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ABSTRACT
Objectives: This study aimed to evaluate whether postpartum maternal stress is associated with infant gastrointestinal mi-
crobiome composition and diversity, and whether this relationship may be mediated by maternal caregiving and breastfeeding 
behaviors and human milk microbiome (HMM) composition.
Methods: Infant fecal and human milk samples were collected from 51 exclusively breastfeeding mother-infant dyads in the 
Pacific Northwest between 1 and 6 months postpartum. Infant fecal samples with sequencing read counts > 773 (n = 48) and milk 
samples with read counts > 200 (n = 46) were analyzed for bacterial alpha diversity (richness, Shannon diversity), beta diversity 
(Bray–Curtis dissimilarity), and genera differential abundances. Infant fecal microbiome (IFM) measures were tested for asso-
ciations with mothers' self-reported Parenting Stress Index total and subscale scores in regression (richness, Shannon diversity), 
envfit (beta diversity), and MaAsLin2 (genera abundance) models. Potential mediators of the relationship between maternal 
stress and IFM were explored (observed total time breastfeeding; maternal–infant physical contact frequency; and HMM alpha 
diversity, beta diversity, and genera abundance).
Results: Maternal stress was not associated with IFM alpha or beta diversities. Two maternal stress subscales were associ-
ated with differential abundances of Erysipelotrichaceae UCG-003 (positively) and Eggerthella (negatively) in infant feces. 
Maternal total stress and two stress subscales (Role Restriction, Attachment) were associated positively with HMM beta diversity 
(qattachment = 0.07) and negatively with HMM richness (qtotal = 0.08, qrole = 0.03).
Conclusions: Postpartum stress is not consistently associated with IFM composition during exclusive breastfeeding. However, 
postpartum maternal stress is associated with HMM diversity, suggesting that maternal stress might influence other develop-
mental pathways in the breastfeeding infant.
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1   |   Introduction

1.1   |   Postpartum Maternal Stress 
and the Developmental Origins of Health 
and Disease

Early life is a sensitive period for the impact of exposures and 
experiences on rapidly developing physiological systems, with 
health consequences in later life. This concept forms the basis 
of the framework of the Developmental Origins of Health and 
Disease (Gluckman and Hanson 2004; Kuzawa and Kim 2022; 
Low et  al.  2012; McKerracher et  al.  2020). A growing body 
of research has explored how psychosocial stress1 may be 
an important exposure shaping lifelong health and wellness 
(Barrero-Castillero et al. 2019; Dar et al. 2019; Olvera Alvarez 
et al. 2018; Palma-Gudiel et al. 2020; Suglia et al. 2021; Trudel-
Fitzgerald et al. 2017). For example, fetal exposure to mater-
nal psychosocial stress during pregnancy has been previously 
associated with a variety of developmental trajectories such 
as differential methylation of the hypothalamic–pituitary–ad-
renal (HPA) axis gene NR3C1 (Sosnowski et al. 2018), slower 
cognitive development (Delagneau et  al.  2023), different de-
velopmental trajectories of the HPA axis (McGowan and 
Matthews 2018), and later health outcomes such as increased 
risk for cardiovascular disease (Eberle et al. 2021), infectious 
disease (Nielsen et  al.  2011), depression, anxiety, attention 
deficit hyperactivity disorder (ADHD), and reduced telomere 
length (Lautarescu et al. 2020).

Maternal psychosocial stress may continue to be an import-
ant influence during the postnatal period, given an infant's 
rapid growth and development at this age and their continued 
reliance on caregivers for social–emotional interactions and 
nutrition, including breastfeeding. Indeed, maternal stress 
has been hypothesized to provide signals about the environ-
ment to shape an offspring's development, provoking devel-
opmentally plastic responses to better suit the environment in 
which an offspring will live (Sheriff and Love  2013). Based 
on this hypothesis, maternal stress would be expected to pro-
voke changes in an infant's mechanisms of developmental 
plasticity, with downstream effects on energetic regulation 
(Thompson et  al.  2015), behavior and temperament (Bianco 
et al. 2023; Fox et al. 2022; Sutin et al. 2022), response to stress 
(Rosin et  al.  2021), and physical growth (Grier et  al.  2017; 
Robertson et  al.  2019, 2023; White et  al.  2013). Indeed, re-
search has provided evidence that various types of maternal 
postpartum stress are associated with infant health and devel-
opment outcomes, including poor child social–emotional de-
velopment (Garthus-Niegel et  al.  2017), increased emotional 
reactivity (Bosquet Enlow et al. 2011), and less optimal tem-
perament profiles (Bianco et al. 2023; Sutin et al. 2022).

Mechanisms whereby maternal postpartum stress may con-
tribute to altered child developmental and health outcomes 
are not known, but some evidence suggests that one mediating 
factor may be through influences on the infant gastrointesti-
nal microbiome (frequently proxied by the fecal microbiome). 
Preliminary research found an association between mater-
nal postpartum stress and infant fecal microbiome com-
position. In a study of 46 women and their infants in Los 
Angeles, California, maternal stress at 5–7 and 11–13 months 

postpartum was associated with concurrent reduced phyloge-
netic diversity, Shannon diversity, and evenness in the infant 
fecal microbiome (Galley et al. 2023).

The infant gastrointestinal microbiome has been identified 
as an important mechanism for the developmental origins of 
health and disease because it is influenced by environmen-
tal and behavioral factors and is associated with a variety of 
health and disease outcomes in infancy, childhood, and po-
tentially adulthood (Stinson  2020). Differences in the com-
position of the fecal microbiome have been associated with 
many infant health outcomes, including stress response re-
activity (Dong and Gupta  2019; Rosin et  al.  2021), tempera-
ment (Fox et  al.  2022), asthma (Stokholm et  al.  2018, 2020; 
van Nimwegen et  al.  2011; Zimmermann et  al.  2019), aller-
gies (Azad et al. 2015; De Filippis et al. 2021; Lee et al. 2021; 
Peroni et  al.  2020), and cognitive and neural development 
(Carlson et al. 2018; Gao et al. 2019; Streit et al. 2021; Tamana 
et al. 2021; Vaher et al. 2022).

1.2   |   Pathways Connecting Postpartum Maternal 
Stress and the Infant Gastrointestinal Microbiome

There are multiple pathways by which postpartum maternal 
stress might influence the infant fecal microbiome (IFM), 
including stress-related changes to maternal caregiving be-
haviors, breastfeeding patterns, and alterations in human 
milk composition (e.g., the milk microbiome). Stress-related 
changes to maternal caregiving behavior might in turn pro-
voke stress in the infant. Maternal mental and emotional 
state, such as depression, has been associated with inconsis-
tent and less supportive caregiving behaviors (Luecken and 
Lemery 2004). Maternal caregiving behaviors have been asso-
ciated with infant developmental outcomes observed in studies 
of maternal postpartum stress, such as infant stress response 
development (Luecken and Lemery  2004), including neu-
ral systems related to stress reactivity (Hane and Fox 2006), 
stress-induced cortisol responses (Grant et al. 2009), and DNA 
methylation (Holdsworth et  al.  2023a; Provenzi et  al.  2020). 
Caregiver behavior has also been found to moderate the asso-
ciation of socioeconomic risks on children's fecal microbiome 
composition (Flannery et al. 2020), providing preliminary ev-
idence for the impact of maternal caregiving behavior on the 
infant fecal microbiome.

Postpartum maternal stress may also influence breastfeeding 
patterns, with potential downstream effects on the infant fecal 
microbiome. For example, post-delivery stress has been associ-
ated with less frequent breastfeeding (Doulougeri et  al.  2013) 
and potentially shorter feedings due to impaired lactogene-
sis (Dewey  2001). Although whether breastfeeding patterns 
are associated with variation in the infant fecal microbiome 
is not known, previous research has provided evidence that 
some breastfeeding patterns are associated with infant length 
growth (Galler et al. 1998), more frequent bouts of breastfeeding 
at 1 month of age are associated with increased adiposity at 1 
and 2 years of age (Agras et al.  1987), and schedule feeding is 
associated with more rapid weight gain compared to on-demand 
feeding (Mihrshahi et al. 2011). As other studies have found no 
association between on-demand or schedule feeding and infant 
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growth measures (Gubbels et al. 2011; Saxon et al. 2002), it is 
still unclear whether breastfeeding practices influence infant 
growth and development, including the composition of the fecal 
microbiome.

Another pathway whereby maternal stress might influence the 
infant fecal microbiome may be through alterations to milk 
composition itself, including the milk microbiome. The effect 
of postpartum maternal mood and stress on infant tempera-
ment was shown to be moderated by breastfeeding (Braithwaite 
et al. 2021), suggesting that milk composition is a potential path-
way connecting postpartum stress to infant outcomes. Previous 
research has provided evidence that postpartum maternal dis-
tress is associated with reduced alpha diversity in the milk mi-
crobiome at 3 months postpartum (Browne et al. 2019) and with 
differences in beta-diversity and relative abundance of some 
genera at 10 and 24 days postpartum (Juncker et al. 2025). The 
milk microbiome is hypothesized to be partially seeded by the 
maternal gastrointestinal microbiome (Selvamani et  al.  2021), 
variation in which has been associated with maternal stress 
(Hechler et al. 2019). However, whether these stress-associated 
differences in the human milk microbiome are associated with 
infant outcomes, including the infant fecal microbiome, is 
unknown.

1.3   |   Aims and Hypotheses

The primary aim of this study was to explore how maternal 
postpartum stress might influence the infant fecal microbi-
ome (IFM). Specifically, it tests two hypotheses (Figure 1): (1) 
Maternal postpartum stress is associated with variation in the 
infant fecal microbiome and (2) Maternal caregiving behaviors, 
breastfeeding behaviors, and milk microbiome composition medi-
ate the relationship between maternal postpartum stress and the 
infant fecal microbiome.

2   |   Methods

2.1   |   Study Design and Participants

Fifty-one mother-infant dyads residing in rural eastern 
Washington and northeast Idaho were enrolled in the Mother-
Infant Microbiomes, Behavior, and Ecology Study (MIMBES; 
Holdsworth et  al.  2023b). All mothers reported they were 

exclusively breastfeeding or pumping at least 5 times daily to 
ensure adequate milk production, ≥ 18 years of age, 3 weeks to 
5.5 months postpartum, they and their infants were healthy, 
and infants were exclusively consuming mother's own milk. 
Potential participants were excluded if they self-reported any 
indications of breast infection in the previous 7 days (i.e., fever, 
red streaks on breast, hard red portions on breast, any abnormal 
breast pain, discomfort, or lumps), infant or maternal signs of 
acute illness in the previous 7 days (i.e., fever, diarrhea, vomit-
ing, severe cough, or rapid breathing in infants), or any antibiot-
ics consumed by or administered to the mother or infant in the 
past 30 days.

Mothers completed surveys, participated in behavioral obser-
vations of their infant, and provided a milk sample and their 
infant's fecal sample for microbiome analysis. The human milk 
microbiome and mothers' breastfeeding patterns data from this 
study have previously been described (Holdsworth et al. 2023b). 
This analysis only includes participants whose milk samples had 
sequencing read counts > 200 or infant fecal sample sequencing 
read counts > 773. As such, analyses of milk samples include 46 
mother-infant dyads, analyses of infant fecal samples include 48 
mother-infant dyads, and analyses incorporating both milk and 
infant fecal samples include 43 mother-infant dyads. Written in-
formed consent to participate was provided by the mothers who 
also provided assent for infant participation. This study was ap-
proved by the Institutional Review Board of Washington State 
University (#15852).

2.2   |   Parenting Stress Index

Mothers completed the parent domain items of the Parenting 
Stress Index (PSI; Abidin  1997) as part of the surveys com-
pleted at the start of the study. The PSI evaluates experiences 
of stress relating to aspects of parenting, including subscales 
of Competence, Attachment, Role Restriction, Depression, 
Relationship with Spouse, Health, and Isolation (Table 1). The 
parent domain is comprised of 54 items; however, two items in 
the Competence subscale were accidentally omitted from the 
questionnaire that mothers completed. As such, we calculated 
each participant's average response score on each subscale and 
across all items to generate a PSI Total score, as done in previous 
studies (Oddi et al. 2013). One participant had a missing value 
for one item, so we imputed the participant's average value for 
the subscale, following PSI scoring guidelines (Abidin  1995). 
Responses on each item ranged from 1 to 5, with higher values 
indicating more stress. Reliability of these scales with the two 
missing items was assessed with Cronbach's standardized alpha 
(Cronbach 1951).

2.3   |   Infant Behavioral Observations

Infants were observed in their homes across 12 h in their 
regular lives for various behaviors and interactions relating 
to caregiving, interpersonal interactions, and breastfeeding. 
These observational data were used to derive infants' total 
time breastfeeding and how much time the mother was in 
physical contact with her infant during the observation pe-
riod. More detailed descriptions of these observations are 

FIGURE 1    |    Theoretical relationship of maternal postpartum stress 
and the infant fecal microbiome, potentially mediated by maternal care-
giving and breastfeeding behaviors and the milk microbiome.
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available in Holdsworth et al.  (2023b). Briefly, research staff 
observed infants in their regular daily activities over 12 h 
split across 3 days (0700–1100, 1100–1500, and 1500–1900 h). 
Observations of select behaviors were recorded every 30 s. 
The observer took a 15-min break after 45 min of observa-
tion to avoid observer fatigue, resulting in 9 h of recorded 
observations.

Frequency of maternal physical contact was defined as any 
physical contact (touching or holding) of the infant by their 
mother in each observable interval (30 s). Total time breastfeed-
ing and maternal physical contact frequency were transformed 
into minutes for ease of interpretation.

2.4   |   Fecal and Milk Sample Collection 
and Sequencing

Milk samples were collected in a laboratory at Washington 
State University. Each participant provided a milk sample via 
full breast expression after having not nursed for at least 2 h on 
the designated “study breast” and after the period of behavioral 
observations described above. After cleaning the breast with 
a Castile soap wipe (Professional Disposable International, 
Woodcliff, New Jersey), milk was collected using a Medela 
Symphony electric breast pump and single-use sterile milk 
collection kit (Medela Inc.; McHenry, Illinois). Samples were 
swirled and immediately aliquoted into sterile vials and trans-
ferred to a freezer (−20°C).

At the time of milk sample collection, infants' diapers were re-
moved and their posteriors cleaned with a Castile soap wipe and 
changed into a new, study-provided diaper. If the infant defe-
cated during the study visit in the laboratory, the fecal sample 

was collected by research staff at that time. Otherwise, a fecal 
sample was collected by mothers at home within 24 h of the 
milk sample collection. Research staff or the mother put on 
gloves and scooped fecal material into the sterile storage tube 
(Sarstedt AG & Co., Nümbrecht, Germany) using the provided 
spatula. Samples were placed in the participant's home freezer 
and picked up by research personnel within a day, where they 
were transferred to the laboratory freezer (−20°C).

2.5   |   DNA Extraction, Amplification, 
and Sequencing

At study completion, all samples were transferred to the labora-
tory at the University of Idaho where they were stored at −20°C 
until analysis. DNA was extracted from 200 mg fecal samples 
after thawing samples on ice. Thawed samples were vortexed 
with 0.5 mL of TE50 (10 mM Tris–HCl, 50 mM EDTA, pH 8) 
and DNA was extracted using the QIAamp Fast DNA Stool 
Mini Kit (Qiagen, Germantown, MD) as previously described 
(Lackey et al. 2019). DNA was eluted with 200 μL of ATE buf-
fer and stored at −80°C until polymerase chain reaction (PCR) 
amplification.

DNA was extracted from 1 mL of each milk sample following a 
modified protocol of enzymatic lysis and bead-beating with the 
QIAamp DNA Mini Kit (Qiagen, Germantown, MD) described 
previously (Lackey et  al.  2019). DNA was eluted with 50 μL 
nuclease-free water and stored at −80°C until further process-
ing. Nuclease-free water was used for negative controls during 
DNA extraction and processed along with samples.

The V1-V3 hypervariable region of the 16S rRNA gene was am-
plified from the extracted DNA using a dual-barcoded two-step 

TABLE 1    |    Parenting Stress Index (PSI) subscales.

Number of items Description

Attachment 7 Parent does not feel a sense of emotional closeness to their 
child or they do not feel able to observe and understand 

their child's feelings and/or needs accurately.

Competence 11* Parent does not feel competent in their ability to care for their 
child or feel overwhelmed by their child's needs and demands.

Depression 9 Parent is experiencing significant depression. Some 
items relate to guilt and unhappy feelings.

Health 5 Deterioration in health as a result of either parenting stress or 
an additional independent stress in the parent–child dyad.

Isolation 6 Social isolation from peers, relatives, and other emotional support systems.

Relationship with Spouse 7 Parent is lacking the emotional and active support of the 
other parent in the area of child management.

Role Restriction 7 Parent experiences the parental role as restricting their 
freedom and frustrating them in their attempts to maintain 
their own identity. Parent sees themself as being controlled 

and dominated by their children's demands and needs.

Note: Description of subscales is adapted from Abidin (1997).
*In the original Parenting Stress Index, the Competence subscale is comprised of 13 items. In our study, two items from this subscale were erroneously excluded from 
the questionnaire that participants completed, resulting in 11 items.
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30-cycle PCR as described previously (Lackey et al. 2019). PCR 
amplicons were cleaned and size-selected using paramag-
netic beads from the HighPrep PCR Clean-up System (MagBio 
Genomics Inc., Gaithersburg, MD) following the manufactur-
er's instructions. Cleaned amplicons were quantified using 
the Accuclear Ultra High Sensitivity dsDNA Quantitation Kit 
(Biotium, Fremont, CA) and pooled to contain 50 ng DNA from 
each sample. Amplicon pools were cleaned using paramagnetic 
beads, quality checked on a Fragment Analyzer (Advanced 
Analytical Technologies, Ankeny, IA), and quantified using the 
KAPA Biosciences Illumina library quantification kit and the 
Applied Biosystems StepOne Plus real-time PCR system. Pools 
were sequenced using an Illumina MiSeq (San Diego, CA) v3 
paired-end 300-bp protocol for 600 cycles at the University of 
Idaho Genomics and Bioinformatics Resources Core. Nuclease-
free water was used for negative controls during PCR and pro-
cessed along with samples.

Sequencing reads were demultiplexed using dbcAmplicons 
(https://​github.​com/​msett​les/​dbcAm​plicons) and processed 
using DADA2 v.1.26 (Callahan et al. 2016) in R v.4.3.2 (R Core 
Team 2023) as described by Pace et al. (2021). Additionally, to 
control for potential contaminating sequences, data from neg-
ative controls were used with the decontam package v.1.24 
(Davis et  al.  2018) to remove potential contaminants from se-
quenced data.

2.6   |   Microbiome Alpha Diversity, Beta Diversity, 
and Genera Abundance Calculations

All statistical analyses were conducted in R v.4.3.2 (R Core 
Team  2023). Milk and fecal samples with low read counts 
(< 200 and < 773 reads, respectively) were removed from all 
analyses. Milk samples were rarefied to 200 read depth, and 
infant fecal samples were rarefied to 773 read depth prior 
to alpha and beta diversity calculations. Microbiome alpha 
diversity indices of richness and Shannon diversity were 
calculated with the vegan package v.2.6.6.1 in R (Oksanen 
et al. 2013). Beta diversity index of Bray–Curtis Dissimilarity 
Distance matrix was calculated for milk and fecal microbi-
ome data using the vegdist function in the vegan package for 
R (Oksanen et al. 2013). Relative abundances and prevalence 
counts of bacterial taxa identified in infant fecal and milk 
samples were calculated from unrarefied count data aggre-
gated at the genus level.

2.7   |   Models of Hypothesis Testing

Given the small sample size, we constructed three models for 
each set of IFM outcome variables to test mediation via multi-
ple regression (Baron and Kenny 1986); (1) predictor variables to 
outcome variables, (2) predictor variables to mediator variables, 
and (3) mediator variables to outcome variables. If the relation-
ships between variables in steps #2 and #3 were significant, 
we planned to construct a mediation model and evaluate the 
strength of mediation.

To test for an association between maternal stress and IFM 
alpha diversity, separate regression models were conducted for 

each PSI subscale and total score, as well as potential media-
tors (maternal total time breastfeeding infant, maternal phys-
ical contact frequency with infant, HMM richness, and HMM 
Shannon diversity), with the outcome variables of IFM richness 
and Shannon diversity. Separate regression models also ex-
plored the association between PSI subscales and total scores on 
potential mediator variables as model outcomes (maternal total 
time breastfeeding infant, maternal physical contact frequency 
with infant, HMM richness, and HMM Shannon diversity). 
Each model controlled for infant age at sample collection and 
mode of delivery at birth (vaginal or cesarean-section). An ex-
ploratory post hoc analysis of the relationship between PSI and 
HMM alpha diversity metrics also controlled for maternal body 
mass index (BMI; derived from self-reported height and weight 
at milk sample collection) and maternal 7-day diet richness (self-
reported number of food categories consumed in the previous 
7 days). The stats::lm function was used in R for all regression 
models. P-values of the main predictor variables were corrected 
for multiple testing within the groups of outcome variables (IFM 
outcome models, HMM outcome models, maternal caregiv-
ing and breastfeeding outcome models) using the Benjamini-
Hochberg procedure. Significance was declared at q < 0.10.

To test for an association between maternal stress and IFM beta 
diversity, envfit (from vegan package) was run on the nonmet-
ric multidimensional scaling (NMDS) of the IFM Bray–Curtis 
dissimilarity matrix calculated with metaMDS from the vegan 
package. The envfit function included factors of all PSI sub-
scales and total score, potential mediators (maternal total time 
breastfeeding infant and maternal physical contact frequency 
with infant), delivery mode at birth, and infant age at sample 
collection, with 9999 permutations. Additionally, envfit was 
conducted with the NMDS of the HMM Bray–Curtis dissimi-
larity matrix to assess possible mediating effects of HMM beta 
diversity, including factors of each PSI subscale and total scores, 
delivery mode at birth, and infant age at sample collection, with 
9999 permutations. All envfit models were corrected for multi-
ple testing with the Benjamini-Hochberg procedure, and signif-
icance was declared at q < 0.10. The potential mediating role of 
HMM beta diversity was also assessed with a Mantel test of the 
IFM and HMM Bray–Curtis dissimilarity matrices, which eval-
uated the Pearson product-moment correlation of the matrices 
(vegan package). Significance of the Mantel test was declared 
at p < 0.05.

Associations of maternal stress and potential mediators with 
IFM genera abundance were evaluated using the Microbiome 
Multivariable Associations with Linear Models (MaAsLin2) 
package v.1.16.0 (Mallick et al. 2021) in R. This analysis consid-
ered separate models for each predictor variable. This analysis 
explored linear relationships with genera that were present in at 
least 10% of the samples, using the default transformation and 
normalization methods (i.e., log-transformation and total sum 
scaling normalization). To identify potential mediating effects of 
the HMM, separate MaAsLin2 models were created for each PSI 
subscale and total scores for the HMM samples with the same 
specifications. All models controlled for delivery mode at birth 
and infant age at sample collection as fixed effects. Each model 
was corrected for multiple testing with the Benjamini-Hochberg 
procedure, and variables were considered significantly associ-
ated with genus abundance if q < 0.10.

https://github.com/msettles/dbcAmplicons
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We conducted an additional post hoc analysis of the models 
described above using binary cut-off values for the PSI scores. 
PSI binary variables were created for ≥ 75th percentile (High) 
and < 75th percentile (Low), according to the reference per-
centiles for the Parenting Stress Index (Abidin  1995), as any-
thing below this threshold is considered “normal” (Loyd and 
Abidin 1985). In the case of PSI Total and PSI Competence, an 
average 75th percentile score was calculated and used as the cut-
off. The results from this post hoc analysis are described if they 
differ from the results of the main analyses.

3   |   Results

3.1   |   Analytic Sample, Sample Description, 
and IFM Genera

After removing samples with low read counts, 48 participants 
remained in the analytic sample assessing IFM measures only, 
46 participants remained in the analytic sample assessing HMM 
measures only, and 43 participants remained in the analytic 
sample assessing IFM and HMM measures together. There were 
no notable differences in the means and distributions of vari-
ables or demographics depending on inclusion due to sample 
read count (Table 2).

Mothers were overall highly educated: 81% of the IFM analytic 
sample had at least a bachelor's degree. Infants were on average 
2.6 months old, ranging from just under 1 month to just under 
6 months of age. Parenting stress measures were relatively low 
in mean and maximum reported score (Table 2, Supplemental 
Figure 1). Possible scores could range from 1 (least stress) to 5 
(most stress). All PSI subscales and total means were less than 
3, the midpoint for the scales. When using the 75th percentile 
to indicate high stress, multiple mothers indicated high stress 
on the Isolation (n = 16), Attachment (n = 15), Health (n = 29), 
Role Restriction (n = 18), Depression (n = 11), Relationship with 
Spouse (n = 14), and Competence subscales (n = 7), as well as 
Total Parenting Stress (n = 13).

The accidental exclusion of two items from the Parenting Stress 
Index did not appear to impact the internal consistency of the 
scale. The standardized Cronbach's alpha for the total scale was 
0.91. The standardized Cronbach's alpha for the Competence 
subscale was 0.71, similar to the 0.72 reported in the validation 
sample of the Parenting Stress Index (Abidin 1995).

One participant had a substantially greater amount of observed 
total time breastfeeding (313 min). To minimize the influence of 
this extreme outlier on the bivariate and multivariable analyses, 
this value was Winsorized to 1 min above the next highest value, 
resulting in a value of 179 min (Supplemental Figure 2).

Among the 48 infant fecal samples with sufficient read counts 
(Figure  2, Supplemental Table  1), 110 genera were identified. 
Bifidobacterium had the highest mean relative abundance 
across all samples (19%) and was present in 43 samples (89.6% 
prevalence). Although Streptococcus was the most prevalent 
genus (present in 46 samples, 95.8%), it was present in relatively 
low abundance (mean 2.2%). Other highly abundant genera 
were also present in most samples: Veillonella (mean relative 

abundance 16.0%, present in 43 samples), Bacteroides (mean 
relative abundance 15.2%, present in 40 samples), Escherichia-
Shigella (mean relative abundance 11.5%, present in 38 samples), 
and Clostridium sensu stricto 1 (mean relative abundance 6.4%, 
present in 30 samples).

Overall, 14 genera had > 1% mean relative abundance. Some 
of these were not among the top 14 most prevalent gen-
era, indicating that their mean relative abundance may be 
driven by greater abundance in fewer samples. This includes 
Erysipelotrichaceae UCG-003 (present in 5 samples, mean rel-
ative abundance = 1.31%), Parabacteroides (present in 17 sam-
ples, mean relative abundance = 1.33%), Citrobacter (present in 
17 samples, mean relative abundance = 2.77%), Akkermansia 
(present in 12 samples, mean relative abundance = 3.20%), and 
Ruminococcus gnavus group (present in 18 samples, mean rela-
tive abundance = 5.27%).

There were 83 genera identified in the 46 HMM samples with 
sufficient read counts (> 200). HMM genera relative abun-
dance (Supplemental Figure  3) in this study has been previ-
ously described in more detail (Holdsworth et al. 2023b). Only 
Streptococcus was present at > 1% mean relative abundance in 
both HMM and IFM samples (Figure 2, Supplemental Figure 3) 
and it was highly prevalent in both (100% of milk samples and 
95.8% of infant fecal samples). As expected for microbiomes 
of different body sites, many genera that were present in the 
IFM samples were not present in HMM samples, including 
Erysipelotrichaceae UCG-003 and Eggerthella.

3.2   |   IFM Alpha Diversity Associations With 
Maternal Stress and Mediators

In separate regression models controlling for infant age and 
mode of delivery, no measure of maternal parenting stress was 
significantly associated with IFM richness or Shannon diversity 
(Figure  3A,B). Coefficient estimates' 95% confidence intervals 
were wide and crossed 0, indicating that it is unclear whether 
PSI scores could be positively or negatively associated with IFM 
richness or Shannon diversity. Potential mediators (maternal 
physical contact frequency, total time breastfeeding, HMM rich-
ness, and HMM Shannon diversity) were also not significantly 
associated with IFM richness or Shannon diversity.

To test for potential mediating effects, we also evaluated the 
association of maternal parenting stress with the proposed 
mediator variables. After correcting for multiple testing, PSI 
Total (B = −5.99, q = 0.08) and PSI Role Restriction (B = −3.94, 
q = 0.03) scores were negatively associated with HMM richness, 
and no variables were associated with HMM Shannon diversity 
in separate regression models controlling for infant age and de-
livery mode (Figure  3C,D). Coefficient estimates of all stress 
subscale scores were negative in relation to HMM richness. 
Though not significant after correcting for multiple tests, PSI 
Health and PSI Competence had similar coefficient estimates to 
PSI Role Restriction, suggesting possible similar effects of these 
dimensions of stress on HMM richness. Each unit increase in 
PSI Total score was associated with 6 fewer observed unique 
amplicon sequence variants (ASVs) in the HMM, while each 
unit increase in PSI Role Restriction score was associated with 
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TABLE 2    |    Participant characteristics and variable distribution.

IFM Sample 
(n = 48)

HMM Sample 
(n = 46)

IFM and HMM 
Sample (n = 43)

Total Study 
Sample (N = 51)

Mother's age (years)

Mean (SD) 29.2 (3.62) 29.1 (3.81) 29.2 (3.71) 29.0 (3.71)

Median [Min, Max] 28.0 [23.0, 38.0] 28.0 [22.0, 38.0] 28.0 [23.0, 38.0] 28.0 [22.0, 38.0]

Mother's ethnicity

Caucasian/European 
American

39 (81.3%) 39 (84.8%) 36 (83.7%) 42 (82.4%)

Asian/Asian American 4 (8.3%) 3 (6.5%) 3 (7.0%) 4 (7.8%)

Hispanic/Latino 2 (4.2%) 1 (2.2%) 1 (2.3%) 2 (3.9%)

Other 3 (6.3%) 3 (6.5%) 3 (7.0%) 3 (5.9%)

Mother's educational level

High school degree or 
equivalent

4 (8.3%) 5 (10.9%) 3 (7.0%) 6 (11.8%)

Vocational/technical 
school

1 (2.1%) 1 (2.2%) 1 (2.3%) 1 (2.0%)

Associate's degree 4 (8.3%) 5 (10.9%) 4 (9.3%) 5 (9.8%)

Bachelor's degree 26 (54.2%) 23 (50.0%) 23 (53.5%) 26 (51.0%)

Master's degree 10 (20.8%) 10 (21.7%) 10 (23.3%) 10 (19.6%)

PhD 3 (6.3%) 2 (4.3%) 2 (4.7%) 3 (5.9%)

Infant sex

Female 24 (50.0%) 22 (47.8%) 21 (48.8%) 25 (49.0%)

Male 24 (50.0%) 24 (52.2%) 22 (51.2%) 26 (51.0%)

Infant's age (months)

Mean (SD) 2.55 (1.39) 2.56 (1.41) 2.56 (1.42) 2.55 (1.39)

Median [Min, Max] 2.20 [0.970, 5.87] 2.12 [0.970, 5.87] 2.20 [0.970, 5.87] 2.20 [0.970, 5.87]

Delivery mode

C-section 13 (27.1%) 11 (23.9%) 11 (25.6%) 13 (25.5%)

Vaginal 35 (72.9%) 35 (76.1%) 32 (74.4%) 38 (74.5%)

Mother's body mass index (BMI)

Mean (SD) 27.25 (6.18) 27. 37 (6.31) 27.48 (6.42) 27.16 (6.09)

Median [Min, Max] 25.5 [20.0, 50.5] 25.6 [20.0, 50.5] 25.5 [20.0, 50.5] 25.5 [20.0, 50.5]

Mother's 7-day diet richness

Mean (SD) 9.7 (1.3) 9.8 (1.3) 9.7 (1.3) 9.8 (1.3)

Median [Min, Max] 10 [6, 12] 10 [6, 12] 10 [6, 12] 10 [6, 12]

PSI Attachment

Mean (SD) 1.72 (0.452) 1.69 (0.447) 1.72 (0.445) 1.69 (0.453)

Median [Min, Max] 1.64 [1.00, 3.00] 1.57 [1.00, 3.00] 1.71 [1.00, 3.00] 1.57 [1.00, 3.00]

PSI Role Restriction

Mean (SD) 2.84 (0.654) 2.86 (0.664) 2.84 (0.669) 2.85 (0.650)

Median [Min, Max] 2.71 [1.71, 4.71] 2.71 [1.71, 4.71] 2.71 [1.71, 4.71] 2.71 [1.71, 4.71]

(Continues)
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IFM Sample 
(n = 48)

HMM Sample 
(n = 46)

IFM and HMM 
Sample (n = 43)

Total Study 
Sample (N = 51)

PSI Depression

Mean (SD) 2.08 (0.631) 2.08 (0.575) 2.07 (0.585) 2.08 (0.619)

Median [Min, Max] 2.06 [1.00, 3.56] 2.06 [1.00, 3.56] 2.00 [1.00, 3.56] 2.11 [1.00, 3.56]

PSI Spouse

Mean (SD) 2.35 (0.671) 2.33 (0.635) 2.34 (0.653) 2.34 (0.655)

Median [Min, Max] 2.21 [1.14, 3.86] 2.14 [1.14, 3.86] 2.14 [1.14, 3.86] 2.14 [1.14, 3.86]

PSI Health

Mean (SD) 2.86 (0.569) 2.86 (0.487) 2.87 (0.494) 2.85 (0.559)

Median [Min, Max] 2.80 [1.40, 4.00] 2.80 [2.20, 4.00] 2.80 [2.20, 4.00] 2.80 [1.40, 4.00]

PSI Isolation

Mean (SD) 2.14 (0.682) 2.13 (0.663) 2.11 (0.665) 2.15 (0.679)

Median [Min, Max] 2.00 [1.00, 3.50] 2.00 [1.00, 3.50] 2.00 [1.00, 3.50] 2.00 [1.00, 3.50]

PSI Competence

Mean (SD) 1.98 (0.419) 1.97 (0.386) 1.98 (0.398) 1.97 (0.408)

Median [Min, Max] 1.91 [1.09, 2.73] 1.91 [1.09, 2.73] 1.91 [1.09, 2.73] 1.91 [1.09, 2.73]

PSI Total

Mean (SD) 2.23 (0.408) 2.22 (0.375) 2.23 (0.381) 2.23 (0.401)

Median [Min, Max] 2.15 [1.33, 3.12] 2.15 [1.33, 3.06] 2.15 [1.33, 3.06] 2.15 [1.33, 3.12]

Physical contact frequency (minutes)

Mean (SD) 280 (108) 280 (108) 281 (110) 279 (106)

Median [Min, Max] 274 [48.5, 504] 265 [48.5, 504] 268 [48.5, 504] 268 [48.5, 504]

Total time breastfeeding (minutes)

Mean (SD) 76.3 (40.6) 73.9 (41.5) 76.2 (41.6) 74.3 (40.6)

Median [Min, Max] 68.3 [17.0, 179] 63.3 [17.0, 179] 65.5 [17.0, 179] 65.5 [17.0, 179]

HMM Shannon

Mean (SD) 2.44 (0.446) 2.45 (0.442) 2.44 (0.446) 2.45 (0.442)

Median [Min, Max] 2.51 [1.29, 3.11] 2.52 [1.29, 3.11] 2.51 [1.29, 3.11] 2.52 [1.29, 3.11]

Missing 5 (10.4%) 0 (0%) 0 (0%) 5 (9.8%)

HMM Richness

Mean (SD) 26.3 (5.79) 26.3 (5.76) 26.3 (5.79) 26.3 (5.76)

Median [Min, Max] 26.0 [14.0, 41.0] 26.0 [14.0, 41.0] 26.0 [14.0, 41.0] 26.0 [14.0, 41.0]

Missing 5 (10.4%) 0 (0%) 0 (0%) 5 (9.8%)

IFM Richness

Mean (SD) 34.0 (11.8) 34.3 (12.0) 34.3 (12.0) 34.0 (11.8)

Median [Min, Max] 31.5 [16.0, 72.0] 32.0 [16.0, 72.0] 32.0 [16.0, 72.0] 31.5 [16.0, 72.0]

Missing 0 (0%) 3 (6.5%) 0 (0%) 3 (5.9%)

(Continues)

TABLE 2    |    (Continued)
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4 fewer ASVs in the HMM. These results were similar when 
additionally controlling for maternal diet richness and BMI 
(Supplemental Figure  4). Maternal parenting stress variables 
were not associated with total time breastfeeding or maternal 
physical contact time (Figure 3E,F). Results from the post hoc 
analyses of binary PSI variables did not notably differ from these 
results (Supplemental Figure 5).

Thus, while there were significant associations between mater-
nal parenting stress and HMM alpha diversity measures, the 
lack of any significant associations or large effect sizes with IFM 
alpha diversity indicates that maternal stress is not associated 
with IFM alpha diversity measures, and that this relationship is 
not mediated by any factors we explored.

3.3   |   IFM Beta Diversity Associations With 
Maternal Stress and Mediators

Only delivery mode (r2 = 0.10, p < 0.01) was a significant factor 
in explaining the distribution of IFM Bray–Curtis dissimilarity 
(Figure 4A). Infant age (r2 = 0.11) explained most of the variation 
in IFM beta diversity. Of all the PSI scores, Health explained 
the most variation in IFM beta diversity (r2 = 0.07). Overall, PSI 
scores explained very little of the variation in IFM beta diversity. 

All maternal parenting stress variables, maternal mediator vari-
ables (total time breastfeeding and physical contact time), and 
infant age were not significant predictors.

When evaluating HMM beta diversity for possible mediating ef-
fects, PSI Attachment score was the only significant factor that 
explained the distribution of HMM Bray–Curtis dissimilarity 
(Figure 4B), explaining 21% of the variation in HMM beta diver-
sity (r2 = 0.21, p < 0.01). Similarly, a Mantel test on the correlation 
of the IFM and HMM Bray–Curtis dissimilarity matrices was 
non-significant (r = −0.006, p = 0.50). Given the lack of signifi-
cant association between PSI Attachment score and IFM Bray–
Curtis dissimilarity, HMM beta diversity is unlikely to mediate 
the relationship between PSI variables and IFM beta diversity.

3.4   |   IFM Genera Abundance Associations With 
Maternal Stress and Mediators

In separate MaAsLin 2 models controlling for infant age and de-
livery mode, only PSI Attachment score was associated with the 
abundance of Erysipelotrichaceae UCG-003 (coefficient = 2.41, 
q = 0.04), and PSI Spouse score was associated with the abun-
dance of Eggerthella (coefficient = −0.88, q = 0.03). Each model 
evaluated associations with the 44 different genera that were 
present in at least 10% of the participant samples. These rela-
tionships may be driven by the absence of Erysipelotrichaceae 
UCG-003 and Eggerthella among lower PSI Attachment scores 
and higher PSI Spouse scores, respectively, as these genera 
had relatively low prevalence (5 samples and 8 samples out of 
48, respectively). These associations also had notable outli-
ers that may have influenced these estimates (Supplemental 
Figure  6). The association with Erysipelotrichaceae UCG-003 
is evidently driven by an outlier and is absent in all other sam-
ples (Supplemental Figure 6A). The association with Eggerthella 
may also be driven by an extreme data point, though it is also 
present in seven samples with mothers whose PSI Spouse scores 
are < 2.2 and only present in one sample with PSI Spouse score 
> 2.2 (Supplemental Figure 6B). In our post hoc analysis of High 
stress (≥ 75th percentile) and Low stress groups, these associa-
tions were no longer significant at q < 0.1, further demonstrating 
that the significant findings were due to outlier influences.

No maternal parenting stress measure was associated with the 
abundance of any HMM genus (evaluating the 43 genera present 
in at least 10% of the participant samples). This indicates that 
HMM genera abundance is an unlikely mediator of the relation-
ship between PSI scores and IFM genera abundance.

IFM Sample 
(n = 48)

HMM Sample 
(n = 46)

IFM and HMM 
Sample (n = 43)

Total Study 
Sample (N = 51)

IFM Shannon

Mean (SD) 2.28 (0.425) 2.27 (0.446) 2.27 (0.446) 2.28 (0.425)

Median [Min, Max] 2.33 [1.18, 3.50] 2.31 [1.18, 3.50] 2.31 [1.18, 3.50] 2.33 [1.18, 3.50]

Missing 0 (0%) 3 (6.5%) 0 (0%) 3 (5.9%)

Note: Unless otherwise noted, rows indicate n (%).

TABLE 2    |    (Continued)

FIGURE 2    |    Relative abundances of bacterial genera in the infant fe-
cal samples with read counts > 773. Relative abundance was calculated 
on unrarefied count data. Genera are ordered by mean relative abun-
dance across all samples, in ascending order. Samples are ordered by 
relative abundance of Bifidobacterium, in descending order.
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FIGURE 3    |    Regression models of the associations between dependent variables (A) infant fecal microbiome (IFM) richness, (B) IFM Shannon 
diversity, (C) human milk microbiome (HMM) richness, (D) HMM Shannon diversity, (E) potential mediator total time breastfeeding, and (F) fre-
quency of maternal physical contact with infant and Parenting Stress Index (PSI) total and subscale values. Points indicate the unstandardized coeffi-
cients, lines are 95% confidence intervals. Each coefficient represents a separate regression model. Every regression model controls for infant age and 
mode of delivery. Colors reflect groups of variables: Blue = PSI variables, green = maternal behavior mediators, purple = HMM mediators. *q < 0.1.
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4   |   Discussion

Overall, we found little evidence in support of Hypothesis 1. 
There were no significant relationships with any measure of 
maternal parenting stress and infant fecal microbiome alpha 
diversity (richness and Shannon diversity) or beta diversity 
(Bray-Curtis). Although there were significant associations 
between two parenting stress measures and the abundances of 
two IFM genera, these associations might be due to outliers. As 
such, these results are not strongly supportive of the hypothe-
sis given the number of genera and parenting stress measures 
evaluated.

We also found no evidence to support Hypothesis 2 related 
to maternal caregiving and breastfeeding behavior. Maternal 
caregiving behavior (physical contact frequency with in-
fant) and breastfeeding behavior (total time breastfeeding 
infant) were not significantly associated with maternal par-
enting stress measures, nor with IFM alpha diversity mea-
sures, IFM beta diversity, or any IFM genera differential 
abundances. This indicates that maternal caregiving and 
breastfeeding behaviors are not mediators of any relation-
ship between maternal parenting stress and the infant fecal 
microbiome.

We found minimal support for Hypothesis 2 regarding HMM 
as a mediator, as HMM measures were consistently unassoci-
ated with IFM measures. However, we did find significant as-
sociations between parenting stress measures and the HMM. 
More parenting stress overall and in the Role Restriction sub-
scale were associated with reduced HMM richness. Notably, PSI 
Attachment was the only stress measure associated with both 

HMM composition (beta diversity) and IFM composition (abun-
dance of Erysipelotrichaceae UCG-003).

Although this study does not indicate a consistent relationship 
between maternal postpartum stress and IFM in this popula-
tion, it did indicate a relationship between maternal postpartum 
stress and the HMM. These findings are in line with Browne 
et al.'s (2019) study demonstrating reduced HMM alpha diversity 
with more maternal postnatal distress. While these results also 
broadly align with Juncker et al.'s (2025) findings of significant 
differences in HMM composition by maternal stress, the aspects 
of the HMM that were associated with stress were different from 
our own findings. Juncker and colleagues did not find differ-
ences in HMM alpha diversity by maternal stress, contrary to 
our findings. Similarly, they found differences in the relative 
abundance of specific genera by maternal stress, while we found 
no differences. These findings may point to different impacts of 
maternal stress on HMM by both the type of stress experienced 
and temporal changes in human milk composition. In assessing 
the effects of stress on the HMM, Juncker et al. (2025) compared 
differences between mothers whose infants were hospitalized 
for at least 2 days after birth (high stress group) and those who 
did not experience this (control group), as well as differences by 
Perceived Stress Scale scores. These measures may capture more 
severe and acute stress than our measure of Parenting Stress, as 
well as other stressors besides parenting. They also measured 
the HMM at 10 and 24 days postpartum, much earlier than our 
study. Future research should explore these relationships longi-
tudinally, to better test whether temporal changes in stress are 
associated with changes in HMM composition, and whether ef-
fect sizes vary by time postpartum. However, the results from 
this study and others (Browne et al. 2019; Juncker et al. 2025) 

FIGURE 4    |    Envfit predictors' R2 and p-values in models of the non-metric dimensional scaling ordination of the Bray–Curtis dissimilarity matrix 
of (A) the infant fecal microbiome (IFM) and (B) the milk microbiome (HMM). Parenting Stress Index (PSI) variables are noted in blue, potential 
mediator variables are noted in green, and covariates are noted in pink. *q < 0.10.
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indicates that maternal postpartum parenting stress may have 
a negative impact on HMM richness among exclusively breast-
feeding mother-infant dyads.

Total PSI score was associated with reduced HMM richness, 
with an estimated 6 fewer ASVs for each unit increase of total 
PSI. This means that for the highest (3.12) to lowest (1.33) re-
ported scores, it is estimated that the number of unique bacteria 
would decrease by approximately 12 ASVs. While the biological 
significance of this effect size is unknown, it is likely important 
given that the HMM samples in the study only had a maximum 
richness of 41 ASVs, meaning a decrease of 12 ASVs could be a 
reduction of up to 29% of the number of distinct bacteria present 
in milk.

The Role Restriction PSI subscale was also associated with re-
duced HMM richness, but the possible mechanistic pathway 
for this relationship is unclear. The Role Restriction subscale 
assesses whether a parent experiences the parental role as re-
stricting their freedom and frustrates them in their attempts to 
maintain their own identity (Table 1). There may be fewer mi-
crobial exposures from other people with more restriction due 
to the parenting role. Previous research among horticulturalists 
and hunter-gatherers in the Central African Republic found that 
a more expansive maternal social network was associated with 
greater HMM alpha diversity and evenness (Meehan et al. 2018). 
This may be due to more skin microbial exposures through so-
cial contact that transfer to breast skin and then transfer into 
the HMM, or through the infant oral microbiome's influence on 
retrograde flow during breastfeeding (Consales et al. 2022). The 
Role Restriction subscale may reflect mothers' decreased micro-
bial exposures from other people (e.g., “Since having this child, I 
have been unable to do new and different things.”) but it also in-
cludes emotional responses to these feelings of restriction (e.g., 
“I feel trapped by my responsibilities as a parent.”). As such, it is 
not clear whether these patterns may be due to reduced micro-
bial exposures from other people or to other factors more related 
to the emotional components of these scales. PSI Attachment 
subscale was associated with HMM community composition 
(Bray–Curtis dissimilarity), indicating that mothers' reports of 
their emotional attachment to their child captured the greatest 
differences in overall HMM composition between participants. 
Notably, PSI Attachment was more strongly associated with 
HMM beta diversity than infant age and delivery mode.

The possible mechanistic pathways by which maternal parent-
ing stress may be associated with HMM composition are not 
entirely clear and were not conclusively addressed in this study. 
It is possible that maternal stress and reduced HMM richness 
have a common cause, such as delivery-related complications 
(Cabrera-Rubio et  al.  2012). Alternatively, increased stress may 
result in changes to the gastrointestinal microbiome (e.g., Bailey 
et  al.  2011; Dinan and Cryan  2012; Galley and Bailey  2014; 
Hechler et al. 2019) which then translocate to the mammary gland 
through the entero-mammary pathways (De Andrés et al. 2017; 
Rodríguez 2014). Another potential pathway may be that psycho-
social stress results in differences in milk composition, such as 
cortisol concentrations (Aparicio et  al.  2020), immune compo-
nents (Thibeau et al. 2016; Ziomkiewicz et al. 2021), the metab-
olome (Kortesniemi et al. 2021), or fat content (Keith et al. 2012). 
These changes to milk composition could create environments 

that are conducive to the proliferation of different bacteria. For ex-
ample, previous research has found that concentrations of various 
milk components including fatty acids, immune factors, lactose, 
protein, and human milk oligosaccharides (HMOs) are associated 
with different HMM profiles (Castro et al. 2022; Keith et al. 2012; 
Kumar et al. 2016; LoCascio et al. 2007; Pace et al. 2021; Ward 
et  al.  2006). Additionally, increased cortisol concentrations in 
milk have been associated with variation in lipid profiles in milk 
(Linderborg et al. 2020). Though one recent study found no asso-
ciations between cortisol concentrations in milk, maternal stress, 
and HMM composition (Juncker et  al.  2025), more research is 
needed to test this possible pathway by which maternal postpar-
tum stress may influence HMM composition.

It is notable that we did not find any significant associations 
between the variation in HMM and IFM diversity measures 
in mother-infant dyads. Previous research has found similar 
limited associations between HMM and IFM alpha diversity 
and beta diversity measures in mother-infant dyads. In a large, 
multi-site study, Lackey et al. (2019) found only one significant 
correlation of HMM diversity indices with IFM diversity indices 
in a single study cohort. Similarly, they found that within co-
horts, beta diversity measures of the HMM and IFM including 
the Bray-Curtis distance matrix were not more similar within a 
mother-infant dyad than any other mother-infant combination. 
This is similar to our study's results, which found no associa-
tions between HMM and IFM alpha and beta diversity indices. 
However, despite limited associations of HMM and IFM alpha 
and beta diversity indices, Lackey et  al.  (2019) study did find 
strong associations between mother-infant dyads' HMM and 
IFM holistic composition through a canonical correlations anal-
ysis. Future analyses of the relationship between the HMM and 
IFM in this study may yield similar findings.

While we found significant associations between PSI 
Attachment and IFM Erysipelotrichaceae UCG-003 abundance, 
and PSI Spouse and IFM Eggerthella abundance, we are skepti-
cal regarding these findings, given the probable influence of out-
liers. More research is needed to test possible relationships with 
Eggerthella, as Eggerthella abundance in the IFM has been asso-
ciated with child temperament (positively associated with nega-
tive emotionality and stress response, negatively associated with 
positive emotionality and reward-seeking; Ueda et al. 2024), in-
dicating that there might be a psychosocial or social–emotional 
component to its abundance in the IFM.

Based on these results, we conclude that maternal parenting 
stress does not appear to be an environmental signal that pro-
vokes developmentally plastic responses (Sheriff and Love 2013) 
in the taxonomic composition of the IFM in this sample. It is 
possible that maternal stress could contribute to developmental 
plasticity in the IFM in ways we were not able to measure, such 
as through changes to microbial metabolic activity, functions, or 
interactive effects with other physiological systems. Similarly, it 
is possible that the effects of maternal postpartum stress may not 
be evident until later in infancy, as previously found in a study 
of maternal postpartum stress and the IFM at 5–13 months post-
natal (Galley et al. 2023). The significant associations between 
maternal postpartum stress and the HMM composition indicate 
that maternal stress may still be a relevant signal for developing 
infants through milk, but that infant developmental responses 
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to this signal are not occurring in the gastrointestinal microbi-
ome. HMM composition has previously been found to be associ-
ated with variation in infant adiposity, fat-free mass, and length 
(Cheema et al. 2022), head circumference (Ajeeb et al. 2022), and 
in growth faltering (Ajeeb et al. 2024), suggesting that the HMM 
may prompt developmentally plastic responses in infant growth. 
Future research should explore the relationship between mater-
nal postpartum stress and other key mechanisms of infant de-
velopmental plasticity. For example, previous research has found 
significant associations between maternal prenatal stress and 
mechanisms of developmental plasticity such as the epigenome 
(Kotsakis Ruehlmann et al. 2023; Quinn et al. 2023; Sosnowski 
et al. 2018) and the metabolome in a rat model (Li et al. 2023).

Aspects of this study may limit generalizability and bias results 
toward the null hypotheses. Our measure of stress only assesses 
stress relating to parenting. While the measure encompasses 
multiple dimensions of parenting stress, there are many other 
possible sources of stress that we did not measure. Participants 
were drawn from a community sample and overall had rela-
tively low reported stress scores. As such, this study may un-
derestimate effects of maternal stress, making null results more 
likely. Additionally, we are unable to test whether observed rela-
tionships with parenting stress were uniquely due to parenting 
stress or due to other factors causing or exacerbating parenting 
stress (e.g., pre-existing depression, stressors unrelated to par-
enting). It is possible that this study did not observe significant 
relationships due to the timing of measures; there may be a 
critical developmental window wherein the IFM is more sensi-
tive to stress exposures that occur outside the age range in this 
study (1–6 months of age). This study may not have had enough 
samples to detect significant effect sizes less than 0.14 in the re-
gression models. Additionally, results based on this study popu-
lation may not be generalizable to other populations. This is an 
exclusively breastfeeding population, with mothers who are gen-
erally highly educated and over-representative of mothers who 
identified as Caucasian/European American. The relationship 
between stress and the IFM may be different for mother-infant 
dyads who are not exclusively breastfeeding or of different so-
cioeconomic status.

However, this study has multiple strengths in assessing the po-
tential impact of postpartum maternal stress on the IFM. For 
example, it used observations of maternal caregiving and breast-
feeding behaviors to evaluate possible mediating factors, which 
eliminated any possible self-report bias that may arise from sur-
vey data. This analysis also uses multiple measures of the IFM 
to triangulate results across different methods of analyzing the 
microbiome. For example, rarefied data were used for alpha and 
beta diversity measures, while the MaAsLin2 approach used 
total sum scaling normalization on unrarefied genera count 
data to correct for differences in sampling depth. As different 
methods of correcting for sampling depth can yield variable re-
sults (Schloss 2024), it is recommended to incorporate multiple 
analytic approaches to validate results (Nearing et al. 2022).

5   |   Conclusion

Maternal postpartum parenting stress is not strongly associated 
with variation in the infant fecal microbiome. However, maternal 

postpartum parenting stress is associated with the beta diversity 
and negatively associated with the richness of the human milk 
microbiome. In particular, total stress and the stress subscales of 
Role Restriction and Attachment were significantly associated 
with the composition of the human milk microbiome. This sug-
gests that while maternal postpartum stress may not impact the 
infant gastrointestinal microbiome, it may still serve as a signal 
to the developing, breastfeeding infant through changes to milk 
microbial composition. Future research should identify whether 
maternal postpartum stress jointly impacts both the milk mi-
crobiome and other milk components, as well as clarify the rela-
tionship of the milk microbiome to other mechanisms of infant 
developmental plasticity.
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Endnotes

	1	Psychosocial stress refers to distress throughout this paper, as the ma-
jority of research on the effects of psychosocial stress tend to use “dis-
tress” and “stress” synonymously. We do not discuss eustress in this 
paper.



14 of 17 American Journal of Human Biology, 2025

References

Abidin, R. R. 1995. Parenting Stress Index, Third Edition: Professional 
Manual. Psychological Assessment Resources.

Abidin, R. R. 1997. “Parenting Stress Index: A Measure of the Parent-
Child System.” In Evaluating Stress: A Book of Resources, edited by C. 
Zalaquett and R. Wood, 277–291. Scarecrow Education.

Agras, W. S., H. C. Kraemer, R. I. Berkowitz, A. F. Korner, and L. 
D. Hammer. 1987. “Does a Vigorous Feeding Style Influence Early 
Development of Adiposity?” Journal of Pediatrics 110, no. 5: 799–804. 
https://​doi.​org/​10.​1016/​S0022​-​3476(87)​80029​-​X.

Ajeeb, T. T., E. Gonzalez, N. W. Solomons, and K. G. Koski. 2022. 
“Human Milk Microbial Species Are Associated With Infant Head-
Circumference During Early and Late Lactation in Guatemalan Mother-
Infant Dyads.” Frontiers in Microbiology 13: 908845. https://​doi.​org/​10.​
3389/​fmicb.​2022.​908845.

Ajeeb, T. T., E. Gonzalez, N. W. Solomons, M. Vossenaar, and K. G. 
Koski. 2024. “Human Milk Microbiome: Associations With Maternal 
Diet and Infant Growth.” Frontiers in Nutrition 11: 1341777. https://​doi.​
org/​10.​3389/​fnut.​2024.​1341777.

Aparicio, M., P. D. Browne, C. Hechler, et  al. 2020. “Human Milk 
Cortisol and Immune Factors Over the First Three Postnatal Months: 
Relations to Maternal Psychosocial Distress.” PLoS One 15, no. 5: 
e0233554. https://​doi.​org/​10.​1371/​journ​al.​pone.​0233554.

Azad, M. B., T. Konya, D. S. Guttman, et al. 2015. “Infant Gut Microbiota 
and Food Sensitization: Associations in the First Year of Life.” Clinical & 
Experimental Allergy 45, no. 3: 632–643. https://​doi.​org/​10.​1111/​cea.​12487​.

Bailey, M. T., S. E. Dowd, J. D. Galley, A. R. Hufnagle, R. G. Allen, 
and M. Lyte. 2011. “Exposure to a Social Stressor Alters the Structure 
of the Intestinal Microbiota: Implications for Stressor-Induced 
Immunomodulation.” Brain, Behavior, and Immunity 25, no. 3: 397–
407. https://​doi.​org/​10.​1016/j.​bbi.​2010.​10.​023.

Baron, R. M., and D. A. Kenny. 1986. “The Moderator-Mediator Variable 
Distinction in Social Psychological Research: Conceptual, Strategic, and 
Statistical Considerations.” Journal of Personality and Social Psychology 
51, no. 6: 1173–1182.

Barrero-Castillero, A., S. U. Morton, C. A. Nelson, and V. C. Smith. 2019. 
“Psychosocial Stress and Adversity: Effects From the Perinatal Period to 
Adulthood.” NeoReviews 20, no. 12: e686–e696. https://​doi.​org/​10.​1542/​
neo.​20-​12-​e686.

Bianco, C., A. Sania, M. H. Kyle, et  al. 2023. “Pandemic Beyond the 
Virus: Maternal COVID-Related Postnatal Stress Is Associated With 
Infant Temperament.” Pediatric Research 93, no. 1: 253–259. https://​doi.​
org/​10.​1038/​s4139​0-​022-​02071​-​2.

Bosquet Enlow, M., R. L. Kitts, E. Blood, A. Bizarro, M. Hofmeister, 
and R. J. Wright. 2011. “Maternal Posttraumatic Stress Symptoms and 
Infant Emotional Reactivity and Emotion Regulation.” Infant Behavior 
and Development 34, no. 4: 487–503. https://​doi.​org/​10.​1016/j.​infbeh.​
2011.​07.​007.

Braithwaite, E. C., H. Sharp, A. Pickles, J. Hill, and N. Wright. 2021. 
“Breast May Not Always Be Best: Moderation of Effects of Postnatal 
Depression by Breastfeeding and Infant Sex.” Biology of Sex Differences 
12, no. 1: 59. https://​doi.​org/​10.​1186/​s1329​3-​021-​00403​-​1.

Browne, P. D., M. Aparicio, C. Alba, et  al. 2019. “Human Milk 
Microbiome and Maternal Postnatal Psychosocial Distress.” Frontiers 
in Microbiology 10: 2333. https://​doi.​org/​10.​3389/​fmicb.​2019.​02333​.

Cabrera-Rubio, R., M. C. Collado, K. Laitinen, S. Salminen, E. Isolauri, 
and A. Mira. 2012. “The Human Milk Microbiome Changes Over 
Lactation and Is Shaped by Maternal Weight and Mode of Delivery.” 
American Journal of Clinical Nutrition 96, no. 3: 544–551. https://​doi.​
org/​10.​3945/​ajcn.​112.​037382.

Callahan, B. J., P. J. McMurdie, M. J. Rosen, A. W. Han, A. J. A. Johnson, 
and S. P. Holmes. 2016. “DADA2: High-Resolution Sample Inference 

From Illumina Amplicon Data.” Nature Methods 13, no. 7: 581–583. 
https://​doi.​org/​10.​1038/​nmeth.​3869.

Carlson, A. L., K. Xia, M. A. Azcarate-Peril, et  al. 2018. “Infant Gut 
Microbiome Associated With Cognitive Development.” Biological 
Psychiatry 83, no. 2: 148–159. https://​doi.​org/​10.​1016/j.​biops​ych.​2017.​
06.​021.

Castro, I., C. García-Carral, A. Furst, et al. 2022. “Interactions Between 
Human Milk Oligosaccharides, Microbiota and Immune Factors in 
Milk of Women With and Without Mastitis.” Scientific Reports 12, no. 1: 
1367. https://​doi.​org/​10.​1038/​s4159​8-​022-​05250​-​7.

Cheema, A. S., Z. Gridneva, A. J. Furst, et  al. 2022. “Human Milk 
Oligosaccharides and Bacterial Profile Modulate Infant Body 
Composition During Exclusive Breastfeeding.” International Journal 
of Molecular Sciences 23, no. 5: 2865. https://​doi.​org/​10.​3390/​ijms2​
3052865.

Consales, A., J. Cerasani, G. Sorrentino, et  al. 2022. “The Hidden 
Universe of Human Milk Microbiome: Origin, Composition, 
Determinants, Role, and Future Perspectives.” European Journal of 
Pediatrics 181, no. 5: 1811–1820. https://​doi.​org/​10.​1007/​s0043​1-​022-​
04383​-​1.

Cronbach, L. J. 1951. “Coefficient Alpha and the Internal Structure of 
Tests.” Psychometrika 16, no. 3: 297–334. https://​doi.​org/​10.​1007/​BF023​
10555​.

Dar, T., A. Radfar, S. Abohashem, R. K. Pitman, A. Tawakol, and M. 
T. Osborne. 2019. “Psychosocial Stress and Cardiovascular Disease.” 
Current Treatment Options in Cardiovascular Medicine 21, no. 5: 23. 
https://​doi.​org/​10.​1007/​s1193​6-​019-​0724-​5.

Davis, N. M., D. M. Proctor, S. P. Holmes, D. A. Relman, and B. J. 
Callahan. 2018. “Simple Statistical Identification and Removal of 
Contaminant Sequences in Marker-Gene and Metagenomics Data.” 
Microbiome 6, no. 1: 226. https://​doi.​org/​10.​1186/​s4016​8-​018-​0605-​2.

De Andrés, J., E. Jiménez, I. Chico-Calero, M. Fresno, L. Fernández, 
and J. M. Rodríguez. 2017. “Physiological Translocation of Lactic Acid 
Bacteria During Pregnancy Contributes to the Composition of the Milk 
Microbiota in Mice.” Nutrients 10, no. 1: 14. https://​doi.​org/​10.​3390/​
nu100​10014​.

De Filippis, F., L. Paparo, R. Nocerino, et  al. 2021. “Specific Gut 
Microbiome Signatures and the Associated Pro-Inflamatory Functions 
Are Linked to Pediatric Allergy and Acquisition of Immune Tolerance.” 
Nature Communications 12, no. 1: 5958. https://​doi.​org/​10.​1038/​s4146​
7-​021-​26266​-​z.

Delagneau, G., E. S. Twilhaar, R. Testa, S. van Veen, and P. Anderson. 
2023. “Association Between Prenatal Maternal Anxiety and/or Stress 
and Offspring's Cognitive Functioning: A Meta-Analysis.” Child 
Development 94, no. 3: 779–801. https://​doi.​org/​10.​1111/​cdev.​13885​.

Dewey, K. G. 2001. “Maternal and Fetal Stress Are Associated With 
Impaired Lactogenesis in Humans.” Journal of Nutrition 131, no. 11: 
3012S–3015S. https://​doi.​org/​10.​1093/​jn/​131.​11.​3012S​.

Dinan, T. G., and J. F. Cryan. 2012. “Regulation of the Stress Response 
by the Gut Microbiota: Implications for Psychoneuroendocrinology.” 
Psychoneuroendocrinology 37, no. 9: 1369–1378. https://​doi.​org/​10.​
1016/j.​psyne​uen.​2012.​03.​007.

Dong, T. S., and A. Gupta. 2019. “Influence of Early Life, Diet, and 
the Environment on the Microbiome.” Clinical Gastroenterology and 
Hepatology 17, no. 2: 231–242. https://​doi.​org/​10.​1016/j.​cgh.​2018.​08.​067.

Doulougeri, K., E. Panagopoulou, and A. Montgomery. 2013. “The 
Impact of Maternal Stress on Initiation and Establishment of 
Breastfeeding.” Journal of Neonatal Nursing 19, no. 4: 162–167. https://​
doi.​org/​10.​1016/j.​jnn.​2013.​02.​003.

Eberle, C., T. Fasig, F. Brüseke, and S. Stichling. 2021. “Impact 
of Maternal Prenatal Stress by Glucocorticoids on Metabolic and 
Cardiovascular Outcomes in Their Offspring: A Systematic Scoping 

https://doi.org/10.1016/S0022-3476(87)80029-X
https://doi.org/10.3389/fmicb.2022.908845
https://doi.org/10.3389/fmicb.2022.908845
https://doi.org/10.3389/fnut.2024.1341777
https://doi.org/10.3389/fnut.2024.1341777
https://doi.org/10.1371/journal.pone.0233554
https://doi.org/10.1111/cea.12487
https://doi.org/10.1016/j.bbi.2010.10.023
https://doi.org/10.1542/neo.20-12-e686
https://doi.org/10.1542/neo.20-12-e686
https://doi.org/10.1038/s41390-022-02071-2
https://doi.org/10.1038/s41390-022-02071-2
https://doi.org/10.1016/j.infbeh.2011.07.007
https://doi.org/10.1016/j.infbeh.2011.07.007
https://doi.org/10.1186/s13293-021-00403-1
https://doi.org/10.3389/fmicb.2019.02333
https://doi.org/10.3945/ajcn.112.037382
https://doi.org/10.3945/ajcn.112.037382
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/j.biopsych.2017.06.021
https://doi.org/10.1016/j.biopsych.2017.06.021
https://doi.org/10.1038/s41598-022-05250-7
https://doi.org/10.3390/ijms23052865
https://doi.org/10.3390/ijms23052865
https://doi.org/10.1007/s00431-022-04383-1
https://doi.org/10.1007/s00431-022-04383-1
https://doi.org/10.1007/BF02310555
https://doi.org/10.1007/BF02310555
https://doi.org/10.1007/s11936-019-0724-5
https://doi.org/10.1186/s40168-018-0605-2
https://doi.org/10.3390/nu10010014
https://doi.org/10.3390/nu10010014
https://doi.org/10.1038/s41467-021-26266-z
https://doi.org/10.1038/s41467-021-26266-z
https://doi.org/10.1111/cdev.13885
https://doi.org/10.1093/jn/131.11.3012S
https://doi.org/10.1016/j.psyneuen.2012.03.007
https://doi.org/10.1016/j.psyneuen.2012.03.007
https://doi.org/10.1016/j.cgh.2018.08.067
https://doi.org/10.1016/j.jnn.2013.02.003
https://doi.org/10.1016/j.jnn.2013.02.003


15 of 17

Review.” PLoS One 16, no. 1: e0245386. https://​doi.​org/​10.​1371/​journ​al.​
pone.​0245386.

Flannery, J. E., K. Stagaman, A. R. Burns, et  al. 2020. “Gut Feelings 
Begin in Childhood: The Gut Metagenome Correlates With Early 
Environment, Caregiving, and Behavior.” MBio 11, no. 1: e02780-19. 
https://​doi.​org/​10.​1128/​mBio.​02780​-​19.

Fox, M., S. M. Lee, K. S. Wiley, et al. 2022. “Development of the Infant 
Gut Microbiome Predicts Temperament Across the First Year of Life.” 
Development and Psychopathology 34, no. 5: 1–12. https://​doi.​org/​10.​
1017/​S0954​57942​1000456.

Galler, J. R., F. C. Ramsey, R. H. Harrison, R. Brooks, and S. Weiskopf-
Bock. 1998. “Infant Feeding Practices in Barbados Predict Later 
Growth123.” Journal of Nutrition 128, no. 8: 1328–1335. https://​doi.​org/​
10.​1093/​jn/​128.8.​1328.

Galley, J. D., and M. T. Bailey. 2014. “Impact of Stressor Exposure on the 
Interplay Between Commensal Microbiota and Host Inflammation.” 
Gut Microbes 5, no. 3: 390–396. https://​doi.​org/​10.​4161/​gmic.​28683​.

Galley, J. D., L. Mashburn-Warren, L. C. Blalock, et al. 2023. “Maternal 
Anxiety, Depression and Stress Affects Offspring Gut Microbiome 
Diversity and Bifidobacterial Abundances.” Brain, Behavior, and 
Immunity 107: 253–264. https://​doi.​org/​10.​1016/j.​bbi.​2022.​10.​005.

Gao, W., A. P. Salzwedel, A. L. Carlson, et al. 2019. “Gut Microbiome and 
Brain Functional Connectivity in Infants-a Preliminary Study Focusing 
on the Amygdala.” Psychopharmacology 236, no. 5: 1641–1651. https://​
doi.​org/​10.​1007/​s0021​3-​018-​5161-​8.

Garthus-Niegel, S., S. Ayers, J. Martini, T. Soest, and M. von Eberhard-
Gran. 2017. “The Impact of Postpartum Post-Traumatic Stress Disorder 
Symptoms on Child Development: A Population-Based, 2-Year 
Follow-Up Study.” Psychological Medicine 47, no. 1: 161–170. https://​doi.​
org/​10.​1017/​S0033​29171​600235X.

Gluckman, P. D., and M. A. Hanson. 2004. “Developmental Origins 
of Disease Paradigm: A Mechanistic and Evolutionary Perspective.” 
Pediatric Research 56, no. 3: 311–317. https://​doi.​org/​10.​1203/​01.​PDR.​
00001​35998.​08025.​FB.

Grant, K.-A., C. McMahon, M.-P. Austin, N. Reilly, L. Leader, and S. 
Ali. 2009. “Maternal Prenatal Anxiety, Postnatal Caregiving and 
Infants' Cortisol Responses to the Still-Face Procedure.” Developmental 
Psychobiology 51, no. 8: 625–637. https://​doi.​org/​10.​1002/​dev.​20397​.

Grier, A., X. Qiu, S. Bandyopadhyay, et al. 2017. “Impact of Prematurity 
and Nutrition on the Developing Gut Microbiome and Preterm Infant 
Growth.” Microbiome 5, no. 1: 158. https://​doi.​org/​10.​1186/​s4016​
8-​017-​0377-​0.

Gubbels, J. S., C. Thijs, A. Stafleu, S. van Buuren, and S. P. J. Kremers. 
2011. “Association of Breast-Feeding and Feeding on Demand With 
Child Weight Status up to 4 Years.” International Journal of Pediatric 
Obesity 6, no. sup3: e515–e522. https://​doi.​org/​10.​3109/​17477​166.​2010.​
514343.

Hane, A. A., and N. A. Fox. 2006. “Ordinary Variations in Maternal 
Caregiving Influence Human Infants' Stress Reactivity.” Psychological 
Science 17, no. 6: 550–556. https://​doi.​org/​10.​1111/j.​1467-​9280.​2006.​
01742.​x.

Hechler, C., K. Borewicz, R. Beijers, et al. 2019. “Association Between 
Psychosocial Stress and Fecal Microbiota in Pregnant Women.” 
Scientific Reports 9, no. 1: 4463. https://​doi.​org/​10.​1038/​s4159​8-​019-​
40434​-​8.

Holdsworth, E. A., L. M. Schell, and A. A. Appleton. 2023a. “Maternal–
Infant Interaction Quality Is Associated With Child NR3C1 CpG Site 
Methylation at 7 Years of Age.” American Journal of Human Biology 35, 
no. 6: e23876. https://​doi.​org/​10.​1002/​ajhb.​23876​.

Holdsworth, E. A., J. E. Williams, R. M. Pace, et  al. 2023b. 
“Breastfeeding Patterns Are Associated With Human Milk Microbiome 
Composition: The Mother-Infant Microbiomes, Behavior, and Ecology 

Study (MIMBES).” PLoS One 18, no. 8: e0287839. https://​doi.​org/​10.​
1371/​journ​al.​pone.​0287839.

Juncker, H. G., R. R. Jakobsen, E. F. G. Naninck, et al. 2025. “Maternal 
Stress in the Early Postpartum Period Is Associated With Alterations in 
Human Milk Microbiome Composition.” Brain, Behavior, and Immunity 
124: S0889-1591(24)00704–9. https://​doi.​org/​10.​1016/j.​bbi.​2024.​11.​020.

Keith, D. R., B. S. Weaver, and R. L. Vogel. 2012. “The Effect of Music-
Based Listening Interventions on the Volume, Fat Content, and Caloric 
Content of Breast Milk–Produced by Mothers of Premature and 
Critically Ill Infants.” Advances in Neonatal Care 12, no. 2: 112–119. 
https://​doi.​org/​10.​1097/​ANC.​0b013​e3182​4d9842.

Kortesniemi, M., C. M. Slupsky, A.-K. Aatsinki, et al. 2021. “Human Milk 
Metabolome Is Associated With Symptoms of Maternal Psychological 
Distress and Milk Cortisol.” Food Chemistry 356: 129628. https://​doi.​
org/​10.​1016/j.​foodc​hem.​2021.​129628.

Kotsakis Ruehlmann, A., S. Sammallahti, A. P. Cortés Hidalgo, et al. 
2023. “Epigenome-Wide Meta-Analysis of Prenatal Maternal Stressful 
Life Events and Newborn DNA Methylation.” Molecular Psychiatry 28, 
no. 12: 5090–5100. https://​doi.​org/​10.​1038/​s4138​0-​023-​02010​-​5.

Kumar, H., E. du Toit, A. Kulkarni, et  al. 2016. “Distinct Patterns in 
Human Milk Microbiota and Fatty Acid Profiles Across Specific 
Geographic Locations.” Frontiers in Microbiology 7: 1619. https://​doi.​
org/​10.​3389/​fmicb.​2016.​01619​.

Kuzawa, C. W., and A. W. Kim. 2022. “Early Environments, 
Developmental Plasticity, and Chronic Degenerative Disease.” In 
Human Growth and Development, 449–468. Elsevier. https://​doi.​org/​10.​
1016/​B978-​0-​12-​82265​2-​0.​00020​-​1.

Lackey, K. A., J. E. Williams, C. L. Meehan, et al. 2019. “What's Normal? 
Microbiomes in Human Milk and Infant Feces Are Related to Each 
Other but Vary Geographically: The INSPIRE Study.” Frontiers in 
Nutrition 6, no. 45. https://​doi.​org/​10.​3389/​fnut.​2019.​00045​.

Lautarescu, A., M. C. Craig, and V. Glover. 2020. “Prenatal Stress: 
Effects on Fetal and Child Brain Development.” International Review 
of Neurobiology 150: 17–40. https://​doi.​org/​10.​1016/​bs.​irn.​2019.​11.​002.

Lee, K. H., J. Guo, Y. Song, et al. 2021. “Dysfunctional Gut Microbiome 
Networks in Childhood IgE-Mediated Food Allergy.” International 
Journal of Molecular Sciences 22, no. 4: 2079. https://​doi.​org/​10.​3390/​
ijms2​2042079.

Li, Q., H. Sun, J. Guo, et  al. 2023. “The Effect of Prenatal Stress on 
Offspring Depression Susceptibility in Relation to the Gut Microbiome 
and Metabolome.” Journal of Affective Disorders 339: 531–537. https://​
doi.​org/​10.​1016/j.​jad.​2023.​07.​089.

Linderborg, K. M., M. Kortesniemi, A.-K. Aatsinki, et  al. 2020. 
“Interactions Between Cortisol and Lipids in Human Milk.” 
International Breastfeeding Journal 15, no. 1: 66. https://​doi.​org/​10.​
1186/​s1300​6-​020-​00307​-​7.

LoCascio, R. G., M. R. Ninonuevo, S. L. Freeman, et  al. 2007. 
“Glycoprofiling of Bifidobacterial Consumption of Human Milk 
Oligosaccharides Demonstrates Strain Specific, Preferential 
Consumption of Small Chain Glycans Secreted in Early Human 
Lactation.” Journal of Agricultural and Food Chemistry 55, no. 22: 8914–
8919. https://​doi.​org/​10.​1021/​jf071​0480.

Low, F. M., P. D. Gluckman, and M. A. Hanson. 2012. “Developmental 
Plasticity, Epigenetics and Human Health.” Evolutionary Biology 39, no. 
4: 650–665. https://​doi.​org/​10.​1007/​s1169​2-​011-​9157-​0.

Loyd, B. H., and R. R. Abidin. 1985. “Revision of the Parenting Stress 
Index.” Journal of Pediatric Psychology 10, no. 2: 169–177.

Luecken, L. J., and K. S. Lemery. 2004. “Early Caregiving and 
Physiological Stress Responses.” Clinical Psychology Review 24, no. 2: 
171–191. https://​doi.​org/​10.​1016/j.​cpr.​2004.​01.​003.

Mallick, H., A. Rahnavard, L. J. McIver, et  al. 2021. “Multivariable 
Association Discovery in Population-Scale Meta-Omics Studies.” PLoS 

https://doi.org/10.1371/journal.pone.0245386
https://doi.org/10.1371/journal.pone.0245386
https://doi.org/10.1128/mBio.02780-19
https://doi.org/10.1017/S0954579421000456
https://doi.org/10.1017/S0954579421000456
https://doi.org/10.1093/jn/128.8.1328
https://doi.org/10.1093/jn/128.8.1328
https://doi.org/10.4161/gmic.28683
https://doi.org/10.1016/j.bbi.2022.10.005
https://doi.org/10.1007/s00213-018-5161-8
https://doi.org/10.1007/s00213-018-5161-8
https://doi.org/10.1017/S003329171600235X
https://doi.org/10.1017/S003329171600235X
https://doi.org/10.1203/01.PDR.0000135998.08025.FB
https://doi.org/10.1203/01.PDR.0000135998.08025.FB
https://doi.org/10.1002/dev.20397
https://doi.org/10.1186/s40168-017-0377-0
https://doi.org/10.1186/s40168-017-0377-0
https://doi.org/10.3109/17477166.2010.514343
https://doi.org/10.3109/17477166.2010.514343
https://doi.org/10.1111/j.1467-9280.2006.01742.x
https://doi.org/10.1111/j.1467-9280.2006.01742.x
https://doi.org/10.1038/s41598-019-40434-8
https://doi.org/10.1038/s41598-019-40434-8
https://doi.org/10.1002/ajhb.23876
https://doi.org/10.1371/journal.pone.0287839
https://doi.org/10.1371/journal.pone.0287839
https://doi.org/10.1016/j.bbi.2024.11.020
https://doi.org/10.1097/ANC.0b013e31824d9842
https://doi.org/10.1016/j.foodchem.2021.129628
https://doi.org/10.1016/j.foodchem.2021.129628
https://doi.org/10.1038/s41380-023-02010-5
https://doi.org/10.3389/fmicb.2016.01619
https://doi.org/10.3389/fmicb.2016.01619
https://doi.org/10.1016/B978-0-12-822652-0.00020-1
https://doi.org/10.1016/B978-0-12-822652-0.00020-1
https://doi.org/10.3389/fnut.2019.00045
https://doi.org/10.1016/bs.irn.2019.11.002
https://doi.org/10.3390/ijms22042079
https://doi.org/10.3390/ijms22042079
https://doi.org/10.1016/j.jad.2023.07.089
https://doi.org/10.1016/j.jad.2023.07.089
https://doi.org/10.1186/s13006-020-00307-7
https://doi.org/10.1186/s13006-020-00307-7
https://doi.org/10.1021/jf0710480
https://doi.org/10.1007/s11692-011-9157-0
https://doi.org/10.1016/j.cpr.2004.01.003


16 of 17 American Journal of Human Biology, 2025

Computational Biology 17, no. 11: e1009442. https://​doi.​org/​10.​1371/​
journ​al.​pcbi.​1009442.

McGowan, P. O., and S. G. Matthews. 2018. “Prenatal Stress, 
Glucocorticoids, and Developmental Programming of the Stress 
Response.” Endocrinology 159, no. 1: 69–82. https://​doi.​org/​10.​1210/​en.​
2017-​00896​.

McKerracher, L., R. Fried, A. W. Kim, T. Moffat, D. M. Sloboda, and 
T. Galloway. 2020. “Synergies Between the Developmental Origins of 
Health and Disease Framework and Multiple Branches of Evolutionary 
Anthropology.” Evolutionary Anthropology: Issues, News, and Reviews 
29, no. 5: 214–219. https://​doi.​org/​10.​1002/​evan.​21860​.

Meehan, C. L., K. A. Lackey, E. H. Hagen, et al. 2018. “Social Networks, 
Cooperative Breeding, and the Human Milk Microbiome.” American 
Journal of Human Biology 30, no. 4: e23131. https://​doi.​org/​10.​1002/​
ajhb.​23131​.

Mihrshahi, S., D. Battistutta, A. Magarey, and L. A. Daniels. 2011. 
“Determinants of Rapid Weight Gain During Infancy: Baseline Results 
From the NOURISH Randomised Controlled Trial.” BMC Pediatrics 11, 
no. 1: 99. https://​doi.​org/​10.​1186/​1471-​2431-​11-​99.

Nearing, J. T., G. M. Douglas, M. G. Hayes, et  al. 2022. “Microbiome 
Differential Abundance Methods Produce Different Results Across 38 
Datasets.” Nature Communications 13, no. 1: 342. https://​doi.​org/​10.​
1038/​s4146​7-​022-​28034​-​z.

Nielsen, N. M., A. V. Hansen, J. Simonsen, and A. Hviid. 2011. “Prenatal 
Stress and Risk of Infectious Diseases in Offspring.” American Journal 
of Epidemiology 173, no. 9: 990–997. https://​doi.​org/​10.​1093/​aje/​kwq492.

Oddi, K. B., K. W. Murdock, S. Vadnais, D. J. Bridgett, and M. A. 
Gartstein. 2013. “Maternal and Infant Temperament Characteristics as 
Contributors to Parenting Stress in the First Year Postpartum.” Infant 
and Child Development 22, no. 6: 553–579. https://​doi.​org/​10.​1002/​
icd.​1813.

Oksanen, J., F. G. Blanchet, R. Kindt, et  al. 2013. Package ‘vegan.’ 
Community Ecology Package, Version, 2(9), 1–295.

Olvera Alvarez, H. A., A. A. Appleton, C. H. Fuller, A. Belcourt, and 
L. D. Kubzansky. 2018. “An Integrated Socio-Environmental Model of 
Health and Well-Being: A Conceptual Framework Exploring the Joint 
Contribution of Environmental and Social Exposures to Health and 
Disease Over the Life Span.” Current Environmental Health Reports 5, 
no. 2: 233–243. https://​doi.​org/​10.​1007/​s4057​2-​018-​0191-​2.

Pace, R. M., J. E. Williams, B. Robertson, et  al. 2021. “Variation in 
Human Milk Composition Is Related to Differences in Milk and Infant 
Fecal Microbial Communities.” Microorganisms 9, no. 6: 1153. https://​
doi.​org/​10.​3390/​micro​organ​isms9​061153.

Palma-Gudiel, H., L. Fañanás, S. Horvath, and A. S. Zannas. 2020. 
“Psychosocial Stress and Epigenetic Aging.” International Review of 
Neurobiology 150: 107–128. https://​doi.​org/​10.​1016/​bs.​irn.​2019.​10.​020.

Peroni, D. G., G. Nuzzi, I. Trambusti, M. E. Di Cicco, and P. Comberiati. 
2020. “Microbiome Composition and Its Impact on the Development of 
Allergic Diseases.” Frontiers in Immunology 11: 700. https://​doi.​org/​10.​
3389/​fimmu.​2020.​00700​.

Provenzi, L., M. Brambilla, G. Scotto di Minico, R. Montirosso, and R. 
Borgatti. 2020. “Maternal Caregiving and DNA Methylation in Human 
Infants and Children: Systematic Review.” Genes, Brain and Behavior 
19, no. 3: e12616. https://​doi.​org/​10.​1111/​gbb.​12616​.

Quinn, E. B., C. J. Hsiao, F. M. Maisha, and C. J. Mulligan. 2023. 
“Prenatal Maternal Stress Is Associated With Site-Specific and Age 
Acceleration Changes in Maternal and Newborn DNA Methylation.” 
Epigenetics 18, no. 1: 2222473. https://​doi.​org/​10.​1080/​15592​294.​2023.​
2222473.

R Core Team. 2023. R: A Language and Environment for Statistical 
Computing. (Version 4.3.1) [Computer Software]. R Foundation for 
Statistical Computing. https://​www.​R-​proje​ct.​org/​.

Robertson, R. C., T. J. Edens, L. Carr, et al. 2023. “The Gut Microbiome 
and Early-Life Growth in a Population With High Prevalence of 
Stunting.” Nature Communications 14, no. 1: 654. https://​doi.​org/​10.​
1038/​s4146​7-​023-​36135​-​6.

Robertson, R. C., A. R. Manges, B. B. Finlay, and A. J. Prendergast. 
2019. “The Human Microbiome and Child Growth – First 1000 Days 
and Beyond.” Trends in Microbiology 27, no. 2: 131–147. https://​doi.​org/​
10.​1016/j.​tim.​2018.​09.​008.

Rodríguez, J. M. 2014. “The Origin of Human Milk Bacteria: Is There 
a Bacterial Entero-Mammary Pathway During Late Pregnancy and 
Lactation?” Advances in Nutrition 5, no. 6: 779–784. https://​doi.​org/​10.​
3945/​an.​114.​007229.

Rosin, S., K. Xia, M. A. Azcarate-Peril, et  al. 2021. “A Preliminary 
Study of Gut Microbiome Variation and HPA Axis Reactivity in Healthy 
Infants.” Psychoneuroendocrinology 124: 105046. https://​doi.​org/​10.​
1016/j.​psyne​uen.​2020.​105046.

Saxon, T. F., A. Gollapalli, M. W. Mitchell, and S. Stanko. 2002. “Demand 
Feeding or Schedule Feeding: Infant Growth From Birth to 6 Months.” 
Journal of Reproductive and Infant Psychology 20, no. 2: 89–99. https://​
doi.​org/​10.​1080/​02646​83022​0134586.

Schloss, P. D. 2024. “Rarefaction Is Currently the Best Approach 
to Control for Uneven Sequencing Effort in Amplicon Sequence 
Analyses.” mSphere 9, no. 2: e00354-23. https://​doi.​org/​10.​1128/​
msphe​re.​00354​-​23.

Selvamani, S., D. J. Dailin, V. K. Gupta, et  al. 2021. “An Insight Into 
Probiotics Bio-Route: Translocation From the Mother's Gut to the 
Mammary Gland.” Applied Sciences 11, no. 16: 7247. https://​doi.​org/​10.​
3390/​app11​167247.

Sheriff, M. J., and O. P. Love. 2013. “Determining the Adaptive Potential 
of Maternal Stress.” Ecology Letters 16, no. 2: 271–280. https://​doi.​org/​
10.​1111/​ele.​12042​.

Sosnowski, D. W., C. Booth, T. P. York, A. B. Amstadter, and W. Kliewer. 
2018. “Maternal Prenatal Stress and Infant DNA Methylation: A 
Systematic Review.” Developmental Psychobiology 60, no. 2: 127–139. 
https://​doi.​org/​10.​1002/​dev.​21604​.

Stinson, L. F. 2020. “Establishment of the Early-Life Microbiome: A 
DOHaD Perspective.” Journal of Developmental Origins of Health and 
Disease 11, no. 3: 201–210. https://​doi.​org/​10.​1017/​S2040​17441​9000588.

Stokholm, J., M. J. Blaser, J. Thorsen, et al. 2018. “Maturation of the Gut 
Microbiome and Risk of Asthma in Childhood.” Nature Communications 
9, no. 1: 141. https://​doi.​org/​10.​1038/​s4146​7-​017-​02573​-​2.

Stokholm, J., J. Thorsen, M. J. Blaser, et al. 2020. “Delivery Mode and 
Gut Microbial Changes Correlate With an Increased Risk of Childhood 
Asthma.” Science Translational Medicine 12, no. 569: eaax9929. https://​
doi.​org/​10.​1126/​scitr​anslm​ed.​aax9929.

Streit, F., E. Prandovszky, T. Send, et al. 2021. “Microbiome Profiles Are 
Associated With Cognitive Functioning in 45-Month-Old Children.” 
Brain, Behavior, and Immunity 98: 151–160. https://​doi.​org/​10.​1016/j.​
bbi.​2021.​08.​001.

Suglia, S. F., A. A. Appleton, M. E. Bleil, et  al. 2021. “Timing, 
Duration, and Differential Susceptibility to Early Life Adversities and 
Cardiovascular Disease Risk Across the Lifespan: Implications for 
Future Research.” Preventive Medicine 153: 106736. https://​doi.​org/​10.​
1016/j.​ypmed.​2021.​106736.

Sutin, A. R., J. E. Strickhouser, A. A. Sesker, and A. Terracciano. 2022. 
“Prenatal and Postnatal Maternal Distress and Offspring Temperament: 
A Longitudinal Study.” Journal of Psychiatric Research 147: 262–268. 
https://​doi.​org/​10.​1016/j.​jpsyc​hires.​2022.​01.​034.

Tamana, S. K., H. M. Tun, T. Konya, et al. 2021. “Bacteroides-Dominant 
Gut Microbiome of Late Infancy Is Associated With Enhanced 
Neurodevelopment.” Gut Microbes 13, no. 1: 1930875. https://​doi.​org/​10.​
1080/​19490​976.​2021.​1930875.

https://doi.org/10.1371/journal.pcbi.1009442
https://doi.org/10.1371/journal.pcbi.1009442
https://doi.org/10.1210/en.2017-00896
https://doi.org/10.1210/en.2017-00896
https://doi.org/10.1002/evan.21860
https://doi.org/10.1002/ajhb.23131
https://doi.org/10.1002/ajhb.23131
https://doi.org/10.1186/1471-2431-11-99
https://doi.org/10.1038/s41467-022-28034-z
https://doi.org/10.1038/s41467-022-28034-z
https://doi.org/10.1093/aje/kwq492
https://doi.org/10.1002/icd.1813
https://doi.org/10.1002/icd.1813
https://doi.org/10.1007/s40572-018-0191-2
https://doi.org/10.3390/microorganisms9061153
https://doi.org/10.3390/microorganisms9061153
https://doi.org/10.1016/bs.irn.2019.10.020
https://doi.org/10.3389/fimmu.2020.00700
https://doi.org/10.3389/fimmu.2020.00700
https://doi.org/10.1111/gbb.12616
https://doi.org/10.1080/15592294.2023.2222473
https://doi.org/10.1080/15592294.2023.2222473
https://www.r-project.org/
https://doi.org/10.1038/s41467-023-36135-6
https://doi.org/10.1038/s41467-023-36135-6
https://doi.org/10.1016/j.tim.2018.09.008
https://doi.org/10.1016/j.tim.2018.09.008
https://doi.org/10.3945/an.114.007229
https://doi.org/10.3945/an.114.007229
https://doi.org/10.1016/j.psyneuen.2020.105046
https://doi.org/10.1016/j.psyneuen.2020.105046
https://doi.org/10.1080/02646830220134586
https://doi.org/10.1080/02646830220134586
https://doi.org/10.1128/msphere.00354-23
https://doi.org/10.1128/msphere.00354-23
https://doi.org/10.3390/app11167247
https://doi.org/10.3390/app11167247
https://doi.org/10.1111/ele.12042
https://doi.org/10.1111/ele.12042
https://doi.org/10.1002/dev.21604
https://doi.org/10.1017/S2040174419000588
https://doi.org/10.1038/s41467-017-02573-2
https://doi.org/10.1126/scitranslmed.aax9929
https://doi.org/10.1126/scitranslmed.aax9929
https://doi.org/10.1016/j.bbi.2021.08.001
https://doi.org/10.1016/j.bbi.2021.08.001
https://doi.org/10.1016/j.ypmed.2021.106736
https://doi.org/10.1016/j.ypmed.2021.106736
https://doi.org/10.1016/j.jpsychires.2022.01.034
https://doi.org/10.1080/19490976.2021.1930875
https://doi.org/10.1080/19490976.2021.1930875


17 of 17

Thibeau, S., K. D'Apolito, A. F. Minnick, et al. 2016. “Relationships of 
Maternal Stress With Milk Immune Components in African American 
Mothers of Healthy Term Infants.” Breastfeeding Medicine 11, no. 1: 
6–14. https://​doi.​org/​10.​1089/​bfm.​2015.​0117.

Thompson, A. L., A. Monteagudo-Mera, M. B. Cadenas, M. L. Lampl, 
and M. A. Azcarate-Peril. 2015. “Milk- and Solid-Feeding Practices 
and Daycare Attendance Are Associated With Differences in Bacterial 
Diversity, Predominant Communities, and Metabolic and Immune 
Function of the Infant Gut Microbiome.” Frontiers in Cellular and 
Infection Microbiology 5: 3. https://​doi.​org/​10.​3389/​fcimb.​2015.​00003​.

Trudel-Fitzgerald, C., F. Qureshi, A. A. Appleton, and L. D. Kubzansky. 
2017. “A Healthy Mix of Emotions: Underlying Biological Pathways 
Linking Emotions to Physical Health.” Current Opinion in Behavioral 
Sciences 15: 16–21. https://​doi.​org/​10.​1016/j.​cobeha.​2017.​05.​003.

Ueda, E., M. Matsunaga, H. Fujihara, et  al. 2024. “Temperament in 
Early Childhood Is Associated With Gut Microbiota Composition and 
Diversity.” Developmental Psychobiology 66, no. 7: e22542. https://​doi.​
org/​10.​1002/​dev.​22542​.

Vaher, K., D. Bogaert, H. Richardson, and J. P. Boardman. 2022. 
“Microbiome-Gut-Brain Axis in Brain Development, Cognition and 
Behavior During Infancy and Early Childhood.” Developmental Review 
66: 101038. https://​doi.​org/​10.​1016/j.​dr.​2022.​101038.

van Nimwegen, F. A., J. Penders, E. E. Stobberingh, et al. 2011. “Mode 
and Place of Delivery, Gastrointestinal Microbiota, and Their Influence 
on Asthma and Atopy.” Journal of Allergy and Clinical Immunology 128, 
no. 5: 948–955.e3. https://​doi.​org/​10.​1016/j.​jaci.​2011.​07.​027.

Ward, R. E., M. Niñonuevo, D. A. Mills, C. B. Lebrilla, and J. B. 
German. 2006. “In Vitro Fermentation of Breast Milk Oligosaccharides 
by Bifidobacterium Infantis and Lactobacillus Gasseri.” Applied and 
Environmental Microbiology 72, no. 6: 4497–4499. https://​doi.​org/​10.​
1128/​AEM.​02515​-​05.

White, R. A., J. V. Bjørnholt, D. D. Baird, et  al. 2013. “Novel 
Developmental Analyses Identify Longitudinal Patterns of Early Gut 
Microbiota That Affect Infant Growth.” PLoS Computational Biology 9, 
no. 5: e1003042. https://​doi.​org/​10.​1371/​journ​al.​pcbi.​1003042.

Zimmermann, P., N. Messina, W. W. Mohn, B. B. Finlay, and N. Curtis. 
2019. “Association Between the Intestinal Microbiota and Allergic 
Sensitization, Eczema, and Asthma: A Systematic Review.” Journal of 
Allergy and Clinical Immunology 143, no. 2: 467–485. https://​doi.​org/​10.​
1016/j.​jaci.​2018.​09.​025.

Ziomkiewicz, A., A. Apanasewicz, D. P. Danel, M. Babiszewska, M. 
Piosek, and M. Orczyk-Pawiłowicz. 2021. “Maternal Distress and Social 
Support Are Linked to Human Milk Immune Properties.” Nutrients 13, 
no. 6: 1857. https://​doi.​org/​10.​3390/​nu130​61857​.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.  

https://doi.org/10.1089/bfm.2015.0117
https://doi.org/10.3389/fcimb.2015.00003
https://doi.org/10.1016/j.cobeha.2017.05.003
https://doi.org/10.1002/dev.22542
https://doi.org/10.1002/dev.22542
https://doi.org/10.1016/j.dr.2022.101038
https://doi.org/10.1016/j.jaci.2011.07.027
https://doi.org/10.1128/AEM.02515-05
https://doi.org/10.1128/AEM.02515-05
https://doi.org/10.1371/journal.pcbi.1003042
https://doi.org/10.1016/j.jaci.2018.09.025
https://doi.org/10.1016/j.jaci.2018.09.025
https://doi.org/10.3390/nu13061857

	Postpartum Maternal Stress is Unrelated to the Infant Fecal Microbiome, but is Associated With the Human Milk Microbiome in Exclusively Breastfeeding Mother-Infant Dyads: The Mother-Infant Microbiomes, Behavior, and Ecology Study (MIMBES)
	ABSTRACT
	1   |   Introduction
	1.1   |   Postpartum Maternal Stress and the Developmental Origins of Health and Disease
	1.2   |   Pathways Connecting Postpartum Maternal Stress and the Infant Gastrointestinal Microbiome
	1.3   |   Aims and Hypotheses

	2   |   Methods
	2.1   |   Study Design and Participants
	2.2   |   Parenting Stress Index
	2.3   |   Infant Behavioral Observations
	2.4   |   Fecal and Milk Sample Collection and Sequencing
	2.5   |   DNA Extraction, Amplification, and Sequencing
	2.6   |   Microbiome Alpha Diversity, Beta Diversity, and Genera Abundance Calculations
	2.7   |   Models of Hypothesis Testing

	3   |   Results
	3.1   |   Analytic Sample, Sample Description, and IFM Genera
	3.2   |   IFM Alpha Diversity Associations With Maternal Stress and Mediators
	3.3   |   IFM Beta Diversity Associations With Maternal Stress and Mediators
	3.4   |   IFM Genera Abundance Associations With Maternal Stress and Mediators

	4   |   Discussion
	5   |   Conclusion
	Author Contributions
	Acknowledgments
	Disclosure
	Conflicts of Interest
	Data Availability Statement
	Endnotes
	References


