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Human milk microbial species
are associated with mild growth
deficits during early infancy
among Guatemalan mother–
infant dyads
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Growth faltering is common in Guatemalan indigenous communities, but the

possibility that it may be related to milk microbial composition has not been

explored. For this cross-sectional study, unrelated mother–infant dyads (n =

64) from eight communities in the remote Western Highlands of Guatemala

were recruited. Milk samples and infant length-for-age and weight-for-age Z-

scores were collected at two stages of lactation: early (6–46 days postpartum,

n = 29) or late (109–184 days postpartum, n = 35). Within each stage of

lactation, infants were subdivided into mildly underweight [weight-for-age Z-

score (WAZ) < –1 SD] or normal weight (WAZ ≥ –1 SD) and mildly stunted

[length-for-age Z-score (LAZ) < –1.5 SD] or non-stunted (LAZ ≥ –1.5 SD). 16S

ribosomal RNA gene sequencing was used to identify milk microbial

communities, and DESeq2 was used to compare the differential abundance

(DA) of human milk microbiota at the species level for WAZ and LAZ subgroups

at each stage of lactation. A total of 503 ESVs annotated as 256 putative species

across the 64 humanmilk samples were identified. Alpha diversity did not differ,

but beta-diversity redundancy analysis identified four distinct clusters among

the four WAZ (p = 0.004) and LAZ subgroups (p = 0.001). DA identified 15

different taxa in the WAZ and 11 in the LAZ groups in early lactation and 8 in the

WAZ and 19 in the LAZ groups in late lactation. Mothers’milk had more DA taxa

of oropharyngeal and environmental bacteria with opportunistic activities in

the LAZ < –1.5 SD infants, whereas the LAZ ≥ –1.5 SD had DA taxa with potential

probiotic and antimicrobial inhibitory activity against pathogens. In particular,

milk microbial communities of infants not classified as underweight or stunted

had more beneficial species including Lactococcus_lactis. These findings
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suggest the potential associations between the milk microbiome at the species

level with infant growth prior to 6 months of age. These data provide important

evidence of the associations between the human milk microbiome and the

growth of breastfed infants.
KEYWORDS

humanmilk microbiome, lactation, infant growth, z-scores, WAZ and LAZ, Guatemala,
Indigenous mothers, 16S rRNA gene
Introduction

In 2020, the UNICEF reported that more than one in five

children under 5 years old or 149 million were stunted, and 45

million suffered from wasting; these children were largely from

low- to middle-income countries, where exclusive breastfeeding

predominates (UNICEF/WHO/World Bank, 2020). In

Guatemala, a developing country with high exclusive

breastfeeding rates (76.8%) (Colombara et al., 2015), more

than 90% of indigenous mothers will breastfeed beyond

6 months (Brown et al., 2016). Nonetheless, Guatemala has

the highest prevalence of stunting in the Americas, with Mayan

indigenous communities disproportionately affected (World

Bank, 2021). Although maternal malnutrition can contribute

to growth faltering during gestation (Solomons et al., 2015), in-

utero growth restriction does not fully explain stunting during

the first few months after birth among exclusively breastfed

infants given earlier reports that growth faltering starts soon

after birth in rural Guatemala (Ruel et al., 1995) and is present by

3–6 months even among breastfed Guatemalan infants (Rivera

and Ruel, 1997).

Human milk is known to promote optimum growth of the

infant through diverse nutritional and non-nutritional

compositions (Geddes et al., 2021; Perrella et al., 2021).

However, there is accumulating evidence to suggest that the

suboptimal nutrient composition of breast milk, especially

among malnourished mothers in developing countries (Dror

and Allen, 2018; Erick, 2018; Daniels et al., 2019), might

underscore infant growth faltering in breastfed infants during

early lactation. Researchers have reported that human milk

lactose concentrations at 2 weeks and 4 months postpartum

were positively associated with infant WLZ trajectories to

6 months of age (Young et al., 2017); that daily intake of

human milk carbohydrates was related to infant anthropometry

and body composition during the first year (Gridneva et al.,
act sequence variant;

or-age Z-score; HMM,

charides; LAZ, length-

02
2019); that lower protein content in human milk compared with

cow’s milk formulas resulted in lower lean mass and slower

weight gain trajectory (Luque et al., 2015); that total lipid content

of human milk has been linked to lower infant weight, adiposity,

and BMI gain between 3 and 12 months (George et al., 2020); and

that energy and macronutrient (carbohydrate, protein, fat) intake

was associated with weight-for-length Z-scores at 3 months of age

(Davis et al., 2019). In developing countries, recent evidence has

demonstrated that maternal undernutrition during lactation is

associated with lower breast milk micronutrient concentrations

(Dror and Allen, 2018; Erick, 2018; Daniels et al., 2019). In India,

low milk B12 was associated with failure-to-thrive in infants

between 1.5 and 9 months of age (Akcaboy et al., 2015),

whereas concentrations at 6 months were not correlated with

Kenyan infant length or weight (Neumann et al., 2013). Among

Guatemalan mother–infant dyads during the first month of birth,

infant weight-for-age Z-score (WAZ) and length-for-age Z-score

(LAZ) were positively associated in breastfed infants using

estimated intakes calculated from milk concentrations of

calcium, magnesium, potassium, rubidium, and strontium

(using the principal component analysis) and, additionally, to

sodium at 4–6 months of age (Li et al., 2016). More recently,

infant linear growth velocity before 46 days postpartum was

associated with milk magnesium intake (Li et al., 2019).

Human milk also supplies a continuous source of microbiota

and is responsible for seeding the infant’s gut (Fitzstevens et al.,

2017; Perrella et al., 2021; Stinson et al., 2021). This milk

microbiome contributes to shaping infant oral and gut

microbiomes (Stewart et al., 2018); aids in nutrient digestion

(Turroni et al., 2018), energy harvesting, and energy storage

(Pannaraj et al., 2017); and may play an overlooked role in infant

growth (Arrieta et al., 2014; Geddes et al., 2021; Perrella et al.,

2021). Studies have reported that intestinal microbiota affects

postnatal growth kinetics despite chronic undernutrition

(Schwarzer et al., 2016; Schwarzer et al., 2018). Others have

observed associations between infant gut microbiota and infant

growth (Gough et al., 2015; Davis et al., 2017; Pastor-Villaescusa

et al., 2020; Carney et al., 2021). In a case–control analysis of a

twin cohort of Malawian and Bangladeshi infants, linear growth

deficits were inversely correlated with the relative abundance of
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Acidaminococcus sp. (Gough et al., 2015) and that infant WAZ

during the first year of life was associated with infant gut

microbiome phyla; Ascomycota , Basidiomycota , and

Planctomycetes were posit ively associated, whereas

Cyanobacteria and Synergistetes were negatively associated

(Carney et al., 2021). A few studies have explored the

associations between infant growth parameters, infant gut

microbiota, and human milk oligosaccharide (HMO)

composition reporting associations with infant growth; Bacilli

with infant stunting (HAZ < −2) and Adlercreutzia and

Klebsiella were enriched in wasted infants (WAZ < −2) at

20 weeks postpartum (Davis et al., 2017) and significant

associations between HMO composition and height and

weight Z-scores between 3 and 12 months (Lagström et al.,

2020). HMOs also serve as metabolic substrates for the growth of

beneficial bacteria (Lyons et al., 2020) and the prevention of

pathogenic bacteria colonization through anti-adhesive

properties in the infant’s intestine (Wiciński et al., 2020).

None of these previous studies had investigated the

associations of the human milk microbiome (HMM) with

infant growth faltering in exclusively breastfed infants prior to

6 months of age. Thus, the purpose of this study was to explore

the association between growth faltering during early lactation

and the HMM at the species level among lactating mother–infant

dyads living in the Western Highlands of Guatemala. To

minimize the exchange of microbes, mothers were recruited

from eight distinct remote communities. Our specific aims for

this cross-sectional study were to identify a possible association of

the HMM with growth faltering at early (6–46 days postpartum)

and late (109–184 days postpartum) in the first 6 months of

lactation. Infants were categorized based on WAZ [normal

weight (WAZ ≥ –1 SD) and mildly underweight (WAZ < –1

SD)] and LAZ [non-stunted (LAZ ≥ –1.5 SD) and mildly stunted

(LAZ < –1.5 SD)].
Methods

Study setting, recruitment, and ethics

This study was conducted in eight rural Mam-Mayan

communities in the Western Highlands of Guatemala between

June 2012 and January 2013 and was a collaboration between

McGill University and the Center for Studies of Sensory

Impairment, Aging, and Metabolism (CeSSIAM), a research

organization based in Guatemala. Lactating mothers were

recruited by community health workers using a participatory

action research framework (Cargo and Mercer, 2008) via home

visits, loudspeaker announcements, and word-of-mouth

invitations. Ethical approvals were obtained from the ethics

boards at McGill University and at CeSSIAM. Further approvals

were obtained from community leaders and the local authorities

of the Ministry of Health. Mothers signed or thumb-printed the
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written consent form if they wished to participate, and all mothers

were informed of their rights to withdraw from the study at any

time (Chomat et al., 2015). Mothers in the Mam-Mayan

communities comply with the WHO recommendations to

exclusively breastfeed for the first 6 months after birth (Wren

et al., 2015; World Health Organization, 2017).
Study design

For this cross-sectional study, length and weight Z-scores of

vaginally delivered breastfed infants were collected from 64

unrelated Mam-Mayan mothers at two stages of lactation: early

(6–46 days postpartum) or late (109–184 days postpartum). Infants

were further subdivided based on the classification of weight and

length Z-scores at each stage of lactation using the following criteria:

mildly stunted [LAZ < –1.5 SD (early: n = 18; late: n = 19)] vs. non-

stunted [LAZ ≥ –1.5 SD (early: n = 11; late: n = 16)] and mildly

underweight [WAZ < –1 SD (early: n = 9; late: n = 15)] vs. normal

weight [WAZ ≥ –1 SD (early: n = 20 late: n = 20)]. The inclusion

criteria were healthymother–infant dyads aged 6 to 46 days and 109

to 184 days postpartum and mothers who delivered vaginally and

breastfed their infants exclusively or predominantly (added aguitas,

a ritual fluid) for 6 months. The exclusion criteria were non-

singleton births, infants younger than 4 days due to the

possibility of still providing colostrum, insufficient milk volumes

for analysis, antibiotic treatments, and mothers with subclinical

mastitis (milk Na : K > 0.6) due to the possible effect of subclinical

inflammation on milk microbiome community and infant growth

(Wren et al., 2015; Li et al., 2019).
Human milk sample collection

Prior to milk sample collection, a trained midwife cleaned

the nipple and areola of the breast not recently used for

breastfeeding with 70% ethanol. Milk sample collection was

conducted via full manual expression by the trained midwife

in a 3-h time window between 9 a.m. and 12 p.m. (Wren et al.,

2015). Milk samples were collected into sterile 60-ml plastic vials

and stored on ice immediately. Thereafter, in the field

laboratory, milk samples were partitioned into four 15-ml vials

and were stored at −30°C before being shipped to McGill

University in two separate shipments (Li et al., 2016).
Infant anthropometry

Two trained Guatemalan nutritionists took infant

anthropometric measurements according to standardized

procedures. The detailed methodology was previously

described and published (Chomat et al., 2015). In brief, infant

anthropometric measurements—length, weight, and head
frontiersin.org
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circumference—were measured thrice, and the mean of the three

measurements was considered the final value. Infant length (cm)

was measured in a recumbent supine position using an

infantometer, a mobile baby measuring mat (SECA 210), and

recorded to the nearest 0.5 cm. Infant weight (kg) was measured

using a digital infant scale (SECA 354) and rounded to the

nearest 100 g. Infant anthropometric measurements and their

mother’s milk samples were collected on the same day. Infant

age was calculated from the date of birth recorded on the

maternal health card, or in the absence of the health card,

infant age was obtained from the mother. Infant growth status

indicators including length-for-age Z-score (LAZ) and weight-

for-age Z-score (WAZ) were calculated using the World Health

Organization Anthro software (3.1) (World Health

Organization, 2006).

Stunting at birth and during the first month of life has been

reported among Guatemalan infants (median age 19 days) where

the median rural HAZ was –1.56 SD (Solomons et al., 2015). In

141 developing countries, mild stunting (i.e., < –1 SD) was

common with a mean HAZ of –1.16 SD and ranged between

−1.29 and −1.04 (Stevens et al., 2012). Thus, we used LAZ < –1.5

SD to define mild stunting instead of LAZ < –1 SD. Infants were

subdivided by infant LAZ into non-stunted (LAZ ≥ –1.5 SD) and

the mildly stunted (LAZ < –1.5 SD) and by infant WAZ into

normal weight (WAZ ≥ –1 SD) and mildly underweight

(WAZ < –1 SD) at both stages of lactation.
16S rRNA gene amplification and
sequencing

DNA extraction from 1 ml of milk was performed using the

DNeasy Blood and Tissue mini kit from Qiagen according to the

manufacturer’s protocol by Genome Quebec. The universal

eubacteria primers 27F/533R (27F: AGAGTTTGATCCT

GGCTCAG, 533R: TTACCGCGGCTGCTGGCAC) were used

for PCR amplification of the variable regions V1–V3 consisting of

~526 bp based on the Escherichia coli 16S rRNA gene (Cabrera-

Rubio et al., 2012; Mediano et al., 2017; Lackey et al., 2019). The

primers were chosen due to their high coverage of most genera

currently considered “core” in human milk, including the genus

Cutibacterium (Hunt et al., 2011; Jost et al., 2013). Amplification

was conducted at Genome Quebec at McGill University, and

sequencing was performed using Illumina MiSeq. Reagent

controls were below the detection limit used by Genome Quebec

for quality assurance. These amplification conditions have been

previously described (Gonzalez et al., 2021).
Microbial data processing

In this study, the ANCHOR pipeline was used to process

amplicon sequences. ANCHOR is a platform that uses direct
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sequence resolution of 16S rRNA gene amplification data

(Gonzalez et al., 2019). Thus, it is designed for improved

species-level microbial identification. Furthermore, it uses

integrated multiple-reference database annotation to enhance

the interpretation of complex, non-reference microbiomes

(Gonzalez et al., 2019). Mothur was used to align and

dereplicate sequences (Schloss et al., 2009). Multiple databases,

namely, NCBI 16S rRNA RefSeq (O'Leary et al., 2016), NCBI

non-redundant nucleotide (https://www.ncbi.nlm.nih.gov),

SILVA (Pruesse et al., 2007), and the Ribosomal Database

Project (RDP) (Maidak et al., 2000), were used to annotate

exact sequence variants (ESVs) using BLASTn with the criteria

of >99% for identity and coverage. The term ESV was used here

given the high criteria used (>99%) for identity and coverage

providing high confidence and resolution, which maximizes

biological discovery (Gonzalez et al., 2019). Priority was given

to NCBI 16S rRNA RefSeq, when 100% identity and coverage

hits returned across multiple databases, due to the high standard

of curation. Low-count (<36) amplicons were binned to high-

count ESVs at a lower threshold of >98% identity/coverage. As a

caution and due to database errors, taxonomy annotation,

particularly species calls, should be considered putative even

when sharing 100% sequence identity to a single species.

Contamination controls were performed at multiple steps of

this analysis. First, a trained midwife followed the aseptic

sampling protocol which included cleaning the nipple and

areola of the breast with 70% ethanol prior to milk sample

collection. Second, Genome Quebec followed the aseptic

technique while performing the PCR blanks. In this step,

samples with visible bands in the negative controls were not

sequenced. Third, the Canadian Centre for Computational

Genomics (C3G) of McGill University utilized contamination

controls via sample preprocessing while performing the

bioinformatics analyses including controlling for prevalence

and sparsity, ordination analysis, and identifying putative

contamination (Decontam, R package). Putative contamination

was flagged using Decontam. Only one OTU out of 1505 was

flagged as potential contamination, although it was not selected

by DESeq2 as differentially abundant (Supplementary File 1).
Bioinformatics

To address sparsity issues, ESVs had to have at least three

counts in three different samples from the same condition of

comparison. Alpha diversity was performed without

normalization. However, for beta-diversity analysis, rlog

normalization (rlog function in Phyloseq R package) was used

for data transformation (Gonzalez et al., 2021). Six alpha-

diversity metrics were performed (Observed, Chao-1,

Shannon, Simpson, Inverse Simpson, and Fisher) using t-tests

(parametric) or Mann–Whitney U (non-parametric) using
frontiersin.org
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Phyloseq R package with R Studio software (version 1.4.1106)

(McMurdie and Holmes, 2013) to estimate and compare

microbial richness within samples. Comparing microbial

richness between the LAZ infant groups and between the

WAZ infant groups was done using t-tests on the richness

measures. ACE and Chao-1 were used to account for

taxonomies that were undetected due to low abundance. We

used Observed to calculate the total number of unique ESVs per

sample. To account for equitability in sample distribution, the

Shannon index was used, and for the species dominance, we

used Simpson. Fisher was used to account for uncertainty in

richness estimations.

Beta diversity was used to determine and evaluate differences

in HMM communities between the mildly stunted

(LAZ < –1.5 SD) vs. the non-stunted (LAZ ≥ –1.5 SD) groups

and between the mildly underweight (WAZ < –1 SD) vs. the

normal weight (WAZ ≥ –1 SD) at both early and late lactation.

To evaluate and visualize the differences between the different

groups, constrained ordination was employed using rlog-

transformed counts with redundancy (RDA) analysis.

Lastly, the DESeq2 procedure (Love et al., 2014) was used to

evaluate differentially abundant (DA) taxa between the mildly

stunted (LAZ < –1.5 SD) and the non-stunted (LAZ ≥ –1.5 SD)

and between the mildly underweight (WAZ < –1 SD) and the

normal weight (WAZ ≥ –1 SD) groups at both early and late

lactation in order to identify statistical differences between

microbial communities. DESeq2 identifies significant

differences between groups while considering the library size.

Differences in abundance between microbial communities with a

false discovery rate (FDR < 0.05) were considered significant.

Due to the exploratory nature of this study, DA ESVs with low

abundances were considered.
Results

Characterization of Guatemalan mother–
infant dyads

Table 1 describes the maternal and infant characteristics by

stage of lactation. In both early and late lactation, maternal

characteristics did not differ among subgroups for age, height,

weight, BMI, parity, or breastfeeding practices with the exception

of Na:K ratio but only in early lactation (p = 0.021). Furthermore,

in early lactation, no differences in head circumference were

observed, but infants classified as mildly stunted (LAZ < –1.5 SD)

had lower weight for age Z-scores (−1.56 vs. −0.35, p < 0.0001) in

early lactation. In late lactation, mild stunting was more prevalent

among male infants (63%) (p = 0.024) and was associated with a

lower weight-for-age (p < 0.0001) and lower head circumference-

for-age Z-scores (p < 0.0001). Moreover, infants who were

classified as underweight with a WAZ < –1 SD also had lower
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LAZ (−2.82 vs. −1.21, p = 0.0001) and smaller head

circumference-for-age Z-scores (−1.85 vs. −0.051, p = 0.0013)

at 4–6 months postpartum.
Human milk microbiome community

Across the 64 human milk samples, 503 ESVs were

assembled and captured 3,551,788 sequence reads. The

identified 503 ESVs annotated 256 species accounting for

81.2% of reads, 129 genera, and 9 family or higher taxa in

addition to 109 which could not be identified at >99%

similarity in both identity and coverage to any known taxa and

were classified as Unknowns (Figure 1). These Unknown taxa

generally presented low abundance and contributed to only 6.5%

of the total ESVs (Figure 1). The 256 ESVs annotated as putative

species had an average BLASTn return for identity at 99.8% and

for coverage at 99.9%.

At the phyla level, Proteobacteria, Firmicutes, and

Actinobacteria presented the most prevalent phyla. At the

species level, the ESV cumulative abundance revealed that 25

taxa of the 256 ESV annotated as putative species constituted

62.8% of the sequenced amplicons (Figure 2A). Streptococcus_

sa l ivar ius_6 , Novosphingobium_clar iflavum_1 , and

Streptococcus_MS_3 were the most abundant taxa across all

samples, respectively.

Five of the 25 dominant taxa were DA in the different infant

growth parameter groups: Pseudomonas_MS_2, Streptococcus_

mitis_13, Streptococcus_mitis_14, Pseudomonas_cedrina_1, and

Stenotrophomonas_maltophilia_2. Pseudomonas_MS_2 was DA

only in the normal weight (WAZ ≥ –1 SD) groups in both stages

of lactation, and the non-stunted (LAZ ≥ –1.5 SD) group in late

lactation. Streptococcus_mitis_13 and Streptococcus_mitis_14 were

DA in the normal weight (WAZ ≥ –1 SD) group in late lactation.

Pseudomonas_cedrina_1 was DA in the normal groups: in the non-

stunted (LAZ ≥ –1.5 SD) group in early lactation and in the normal

weight group (WAZ ≥ –1 SD) in late lactation. Lastly,

Stenotrophomonas_maltophilia_2 was DA in the normal weight

(WAZ ≥ –1 SD), whereas it was DA in the mildly stunted (LAZ < –

1.5 SD) in early lactation (Figure 2B).

A comparison of human milk microbiota among infant WAZ

andLAZsubgroups revealed somesimilarities anddifferencesamong

DAtaxainthesesubgroups.Ontheonehand,inlatelactation,fourDA

taxaoccurredonly in thenormal groups (WAZ≥–1SDandLAZ≥–

1.5 SD): Lactococcus_lactis_2 , Streptococcus_MS_16 ,

Streptococcus_salivarius_5, and Pseudomonas_MS_2. On the other

hand, five DA taxa differed between the normal weight (WAZ ≥ –1

SD) and themildly stunted (LAZ < -1.5 SD) groups at both stages of

lactation. Stenotrophomonas_maltophilia_2, Streptococcus_mitis_14,

Brevundimonas_MS_1, Streptococcus_mitis_10, and Streptococcus_

MS_12wereDA taxa in the normalweightWAZ≥ –1 SD group, but

notinthemildlyunderweight(WAZ<–1SD)groupinearly lactation.
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ThesesametaxawereDAinthemildlystunted(LAZ<-1.5SD)group;

Stenotrophomonas_maltophilia_2, Streptococcus_mitis_14,

and Streptococcus_MS_12 were DA in the mildly stunted group

(LAZ < –1.5 SD) in early lactation, whereas Brevundimonas_MS_1

and Streptococcus_mitis_10were DA in themildly stunted (LAZ < –

1.5 SD) in late lactation. These taxa were not DA in the non-stunted

(LAZ ≥ –1.5 SD) group (Figures 3, 4).

Microbial diversity
The milk microbiome communities within each sample (i.e.,

alpha diversity) did not identify significant differences between

the non-stunted (LAZ ≥ –1.5 SD) and the mildly stunted

(LAZ < –1.5 SD) groups or between the normal weight

(WAZ ≥ –1 SD) and mildly underweight (WAZ < –1 SD)

groups either at early or at a late stage of lactation.

In contrast, beta diversity, through RDA, showed significant

differences between the non-stunted (LAZ ≥ –1.5 SD) and the

mildly stunted (LAZ < –1.5 SD) groups (p < 0.001) (Figure 3A)

and between the normal weight (WAZ ≥ –1 SD) and the mildly

underweight (WAZ < –1 SD) groups (p = 0.004) for both stages

of lactation (Figure 3B).
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Differential abundance in early lactation

Infant length-for-age Z-score
In early lactation, 11 milk microbiome taxa were DA (FDR <

0.05) between non-stunted (LAZ ≥ –1.5 SD) and mildly stunted

(LAZ < −1.5SD) (Figure 4A). The mildly stunted (LAZ < –1.5 SD)

had more DA taxa accounting for nine DA taxa, mostly

Streptococcus species, compared with only two DA taxa in the

non-stunted (LAZ ≥ –1.5 SD). These taxa were annotated as species

(nine ESVs) and genera (two ESVs). Most of these DA taxa in the

mildly stunted belonged to the genus Firmicutes and were

Streptococcus species including Streptococcus_mitis_14 [fold

change (FC) = 6.63], Streptococcus_mitis_6 (FC = 5.2),

Streptococcus_MS_12 (FC = 4.91), Streptococcus_MS_11 (FC =

4.46), Streptococcus_mitis_7 (FC = 3.94), and Streptococcus_

mitis_5 (FC = 2.97). The other three DA species belonged to the

Proteobacteria genus; they were Stenotrophomonas_maltophilia_2

(FC = 7.22), Stenotrophomonas_maltophilia_6 (FC = 7.1), and

Stenotrophomonas_maltophilia_3 (FC = 5.88). Only two DA

species from the Proteobacteria genus were identified in the

normal LAZ at early lactation; these included Paracoccus_
TABLE 1 Characteristics of Guatemalan infants and mothers at two lactation stages.

Early lactation, mean ± SD or %a Late lactation, mean ± SD or %a

WAZ ≥
−1SD

WAZ <
−1SD

LAZ ≥
−1.5SD1

LAZ <
−1.5SD

WAZ ≥
−1SD

WAZ <
−1SD

LAZ ≥
−1.5SD

LAZ <
−1.5SD

N 20 9 11 18 20 15 16 19

Maternal characteristics

Age, years 23 ± 5 23 ± 6 23 ± 6 24 ± 5 23 ± 6 25 ± 7 25 ± 6 23 ± 7

Height, cm 147.4 ± 4 144.2 ± 6 147.5 ± 4.1 145.7 ± 5.3 148.5 ± 5.4 146.6 ± 4.7 148.6 ± 5.8 147 ± 4.6

Weight, kg 50.7 ± 7 50.1 ± 6.5 52.2 ± 6.3 49.5 ± 6.9 53.7 ± 7.6 50.2 ± 9.6 53.9 ± 8.7 50.8 ± 8.4

BMI, kg/m2 23 ± 3 24 ± 2 24 ± 3 23 ± 3 24 ± 3 23 ± 4 24 ± 3 24 ± 3.7

Parity, %

Primiparous 30% 66.67% 54.55% 33.33% 50% 42.86% 37.5% 55.56%

Multiparous 70% 33.33% 45.55% 66.67% 50% 57.14% 62.5% 44.44%

Breastfeeding practices, %

Exclusive 50% 55.56% 36.36% 61.11% 55% 40% 68.75% 31.58%

Predominant 50% 44.44% 63.64% 38.89% 15% 26.67% 12.5% 26.32%

Mixed – – – – 30% 20% 18.75% 31.58%

Subclinical mastitis Na : Kb 0.43 ± 0.07 0.36 ± 0.5* 0.42 ± 0.07 0.40 ± 0.07 0.38 ± 0.91 0.39 ± 0.08 0.39 ± 0.11 0.38 ± 0.07

Infant characteristics

Infant age, days 19 ± 8 28 ± 13* 24 ± 10 21 ± 10 147 ± 19 139 ± 21 141 ± 18 145 ± 21

Infant sex, %

Male 55% 66.7% 63.6% 55.6% 35% 60% 25% 63.2%*

Female 45% 33.3% 36.4% 44.4% 65% 40% 75% 36.8%

Weight-for-age Z-score (WAZ) −0.35 ± 0.57 −1.56 ± 0.53*** −0.39 ± 0.91 −0.93 ± 0.65 −0.23 ± 0.55 −1.66 ± 0.77*** −0.2 ± 0.64 −1.38 ± 0.86***

Length-for-age Z-score (LAZ) −1.57 ± 1 −1.95 ± 0.74 −0.76 ± 0.61 −2.25 ± 0.56*** −1.21 ± 0.99 −2.82 ± 1.2*** −0.82 ± 0.73 −2.81 ± 1.02***

Head circumference-for-age Z-
score (HCAZ)

−0.38 ± 0.9 −1.22 ± 1.27 −0.59 ± 1.39 −0.67 ± 0.88 −0.51 ± 1.01 −1.85 ± 1.18* −0.49 ± 1.06 −1.65 ± 1.21**
aComparisons were made between WAZ and LAZ subgroups at each stage of lactation: Wilcoxon rank-sum test; Wilcoxon rank-sum exact test; Fisher’s exact test; Pearson’s chi-squared
test. *p-value < 0.05, **p-value < 0.001, ***p-value < 0.0001. There were missing values in the breastfeeding practices during late lactation: WAZ < -1SD: n=2 and LAZ< -1 SD: n=2.
bSubclinical mastitis is an asymptomatic inflammatory condition of the lactating breast diagnosed by the elevated sodium/potassium ratio (Na:K) >0.6 in milk.
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FIGURE 1

Human milk microbiome community. The number of exact sequence variants (ESVs) at different taxonomy levels showing that sequences
annotated at the species level account for 81% of the ESVs. The total abundance is described at each taxonomy level.
A B

FIGURE 2

Human milk microbiome community overview. (A) The total microbial community colored at the phylum level. (B) Cumulative abundance of the
25 most abundant ESVs across samples.
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A B

FIGURE 3

Redundancy analysis (RDA) and ordination representation of milk microbial community variation for (A) the non-stunted group [length-for-age
Z-score (LAZ) ≥ −1.5SD) and the mildly stunted group (LAZ < −1.5SD) and (B) the normal weight group [weight-for-age Z-score (WAZ) ≥ −1SD]
and the mildly underweight group (WAZ < −1SD) at the early and late stages of lactation (p = 0.004 and p < 0.001, respectively). RDA biplot
showing individual samples colored by groups and vectors (in red) corresponding to the variable loadings (i.e., variable contribution). The black
crosses represent the geometric center of each group. Colored circles show individual samples.
A B

FIGURE 4

Differentially abundant (DA) ESVs associated with length-for-age Z-score (LAZ) and weight-for-age Z-score (WAZ) in early lactation. (A) Nine
ESVs were significantly more abundant in the mildly stunted group (LAZ < −1.5SD: n = 18; right side) compared with two ESVs in the non-
stunted group (LAZ ≥ -1.5SD n = 11; left side), and (B) 15 ESVs were significantly more abundant in the normal weight group (WAZ ≥ −1SD:
n = 20; left side) compared with 0 ESV in the mildly underweight group (WAZ < −1SD: n = 9; right side). Species are colored and grouped by
phylum. The dashed red line represents a limit beyond which ESVs were only quantified in a single group.
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aminovorans_1 (FC = 22.94) and Pseudomonas_cedrina_1 (FC =

4.19) (Figure 4A). None of the DA taxa in both groups belonged to

the Actinobacteria genus in early lactation.
Infant weight-for-age Z-score
During early lactation, differential abundance analysis using

DESeq2 identified 15 milk microbiome species that were DA

(FDR < 0.05) between normal weight (WAZ ≥ –1 SD) and the

mildly underweight (WAZ < –1 SD) (Figure 4B). All the 15 species

wereDAin thenormalweight (WAZ≥–1SD)group.TheFirmicutes

genera had nine DA species, namely, Streptococcus_MS_8

(FC = 2 . 99 ) , S t r ep t o co c cu s_MS_12 (FC = 3 . 22 ) ,

Streptococcus_mitis_13 (FC = 3.60), Streptococcus_mitis_14

(FC = 3.74), Staphylococcus_hominis_1 (FC = 3.82),

Streptococcus_mitis_10 (FC = 4.13), Streptococcus_salivarius_1

(FC = 6.41), Staphylococcus_MS_2 (FC = 7.93), and

Staphylococcus_epidermidis_8 (FC = 23.67). The other species

belonged to the Actinobacteria and Proteobacteria genera. Each

genus had three DA species. Kocuria_palustris_1 (FC = 6.18),

Kocuria_MS_1 (FC = 7.42), and Corynebacterium_1 (FC = 22.39)

belonged to the Actinobacteria genus, and Brevundimonas_MS_1

(FC = 7.07), Pseudomonas_MS_2 (FC = 3.57), and

Stenotrophomonas_maltophilia_2 (FC = 6.54) belonged to the

Proteobacteria genus. There were two DA species that were only
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present in the normal weight group: Corynebacterium_1 and

Staphylococcus_epidermidis_8 (Figure 4B).
Differential abundance in late lactation

Infant length-for-age Z-score
In late lactation, there was a shift tomoreDA species in the non-

stunted (LAZ ≥ –1.5 SD) group (Figure 5A). Out of the 19 DA taxa

identified between the normal and mildly stunted groups, 14 were

identified in the non-stunted (LAZ ≥ –1.5 SD) group. Most DA taxa

belonged to the Proteobacteria genus includingAcinetobacter_MS_1

(FC = 10.95), Stenotrophomonas_rhizophila_2 (FC = 8.14),

Pseudomonas_MS_2 (FC = 5.53), Pseudomonas_koreensis_1

(FC = 4.88), Pseudomonas_fluorescens_1 (FC = 4.63),

Sphingobium_yanoikuyae_3 (FC = 3.88), and Pseudomonas_MS_1

(FC = 3.28), which was followed by the Firmicutes genus with

Lactococcus_lactis_2 (FC = 34.11), Streptococcus_MS_16

(FC = 6.96), Streptococcus_4 (FC = 5.84), Staphylococcus_

epidermidis_5 (FC = 5.17), Streptococcus_salivarius_5 (FC = 4.66),

and Streptococcus_MS_11 (FC = 2.69). The normal group (LAZ ≥ –

1.5 SD) had one UnknownDA taxa: Unknown_62 (FC = 1.66). The

mildly stunted (LAZ < –1.5 SD) group had four DA species. Two

species belonged to the Firmicutes genus, Streptococcus_MS_10

(FC = 6.39) and Streptococcus_mitis_10 (FC = 3.57), and two
A B

FIGURE 5

Differentially abundant (DA) ESVs associated with length-for-age Z-score (LAZ) and weight-for-age Z-score (WAZ) in late lactation. (A) Fifteen
ESVs were significantly more abundant in the non-stunted group (LAZ ≥ −1.5SD: n = 16; left side) compared with four ESVs in the mildly stunted
group (LAZ < - 1.5SD: n = 19; right side), and (B) five ESVs were significantly more abundant in the normal weight group (WAZ ≥ −1SD: n = 20;
left side) compared with three ESVs in the mildly underweight group (WAZ < −1SD: n = 15; right side). Species are colored and grouped by
phylum. The dashed red line represents a limit beyond which ESVs were only quantified in a single group.
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belonged to the Proteobacteria genus, Brevundimonas_MS_1

(FC = 5.95) and Paracoccus_MS_1 (FC = 4.94) (Figure 5A).

Infant weight-for-age Z-score
In late lactation, DESeq2 identified eight milk microbiome

species that were DA (FDR < 0.05) between normal weight

(WAZ ≥ –1 SD) and the mildly underweight (WAZ < –1 SD)

groups. Five of the eight DA species were DA in the normal weight

(WAZ ≥ –1 SD) group (Figure 5B). These species included three

species that belonged to the Firmicutes genus, namely,

Streptococcus_salivarius_5 (FC = 4.60), Streptococcus_MS_16

(FC = 6.45), and Lactococcus_lactis_2 (FC = 24.38), and two

species belonged to the Proteobacteria genus, namely,

Pseudomonas_MS_2 (FC = 3.03) and Pseudomonas_cedrina_1

(FC = 4.92). The other three species were DA in the mildly

underweight (WAZ < –1 SD) group; they included

Staphylococcus_MS_3 (FC = 4.17) and Streptococcus_MS_13

(FC = 4.92), which belonged to the Firmicutes genus, and

Sphingobium_limneticum_1 (FC = 6.36), which belonged to the

Proteobacteria genus. None of the DA species between the normal

weight and the mildly underweight groups belonged to the

Actinobacteria genus (Figure 5B).
Discussion

Our findings identified several important relationships of the

HMMwith infant growth parameters. In general, there were shifts

in the milk microbiota from early to late lactation as previously

described (Gonzalez et al., 2021), but in this study, we uncovered

further distinctions based on infant growth patterns. Our

comparison of the HMM by infant weight (WAZ < –1 SD vs.

WAZ ≥ –1 SD) and length (LAZ < –1.5 SD vs. LAZ ≥ –1.5 SD) in

both early and late lactation identified four distinct human milk

microbial clusters associated with infant growth before 6 months

of age. First, in early lactation, all DA taxa were associated with

infants having a WAZ ≥ –1 SD; none were identified as DA if

infants were mildly underweight. Among these 15 DA species, six

were Streptococci, several of which were ambiguous species, and

three were Staphylococci, which are most often associated with the

skin or the normal oropharyngeal cavity. Second, in late lactation,

more DA species in milk were associated with WAZ ≥ –1 SD

compared with WAZ < –1 SD. Both groups had normal flora, but

the HMM of mothers of infants with WAZ ≥ –1 SD had more

Lactobacillales species, whereas the HMM of mildly underweight

infants (WAZ < –1 SD) in late lactation included more

opportunistic bacteria. Third, with regard to LAZ in early

lactation, the HMM of mildly stunted (LAZ < –1.5 SD)

compared with non-stunted infants (LAZ ≥ –1 SD) had more

DA taxa. Four of the nine DA species included four distinct

Streptococcus_mitis ESVs, and three of the nine DA species

included the environmental Stenotrophomonas_maltophilia;
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both Streptococcus_mitis and Stenotrophomonas_maltophilia are

considered opportunistic bacteria. Fourth, in late lactation, the

HMM of infants with LAZ ≥ –1.5 SD had 14 DA taxa, half of

which were human colonizers including the LAB Lactococcus_

lactis_2, compared with only 4 DA bacteria in the mildly stunted

(LAZ < –1.5 SD), which were mainly ambiguous taxa that

included both human colonizers and environmental taxa

belonging to the Proteobacteria phylum (Brevundimonas_MS_1

and Paracoccus_MS_1) associated with soil and water.
Environmental bacteria in human milk

The presence of environmental bacteria in human milk is

very common (Togo et al., 2019), especially where there is

human interaction with the environment in rural agricultural

and hunter-gatherer communities (Blum et al., 2019), which was

the case for our study population. The latest systematic review

reported that among 434 species in human milk, 277 (34%) were

first isolated in the environment, 104 (13%) were associated with

animals, and 53 (6%) were associated with plants (Togo et al.,

2019). In our study, all infant groups with DA species at both

stages of lactation had some DA taxa of environmental origin.

Our analyses also identified several ambiguous environmental

bacteria that were isolated from soil and water. Soil bacteria have

shown beneficial growth-promoting functions that included

antagonizing deleterious and pathogenic microorganisms,

reducing inflammation (Schmidt et al., 2012; Silambarasan

et al., 2020) and increasing microbial diversity in plants

(Tasnim et al., 2017). In our study population, environmental

bacteria were found in early lactation in both LAZ ≥ –1.5 SD and

WAZ ≥ –1 SD and in both LAZ and WAZ subgroup categories

in late lactation. The presence of environmental species in our

Guatemalan mothers ’ milk is supported by mothers’

participation in fruit and vegetable harvesting (Chomat et al.,

2015) and their interaction with the Guatemalan-rich soil

(Matsumoto et al., 2013) and can be considered as integral

components of breast milk in agricultural societies.
Associations of differentially abundant
taxa with length-for-age Z-score

Early lactation LAZ
Few differentially abundant species were identified in the

mother’s milk of infants with LAZ ≥ –1.5 SD in early lactation.

Two, both of environmental origin, were observed. Paracoccus_

aminovorans_1 is a soil bacterium (Urakami et al., 1990; Czarnecki

et al., 2017) and Pseudomonas_cedrina_1 was previously isolated

from grasses (Behrendt et al., 2009) and spring water (Dabboussi

et al., 1998; Dabboussi et al., 1999). To date, the role of these bacteria

in infant health has not been described. On the other hand, three of

the nineDAspecies in themildly stunted (LAZ<–1.5 SD) grouphad
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been previously characterized as opportunistic environmental

Stenotrophomonas_maltophilia species (Stenotrophomonas_

maltophilia_2 , Stenotrophomonas_maltophilia_3 , and

Stenotrophomonas_maltophilia_6). Stenotrophomonas_maltophilia

has been found on the skin and in the respiratory tract (Brooke,

2012;Gröschel et al., 2020), andwepreviously reported itspresence in

our human milk samples (Gonzalez et al., 2021) Moreover, it has

been classified as an opportunistic bacteria (Brooke, 2012; Berg and

Martinez, 2015) in children (Fedler et al., 2006; Brooke, 2012). Our

findings provide evidence that specific HMMmay be an overlooked

source that can impact infant growth during early lactation.

The mildly stunted (LAZ < –1.5 SD) group also had four DA

distinct oropharyngeal bacterial species associated with

Streptococcus_mitis. These are the microorganisms responsible for

the development of dental caries (Chava et al., 2012;

Chaemsaithong et al., 2022). The four distinct Streptococcus_mitis

ESVs found in mother’s milk were as follows: Streptococcus_

mitis_14, Streptococcus_mitis_5, Streptococcus_mitis_6, and

Streptococcus_mitis_7. Streptococcus_mitis has been identified as

oropharynx bacteria (Kilian et al., 2014) and is also found in the

infant oral microbiome within a few days after birth (Pearce et al.,

1995). It is considered an opportunistic pathogen (Mitchell, 2011).

There is evidence of emerging associations of pathogenic

oral bacterial species with poor perinatal outcomes (Dasanayake

et al., 2005; Siqueira et al., 2007; Srinivas et al., 2009; Shaw et al.,

2016; Ren and Du, 2017; Robertson et al., 2019). Most women in

our study population had periodontal disease, which was

diagnosed through the detection of dental cavities (caries) and/

or inflammation of the gum (gingivitis) (Chomat et al., 2015).

Given that the maternal and infant oral ecosystems are

important sources of human milk microbiota (Ramsay et al.,

2004; Fernández et al., 2013), the dominance of the dental caries

Streptococcus_mitis in the milk of mothers with the mildly

stunted (LAZ < –1.5 SD) infants might suggest an association

of poor oral health with unfavorable growth outcomes in early

lactation. Thus, our data support an overlooked association

between oral microbial dysbiosis with infant growth

parameters in early lactation.

Finally, LAZ < –1.5 SD was also associated with two DA

ambiguous taxa: Streptococcus_MS_11 and Streptococcus_MS_12.

Both ambiguous species were either the oropharyngeal bacterium

Streptococcus_mitis or the emerging pathogenic bacterium

Streptococcus_pseudopneumoniae, an overlooked pathogenic

causative agent found in the lower respiratory tract, which

highlights the presence of lower-respiratory tract infections in the

community having a potential impact on early infant growth.

Late lactation LAZ
Several DA taxa identified in the non-stunted (LAZ ≥ –

1.5 SD) group in late lactation were human colonizers including

the LAB Lactococcus_lactis_2. Other human colonizers included

firstly Staphylococcus_epidermidis_5, which is a ubiquitous

normal human skin and mucous membrane colonizer that
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plays a role in balancing the epithelial microflora through

maintaining a commensal relationship with the host through

mechanical resistance (biofilm) and osmoprotection (Otto,

2009) and is described as a common human milk inhabitant

(Heikkilä and Saris, 2003; Martı ́n et al., 2007). Second,

Streptococcus_salivarius_5 is described as a normal infant oral

microbiota (Pearce et al., 1995). As a human milk flora (Delorme

et al., 2015), it has demonstrated inhibitory activities against

Staphylococcus in human milk (Heikkilä and Saris, 2003). Third,

Corynebacterium_segmentosum_1 is a human gastric

microbiota. Corynebacterium species have been detected in

various habitats, including vegetables, dairy products, and soil

(Brennan et al., 2001; Fudou et al., 2002). Most importantly,

Lactococcus_lactis_2, which is known to inhibit the growth of

Staphylococcus pathogens (Heikkilä and Saris, 2003; Gao et al.,

2019), produces the bacteriocin nisin (Beasley and Saris, 2004),

aids in lactose digestion (Klijn et al., 1995; Beasley and Saris,

2004), and can play a role in the bacteriological homeostasis of

human milk (Heikkilä and Saris, 2003; Sharma et al., 2017).

Other DA taxa in the non-stunted (LAZ ≥ −1.5 SD) group were

mainly ambiguous taxa of human colonizers and Pseudomonas

species. One ambiguous taxon was Acinetobacter_MS_1, which

included either the commensal human skin and mucosal

colonizer Acinetobacter_lwoffii (formerly Acinetobacter

calcoaceticus var. lwoffii) (Bouvet and Grimont, 1986; Ku et al.,

2000), or the non-pathogenic environmental species

Acinetobacter_guillouiae, which was obtained from soil and

water (Yoon et al., 2014). Another ambiguous Streptococci

human colonizer taxon was Streptococcus_MS_11, which can be

either Streptococcus_mitis or Streptococcus_pseudopneumoniae, and

Streptococcus_MS_16, which can be either Streptococcus_mitis or

Streptococcus_pneumoniae, an oropharyngeal microflora (Pearce

et al., 1995; Kilian et al., 2014) and a respiratory tract pathogen

(Kilian et al., 2014), respectively. Although these species are

causative agents of infections in human and pediatric patients

(Mitchell, 2011; Kilian et al., 2014; Garriss et al., 2019), the

presence of these potentially opportunistic species along with

other pathogen-inhibitory species, such as Lactococcus_lactis_2,

suggests a bacteriological homeostasis associated with the human

milk ecosystem that is partially achieved through cross-talk between

the different bacterial species of the human milk. This could include

bacteriocin production to affect the growth of other species and/or

the bacterial utilization of milk components, which might result in

the protective effect of humanmilk and increased energy availability

for breastfed infants.

The non-stunted (LAZ ≥ –1.5 SD) group also included DA

Stenotrophomonas and Pseudomonas taxa of environmental origins.

Stenotrophomonas species were Stenotrophomonas_rhizophila_2

and Sphingobium_yanoikuyae_3. Stenotrophomonas_rhizophila_2

has been associated with plant and rhizosphere of soils (Wolf

et al., 2002). It is known for its plant growth-promoting features,

mainly through antagonizing deleterious and pathogenic

rhizosphere microorganisms (Schmidt et al., 2012; Pinski et al.,
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2020; Silambarasan et al., 2020). Sphingobium_yanoikuyae_3 is a

well-identified soil bioremediation species that possesses

degradation activity in the environment (Cunliffe and Kertesz,

2006), but its role in human milk has not been investigated.

Pseudomonas species were found associated with the HMM of

infants with LAZ ≥ –1.5 SD in late lactation. They were

Pseudomonas_fluorescens_1, Pseudomonas_koreensis_1, and the

ambiguous taxa Pseudomonas_MS_1 and Pseudomonas_MS_2.

Pseudomonas are complex isolates of environmental sources and

are frequently associated with soils and plants (Mauchline and

Malone, 2017; Fluit et al., 2020). The fluorescent Pseudomonas

represent a wide range of environmental species including soil

rhizospheres and plant surfaces (Silby et al., 2009) that have been

noted to promote plant health and to protect from pathogenic fungi

(Haas and Défago, 2005). Pseudomonas_fluorescens_1 was also

identified in low abundance in the normal flora of various body

sites, including the mouth, stomach, and lungs (Patel et al., 2013;

Scales et al . , 2014). Pseudomonas fluorescens also

possesses functional traits that enable it to grow and thrive in

mammalian hosts and that include the production of bioactive

secondary metabolites (Gross and Loper, 2009). Second,

Pseudomonas_koreensis_1 is classified within the P. fluorescens

complex (Gomila et al., 2015; Garrido-Sanz et al., 2016).

Pseudomonas_koreensis was first isolated from agricultural soils

(Lozano et al., 2017; Lopes et al., 2018) and rhizospheres (Lopes

et al., 2018). It was also found in animal (yak) milk where it

presented inhibitory antimicrobial activity and bioactivity against

Gram-positive and Gram-negative bacteria (Kaur et al., 2019).

The other DA Pseudomonas were the ambiguous taxa

Pseudomonas_MS_1 and Pseudomonas_MS_2. Both taxa include

mainly the environmental fluorescent Pseudomonas species of

soil and water. Pseudomonas_MS_1 is potentially one of the

six species (Pseudomonas_azotoformans, Pseudomonas_cedrina,

Pseudomonas_fluorescens , Pseudomonas_l ibanensi s ,

Pseudomonas_poae, or Pseudomonas_putida). Some are oil and

plant phyllosphere/rhizosphere species including Pseudomonas_

putida (Volke et al., 2020), Pseudomonas_azotoformans (Heidari

Nonakaran et al., 2015), Pseudomonas_cedrina (Behrendt et al.,

2009), Pseudomonas_fluorescens (Silby et al., 2009), and

Pseudomonas_poae (Behrendt et al., 2003). Pseudomonas_poae is

capable of inhibiting the growth of Penicillium expansum and has

demonstrated the capability to degrade its mycotoxin, patulin (Ren

et al., 2021), which can cause digestive tract problems in human

infants at high levels (Trucksess and Diaz-Amigo, 2011). Thus, the

presence of Pseudomonas_poae in human milk might exert a

protective effect in the breastfed infant’s gastrointestinal tract.

Pseudomonas_libanensis has been isolated from spring water in

Lebanon (Dabboussi et al., 1998; Dabboussi et al., 1999). The

second ambiguous taxon was Pseudomonas_MS_2, which is

either the Pseudomonas_putida or Pseudomonas_gingeri; these are

soil species (Volke et al., 2020) and plant pathogenic species

(Bahrami et al., 2018), respectively. Lastly, there was one

Unknown ESV (Unknown_62) in the non-stunted (LAZ ≥ –1.5
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SD) group at late lactation, which may emphasize the potential role

of unidentified species in infant stunting.

In late lactation, only four taxa were DA in the mildly

stunted (LAZ < –1.5 SD); these were mainly ambiguous taxa

and included both human colonizers and environmental taxa. Of

the two ambiguous taxa of environmental origin, two belonged

to the Proteobacteria phylum (Brevundimonas_MS_1 and

Paracoccus_MS_1) that were associated with soil and water.

Brevundimonas_MS_1 was either Brevundimonas_vesicularis or

Brevundimonas_nasdae that were isolated from the soil and

aquatic environments, respectively (Rao and Kumar, 2014; Ryan

and Pembroke, 2018; Stabler et al., 2018). The Proteobacteria

phylum includes many potentially pathogenic species (Monira

et al., 2011; Shin et al., 2015). However, the second DA taxon of

the Proteobacteria phylum was an ambiguous environmental

taxon; Paracoccus_MS_1 can be one of two putative species:

Paracoccus_carotinifaciens or Paracoccus_marcusii. Of interest

to our findings is the recent evidence describing that

Paracoccus_marcusii improved growth, elevated antioxidant

properties, suppressed the expression of some inflammatory

genes in marine animals (Yang et al., 2015; Xue et al., 2020),

and increased the probiotic properties of whey proteins

(Kalathinathan and Kodiveri Muthukaliannan, 2021).

Other human colonizers associated with LAZ < –1.5 SD were

Streptococcus_mitis_10 and Streptococcus_MS_10. Streptococcus_

mitis is an oropharyngeal species (Pearce et al., 1995; Kilian et al.,

2014) that has the potential to cause opportunistic infections

(Mitchell, 2011). Streptococcus_MS_10 can be one of the four

species, namely, Streptococcus_mitis, Streptococcus_oralis,

Streptococcus_pneumoniae, or Streptococcus_pseudopneumoniae,

all of which cause respiratory infections in adult and pediatric

patients (Kilian et al., 2014; Basaranoglu et al., 2019; Garriss

et al., 2019).
Associations of differentially abundant
taxa associated with weight-for-age
Z-score

Early lactation WAZ
Most of the DA in the human milk microbiome of infants with

WAZ ≥ –1 SD were normal human microflora and human milk

colonizers. Commensal bacteria found in milk were Streptococcus

mitis, Kocuria_palustris_1, and Streptococcus_salivarius_1.

Streptococcus mitis and Kocuria_palustris_1 are common

oropharyngeal species (Pearce et al., 1995; Kilian et al., 2014).

Kocuria_palustris_1 is a normal flora of the skin and mucous

membranes of the mouth and digestive and genital tracts in

humans and animals (Stackebrandt et al., 1995). Generally,

Kocuria are commonly considered non-pathogenic and have been

rarely associated with human infections (Kandi et al., 2016).

Additionally, there were two human milk colonizers:

Streptococcus_salivarius_1, which has been isolated from
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human milk (Delorme et al., 2015) and from the oral cavity of

full-term infants during early lactation (Pearce et al., 1995), and

Staphylococcus epidermidis, which is a normal colonizer of

human skin and mucous membranes (Otto, 2009).

Staphylococcus epidermidis may provide a protective role in

balancing epithelial microflora and serve as a reservoir of

resistance genes (Otto, 2009). Generally, it is considered a

healthy human milk microflora and, in particular, has been

shown to inhibit Staphylococcus aureus in expressed human milk

in vitro (Heikkilä and Saris, 2003; Martıń et al., 2007). Although

S. epidermidis can be involved in infections (Otto, 2009; Coates

et al., 2014), it can be regulated and inhibited by other milk

bacterial species (Delgado et al., 2009; Diepers et al., 2017).

Moreover, during the first month of life, human milk

Staphylococcus_epidermidis strains can outcompete more

virulent strains in the infant’s gut and appear to be protective

(Soeorg et al., 2013; Soeorg et al., 2017).

Several other DA taxa associated with WAZ ≥ –1 SD were

ambiguous taxa with the possibility of being both a normal flora

and/or opportunistic bacteria. Among these were Streptococcus_

MS_8, Streptococcus_MS_12, and Streptococcus_MS_2. Two of

them (Streptococcus_MS_8 and Streptococcus_MS_12) were either

one of two species: a commensal oropharyngeal inhabitant

Streptococcus_mitis (Kilian et al., 2014) or Streptococcus_

pseudopneumoniae, an emerging causative agent of lower-

respiratory tract infections (Garriss et al., 2019). The third

ambiguous taxon Staphylococcus_MS_2 was one of three species

(Staphylococcus_epidermidi, Staphylococcus_haemolyticus, or

Staphylococcus_hominis). All are often described as human skin

microflora (Kloos and Musselwhite, 1975; Heikkilä and Saris, 2003;

Diepers et al., 2017). Although they have been associated with

human nosocomial infections, these coagulase-negative

Staphylococci tend to be less pathogenic (Bennett et al., 2019).

We also observed ambiguous environmental taxa that were

associated with WAZ ≥ –1 SD: Brevundimonas_MS_1,

Pseudomonas_MS_2, and Kocuria_MS_1. First, Brevundimonas_

MS_1 was either one of two aquatic environmental species:

Brevundimonas_nasdae (Rao and Kumar, 2014) or

Brevundimonas_vesicularis, which are rarely known to cause

infections in humans unless in immunocompromised hosts (Ryan

and Pembroke, 2018; Stabler et al. , 2018). Second,

Ps eudomona s_MS_2 was e i t h e r t h e so i l sp e c i e s

Pseudomonas_putida (Volke et al., 2020) or the plant pathogenic

species Pseudomonas_gingeri (Bahrami et al., 2018). Third,

Kocuria_MS_1 was either Kocuria_indica or Kocuria_marina.

Both species have been isolated from sediment and marine

sediment samples (Kim et al., 2004; Dastager et al., 2014),

respectively, and generally are considered non-pathogenic (Kandi

et al., 2016).

The last DA taxon in the normal weight group (WAZ ≥ –1 SD)

was the environmental pathogenic bacterium Stenotrophomonas_

maltophilia_2 (Brooke, 2012; Berg andMartinez, 2015), which is an

environmental bacterium that has been isolated from water and soil
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(Adjidé et al., 2009) and from animals and plant materials (Berg

et al., 2005; Furushita et al., 2005). It was previously isolated from

raw milk and human feces (Spencer, 1995). Although it has been

classified as a multidrug-resistant global opportunistic pathogen

(Brooke, 2012), this pathogenicity is only associated with

immunoincompetent individuals (Smeets et al., 2007; Adegoke

et al., 2017), which was not the case in our study.
Late lactation WAZ
The normal weight (WAZ ≥ –1 SD) group included two

normal human microflora species: Streptococcus_salivarius_5

and Lactococcus_lactis_2. First, Streptococcus_salivarius_5 is a

commensal microflora that was isolated from the oral cavity of

full-term infants during the first month (Pearce et al., 1995) and

is commonly isolated from milk (Delorme et al., 2015). Second,

Lactococcus_lactis_2 belongs to the genus Lactobacillus and has

been isolated from human milk (Beasley and Saris, 2004). The

Lactobacillus genus is known to have multidirectional health-

promoting effects for breastfed infants (Łubiech and Twarużek,

2020). RCTs with Lactobacillus supplementation of nursing

mothers have reported increased infant WAZ but not LAZ

(Pastor-Villaescusa et al., 2020) and greater weight and height

gain in infants of supplemented mothers at 1 year of age

(Mantaring et al., 2018). Lactococcus_lactis has demonstrated

effective inhibition against Staphylococcus aureus (Heikkilä and

Saris, 2003; Gao et al., 2019) and can produce nisin (Beasley and

Saris, 2004). Nisin can inhibit bacterial growth (Naidu, 2000),

and is now recognized as limiting the growth of bacterial

pathogens (Soltani et al., 2020). Thus, it is possible that the

bacteriocin nisin may play a role in the bacteriological

homeostasis of human milk (Heikkilä and Saris, 2003; Sharma

et al., 2017). Additionally, Lactococcus_lactis was able to

metabolize lactose and different forms of carbohydrates

(Beasley and Saris, 2004), suggesting a possible probiotic role

in carbohydrate digestion in the infant’s gastrointestinal tract

(Klijn et al., 1995; Hussain et al., 2021).

Other DA species in milk associated with growth in normal

weight (WAZ ≥ –1 SD) infants were environmental and

ambiguous taxa. These included the ambiguous taxa

Streptococcus_MS_16, which was either Streptococcus_mitis or

Streptococcus_pneumoniae, and Pseudomonas_MS_2, which was

one of two environmental species (Pseudomonas_putida or

Pseudomonas_gingeri) (Bahrami et al., 2018; Volke et al.,

2020). The last DA species was the environmental bacterium

Pseudomonas_cedrina_1, which has been isolated from grasses

(Behrendt et al., 2009) and spring water (Dabboussi et al., 1998;

Dabboussi et al., 1999).

The mildly underweight group (WAZ < –1 SD) had three DA

taxa of different origins; however, one of them included an

ambiguous taxon with potential oral pathogenicity. First,

Sphingobium_limneticum_1 is an environmental bacterium that

was isolated from an aquatic environment (Chen et al., 2013).
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The other two were the ambiguous taxa Staphylococcus_MS_3,

which was either the human skin microflora species

Staphylococcus_haemolyticus or Staphylococcus_hominis (Kloos

and Musselwhite, 1975; Heikkilä and Saris, 2003), or

Streptococcus_MS_13, which was one of the three oral

microbiome species with potential pathogenicity (Streptococcus_

timonensis, Streptococcus_oralis, or Streptococcus_cristatus).

Streptococcus_timonensis has recently been associated with the

oropharynx mucosa of a healthy 5-year-old child (Qi et al., 2021).

Streptococcus_oralis is a commensal bacteria of the normal human

oral microbiota (Reichmann et al., 2011). It belongs to the Mitis

group, which contains Streptococcus_pneumoniae, a major human

pathogen that is capable of opportunistic pathogenicity (Do et al.,

2009; Basaranoglu et al., 2019). Streptococcus_cristatus has been

isolated from human throats and oral cavities including coronal

dental plaque and periodontal abscess. Evidence supports the

negative association of oral bacteria involved in dental plaque

(Gutiérrez-Venegas et al., 2019) with infant birth weight

(Dasanayake et al., 2005; Siqueira et al., 2007). Our findings

suggest the potential impacts of these potential oral pathogenic

bacteria in the human milk microbiome on infant weight during

late lactation.
Limitations and strengths

We recognize that our study had some limitations. In this

study, we used the 27F/533R primer, which can amplify the core

human milk genus Cutibacterium (Hunt et al., 2011; Jost et al.,

2013; Jiménez et al., 2015) but cannot amplify species from the

genus Bifidobacterium (Klindworth et al., 2013), which is not

always identified in human milk studies using such primers

(Davé et al., 2016; Ramani et al., 2018) as was the case in our

study population. Sample size issues were examined from two

perspectives. Originally, this cross-sectional study had been

powered to detect only differences in infant growth in early

and late lactation and not differences for stunting and

underweight; thus, cut points for Z-scores were adapted to

equalize sample sizes for microbial analyses. What we describe

here are associative correlates with human growth. It is always

important to accept a caveat of causal agnosticism. That is, we

cannot say here whether the differential abundance patterns had

any effects on promoting or retarding growth, or whether the

differential size of the offspring influences the composition of the

maternal HMM, or whether unmeasured factors impinging on

the maternal–infant dyad gave rise to both HMM differences and

variations in size.

Genome Quebec confirmed that sample extraction yielded

sufficient DNA to capture more than 6 million sequence reads

across all breast milk samples which allowed us to proceed with

our secondary analyses (Gonzalez et al., 2021). Our methods

were designed for improved species-level microbial

identification with the criteria of >99% for identity and
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coverage (Gonzalez et al., 2019); thus, our analysis uncovered

DA ambiguous species (_MS). However, with these adjustments,

we were able to identify four distinct clusters of microbial

communities using the modified anthropometric indices by

stage of lactation. Other strengths include the observation that

despite evidence of growth faltering in the first 6 months

postpartum, al l mothers complied with the WHO

recommendations to breastfeed for 6 months.
Conclusion

In conclusion, impaired infant growth in breastfed infants

during the first 6 months of lactation was associated with greater

DA of opportunistic and pathogenic bacterial species in human

milk, whereas the microbiome of infants with either LAZ > –1.5

SD or WAZ > –1 SD had greater differential abundance of oral

commensal and lactic acid bacteria. Moreover, bacterial species

commonly found in the environment were present in mother’s

milk and impacted infant growth. Finally, our findings highlight

an overlooked contribution of the HMM to early infant growth

and demonstrate an understudied role of the HMM with infant

growth faltering in Mam-Mayan Indigenous communities in

Guatemala during the first 6 months of lactation.
Data availability statement

All data are made available within the manuscript or

Supplementary Data. Raw sequence data has been deposited at

the European Genome-Phenome Archive (EGAD00001004160)

and are available upon request to KK, kristine.koski@mcgill.ca.
Ethics statement

McGill Institutional Review Board and CeSSIAM Human

Subjects Committee reviewed and approved the studies

involving human participants. All participating mothers

provided written informed consent for participation. Written

informed consent to participate in this study was provided by the

participants’ legal guardian/next of kin.
Author contributions

TA drafted the manuscript. TA and EG performed the

statistical analyses. EG analyzed the microbiome data and

created the figures. NS provided funding and supervised the

field data collection. KK provided funding for the 16S RNA

analysis and, together with TA, framed the study design. All

authors contributed to the article and approved the

submitted version.
frontiersin.org

https://doi.org/10.3389/frmbi.2022.1008467
https://www.frontiersin.org/journals/microbiomes
https://www.frontiersin.org


Ajeeb et al. 10.3389/frmbi.2022.1008467
Funding

This work was supported by the Natural Sciences and

Engineering Research Council of Canada Discovery (Grant

#RGPIN-2016-0496) (KK).
Acknowledgments

Special thanks to McGill University and Genome Quebec for

technical assistance with 16S rRNA sequencing. We thank H. Wren,

AMChomat, and the CeSSIAM field team for sample collection and

the participating mothers for providing valuable milk samples.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Frontiers in Microbiomes 15
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

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

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

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

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

frmbi.2022.1008467/full#supplementary-material

SUPPLEMENTARY FILE 1

Decontam run on this dataset identified one OUT (Bradyrhizobium_MS_2)

as putative contamination out of 1505. This out was deselected by DESeq2

and was excluded as a candidate for differential abundance.
References
Adegoke, A. A., Stenström, T. A., and Okoh, A. I. (2017). Stenotrophomonas
maltophilia as an emerging ubiquitous pathogen: Looking beyond contemporary
antibiotic therapy. Front. Microbiol. 8, 2276. doi: 10.3389/fmicb.2017.02276
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Lebanese spring waters. J. européen d’hydrol. 28 (3), 325–338. doi: 10.1051/water/
19982803325

Dabboussi, F., Hamze, M., Elomari, M., Verhille, S., Baida, N., Izard, D., et al.
(1999). Taxonomic study of bacteria isolated from Lebanese spring waters:
Proposal for pseudomonas cedrella sp. nov. and p. orientalis sp. nov. Res.
Microbiol. 150 (5), 303–316. doi: 10.1016/s0923-2508(99)80056-4

Daniels, L., Gibson, R. S., Diana, A., Haszard, J. J., Rahmannia, S., Luftimas, D.
E., et al. (2019). Micronutrient intakes of lactating mothers and their association
with breast milk concentrations and micronutrient adequacy of exclusively
breastfed Indonesian infants. Am. J. Clin. Nutr. 110 (2), 391–400. doi: 10.1093/
ajcn/nqz047

Dasanayake, A. P., Li, Y., Wiener, H., Ruby, J. D., and Lee, M. J. (2005). Salivary
actinomyces naeslundii genospecies 2 and lactobacillus casei levels predict
pregnancy outcomes. J. periodontol. 76 (2), 171–177. doi: 10.1902/
jop.2005.76.2.171

Dastager, S. G., Tang, S. K., Srinivasan, K., Lee, J. C., and Li, W. J. (2014). Kocuria
indica sp. nov., isolated from a sediment sample. Int. J. Syst. Evol. Microbiol. 64 (Pt
3), 869–874. doi: 10.1099/ijs.0.052548-0
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et al. (2009). Staphylococcus epidermidis strains isolated from breast milk of
women suffering infectious mastitis: Potential virulence traits and resistance to
antibiotics. BMC Microbiol. 9 (1), 1–11. doi: 10.1186/1471-2180-9-82

Delorme, C., Abraham, A.-L., Renault, P., and Guédon, E. (2015). Genomics of
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et al. (2007). Cultivation-independent assessment of the bacterial diversity of breast
milk among healthy women. Res. Microbiol. 158 (1), 31–37. doi: 10.1016/
j.resmic.2006.11.004

Matsumoto, T., Cifuentes, O., and Masunaga, T. (2013). Characterization of soil
properties in relation to maize productivity in andosols of the western highland of
Guatemala . Soi l Sci . Plant Nutr . 59 (2) , 195–207. doi : 10.1080/
00380768.2012.760430

Mauchline, T. H., and Malone, J. G. (2017). Life in earth – the root microbiome
to the rescue? Curr. Opin. Microbiol. 37, 23–28. doi: 10.1016/j.mib.2017.03.005
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