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Abstract: 

The neonatal gut is colonized by commensal bacteria, including lactobacilli, that play a 
critical role in promoting host health. While lactobacilli are known for producing bioactive 
metabolites, species-specific responses to neonatal diets remain unclear. We 
hypothesized that human milk and infant formula would differentially influence lactobacilli 
metabolite production. Six species (Lactobacillus acidophilus, Levilactobacillus brevis, 
Lactobacillus johnsonii, Lacticaseibacillus paracasei, Limosilactobacillus reuteri, 
Lacticaseibacillus rhamnosus) were cultured in defined media with human milk, formula, 
or water, and supernatants were analyzed via untargeted LC-MS/MS metabolomics. 
Principal coordinates analyses showed distinct metabolomic profiles among lactobacilli 
species and across dietary treatments. Human milk enhanced the production of several 
metabolites, including hydroxyphenyllactic acid, tyrosine, indoles, vaccenic acid, and di-
peptides. Interesting, several unique metabolites were upregulated in the presence of 
infant formula, including isonicotinic acid. These results highlight the differential effects of 
human milk and infant formula on the metabolomic profiles of lactobacilli species, 
emphasizing significant species-specific variation and pronounced production of 
potentially beneficial compounds in response to human milk. This work underscores the 
importance of understanding diet-microbe interactions to optimize neonatal gut health.  
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Introduction 

Immediately after birth, the neonatal gut is quickly colonized by microbes, which 

influence intestinal, immune, and neurological development, and may have lasting effects 

on health outcomes1-12. Among the earliest colonizers are lactobacilli species, which are 

transferred from mother to child through human milk and form a substantial component 

of the infant gut microbiota13-19. Given that lactobacilli species are widely recognized for 

their health benefits in both early and adult life, they are frequently utilized as probiotics 

in clinical trials. In human infants, lactobacilli-based probiotics have demonstrated safety 

and efficacy in improving growth, feeding tolerance, and infantile colic20-24.  

Lactobacilli exert many of their beneficial effects by metabolizing dietary nutrients 

to produce an array of bioactive compounds such as indoles, vitamins, histamine, 

phenolic derivatives, bacteriocins, and short-chain fatty acids25-33. These metabolites can 

regulate immune processes, act as antioxidants, and contribute to gut homeostasis34-43. 

However, the composition and abundance of these microbial products are highly 

dependent on both the bacterial strain and the surrounding nutrient environment44-48. For 

example, Lactobacillus acidophilus, L. gasseri, L. crispatus, and Lacticaseibacillus 

rhamnosus generate diverse metabolites, with certain compounds being unique to 

specific species, but these metabolites are dependent on dietary availability29.  

The interplay between diet and microbes is particularly relevant during infancy. 

Breast-fed infants are known to harbor higher levels of lactobacilli compared to formula-

fed infants49,50, and some species, such as Limosilactobacillus reuteri produce markedly 

different metabolites when exposed to human milk versus formula51. These observations 

suggest that the nutritional environment can shape not only microbial composition but 
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also microbial function. We speculate that the ability of commensal microbes, including 

lactobacilli species, to exert health-promoting effects is highly dependent on dietary 

context. Supporting this notion, a recent study by Repa et al. found that a probiotic mix 

containing Lactobacillus and Bifidobacterium reduced the incidence of necrotizing 

enterocolitis (NEC), however, this benefit only occurred in breastfed infants, with no 

improvements in those who were formula-fed52. Accordingly, the well-established benefits 

of breastfeeding, including reduced risks of NEC, sepsis, and asthma, may be partially 

mediated by diet-enhanced microbial metabolism53-58. These findings underscore the 

hypothesis that probiotics may only be effective when their metabolic outputs are 

supported by specific dietary substrates, such as those found in human milk. 

Currently, the metabolite profiles produced by various lactobacilli species in the 

context of infant diets remain poorly characterized. To address this gap in knowledge, we 

performed untargeted metabolomics on six lactobacilli species, L. acidophilus, L. brevis, 

L. johnsonii, L. paracasei, L. reuteri, and L. rhamnosus, cultured in a chemically-defined 

medium supplemented with either human milk or infant formula. These species were 

selected based on their prevalence in infant gut and human milk microbiota, as well as 

their documented probiotic potential in pediatric populations15,20-22,59-64. Our results reveal 

that while certain metabolites were produced in all conditions, numerous metabolites were 

uniquely produced in a species- or diet-specific manner. Notably, supplementation with 

human milk resulted in more diverse metabolite profiles and significant enrichment of 

antioxidants and compounds known to suppress inflammation, as compared to formula. 

These findings indicate that dietary substrates can influence microbial metabolic output 

in ways potentially meaningful to host health. By elucidating these species- and diet-
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specific metabolic profiles, this study contributes to a deeper understanding of how 

probiotics and nutrition intersect to influence infant health. Ultimately, these insights may 

inform the design of tailored probiotic strategies that align with infant feeding practices to 

support optimal microbiota and neonatal development. 
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Results 

Species-specificity of lactobacilli metabolites 

To investigate the impact of human milk versus infant formula on lactobacilli 

metabolic output, we cultured six lactobacilli species in a chemically-defined medium 

supplemented with human milk, infant formula, or water as a control, followed by 

untargeted metabolomics analysis on culture supernatants using LC-MS/MS. Principal 

component analysis (PCA) for each media condition demonstrated species-specific 

clustering, with L. acidophilus ordinating the farthest away from the other clusters, 

indicating the most unique overall metabolomic signature of the six species (Figure 1A, 

C, E). Interestingly, the cluster for L. paracasei can be observed overlapping that of other 

species’, indicating significant similarities with L. johnsonii and L. rhamnosus depending 

on media conditions.   

 We next sought to further characterize these inter-species differences and 

similarities by examining the number of metabolites that were exclusively produced by 

one species, shared by all six species, or a smaller combination of species. Our 

metabolite intersection analyses revealed that while several metabolites were shared 

among species, the majority were uniquely produced by individual species or a 

combination of two species, highlighting large diversity across species’ metabolic outputs 

(Figure 1B, D, F). For example, in the water-supplemented cultures, 3 metabolites were 

produced by all six species, whereas 14 metabolites were uniquely produced by a single 

species (Figure 1B). We found that for all media conditions, L. acidophilus produced the 

greatest number of unique metabolites, which is consistent with our findings through PCA 

that L. acidophilus had the most unique overall metabolomic signature. L. acidophilus 
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strikingly yielded 20 unique metabolites that were not produced by the other species when 

cultured with human milk, compared to only 6 unique metabolites in the context of infant 

formula (Figure 1D, E). Notably, the total number of metabolites produced by all six 

species was greatest in the presence of human milk, compared to water and infant 

formula. This evidence suggests that human milk offers a wider variety of substrates for 

lactobacilli to metabolize and generate diverse compounds.  

Diet-specificity of lactobacilli metabolites 

 We next examined diet-specific responses of each individual lactobacilli species, 

using PCA to assess overall alterations to metabolomic signatures depending on 

supplementation with water, human milk, or infant formula (Figure 2). All six species 

demonstrated distinct clustering by media condition. Infant formula had the most distinctly 

separated cluster for L. acidophilus and L. rhamnosus, while human milk resulted in highly 

distinct clustering for L. brevis, L. johnsonii, and L. paracasei. PCA for L. reuteri indicated 

highly distinct metabolomic profiles for all three culture conditions.  

 The number and diversity of produced metabolites per culture condition varied 

across the six lactobacilli species (Figure 3). We consistently observed that numerous 

metabolites were produced in all three culture conditions, indicating conserved 

metabolism by each lactobacilli species that seem to persist regardless of additional 

environmental dietary substrates. As expected, few metabolites were uniquely produced 

in water-supplemented cultures, consistent with limited substrate availability and 

confirming that observed metabolic changes in human milk and formula conditions were 

nutrient-driven. The highest number of metabolites tended to be produced exclusively in 

the presence of human milk. In particular, L. acidophilus uniquely produced 22 
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metabolites with human milk, compared to 0 and 3 unique metabolites with water and 

formula, respectively. This pattern of low numbers of unique to water and formula was 

seen for all six species.  

Assessment of individual metabolites with speculated relevance to host health 

 As previously indicated by our intersection analyses (Figure 1B, D, F), several 

metabolites were shared across the six species. In Figure 3, we highlighted select 

metabolites of interest that have documented relevance to host health. For example, the 

compound hydroxyphenyllactic acid was exclusively produced in the presence of human 

milk for all six species. Tyrosine displayed the same pattern of exclusivity to human milk. 

Contrarily, no metabolites were produced exclusively in formula cultures that were shared 

by all six species. Carnitine was the most prominently produced metabolite associated 

with infant formula, although it was only unique to formula for four species.  

 We observed that for all species, numerous metabolites were significantly 

consumed or generated when lactobacilli species were cultured with human milk or infant 

formula (Figure 4). Across all species, most amino acids, nucleic acids, and their 

derivatives were consumed, meaning that the detected levels were lower than the levels 

recorded in our baseline media samples. Significant decreases in response to milk and 

formula compared to water may be attributed to overall enhanced bacterial growth in 

response to extra nutrients provided by the formula and milk, leading to greater 

consumption of amino acids and nucleic acids to support replication. L. acidophilus and 

L. reuteri, however, demonstrated profound exceptions to this pattern. Rather than 

consumption, L. acidophilus yielded a net positive production of adenine, glutamine, 

glutamate, phenylalanine, pyroglutamic acid, and Tyr-Pro when cultured with human milk. 
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As for L. reuteri, adenine, methionine, valine, and Phe-Pro were produced rather than 

consumed in the context of human milk or infant formula. As previously mentioned, all six 

lactobacilli species produced the essential amino acid tyrosine, but only when cultured 

with human milk, and these concentration differences were statistically significant (Figure 

5A). Carnitine was the most heavily associated with infant formula cultures, with five 

species producing significantly higher levels of carnitine compared to water and human 

milk cultures (Figure 5B). Interestingly, formula-supplemented L. rhamnosus yielded a 

large net consumption rather than generation of carnitine. 

 Beyond amino acids and nucleic acids, our untargeted metabolomics approach 

detected a wide array of other organic compounds, with numerous significant differences 

by culture condition (Figure 4). Hydroxyphenyllactic acid is a derivative of tyrosine 

metabolism and has been reported for its antioxidant properties65,66. Notably, it was 

exclusively produced when human milk was present, and concentration differences were 

statistically significant across all six species (Figure 5C). Given that production of 

hydroxyphenyllactic acid was also identified in L. plantarum, it is very likely that cellular 

machinery to generate this compound is conserved across many lactobacilli species65. 

Phosphocholine and glycerophosphocholine are both important sources of dietary choline 

and are precursors to critical cellular membrane components as well as the 

neurotransmitter choline. We observed significantly increased phosphocholine levels in 

the setting of human milk for all six species, while glycerophosphocholine levels were 

highest in infant formula cultures for all species except L. rhamnosus (Figure 5D, E). 

Vitamin C and riboflavin are essential micronutrients for human health, and we found that 

all six lactobacilli species were able to elevate vitamin C when supplemented with human 
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milk and formula compared to water (Figure 5F). Only L. acidophilus and L. reuteri 

produced riboflavin, however, and riboflavin production only occurred in formula-fed 

cultures (Figure 5G). Interestingly, levels of lumichrome, a byproduct of riboflavin 

metabolism, were significantly highest in human milk cultures for all species (Figure 5H). 

 We additionally observed notable species-conserved patterns for metabolites that 

were widely consumed by lactobacilli, rather than generated. 4-Vinylphenol is a 

metabolite of styrene and has been reported to be toxic in the liver and lungs of mice67,68. 

At baseline, all media blanks (without bacteria) contained detectable levels of 4-

vinylphenol, and the addition of lactobacilli decreased its levels, indicating microbial 

capacity to metabolize this compound. This is consistent with previous studies 

documenting the ability of various microbes, including L. plantarum, to both synthesize 

and degrade this compound69-71. For all species, consumption of 4-vinylphenol was 

maximized in the context of human milk cultures (Figure 5I). Another compound of 

interest, isonicotinic acid, is a synthetic precursor for antimycobacterial and antimalarial 

drugs. Similar to 4-vinylphenol, we detected isonicotinic acid in our baseline media 

blanks, but all lactobacilli species were able to decrease its levels, suggesting microbial 

metabolization of the compound. For most lactobacilli species, the degradation of 

isonicotinic acid was most profound in water- and milk-supplemented cultures, whereas 

its metabolism was reduced in formula cultures. Interestingly, L. acidophilus produced 

increased levels of isonicotinic acid in response to human milk and infant formula 

compared to water (Figure 5J).  

 Given the known contributions of commensal microbes in modulating intestinal 

immune function, we further sought to examine metabolites that have documented 
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relevance to inflammatory processes. Our untargeted metabolomics approach detected 

several relevant metabolites, but only two with significant alterations in their levels by 

culture condition. Indolelactic acid is generated from tryptophan through the indole 

pathway and is well-established for its anti-inflammatory properties72-76. Our analyses 

indicate that only L. johnsonii and L. reuteri are able to produce indolelactic acid, and 

importantly, its production is maximized in the presence of human milk (Figure 5K). 

Vaccenic acid is a trans-fatty acid that has multiple reported beneficial properties, 

including suppression of intestinal inflammation and atherosclerosis74,77-79. Here we 

observed that vaccenic acid was produced exclusively by L. reuteri, and notably, only in 

the setting of human milk (Figure 5L). 

Pathway Enrichment Analyses 

 To gain further insight through a functional perspective, we performed pathway 

enrichment analyses on our data from human milk and infant formula cultures compared 

to the water culture as a control (Figure 6). For all six lactobacilli species and regardless 

of culture condition, tyrosine metabolism and catecholamine biosynthesis were 

significantly enriched pathways. This indicates conserved lactobacilli contributions to 

pathways involved in production of neuroactive compounds or precursors. This is 

consistent with literature indicating that lactobacilli species, including L. helveticus, L. 

reuteri, and L. rhamnosus, can produce tyrosine, L-DOPA, dopamine, and 

norepinephrine80-82. Carnitine synthesis was significantly enriched in four species, 

corresponding to species in which carnitine was elevated in formula-supplemented 

cultures. Interestingly, for L. acidophilus, human milk uniquely enhanced glutamate and 
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glutathione metabolism, key processes in oxidative stress management83, whereas these 

pathways were not enriched in formula-fed conditions. 

Discussion 

Immediately following birth, the infant gut becomes colonized by a diverse array of 

microbes that significantly influence host immune and physiological development. While 

lactobacilli represent a minor proportion of the neonatal gut microbiota relative to genera 

such as Bifidobacterium and Streptococcus84-88, they are frequently employed as 

probiotics in clinical trials and even in commercially available infant formulas. Therefore, 

in this study we applied untargeted metabolomics to examine the metabolic output of six 

commonly utilized lactobacilli species in response to human milk or infant formula. 

Species identity was a significant contributor to metabolite production, with L. acidophilus 

displaying the most unique and diverse metabolic signatures regardless of culture 

condition. In contrast, other species such as L. paracasei, L. johnsonii, and L. brevis 

produced widely overlapping metabolic profiles, particularly in the presence of human 

milk. This species-specific variability underscores both the functional diversity and 

redundancy among lactobacilli members depending on nutritional context. Notably, L. 

johnsonii and L. reuteri produced distinctive anti-inflammatory metabolites, such as 

indolelactic acid and vaccenic acid, which were not detected in the other tested species 

(Figure 5K, L). These distinctions may reflect differences in probiotic functionalities and 

point toward the importance of selecting specific species for health-promoting purposes.  

Our results revealed clear diet-dependent patterns in metabolite production. 

Human milk supported the biosynthesis of numerous metabolites, including important 

amino acids such as tyrosine, phenylalanine, and cysteine, suggesting enhanced 
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biosynthetic and antioxidant pathways. The elevation of bioactive compounds such as 

hydroxyphenyllactic acid and tyrosine in human milk cultures has implications for host 

antioxidant defenses and neural development, potentially aligning with clinical data linking 

breastfeeding with improved cognitive and immune outcomes89,90. Conversely, formula-

fed cultures generated fewer unique metabolites, with a consistent shift toward carnitine 

production (Figure 5B). This formula-associated increase in carnitine may reflect 

microbial adaptation to different substrate availability, possibly contributing to infant 

energy metabolism during early development. Our present findings are consistent with a 

previous study in human infants that formula-feeding led to significantly increased levels 

of circulating carnitine compared to breastfeeding91. However, it is unclear whether 

elevated carnitine levels result in any physiological consequences for the infant, as clinical 

trials have demonstrated no differences in growth or health outcomes in human preterm 

infants who were supplemented carnitine92,93.  

Our untargeted metabolomics approach revealed several metabolites of interest 

that were significantly altered by human milk versus infant formula, however, several of 

these poorly understood in the context of neonatal health. For example, we observed that 

lumichrome was widely produced by our lactobacilli species but only in the presence of 

human milk (Figure 5H). Lumichrome is generated as a result of riboflavin metabolism, 

but its importance is primarily documented in the context of plant biology and soil-

associated microbes94-98. Currently in vitro evidence indicates that lumichrome can act as 

a cytotoxic agent against cancer cell lines99,100. It remains uncertain, however, whether 

lumichrome plays a meaningful role in neonatal development. We additionally observed 

that 4-vinylphenol was broadly metabolized by lactobacilli, with the most profound 
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degradation seen in human milk cultures (Figure 5I). 4-Vinylphenol has been extensively 

documented to be hepatoxic and pneumotoxic in mouse models67,68, however, one study 

has contrarily reported that 4-vinylphenol might be beneficial as an antioxidant and was 

cytotoxic against a human breast cancer cell line69. Importantly, evidence of 4-

vinylphenol’s effects on in vivo human health remains otherwise limited. Another 

compound of interest, isonicotinic acid, was also found to be degraded by all lactobacilli 

species except L. acidophilus, with its consumption most profound in water- and milk-

supplemented cultures (Figure 5J). Interestingly, L. acidophilus produced increased 

levels of isonicotinic acid in response to human milk and infant formula compared to water 

(Figure 5J). It is important to note, however, that isonicotinic acid is only documented as 

a precursor to antimycobacterial and antimalarial drugs in the context of chemical 

synthesis, not necessarily endogenously within a host. Therefore, the direct physiological 

consequences of altered levels of isonicotinic acid in the context of human health and 

early life are yet to be elucidated. 

Importantly, our findings suggest that the health-promoting potential of probiotics 

such as lactobacilli are highly contingent on the surrounding dietary context. Across all 

six species, human milk consistently enabled greater metabolite diversity and supported 

the production of several compounds with previously reported anti-inflammatory, 

antioxidant, and neuroactive properties. These data support the hypothesis that probiotics 

may not inherently be beneficial in isolation, but instead require the availability of 

appropriate substrates, such as those provided by human milk, to fully realize their 

functional potential. Therefore, the use of probiotics during infancy may be most effective 

when paired with human milk as compared to formula. This notion is supported by clinical 
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findings, such as those reported by Repa et al., where probiotic efficacy in reducing NEC 

was observed exclusively in breastfed infants and not formula-fed infants52. 

Our data further reinforces the concept that human milk is not only a direct source 

of nutrients but also a modulator of microbial metabolism, shaping the biochemical 

outputs of colonizing microbes. Accordingly, the well-established benefits of 

breastfeeding may be partially mediated through the enhancement of microbial metabolic 

pathways. This highlights a critical consideration for future probiotic-based interventions 

in infants, in that their efficacy may depend less on the strain itself and more on the dietary 

context into which they are introduced. 

We recognize that there are several limitations to our study. First, we used 

pasteurized human milk in this study to examine microbe-milk interactions. Human milk 

contains a microbiome that is dominated by Streptococcus, Staphylococcus and 

Escherichia species101-103 and we used pasteurized milk in this study to eliminate these 

endogenous microbes in our cultures. However, pasteurization is known to alter certain 

components of human milk104,105, especially fatty acids, which may influence microbial 

metabolic outputs. As a result, we recognize that our findings may not fully recapitulate 

how microbes respond to fresh, unpasteurized human milk in breast fed infants. 

Pasteurized donor human milk is commonly provided by milk banks to infants in the 

neonatal intensive care settings, so it is possible that our results model this exposure for 

infants. Next, while our in vitro approach provides a controlled platform for dissecting diet-

microbe interactions, it lacks key elements of the in vivo gut environment such as host 

cells, immune responses, and complex microbial communities. Examining multi-species 

lactobacilli communities may uncover synergistic interactions affecting metabolite output. 
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Additionally, we examined only one strain per species; future studies should incorporate 

multiple strains and consider inter-strain variability in metabolite production. We also 

acknowledge that metabolite production can vary across different bacterial growth 

phases. Our current metabolomic analysis was performed at a single time point, which 

may not fully capture dynamic changes in metabolite secretion. Longitudinal sampling 

across defined growth phases, such as lag, exponential, and stationary phase, could be 

incorporated in future experiments to provide a more comprehensive view of temporal 

metabolic shifts. Finally, the utilization of targeted metabolomic approaches is also 

warranted to further validate the present findings and enable more precise measurements 

of metabolites of interest, such as other indoles and fatty acids.  

Culture medium composition is a critical determinant of microbial metabolic output, 

and differences in media across studies can complicate direct comparison of metabolomic 

findings. In the present study, we selected LDM4 because it is a chemically defined 

medium that provides the essential nutrients required to support Lactobacilli growth while 

minimizing background compounds that could confound metabolite detection. LDM4 has 

been used extensively in prior studies investigating lactic acid bacteria metabolism, 

supporting its suitability for metabolomic analyses27,28,32,106-110. In contrast, the most 

commonly used medium for cultivating lactobacilli, De Man-Rogosa-Sharpe (MRS), is 

nutrient-rich and contains numerous undefined components, including meat extract and 

yeast extract, that can directly contribute metabolites and promote high basal metabolic 

activity. While such rich media are well suited for maximizing biomass, they may obscure 

condition-specific metabolic differences. Accordingly, the use of a chemically defined 

medium such as LDM4 enabled clearer resolution of diet-dependent microbial metabolic 
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responses, which was essential for distinguishing differences between human milk- and 

infant formula-associated metabolite profiles in this study. 

Altogether, this study highlights how infant feeding type, specifically human milk 

versus formula, drives distinct metabolic profiles in lactobacilli species, with implications 

for microbial function and host health. Human milk promotes the production of amino 

acids, antioxidants, and metabolites reported to modulate inflammation, while formula 

enriches energy-associated compounds like carnitine. The clear distinctions in metabolite 

profiles between human milk and formula conditions underscore the need for tailored 

probiotic strategies that account for feeding practices. These insights highlight that 

probiotics are not one-size-fits-all, but rather they must be paired with the appropriate 

nutritional environment to optimally support infant development. 
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Methods 

Bacterial Culture Conditions 

To investigate the impact of human milk and infant formula on lactobacilli 

metabolites, we cultured six species (Lactobacillus acidophilus ATCC 4356, 

Levilactobacillus brevis ATCC 27303, Lactobacillus johnsonii ATCC 33200, 

Lacticaseibacillus paracasei ATCC 25302, Limosilactobacillus reuteri ATCC 6475, and 

Lacticaseibacillus rhamnosus ATCC 53103) in a chemically defined medium (LDM4)32,107 

supplemented with 10% v/v pasteurized human milk, infant formula, or sterile MilliQ water. 

These species were chosen for their prevalence in the infant gut and in human milk and 

their reported probiotic potential in human infants15,20-22,59-64. All six species are routinely 

detected in infant stool111-114, and L. brevis, L. paracasei, L. reuteri, and L. rhamnosus are 

lactobacilli commonly isolated from breastmilk15. All six species have also been 

documented to be well-tolerated in newborn and pediatric populations, with L. 

acidophilus, L. reuteri, and L. rhamnosus additionally demonstrating effectiveness in 

promoting weight gain in preterm and low birthweight infants115-120. Other documented 

clinical applications include L. acidophilus for prevention of sepsis and treatment acute 

infantile diarrhea121, L. reuteri for treatment of infantile colic122, and L. rhamnosus for 

improvement of symptoms associated with cow’s milk allergy123. Notably, two species are 

included in commercially available infant formulas in the United States: L. rhamnosus in 

Enfamil Nutramigen LGG and L. reuteri in Dr. Brown’s Soothe Pro infant formula. LDM4 

medium was selected because it is chemically defined and provides essential nutrients 

to support growth of lactobacilli species, while minimizing background compounds. This 

medium is optimal for the detection of bacterial metabolites from lactic acid 
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bacteria27,28,32,106-110. The water-supplemented condition was included as a minimal 

nutrient control to assess metabolite production arising solely from bacterial utilization of 

LDM4 medium components, independent of complex nutrient sources such as milk or 

formula. Human milk was obtained according to an approved IRB (IRB#103782) at the 

Shawn Jenkin’s Children’s Hospital at the Medical University of South Carolina 

(Charleston, SC). Milk from seven healthy lactating donors was pooled to minimize inter-

individual variability and ensure sample homogeneity. Samples were de-identified before 

receipt, and therefore specific donor demographic data were not available in accordance 

with ethical and privacy regulations. Expressed milk was collected and pasteurized with 

Holder pasteurization (HoP) for 30 minutes before experiments. Similac 360 Total Care 

was utilized as the infant formula in this study. After 20h incubation at 37°C in anaerobic 

conditions, culture supernatants were collected for untargeted metabolomics analysis 

using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Baseline 

metabolomic profiles were determined for LDM4 supplemented with 10% v/v water, 

human milk, or infant formula without bacterial inoculation. These values were subtracted 

from corresponding bacterial culture conditions to obtain metabolite levels attributable to 

bacterial activity. All culture conditions were performed in biological triplicates. 

 

LC-MS/MS Method for Reverse-Phase Non-Targeted Metabolomics  

Cell free bacterial supernatants were examined by LC-MS/MS. The reverse-phase 

chromatographic separation for the non-targeted metabolomics measurement was 

performed using a Luna C18(2) and Security Guard C18 analytical and guard column 

combination described above, and using a MPA solution consisting of water that 
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contained 0.1% formic acid, a MPB solution consisting of acetonitrile that contained 0.1% 

formic acid, and a NW solution composed of a mixture of MeOH:Water (1:1, v:v). The 

mobile phase flowrate was 0.080 mL/min, the autosampler tray was chilled to 10°C, and 

the column oven was kept at ambient temperature. The gradient elution program was 

specified as follows: 0-0.5 min, 5% B; 0.5-14 min, 5-50% B; 14-14.6 min, 50-90% B; 14.6-

14.9 min, 90% B; 14.9-15.0 min, 90-5% B; 15.0-20 min 5%B; and at 20.01 min a Stop 

command is specified, and there is a 20.4 min duty cycle for each injection.  

The heated electrospray (H-ESI) ionization source parameters for the Orbitrap 

Fusion MS were specified in the Xcalibur-based acquisition method as follows: application 

mode: small molecule; method duration: 19.5 minutes; ionization mode polarity, positive 

mode; probe spray voltage, static at +3,500 V; gas mode, static; sheath gas (arbitrary 

units), 25; auxiliary gas (arbitrary units), 5; sweep gas (arbitrary units), 0; ion transfer tube 

temperature, 275°C; and, vaporizer temperature, 75°C. Global MS acquisition 

parameters were specified as follows: infusion mode, liquid chromatography; expected 

LC peak width (s), 30; advanced peak determination, false; mild trapping, false; default 

charge state, 1; enable Xcalibur AcquireX method modification, false; and, internal mass 

calibration, Easy-IC™.  

The acquisition parameters for the HRMS/HRMS acquisition method used for the 

reverse-phase chromatographic method was specified as follows: detector type, Orbitrap; 

Orbitrap resolution, 120,000 (at m/z 200); mass range, normal; use quadrupole isolation, 

true; scan range (m/z), 65-650; RF lens (%), 60; AGC target, standard; maximum injection 

time mode, custom; maximum injection time (ms), 100; Microscans, 1; data type, profile; 

polarity, positive; source fragmentation, disabled; and, use Easy-IC™, true. Dynamic 
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exclusion filtering was enabled with the following parameters specified: exclude after n 

times, 1; exclusion duration (s), 6; mass tolerance, ppm; low, 10; high, 10; exclude 

isotopes, true; perform dependent scan on single charge state per precursor only, false; 

and, exclude within cycle, true. Apex detection filtering was enabled with the following 

parameters specified: expected peak width (FWHM, s), 10; desired apex window (%), 30. 

Intensity threshold filtering was enabled with the following parameters specified: filter 

type, intensity threshold; intensity threshold, 5.0e4. The ddMS2 OT HCD based MS2 scan 

function was enabled with the following parameters specified: isolation mode, quadrupole; 

isolation window (m/z), 2; isolation offset, off; activation type, HCD; collision energy mode, 

stepped; HCD collision energies (%), 25, 35, and 45; detector type, Orbitrap; Orbitrap 

resolution, 120,000 (at m/z 200); mass range, normal; scan range mode, auto; AGC 

target, standard; maximum injection time mode, custom; maximum injection time, 35 ms; 

Microscans, 1; data type, profile; and, Use Easy-IC™, true.  

 

Sample Preparations for Reverse-Phase Non-Targeted Metabolomics Method 

A 10 µL volume of each cell-free bacterial conditioned media sample was diluted 

in a 90-µL volume of water that contained 1% formic acid and the sample was vortex-

mixed briefly and centrifuged at 17,000g for 5 minutes. Then, the extract supernatant was 

transferred to an autosampler vial, and a 5-µL sample volume was injected onto the high-

resolution LC-MS/MS system for bioanalysis. 

 

LC-MS/MS Method for HILIC-based Non-Targeted Metabolomics  
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The HILIC based chromatographic separation used for non-targeted metabolomics 

measurement was performed using a SeQuant 5-micron polymer ZIC®-pHILIC (150 x 2.1 

mm) analytical column produced by Millipore-Sigma (no guard column was used). For the 

positive ionization mode method, a MPA solution consisting of acetonitrile:water (95:5, 

v:v) with 10 mM ammonium formate and 2% formic acid, a MPB solution consisting of 

acetonitrile:water (1:1, v:v) with 10 mM ammonium formate and 2% formic acid were 

used. For the negative mode method, a MPA solution consisting of acetonitrile:water 

(95:5, v:v) with 10 mM ammonium formate (pH 5.2) and a MPB solution consisting of 

acetonitrile:water (1:1, v:v) with 10 mM ammonium formate (pH 5.2) were used. A 

common NW solution consisting of acetonitrile:water (1:1, v:v) was used for both 

chromatographic methods. In each instance, the mobile phase flowrate was 0.200 

mL/min, the autosampler tray was chilled to 10°C, and the column oven was heated to 

40°C. The gradient elution program was specified as follows: 0-3 min, 0% B; 3-25 min, 0-

100% B; 25-30 min, 100% B; 30-31 min, 100-0% B; and, 31-40 min, 0% B; and at 40.01 

min a Stop command is specified, and there is a 40.4 min duty cycle for each injection.  

The heated electrospray (H-ESI) ionization source parameters for the Orbitrap 

Fusion MS were specified in the Xcalibur-based acquisition method as follows: application 

mode: small molecule; method duration: 39 minutes; ionization mode polarity, positive 

mode or negative mode; probe spray voltage, static at +3,500 V or -2,500 V; gas mode, 

static; sheath gas (arbitrary units), 35; auxiliary gas (arbitrary units), 7; sweep gas 

(arbitrary units), 0; ion transfer tube temperature, 300°C; and, vaporizer temperature, 

275°C. Global MS acquisition parameters were specified as follows: infusion mode, liquid 

chromatography; expected LC peak width (s), 30; advanced peak determination, false; 
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mild trapping, false; default charge state, 1; enable Xcalibur AcquireX method 

modification, false; and, internal mass calibration, Easy-IC™.  

The acquisition parameters for the HRMS/HRMS method for the HILIC-based 

chromatographic methods were specified as follows: detector type, Orbitrap; Orbitrap 

resolution, 120,000 (at m/z 200); mass range, normal; use quadrupole isolation, true; 

scan range (m/z), 65-650; RF lens (%), 60; AGC target, standard; maximum injection time 

mode, custom; maximum injection time (ms), 100; Microscans, 1; data type, profile; 

polarity, positive or negative; source fragmentation, disabled; and, use Easy-IC™, true. 

Dynamic exclusion filtering was enabled with the following parameters specified: exclude 

after n times, 1; exclusion duration (s), 6; mass tolerance, ppm; low, 10; high, 10; exclude 

isotopes, true; perform dependent scan on single charge state per precursor only, false; 

and, exclude within cycle, true. Apex detection filtering was enabled with the following 

parameters specified: expected peak width (FWHM, s), 10; desired apex window (%), 30. 

Intensity threshold filtering was enabled with the following parameters specified: filter 

type, intensity threshold; intensity threshold, 5.0e4. The ddMS2 OT HCD based MS2 scan 

function was enabled with the following parameters specified: isolation mode, quadrupole; 

isolation window (m/z), 2; isolation offset, off; activation type, HCD; collision energy mode, 

fixed; HCD collision energy type, normalized; HCD collision energies (%), 30; detector 

type, Orbitrap; Orbitrap resolution, 60,000 (at m/z 200); mass range, normal; scan range 

mode, auto; AGC target, standard; maximum injection time mode, custom; maximum 

injection time, 118 ms; Microscans, 1; data type, profile; and, Use Easy-IC™, true.  

 

Sample Preparations for HILIC-based Non-Targeted Metabolomics Method 
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A 10 µL volume of each cell-free bacterial conditioned media sample was diluted in a 90-

µL volume of acetonitrile that contained 1% formic acid and the sample was vortex-mixed 

briefly and centrifuged at 17,000g for 5 minutes. Then, the extract supernatant was 

transferred to an autosampler vial, and a 5-µL sample volume was injected onto the high-

resolution LC-MS/MS system for bioanalysis. 

 

Scaffold Elements Operational Parameters and Publicly Available Databases Used 

Raw data files were imported into Scaffold Elements for final analysis. The Scaffold 

Elements workflow parameters used for non-targeted metabolomics data analysis were 

specified with the following search parameters: mass range (m/z), 70-700; retention time 

range, full range; match type, mass only; parent tolerance, 20.0 ppm; fragment tolerance, 

0.1 Da; retention time (RT) tolerance, 0.5 min; treat MS1 peak group as single analyte, 

FALSE; Perform RT alignment, TRUE; perform feature reextraction, TRUE; report 

unknown analytes, TRUE; all analytes have MS2 data, FALSE. Feature finding 

parameters were specified as follows: noise threshold, 0.1% of max signal; minimum delta 

scan time, 0.5 sec. Reverse-phase and HILIC-based positive mode database searches 

used the following positively charged precursor ions including [M+2H]2+, [M+NH4]+, 

[M+Na]+, [M+H-NH3]+, [2M+H]+, [M+H]+, and, [M+H-H2O]+. Negative mode HILIC 

database searches used the following negatively charged precursor ions including [M-

2H]2-, [M-H]-, [3M-H]-, [2M-H]-, and, [M-H-H2O]-. 

Publically available databases searched include the following: MoNA-export-

MassBank.msp.libdb; MoNA-export-HMDB.msp.libdb; hmdb_library_elements.libdb; 

lipidmaps_library_elements.libdb; MoNA-export-Fiehn_HILIC.msp.libdb; 
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NIST_msms_v2017.11.27.libdb.  Advanced search setting were specified as follows: ID 

score retention threshold: 0.7; ISF intensity threshold, 0.1 (10% spectrum max intensity); 

RT reproducibility threshold, 0.75 (75% reproducibility); RT Inclusion Threshold, 1.0 sec; 

RT cross-charge inclusion threshold, 1.0 sec; max aligned RT diff, 1 min; max unaligned 

RT diff, 5 min; ignore experimental MS2s, FALSE. Metabolite score thresholds include: 

ID score, 0.7; Log10Intensity, 0; reproducibility, 1. No statistical comparisons were 

performed using Scaffold Elements. All metabolomics data was manually filtered at a Tier 

2 level of scrutiny for inclusion into downstream data analysis and association 

networking124.  

 

Tier 2 Metabolomics Data Filtering Procedures 

All metabolomics data contained in the Excel-based results table were sorted 

according to their computed MS2 score (highest to lowest), and all metabolite features 

lacking an acquired MS2 spectra were removed from the data set. Metabolite features 

were then sorted by their analyte names, and any metabolite feature designated as a 

“cluster” was removed from the data set. Metabolite features were sorted by their 

retention time (RT), and all “pre-void” early eluting metabolites with RTs less than the 

computed void time (~1.4 mins) of the system were removed from the data set. Further, 

all metabolite features eluting after the gradient max (> 16.5 mins for the reverse phase 

method and >31.5 min for the HILIC methods) were also removed from the data set. 

Then, publically available databases were consulted to determine if each metabolite was 

to be classified as: isobaric bile acids, or isobaric mono-, di-, or tri-saccharides or hexose-

amine sugars that require specialized chromatography for identification – these 
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metabolite features were removed were removed from the data set. All therapeutic drugs, 

drug metabolites, or exposome-based environmental compound (i.e., artificial 

sweeteners, flame retardants, or plasticizers) were flagged as such and were interrogated 

individual for possible in inclusion in the data set.  

The remaining metabolite features are searched within Scaffold Elements for 

compliance with the following inclusion criteria: i) database matched based precursor 

(MS1) ions; ii) m/z and ion abundance of fragment ions (n≥3) match reference spectra; 

iii) consistent RTs observed in extracted-ion current (XIC) chromatogram overlays for all 

experimental data; and, iv) good agreement between empirical and reference isotope 

ratios124. All ions that do not satisfy the above exclusion criteria spelled out above are 

removed from downstream data processing, statistical testing, and association 

networking.  

 

Statistical Analysis 

 Statistical analyses for overall metabolomic profiles were performed using the 

One-Factor Statistical Analysis module in MetaboAnalyst (version 6.0), a web-based 

platform dedicated for comprehensive metabolomics data interpretation. Data was 

normalized using the auto scaling function (mean-centering and division by the standard 

deviation of each variable). Significant differences were calculated by one-way analysis 

of variance (ANOVA) where metabolites with adjusted p-values (false discovery rate; 

FDR) less than 0.05 were determined to be statistically significant. Principal component 

analysis (PCA) plots were also generated using this MetaboAnalyst module. The Over 

Representation Enrichment Analysis module in MetaboAnalyst was utilized for pathway 
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analyses. Normalization was performed in the same manner as described above. We 

utilized SMPDB as the metabolite set library. The top seven hits for each species-diet 

combination were visualized.   
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Figure 1. Metabolomic profiles demonstrate interspecies differences among six 
tested lactobacilli species when supplemented with human milk, infant formula, or 
water. (A) PCA plot and (B) metabolite intersection plot for lactobacilli species grown in 
chemically defined medium supplemented with 10% v/v water as a control. (C) PCA plot 
and (D) metabolite intersection plot for lactobacilli species grown in chemically defined 
medium supplemented with 10% v/v human milk. Lactobacilli Intersection plots were 
generated using the UpSetR package in R.  
 
Figure 2. Lactobacilli species produce distinct metabolomic signatures when 
supplemented with human milk, infant formula, or water. PCA plots for each species 
(L. acidophilus, L. brevis, L. johnsonii, L. paracasei, L. reuteri, and L. rhamnosus) 
demonstrating clusters by media condition (water, human milk, or infant formula). Data 
were visualized using MetaboAnalyst.  
 
Figure 3. Lactobacilli-produced metabolites differ depending on media condition, 
with human milk cultures containing the highest number of uniquely produced 
metabolites. Venn diagrams for each species (L. acidophilus, L. brevis, L. johnsonii, L. 
paracasei, L. reuteri, and L. rhamnosus) demonstrating number of shared or uniquely 
produced metabolites per media condition. Metabolites of interest are labeled for each 
Venn diagram.  
 
Figure 4. Results from untargeted metabolomics reveal that compared to water as 
a control, numerous metabolites are significantly consumed or generated when 
lactobacilli are cultured with human milk or infant formula. Dot plots for each species 
(L. acidophilus, L. brevis, L. johnsonii, L. paracasei, L. reuteri, and L. rhamnosus) 
demonstrating metabolite abundances (counts) by color scale with significant differences 
compared to the water control denoted by dot size. For each species, the left-hand list 
contains amino acids, nucleic acids, and their derivates, while the right-hand list contains 
other organic compounds.  
 
Figure 5. Levels of numerous metabolites with physiological relevance are 
significantly increased or decreased when lactobacilli are supplemented with 
human milk or infant formula.  Heat plots of metabolite abundance (Counts) by the six 
tested lactobacilli species for (A) hydroxyphenyllactic acid, (B) tyrosine, (C) lumichrome, 
(D) 4-vinylphenol, (E) indolelactic acid, (F) vaccenic acid, (G) isonicotinic acid, and (H) 
carnitine. Significant differences were determined using two-way ANOVA (*<0.05, 
**<0.01, ***<0.001, ****<0.0001). 
 
Figure 6. Pathway enrichment analyses demonstrate similarities and differences 
between lactobacilli cultured with human milk versus infant formula. For each 
species (L. acidophilus, L. brevis, L. johnsonii, L. paracasei, L. reuteri, and L. rhamnosus), 
the top seven hits for enriched pathways for human milk and infant formula are presented 
in order of p-value, and those that were significant (p<0.05) are denoted by an asterisk. 
Pathway enrichment analyses were performed using MetaboAnalyst.  
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