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ABSTRACT 26 

Breastfeeding profoundly shapes the infant gut microbiota, which is critical for early life immune 27 

development. However, few breastmilk-dependent microbial metabolites mediating host-microbiota 28 

interactions are currently known. We here demonstrate that breastmilk-promoted Bifidobacterium 29 

species convert aromatic amino acids (tryptophan, phenylalanine and tyrosine) into their respective 30 

aromatic lactic acids (indolelactate, phenyllactate and 4-hydroxyphenyllactate) via a previously 31 

unrecognised aromatic lactate dehydrogenase. By longitudinal profiling of the gut microbiota 32 

composition and metabolome of stool samples of infants obtained from birth until 6 months of age, 33 

we show that stool concentrations of aromatic lactic acids is determined by the abundance of human 34 

milk oligosaccharide degrading Bifidobacterium species containing the aromatic lactate 35 

dehydrogenase. Finally, we demonstrate that stool concentrations of Bifidobacterium-derived 36 

indolelactate are associated with the capacity of infant stool samples to activate the aryl 37 

hydrocarbon receptor, a receptor important for maintenance of intestinal homeostasis and immune 38 

system development. These findings open up new directions towards understanding the role of 39 

breastmilk-promoted Bifidobacterium in mediating host-microbiota interactions in early life.  40 

INTRODUCTION 41 

Human breastmilk is a perfectly adapted nutritional supply for the infant1. Breastfeeding provides 42 

children with important short-term protection against infections, and may also provide long-term 43 

metabolic benefits1,2. These benefits may partly be mediated through the gut microbiota, since 44 

breastfeeding is the strongest determinant of gut microbiota composition and function during 45 

infancy3–5. Human breastmilk contains human milk oligosaccharides (HMOs), which are complex, 46 

highly abundant sugars serving as substrates for specific microbes including certain species of 47 

Bifidobacterium6. This co-evolution between bifidobacteria and the host, mediated by HMOs, to a 48 

large extent directs the colonization of the gut in early life, which has critical impact on the immune 49 

system7. Depletion of specific microbes, including Bifidobacterium, in early life has been associated 50 

with increased risk of allergy and asthma development in childhood8,9, and is suggested to 51 

compromise immune function and lead to increased susceptibility to infectious disease10,11. Despite 52 

Bifidobacterium dominating the gut of breastfed infants and being widely acknowledged as 53 

beneficial, mechanistic insights on the contribution of these bacteria and their metabolites to 54 

immune development during infancy remain limited. Recent studies show that microbial aromatic 55 

amino acid metabolites including tryptophan-derived indoles12, via activation of the aryl 56 

hydrocarbon receptor (AhR), can fortify the intestinal barrier13,14, protect against pathogenic 57 

infections15,16 and influence host metabolism13,17,18, which makes this group of microbial 58 

metabolites of particular interest in the context of early life. 59 

Here, we show that breastmilk-promoted Bifidobacterium species, via a previously unrecognised 60 

aromatic lactate dehydrogenase, produce aromatic lactic acids including indolelactate (ILA) in 61 

substantial amounts in the infant gut, and that stool concentrations of this metabolite are associated 62 

with the capacity of infant stool to activate AhR, which is known to impact immune development in 63 

early life.  64 
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RESULTS 65 

Bifidobacterium species associate with aromatic amino acid catabolites during late infancy 66 

To explore interactions between breastfeeding status, gut microbial composition and metabolism of 67 

aromatic amino acid in early life, we employed 16S rRNA amplicon sequencing to infer gut 68 

microbiota composition and a targeted ultra-performance liquid chromatography mass spectrometry 69 

(UPLC-MS) metabolomics approach to quantify 19 aromatic amino acids and derivatives thereof 70 

(Supplementary Table 1) in stool samples from 59 healthy Danish infants from the SKOT I 71 

cohort19. The SKOT I infants included were born full term, 9.1 ± 0.3 (mean ± SD) months of age at 72 

sampling, and 40.7% were still partially breastfed (Supplementary Data 1a,b). After stratification 73 

of the 9 months old infants based on breastfeeding status (partially breastfed versus weaned), 74 

Principal Coordinates Analysis (PCoA) of weighted UniFrac distances showed a significant 75 

separation across the first PC-axis (r2 = 0.093, p < 0.001, Adonis test; Fig. 1a), which was due to an 76 

increasing gradient in relative abundance of Bifidobacterium in breastfed infants (r2 = 0.397, p < 77 

0.001, Adonis test; Fig. 1b). Other metadata (age, gender, mode of delivery, current formula intake 78 

and age of introduction to solid foods) did not explain gut microbiota variation to the same degree 79 

as breastfeeding status (Supplementary Data 1c,d). Principal Component Analysis (PCA) of faecal 80 

aromatic amino acid metabolite concentrations also revealed separation according to breastfeeding 81 

status, which was largely driven by three aromatic lactic acids, 4-hydroxyphenyllactic acid (4-OH-82 

PLA), phenyllactic acid (PLA) and indolelactic acid (ILA) (Fig. 1c). Correlation analysis revealed 83 

that Bifidobacterium, but no other bacterial genera, were significantly associated with faecal 84 

concentrations of all three aromatic lactic acids (4-OH-PLA, PLA and ILA), in addition to 85 

indolealdehyde (IAld) (Fig. 1d and Supplementary Data 1e). Bifidobacterium species 86 

(Supplementary Fig. 1a and Supplementary Data 1f) significantly enriched in the breastfed 87 

infants; B. longum, B. bifidum, and B. breve, were positively associated with the faecal 88 

concentrations of aromatic lactic acids (4-OH-PLA, PLA and ILA) and IAld (cluster 1 in Fig. 1e), 89 

but negatively associated with the faecal concentrations of aromatic propionic acids, aromatic 90 

amino acids and to a lesser degree with aromatic acetic acids (cluster 2 in Fig. 1e). In contrast, post 91 

weaning type Bifidobacterium species, including B. adolescentis, B. animalis/pseudolongum and B. 92 

catenulatum group20,21, were not significantly associated with aromatic lactic acids nor 93 

breastfeeding status (Fig. 1e). These associations were in agreement with the observation that the 94 

concentrations of the three aromatic lactic acids were higher in the faeces of breastfed than in 95 

weaned infants (Supplementary Fig. 1b). Furthermore, the abundances of the three aromatic lactic 96 

acids in infant urine (Supplementary Fig. 2-4) showed similar positive associations between 97 

relative abundances of breastmilk-promoted Bifidobacterium species (Supplementary Fig. 1c). In 98 

addition, faecal and urinary levels of ILA were positively correlated (rho = 0.68, p < 0.0001), 99 

showing that faecal levels of this metabolite are reflected systemically. Consistently, urine 100 

abundance of ILA, but not of PLA and 4-OH-PLA, were significantly higher in breastfed compared 101 

to weaned infants (Supplementary Fig. 1b). Together, this suggests that specific breastmilk-102 

promoted Bifidobacterium species in the gut of infants convert aromatic amino acids to the 103 

corresponding aromatic lactic acids (Fig. 1f).  104 

  105 
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 106 

 107 

Figure 1. Breastfeeding associates with gut microbiota composition and aromatic amino acid catabolism in 9 108 
months old infants 109 
a-b, Principal coordinate analysis plots of weighted UniFrac distances based on OTUs from faecal samples of 9 months 110 
old infants participating in the SKOT cohort (n = 59). Samples are coloured according to (a) breastfeeding status with 111 
ellipses indicating 80%CI of data points for partially breastfed (red, n = 24) and weaned (blue, n = 35) infants or (b) 112 
relative abundance of the genus Bifidobacterium. 113 
c, Principal component analysis plot of concentrations (μmol/mg faeces) of aromatic amino acids and their catabolites 114 
in SKOT faecal samples, coloured according to breastfeeding status with ellipses indicating 80%CI of data points for 115 
breastfed (red, n = 24) and weaned (blue, n = 35) infants. Loadings are shown with arrows. See abbreviations in (d).   116 
d, Heatmap illustrating Spearman’s Rank correlation coefficients between the relative abundance of Bifidobacterium 117 
and concentrations of aromatic amino acids and their catabolites in SKOT faecal samples (n=59). The concentration of 118 
each metabolite (μmol/mg faeces) is presented as the median with 95%CI.  119 
e, Heatmap illustrating hierarchical clustering of Spearman’s Rank correlation coefficients between the relative 120 
abundance of the different Bifidobacterium species and selected microbial-derived aromatic amino acid catabolites. Bar 121 
plots are showing relative abundance (mean+SD) of the Bifidobacterium spp., stratified according to breastfeeding 122 
status, with statistical significance evaluated by Mann-Whitney U test. 123 
f, The pathway of aromatic amino acid catabolism by gut microbes (modified from Smith and Macfarlane 199695, Smith 124 
and Macfarlane 199796, and Zelante et al. 201316).  Asterisks indicate statistical significance: * p<0.05, ** p<0.01, *** 125 
p<0.001, **** p<0.0001. 126 
See also Supplementary Figure 1-4.  127 
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Bifidobacterium species produce aromatic lactic acids in vitro  128 

To confirm the ability of Bifidobacterium species detected in infants to produce aromatic lactic 129 

acids, Bifidobacterium type strains were grown anaerobically in a medium containing all three 130 

aromatic amino acids with either glucose or HMOs as sole carbohydrate sources. Analyses of 131 

culture supernatants revealed that ILA, PLA and 4-OH-PLA were produced mainly by B. bifidum, 132 

B. breve, B. longum subsp. longum, B. longum subsp. infantis and B. scardovii (Fig. 2a), in 133 

accordance with the associations observed in the 9 months old infants (Fig. 1e). Other 134 

Bifidobacterium species, namely B. adolescentis, B. animalis subsp. lactis, B. animalis subsp. 135 

animalis, B. dentium, B. catenulatum, B. pseudocatenulatum, B. pseudolongum subsp. 136 

pseudolongum produced only low amounts of these metabolites (Fig. 2a). The ability of 137 

Bifidobacterium species to produce high levels of the aromatic lactic acids was generally 138 

convergent with the ability to utilize HMOs as carbohydrate source (Fig. 2a), supporting the link 139 

between breastmilk-promoted bifidobacteria and production of aromatic lactic acids. None of the 140 

downstream products of the aromatic lactic acids (Fig. 1f) were detected in any of the culture 141 

supernatants.  142 

An aromatic lactate dehydrogenase is responsible for the aromatic lactic acid production 143 

Since it has been reported that an L-lactate dehydrogenase (LDH) in Lactobacillus spp. can convert 144 

phenylpyruvic acid to PLA22, we hypothesized that a corresponding enzyme was present in 145 

Bifidobacterium species. Alignment and phylogenetic analysis of all genes annotated as ldh in the 146 

Bifidobacterium type strains included in this study, revealed four clusters (Fig. 2b). Whereas all 147 

Bifidobacterium genomes contain an ldh responsible for conversion of pyruvate to lactate (here 148 

designated as type 1 ldh) in the bifidobacterial fructose-6-phosphate shunt23,24, some species have 149 

an extra ldh, here designated as type 2, type 3 and type 4, respectively. In agreement with the in 150 

vitro fermentations (Fig. 2a), all prominent aromatic lactic acid-producing Bifidobacterium species 151 

contain the type 4 ldh. Interestingly, genomic analysis of the Bifidobacterium type strains revealed 152 

that the type 4 ldh gene is part of a genetic element containing an amino acid transaminase gene 153 

(suspected to be responsible for converting the aromatic amino acids into aromatic pyruvic acids) 154 

and a haloacid dehydrogenase gene (of unknown importance) (Supplementary Fig. 5), which has 155 

been indicated to constitute an operon in B. breve25. Cloning of the type 4 ldh gene from B. longum 156 

subsp. infantisT into a vector transformed into E. coli revealed that the expression of the type 4 ldh 157 

gene indeed resulted in the appearance of PLA, 4-OH-PLA and ILA in the culture supernatant (Fig. 158 

2c). To verify the type 4 ldh dependent production of aromatic lactic acids in Bifidobacterium 159 

species, we generated a type 4 ldh insertional mutant strain by homologous recombination in B. 160 

longum subsp. longum 105-A (Supplementary Fig. 6), a genetically tractable strain containing the 161 

type 4 LDH (Supplementary Fig. 7)26,27. Cultivation of the wild-type (WT), the type 4 ldh mutant 162 

strain and a complemented type 4 ldh mutant strain in a medium containing the three aromatic 163 

amino acids (Supplementary Fig. 6) confirmed that type 4 ldh disruption did not impair growth 164 

(Fig. 2d). ILA, PLA and 4-OH-PLA accumulated in the supernatant of the WT and of the 165 

complemented type 4 ldh mutant strains, but not in the type 4 ldh mutant (Fig. 2e). Importantly, the 166 

type 4 ldh mutant was not significantly compromised in its ability to convert pyruvate to lactate 167 

(Fig. 2e), supporting the distinct role of type 4 ldh in converting aromatic pyruvic acids. 168 
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Purification and characterization of the recombinant type 4 LDH enzyme revealed that it had a mass 169 

of 33.9 kDa (Supplementary Fig. 8a), while the native molecular mass was estimated to be 72.9 170 

kDa by size exclusion chromatography, indicating dimer formation in solution (Supplementary 171 

Fig. 8b). No metal requirement was observed, the optimal pH was 8.0-8.5 and the enzyme was most 172 

stable at 37°C (Supplementary Fig. 8c-e). Heterotrophic effects were neither observed for 173 

fructose-1,6-bisphosphate (an allosteric effector for type 1 LDH) nor for several intermediates for 174 

aromatic amino acid synthesis23,24 (Supplementary Fig. 9). However, we found that phosphate 175 

served as a positive effector suggesting that type 4 LDH is an intracellular enzyme (Supplementary 176 

Fig. 10a-c). Assay at the different phosphate concentrations revealed the type 4 LDH is a K-type 177 

allosteric enzyme (Supplementary Fig. 10b,c). The catalytic rate (kcat) was moderate to high for 178 

the aromatic pyruvic acid substrates, but very low for pyruvate (Fig. 2f,g), in accordance with the 179 

non-impaired lactate production observed for the type 4 ldh mutant (Fig. 2e). Production of ILA, 180 

PLA and 4-OH-PLA from the respective aromatic pyruvic acid substrates was verified by high-181 

performance liquid chromatography (HPLC) (Supplementary Fig. 10d). The enzyme showed 182 

highest affinity (lowest K0.5) for indole pyruvic acid, but highest catalytic rate for 4-OH-phenyl 183 

pyruvic acid in the presence of 100 mM phosphate (Fig. 2f,g). However, maximal catalytic 184 

efficiency (kcat/K0.5) was observed for indole pyruvic acid (190 s-1 mM-1), followed by 4-OH-phenyl 185 

pyruvic acid (16 s-1 mM-1) and phenyl pyruvic acid (11 s-1 mM-1), suggesting preference for indole 186 

pyruvic acid. The observed Hill coefficient (nH = 1-1.4) for all substrates indicate weak positive 187 

cooperativity under the conditions tested. Collectively, these results show that the type 4 ldh gene 188 

encodes an aromatic lactate dehydrogenase responsible for the production of ILA, PLA and 4-OH-189 

PLA in Bifidobacterium species associated with breastfeeding. We therefore suggest that the type 4 190 

ldh gene should be re-classified as an aromatic lactate dehydrogenase gene (aldh). 191 

  192 
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 193 

Figure 2. Bifidobacterium species produce aromatic lactic acids via an aromatic lactate dehydrogenase  194 
a, In vitro production of indolelactic acid (ILA), phenyllactic acid (PLA) and 4-hydroxyphenyllactic acid (4-OH-PLA) 195 
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by Bifidobacterium spp. type strains in modified MRS medium (MRSc) with 2% (w/v) glucose or a mix human milk 196 
oligosaccharides as sole carbohydrate source. For the type strains of B. adolescentis, B. animalis subsp. animalis, B. 197 
animalis subsp. lactis, B. dentium and B. catenulatum no or very poor growth (OD600nm < 0.4) was observed with HMOs 198 
as carbohydrate source. Mean of three biological replicates is shown.  199 
b, Neighbor-Joining phylogenetic tree of all genes in the Bifidobacterium spp. type strains annotated as L-lactate 200 
dehydrogenases (ldh). The four clusters are designated type 1-4.  201 
c, Production of ILA, PLA and 4-OH-PLA by E. coli LMG194 cells transformed with an inducible vector lacking 202 
(empty vector) or containing the type 4 ldh (Type4_ldh+) from B. longum subsp. infantis DSM 20088T in LB-medium 5 203 
h post-induction of gene expression by addition of L-arabinose and supplementation with the aromatic pyruvic acids 204 
(indolepyruvate, phenylpyruvate and 4-OH-phenylpyruvate). Bars show mean ± SD of three biological replicates. 205 
d, Growth curves of Bifidobacterium longum subsp. longum 105-A (wild type), its isogenic insertional type 4 ldh 206 
mutant (Type4_ldh mutant) and the type 4 ldh mutant strain complemented with the type 4 ldh gene (Complemented). 207 
Curves show mean ± SD of three biological replicates and doubling times reported as mean ± SD. 208 
e, Production of ILA, PLA, 4-OH-PLA and lactate by wild type, Type4_ldh mutant and the complemented strain in 209 
early stationary phase cultures. Bars show mean ± SD of three biological replicates. Statistical significance was 210 
evaluated by one-way ANOVA, with * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 211 
f-g, Enzyme kinetics of the type 4 lactate dehydrogenase. f, substrate saturation curves of type 4 LDH with indole 212 
pyruvate, phenylpyruvate, 4-OH-phenylpyruvate or pyruvate as substrates. Data is one representative of two 213 
independent assays. g, kinetic parameters of type 4 LDH with the different substrates. Data are mean ± SD of two 214 
independent assays.  215 
ND, not detected 216 

See also Supplementary Figure 5-10. 217 

Bifidobacterium species govern aromatic lactic acid profiles during early infancy 218 

To study the dynamics of Bifidobacterium species establishment and aromatic lactic acids in 219 

infants, we established the Copenhagen Infant Gut (CIG) cohort including 25 healthy breast- or 220 

mixed fed infants, which were sampled every 2-4 weeks from birth until the age of 6 months 221 

(Supplementary Data 2a) for microbiome profiling and targeted metabolite quantification 222 

including aromatic lactic acids (Supplementary Fig. 11 and Supplementary Table 2). A total of 223 

145 operational taxonomic units (OTUs) were detected by 16S rRNA amplicon sequencing, 224 

however, collapsing of OTUs with identical taxonomic classifications and using a cut-off of average 225 

relative abundance of 0.1%, resulted in the identification of 39 bacterial species/taxa, representing 226 

97.5% of the total community (Supplementary Fig. 11a and Supplementary Data 2b). As 227 

expected, the gut microbiota was highly dominated by Bifidobacterium (average of 64.2 %) and 228 

among the top 10 dominating taxa, B. longum (38.5 %), B. breve (9.1 %), B. bifidum (7.9 %), B. 229 

catenulatum group (6.4 %) and B. dentium (1.7 %) were found (Supplementary Fig. 11a), with the 230 

remaining Bifidobacterium spp. being assigned to B. scardovii (0.24 %), B. adolescentis (0.15 %) 231 

and B. animalis/pseudolongum (0.10 %) (Supplementary Data 2b,c). Although the relative 232 

abundance of Bifidobacterium increased with time, on average the microbial composition and 233 

Shannon diversity did not change dramatically during the six months (Supplementary Fig. 11b). 234 

However, the subject specific gut microbiota profiles revealed a highly individual species 235 

composition (Supplementary Fig. 11c) and 48% of the variation in community structure was 236 

explained by subject (weighted UniFrac, r2 = 0.48, p < 0.001, Adonis, Supplementary Fig. 12a,b). 237 

Indeed, the difference in microbial community structure between faecal samples were primarily 238 

driven by the abundance of Bifidobacterium as assessed by PCoA of weighted UniFrac distances (r2 239 
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= 0.48, p < 0.001, Adonis, Fig. 3a). The non-phylogenetic Bray-Curtis dissimilarity analysis 240 

revealed a separation of the communities based on abundance of the five dominating 241 

Bifidobacterium species (B. longum, B. bifidum, B. breve, B. catenulatum group and B. dentium) 242 

(Fig. 3b and Supplementary Fig. 12c-h). Community abundance of B. longum, B. bifidum and B. 243 

breve, but not B. catenulatum group and B. dentium (Fig. 3b) matched the measured faecal 244 

concentrations of aromatic lactic acids (Fig. 3c). Consistently, faecal concentrations of ILA, PLA 245 

and 4-OH-PLA increased concurrently with an increase in absolute abundance of infant type 246 

Bifidobacterium species (defined as the summarized abundance of B. longum, B. bifidum, B. breve 247 

and B. scardovii) from birth to around 6 months of age (Fig. 3d, upper panels). The gut microbiota 248 

of individuals dominated by infant type Bifidobacterium spp. was more stable over time than in 249 

individuals with a gut microbiota not dominated by infant type Bifidobacterium spp. (p < 0.0001, 250 

Mann-Whitney U test) (Supplementary Fig. 12i-j). Using solely samples from breastfed infants, 251 

faecal abundances of HMO residuals showed a progressive decline with age, concurrent with the 252 

progressive increase in infant type Bifidobacterium species (Fig. 3d, lower panels). By repeated 253 

measure correlation analyses28 (Supplementary Fig. 13) and partial Spearman’s Rank correlation 254 

analyses29 adjusted for age, we confirmed that the abundance of infant type Bifidobacterium species 255 

were positively associated with faecal levels of ILA, PLA and 4-OH-PLA and negatively associated 256 

with abundances of HMOs in faeces (Fig. 3e). Both subspecies of B. longum were associated with 257 

the aromatic lactic acids, but mainly B. longum subsp. infantis was associated with the HMO 258 

residuals in faeces (Fig. 3e). We have thus established a link between breastfeeding, degradation of 259 

HMOs, abundance of specific infant type Bifidobacterium spp. and concentrations of aromatic lactic 260 

acids in early infancy. 261 

Examination of the Bifidobacterium and aromatic lactic acid dynamics in each of the 25 infants 262 

during the first 6 months of life (Fig. 3f-h and Supplementary Fig. 14-15) revealed that breastfed 263 

infants early colonised by infant type Bifidobacterium species consistently showed high 264 

concentrations of aromatic lactic acids in faeces (Fig. 3f and Supplementary Fig. 15a,b). In 265 

contrast, infants with delayed infant type Bifidobacterium species colonization showed considerably 266 

lower concentrations of the aromatic lactic acids, in particular of ILA, despite breastfeeding (Fig. 267 

3g and Supplementary Fig. 15c). Among the latter, CIG08 and CIG09 were twins, born late 268 

preterm, and dominated by an OTU assigned to Clostridium neonatale (Supplementary Fig. 11c 269 

and Supplementary Data 2b) in accordance with previous reports on C. neonatale overgrowth30 270 

and delayed Bifidobacterium colonization31–34 in preterm infants. CIG07 who also showed delayed 271 

colonization with infant type Bifidobacterium, was mixed fed throughout the whole period and 272 

predominantly colonised with E. coli and Clostridium spp. (Supplementary Fig. 11c). CIG18 had 273 

relatively low faecal concentrations of aromatic lactic acids until age 172 days, when B. breve 274 

replaced B. dentium (Fig. 3g), consistent with the fact that B. dentium lacks the aldh gene while B. 275 

breve contains it (Fig. 2a,b). Finally, in the three infants treated with antibiotics during our study, 276 

Bifidobacterium species abundance were temporarily decreased simultaneously with reduced 277 

concentrations of the aromatic lactic acids (Fig. 3h). This indicates that bifidobacterial aromatic 278 

lactic acid production is compromised by pre-term delivery, exposure to antibiotics and formula 279 

supplementation.  280 

281 
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homeostasis61,62. Thus, the production of aromatic lactic acids by human breastmilk-promoted 397 

Bifidobacterium during infancy may represent an evolutionary explanation as to why HCA3 is only 398 

expressed in humans and hominids59. In summary, the production of aromatic lactic acids via the 399 

newly identified aromatic lactate dehydrogenase found specifically in breastmilk-promoted species 400 

of Bifidobacterium might be an unprecedented feature contributing to intestinal homeostasis and 401 

immune development during infancy. These findings represent a major progress in the 402 

understanding of the beneficial effects of breastmilk, Bifidobacterium species and their metabolites 403 

for human health in early life.  404 

METHODS 405 

Human study populations and metadata 406 

SKOT cohort 407 

The discovery cohort consisted of a random subset of 59 healthy infants of the observational SKOT 408 

I cohort19. These infants were originally recruited from Copenhagen and Frederiksberg by random 409 

selection from the National Danish Civil Registry63. Inclusion criteria were single birth and full 410 

term delivery, absence of chronic illness and age of 9 months ± 2 weeks at inclusion. Mode of 411 

delivery, gender, age at sampling, use of medication, breast- and formula feeding prevalence as well 412 

as exclusive and total breastfeeding duration and age of introduction to solid foods was recorded by 413 

parental questionnaires (Supplementary Data 1a,b). Anthropometrics, full dietary assessment and 414 

other relevant metadata have been published previously3,64. Faecal samples were obtained at 9 415 

months ± 2 weeks of age and were stored at -80°C until DNA extraction, as described previously3. 416 

Urine samples were collected by the use of cotton balls placed in the infants’ disposable nappies 417 

from which the urine was squeezed into a sterile tube and stored at -80°C. In case of faeces in the 418 

nappy, the urine sample was discarded. The study protocol was approved by the Committees on 419 

Biomedical Research Ethics for the Capital Region of Denmark (H-KF-2007-0003) and The Data 420 

Protection Agency (2002-54-0938, 2007-54-026) approved the study. Informed consent was 421 

obtained from all parents of infants participating in the SKOT I study. 422 

CIG cohort 423 

The validation cohort, CIG, consisted of 25 healthy infants, vaginally born (23/25) and full-term 424 

(23/25) delivered. Infants in CIG were recruited through social media and limited to the 425 

Copenhagen region. Parents collected faecal samples approximately every second week, starting 426 

from the first week of life until 6 months of age (i.e. within week 0, 2, 4, 6, 8, 10, 12, 16, 20 and 427 

24). Parents were instructed to collect faecal samples from nappies into sterile faeces collection 428 

tubes (Sarstedt, Nümbrecht, Germany) and immediately store them at -18°C in a home freezer until 429 

transportation to the Technical University of Denmark where the samples were stored at -80°C until 430 

sample preparation. Gender, pre-term vs full-term birth, mode of delivery, infant/maternal 431 

antibiotics, feeding patterns (breastmilk vs formula), introduction to solid foods and consumption of 432 

probiotics was recorded (Supplementary Data 2a). The Data Protection Agency (18/02459) 433 

approved the study. The office of the Committees on Biomedical Research Ethics for the Capital 434 

Region of Denmark confirmed that the CIG study was not notifiable according to the Act on 435 
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Research Ethics Review of Health Research Projects (Journal nr.: 16049041), as the study only 436 

concerned the faecal microbial composition and activity and not the health of the children. Informed 437 

consent was obtained from all parents of infants participating in the CIG study. 438 

Gut microbiota analysis  439 

16S rRNA gene amplicon sequencing 440 

Sample preparation and sequencing was performed as previously described3 using a subset of 59 441 

faecal samples originating from infants participating in the SKOT I cohort and 241 faecal samples 442 

from 25 infants participating in the CIG cohort (data from a total of 28 samples were missing due to 443 

insufficient DNA extraction, lack of PCR product, very low number of sequencing reads or 444 

resemblance of community to negative controls). Briefly, DNA was extracted from 250 mg faeces 445 

(PowerLyzer® PowerSoil® DNA isolation kit, MoBio 12855-100) and the V3 region of the 16S 446 

rRNA gene was amplified (30s at 98°C, 24-30 cycles of 15s at 98°C and 30s at 72°C, followed by 5 447 

min at 72°C) using non-degenerate universal barcoded primers65 and then sequenced with the Ion 448 

OneTouchTM and Ion PGM platform with a 318-Chip v2. Sequences from SKOT and CIG were 449 

analyzed separately. Briefly, they were de-multiplexed according to barcode and trimmed as 450 

previously described65,66 in CLC Genomic Workbench (v8.5. CLCbio, Qiagen, Aarhus, DK). 451 

Quality filtering (-fastq_filter, MAX_EE[SKOT] = 2.0, MAX_EE[CIG] = 1.0), dereplication, OTU 452 

clustering (-cluster_otus, minsize 4), chimera filtering (-uchime_ref, RDP_gold database), mapping 453 

of reads to OTUs (-usearch_global, id 97%) and generation of OTU tables (python, uc2otutab.py) 454 

was done according to the UPARSE pipeline67. In QIIME68, OTU tables (nOTUs[SKOT] = 545, 455 

nOTUs[CIG] = 478) was filtered to include only OTUs with abundance across all samples above 456 

0.005% of the total OTU counts (nOTUs[SKOT]= 258, nOTUs[CIG]= 145). OTU relative abundances 457 

within samples were estimated by total sum scaling. Taxonomy was assigned to the OTUs using the 458 

rdp classifier with confidence threshold 0.569 and the GreenGenes database v13.870.  Estimating 459 

species composition in the CIG cohort, the OTUs detected with identical taxonomy were collapsed 460 

and using a cutoff of average relative abundance of 0.1%, only 39 bacterial species/taxa remained, 461 

representing 97.5% of total community (Supplementary Data 2b & Supplementary Fig. 11). 462 

Based on PyNAST alignment of representative OTU sequences from each cohort separately, a 463 

phylogenetic tree was created with FastTree, as described previously66. Alpha diversity (Shannon 464 

index, Observed OTUs, Pielou’s evenness index) and beta diversity (weighted and unweighted 465 

UniFrac distances, abundance weighted and binary Bray-Curtis and abundance weighted Jaccard 466 

dissimilarities) measures were calculated in QIIME, with the sequencing depth rarefied to 2,000 467 

(SKOT) - 8,000 (CIG) sequences per sample. Jaccard similarity index (1- abundance weighted 468 

Jaccard distance) was computed by calculating the median of all Jaccard similarity index values 469 

between adjacent time points within each individual of the CIG cohort. In order to investigate 470 

Bifidobacterium species composition OTUs sequences classified as Bifidobacterium according to 471 

the GreenGenes database v13.8 were filtered to remove low abundant OTUs (cutoff 0.1% of total 472 

Bifidobacterium) and the taxonomy of these resulting OTUs (nOTUs[SKOT] = 23, nOTUs[CIG] = 8) was 473 

confirmed by BLAST71 search against the 16S rRNA gene sequence database at NCBI. The top 474 

BLAST hit indicated species annotation (Supplementary Data 1f and 2c). OTUs were collapsed 475 
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into Bifidobacterium species (B. longum, B. bifidum, B. breve, B. catenulatum group, B. 476 

adolescentis, B. scardovii, B. dentium, B. animalis/pseudolongum) based on the top BLAST hit 477 

(Supplementary Data 1f and 2c).  478 

Quantitative PCR 479 

Total bacterial load (universal primers) and absolute abundances of B. longum subsp. longum and B. 480 

longum subsp. infantis (subspecies specific primers) were estimated by quantitative PCR (qPCR), 481 

using the primers listed in Supplementary Table 3. Each reaction was performed (in triplicates) 482 

with 5 µl PCR-grade water, 1.5 µl forward and reverse primer, 10 µl SYBR Green I Master 2X 483 

(LightCycler® 480 SYBR Green I Master, Roche) and 2 µl template DNA, in a total volume of 20 484 

µl. Standard curves were generated from 10-fold serial dilutions of linearized plasmid (containing 485 

108 -100 gene copies/µl), constructed by cloning a PCR amplified 199bp fragment of the 16S rRNA 486 

gene (V3-region) of E. coli (ATCC 25922) or a 307bp fragment of the Blon0915 gene72 of B. 487 

longum subsp. infantis (DSM 20088) or a 301bp fragment of the BL0274 gene73 of B. longum 488 

subsp. longum (DSM 20219) into a pCR4-Blunt-TOPO (Invitrogen) or pCRII-Blunt-TOPO vector 489 

(Invitrogen). Plates were run on the LightCycler® 480 Instrument II (Roche) with the program 490 

including 5 min pre-incubation at 95°C, followed by 45 cycles with 10 sec at 95°C, 15 sec at 50-491 

60°C and 15 sec at 72°C and a subsequent melting curve analysis including 5 min at 95°C, 1 min at 492 

65°C and continuous temperature increase (ramp rate 0.11 °C/s) until 98°C. Data were analyzed 493 

with the LightCycler® 480 Software (v1.5) (Roche). Bacterial load data (using the universal 494 

primers) were used to estimate absolute abundances of each microbial taxa by multiplying with 495 

relative abundances (derived from 16S rRNA gene amplicon sequencing). 496 

Bifidobacterium strains and growth experiments 497 

Aromatic lactic acid production by Bifidobacterium type strains 498 

Bifidobacterium type strains (Supplementary Table 4) were cultivated on MRSc (MRS containing 499 

2% (w/v) glucose and supplemented with 0.05% (w/v) L-cysteine) agar plates for 48h at 37°C 500 

anaerobically. Single colonies were dissolved in 5.0 mL pre-reduced MRSc broth and incubated for 501 

24h at 37°C anaerobically with shake. The overnight cultures were washed (10000xg, room 502 

temperature, 5 min) and resuspended in sterile 0.9% NaCl water, diluted 1:20 (in triplicates) in pre-503 

reduced MRSc or MRSc+HMOs (MRS broth without glucose, but supplemented with 2.0% (w/v) 504 

HMO mixture and 0.05% (w/v) L-cysteine) and re-incubated at 37°C anaerobically for 72h, after 505 

which OD600nm was measured and the culture supernatants (16000xg, 5 min, 4°C) were analysed by 506 

UPLC-MS. The individual HMOs were kindly donated by Glycom A/S (Hørsholm, Denmark); 2'-507 

O-fucosyllactose (2'FL), 3-O-fucosyllactose (3FL), lacto-N-tetraose (LNT), lacto-N-neotetraose 508 

(LNnT), 6'-O-sialyllactose (6'SL), 3'-O-sialyllactose (3'SL), together representing the three 509 

structures found in human breastmilk (fucosylated, sialylated, and neutral core). Based on the HMO 510 

composition in breastmilk74,75, these were mixed in a ratio of 53% 2'FL, 18% 3FL, 13% LNT, 5% 511 

LNnT, 7% 6'SL and 4% 3'SL in sterile water to obtain a representative HMO mix used in the in 512 

vitro experiments at 2% (w/v).  513 
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Growth experiment with B. longum subsp. longum 105-A strains 514 

B. longum subsp. longum 105-A (JCM 31944) was obtained from Japan Collection of 515 

Microorganisms (RIKEN BioResource Research Center, Tsukuba, Japan).  B. longum subsp. 516 

longum 105-A strains (wild type [WT], insertional mutant [type4 ldh::pMSK127] and 517 

complemented insertional mutant [type 4 ldh::pMSK127 / pMSK128 (Pxfp-type4 ldh)]; 518 

Supplementary Table 4) were cultivated on MRSc or MRSc-Chl (MRSc supplemented with 2.5 519 

μg/mL chloramphenicol) agar plates for 48h at 37°C anaerobically. Single colonies were dissolved 520 

in 5.4 mL MRSc or MRSc-Chl broth, 10-fold serially diluted and incubated for 15h at 37°C 521 

anaerobically with shake. The most diluted culture (exponential phase) was washed in same 522 

medium (10000xg, room temperature, 5 min) and resuspended in MRSc or MRSc-Chl broth to 523 

yield OD600nm = 1 and subsequently diluted 1:40 in prewarmed and reduced MRSc or MRSc-Chl 524 

broth (in triplicates), before incubation at 37°C, anaerobically with shake. The cultures were 525 

sampled (500 μL) every hour for OD600nm measurements and the culture supernatants (16000xg, 526 

4°C, 5 min) from early (13h) stationary phase was analyzed by UPLC-MS for aromatic amino 527 

metabolites and by GC-MS for lactate. 528 

Alignments and construction of phylogenetic trees 529 

From the full genome sequences (available at https://www.ncbi.nlm.nih.gov/genome/) of 530 

Bifidobacterium type strains included in this study (Supplementary Table 4) all genes annotated as 531 

L-lactate dehydrogenases were aligned (gap cost 10, gap extension cost 1) and subsequently a 532 

phylogenetic tree (Algorithm = Neighbor-Joining, Distance measure = Jukes-Cantor, 100 bootstrap 533 

replications) was constructed in CLC Main Workbench (v7.6.3, CLCbio, Qiagen, Aarhus, DK). The 534 

tree was visualized by use of the FigTree software v1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/). 535 

In addition, the type 4 LDH amino acid sequence (translated from the type 4 ldh nucleotide 536 

sequence) of B. longum subsp. longum 105-A was aligned (gap cost 10, gap extension cost 1) with 537 

the type 4 LDH amino acid sequences of the B. longum subsp. longum, B. longum subsp. infantis, 538 

B. bifidum, B. breve and B. scardovii type strains. Comparison of type 4 ldh gene cluster/operon in 539 

12 Bifidobacterium type strains (Supplementary Fig. 5) was basically conducted by pairwise 540 

alignments in MBGD (Microbial Genome Database for Comparative Analysis; 541 

http://mbgd.genome.ad.jp/). The amino acid sequences of the gene cluster from B. pseudolongum 542 

subsp. pseudolongum type strain was collected from NCBI database 543 

(https://www.ncbi.nlm.nih.gov/genome/) and was used for comparison with that from B. animalis 544 

subsp. animalis type strain. 545 

Recombinant expression of type 4 ldh 546 

Chemically competent cells for recombinant expression 547 

E. coli LMG 194 ON culture (200μL) was inoculated into 5 ml Luria-Bertani (LB) medium and 548 

incubated at 37°C, 250 rpm until OD600nm = 0.5, at which the culture was centrifuged 5 min at 549 

10000xg at 4°C and supernatant discarded. Cell pellet was resuspended in ice-cold 1.8 ml 10mM 550 

MgSO4 (Sigma, M2643) and centrifuged for 2 min at 5000xg at 0°C. Supernatant was discarded 551 
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and cell pellet resuspended in 1.8 ml ice-cold 50 mM CaCL2 (Merck, 1.02083.0250), incubated on 552 

ice for 20 min and centrifuged for 2 min at 5000xg at 0°C. Cell pellet was resuspended in 0.2 ml 553 

ice-cold 100mM CaCl2, 10mM MgSO4 and placed on ice until transformation. 554 

Cloning and recombinant expression 555 

Genomic DNA was extracted (PowerLyzer® PowerSoil® DNA isolation kit, MoBio 12855-100) 556 

from colony material of B. longum subsp. infantis DSM 20088T. In order to amplify the type 4 ldh 557 

gene, 50 ng template DNA was mixed with 5 μL 10X PCR buffer, 0.5 μL (50 mM) dNTP mix, 1 μL 558 

(10μM) forward primer (ldh4_F, 5’-ACCATGGTCACTATGAACCG-3’), 1 μL (10μM) reverse 559 

primer (ldh4_R, 5’-AATCACAGCAGCCCCTTG-3’) and 1 μL (1 U/μL) Platinum Taq DNA 560 

polymerase (Invitrogen, 10966-018) in a 50 μL total reaction volume. The PCR program included 2 561 

min at 94°C, 35 cycles of 30 sec at 94°C, 30 sec at 55°C, 60 sec at 72°C, followed by a final 562 

extension 10 min at 72°C. The PCR product was purified (MinElute PCR purification kit, Qiagen, 563 

28004) and 4 μL was mixed with 1 μL Salt solution (1.2M NaCl, 0.06M MgCl2) and 1 μL pBAD-564 

TOPO® plasmid (Invitrogen, K4300-01) and incubated for 5 minutes at room temperature. 2 μL of 565 

the cloning mixture was transformed into 50 μL One Shot® TOP10 Competent Cells (Invitrogen, 566 

K4300-01) by gentle mix, incubation 15 min on ice and heat-shock for 30 sec at 42°C. 250μL 567 

S.O.C medium (Invitrogen, K4300-01) was added and incubated at 37°C for 1 h at 200 rpm and 568 

subsequently spread on  LB-AMP (LB supplemented with 20 μg/ml Ampicillin (Sigma, A9518)) 569 

agar plates and incubated at 37°C ON. Transformants were picked and clean streaked on LB-AMP 570 

agar plates, incubated 37°C, ON and afterwards single colonies of each transformant was inoculated 571 

into 5 ml LB-AMP broth and incubated at 37°C for 15 h at 250 rpm. Plasmid DNA was isolated 572 

(QIAprep Spin Miniprep Kit, Qiagen, 27104) from each transformant and subsequently 5 μL 573 

plasmid DNA (80-100 ng/μL) was mixed with 5μL (5pmol/μL) pBAD forward (5’- 574 

ATGCCATAGCATTTTTATCC-3’) or reverse (5’-GATTTAATCTGTATCAGG-3’) sequencing 575 

primers (5pmol/μL) and shipped for sequencing at GATC (GATC-biotech, Koln, Germany). In 576 

order to remove the leader peptide in pBAD-TOPO, 10 μL plasmid (0.1 μg) with correct insert was 577 

cut with FastDigest NcoI (Thermo Scientific, FD0563) for 10 min at 37°C and the enzyme 578 

inactivated 15 min at 65°C. Plasmid was ligated using 1 μL (1U/μL) T4 DNA Ligase (Invitrogen, 579 

15224-017) for 5 min at room temperature and subsequently 2μl plasmid was transformed into 580 

100μl chemically competent E. coli LMG194 cells by incubation on ice for 30 min, followed by 581 

heat-shock at 43°C for 3 min and incubation on ice for 2 min. 900μL LB medium was added and 582 

cells were incubated at 37°C for 1h at 250 rpm, before plating on LB-AMP agar plates and 583 

incubation at 37°C ON. Transformants were picked, clean streaked and plasmid DNA isolated and 584 

sequenced as described above. A transformant with correct insert was selected for recombinant 585 

expression of the type 4 ldh gene; 2 ml LB-AMP broth was inoculated with a single recombinant 586 

colony or the non-transformed E. coli LMG194 (negative control) and grown at 37°C ON at 587 

250rpm. In 3x triplicates, 100 μL of the ON cultures (2x3x 100 μL transformant culture + 1x3x 100 588 

μL non-transformed E. coli LMG194 culture) were diluted 100-fold into 9.9 mL prewarmed LB-589 

AMP/LB broth and grown at 37°C, 250 rpm until OD600nm ≈ 0.5, at which 9 mL culture was added 590 

1 mL mix of indolepyruvic acid, phenylpyruvic acid and 4-hydroxyphenylpyruvic acid (1mg/mL 591 

each). The cultures were sampled (time zero) and subsequently 100 μL 20% L-arabinose (or 100 uL 592 
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