal growth situation for a bacterium), the stationary phase has been

described to be the most common condition bacteria reside in reality

[11]. Thus, retrieving the proteome from the stationary phase is resem-

bling in vivo situation more likely than exponential growth phase and

was performed in this study.

We cultivated B. thetaiotaomicron on both carbon sources and

performed subsequent proteomics analysis in triplicates. The experi-

mental workflows for the two quantification strategies are illustrated

in Figure S1. For LFQ, an one-dimensional LC-separation was applied,

for the isobaric labeling a two-dimensional separation was applied

encompassing a pH10-reversed phase × pH2-ion-pairing reversed

phase separation with concatenation of first dimension fractions [12].

A Q Exactive HF quadrupole Orbitrap MS driven in data-dependent

acquisition mode was employed in both experiments. Raw data were

filtered prior to quantification using established quality criteria: (a)

contaminating proteins (cRAP) were filtered out, (b) only proteotypic

peptides were used, (c) proteins had to be identified with at least two

peptides with one unique peptide, (d) quantitative data had to be col-

lected in all three biological replicates. In addition, for isobaric labeling,

only peptide spectrummatches (PSMs)with a co-isolation interference

below 50%were considered for quantification.

The application of a two-dimensional chromatographic separation

reduced the percentage of co-isolation interference for PSMs above

50%andbelow30% interference, prone to yielding good accuracy [13],

by only small margins (3.1% and 4.6%, respectively) (Figure S2B).

The numbers of identified and quantified proteins were similar

between the LFQ (2066/1719) and the isobaric labeling approach

(2068/1696) (Figure 1A, Table S1). Overall, the identified proteins cov-

ered 43% of the predicted B. thetaiotaomicron proteome, while 35% of

the proteome could be quantified.

In both experiments, more than 73% of the identifications are

supported by data with more than five peptides, and 72% of the quan-

tifications by more than five unique peptides, whereas less than 2%

were quantified with only one unique peptide (Figure 1C). In addition

to the overall comparable number of identified and quantified proteins

between the two approaches, an overlap of 83% of the 2258 identified

proteins and 86% of the 1831 quantified proteins was observed, while

each individual approach uniquely identified and quantified 6% or 8%

proteins, respectively (Figure1B, Figure S3).With an average sequence

coverage of 37%, LFQ performed slightly better compared to isobaric

labeling (33%), considering only multiple-peptide identifications (≥2

peptides) (Figure S3). On average, peptides in LFQwere identifiedwith

27 PSMS, whereas in isobaric labeling 10 PSMs were provided. Con-

sidering proteins, each identification was provided by 10 peptides on

average in both datasets (Table S1). Variability analysis shows a higher

degree of reproducibility for isobaric labeling results (standard devia-

tion 0.0762) compared to the LFQ results (standard deviation 0.135)

(Figure S5). To some extent, this is attributable to the simultaneous

sample measurement of a set of TMT 6-plex isobaric labels in a single

run [14] and the application of a two-dimensional separation scheme,

which has been shown to improve accuracy by 20% [15]. In comparison

to the relative quantification of TMT labeled peptides, which is per-

formed on the peptide fragmentation spectra at the MS2 level, LFQ is

basedoncomparing thepeakareaor intensities of precursor ions at the

MS1 level. Therefore, the standard deviation depends on the reliable

detection of identical precursor peptides in each run [14, 16]. Inconsis-

tencies in the selection of precursor ions due to the stochastic nature

of DDA measurements affect run-to-run reproducibility and lead to

the so-called “missing value problem” [17]. Missing values can greatly

reduce the completeness of data, impacting the validity of statistical

conclusions and downstream functional analyses [18]. In the complete

LFQ dataset, 20.4% of all peptides contain at least one missing value.

By analyzing each sample four times and applying established quality

criteria, data imputation was avoided. In comparison, isobaric labeling

dataset revealed only 1.0% of all PSMs with a missing reporter ion on

MS2 level. In summary, both approaches achieved similar quantitative

metrics such as sequence coverage and the number of unique peptides.

Protein groups with a Benjamini-Hochberg adjusted p-value ≤

0.05 and with log2 fold changes (log2FC) of ± 0.485 or ± 1.0 were

considered relaxed or strict significantly differentially abundant. A

comparison of log2FC values showed good consistency between LFQ

and isobaric labeling when quantification was based on an equivalent

number of peptides (Table S2). In general, higher log2FCwere observed

for the LFQ data; for example, for the putative fructokinase (BT1757)

isobaric labeling determined a log2FC of 1.66, whereas LFQ detected

a log2FC of 5.27. In addition to lower log2FC (about three orders of

magnitude smaller), lower p-values were observed for the isobaric

labeling approach, which could be explained by the reduced variation

(Figure S5).

In summary, 35 of those proteins with a log2FC ≥ 0.485 and

two proteins with a log2FC ≤ -0.485 were quantified by LFQ pro-

teomics, whereas isobaric labeling proteomics revealed 28 proteins

with a log2FC ≥ 0.485 and four proteins with a log2FC ≤ -0.485

(Figure 2, Table S2) in response to the different carbohydrates. Com-

bining significant IDs from LFQ and isobaric labeling datasets, a total

of 54 proteins were identified, including 49 high abundant and five

low abundant proteins in sucrose compared to glucose. Of these, 15

proteins were quantified in both proteomic approaches (Figure S6,
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F IGURE 1 Identification and quantificationmetrics of proteins. Data for LFQ are displayed in blue, of isobaric labeling in orange. (A)
Distribution of identified protein groups and data filtering with the applied quality criteria. The total number of protein groups in each category is
shown next to columns. (B) Venn diagram illustrating overlap and complementarity of quantified proteins. (C) Number of peptides supporting
protein identifications and unique peptides supporting quantitation of the filtered protein groups.

Table S3), including a D-ribitol-5-phosphate phosphatase, which over-

all presented lower abundance in glucose condition, and sevenproteins

associated with fructan metabolism (Table S4). Genes encoding the

enzymes for fructan metabolism are located on a polysaccharide uti-

lization locus PUL 22 in the genome of B. thetaiotaomicron, which

contains eight open reading frames. These proteins are involved in

the binding, import, degradation, and catabolism of fructose-based

oligosaccharides (Figure 3A) [19, 20]. For example, the SusE-like pro-

tein (BT1761) is predicted to mediate fructan binding while the

SusC-/SusD-like transport system (BT1763 and BT1762) binds fructan

oligomers and imports them into the periplasm, where the oligosac-

charides are hydrolyzed to monosaccharides [20]. An overview of how

B. thetaiotaomicron utilizes this pathway to process sucrose is shown

in Figure 3B. Three putative glycoside hydrolases of family 32 (GH32)

(BT1759, BT1760, BT1765) are involved in oligosaccharide degrada-

tion, acting as exo- or endofructanases [3]. Import of monosaccharides

occurs through an innermembrane protein (BT1758) and lastly a puta-

tive fructokinase (BT1757) catalyzes entry into the glycolytic pathway.

To regulate the efficient utilization of fructose-based carbohydrates, a

hybrid two-component system (HTCS) (BT1754) directly adjacent to

the PUL is essential [20].

Gene ontology (GO) enrichment analysis using a Fisher’s exact

test with a p-value threshold of 0.05, revealed chemical reactions

and metabolic pathways involving carbohydrates to be significantly

enriched (Figure S7A and Figure S8A). These include molecular func-

tions suchasbindingof carbohydrates andhydrolysis of their glycosidic

bond. To illustrate whether the respective fold changes have a prefer-

ence to be systematically larger or smaller than the global distribution

for all proteins we performed a 1D enrichment analysis [21]. The cal-

culated median log2FC across both datasets reflects a shift toward

positive values for hydrolyzing O-glycosyl compounds, acting on gly-

cosyl bonds and carbohydrate binding (Figure S7B and Figure S8B).

Concerning the localization of differentially abundant and total iden-

tified proteins, no enrichment or depletion was observed for cytosolic,

periplasmic space or membrane proteins.

Our findings were further used to investigate additional polysac-

charide utilization sites (PULs), using the Polysaccharide Utilization

Loci DataBase (PULDB) [22]. Notably, four other PULs were found to

be expressed along with PUL22 in B. thetaiotaomicron in the presence

of sucrose, including PUL90 and PUL91 (MAN-PUL1 and MAN-PUL2,

respectively) and PUL71 and PUL72 (Table S5). A volcano plot of label-

free quantification highlights these proteins associated with these

PULs (Figure S9). These findings revealed a cohort of enzymes tar-

geting α-mannosidic linkages, indicatingmetabolization of α-mannose-

containing glycans. This may be attributable to the utilized medium,

which incorporates yeast extract. A previous study reported that

α-mannan, found in yeast cell walls, serves as a nutrient for B. thetaio-

taomicron, which utilizes it through a so-called selfish mechanism [23].
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F IGURE 2 Analysis of sucrose associated proteins compared to the LFQ and TMT-dataset of quantified proteins. Volcano plot displaying the
log2FC (sucrose/glucose) versus significance (-log p-value) for all quantified proteins. The dashed vertical lines represent log2FC cutoffs and the
dashed horizontal line represent a q-value of 0.05. Proteins with log2FC of± 0.485 or± 1.0 and a q-value of< 0.05 are considered to be
differentially abundant and indicated by colored dots. (A) Volcano plot of label-free-quantification. (B) Volcano plot of isobaric-labeling
quantification. Two-sidedWelch t-test, α= 0.05, Benjamini-Hochberg correction.
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F IGURE 3 Fructan sequestration system in B. thetaiotaomicron. (A) Schematic representation of Fructan polysaccharide utilization locus (PUL)
as encoded by the B. thetaiotaomicronVPI-5482 genome. (B) The predictedmechanism for uptake and degradation of fructose-based
oligo-saccharides. CP, cytoplasm; FRK, Fructokinase; HTCS, Hybrid two component system; IM, inner membrane; OM, outer membrane; PP,
periplasm; SusC, SusC-like TonB-dependent transporter; SusD, SusD-like outer membrane-binding protein.

Conclusively, our data show that B. thetaiotaomicron widely main-

tains its intracellular proteome upon change of the carbohydrates used

for feeding and that major changes are observed solely in the machin-

ery necessary to make use of the carbon sources provided. While the

limited variation of the proteome upon change from glucose to sucrose

has been shown in another, non-human related case [24], our results

emphasize that there may be no fundamental functional difference of

B. thetaiotaomicron within the gut microbiome in relation to both car-

bohydrate sources. By integration of further bacterial stressors and/or

variation of nutrient supply the plasticity of bacterial ecology can be

further exploited in single bacterial isolates or in more complex co-

cultures. With respect to the central role of carbohydrates on gut

health this approach will foster our understanding of different saccha-

rides on shaping bacterial communities with B. thetaiotaomicron being

to some degree resilient upon a dietary switch.
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