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Abstract 22 

The establishment of the gut microbiome in early life is critical for healthy infant development. 23 

Although human milk is recommended as the sole source of nutrition for the human infant, little 24 

is known about how variation in milk composition, and especially the milk microbiome, shapes 25 

the microbial communities in the infant gut. Here, we quantified the similarity between the 26 

maternal milk and the infant gut microbiome using 507 metagenomic samples collected from 27 

195 mother-infant pairs at one, three, and six months postpartum. We found that the microbial 28 

taxonomic overlap between milk and the infant gut was driven by bifidobacteria, in particular by 29 

B. longum. Infant stool samples dominated by B. longum also showed higher temporal stability 30 

compared to samples dominated by other species. We identified two instances of strain sharing 31 

between maternal milk and the infant gut, one involving a commensal (B. longum) and one a 32 

pathobiont (K. pneumoniae). In addition, strain sharing between unrelated infants was higher 33 

among infants born at the same hospital compared to infants born in different hospitals, 34 
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suggesting a potential role of the hospital environment in shaping the infant gut microbiome 35 

composition. The infant gut microbiome at one month compared to six months of age was 36 

enriched in metabolic pathways associated with de-novo molecule biosynthesis, suggesting that 37 

early colonisers might be more versatile and metabolically independent compared to later 38 

colonizers. Lastly, we found a significant overlap in antimicrobial resistance genes carriage 39 

between the mother’s milk and their infant's gut microbiome. Taken together, our results 40 

suggest that the human milk microbiome has an important role in the assembly, composition, 41 

and stability of the infant gut microbiome.  42 

 43 

Introduction 44 

The gut microbiome composition and maturation in early life plays an important role in 45 

the development of the immune system1,2, nutrient absorption3,4 and metabolism regulation5. Its 46 

assembly is influenced by microbes acquired from the mother6–9, among other sources10, 47 

starting from the first day of life11. While the impact of the maternal gastrointestinal, vaginal, oral 48 

and cutaneous microbial species on the infant gut microbiome assembly and development have 49 

been extensively investigated6,11–15, the role of the maternal breast milk microbiome in 50 

modulating infant gut microbes remains poorly understood.  51 

Human breast milk represents, ideally, the sole source of nutrition for the infant in the 52 

first semester of life16. Nevertheless, milk remains heavily understudied, estimated to be less 53 

than 0.2% of all human-associated public metagenomic samples, based on data from 202117. 54 

Maternal milk provides the infant with nutrients, such as proteins, lipids, carbohydrates 55 

(including human milk oligosaccharides), maternal immune cells, antibodies, and live bacteria18–56 
20.  The milk, and the bacteria that it carries, have therefore the potential to significantly impact 57 

infant gut microbiome composition, stability, and functionality. In addition, the presence of 58 

antimicrobial resistance genes in the milk microbiome can further influence the infant’s health 59 

and its gut microbiome composition21.  The microbiome could also underlie the benefits of 60 

exclusive breastfeeding for a variety of chronic conditions including asthma22,23, childhood 61 

obesity24, type 1 diabetes25, and allergic disease26. 62 

Despite its clear importance for infant health, research on the human milk microbiome 63 

has lagged behind studies of other human body sites. This is partly due to the nature of the 64 

sample itself: laced with human cells and high fat content, and characterized by low microbial 65 

biomass27, milk samples are challenging to process and sequence using standard 66 
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approaches27.  The few available milk microbiome cohorts are either limited by a small sample 67 

size or by lack of paired infant samples. Studies have also been hindered by the use of 16S 68 

rRNA gene sequencing28,29, which cannot reliably identify microbial strains30 and does not 69 

provide insights into the functional potential of the bacterial communities.  70 

The primary objective of this study was to investigate the maternal milk microbiome in 71 

relation to the infant gut microbiome. This was achieved by collecting breast milk and infant 72 

stool samples in the first six months postpartum from a large cohort of healthy mothers and their 73 

infants, all of whom exclusively breastfed for at least one month. We used high-throughput 74 

shotgun metagenomics to assess species composition and stability over time, and to identify 75 

strain-sharing events between mother-infant pairs and between unrelated infants. We then 76 

analyzed the microbial functional potential, with particular focus on metabolic pathways and the 77 

antimicrobial resistance carriage of both maternal milk and infant stool samples over time. 78 

 79 

Results 80 

Bifidobacterium longum drives the compositional overlap between the 81 

infant gut and the maternal milk microbiomes 82 

 83 
We collected and sequenced 507 microbiome samples from 195 mother-infant pairs. All infants 84 

were born at term and were exclusively breastfed at one month of age. Breast milk was 85 

collected at one and three months postpartum (n=173), while infant stool samples were 86 

collected at one and six months postpartum (n=334, Fig. 1A). Infants were predominantly 87 

vaginally born (76%), exclusively breastfed at six months (66%), and antibiotics naive (66% had 88 

not received antibiotics by six months of age) (Extended Data 1 and Suppl. Table 1). After 89 

shotgun sequencing, 34 samples were excluded from downstream analysis due to low 90 

sequencing yield. Species-level taxonomic profiling was performed with MetaPhlAn431 (Suppl. 91 

Table 2).  92 

The maternal milk microbiome was dominated by Bifidobacteria, in particular by 93 

Bifidobacterium longum, Bifidobacterium breve and Bifidobacterium bifidum, in order of 94 

prevalence (Fig. 1B and Extended Data 2). Other prominent members of the milk microbiome 95 

included skin-associated species such as Staphylococcus epidermidis and Cutibacterium 96 
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acnes, oral-associated species such as Streptococcus salivarius, and gut-associated species 97 

such as Escherichia coli and Phocaeiola vulgatus (Fig. 1B). This is consistent with previous 98 

studies showing detecting skin-associated taxa in milk in addition to Bifidobacteria32,33. 99 

The infant gut microbiome at one month was dominated by E. coli, B. longum, B. breve, 100 

B. fragilis, B. bifidum, K. pneumoniae, Klebisella michiganensis, and Ruminoccus gnavus, as 101 

well as species typically associated with the oral cavity, such as V. parvula, and V. atypica (Fig. 102 

1C). Phocaeiola vulgatus and E. coli were among the species found in the infant gut as well as 103 

in the maternal milk (Fig. 1B-C). Bifidobacteria was the most prevalent and abundant genus in 104 

milk and stool samples at six months (Extended Data 3A). At the family taxonomic level, the 105 

prevalence of Enterobacteriaceae in the infant gut increased over time, while Bifidobacteriaceae 106 

showed the opposite trend (Extended Data 3B). Based on the dominant (most abundant) 107 

species, the infant stool samples could be divided in four groups, hereafter referred to as 108 

predominance groups: the first three dominated by B. longum, B. breve, and B. bifidum, 109 

respectively, and a fourth group dominated by species not belonging to the Bifidobacterium 110 

genus, mostly E. coli, B. fragilis, and P. vulgatus (Fig. 1C). 26.7% of infant stool samples were 111 

dominated by B. longum, 14.4% by B. breve, 4.5% by B. bifidum and 54.2% by non-112 

bifidobacteria species (Extended Data 4A).     113 

Maternal milk was characterized by a significantly lower species richness than infant 114 

stool samples (p=7.4x10-4, paired t-test; Fig. 1D). Microbial diversity in infant stool samples 115 

increased significantly over time (p=2.4x10-7, paired t-test), while maternal milk showed a similar 116 

but milder trend (p=0.02, paired t-test; Fig. 1D). A principal component analysis showed that 117 

milk microbiome composition was partially overlapping with that of infant stool samples, 118 

especially those collected at six months of age (Fig. 1E). Such overlap was mostly driven by 119 

Bifidobacteria, in particular by B. longum (Fig. 1E and Extended data 2). Although all three 120 

Bifidobacterium strains were significantly correlated with the first principal coordinate, B. longum 121 

was more strongly correlated compared to B. breve and B. bifidum (Spearman’s correlation, R=-122 

0.73, p<2.2x10-16; R=-0.4, p<2.2x10-16; and R=-0.2, p<5.3x10-6; respectively; Fig. 1E). Overall, 123 

in both milk and infant stool samples, B. longum was the most predominant and abundant 124 

species (Fig. 2A). 125 
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126 
Figure 1. (A) Study design overview for the 507 samples collected from 195 mother-infant pairs. Infant stool samples 127 
(n=334) were collected at one and six months of life. Maternal breast milk samples (n=173) were collected one and 128 
three months after delivery. Taxonomic composition of (B) the most prevalent and abundant species found in the 129 
human breast milk and (C) in the infant gut microbiome samples in relation to sample collection time point, 130 
predominance group and other relevant infant metadata. Predominance group identifies the most abundant species 131 
in each sample. (D) Shannon diversity distribution for infant stool and maternal milk samples over time. P-values 132 
calculated using paired t-test (* p<0.05, ** p<0.01 and *** p<0.001). (E) Ordination plot based on Bray-Curtis distance133 
between samples, colored by body site of origin and sampling time. Boxed species names indicate the species 134 
driving the clustering in that area of the PCoA and were obtained using the Weighted Averages Scores for species 135 
(see also Extended data 2).  136 
 137 
 138 

B. longum in the infant gut becomes less prevalent over time and is 139 

associated with a more stable microbiome 140 

 141 
To investigate the stability of the microbiome in our samples, we first focused on the above142 

described predominance groups. In both breast milk and infant stool, B. longum was, among143 
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bifidobacteria, the species with the highest prevalence (49.1% and 26.6%, respectively) and 144 

highest relative abundance (15.1% and 12.5%, respectively) (Fig. 2A-B). Specifically, 49.1% of 145 

milk samples were dominated by B. longum, 5.2% by B. breve, and 2.3% by B. bifidum (Fig. 146 

2A). The samples dominated by B. longum had the most stable microbiome over time: 76.9% of 147 

milk samples dominated by B. longum at one month maintained B. longum as the predominant 148 

species at three months, while the predominant species changed to non-bifidobacteria species 149 

in only 23% of samples. In contrast, the samples dominated by B. breve were characterized by 150 

the lowest stability, as all milk samples dominated by B. breve at one month switched to having 151 

a non-bifidobacteria as the dominant species at 3 months post-delivery (Fig. 2B). In infant stool 152 

samples at one month, 41.1% of samples were dominated by B. longum, while at three months 153 

that percentage decreased to 15.7% (Fig. 2B). Conversely, 35% of stool samples at one month 154 

were dominated by non-bifidobacteria, and this proportion increased to 67.1% at six months 155 

(Fig. 2B). 60% of samples dominated by B. longum at one month switched to being dominated 156 

by non-bifidobacteria species by six months, while 82.4% of samples dominated by non- 157 

bifidobacteria species at one month were still dominated by non- bifidobacteria at six months 158 

(Fig. 2B). Overall, the prevalence of bifidobacteria in the infant gut decreased over time, with a 159 

particularly pronounced reduction in infants that had ceased exclusive breastfeeding prior to six 160 

months of age (Fig. 2C). In contrast, when bifidobacteria were still present at six months, their 161 

relative abundance increased compared to the previous time point, irrespective of the 162 

breastfeeding practices at six months of age (Fig. 2D), and with considerable inter-personal 163 

variability (Extended Data 4B). 164 

Next, we looked at the longitudinal stability of the microbiome composition at the 165 

species-level. We found that B. longum and E. coli were more abundant at six months 166 

compared to one month (BH-adjusted p=3x10-8 and p=1.5x10-3, respectively, t-test), while V. 167 

dispar decreased over time (BH-adjusted p=2.1x10-3, t-test; Fig. 2E). We then investigated if 168 

there were species that were differentially abundant between the two timepoints when stratifying 169 

the infants for exclusive breastfeeding. Infants that were exclusively breastfed through six 170 

months of age showed a significant increase in B. longum, B. breve and E. coli (BH-adjusted 171 

p=4x10-8, p= 1.9x10-5, and p=1.7x10-3, respectively, paired t-test; Fig 2F-G), and a significant 172 

reduction in K. pneumoniae and V. dispar (BH-adjusted p=0.04 and p=3.2x10-6, respectively, 173 

paired t-test; Fig 2F-G). Infants that were exclusively breastfed at one month but not at six 174 

months showed an increase in R. gnavus (BH-adjusted p=1.2x10-3, t-test) as well as B. longum, 175 

although at a lesser extent than infants exclusively breastfed through six months (BH-adjusted 176 
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p=2.3x10-4, t-test; Fig 2F-G). Overall, the infant stool samples that were dominated by B.177 

longum at both one and six months of age showed the most stable community composition over178 

time (Extended data 5).   179 

180 
 181 
Figure 2. (A) Prevalence of each predominance group in milk and infant stool samples and (B) the transition of 182 
samples between predominance groups over time. Each sample is assigned one of four predominance groups 183 
indicated by the different colors. (C) Bifidobacteria mean prevalence and (D) distribution of relative abundances in 184 
exclusively breastfed infants at one and six months, and non-exclusively breastfed infants at six months of age. Black 185 
diamonds indicate the mean relative abundance per group. P-values calculated using Wilcoxon rank sum. Reported 186 
p-values are adjusted using Bonferroni method. (E) Species persistence in the infant gut across all samples and (F) 187 
stratified by breastfeeding at six months. (G) Relative abundance of some of the differentially abundant species 188 
between one and six months when divided by breastfeeding (BF) at six months. P-values calculated with paired t-test 189 
and adjusted with BH correction. **** for P ≤ 0.0001, *** for P ≤ 0.001, ** for P ≤ 0.01 and * for P ≤ 0.05. 190 

Strain sharing is more common among unrelated infants born in the same 191 

hospitals   192 

 193 

As species-level taxonomic profiling is not sufficient to identify potential transmission events,194 

due to the genetic variability between conspecific strains30, we performed strain-level profiling195 

with StrainPhlAn431. This allows us to reliably identify strains that are found in pairs of samples,196 
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such as a mother and her infant or a pair of unrelated infants, defined as strain sharing. We 197 

reconstructed a total of 77 strains (Suppl. Table 3), of which 75 were found in the infant fecal 198 

samples and two in milk samples, due to the lower coverage. Out of the 43 strains present 199 

across multiple samples, we identified two instances of strain-sharing between a mother’s milk 200 

and her infant’s stools: the commensal species B. longum (in mother-infant pair 1), and the 201 

pathobiont K. pneumoniae (in mother-infant pair 173) (Fig. 3A-B). All strains identified in infant 202 

stool samples at one month were also identified at six months (Suppl. Table 4). Leveraging the 203 

multi-center nature of this cohort, we then compared strain sharing between unrelated infants 204 

born in the same hospital with that of infants born in different hospitals. We found that the 205 

proportion of unrelated infant pairs sharing at least one strain was significantly higher in infants 206 

born at the same hospital, compared to infants born in different hospitals at one month of age 207 

(p=9.6x10-8, Fisher’s Exact Test; Fig. 3C). This significant trend persisted also at six months of 208 

age (Fisher’s exact test p=9.7x10-7). When considering temporal overlap (same year of birth), in 209 

addition to spatial overlap (same hospital), we found that the proportion of infants born at the 210 

same hospital in the same year that shared at least one strain was higher than those born in the 211 

same year across different hospitals at one month (p=2.3x10-3, Fisher’s exact test) but not at six 212 

months (p=0.26, Fisher’s exact test; Fig. 3C).  213 

 214 
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215 
 216 
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Figure 3. Strain sharing between maternal milk and infant stool samples for (A) the commensal species B. longum 217 
and (B) the pathobiont K. pneumoniae, highlighted in black. Instances of strain persistence within the same infant 218 
over time are highlighted with gray. (C) Proportion of unrelated infant pairs at one month (top) and six months 219 
(bottom) that share at least one strain (y-axis), considering infant pairs born in the same hospital (left), and same 220 
hospital as well as same year (right). Fisher’s exact test p-values are reported.  221 
 222 

The maternal milk and early infant gut microbiomes are enriched in 223 

metabolic pathways for the biosynthesis of essential amino acids 224 

 225 
Next, we investigated the functional potential of the maternal milk and infant gut microbiomes 226 

using HUMAnN334, a method that profiles microbial metabolic pathways from metagenomic 227 

data. The most prevalent pathways identified in the infant stool samples were associated with 228 

de-novo biosynthesis of molecules, in particular of essential amino acids (such as valine, 229 

isoleucine, threonine, and lysine) and ribonucleotides (Fig. 4A). Other abundant pathways were 230 

associated with cell structure (i.e. peptidoglycan maturation), and energy metabolism. The 231 

pathways involved in peptidoglycan maturation were present at higher relative abundances in 232 

infant stool samples at one month compared to six months (p=1.3x10-14, t-test; Fig. 4A), and 233 

this increase was particularly prominent for samples dominated by non-bifidobacteria species 234 

(Extended Data 6A). In milk, the most prevalent and abundant pathways were associated with 235 

the biosynthesis of nucleotides and amino acids (such as valine and isoleucine), cell 236 

metabolism (sucrose biosynthesis, glycogen degradation, pyruvate fermentation and folate 237 

transformations), and cell structure (peptidoglycan maturation) (Fig. 4B). In infant stool 238 

samples, the pathways associated with essential amino acid biosynthesis were significantly 239 

more abundant at one month compared to six months, and this trend was significantly more 240 

pronounced for infants that were not exclusively breastfed anymore at six months (Bonferroni-241 

adjusted p=5.2x10-3 for infants exclusively breastfed at one and six months, and p=4.9x10-5, for 242 

infants exclusively breastfed at one month only, t-test; Fig. 4C). In particular, milk samples at 243 

one month dominated by B. longum, but not other Bifidobacteria, were associated with the 244 

highest abundance of metabolic pathways associated with the biosynthesis of essential amino 245 

acids (Extended Data 6B).  246 

We then sought to investigate the relationship between the abundance of the metabolic 247 

pathways identified from microbes within each mother’s milk with those identified in her infant’s 248 

stool samples. We found a significant correlation between the metabolic pathways found in 249 

breast milk with those found in infant stool samples only for the mother-infant pairs for which we 250 

previously identified strain sharing events (BH-adjusted p=4.3x10-23 and p=3.4x10-21, for mother-251 
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infant pair 1 and 173, respectively, Spearman’s correlation; Fig. 4D and Extended data 7).252 

When investigating specific pathways, rather than specific mother-infant pairs, we find that no253 

pathway showed a significant correlation in its abundance in milk compared to infant stool254 

samples (Extended Data 8). 255 

 256 

257 
 258 
Figure 4. Most abundant pathways identified in (A) breastmilk at one and three months postpartum and (B) infant gut 259 
at one and six months of life. (C) Relative abundance of pathways involved in the biosynthesis of essential amino 260 
acids across sample type, collection time point and breastfeeding (BF). Error bars represent a 95% confidence 261 
interval calculated by bootstrapping (1000 times). P-values calculated using t-test, **** for P ≤ 0.0001 and ** p<0.01. 262 
Reported p-values are adjusted using Bonferroni method. (D) P-values of Spearman correlation between the 263 
abundance of all metabolic pathways shared between the maternal breast milk and infant stool samples for each 264 
mother-infant pair. P-values are corrected for multiple testing using Benjamin Hochberg correction and are shown in 265 
log10 scale. Only the top 20 mother-infant pairs are shown. Circle size denotes the correlation coefficient (rho), and 266 
the orange line denotes the significance threshold (log10 of p-value=0.01).   267 

The infant gut and the maternal milk microbiomes harbor a diverse 268 

landscape of antimicrobial resistance genes 269 

 270 
The gut is a reservoir of antimicrobial resistance, yet its composition and longitudinal variability271 

remain poorly characterized in infants35,36. Even less is known about the antimicrobial resistance272 

genes (ARGs), collectively known as the resistome37, present in human breast milk, and their273 

transmission to the infant during lactation21,38–40. To investigate the resistome in the maternal274 
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milk and the infant gut, we used DeepARG41, which leverages deep learning to predict 275 

antimicrobial resistance genes from metagenomic data. We then compared ARG classes across 276 

sample types and collection timepoints. Maternal milk and infant stool differed in terms of ARGs 277 

classes composition and prevalence (Fig. 5A, Extended Data 9A). In the milk, the most 278 

prevalent (25% on average) antimicrobial resistance class identified was against macrolide-279 

lincosamide-streptogramin (MLS). Overall, maternal milk was characterized by a lower diversity 280 

of detected ARG classes compared to infant stool samples (p=1.4x10-14, t-test; Extended Data 281 

9B-C). In both milk and infant stool samples, the diversity of ARGs classes increased over time, 282 

although this increase was statistically significant only in the milk (p=2.4x10-3 and p=0.61 for milk 283 

and stool samples respectively, paired t-test; Extended Data 9C). 284 

The infant gut resistome was mostly dominated by resistance to tetracycline, MLS, 285 

aminoglycoside, and beta-lactams (Fig. 5A). Infants whose stool samples were dominated by 286 

bifidobacteria were characterized by a significantly lower carriage rate of ARGs (p=7.6x10-12 and 287 

4.2x10-2 at one and six months respectively, t-test; Fig. 5B-C). We found no significant 288 

difference in the resistome of infants that were born via C-section compared to those born via 289 

vaginal delivery (p=0.34 and p=1 at 1 month and 6 months, respectively, t-test), between those 290 

exposed to antibiotics and those that were antibiotics-naive (p=0.3 and p=0.18 at one month 291 

and six months, respectively, t-test), nor between those exclusively breastfed at six months of 292 

age and those fed with a mixture of breast milk and formula (p=0.13, t-test; Extended Data 9D-293 

F). Nevertheless, we found extensive ARGs carriage in infants with no recorded pre-, during-, 294 

and postpartum exposure to antibiotics (Fig. 5B).  295 

When comparing the overall resistome across all mothers and infants, we found no significant 296 

correlation between the ARGs found in milk and the ARGs found in the infant stool samples 297 

(R=-0.041, p=0.4, Spearman’s test; Fig. 5D). However, the infant gut resistome at one month 298 

was positively correlated with the resistome at six months of age (R=0.42, p=8.7x10-48, 299 

Spearman’s test; Fig. 5E).  300 

Considering sharing of ARGs between milk and stool samples within each mother-infant pair, 301 

we found that mother-infant pairs shared a significantly higher number of ARGs than what was 302 

expected by chance (p<0.001, by permutation analysis, see Methods; Fig. 5F-G). Mother-infant 303 

pairs 1 and 173, for which strain sharing events were identified, were the pairs with the highest 304 

rate of shared ARGs between the mother’s milk and her infant stool samples (Fig. 5F). On 305 

average, the most commonly shared antimicrobial resistance classes were associated with 306 
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resistance to peptides, fluoroquinolone, and MLS, while the most commonly shared307 

antimicrobial resistance genes were MACB (MLS class), ACRD (aminoglycoside class), and308 

TETM (tetracycline class) (Fig. 5H). 309 

310 

Figure 5. (A) Prevalence of the antimicrobial resistance genes (ARGs) classes predicted in maternal milk and the 311 
infant gut microbiome over time, calculated as percentage over the total number of detected ARGs for each sample 312 
type. (B) ARGs carriage in infant stool samples, divided by collection time point, infant metadata, predominance 313 
group and ARGs class. (C) Number of detected ARGs in infant stool samples dominated by bifidobacteria and non 314 
bifidobacteria species at one and six months of life. P-values calculated using t-test, **** for P ≤ 0.0001 and * for P ≤ 315 
0.05. (D) Correlation between ARG carriage in maternal milk and infant stool samples, and (E) between infant stool 316 
samples at one month and six months. Each dot is a combination of a mother-infant pair and a predicted ARG class. 317 
Spearman’s R-values (correlation coefficient) and p-values are reported. (F) Percentage of ARG genes shared 318 
between at least one maternal and one infant sample, for each mother-infant pair. Mean value is indicated by the 319 
orange line. The mother-infant pairs for which strain sharing events were identified are highlighted with the arrow. (G) 320 
Distribution of the percentage of shared ARGs between at least one maternal milk and one infant stool sample on 321 
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permuted mother-infant pairs (pseudo-pairs). The mean value obtained from real mother-infant pairs is indicated by 322 
the orange line. (H) Percentage of mother-infant pairs sharing antimicrobial resistance genes, divided by ARG class. 323 
For each ARG class, percentage value was calculated on the total number of mother-infant pairs in which that ARG 324 
class was identified in at least one sample. The most frequently shared antimicrobial resistance genes per class are 325 
highlighted in orange. 326 

Discussion 327 

 328 
Although breast milk represents a critical source of nutrition for the developing infant, little is 329 

known about the milk microbiome, how it changes over time, its metabolic potential, and how it 330 

shapes the infant’s gut microbiome – all questions necessitating the use of high resolution 331 

sequencing techniques, such as metagenomics. Here, we investigated the composition, strain 332 

sharing, functional potential, and antimicrobial resistance of the maternal breast milk and the 333 

infant gut microbiome in early life in predominantly exclusively breastfeeding mother-infant 334 

dyads. In line with previous studies, the milk microbiome yielded a lower number of reads and 335 

was characterized by a reduced microbial diversity compared to the infant gut microbiome11,21,27. 336 

The milk at one month postpartum, considered largely mature18, was dominated by 337 

bifidobacteria, in particular B. longum, B. breve, and B. bifidum. The presence in the milk of 338 

typical oral species is likely due to the possible transfer of microbes from the oral cavity of the 339 

infant to the breast milk during suckling, a process called retrograde flow42. Bifidobacteria also 340 

dominated the gut microbiome of the infants, driving overlap in taxonomic composition between 341 

the maternal milk and infant gut microbiomes. In particular, infant stool samples largely 342 

clustered by which Bifidobacterium species was most abundant. We broadly identified 4 343 

predominance groups, dominated by B. longum, B. breve and B. bifidum respectively, and a 344 

fourth group which included the samples dominated by other non bifidobacteria species, most 345 

commonly E. coli. While B. longum, B. bifidum, and B. breve were often coexisting and present 346 

at comparable abundances in milk, these species were largely mutually exclusive in the infant 347 

gut. These results suggest a higher level of competition between bifidobacteria species in the 348 

infant gut compared to the maternal milk. Bifidobacteria, most commonly found in the human 349 

gut43 and maternal milk44, are known key foundation taxa of the infant gut microbiome and their 350 

abundance is primarily shaped by breast milk intake45–47. Indeed, the stools from exclusively 351 

breastfed infants had higher prevalence and abundance of bifidobacteria compared to those 352 

that ceased exclusive breastfeeding prior to six months of age. Considering change over time, 353 

bifidobacteria increased in relative abundance from one to six months of age, in line with what 354 

was shown by Heisel et al.48. This pattern was more pronounced in infants exclusively breastfed 355 

through six months. 356 
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We found two cases of strain sharing between the mother’s milk and her infant’s gut 357 

microbiome, specifically for the commensal species B. longum, and for the pathobiont K. 358 

pnuemoniae. Despite K. pneumoniae potential association with silent sepsis in infants49,50 and 359 

with mastitis and milk loss in cows51, the infants in our cohort showed no clinical manifestations 360 

nor had any of the mothers reported mastitis/breast inflammation at the time of their study visit 361 

and milk collection. While strain sharing between the maternal and the infant gut has been 362 

extensively investigated8,11, only one metagenomic study has so far, to the best of our 363 

knowledge, successfully identified strains shared between the maternal breast milk and the 364 

infant gut microbiome52.  Our results provide evidence that strain sharing between the infant gut 365 

and the maternal breast milk occurs, even if at a rate considerably lower than what was 366 

previously found between the infant and the maternal gut11. The fact that we were able to 367 

reconstruct only two strains in our milk samples, and yet both were found to be shared between 368 

mother’s milk and infant gut, indicates that our estimate for strain sharing between breast milk 369 

and infant gut is likely an underestimate due to the low sequencing yield of the milk samples. 370 

This is a common challenge with this type of sample27.  371 

We found an enrichment of strain sharing events among unrelated infants born in the same 372 

hospital compared to those born in different hospitals, a trend that still persisted at six months of 373 

age. Strain sharing between unrelated infants was previously reported in hospitalized premature 374 

infants, but this represents, as far as we know, the first evidence of microbial strain sharing 375 

between healthy, at-term infants, months after hospital discharge53,54. This result suggests that 376 

the short-term postpartum hospital stay might play a role in the infant’s gut strain acquisition and 377 

persistence over time. An alternative hypothesis could be that infants born in the same hospital 378 

live in the same geographic area and can acquire microbiomes through other shared 379 

environments, such as daycare facilities. However, we could not test this hypothesis as these 380 

high-resolution geographical and environmental metadata were not collected. 381 

Resistome analysis showed that both the infant gut and the maternal milk harbor a diverse 382 

landscape of antimicrobial resistance gene classes, mostly dominated by resistance genes for 383 

tetracycline, aminoglycoside, and macrolide-lincosamide-streptogramin, even in infants that had 384 

no recorded exposure to pre-, intra-, and post-partum antibiotics. Tetracycline is not prescribed 385 

in pregnancy and its use is not recommended in children younger than 8 years due to potential 386 

permanent discoloration of teeth55. Still, tetracycline resistance was the most abundant antibiotic 387 

resistance class in both milk and infant stool samples at one month. Aminoglycoside (e.g. 388 

gentamicin and streptomycin) and macrolides (e.g. azithromycin and erythromycin) are widely 389 
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used in the perinatal period40, therefore resistance is potentially acquired via antibiotic exposure. 390 

Milk and infant stool samples at one month were characterized by higher prevalence and 391 

diversity in resistance classes, compared to later time points. In addition, the majority (70%) of 392 

ARGs found in the infant gut at one month were associated with predominance of non-393 

bifidobacteria species, in particular E. coli. The presence of antibiotic resistance in the newborn 394 

gut has been reported in previous studies35,36,56, with indications of resistance transmission from 395 

the maternal gut to the infant gut via mobile genetic elements57. Our results show a significant 396 

overlap between the resistome of infants and that of their mother’s milk, and that this overlap 397 

was particularly pronounced when evidence of strain sharing was found. This suggests that the 398 

infant gut resistome is likely influenced to some degree by acquisition from breastmilk, in 399 

addition to other mechanisms, such as mobile genetic elements, vertical strain transmission and 400 

environmental exposure, and from other maternal body sites, such as gut57. 401 

This study has several limitations. Milk sampling was performed via the use of breast 402 

pumps, which could potentially impact milk microbiome composition58. In addition, the low 403 

number of three-month milk samples as compared to one-month milk samples limits our 404 

conclusions on milk microbiome composition at three months and strain-sharing with the infant 405 

beyond one month postpartum. The low sequencing yield for breast milk samples limited our 406 

power for detection of strain sharing between milk and infant gut, suggesting that the sharing 407 

patterns are an underestimate. In addition, as we sampled only milk and infant stool samples, 408 

we could not confirm that the strain sharing events we identified were indeed cases of microbial 409 

transmission from the maternal milk to the infant gut, rather than cases of strain acquisition by 410 

both the mother and the infant from external sources not investigated in this study. Finally, 411 

infants were born across multiple hospitals, which usually represents a limitation, as it could 412 

potentially influence the microbial composition. However, all samples were collected following 413 

the same procedures and the samples’ taxonomic composition did not cluster based on the 414 

sampling location. Furthermore, the multi-center structure of this study enabled us to quantify 415 

strain sharing among unrelated individuals across different hospitals.   416 

In this work, we characterized the microbiome composition, function and antimicrobial 417 

resistance potential of the breast milk of mothers and the gut microbiome of their infants during 418 

the first six months postpartum. We found evidence of strain- and antimicrobial resistance gene-419 

sharing between mother-infant pairs. Taken together our results indicate that the maternal 420 

breast milk plays a role in infant gut microbiome and resistome establishment, development and 421 

temporal stability. Our results represent an important step towards the strain-level 422 
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characterization of the maternal milk microbiome in relation to the infant’s gut and its better 423 

representation in public repositories. 424 

Methods 425 

Sample collection 426 

The participants from this study were enrolled as part of the Mothers and Infants Linked for 427 
health (MILk) cohort59–61. Recruitment, clinical metadata and sample collection were performed 428 
as previously described in 59–61. All mothers were enrolled prenatally from the University of 429 
Minnesota in collaboration with HealthPartners Institute (Minneapolis, MN) and were provided 430 
written informed consent. All relevant guidelines and regulations were observed. Inclusion 431 
criteria included a healthy, uncomplicated pregnancy and the intention to exclusively breastfeed 432 
the infant. All mothers were aged between 21-45 years, were not diabetic and non-smokers, 433 
and delivered a full-term infant. No case of breast infection or mastitis was reported during the 434 
milk sample collection. All infants were singletons and born at term with a birth weight that was 435 
appropriate for their gestational age, and were exclusively breastfed to at least one month of 436 
age (Supplementary Table 1 and Extended Data 1). All relevant metadata were collected via 437 
the hospital’s electronic medical health records and via questionnaires during sample collection 438 
(Supplementary Table 1 and Extended Data 1). Breast milk samples were collected at one 439 
and three months postpartum. Milk collection was performed as follows: mothers fed their infant 440 
from one or both of their breasts, until the infant was satisfied. After two hours, the milk was 441 
collected from the right breast using a hospital grade electric breast pump (Medela Symphony; 442 
Medela, Inc., Zug, Switzerland), until cessation of production. Each milk sample was gently 443 
mixed, and its volume and weight were recorded. Aliquots were stored at -80 °C within 20 444 
minutes of collection and kept at that temperature until RNA/DNA extraction.  445 
Infant stool samples were collected at one and six months of age. Stool samples collection, 446 
storage, and associated metagenomic shotgun DNA extraction were performed as described in 447 
previous works59–62. Stool samples were either collected from diapers during a study visit or at 448 
home by the mother. In case of collection during a study visit, the sample was immediately 449 
frozen at -80°C, while in case of home collection the sample was stored in 2 ml cryovials with 450 
600 µl RNALater (Ambion/Invitrogen, Carlsbad, CA), and later stored at -80°C upon arrival to 451 
the lab at the University of Minnesota.  452 

DNA extraction and metagenomic sequencing 453 

DNA extraction was performed with PowerSoil kit (QIAGEN, Germantown, MD), eluted with 100 454 
µl of the provided elution solution, and stored in microfuge tubes at -80°C. The extracted DNA 455 
was used to construct libraries for metagenomic shotgun sequencing using the Illumina Nextera 456 
XT 1⁄4 kit (Illumina, San Diego, CA, United States) . Metagenomic shotgun sequencing libraries 457 
were sequenced on an Illumina NovaSeq system (Illumina, San Diego, CA) using the S4 flow 458 
cell with the 2x150 bp paired end V4 chemistry kit by the University of Minnesota Genomics 459 
Center.  460 
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Quality filtering and removal of human reads 461 

Host DNA was removed using paired-end mapping with Bowtie263 version 2.2.4 against a 462 
human reference genome hg38. Unmapped paired-end reads were filtered using SAMtools64 463 
version 1.9 with following parameters “samtools view -bS, samtools view -b -f 12 -F 256, 464 
samtools sort -n -m 5G -@ 2, samtools fastq -@ 8 -0 /dev/null -s /dev/null -n”. BEDtools65 was 465 
then used to convert the bam files to fastq files containing the non-human paired-end reads. 466 
Then, adapter sequences were removed and the samples were filtered and trimmed using the 467 
default parameters of Trimmomatic66. Host DNA content in breast milk samples was 74.13 ± 468 
16.37 %. FastQC67 was used to analyze the quality of the metagenomic reads. Read lengths 469 
were 1,224,953 and 1,224,953 bp for the forward and reverse reads, respectively. Mean 470 
PHRED of the score was 33. Samples with less that had 500 or less reads that mapped to the 471 
Metaphlan431 database (mpa_vJan21_CHOCOPhlAnSGB_202103) were discarded. A total of 472 
34 of the 507 samples were excluded from downstream analysis. After pre-processing, milk 473 
samples yielded 2.45±1.36 million reads per sample, while stool samples yielded 10.8±3.96 474 
million reads per sample (Extended Data 10). 475 

Species- and strain- level taxonomic profiling and strain sharing 476 

Species-level taxonomic profiling was based on marker genes using MetaPhlAn431, with the 477 
following parameters: “--bt2_ps sensitive” text. MetaPhlAn4 infers taxonomic prevalence and 478 
abundance by using unique marker genes for 26,970 species-level genome bins31. Merged 479 
abundance table was created using the MetaPhlAn4 utils script. Contaminants found in the 480 
blank samples as well as additional known contaminant species were removed before 481 
downstream analysis. MetaPhlAn4 profiles are available in Supplementary Table 2. Heatmaps 482 
for species-level taxonomic composition were generated with ComplexHeatmaps68,69, using 483 
euclidean distance for hierarchical clustering. Strain-level profiling was performed using 484 
StrainPhlAn431, based on single-nucleotide variant calling, with the following parameters: “--485 
mutation_rates --trim_sequences 50 --marker_in_n_samples 50 --486 
secondary_sample_with_n_markers 50 --breadth_thres 50”. Strain_transmission.py output 487 
(Supplementary Table 3) was used to identify strain sharing events among related and 488 
unrelated individuals. Phylogenetic trees were visualized with iTOL70.  489 

Alpha and beta diversity 490 

Alpha diversity was computed using the MetaPhlAn4 utility script calculate_diversity.R. The 491 
ordination plot was computed from the MetaPhlAn4 relative abundances using the “vegan” R 492 
package (v2.6-4).  493 

Functional profiling 494 

Functional prediction was performed with HUMAnN334. Biosynthetic potential of essential amino 495 
acids were calculated by searching the output pathways for the following keywords: "L-histidine 496 
biosynthesis", "L-isoleucine biosynthesis", "L-isoleucine biosynthesis", "L-lysine biosynthesis", 497 
"L-methionine biosynthesis", "L-phenylalanine biosynthesis", "L-threonine biosynthesis", and "L-498 
valine biosynthesis". Profiles relative abundance plots show 95% confidence interval using 499 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 28, 2024. ; https://doi.org/10.1101/2024.01.28.577594doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.28.577594
http://creativecommons.org/licenses/by/4.0/


 

19 

bootstrapping with 1000 repetitions using the Hmisc R library (v5.0-1). Raw functional profiles 500 
are available in Supplementary Table 5. 501 

Antimicrobial resistance genes prediction 502 

Antimicrobial resistance genes were predicted from raw metagenomic short reads using 503 
DeepARG v1.0.241. DeepARG leverages deep learning models to identify over 30 antimicrobial 504 
resistance classes. Predicted resistance is classified as “predicted” or “potential” by the models. 505 
To reduce false positives detection, only “predicted” resistance, with a minimum identity 506 
threshold of 95% of the target sequence was included in the downstream analysis. ARG 507 
predictions classified as “multidrug” or “unclassified” were excluded from downstream analyses. 508 
Raw DeepARG profiles are available in Supplementary Table 6.  509 
Permutation analysis in Figure 5G was performed as follows: maternal milk sample names were 510 
randomly permuted, while data and the infant sample names were preserved, generating 511 
pseudo-mother-infant pairs, and the mean number of antimicrobial resistance genes shared 512 
between the pseudo-mother-infant pairs was calculated. This was repeated 1000 times, and the 513 
distribution of the mean values obtained from pseudo-mother-infant pairs was compared to the 514 
mean value obtained from the real mother-infant pairs. 515 

Statistical analysis 516 

Statistical analysis was done in R71 version 4.2.2 (2022-10-31). All figures if not indicated 517 
otherwise were drawn with ggplot72 version 3.4.1. All analyses have been performed with open 518 
source software referenced in the Methods section. In Fig. 3C, Fisher’s exact test was 519 
calculated on the occurrences tables defined as follows: number of unrelated infant pairs 520 
sharing at least one strain (Yes/No) versus infant pairs born in the same hospital (Yes/No). 521 
Fisher’s exact test and occurrence tables were calculated in a similar fashion when considering 522 
the same hospital and the same window of birth (same month), and separately for infant pairs at 523 
one and six months of age.  524 

Data availability 525 

The raw metagenomic sequences and the associated metadata were deposited and are 526 

available on NCBI Sequence Read Archive (SRA) under the BioProject accession number 527 

PRJNA1019702. Comprehensive metadata are available in the Supplementary Material. Code 528 

is available on git https://github.com/blekhmanlab/milk_infant_microbiome. 529 
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Supplementary Material 556 

 557 

558 
 559 
Extended Data 1. Number of mother infant pairs for which samples were collected across body 560 
sites and collection timepoints, singularly taken or in combinations. Relevant metadata available 561 
for the MILk cohort, including delivery mode, infant sex, exclusive breastfeeding at 6 months of 562 
age, and antibiotic (abx) intake pre- and after-partum. All infants were exclusively breastfed at 1 563 
month of age. 564 
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565 
Extended Data 2. Ordination plot coloured by relevant metadata. All body sites and collection 566 
time points are included unless otherwise specified. PCoA of hospitals includes only the 567 
samples for which the birth hospital or clinic name is known.  568 
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569 
 570 
Extended Data 3. Top six genera (A) and families (B) and top four phyla (C) in milk (left) and 571 
stool samples (right). 572 
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573 
Extended Data 4. (A) Samples distributions across the four predominance groups and their 574 
associated metadata. (B) Individual species-specific relative abundance trajectories over time, 575 
for milk and infant stool samples.  576 
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577 
 578 
Extended Data 5. Species persistence in the infant gut microbiome over time, stratified by the 579 
type of transition between predominance groups from one to six. Only samples with both time 580 
points available and transition types with more than ten samples per type were included.  581 
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582 
 583 
Extended Data 6. Relative abundance of pathways associated with (A) peptidoglycan 584 
maturation and (B) essential amino acids biosynthesis across sample types and (stool) 585 
predominance groups. CI at 95%, bootstrapping n=1000. 586 
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587 
 588 
Extended Data 7. Q-Qplot of the Spearman’s correlation p-values obtained comparing all 589 
metabolic pathways shared between milk and infant stools, for each mother-infant pair. Each 590 
dot represents the p-value for one mother-infant pair. Mother-infant pairs 1 and 173 are 591 
highlighted. The red line indicates a uniform distribution.  592 
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593 
 594 
Extended Data 8. Spearman’s correlation p-value for all metabolic pathways identified in both 595 
maternal milk and infant stool samples considering all mother infant pairs. The orange line 596 
identifies the significant thresholds (p=0.05). P-values were corrected for multiple testing using 597 
Benjamin Hochberg correction.  598 
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599 
Extended Data 9. (A) PCoA of predicted ARGs classes using presence/absence information, 600 
as seen by DeepARG. (B) ARGs carriage in milk samples, divided by collection time point, most601 
abundant species (predominance group), number of ARG genes identified and their respective 602 
ARGs class. (C) Number of distinct ARG classes identified across body sites and sampling time 603 
point. (D-F) Number of ARG genes identified in infant stool samples, divided by delivery mode, 604 
history of antibiotic intake and exclusive breastfeeding at 6 months of age, respectively. P-605 
values calculated using t-test, **** for P ≤ 0.0001, ** p<0.01, ns for non significant. 606 
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607 
Extended Data 10. Distribution of reads after preprocessing reads divided by sample type and 608 
collection time point. 609 
 610 
 611 
Supplementary Table 1. Samples metadata 612 
Supplementary Table 2. Species-level taxonomic profiles as seen by MetaPhlAn4 613 
Supplementary Table 3. Strain-level taxonomic profiles as seen by StrainPhlAn4 614 
Supplementary Table 4. Strain persistence between stool samples at one and six months 615 
Supplementary Table 5. HUMAnN3 functional profiles 616 
Supplementary Table 6. DeepARG profiles 617 
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