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Abstract

Human milk oligosaccharides play a vital role in the development of the gut microbiome in the 

human infant. Although oligosaccharides derived from bovine milk (BMO) differ in content and 

profile with those derived from human milk (HMO), several oligosaccharide structures are shared 

between the species. BMO are commercial alternatives to HMO, but their fate in the digestive tract 

of healthy adult consumers is unknown. Healthy human subjects consumed two BMO doses over 

11-day periods each and provided fecal samples. Metatranscriptomics of fecal samples were 

conducted to determine microbial and host gene expression in response to the supplement. Fecal 
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samples were also analyzed by mass spectrometry to determine levels of undigested BMO. No 

changes were observed in microbial gene expression across all participants. Repeated sampling 

enabled subject-specific analyses: four of six participants had minor, yet statistically significant, 

changes in microbial gene expression. No significant change was observed in the gene expression 

of host cells exfoliated in stool. Levels of BMO excreted in feces after supplementation were not 

significantly different from baseline and were not correlated with dosage or expressed microbial 

enzyme levels. Collectively, these data suggest that BMO are fully fermented in the human 

gastrointestinal tract upstream of the distal colon. Additionally, the unaltered host transcriptome 

provides further evidence for the safety of BMO as a dietary supplement or food ingredient. 

Further research is needed to investigate potential health benefits of this completely fermentable 

prebiotic that naturally occurs in cow’s milk.

Keywords

Milk oligosaccharides; Metatranscriptome; Glycome; Microbiome; Nutrition; Milk

1. Introduction

The human gut microbiome is a complex community with hundreds of unique species and 

trillions of total microbes present [1]. Like a fingerprint, each individual possesses a unique 

microbiome composition, which is based on a host of factors including diet [2–4], host 

genetics [5] and other genetic and environmental variables [6]. In humans, the gut 

microbiome plays an important role in modulating interactions with the host immune system 

[7], along with contributing to digestion through mediated breakdown of complex 

polysaccharides [4,8,9]. Composition and activity of gut microbiome species have been 

linked with multiple diseases [4,10–14], although exact mechanisms of disease and/or 

dysbiosis are not yet fully understood. The vast number of species and genetic data present 

in the gut microbiome presents a challenge for analysis and interpretation. Recent advances 

and developments in high-throughput sequencing and analysis of metagenomes [15–19] and 

metatranscriptomes [20–25] offer new techniques and opportunities to identify and quantify 

organism-specific transcriptional activity changes in response to a shift in diet, environment, 

supplementation or other factors.

The human gut microbiome is established very shortly after birth, with colonization by 

multiple species occurring fewer than 72 h after birth, sourced largely from the mother’s 

vaginal and fecal inocula [26]. However, the infant microbiome is under constant flux and 

pressure over the first year of life, exacerbated by shifts in diet and any fever or antibiotic 

treatments, and shows wide variety between individuals [26,27]. Diet in particular plays a 

large role in the composition of the infant microbiome during the first few months; 

breastfeeding encourages a microbiome comprised primarily of Bifidobacterium, while 

infant formula instead promotes other faculative anaerobes, including the genera Clostridium 
and Streptococcus [28]. One component of particular importance to fostering microbial 

growth are human milk oligosaccharides (HMO), complex sugars with varied linkages 

connecting sugar rings. Bifidobacterium species, namely B. longum subsp. infantis, 

preferentially consume these sugars to outcompete other bacterial genera [29–32].
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The effects of milk-derived oligosaccharides on the human gut have been previously studied 

[33,34], particularly for their role in nurturing the growth of Bifidobacterium in the infant 

gut [29,30,33,35]. Milk oligosaccharides also serve as decoys for pathogens [36] and interact 

directly with host intestinal cells [37]. HMO can serve as the sole carbon source for 

Bacteroides and Bifidobacterium growth [38,39], and these bacteria possess dedicated 

enzymes for the degradation of HMO [40,41]. HMO are structurally similar to intestinal cell 

wall glycans, serving as a decoy target for the binding of pathogenic bacteria and preventing 

them from adhering to the intestinal cell wall [36]. HMO interactions with intestinal cells 

inhibit proliferation and promote differentiation, and can modify glycan presence on the 

cells’ exterior [37,42,43].

Bovine milk oligosaccharides (BMO) differ from HMO in both concentration (1–2 g/L vs. 

12–14 g/L in colostrum) and structure [44–46]. HMO are predominantly type I 

oligosaccharides (OS) with high fucosylation rate, while BMO are predominantly type II OS 

with highly sialyated and little fucosylated OS [44–46]. Despite these structural differences, 

many of the BMO structures are identical to those in human milk [46,47], and BMO are 

commercially viable alternatives to HMO [48,49]. However, the prebiotic potential of BMO 

in human consumers is not yet known. Therefore, the purpose of this study was to determine 

the effects of BMO on microbial function when added to the diet of healthy adults.

A clinical trial of healthy adults evaluated the safety and tolerability of dietary 

supplementation with bovine milk oligosaccharides [50]. In that trial, it was shown that 

BMO supplementation did not alter the fecal microbiome of healthy adults [50]. Given that 

microbiome function can be altered without microbiome population modification [20], we 

hypothesized that fermentation of BMO occurred via alterations to microbial gene 

expression rather than alterations to microbiome composition. Fecal metatranscriptomes are 

a proxy measurement of microbial gene expression in the distal colon [25]. In addition, 

mRNA from host colonocytes exfoliated into the stool is an indirect measure of the host 

intestinal cell response [51]. Likewise, fecal oligosaccharide abundances are a measurement 

of the undigested oligosaccharides that remain in the distal colon. We therefore interrogated 

fecal oligosaccharides and fecal metatranscriptomes using samples from the prior clinical 

trial [50] to determine the fate of BMO in healthy adults.

2. Materials and methods

2.1. Ethics statement

The UC Davis Institutional Review Board approved all aspects of the study, and written 

informed consent was obtained from all participants prior to study procedures. This study 

was registered on clinicaltrials.gov (NCT01814540).

2.2. Participants

Recruitment and screening of 36 individuals from the Davis, CA, area were previously 

described in the parent study [50]. Subject inclusion is summarized in Fig. 1A. Inclusion 

criteria included the following: healthy men and women aged 18–40 years, normal fasting 

glucose and lipid values, fiber intake <30 g/d, fecal bifidobacterial populations <25% of total 
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bacteria, born by vaginal birth and breastfed for a minimum of 2 months. Exclusion criteria 

included regular consumption of high-fiber cereals or fiber supplements, or yogurt 

containing Bifidobacterium (within the last 4 weeks); lactose intolerance or allergies to dairy 

products or wheat; tobacco use; pregnancy or lactation; presence of gastrointestinal (GI)/

malabsorption disorders or autoimmune disease; or use of prescription or over-the-counter 

medications/supplements that include pre- and probiotics, corticosteroids, antiobesity agents, 

laxatives, antibiotics and lipid-altering medications. The 16 individuals who met 

prescreening criteria provided a fasting blood sample and a stool sample. Blood samples 

were analyzed for fasting lipid and glucose profiles, and stool samples were analyzed for 

fecal bifidobacteria. Average daily fiber intake was estimated using an online Muldoon 

Omega-3 Food Frequency Questionnaire that contains 444 items (Modified Block 2006-

Bodnar FFQ, 2006; NutritionQuest/Block Dietary Data Systems). Twelve participants 

eligible for enrollment were instructed to complete a Baecke physical activity questionnaire 

[52], which was used to calculate the doses of each dietary treatment as described previously 

[50]. Participants filled out a 3-day diet record on 2 weekdays and 1 weekend day within 7 

days of initiating each supplement arm. To reduce the influence of diet on the gut 

microbiome, participants were instructed to maintain their habitual diet but to refrain from 

consuming high-fiber diets and fiber supplements and to avoid consumption of yogurt 

containing Bifidobacterium. On the morning of each study day, participants filled out a 

questionnaire regarding their intake of any study-prohibitive foods/supplements/medications 

within the past 24 h, which was used to determine compliance.

Participant progress through the trial is illustrated in Fig. 1. Of the 12 participants who were 

enrolled in the parent study, 9 completed all 3 arms of the trial. Fecal samples from all nine 

participants were included in the current study for glycomics analysis. Fecal samples from 

the six participants with the best quality fecal RNA were selected for metatranscriptomics 

analysis.

2.3. Study design

As described previously [50], this was a single-blind, placebo controlled, crossover trial with 

3 dietary treatment arms administered in the following order for 11 consecutive days each 

(day 0 to day 10):(1) placebo control, (2) low-BMO (9.4±1.5 g/day) and (3) high-BMO 

(13.1±2.2 g/day) doses. Each treatment arm was followed by a 2-week washout. The dietary 

treatments were not randomized in order to eliminate possible carryover effects by the BMO 

supplement. The placebo control was composed of Polycose, a glucose polymer powder 

(Abbott Nutrition), and the pure lactose-free BMO powder was supplied by Hilmar 

Ingredients, the composition of which has been previously reported [50] and summarized in 

Table 1. As described previously [50], the placebo control and low-BMO treatments were 

calculated as the number of grams of carbohydrate equivalent to 25% of daily fiber intake 

based on individual energy consumption, and the high-BMO dose was calculated as 35% of 

daily fiber intake. Doses were consumed on site during weekday mornings as part of a 

mixed meal, and the remaining evening and weekend doses were provided in sachets for 

mixing with lactose-free milk by the study subjects. Compliance was monitored as 

previously described [50].
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2.4. Stool sample collection

Participants were instructed to collect stool samples within 1 to 2 days of three time points: 

days −2 (used for the day 0 time point), 4 and 11 of each treatment arm. Stool samples were 

collected in empty tubes for glycomics analysis and in RNAlater-containing tubes for 

metatranscriptomics analysis. The latter tubes contained 25 ml of RNAlater. Subjects were 

instructed to add stool to the RNAlater tube until the volume reached 30 ml and to screw the 

cap tightly, seal in a ziploc bag and shake vigorously until uniform consistency. Both tubes 

were stored in participants’ home freezers in secondary containment until transported on ice 

packs by the participant or picked up by study personnel. Samples were then stored at −80°C 

until further processing.

2.5. Selection and processing of stool samples for RNA sequencing

Stool samples collected on day 0 of the placebo and low-BMO arms (subject never having 

been explosed to the BMO supplement) and on day 11 of the low- and high-BMO arms 

(maximal exposure to the BMO supplement) of the nine participants who completed the 

parent study were proccesed for RNA extraction and purification. These 36 samples were 

vortexed and homogenized after thawing for 10 min. Approximately 0.6 g of stool slurry 

was incubated with lysis buffer and periodically vortexed. Further homogenization of the 

sample was obtained using a bead beater with 0.1-ml beads followed by QIAshredder 

treatment. Extraction was performed on the homogenized samples using the Qiagen RNeasy 

RNA Isolation kit, with additional Turbo DNAse treatment to remove lingering DNA 

contamination. RNA concentration and integrity were verified using Nano- Drop and 

Bioanalyzer traces. From the 36 samples associated with the 9 participants, a set of 24 

samples from 6 participants was selected for metatranscriptome sequencing based on RNA 

quality and yield levels for all 4 samples per individual (2 control, 2 BMO treatment).

2.6. Metatranscriptome sequencing

For each sample, RNA-Seq libraries were prepared using N2 μg total extracted RNA at the 

DNA Sequencing Core of the UC Davis Genome Center. All extracted RNA samples were 

first ribodepleted using the RiboZero Magnetic Gold Kit (Epidemiology), catalog number 

MRZE706. The Illumina TruSeq protocol, without poly(A) selection, was then used to 

prepare the RNA-Seq libraries. The 24 samples were run on 6 lanes of Illumina HiSeq 3000 

at 100 bp, paired-end, with indexing to allocate ~25% of the lane to each sample 

metatranscriptome. The raw sequencing data have been deposited in the NCBI GEO 

repository, in BioProject PRJNA428720, GEO accession GSE108809.

2.7. Annotation and analysis of metatranscriptome reads

The raw metatranscriptome files were preprocessed, annotated and analyzed using a 

modified version of the SAMSA2 pipeline [53]. Preprocessing involved removal of low-

quality sequences and adaptor contamination with Trimmomatic [54] and paired-end 

alignment with PEAR [55]. Sequences were annotated by DIAMOND [16]; reads were 

mapped against NCBI’s most recent RefSeq bacterial release, RefSeq human proteome (for 

host data), the Carbohydrate Active Enzymes (CAZy) database [56] and SEED Subsystems 

[57]. For downstream analysis, the resulting annotation files were aggregated and merged 
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using custom Python and R scripting [25]. Statistical computations were performed using 

the DESeq2 package for R, version 1.16 [58]. Individual organism and functional 

identifications were drawn from NCBI’s RefSeq database and SEED [57,59]. Subsequent 

subsetting of data to profile specific organisms in regards to their functional activity was 

performed using Python scripting included with the SAMSA2 pipeline [53].

2.8. Version control and access to the SAMSA pipeline

The version of SAMSA used in this paper was version 2.0.0 [53]. All components and tools 

used in the SAMSA pipeline, as well as documentation files, are freely available from 

GitHub at http://github.com/transcript/SAMSA2.

2.9. Measurement of BMO content in fecal samples

One hundred and fifty milligrams of fecal material from each participant at each time point 

for each treatment was thawed and thoroughly mixed with 500 μl of nanopure water using a 

shaker at 4°C for 1 h. The mixture was then centrifuged at 4000×g for 30 min at 4°C; the 

supernatant was collected (supernatant A) and kept in refrigeration (4°C), while precipitate 

was dissolved in 500 μl of nanopure water and left in the shaker at 4°C overnight. The 

mixture was then centrifuged at 4000×g for 30 min at 4°C, and this supernatant was pooled 

with supernatant A. Extraction and purification were done as described by De Leoz et 

al.,with slight modifications. Fecal samples were purified twice through porous graphitic 

carbon solid phase extraction, and the BMO profile and relative abundances were measured 

by Nano-LC Chip QToF mass spectrometry (MS) as described by DeLeoz et al. [60]. Fecal 

oligosaccharides were identified using the “Find Compounds by Formula” function of Mass 

Hunter Qualitative Analysis Version B.06.00 (Agilent Technologies), which generates a list 

of deconvoluted masses in a range of 450–1500 m/z with a ≥1000 height count threshold and 

a typical isotopic distribution of small biological molecules (charge states allowed were 

limited to 1–2). Oligosaccharide compositions were confirmed by tandem MS (MS/MS) 

analysis. Once fecal oligosaccharides were confirmed and their retentions times established, 

the relative abundance of each oligosaccharide was determined by integration of individual 

peaks using the Batch Targeted Feature Extractor from MassHunter Profinder Version 

B.06.00 (Agilent Technologies). To minimize instrument variability, all samples were spiked 

with 2-fucosyllactose as an internal standard, and the data were expressed as the ratio 

oligosaccharide peak area/internal standard peak area. Once ratios were calculated, they 

were normalized considering the exact amount of feces initially weighted.

2.10. Statistical analysis of fecal oligosaccharide abundances

Due to the presence of observations below the limit of detection (LOD), analyses comparing 

oligosaccharide levels between arms and days were conducted using log-normal tobit 

models [61] in which below-LOD observations were treated as censored at the lowest 

observed value for that oligosaccharide. Batch effects were assessed by comparing 

observations at day 0 between the placebo arm and low-BMO arm using log-normal tobit 

models, including covariates for arm and subject. As most oligosaccharides differed 

significantly between these arms at day 0, batch effects were assumed to be non-negligible, 

and data from the placebo arm were excluded from subsequent analyses. Differences 

between arms in changes over time in oligosaccharide profiles were modeled using log-
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normal tobit models, including covariates for day, arm, the interaction between day and arm, 

and subject. Analyses were conducted using R, version 3.4.0.

3. Results

3.1. Fecal metatranscriptomes are subject-specific with small and inconsistent 
responses to BMO supplementation

The metatranscriptome of the gut microbiome was examined at four time points for six 

participants enrolled in the study. Samples from day 0 of the first two study arms were used 

as controls compared to the metatranscriptome after 11 days of low-dose BMO 

supplementation and after 11 days of high-dose BMO supplementation. RNA was extracted, 

sequenced and mapped to microbial genes (see Methods). Clustering based on transcripts 

aggregated at the genus level reveals that between-participant microbiome differences are 

the largest contributor to overall variance (Fig. 2).

Microbial genera with the most total gene expression in the distal colon in these healthy 

human subjects include Bacteroides, Clostridium, Faecalibacterium, Ruminococcus, 

Eubacterium, Lactobacillus, Alistipes, Roseburia and Prevotella. Observation of the 

organisms with the most abundant gene expression within the gut environment suggests no 

obvious large-scale changes in response to the BMO supplement consistent across the entire 

cohort (Fig. 3), and examination of individual gene expression for these most active 

organisms reveals no significantly differentially active genes.

Evaluation of pre- and postsupplement metatranscriptomes for each participant was 

performed by Wald test, with total values below 1000 normalized reads eliminated as noise. 

Some of the participants showed significant microbial gene expression changes (Fig. 4). 

Participant 4003 showed significant changes in 26 genera; the most significant (Pb.01) 

decreases were observed for Corynebacterium (1.04e4 mean reads, 0.26-log2fold decrease, 

adjusted P=3.99e-5), Fusobacterium (1.24e4 mean reads, 0.56-log2fold decrease, adjusted 

P=2.57e-4), Geobacillus (1.35e5 mean reads, 0.20-log2fold decrease, adjusted P=6.9e-3), 

Helicobacter (3.72e3 mean reads, 0.21-log2fold decrease, adjusted P=2.48e-4), Ilyobacter 
(7.76e3 mean reads, 0.57- log2fold decrease, adjusted P=6.2e-3), Tepidanaerobacter (8.62e3 

mean reads, 1.53-log2fold decrease, adjusted P=5.17e-3) and Veillonella (3.7e4 mean reads, 

1.86-log2fold decrease, adjusted P=2.42e-5), and a significant increase was found in 

Barnesiella (1.05e5 mean reads, 0.20-log2fold increase, adjusted P=1.76e-5) and 

Bacteroides (1.59e6 mean reads, 1.74-log2fold increase, adjusted P=3.15e-4). Participant 

4005 showed highly significant decreases in Mycobacterium (2.8e4 mean reads, 1.10-

log2fold decrease, adjusted P=2.5e-4) and Tannerella (1.75e5 mean reads, 0.21-log2fold 

decrease, adjusted P=2.1e-3). Participant 4008 showed a highly significant (Pb.01) change in 

Pedobacter (8.1e3 mean reads, 0.14-log2fold increase, adjusted P=2.09e-4) and significant 

(Pb.05) changes in Niabella (6.5e3 mean reads, 0.18-log2fold increase, adjusted P=.018) and 

Sphingobacterium (3.9e4 mean reads, 0..14-log2fold increase, adjusted P=.023). Participant 

4009 showed significant (Pb.05) decreases in Chitinophaga (7.48e3 mean reads, 0.28-

log2fold decrease, adjusted P=3.1e-2) and Pseudopedobacter (9.92e3 mean reads, 0.21-

log2fold decrease, adjusted P=4.3e-2). Participants 4006 and 4016 showed no intraindividual 

changes in microbial gene expression.
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3.2. Subsystems-based functional fecal metatranscriptome annotation showed limited 
individual-specific functional changes

Metatranscriptomic sequences can be annotated to a reference to match both the organism of 

origin and the specific function or functional category. Top functional categories include 

carbohydrates, protein metabolism, RNA metabolism, amino acids and derivatives, and 

others, each with more than a million normalized reads, on average, annotated to that 

category. Annotations to the SEED Subsystems database revealed no significant changes in 

functional categories at any hierarchy level associated with supplementation for the fecal 

metatranscriptome (Fig. 5A and B).

Replicate samples before and after supplementation in the same subject enabled participant-

specific analyses. Participant-specific analysis was performed using the Wald test in the 

DESeq2 R package [58], with a noise threshold of 300 normalized reads per sample. Results 

can be found in Table 2; for two of the six participants, significant functional changes were 

noted. As noted in Table 2, at level 1, the broadest SEED hierarchy level, participant 4006 

showed a significant increase in aromatic compound metabolism and a decrease in phage 

and transposable element activity, regulation and cell signaling, and DNA metabolism after 

supplementation. Participant 4016 showed significantly increased sulfur metabolism and 

functions linked to mobility/chemotaxis of the microbiome. No significant changes were 

observed at level 1 for participants 4003, 4005, 4008 or 4009. Levels 2 and 3 of the 

Subsystems hierarchy expand upon these areas, revealing more specifically the functional 

targets of activity in the microbiomes of the two participants showing individual-specific 

effects. In summary, no main effect of BMO supplementation was seen on microbial 

functional activity, but numerous subtle changes were observed in a minority of the subjects.

3.3. CAZy annotations reveal changes in Bacteroides and Eubacterium specific 
carbohydrate-related enzymes in one participant

The CAZy database is a collection of enzyme sequences utilized by microbes for 

carbohydrate and oligosaccharide breakdown [56]. Annotation against the CAZy database 

reveals no significant changes in carbohydrate-focused enzyme activity for the cohort. 

However, individual-specific annotation results revealed significant enzyme expression 

changes for participant 4003, with an increase in carbohydrate-associated enzymes from 

Eubacterium and decreases in carbohydrate-associated enzymes from Bacteroides. 
Eubacterium linked sucrose-6-phosphate hydrolase increased in level (3.55-log2fold 

increase, adjusted P=1.1e-4), while multiple Bacteroides associated glycoside hydrolases 

decreased (glycoside hydrolase families 2, 3, 28, 33, 43 and 51, mean reads=1.42e3, 1.45-

log2fold mean change, mean adjusted P=.014). No significant changes were seen for CAZy 

enzyme activity in the other five participants. Interestingly, based on their completed 3-day 

diet records, 4003 increased their fiber intake by 8.8 g/d before initiating the high-BMO 

(27.1 g/d) arm compared with the placebo control (18.6 g/d) and low-BMO (18.1 g/d) arms. 

No other participants increased their fiber intake over the course of the study period. 

Partcipant 4006 decreased their fiber intake by 10.8 g/d over the course of the study period.
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3.4. Bacteroides did not show significant changes in functional activity across the cohort

Members of the Bacteroides genus are known consumers of milk oligosaccharides within the 

gut environment [38,41]. To determine the Bacteroides-specific transcriptome, 

metatranscriptomic reads annotated to Bacteroides as a genus were matched to specific 

functions in RefSeq’s nonredundant bacterial database and to function annotations (bottom-

level hierarchy) in SEED Subsystems. No significant changes were observed among specific 

functional transcription activities of Bacteroides across the entire cohort. Additionally, 

individual-specific examination of Bacteroides functional transcripts, using a Wald test for 

each participant, showed no significant changes in Bacteroides-specific reads at any 

hierarchy level of SEED Subsystems for any of the participants.

3.5. Fecal BMO are not significantly higher after supplementation

To determine the levels of BMO that reach the distal colon, fecal samples from all 

participants who completed the prior study [50] were assayed using specific standards for 

the oligosaccharides that were in the supplement. The detection of oligosaccharides in the 

fecal samples was complicated by the presence of fragments of food components and even 

host glycoproteins. Out of the 17 oligosaccharides identified in the supplement, 13 

oligosaccharide species were monitored in fecal samples. A few oligosaccharides were 

excluded due to potential confounding effects induced by other dietary compounds. Levels 

of BMO found in feces did not increase significantly with BMO supplementation (Table 1). 

Detected levels for sialyllactose, the most abundant BMO, are shown in Fig. 6A; abundances 

of all other oligosaccharides are available in Supplementary Materials. In conclusion, BMO 

supplements consumed at these doses do not appear to reach the distal colon.

3.6. Fecal BMO levels are not significantly correlated with production of saccharolytic 
microbial enzymes in the distal colon

Messenger RNA levels of two enzymes used by Bifidobacterium sp. and Bacteroides sp. for 

oligosaccharide consumption, betagalactosidase and sialidase [41] were quantified in the 

stool using metatranscriptomics. The absolute abundances of beta-galactosidase and 

sialidase were not significantly different after BMO supplementation (beta-galactosidase 

adjusted P=.886, sialidase adjusted P= .889). Relative expression levels of beta-galactosidase 

and sialidase produced by Bacteroides and Bifidobacteria do not correlate significantly with 

MS detection of any oligosaccharides within fecal samples (correlations with sialyl-lactose, 

the most abundant BMO structure in the supplement, are shown in Fig. 4B and C; 

correlations of other BMOs with beta-galactosidase and sialidase are available in 

Supplementary Materials).

3.7. Observation of host transcripts reveals no significant changes from BMO 
supplementation

The human intestinal tract constantly sheds a mixture of cells, which comprise a minority of 

the total cells and genetic information present in feces [62]. Using the RefSeq human 

proteome, sequences were annotated to determine functional activity of host cells present in 

fecal samples. Approximately 0.7% of all genetic material was mapped to the human 

proteome. Requiring a total number of annotations greater than 500 normalized reads, 2472 
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unique human transcripts were expressed. Statistical analysis revealed no human genes with 

significant change in expression. These data suggest that BMO supplementation does not 

alter the expression of genes in host-derived cells in stool.

4. Discussion

Milk oligosaccharides have beneficial effects on the microbiomes of infants. In humans, 

HMO consumption spurs growth of Bifidobacterium and Bacteroides species 

[30,34,35,38,41]; in mice, BMO alleviate symptoms of a high-fat Western diet and provide a 

restorative effect on dysbiotic gut microbiomes [63,64]. BMO have not yet been tested for 

prebiotic efficacy in humans. A previous clinical trial demonstrated that BMO 

supplementation does not affect stool consistency, GI symptoms or fecal microbiome 

composition [50]. This study extends that work by investigating the change in microbial 

gene expression, fecal BMO composition and exfoliated colonocytes gene expression in the 

same healthy cohort. We demonstrated that supplementation of the diet of adult healthy 

humans with BMO did not provoke consistent changes in the activity of organisms or of 

functions in the gut microbiome and did not modulate gene expression of exfoliated 

colonocytes. We performed MS of fecal samples to test for the presence of intact BMO and 

detected that fecal BMO levels did not increase with supplementation. Oligosaccharide 

levels also did not correlate with levels of expressed enzymes from the microbiome of the 

distal colon. Given that the BMO substrate was also not differentially detected in the stool of 

BMO-supplemented subjects relative to baseline, this provides strong evidence that 

insufficient BMO persist to the distal colon to change the microbial metatranscriptome. 

Microbial genes for enzymes that would be expected to digest BMO were expressed even in 

samples from participants at baseline. This evidence suggests that healthy adult microbiomes 

are enzymatically equipped to readily ferment BMO. Because these data are derived from 

fecal samples, the microbial profile only reveals activities of the distal colon. Together, these 

results further support that BMO fermentation by gut microbes occurs in the GI tract 

proximal to the distal colon in healthy adults.

Studies of milk oligosaccharide supplementation in humans are rare. Formula supplemented 

with 2’fucosyllactose (2’FL) and/or lacto-N-neotetraose (LNnT) has been tested for growth 

and tolerance in infants but not for effects on microbiota [65,66]. Supplementation with two 

HMO — 2’FL and LNnT — was previously shown to be bifidogenic in healthy Danish 

adults [67]. Meanwhile, we did not find milk oligosaccharides to be bifidogenic in our 

similarly sized cohort [50]: n=10 per group in the former study vs. n=9 in our crossover 

study. In the present study, the transcriptional activity of Bifidobacterium sp. was not 

changed by BMO supplementation. There are several possible reasons for the discrepancies 

in findings. First, the expansion of Actinobacteria in the Danish cohort was due to a single 

OTU that most closely mapped to a species of bifidobacteria (B. adolescentis) that is not 

known to consume HMO [67]. Bifidobacterial species and strains are known to be variable 

in their ability to consume HMO [68–72]. It is possible that the Danish cohort shared a strain 

of HMO-consuming bifidobacteria, while the American cohort did not. Notably, 

Bifidobacterium does not appear as one of the most active genera in adults in our cohort. 

Second, in the present study, the BMO supplement was quite different in composition in that 

it was enriched for sialylated oligosaccharides and contained very little 2’FL (<1%) or 
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LNnT (b 3.8%) (Table 1). It is possible that 2’FL and/or LNnT have a stronger effect on 

microbiota and that more of these substrates survive the length of the GI tract. Moreover, the 

heterogeneous mix of BMO makes it more difficult to demultiplex the heterogeneous effects 

of individual milk oligosaccharides.

Studies in animal models are supportive of fermentation of BMO in the ileum, cecum or 

proximal colon, albeit not via Bifidobacteria. The supplementation of sialylated BMO (S-

BMO) in gnotobiotic mice and pigs inoculated with an infant gut microbiome did not alter 

the transcription of Bifidobacterium sp. [73]. The transcription of a Bacteroides species, B. 
fragilis, was increased by the S-BMO in the mice and to a lesser extent in the pigs as it was 

only found after relaxing the multiple hypothesis testing correction. Also, these minor 

transcriptional changes in mice and pigs in response to S-BMO supplementation were noted 

in the cecum, not the colon. In conventional mice fed a Western Diet, the addition of BMO 

increased the abundance of Lactobacillus in the cecum and proximal colon [63]. In a mouse 

model of high-fat diet-induced obesity, Lactobacillus bloomed in the ileum of BMO-fed 

animals but not in the proximal colon [64]. These results are consistent with our finding that 

the primary site of fermentation of BMO is not the distal colon.

Previous studies have used mRNA extracted from stool as a marker of gene expression by 

host colonocytes. The human GI tract sheds epithelial cells, which are passed in stool and 

can be extracted as intact colonocytes [74]. These cells, once harvested, can provide a source 

of mRNA to measure changes in host gut expression, which has been previously used for 

evaluating drug-induced pathophysiology [75] and quantifying changes in gene expression 

from dietary changes in humans [76]. We annotated sequences against the human proteome 

to identify a small fraction of total mRNA from the shed colonocytes and analyzed gene 

expression. We observed no significant changes in host colonocyte gene expression from 

supplementation. This provides further evidence for tolerability of the supplement.

Fecal glycomics is especially challenging. The method leveraged in the current study [60] 

was originally developed for use with infant fecal samples. Adults consume a considerably 

more variable diet; many plant foods and host-derived glycans may be contributing to 

oligosaccharide levels in feces. As a result, the glycan contents of fecal samples from adults 

are difficult to analyze and to interpret. We minimized this complexity using standards for 

milk oligosaccharides and only analyzed spectra corresponding to those specific 

oligosaccharides for which high-quality MS/MS spectra were obtained.

The fact that the measured BMO in stool at baseline were nonzero suggests that BMO 

structures may not be completely distinguishable from fragments of host-derived glycans by 

MS since the identification is based on accurate mass. For example, “2 Hex 1 NeuAc” could 

be Glc-Gal-Neu5Ac or Gal-Gal-NeuAc, the latter of which could be a host-derived glycan 

fragment [77]. Given that each participant serves as their own control, we reasoned that host-

derived glycans would have similar contamination effects at baseline and 

postsupplementation. Secondly, the quantity of the BMO supplement consumed was high — 

approximately 14 g/day, equivalent to at least 14 liters of commercial cow’s milk — such 

that it should be easily detectable if present. Likewise, the amount of BMO expected in an 
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unsupplemented diet would be vanishingly small (b0.01 g/day) and therefore not influencing 

abundance measurements at any time point.

Metatranscriptomics is a new technique that has not yet been adopted in the nutrition field. 

Therefore, it is worth noting some difficult lessons learned in the context of nutrition studies. 

First, the greatest source of variation in this study came from differences between 

individuals, which underscores the importance of a crossover study design when monitoring 

the effects of dietary supplementation on the gut microbiome. Second, this study did not 

control participants’ diets, and although individuals typically eat similarly in a given season, 

we observed large differences in fiber intake across the study period in two of the six 

participants. Third, repeated measures on each subject enabled us to examine subject-

specific effects. Finally, it should not be assumed that a fermentable fiber will survive the 

length of the GI tract to cause observable changes in the fecal metatranscriptome.

Another limitation of this study is the relatively small size, having sequenced 24 

metatranscriptomes from only 6 participants profiled. Although the crossover study design 

helps to remove some variability by allowing comparisons before and after supplementation 

on a perparticipant basis, some small and subtle changes to the microbiome may fall below 

the limit of detection. However, the use of repeated sampling did enable us to detect even 

vary small effect sizes (e.g., 1.03-log2fold change) as signficant in individual participants.

In summary, metatranscriptomics of fecal samples from healthy human adult individuals 

consuming a dietary supplement of BMO shows that the supplement does not cause 

significant changes, either in microbial organism or in functional activities in fecal samples 

as a proxy for the distal colon. MS of fecal samples demonstrates that intact BMO are not 

higher after supplementation. Exfoliated colonocyte gene expression is unaltered by the 

BMO supplement. All of these results confirm that BMO supplementation is safe and 

tolerable, without inducing changes in the microbial community or host-derived gut cells. 

Further, the BMO supplement appears to be fully digested, likely with the assistance of 

microbes that harbor the appropriate saccharolytic enzymes. Future investigation should 

focus on potential benefits of this fully fermented substrate, determining whether BMO 

supplementation, either with or without corresponding probiotic strains, may be able to 

restore balance and stability to a compromised or otherwise damaged microbiome and 

whether additional health benefits are conferred.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Flow diagram of clinical trial.This flow diagram displays the progress of all participants 

through the trial.
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Fig. 2. 
Principal components analysis indicates that the participant is the largest source of variance 

in whole metatranscriptomes.The x-axis is the first principal component, which accounts for 

33% of the variance. The y-axis is the second principal component, which accounts for 25% 

of the variance. Each point (square, circle or triangle) represents a whole metatranscriptome. 

Each color represents a different particpant. The shape indicates the dose of BMO: 0 g 

(circle), grams of BMO equivalent to 25% of daily fiber intake (triangle) or grams of BMO 

equivalent to 35% of daily fiber intake (square).
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Fig. 3. 
Composition of genera with the highest number of transcripts in the 24 stool samples.The 

stacked bar graphs are relative (top) and absolute (bottom) transcript counts per genus in 

each sample. Only the top 10 genera from the 24 stool samples are depicted; all remaining 

genera are summarized as the “Other” category (yellow). Samples are grouped by participant 

(4003, 4005, 4006, 4008, 4009, 4016). For the T1_D0 and T2_D0 samples, the participants 

have not yet been exposed to BMO. The T2_D11 sample was the last day of the low- BMO 

dose; T3_D11 was the last day of the high-BMO dose.
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Fig. 4. 
Significantly different genera for each individual.This barplot displays genera with total 

transcript abundances that were significantly different in at least one of the six participants 

(4003, 4005, 4006, 4008, 4009, 4016), shown as log2fold change in post-BMO supplement 

samples relative to controls, with stars (“*”) indicating significance (Pb.05) and double stars 

(“**”) indicating Pb.01.
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Fig. 5. 
Functional annotations associated with expressed microbial transcripts in fecal samples from 

control (unsupplemented) and experimental (BMO-supplemented) participants.(A) Pie chart 

shows the distributions of SEED Subsystems level 1 (top level) hierarchical categories for all 

transcripts in controls (day 0 samples) compared to division of transcripts among categories 

for all experimental (BMO supplement) samples. (B) For each SEED Subsytems level 1 (top 

level) annotation, the barplot shows the log2fold change observed due to BMO 

supplementation relative to baseline. Red bars indicate numerically lower abundance with 

the BMO supplement. Green bars indicate numerically higher abundance with BMO 

supplement. The bar width denotes relative number of reads annotated in each category. No 

changes noted are statistically significant.
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Fig. 6. 
Correlation of BMO abundance in feces to BMO supplement dosage and expressed 

enzymes.(A) The y-axis indicates the abundance of sialyl-lactose, the most abundant 

oligosaccharide in the supplement, with each arm of the trial: T2 is the low-BMO dose arm, 

T3 is the high-BMO dose arm. The x-axis indicates the day of the arm (day 0, day 4 or day 

11). Black circles indicate observed abundance levels for the low-BMO arm; red triangles 

indicate observed levels for the high-BMO arm. (B) Correlation of microbial beta-

galactosidase transcript abundance with sialyl-lactose abundance in fecal samples 

(slope=10.83, P=.17). (C) Correlation of microbial sialidase transcript abundance with 

sialyl-lactose abundance in fecal samples (slope=2.85, P=.14).
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