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Tryptophan is metabolized bymicroorganisms into various indole derivatives that

have been proven to alleviate diseases and promote human health. Lactic acid

bacteria (LAB) are a broad microbial concept, some of which have been

developed as probiotics. However, the capacity of most LAB to metabolize

tryptophan is unknown. In this study, the aim is to reveal the rule of tryptophan

metabolism in LAB by multi-omics. The findings showed that LAB were rich in

genes for tryptophan catabolism and that multiple genes were shared among

LAB species. Although the number of their homologous sequences was different,

they could still form the same metabolic enzyme system. The metabolomic

analysis revealed that LAB were capable of producing a variety of metabolites.

Strains belonging to the same species can produce the same metabolites and

have similar yields. A few strains showed strain-specificity in the production of

indole-3-lactic acid (ILA), indole-3-acetic acid, and 3-indolealdehyde (IAld). In

the genotype-phenotype association analysis, the metabolites of LAB were

found to be highly consistent with the outcomes of gene prediction,

particularly ILA, indole-3-propionic acid, and indole-3-pyruvic acid. The overall

prediction accuracy was more than 87% on average, which indicated the

predictability of tryptophan metabolites of LAB. Additionally, genes influenced

the concentration of metabolites. The levels of ILA and IAld were significantly

correlated with the numbers of aromatic amino acid aminotransferase and

amidase, respectively. The unique indolelactate dehydrogenase in

Ligilactobacillus salivarius was the primary factor contributing to its large

production of ILA. In summary, we demonstrated the gene distribution and

production level of tryptophan metabolism in LAB and explored the correlation
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between genes and phenotypes. The predictability and specificity of the

tryptophan metabolites in LAB were proven. These results provide a novel

genomic method for the discovery of LAB with tryptophan metabolism

potential and offer experimental data for probiotics that produce specific

tryptophan metabolites.
KEYWORDS

tryptophan, metabolism, lactic acid bacteria, specificity, predictabil ity,
genomics, metabolomics
1 Introduction

Tryptophan metabolites play an important role in both the

development of diseases and the homeostasis of the human body’s

internal environment (Platten et al., 2019). The catabolism of

tryptophan in mammals mainly includes the kynurenine (KYN)

pathway, the serotonin pathway, and the indole derivative pathway,

of which the indole derivatives can only be produced by microbes

(Agus et al., 2018). The KYN pathway is the main direction of

tryptophan catabolism, which consumes about 90% of tryptophan

(Cervenka et al., 2017). However, previous studies found that

metabolites produced along the KYN pathway can help tumors

escape immune surveillance and promote their development

(Offringa et al., 2022). Tryptophan can be metabolized by

microorganisms into a variety of indole derivatives, which the

host is unable to produce. The KYN pathway competes with this

metabolic pathway. Recently, an increasing number of studies have

demonstrated that indole derivatives played a significant role in

preventing the onset and progression of diseases, particularly in

chronic conditions like inflammatory bowel disease (Flannigan

et al., 2022), atopic dermatitis (Fang et al., 2022), Alzheimer’s

disease (Sun et al., 2022), alcoholic liver disease (Wrzosek et al.,

2021), and coronary artery disease(Li et al., 2022). Intestinal

microorganisms are the key to produce indole derivatives that can

alleviate chronic diseases. In vitro fermentation experiments

showed that Clostridium and Peptostreptococcus could produce 3-

indoleacrylic acid (IA) and indole-3-propionic acid (IPA) (Dodd

et al., 2017; Wlodarska et al., 2017). IA was thought to ease colitis

and improve intestinal epithelial barrier performance. The risk and

severity of atherosclerosis were significantly negatively correlated

with the serum IPA concentration in patients with coronary heart

disease (Xue et al., 2022). Bifidobacterium longum could produce 3-

indolealdehyde (IAld) to relieve symptoms of patients with atopic

dermatitis by activating AhR (Fang et al., 2022). Bifidobacterium

has also been proven to metabolize tryptophan to indole-3-lactic

acid (ILA), which could help build the infant’s early immune system

(Laursen et al., 2021). However, ILA, IAld and indole-3-acetic acid

(IAA) could be metabolized by multiple microorganisms, such as

Escherichia coli, Bacteroides, Clostridium, and Faecalibacterium

prausnitzii (Roager and Licht, 2018). To sum up, these intestinal

microorganisms jointly regulate the complex metabolism of indole

derivatives and have a profound impact on human health.
02
Therefore, regulating the metabolism of indole derivatives by

intestinal microorganisms to promote human health has become

the research hotspot.

Lactic acid bacteria (LAB) are a class of bacteria that can

ferment and produce lactic acid. Some LAB are considered to

have prebiotic functions and have been developed as dietary

supplements to be used to regulate the balance of the human

intestinal environment and promote the beneficial shift of gut

microbiota (De Filippis et al. , 2020). Previous studies

demonstrated some LAB can convert tryptophan into indole

derivatives and influence human immunity (Zelante et al., 2013;

Cervantes-Barragan et al., 2017). However, currently known LAB

that can metabolize tryptophan are mainly Limosilactobacillus

reuteri, and the metabolic ability of other species is unclear.

Previous studies have shown that Bifidobacterium of the same

species but from different sources have different abilities to use

carbon sources (Liu et al., 2021). Therefore, it is also necessary to

investigate whether the isolation source has an impact on the LAB’

capacity to metabolize tryptophan. The evidence indicated that a

complete metabolic enzyme system can predict any metabolite of

microorganisms (Rath et al., 2017; Heinken et al., 2019). The

necessi ty of the tryptophan metabol ism gene in the

transformation of indole derivatives by microorganisms has been

confirmed (Hutcheson and Kosuge, 1985; Koga, 1995; Williams

et al., 2014; Dodd et al., 2017; Wlodarska et al., 2017), and the

bacterial tryptophan metabolism profile, jointly constructed by

catabolites and enzymes, has also been improved (Roager and

Licht, 2018). Therefore, it seems possible to use comparative

genomic approaches to construct tryptophan metabolism enzyme

spectra of different LAB and explain the tryptophan metabolism

ability of LAB through association analysis with metabolomics.

In this study, we selected 148 strains from 13 LAB species.

These species have been extensively studied and were considered

beneficial to human wellness. Some species appeared to be involved

in tryptophan metabolism. For instance, it has been demonstrated

that L. reuteri DSM 20016 produced IAld and ILA (Zelante et al.,

2013). However, in-depth research has not been reported to

determine whether this metabolic capability is universal in L.

reuteri. Therefore, in order to explore the specificity of

tryptophan metabolism in these species and their prbiotic

potential, we conducted the following experiments: The homology

of the tryptophan metabolism genes in LAB was analyzed by using
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comparative genomic approaches, and the potential metabolites

were predicted. Additionally, the capacity of every strain to

metabolize tryptophan in vitro was investigated using targeted

metabolomics. Combing genomic analysis with metabolomic

results according to bioinformatic methods, we demonstrated the

predictability of tryptophan metabolites in LAB. We also explored

the effect of the number of genes on the metabolism of tryptophan

and found two kinds of indolelactate dehydrogenase that may

control the high production of ILA in Ligilactobacillus

salivarius.These results help to understand the complex

metabolism of tryptophan in LAB and provide an experimental

basis and new ideas for the development of probiotics.
2 Materials and methods

2.1 Selection of strains

The 148 strains used in this study were isolated from the

Culture Collection of Food Microorganisms of Jiangnan

University (Wuxi, China), and we sequenced the genomes of each

strain individually. They are distributed in 13 species from 6 genera

(Table 1). The specific information for all LAB is listed in Table S1.
2.2 DNA extraction, sequencing, and
prediction of coding sequences

All LAB were cultured on MRS plates for 24 hours; single

colonies were selected and cultured in MRS broth for 12–14 hours
Frontiers in Cellular and Infection Microbiology 03
until the early stage of stabilization. The culture was removed after

centrifugation at 5000 x g for 10 min, and bacterial cells were

washed with 0.9% sterile saline and collected under the same

centrifugation conditions. The DNA of LAB was extracted

according to the operation process of the rapid bacterial genetic

DNA isolation kit (Sangon Biotech Ltd., Shanghai, China).

Illumina HiSeq platform (Novogene Biotech Ltd., Tianjin,

China; Majorbio Biotech Ltd., Shanghai, China), which produced

2 × 150-bp pair-end read libraries, was used for genome sequencing.

For each sample, the raw data were provided and then trimmed into

high-quality reads with a minimum of 100 genome coverage depth

(clean data). The software SOAPdenovo2 (Luo et al., 2012) was used

to assemble contigs, and then we tested various Kmer values and

obtained the optimal assembly result. The assembly result was then

partially assembled and optimized to form scaffolds based on the

relationship between paired-end reads and read overlaps.

The software Prodigal (version, 2.6.3; -p, single; -g, 11)

predicted the coding sequences in all LAB genomes and

translated them into protein sequences for subsequent

homologous protein searching (Hyatt et al., 2010).
2.3 Identification of genes associated with
tryptophan metabolism

We have identified the genes involved in microbial tryptophan

metabolism and the corresponding Enzyme Commission (EC)

number by consulting previous studies on microbial tryptophan

metabolism (Agus et al., 2018; Roager and Licht, 2018) and the gene

information displayed in the tryptophan metabolism pathway in

Kyoto Encyclopedia of Genes and Genomes (KEGG, https://

www.kegg.jp). The specific information on tryptophan metabolic

enzymes involved in this study is listed in Table S2. We obtained the

protein sequence corresponding to the tryptophan metabolism gene

from the National Center for Biotechnology Information (NCBI,

https://www.ncbi.nlm.nih.gov) RefSeq and GeneBank databases by

the full name of the enzyme and EC number. The tryptophan

metabolic enzymes of LAB were identified using these proteins as

reference sequences.
2.4 Homology search and prediction of
tryptophan metabolites

The homology analysis of LAB proteome was completed by

DIAMOND (version, 2.0.14) BLASTP (identity, 30%; E value, 1e-3;

subject cover, 70%; query cover, 70%; –ultra-sensitive) (Buchfink

et al., 2021). The specific homology search information for all

strains is listed in Table S3. Hit sequences that satisfy the

aforementioned parameters are regarded as homologous

sequences involved in the metabolism of tryptophan. The

sequences with the highest homology were used to summarize the

tryptophan metabolic enzyme results in LAB, and each strain’s

tryptophan metabolic products were predicted. Strains with a

complete enzyme system can produce the corresponding

metabolites. For instance, it is predicted that a strain will be able
TABLE 1 Lactic acid bacteria speices in this study.

Genus Species No. of
Strains Source

Lacticaseibacillus paracasei 10
Human feces; Chinese

pickle

Lacticaseibacillus rhamnosus 9 Human feces

Lactiplantibacillus plantarum 10
Human feces; Chinese

pickle

Lactiplantibacillus pentosus 8 Human feces; pickles

Lactobacillus acidophilus 8 Human feces

Lactobacillus crispatus 14
Human feces; Human

vagina

Lactobacillus gasseri 8 Human feces

Lactobacillus helveticus 9
Fermented yak milk; Yak

qula; Dairy fan

Latilactobacillus curvatus 4 Human feces

Ligilactobacillus salivarius 12 Human feces

Limosilactobacillus fermentum 11 Human feces

Limosilactobacillus mucosae 15 Human feces

Limosilactobacillus reuteri 30
Fermented rice milk;

Human feces
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to produce indole propionic acid if it possesses the homologous

sequences of aromatic amino acid aminotransferase (ArAT),

indolelactate dehydrogenase (fldH) or lactate dehydrogenase

(LDH), cinnamoyl-coA: chenyllactate coA-transferase (fldA),

phenyllactoyl-coA dehydratase alpha/beta (fldBC) , R-

phenyllactate dehydratase activator (fldI), and phenylacrylate

reductase (acdA).
2.5 Extraction of tryptophan metabolites
from in vitro fermentation

Strains from glycerol preservation tubes were transplanted to

MRS plates and grew at 37°C until a single colony appeared. Single

colonies were then selected and grown in MRS broth for 12 hours to

the late logarithmic phase (two groups of culture media, one for

further experiments and the other for determining CFU/OD).

ensuring that there are 109 CFU of bacteria in total per milliliter.

Bacterial precipitation is washed twice with physiological saline

after MRS broth has been centrifuged at 4000 x g for 10 min.

According to previous studies, there was a significant negative

correlation between microorganisms’ capacity to metabolize

amino acids and their rate of growth. These catabolic reactions

need to be carried out effectively under the condition of non-rapid

growth of bacteria (Vieira-Silva et al., 2016). Therefore, resting cell

fermentation (Dodd et al., 2017) was used to explore the tryptophan

metabolism ability of LAB. Briefly, after 1 h of resuspended bacterial

precipitation in potassium phosphate buffer, the ATP level reaches a

constant value, indicating that the majority of the remaining

substrate has been consumed (Johann Bader, 1983). The bacteria

cells were separated by centrifugation and resuspended in buffer

containing 1 mM tryptophan, which was similar to the

concentration of tryptophan in the small intestine (Koper et al.,

2022). After one hour of standing at 37°C, the supernatant needed

to be immediately frozen at -80°C for future metabolomic analysis.
2.6 Metabolomics

The LAB in vitro fermentation supernatant samples undergone

the following pretreatments: First, 100 mL of fermentation

supernatant and 400 mL of pre-cooled methanol were fully mixed,

and then stood at -20°C for 30 min. To remove the protein, the

mixture was centrifuged at 20000 × g for 15 min. After that, 300 mL
of the supernatant was vacuum-dried at 45°C. The obtained dry

matter was resuspended in 100 mL of methanol dilution (water:

methanol=4:1) and filtered through the 0.22 mm microporous

membrane. The filtrate was tested for tryptophan metabolites

using ultra-high performance liquid chromatography-mass

spectrometry (UHPLC-MS).

Compounds were separated by using ACQUIRE UPLC BEH

C18 column (Waters, Milford, MA, USA; 1.7 m, 2.1 100 mm) and

detected by using Vanquish UHPLC Q-Exactive Plus MS (Thermo

Fisher, CA, USA) with extended a dynamic range (100-300 m/z) in

positive ion scanning mode. The mobile phase consisted of eluent A

(acetonitrile, Supelco, Sigma-Aldrich) and eluent B (0.1% formic
Frontiers in Cellular and Infection Microbiology 04
acid, Supelco, Sigma-Aldrich). The sample with a volume of 2 mL
was injected into the mobile phase, and chromatographic

separation was performed at a flow rate of 0.3 mL/min. The

linear gradient of the mobile phase was as follows: 5% A and 95%

B in the initial 3 min; 3–9 min, eluent A from 5% to 30%, eluent B

from 95% to 70%; 9–15 min, mobile phase A rising from 30% to

100%; kept 100% mobile phase A unchanged for 15-16.5 min; in the

last 3.5 min, maintained 5% mobile phase A and 95% mobile phase

B for rebalancing the column. The indole derivatives metabolized by

LAB were qualitatively and quantitatively analyzed using a standard

curve. The metabolism of all strains has been listed in Table S4. The

specific information, such as the retention time of reference

materials, has been listed in Table S5.
2.7 Phylogenetic analysis

To identify the potential key players in the production of ILA,

the homologous protein sequences annotated as fldH and without

specific substrate catalytic function were used to constructed the

phylogenetic tree. The phylogenetic tree of LDH was also built.

MUSCLE (version, 3.8.31) was used to align all homologous

sequences of fldH and LDH respectively (Edgar, 2004) and IQ-

TREE (version 2.2.0-Linux; model, MF; bootstrap, 1000) was used

to build the evolutionary tree of the sequence(Nguyen et al., 2015).

iTOL is used to visualize the outcomes(Letunic and Bork, 2021).

Most branches of the phylogenetic tree of fldH and LDH were

folded to better illustrate the evolutionary distance between the

unique protein sequence and other sequences, but this did not

modify the topological structure of the phylogenetic tree.
2.8 Protein structure analysis

AlphaFold2 (version, 1.4; pair mode, unpaired_paired; model

type, default) was used to construct the fldH homologous protein in

L. salivarius FWXBH185 and the experimentally verified fldH

(Uniprot: J7SHB8) protein structure in C. sporogenes ATCC

15579. We used the Pairwise Structure Alignment function

(algorithm, jFATCAT-rigid) provided by PDB (https://

www.rcsb.org) to establish residue-residue correspondence

between L. salivarius FWXBH185 fldH and C. sporogenes ATCC

15579 fldH.
2.9 Statistical analysis and visualization

IBM SPSS Statistics 26 (SPSS Inc., Chicago, IL, USA) was used

to calculate Spearman’s rank correlation coefficient (Spearman’s r;
Benj n Hochberg false discovery rate [FDR]). The Mann-Whitney

test is used to analyze whether there are metabolic differences

among strains belonging to the same species but from different

sources. All data sets were collated using Python 3. Graphpad Prism

9 (La Jolla, California, United States) was used for data visualization.

The subsequent editing of all figures was completed with Adobe

Illustrator CC2022.
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3 Results

3.1 LAB are rich in genes of
tryptophan catabolism

The KYN pathway, the indole pathway, and the serotonin

pathway are the three main metabolic pathways for tryptophan.

Only microbes are capable of producing indole derivatives. In this

study, we focused on nine indole derivatives that play an important

role in human health. Except for the enzyme that converts IAA into

IAld, the metabolic enzyme spectrum of other indole derivatives is

clear (Figure 1A).

We annotated the tryptophan metabolic genes of 148 strains

(Table 1) to determine whether LAB encode these tryptophan

metabolic enzymes (Table S3). As a result of LAB metabolic genome

annotation, the sequence with the highest homology was displayed

(Figure 1B), and all homologous sequences were in the corresponding

gene count (Figure 2). ArAT, Tryptophan decarboxylase (TDC), and

Tryptophan 2-monooxygenase (TMO) are three enzymes that directly

use tryptophan as a substrate (Figure 1A). We found that all strains did

not encode TDC, and the tryptamine (TA) metabolic pathway did not

exist in LAB. The majority of strains also failed to locate the TMO

homologous sequence, but all LAB contained amidase (amiE). Except

for Latilactobacillus curvatus, ArAT was found in the genome of all

LAB, and most (10/12 species) LAB contained multiple ArAT

(Figure 2), which was reported that existed widely in L. reuteri

previously (Ozcam et al., 2019). Tryptophan will be converted to ILA
Frontiers in Cellular and Infection Microbiology 05
by fldH or LDH after being catabolized to indole-3-pyruvic acid (IPYA)

by ArAT (Dodd et al., 2017; Laursen et al., 2021). The evidence of fldH

was first found in Clostridium, and the previous labeling of fldH in

Lactobacillus was mostly replaced by LDH (Montgomery et al., 2022),

which was enriched in LAB, especially in Limosillactobacillus

(Figure 2). LDH and fldH originate from the same EC number

(1.1.1.-), and the protein sequence homology was ~40%. In this

study, most of the homologous proteins of fldH in LAB were

annotated as D-2-hydroxyacid dehydrogenase (HdhD) in NCBI,

which were also from the same EC number as fldH, and the

sequence homology was ~40%. This might indicate that HdhD is a

neglected ILA dehydrogenase. In addition, the directly adjacent of the

fldH and ArAT in some LAB suggested that they are functional

metabolic operons (Table S3). In terms of genotype, LAB other than

L. curvatus appeared to be able to produce ILA, but none of them

created a gene bridge for the transformation of ILA into IA because

they were all deficient in the fldIBC functional gene cluster. All LAB

contained aldehyde dehydrogenase (ALD), just like ArAT.

Additionally, some strains encoded indolepyruvate decarboxylase

(IPD) or phenylpyruvate decarboxylase (PPD), which together

contributed to the conversion of tryptophan to indoleacetic acid.

The tryptophan metabolites of LAB were then predicted using

the gene annotation results (Table 2). Since L. curvatus contained

no first-step metabolic enzyme, it was considered that it did not

have any metabolic ability for indole derivatives. Other LAB

maintained a high degree of similarity in the production of IPYA,

TA, ILA, IA, and IPA. The predicted results of other metabolites
B

A

FIGURE 1

The genome of lactic acid bacteria (LAB) is rich in tryptophan metabolism genes. (A) The primary tryptophan metabolites and metabolic network.
The host pathway is represented by black, and the microbial pathway is represented by blue. (B) The heatmap represents the sequence identity of
the best hit of the tryptophan metabolism genes in LAB strains. Genes with more than 30% identity are considered homologous sequences.
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were species- or strain-specific. To sum up, LAB encoded a large

number of tryptophan metabolic genes. LAB had genetic evidence

for the metabolism of tryptophan into multiple metabolites.
3.2 The specificity of LAB in tryptophan
metabolites

We performed in vitro experiments to confirm the outcomes of

gene prediction after obtaining genomic evidence of tryptophan

metabolism in LAB. The findings demonstrated that LAB could

generate a wide range of tryptophan metabolites, and the majority

of LAB maintained a high level of species specificity in metabolism

(Figure 3A). IA (4.139-41.789 ng/mL) was found in the

fermentation broth of all strains of Limosillactobacillus mucosae

(Figure 3B), but prior genomic homology analysis had not revealed

any homologous sequences with the fldIBC gene cluster. No strain

can produce IPA, which is consistent with the result of gene

prediction. However, tryptamine (20.454-58.145 ng/mL) was
Frontiers in Cellular and Infection Microbiology 06
detected in the fermentation of all strains of Lactobacillus

helveticus (Figure 3C), which, like IA, also lacked genetic

evidence. The production of ILA demonstrated that IPYA had

appeared in the fermentation process because IPYA was the only

upstream product of ILA, even though we were unable to detect

IPYA in the fermentation supernatant of LAB. IPYA might be

rapidly converted into ILA or indole-3-acetaldehyde (IAAld), which

made it difficult to enrich. As a result, we believed that LAB, except

for L. curvatus, were capable of producing IPYA and ILA, which is

consistent with the findings of gene prediction. Additionally,

compared with other LAB (0-1368.567 ng/mL, mean = 102.554

ng/mL), L. salivarius (566.553-3864.553 ng/mL, mean =

1907.063ng/mL) had a stronger ability to metabolize ILA,

especially L. salivarius FWXBH185 (3864.553 ng/mL) and

FBJSY202 (3463.081 ng/mL) (Figure 3D). Contrary to gene

prediction results, indole-3-acetamide (IAM) could not be found

in all LAB fermentation broths. Its downstream metabolite, IAA,

had inconsistent in vitro fermentation and gene prediction results,

and metabolic concentrat ion varied between species .

Lactiplantibacillus pentosus (0-40.967 ng/mL, mean = 22.507 ng/

mL) produced more IAA than other LAB (0-19.667 ng/mL, mean =

4.594 ng/mL) (Figure 3E). We also detected the concentration of

IAld in the LAB fermentation broth. Except for L. curvatus, other

LAB (2.984-332.681 ng/mL, mean = 40.266 ng/mL) could produce

IAld, and the yield was relatively conservative at the species level,

but some strains of L. reuteri had strong IAld metabolism abilities

(Figure 3F), such as DYNDL2M15 (184.103 ng/mL), DYNDL8M31

(332.681 ng/mL), and FSCPS76L4 (268.246 ng/mL).

We also examined how the tryptophan metabolism of strains

from various sources varied. All strains from the same species in

this study had the same category of tryptophan metabolites, despite

the fact that some species had multiple sources for their isolation

(Table S4). The yield of ILA of L. helveticus DYNDL451 from dairy
FIGURE 2

The heatmap shows the number of tryptophan metabolism genes
contained in lactic acid bacteria strains, and the color depth
indicates the homologous tryptophan metabolism gene count.
TABLE 2 Predicted tryptophan metabolites of lactic acid bacteria at the species level.

Species No. of Strains
Proportion of strains in the species that could produce the following metabolites (%)

IPYA ILA IA IPA IAM TA IAAld IAA

L. acidophilus 8 100 100 0 0 12.5 0 0 12.5

L. crispatus 14 100 100 0 0 100 0 0 100

L. curvatus 4 0 0 0 0 0 0 0 0

L. fermentum 11 100 100 0 0 0 0 100 100

L. gasseri 8 100 100 0 0 0 0 0 0

L. helveticus 9 100 100 0 0 88.9 0 0 88.9

L. mucosae 15 100 100 0 0 13.3 0 100 100

L. paracasei 10 100 100 0 0 40 0 100 100

L. plantarum 10 100 100 0 0 80 0 100 100

L. reuteri 30 100 100 0 0 6.7 0 100 100

L. rhamnosus 9 100 100 0 0 0 0 100 100

L. salivarius 12 100 100 0 0 66.7 0 100 100

L. pentosus 8 100 100 0 0 100 0 100 100
fr
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fan was lower when compared to the strains isolated from

fenmented yak milk and yak qula. The results of Mann-Whitney

test showed that the IAld metabolic level of L. reuteri from

fermented rice milk was significantly higher than that of the

strain isolated from human feces. There was no significant

difference in the tryptophan metabolism level of strains from

different sources in other species (Figure S1).
3.3 Accuracy of prediction by genomic-
metabolomic association analysis

To confirm the gene prediction, we used the metabolism results

of LAB. In LAB, only L. helveticus, whose TA metabolic gene and

true metabolic level could not correspond (Figure 4A). Additionally,

L. mucase produced IA, although no homologous complete fldAIBC

gene cluster was found in all (Figure 4B). IAM and IAA’s actual

metabolisms and gene predictions both revealed species-specificity,

and the two metabolites’ gene prediction results were less than 80%

accurate. The gene prediction results and metabolism of the three

metabolites IPYA, ILA, and IPA in all LAB strains are completely

consistent, and the accuracy of gene prediction is 100% (Figure 4C).

The average accuracy of gene prediction is more than 88%.
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3.4 Effect of gene diversity on the
concentration of tryptophan
metabolites in LAB

3.4.1 Gene count
We then investigated the correlation between the quantity of genes

and the concentration of metabolites using Spearman’s r (Figure 5A).

The significance would be shown only when the correlation is greater

than 0.3. The number of homologous sequences of ArAT was

significantly positively correlated with the ILA production of LAB,

but Spearman’s r was only 0.31, which was a relatively weak

correlation. The concentration of IAld was significantly negatively

correlated with the number of amiE. In conclusion, the homologous

genes of tryptophanmetabolism found in LAB could be used to predict

the ability of LAB to metabolize tryptophan. Additionally, the number

of genes may control how metabolites are produced. These findings

suggest that genotype and phenotype are strongly correlated.

3.4.2 The IPYA to ILA conversion is primarily
controlled by fldH

ILA is currently the most researched indole derivative. It can

alleviate the occurrence and development of various diseases and

regulate immune homeostasis (Zelante et al., 2013; Cervantes-
B C

D E F

A

FIGURE 3

Metabolomics revealed the tryptophan metabolism ability of lactic acid bacteria (LAB). (A) LAB species metabolize a variety of indole derivatives. The
proportion of strains within a species that produce metabolites is indicated by the size of the circle. Different colors represent different species.
(B–F) The concentrations of all tryptophan metabolites detected in the fermentation broth of different strains are shown by box plots. All data were
collected by repeating three experiments and taking the average of the results. Tukey’s honestly significant difference test was used to exclude
discrete points.
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Barragan et al., 2017; Laursen et al., 2021). In this study, L. salivarius

demonstrated exceptionally high ILAmetabolism capacity (Figure 3D).

Although the above result showed that the content of ILA was

positively correlated with the number of ArAT, the correlation was

weak, and the number of ArAT in L. salivarius was not the highest

among LAB, being far less than that in Limitsilactobacillus species.

Previous research had shown that a specific LDH controlled ILA

production in Bifidobacterium (Laursen et al., 2021), whereas fldH

controlled themetabolic processes ofC. spologenesATCC 15579, which

could produce a significant amount of ILA at resting cells (Dodd et al.,

2017). We, hypothesized that LDH or fldH might be the enzyme in

charge of regulating ILA production in LAB. The phylogenetic analysis

of all fldH in LAB revealed that the fldH encoded by the L. salivarius

independently clustered (here called type 1, type 2, type 3, and type 4

fldH). Type 4 fldH had close genetic distance and high affinity with

other LAB. The other three types of fldH were far from the fldH of

other LAB, suggesting that they may have the unique potential to

efficiently convert IPYA into ILA. However, type 1 and type 2 fldH

could be found in all strains of L. salivarius, but type 3 fldH only existed

in the genomes of 7 strains of L. salivarius (Figure 5B). The

phylogenetic analysis of LDH did not reveal a comparable

phenomenon. There are no independent gene clusters, and the

genetic distances between LDH of L. salivarius and LDH of other

LAB were very close (Figure S2). Then, we compared the sequence

homology, constructed the protein structure and compared the protein
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structure similarity of the fldH (Uniprot: J7SHB8) of C. spologenes

ATCC 15579 (here called reference fldH) and type 1-4 fldH of L.

salivarius FWXBH185, which was the largest production of ILA in all

LAB. Type 1, type 2, type 3, and type 4 fldH shared 43.6%, 40.6%,

38.5%, and 35.3% homology with reference fldH, respectively (Table 3).

In protein structure alignment, the type 1-3 fldH models could well

overlap the reference fldH protein model (Figure 6), which had low

root mean square deviation (RMSD) and high template modeling score

(TM-score).They might possess the same substrate catalytic center.

However, type 4 fldH showed poor structural consistency with

reference fldH, with RMSD ~2.26 and TM-score ~0.85 (Table 3).
4 Discussion

The tryptophan metabolism of microorganisms is a complex

metabolic network. Numerous enzymes have an impact on the

metabolites in this pathway (Table S2). To produce the

corresponding metabolites, a complete metabolic enzyme system is

required (Dodd et al., 2017). Previous studies have found a small

amount of gene evidence for tryptophan metabolism-related enzymes

encoded in LAB, but only ArAT has been experimentally confirmed at

present(Zelante et al., 2013; Cervantes-Barragan et al., 2017;

Montgomery et al., 2022). It is widely present in L. reuteri and has

numerous gene copies. The likelihood that LAB also codes for other
B C

A

FIGURE 4

The metabolites of lactic acid bacteria (LAB) predicted by homologous genes had high consistency with actual production. (A) The binary diagram
illustrates whether the predicted products and metabolites of each strain are consistent. White filling denotes the opposite of the two results, black
filling indicates the predicted results are consistent to the metabolic results. (B) The consistency of genotype and phenotype is reflected at the
species level. The accuracy of the metabolite prediction within a species increases with the size of the prediction circle. Different colors represent
different species. (C) The stacked column chart provides an overview of the consistency between the metabolomics-based actual metabolites and
the genomics-based predicted metabolites in LAB. Phenotype absence (PA); Phenotype presence (PE); Gene presence (GE); Gene absence (GA).
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tryptophan-metabolizing enzymes, in addition to ArAT, depends on

the homology evidence of the corresponding enzymes from other

bacteria. In this section, we widened the range of reference sequences

among species and genera and carried out a homologous search for

sequences in the LAB genome. LAB contained a large number of

tryptophanmetabolism genes according to the results of gene counting.

According to the gene annotation results of the sequence with the

highest homology, whether most tryptophan metabolizing enzymes

can be detected from the genome is species-specific. All LAB had the

metabolic enzymes amiE and ALD, but not all LAB had their upstream

tryptophan metabolism genes encoded. ALD and amiE, however, are

not indole derivative-specific catalytic proteins (Racker, 1949; Bray

et al., 1950), they have additional substrates in other metabolic

pathways, indicating that they have additional roles in LAB.

In metabolomics, although we did not detect IPYA in the

fermentation broth, as was also the case in earlier studies, it is the

only starting point of the ILA metabolic pathway, and the existence of

ILA could prove that IPYA appears briefly in vitro fermentation. The

metabolic level of ILA remained highly species-specific. Although the

production of ILA in different L. salavarius strains fluctuated greatly,

their levels were still significantly higher than those of other LAB

strains. Especially FWXBH185 and FBJSY202, which could produce

large amounts of ILA, may have great potential to maintain human
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immune balance (Laursen et al., 2021). IAA and IAM metabolism in

LAB deviated from gene predictions, and there was strain specificity.

Although we predicted some strains would produce IAM, we were

unable to locate any pertinent evidence during the in vitro

fermentation. IAA also has annotation genes but no phenotype.

These results might indicate that IAM and IAA were used as

intermediate metabolites in the fermentation process, especially IAM,

which was the first step metabolite. As the precursor of IAld (De Mello

et al., 1980), IAA might also be difficult to enrich during fermentation.

The metabolism of TA and IA in LAB was species-specific, and there

was no homologous gene in the LAB genome, but some species

produced these metabolites during fermentation. This demonstrates

that the availability of some tryptophan metabolic genes in existing

open databases is still limited and that to increase the hit rate of the

query sequence, the reference sequence range needs to be expanded

(Rath et al., 2018). However, although there were deviations between

the predicted results of some genes and the phenotype, the average

accuracy rate was more than 88%, which indicated that genes could

predict the metabolites of LAB to a certain extent. In addition, we

tracked the metabolism of IAld in LAB. It can activate the AhR

receptor and regulate the level of IL-22 in cells to alleviate the

symptoms of host colitis (Renga et al., 2022), which plays an

important role in the human immune system. L. reuteri
TABLE 3 The fldH structure alignment between Ligilactobacillus salivarius FWXBH185 and Clostridium sporogenes ATCC 15579.

Type ID Loci RMSD TM-score Sequence Identity (%) Reference Coverage (%) Target Coverage (%)

Type1 fldH Scaffold7_93500 92511 1.71 0.93 43.6 99 99

Type2 fldH Scaffold3_94834 95829 1.82 0.93 40.6 99 99

Type3 fldH Scaffold17_13829 14821 1.85 0.93 38.5 99 99

Type4 fldH Scaffold1_494215 495171 2.26 0.85 35.3 93 97
RSMD, root mean square deviation; TM-score, template modeling score.
BA

FIGURE 5

(A) The heatmap represents the correlation between the number of genes and the concentration of metabolites, and the statistical significance will
be marked only when Spearman’s r (Benjamin Hochberg false discovery rate [FDR]) is greater than 0.3.***p = 0.0003, ****p < 0.0001. (B)
Phylogenetic trees were built using the indolelactate dehydrogenase (fldH) homologous sequences of all lactic acid bacteria. Without modifying the
topological structure of phylogenetic trees, the folded branches were used to facilitate the display of two different types of fldH sequences of L.
salivarius. The folded cluster of fldH from L. salivarius was marked blue.
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DYNDL8M31, FSCPS76L4 and DYNDL2M15 metabolized a large

amount of IAld, and these strains might become the focus of probiotic

development in the future. The results of metabolomics also revealed

the regulation of tryptophan metabolism in LAB of the same species

but from different sources. Different sources of separation did not

appear to alter the types of tryptophan metabolites that LAB produce,

but they may have an impact on some LAB’ metabolic ability. It is

important to note that despite the fact that the Mann-Whitney test

revealed a significant difference between the production of IAld by L.

reuteri from fermented rice milk and other strains, due to the small

number of samples, this statistical analysis may be influenced by the

results of DYNDL8M31, which could produce a high yield of IAld. In

general, the types of indole derivatives produced by LAB are not

affected by the isolation source, but the relationship between the

isolation source and the production of tryptophan metabolites by

LAB needs to be explained through more experimental data.

Additionally, the growth environment of bacteria has a direct impact

on their metabolism of tryptophan. According to earlier research,

Bifidobacterium could only convert tryptophan to ILA in MRS

(Laursen et al., 2021). However, in M9 medium, which has much

fewer nutrients than MRS, Bifidobacterium can produce a variety of

indole derivatives (Fang et al., 2022). This indicates that the various
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nutrients that are available to bacteria in the intricate environment of

the human intestine will also influence their catabolism. There are

many nutrients in the proximal colon. All microorganisms are under

pressure to grow quickly in order to occupy a more favorable niche. In

the proximal colon, microorganisms’ primary mode of catabolism is

glycolysis (Roager et al., 2016). In the distal colon, carbohydrate is

gradually consumed completely, and protein becomes the main

substrate of bacterial catabolism. The previous study demonstrated

the distal colon hadmore than four times the concentration of phenolic

compounds produced by the breakdown of aromatic amino acids than

the proximal colon (Smith and Macfarlane, 1996). These findings

suggest that the resting cell culture approach employed in this study

might be more effective than the nutrient-rich fermentation system for

producing these tryptophan metabolites. However, bacterial

tryptophan metabolism does not only occur in the colon; for

example, Lactobacillus johnsonii could also decompose tryptophan in

the stomach of mice (Zelante et al., 2013).Therefore, the rule of

microbial tryptophan metabolism in the human digestive tract needs

to be further explored by more realistic simulated intestinal

experiments. We attempted to investigate how genes affect the

generation of LAB tryptophan metabolites. In the correlation analysis

between the number of genes and the yield, we discovered that IAld
FIGURE 6

All fldH of L. salivarius FWXBH185 was compared with the reference fldH (Uniprot: J7SHB8) of C. sporogenes ATCC 15579 via protein structure alignment.
The proteins were overlapped to show the similarity of the spatial structure of the two fldH proteins. The structure of C. sporogenes ATCC 15579 fldH was
marked with yellow. The fldH of L. salivarius FWXBH185 was marked with blue, and the type of fldH was marked on the top of the structure.
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was significantly negatively correlated with the upstream enzyme amiE,

which was responsible for catalyzing the production of IAA. IAld

production was significantly positively correlated with ILA production

in the intra-group correlation analysis (Figure S3). This suggests that

there might be multiple metabolic pathways for IAld. There is still no

experimental proof explaining the precise chemical changes and

corresponding catalytic enzyme system in the process of IAA

conversion to IAld, even though many studies believe that IAA is the

precursor to IAld (Montgomery et al., 2022). The upstream products of

IAld and its corresponding metabolic pathway still need experimental

proof. The number of ILA and ArAT in LAB was positively correlated,

but its Spearman’s r was only 0.31, which was a relatively weak

correlation. Compared with Limosillactobacillus species, L. salivarius

does not have a large amount of ArAT enrichment. However, its ILA

metabolic yield was the highest among all LAB species. This suggested

that while ArAT might control ILA production, it was not the crucial

factor. Previous studies have proven that both LDH and fldH control

the production of ILA (Dodd et al., 2017; Laursen et al., 2021). We

therefore thought that the homologous protein of LDH and fldH may

be the enzyme that regulates the high production of ILA in L. salivarius.

In the phylogenetic analysis of fldH homologous proteins, we

discovered that three types of fldH sequences (type 1-3 fldH) of L.

salivarius were clustered separately and maintained a relatively large

genetic distance from the fldH of other LAB. Phylogenetic analysis of

LDHdid not present a similar phenomenon. Themetabolic enzymes in

the same cluster are thought to have similar roles and catalytic

capabilities in phylogenetic analysis, according to earlier research

(Laursen et al., 2021). Then, we built protein structures of four types

fldH of L. salivarius FWXBH185, which were used for protein sequence

and structural alignment. We discovered that the reference fldH and

type 1-3 fldH protein models can overlap well and both have high TM-

scores and low RMSD. This indicates that they might have similar

catalytic centers and perform similar functions as reference fldH, so

that IPYA can be efficiently converted into ILA. However, although

type 3 fldH had a relatively long genetic distance from all other fldH of

LAB and had a similar structure with reference fldH, it could only be

found in 7 L. salivarius strains. Since all L. salivarius can produce a

large number of ILA, this may indicate that type 3 fldH is not the

enzyme that mainly regulates the level of ILA metabolism in L.

salivarius. Therefore, We speculate that type 1 and type 2 fldH may

lead to the ability of L.salivarius to metabolize ILA at a high level. The

precise function of these two types of proteins in the ILA pathway

needs to be demonstrated through experiments in the future.

In conclusion, we emphasize the necessity of using multi-omics

to sort out the complex tryptophan metabolism. We discovered

through metabolomics that, in addition to IAA, the other

tryptophan metabolites of LAB have high species specificity, the

metabolic concentration of most strains within a species remains

constant and only a small number of strains have strain specificity.

Combined with genomic analysis, it was revealed that the

tryptophan metabolites of LAB were predictable, and the number

of genes and special metabolic genes could regulate the tryptophan

metabolism of LAB. These findings offer novel perspectives and

experimental evidence that will help the development of probiotics

that produce particular tryptophan metabolites.
Frontiers in Cellular and Infection Microbiology 11
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found in the article/Supplementary Material.
Author contributions

Specific author contributions: TP: investigation, data analysis,

writing-original draft, visualization, and methodology; ZP:

methodology; ZF: investigation; HW: validation and visualization;

JZhu: data analysis; ZH: validation, resources; JZha: funding

acquisition and resources; WC: resources, funding acquisition,

validation, and data curation; WL: supervision, writing–review and

editing, project administration, and funding acquisition. All authors

contributed to the article and approved the submitted version.
Funding

This work was supported by the National Natural Science

Foundation of China (No. 31820103010, 31972085, 32202059),

111project (BP0719028), and the collaborative innovation center

of food safety and quality control in Jiangsu Province.
Acknowledgments

We sincerely thank Editage for English language editing.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fcimb.2023.1154346/

full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fcimb.2023.1154346/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2023.1154346/full#supplementary-material
https://doi.org/10.3389/fcimb.2023.1154346
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Pan et al. 10.3389/fcimb.2023.1154346
References
Agus, A., Planchais, J., and Sokol, H. (2018). Gut microbiota regulation of
tryptophan metabolism in health and disease. Cell Host Microbe 23 (6), 716–724.
doi: 10.1016/j.chom.2018.05.003

Bray, H. G., James, S. P., Thorpe, W. V., and Wasdell, M. R. (1950). The fate of certain
organic acids and amides in the rabbit. 11. further observations on the hydrolysis of amides
by tissue extracts. Biochem. J. 47 (3), 294–299. doi: 10.1042/bj0470294

Buchfink, B., Reuter, K., and Drost, H. G. (2021). Sensitive protein alignments at
tree-of-life scale using DIAMOND. Nat. Methods 18 (4), 366–368. doi: 10.1038/s41592-
021-01101-x

Cervantes-Barragan, L., Chai, J. N., Tianero, M. D., Di Luccia, B., Ahern, P. P.,
Merriman, J., et al. (2017). Lactobacillus reuteri induces gut intraepithelial CD4(+)CD8
alpha alpha(+) T cells. Science 357 (6353), 806–810. doi: 10.1126/science.aah5825

Cervenka, I., Agudelo, L. Z., and Ruas, J. L. (2017). Kynurenines: Tryptophan's
metabolites in exercise, inflammation, and mental health. Science 357 (6349), eaaf9794.
doi: 10.1126/science.aaf9794

De Filippis, F., Pasolli, E., and Ercolini, D. (2020). The food-gut axis: lactic acid
bacteria and their link to food, the gut microbiome and human health. FEMSMicrobiol.
Rev. 44 (4), 454–489. doi: 10.1093/femsre/fuaa015

De Mello, M. P., De Toledo, S. M., Haun, M., Cilento, G., and Durán, N. (1980).
Excited indole-3-aldehyde from the peroxidase-catalyzed aerobic oxidation of indole-3-
acetic acid. reaction with and energy transfer to transfer ribonucleic acid. Biochemistry
19 (23), 5270–5275. doi: 10.1021/bi00564a019

Dodd, D., Spitzer, M. H., Van Treuren, W., Merrill, B. D., Hryckowian, A. J.,
Higginbottom, S. K., et al. (2017). A gut bacterial pathway metabolizes aromatic amino
acids into nine circulating metabolites. Nature 551 (7682), 648–652. doi: 10.1038/
nature24661

Edgar, R. C. (2004). MUSCLE: A multiple sequence alignment method with reduced
time and space complexity. BMC Bioinf. 5 (1), 113. doi: 10.1186/1471-2105-5-113

Fang, Z., Pan, T., Li, L., Wang, H., Zhu, J., Zhang, H., et al. (2022). Bifidobacterium
longum mediated tryptophan metabolism to improve atopic dermatitis via the gut-skin
axis. Gut Microbes 14 (1), 2044723. doi: 10.1080/19490976.2022.2044723

Flannigan, K. L., Nieves, K. M., Szczepanski, H. E., Serra, A., Lee, J. W., Alston, L. A.,
et al. (2022). The pregnane X receptor and indole-3-Propionic acid shape the intestinal
mesenchyme to restrain inflammation and fibrosis. Cell Mol. Gastroenter 15 (3), 765–
795. doi: 10.1016/j.jcmgh.2022.10.014

Heinken, A., Ravcheev, D. A., Baldini, F., Heirendt, L., Fleming, R. M. T., and Thiele,
I. (2019). Systematic assessment of secondary bile acid metabolism in gut microbes
reveals distinct metabolic capabilities in inflammatory bowel disease.Microbiome 7 (1),
75. doi: 10.1186/s40168-019-0689-3

Hutcheson, S. W., and Kosuge, T. (1985). Regulation of 3-indoleacetic acid
production in pseudomonas syringae pv. savastanoi. purification and properties of
tryptophan 2-monooxygenase. J. Biol. Chem. 260 (10), 6281–6287. doi: 10.1016/S0021-
9258(18)88968-2

Hyatt, D., Chen, G.-L., LoCascio, P. F., Land, M. L., Larimer, F. W., and Hauser, L. J.
(2010). Prodigal: prokaryotic gene recognition and translation initiation site
identification. BMC Bioinf. 11 (1), 119. doi: 10.1186/1471-2105-11-119

Johann Bader, H. S. (1983). ATP formation is coupled to the hydrogenation of 2-
enoates in clostridium sporogenes. FEMS Microbiol. Lett. 20 (2), 171–175. doi: 10.1111/
j.1574-6968.1983.tb00111.x

Koga, J. (1995). Structure and function of indolepyruvate decarboxylase, a key
enzyme in indole-3-acetic acid biosynthesis. Biochim. Biophys. Acta 1249 (1), 1–13.
doi: 10.1016/0167-4838(95)00011-i

Koper, J. E., Troise, A. D., Loonen, L. M., Vitaglione, P., Capuano, E., Fogliano, V.,
et al. (2022). Tryptophan supplementation increases the production of microbial-
derived AhR agonists in an In vitro simulator of intestinal microbial ecosystem. J. Agric.
Food Chem. 70 (13), 3958–3968. doi: 10.1021/acs.jafc.1c04145

Laursen, M. F., Sakanaka, M., von Burg, N., Morbe, U., Andersen, D., Moll, J. M., et al.
(2021). Bifidobacterium species associated with breastfeeding produce aromatic lactic acids in
the infant gut. Nat. Microbiol. 6 (11), 1367–1382. doi: 10.1038/s41564-021-00970-4

Letunic, I., and Bork, P. (2021). Interactive tree of life (iTOL) v5: an online tool for
phylogenetic tree display and annotation. Nucleic Acids Res. 49 (W1), W293–W296.
doi: 10.1093/nar/gkab301

Li, Q., You, Y., Zeng, Y., Wang, X., Pan, Z., Pang, J., et al. (2022). Associations
between plasma tryptophan and indole-3-propionic acid levels and mortality in
patients with coronary artery disease. Am. J. Clin. Nutr. 116 (4), 1070–1077.
doi: 10.1093/ajcn/nqac170

Liu, S., Fang, Z., Wang, H., Zhai, Q., Hang, F., Zhao, J., et al. (2021). Gene-phenotype
associations involving human-residential bifidobacteria (HRB) reveal significant
Frontiers in Cellular and Infection Microbiology 12
species- and strain-specificity in carbohydrate catabolism. Microorganisms 9 (5), 883.
doi: 10.3390/microorganisms9050883

Luo, R., Liu, B., Xie, Y., Li, Z., Huang, W., Yuan, J., et al. (2012). SOAPdenovo2: an
empirically improved memory-efficient short-read de novo assembler. GigaScience 1
(1), 18. doi: 10.1186/2047-217X-1-18

Montgomery, T. L., Eckstrom, K., Lile, K. H., Caldwell, S., Heney, E. R., Lahue, K. G.,
et al. (2022). Lactobacillus reuteri tryptophan metabolism promotes host susceptibility
to CNS autoimmunity. Microbiome 10 (1), 198. doi: 10.1186/s40168-022-01408-7

Nguyen, L. T., Schmidt, H. A., von Haeseler, A., and Minh, B. Q. (2015). IQ-TREE: a
fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies.
Mol. Biol. Evol. 32 (1), 268–274. doi: 10.1093/molbev/msu300

Offringa, R., Kotzner, L., Huck, B., and Urbahns, K. (2022). The expanding role for
small molecules in immuno-oncology. Nat. Rev. Drug Discov. 21 (11), 821–840.
doi: 10.1038/s41573-022-00538-9

Ozcam, M., Tocmo, R., Oh, J. H., Afrazi, A., Mezrich, J. D., Roos, S., et al. (2019). Gut
symbionts lactobacillus reuteri R2lc and 2010 encode a polyketide synthase cluster that
activates the mammalian aryl hydrocarbon receptor. Appl. Environ. Microb. 85 (10),
e01661-18. doi: 10.1128/AEM.01661-18

Platten, M., Nollen, E. A. A., Rohrig, U. F., Fallarino, F., and Opitz, C. A. (2019).
Tryptophan metabolism as a common therapeutic target in cancer, neurodegeneration
and beyond. Nat. Rev. Drug Discov. 18 (5), 379–401. doi: 10.1038/s41573-019-0016-5

Racker, E. (1949). Aldehyde dehydrogenase, a diphosphopyridine nucleotide-linked
enzyme. J. Biol. Chem. 177 (2), 883–892. doi: 10.1016/S0021-9258(18)57033-2

Rath, S., Heidrich, B., Pieper, D. H., and Vital, M. (2017). Uncovering the
trimethylamine-producing bacteria of the human gut microbiota. Microbiome 5 (1),
54. doi: 10.1186/s40168-017-0271-9

Rath, S., Rud, T., Karch, A., Pieper, D. H., and Vital, M. (2018). Pathogenic functions
of host microbiota. Microbiome 6 (1), 174. doi: 10.1186/s40168-018-0542-0

Renga, G., Nunzi, E., Pariano, M., Puccetti, M., Bellet, M. M., Pieraccini, G., et al.
(2022). Optimizing therapeutic outcomes of immune checkpoint blockade by a
microbial tryptophan metabolite. J. Immunother. Cancer 10 (3), e003725.
doi: 10.1136/jitc-2021-003725

Roager, H. M., Hansen, L. B. S., Bahl, M. I., Frandsen, H. L., Carvalho, V., Gøbel, R.
J., et al. (2016). Colonic transit time is related to bacterial metabolism and mucosal
turnover in the gut. Nat. Microbiol. 1 (9), 16093. doi: 10.1038/nmicrobiol.2016.93

Roager, H. M., and Licht, T. R. (2018). Microbial tryptophan catabolites in health
and disease. Nat. Commun. 9 (1), 3294. doi: 10.1038/s41467-018-05470-4

Smith, E. A., and Macfarlane, G. T. (1996). Enumeration of human colonic bacteria
producing phenolic and indolic compounds: Effects of pH, carbohydrate availability
and retention time on dissimilatory aromatic amino acid metabolism. J. Appl. Bacteriol
81 (3), 288–302. doi: 10.1111/j.1365-2672.1996.tb04331.x

Sun, J., Zhang, Y., Kong, Y., Ye, T., Yu, Q., Kumaran Satyanarayanan, S., et al. (2022).
Microbiota-derived metabolite indoles induced aryl hydrocarbon receptor activation
and inhibited neuroinflammation in APP/PS1 mice. Brain Behav. Immun. 106, 76–88.
doi: 10.1016/j.bbi.2022.08.003

Vieira-Silva, S., Falony, G., Darzi, Y., Lima-Mendez, G., Garcia Yunta, R., Okuda, S.,
et al. (2016). Species-function relationships shape ecological properties of the human
gut microbiome. Nat. Microbiol. 1 (8), 16088. doi: 10.1038/nmicrobiol.2016.88

Williams, B. B., Van Benschoten, A. H., Cimermancic, P., Donia, M. S.,
Zimmermann, M., Taketani, M., et al. (2014). Discovery and characterization of gut
microbiota decarboxylases that can produce the neurotransmitter tryptamine. Cell Host
Microbe 16 (4), 495–503. doi: 10.1016/j.chom.2014.09.001

Wlodarska, M., Luo, C., Kolde, R., d'Hennezel, E., Annand, J. W., Heim, C. E., et al.
(2017). Indoleacrylic acid produced by commensal peptostreptococcus species
suppresses inflammation. Cell Host Microbe 22 (1), 25–37.e26. doi: 10.1016/
j.chom.2017.06.007

Wrzosek, L., Ciocan, D., Hugot, C., Spatz, M., Dupeux, M., Houron, C., et al. (2021).
Microbiota tryptophan metabolism induces aryl hydrocarbon receptor activation and
improves alcohol-induced liver injury. Gut 70 (7), 1299–1308. doi: 10.1136/gutjnl-
2020-321565

Xue, H., Chen, X., Yu, C., Deng, Y., Zhang, Y., Chen, S., et al. (2022). Gut microbially
produced indole-3-Propionic acid inhibits atherosclerosis by promoting reverse
cholesterol transport and its deficiency is causally related to atherosclerotic
cardiovascular disease. Circ. Res. 131 (5), 404–420. doi: 10.1161/circresaha.122.321253

Zelante, T., Iannitti, R. G., Cunha, C., De Luca, A., Giovannini, G., Pieraccini, G.,
et al. (2013). Tryptophan catabolites frommicrobiota engage aryl hydrocarbon receptor
and balance mucosal reactivity via interleukin-22. Immunity 39 (2), 372–385.
doi: 10.1016/j.immuni.2013.08.003
frontiersin.org

https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1042/bj0470294
https://doi.org/10.1038/s41592-021-01101-x
https://doi.org/10.1038/s41592-021-01101-x
https://doi.org/10.1126/science.aah5825
https://doi.org/10.1126/science.aaf9794
https://doi.org/10.1093/femsre/fuaa015
https://doi.org/10.1021/bi00564a019
https://doi.org/10.1038/nature24661
https://doi.org/10.1038/nature24661
https://doi.org/10.1186/1471-2105-5-113
https://doi.org/10.1080/19490976.2022.2044723
https://doi.org/10.1016/j.jcmgh.2022.10.014
https://doi.org/10.1186/s40168-019-0689-3
https://doi.org/10.1016/S0021-9258(18)88968-2
https://doi.org/10.1016/S0021-9258(18)88968-2
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1111/j.1574-6968.1983.tb00111.x
https://doi.org/10.1111/j.1574-6968.1983.tb00111.x
https://doi.org/10.1016/0167-4838(95)00011-i
https://doi.org/10.1021/acs.jafc.1c04145
https://doi.org/10.1038/s41564-021-00970-4
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1093/ajcn/nqac170
https://doi.org/10.3390/microorganisms9050883
https://doi.org/10.1186/2047-217X-1-18
https://doi.org/10.1186/s40168-022-01408-7
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1038/s41573-022-00538-9
https://doi.org/10.1128/AEM.01661-18
https://doi.org/10.1038/s41573-019-0016-5
https://doi.org/10.1016/S0021-9258(18)57033-2
https://doi.org/10.1186/s40168-017-0271-9
https://doi.org/10.1186/s40168-018-0542-0
https://doi.org/10.1136/jitc-2021-003725
https://doi.org/10.1038/nmicrobiol.2016.93
https://doi.org/10.1038/s41467-018-05470-4
https://doi.org/10.1111/j.1365-2672.1996.tb04331.x
https://doi.org/10.1016/j.bbi.2022.08.003
https://doi.org/10.1038/nmicrobiol.2016.88
https://doi.org/10.1016/j.chom.2014.09.001
https://doi.org/10.1016/j.chom.2017.06.007
https://doi.org/10.1016/j.chom.2017.06.007
https://doi.org/10.1136/gutjnl-2020-321565
https://doi.org/10.1136/gutjnl-2020-321565
https://doi.org/10.1161/circresaha.122.321253
https://doi.org/10.1016/j.immuni.2013.08.003
https://doi.org/10.3389/fcimb.2023.1154346
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Uncovering the specificity and predictability of tryptophan metabolism in lactic acid bacteria with genomics and metabolomics
	1 Introduction
	2 Materials and methods
	2.1 Selection of strains
	2.2 DNA extraction, sequencing, and prediction of coding sequences
	2.3 Identification of genes associated with tryptophan metabolism
	2.4 Homology search and prediction of tryptophan metabolites
	2.5 Extraction of tryptophan metabolites from in vitro fermentation
	2.6 Metabolomics
	2.7 Phylogenetic analysis
	2.8 Protein structure analysis
	2.9 Statistical analysis and visualization

	3 Results
	3.1 LAB are rich in genes of tryptophan catabolism
	3.2 The specificity of LAB in tryptophan metabolites
	3.3 Accuracy of prediction by genomic-metabolomic association analysis
	3.4 Effect of gene diversity on the concentration of tryptophan metabolites in LAB
	3.4.1 Gene count
	3.4.2 The IPYA to ILA conversion is primarily controlled by fldH


	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


