
CHAPTER 5



Chapter 5

Maternal stress in the early 
postpartum period is associated 
with alterations in human milk 
microbiome composition

Hannah G. Juncker1,2,3*, Rasmus R. Jakobsen4*, Eva F.G. Naninck1,2, M. 
Davids5, H. Herrema5, Johannes B. van Goudoever2,, Susanne R. de 
Rooij3,6,7, Aniko Korosi1

*Contributed equally
1	 �Brain Plasticity group, Swammerdam Institute for Life Sciences, University of Amsterdam, 

Amsterdam, The Netherlands
2	 �Amsterdam UMC, University of Amsterdam, Vrije Universiteit, Emma Children’s Hospital, 

Amsterdam, The Netherlands
3	 �Amsterdam Reproduction and Development, Amsterdam, The Netherlands
4	� Food Microbiology, Gut Health, and Fermentation, Department of Food Science, Faculty of 

Science, University of Copenhagen, DK-1958 Copenhagen, Denmark
5	 �Departments of Internal and Experimental Vascular Medicine, Amsterdam University 

Medical Centers, Location AMC, Amsterdam, the Netherlands.
6	 �Amsterdam UMC location University of Amsterdam, Department of Epidemiology and Data 

Science, Meibergdreef 9 Amsterdam, The Netherlands
7	 �Amsterdam Public Health research institute, Aging and Later Life, Health Behaviors and 

Chronic Diseases, Amsterdam, The Netherlands

Submitted



Chapter 5

130

Abstract

Background: Postpartum maternal stress is associated with negative early-life develop-
ment and (mental)health outcomes. There is recent evidence that that maternal stress in 
the postpartum period impacts the nutrient composition of human milk (HM). However, 
it is currently not known whether maternal stress is associated with changes in the HM 
microbiome during the critical early postpartum period.

Methods: In this prospective observational cohort study, lactating women were recruit-
ed into a high-stress (HS, n=23) and control (CTL, n=69) group. The HS group included 
mothers with infants hospitalized for at least two days postpartum. Maternal stress was 
assessed using validated questionnaires and cortisol concentrations in hair, saliva and 
HM. HM was collected at postpartum days 10 and 24 and its microbiome was analyzed 
using 16s rRNA sequencing. HM bacterial composition was compared between study 
groups and their correlation with clinical parameters and inter-bacterial interaction 
networks was determined.

Results: HM microbiome β-diversity differed significantly between study groups, with 
HS mothers displaying decreased abundance of Streptococcus, Gemella, and Veillonella, 
and increased levels of Staphylococcus, Corynebacterium and Acinetobacter compared 
to the control group. While the strongest correlation of β-diversity was with stress, 
HM microbiome β-diversity also correlated significantly with maternal education level 
and infant sex. No correlation between HM microbiome composition and HM cortisol 
concentrations was found.

Conclusions: This study demonstrates stress-associated alterations in the HM microbi-
ome that could potentially contribute to early gut colonization and subsequent (mental)
health outcomes. Future research is needed to elucidate the physiological significance 
of these changes for infant development and health.
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Introduction

Postpartum maternal stress is associated with negative early-life development and 
(mental)health outcomes and an increased risk for psychiatric disorders and impaired 
cognitive functions. (1-5). The current understanding of the biological mechanisms 
underlying the transmission of maternal stress to her infant and its effects on infant 
development and long-term health remains incomplete. Recent studies suggest that 
maternal stress-induced changes in human milk (HM) composition may contribute to 
this transmission (1, 6-8). There is emerging evidence that maternal stress in the postpar-
tum period is associated with an altered nutrient (e.g. fat, protein, amino acids), hormone 
(e.g. cortisol) and immune (e.g. antibodies, immune factors) composition of HM (6, 9-12).

Next to essential nutrients, hormones and immune components, HM also contains its 
own microbiome, contributing to the seeding of the infant intestinal microbiome and 
thereby influencing immune, metabolic and cognitive health of the breastfed infant (13-
16). These HM bacteria appear to originate predominantly from the maternal digestive 
tract as well as the infant’s oral cavity and the mother’s skin (17, 18). The HM microbiome 
is dominated by Staphylococcus and Streptococcus, followed by Corynebacteria, Bifido-
bacteria, and Propionibacteria (17, 19, 20) and varies greatly in composition between 
women and changes over the duration of lactation (17, 19-21). Various maternal factors 
(e.g. mode of delivery, dietary habits and BMI) have been shown to affect the composi-
tion of the HM microbiome, (21-24), however, whether the HM microbiome is affected 
by maternal stress remains uncertain.

Recently, the role of the gut microbiome in the context of stress and psychiatric dis-
orders has garnered increasing interest (25), particularly the maternal microbiome as 
key for understanding the impact of prenatal stress on offspring psychiatric health 
(26, 27). However, the mechanism via which the maternal microbiome might mediate 
adverse effects of maternal postpartum stress on the offspring is still unclear. We here 
hypothesize that maternal stress induced-changes in the HM microbiome might be one 
of the mechanisms contributing to this process. There have been only two studies to 
our knowledge aiming to study the impact of maternal stress on HM microbiome with 
so far inconclusive findings (28, 29), with only one study of limited size (n=26) address-
ing these effects in mothers with at term delivery (28). This study observed that higher 
maternal psychosocial stress was related to lower bacterial diversity in milk at 3 months 
post-delivery. In order to gain further insights into the effects of maternal postpartum 
stress on HM microbiome composition, we here investigated the association between 
maternal psychological and biological stress and the HM microbiome in the critical first 
month after birth. In addition, we examined HM microbiome correlations with other 
maternal factors and infant sex.
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Methods

Research design and study population
The Amsterdam Mother’s milk Study is a prospective observational cohort study 
aimed at investigating the association between maternal stress and HM composition 
(9). Recruitment of participants occurred during pregnancy or within the first ten days 
postpartum through social media, flyers at midwifery practices or at the maternal or 
neonatal ward of the Amsterdam University Medical Center, The Netherlands. Inclusion 
criteria were mothers aged 18 or older intending to breastfeed for at least the first 
month after birth. Exclusion criteria included maternal (gestational) diabetes, use of 
psychopharmaceuticals or glucocorticoid medication, major congenital diseases in the 
neonate or a life expectancy of the neonate of less than one month, and for the HM 
microbiome analysis specifically, maternal antibiotic use.

To encompass a broad spectrum of stress levels among participants, two study groups 
were established: a high-stress group (HS group) and a control group (CTL group). 
Inclusion in the HS group required the infant to have been hospitalized for a minimum 
of two days, with the hospitalization serving as the maternal stressor. All infants were 
born at term. Maternal stress was further assessed through questionnaires and cortisol 
measurements, as will be described below.

The study was conducted between November 2017 and December 2019. Written in-
formed consent was obtained from all participants prior to participation. This study was 
approved by the Ethics Committee of the Amsterdam University Medical Centre, AMC 
on the 2nd of May 2017 (METC 2017 025, NL59994.018.16) and conducted in accordance 
with the Declaration of Helsinki.

Data collection and storage
Study timeline: Figure 1 shows the study time-line. Recruitment took place within the 
first ten days postpartum. At inclusion, participants provided a hair sample for baseline 
cortisol measurement and completed questionnaires regarding their general health, 
pregnancy, and lifetime stress experiences. Two collection days were designated: post-
partum days (P) 10 and 24. On these days, participants collected two saliva samples for 
cortisol measurement and three HM samples for cortisol and microbiome analysis. At 
the end of the study, participants completed three additional stress-related question-
naires.
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Day 
10

Day 
24

Day 
25Birth

1

2

3

= Two saliva samples. Collected in the morning for measurement of cortisol awakening response

= Questionnaires.
 1: General questionnaire about mother-infant characteristics
 2: Two questionnaires to measure maternal life time stress as a baseline level of maternal stress: the Life Stressor Checklist- revised and 

the Youth Trauma Checklist 
 3: Three questionnaires to measure maternal stress over the study period: the Perceived Stress Scale, the Edinburgh Postnatal 

Depression Scale and the State-Trait Anxiety Inventory 

= Maternal hair strand. Collected to measure baseline cortisol concentrations

= Human milk sample. Collected at three times during the day for measurement of microbiome and cortisol

Fig 1. Study time line

Sample collection and storage
Hair, saliva and HM samples were collected and stored as detailed by Juncker et al (9).

In short, hair samples were collected by the researcher at the start of the study, stored 
in the dark at room temperature, and analyzed for cortisol and cortisone as a measure 
of maternal biological stress during the last trimester of pregnancy. Saliva samples were 
collected by the participants themselves. Oral saliva swabs were collected twice in the 
morning within 0-10 minutes and 30-45 minutes after waking, to measure the cortisol 
awakening response as a measure of acute biological stress on that day. Milk samples 
(morning, afternoon, and evening) were collected by participants themselves on col-
lection days. Participants were instructed to collect a mixture of foremilk and hindmilk. 
Samples were stored at -20C until analysis.

Questionnaires
For a detailed explanation of the questionnaires used during the study, see Juncker et al. 
(9). In short, to establish the participant’s baseline stress levels (previous life-time stress), 
the participants filled out two questionnaire at the start of the study, the Life Stressor 
Checklist-revised (LSC-r) and the Dutch version of the Youth Trauma Checklist (JTV) (30, 
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31). A measure of psychological stress levels during the study period was obtained by 
three questionnaires that the participants filled out at the end of the study, concerning 
levels of stress they experienced during the past month: the Perceived Stress Scale (PSS) 
(32, 33), Edinburgh Postnatal Depression Scale (EPDS) (34), and the State-Trait Anxiety 
Inventory (STAI) (35).

Laboratory analysis
Laboratory analyses to measure hair, saliva and HM cortisol were performed as detailed 
previously by Juncker et al (9).

HM microbiome: For determination of the HM microbiome, the three milk samples 
of one collection day were mixed to have a good representation of the microbiome 
during the entire day. DNA was extracted from milk bacterial pellets material using a 
repeated bead beating protocol (method 5) (36). DNA was purified using Maxwell RSC 
Whole Blood DNA Kit. 16S rRNA gene amplicons were generated using a single step 
polymerase chain reaction (PCR) protocol, using universal primers B341F and B806R, 
targeting the V3-V4 region (37). PCR products were purified using Ampure XP beads and 
purified products were equimolar pooled.  The libraries were sequenced using a MiSeq 
platform using V3 chemistry with 2x251 cycles.

Bioinformatics processing of raw data
16S V3V4 rRNA gene amplicon sequences were parsed using a vsearch (v2.15.2) based 
pipeline (38). Briefly, paired end reads were merged, with max differences set to 100 and 
allowing for staggered overlap. Contaminating sequences that were identified previ-
ously were removed.

ASVs were inferred from reads with lower than 1.5 expected error rate using the cluster 
unoise with centroids algorithm with a minsize of 4, after which chimeras were removed 
using the uchime3 denovo method. For each sample ASV abundances were determined 
by mapping the merged reads against the ASV sequences with identical matches de-
fined using the usearch_global algorithm with a 0.97 distance cut off. Taxonomy was 
assigned using R (V4.0.5) and the dada2 (39) assign taxonomy function using the silva 
(v132) (40) reference database.

Data availability
Raw sequencing data is available at the European nucleotide archive at with project 
ID PRJEB74246 (https://www.ebi.ac.uk/ena/browser/view/PRJEB74246). All R code used 
for the statistical analysis is available online at (https://github.com/RasmusRiemer/ 
AMSMilkMaternalStress).
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Statistical analysis

Baseline characteristics and stress measurements
Sample characteristics, questionnaire scores and cortisol concentrations were described 
as mean with standard deviation (SD), median with interquartile range (IQR) or frequen-
cies. To test differences in maternal and infant characteristics and stress measurements 
between study groups, unpaired student T-tests, Chi-square tests, Mann-Whitney U 
tests or Linear Mixed Models were used as appropriate.

The area under the curve (AUC) for HM cortisol concentrations was calculated to pro-
vide a value that better reflects HM cortisol throughout the day, as cortisol is known to 
follow a circadian rhythm (41). To this end, all HM cortisol values were standardized to 
7:00 AM, 14:00 PM and 22:00 PM, using the following formula: HM cortisol in mmol/L -/+ 
unstandardized regression coefficient of all HM cortisol values * (new (standardized)) 
time point – real time point). Subsequently, the HM cortisol AUC for each collection day 
was calculated as described by Pruessner et al. (42). The cortisol value at 7:00 AM was 
considered the HM cortisol morning peak (41). The highest cortisol value of the two 
morning saliva samples was considered the saliva cortisol morning peak. When time of 
S1 collection was >30 minutes after waking up, saliva values were excluded.

Bioinformatics analysis
Within-sample diversity was calculated using raw read counts subsample to mean 
read depth and group comparisons were made using analysis of variance (ANOVA). All 
other analysis used non-subsampled read-counts or relative abundances. Between-
sample comparisons used Bray-Curtis dissimilarities calculated after cumulative sum 
scaling (CSS) of sample relative abundances. Between-sample group comparisons and 
effect-size estimations for clinical characteristics were performed using permutational 
multivariate analysis of variance (PERMANOVA) (nperm = 9999) to ensure robustness for 
heterogeneous dispersions (43). Abundance comparisons at genus level used spearman 
correlations, and ASV-level comparisons used raw read data as input for DESeq2 differ-
ential abundance analysis (44). Bacterial correlations used the BEEM-static expectation-
maximization algorithm to infer interaction networks based on an ecological model 
(generalized Lotka-Volterra) (45). P-values were adjusted for multiple comparisons 
using false discovery rate using false discovery rate (FDR) correction unless otherwise 
stated. Statistical significance is annotated in figures and tables as follows: p > 0.05: “ns” 
or not annotated, p ≤ 0.05: *, p ≤ 0.01: **, p ≤ 0.001: *** and p ≤ 0.0001: ****.
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Results

A total of 116 lactating women participated in the study, with 86 in the CTL group and 
30 in the HS group. Due to maternal antibiotics use, four women in the CTL group and 
one in the HS group were excluded for the current analysis. Drop-out during the study 
resulted in 69 CTL and 23 HS participants at day 10, and 66 CTL and 22 HS participants 
at day 24 (Figure 2).

116 mothers included in 
original study

Original CTL group: 86 
mothers

Original HS group: 
30 mothers

P10: 69 mothers

 4 Maternal AB use
 3 Maternal illness
 2 Stopped breastfeeding
 2 Too little milk production
 1 Pain during pumping
 5 No reason provided

 1 Maternal AB use
 1 Infant death
 2 Maternal illness
 3 No reason provided

P24: 66 mothers 

P10: 23 mothers

P24: 22 mothers 

 1 Stopped breastfeeding
 2 Forgot collection moment
 1 No reason provided

Fig 2. Flowchart of study population

Maternal and infant characteristics did not significantly differ between groups except 
for infant sex, where HS group had a higher percentage of male infants (74% vs 48%, 
p=0.03) (Table 1). Way of HM pumping (manually, electric), season of HM collection and 
storage time of the samples did not differ between study groups. Median (IQR) hospi-
talization duration of infants in the HS groups was 7 (7) days. At day 10, five infants in 
the HS group were still hospitalized, whereas none were hospitalized at day 24. None of 
the mothers were hospitalized themselves during the study period, nor did they room 
in with their infant.

Baseline stress measurements (i.e. the questionnaire based life-time stress exposure 
scores and hair cortisol concentrations) did not differ between study groups. Perceived 
stress measured over the study period was higher in the HS group compared to the CTL 
group, indicated by higher scores on the PSS, EPDS, STAI-s and STAI-t (p<0.01). There 
were no differences in HM or saliva cortisol or cortisone levels between study groups 
(Table 2).

16S amplicon sequencing showed that the HM microbiome was highly variable between 
individuals, with the majority dominated by the Streptococcus genus while a subset 
were dominated by Acinetobacter or Staphylococcus instead (Figure 3A). Agglomerated 
to phylum level, most ASVs were assigned to Firmicutes, followed by Proteobacteria 
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Table 1: Maternal-infant characteristics

Maternal characteristics

Control High stress p-value

Maternal age in years mean (SD) 32.3 (3.4) 32.4 (3.5) 0.94

Maternal ethnicity % 0.06

Dutch 82.1% 57.0%

Turkey 1.5% 0.0%

Morocco 0.0% 0.0%

Surinam 1.5% 13.0%

Netherlands Antilles 1.5% 4.3%

Other Western1 10.4% 13.0%

Other non-Western2 3.0% 13.0%

Maternal education % 0.10

Low3 6.1% 26.1%

Medium4 3.0% 4.3%

High5 90.9% 70.0%

Maternal BMI (kg/m2) mean (SD) 22.9 (3.6) 24.5 (5.6) 0.22

Mode of delivery % of caesarean 29.9% 17.4% 0.32

Smoking % of 0.38

Non smoker 68.3% 54.5%

Past smoker 30.2% 45.5%

Current smoker 3.0% 0.0%

Parity % of primiparous 60.6% 72.7% 0.31

Season of human milk collection % 0.08

Winter 25.4% 14.3%

Spring 23.9% 9.5%

Summer 17.9% 42.9%

Fall 32.8% 33.3%

Maternal hospitalization after birth 
(days) median (IQR)

2 (2) 3 (3) 0.06

Infant characteristics

Birth weight child (gr) mean (SD) 3529 (493) 3421 (588) 0.39

Infant sex % of male 47.8% 73.9% 0.03*

16.	 Includes: Europe, North America, Oceania, Japan, Indonesia
17.	 Includes: Latin-America, Africa, Asia, other
18.	 Low education (ISCED 2011) : Levels 0-2
19.	 Medium education (ISCED 2011): Levels 3-4
20.	 High education (ISCED 2011): Levels 5-8
Abbreviations: SD = standard deviation, ISCE = International Standard Classification of Education, BMI = body 
mass index, IQR = interquartile range
*statistically significant (p<0.05)
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and a smaller proportion to Actinobacteria (Figure S1A). We then compared the overall 
bacterial composition of HS vs CTL samples at different taxonomic ranks. At the genus 
level, stress-HM exhibited overall lower relative abundance of Streptococcus and higher 
abundance of Staphylococcus (Figure 3B), most pronounced at day 10 (Figure 3C). We 
then compared the bacterial diversity of the HM bacterial communities. α-diversity 
(within-sample diversity) did not vary between CTL and HS groups (Figure 3D), but 
β-diversity (between-sample composition (dis)similarities) showed significant (p < 0.05) 
differences in bacterial compositions when comparing CTL and HS groups (Figure 3E). 
When testing how HM microbiome changed across the two collection days (day 10 and 
day 24), the overall HM bacterial profiles showed a decrease in Staphylococcus  day 24 
vs day 10 but neither α-diversity nor β-diversity differed significantly (Figure S1B-D). 
We then tested whether the stress associated differences were time dependent, and 
found that the correlation of milk bacterial β-diversity and stress remained significant 
also when examining each time point independently (p < 0.05) (Figure S1E).

7

CTL group
(n=69)

HS group
(n=23)

p-value

Baseline stress

Perceived psychological Life-time stress (test score)

	 JTV median (IQR) 27.0 (10.3) 29.0 (7.5)) 0.35

	 LSC-r median (IQR) 7.0 (7.0) 6.0 (8.0) 0.56

Biological stress (cortisol) over last 3 months of pregnancy

	 Hair cortisol median (IQR) 5.6 (9.8) 6.6 (9.6) 0.34

Stress during the study period

Perceived stress (test score)

	 PSS mean (SD) 15.8 (6.1) 21.5 (5.5) <0.001***

	 EPDS median (IQR) 4.0 (5.0) 7.0 (6.0) <0.01**

	 STAI-s median (IQR) 25.5 (12.0) 36.0 (15.0) <0.01**

	 STAI-t median (IQR) 28.5 (9.0) 37.0 (9.0) <0.01**

Biological stress (cortisol) on collection days

	 Saliva cortisol (morning peak) median (IQR) 14.6 (10.6) 16.9 (12.1) 0.181

	 Human milk cortisol AUC median (IQR) 52.7 (31.3) 72.8 (36.2) 0.191

Abbreviations: CTL group = control group, HS group = high stress group, JTV = Dutch version of the Youth 
Trauma Questionnaire, LSC-r = Life stressor checklist revised, PSS = perceived stress scale, EPDS = Edinburgh 
Postnatal Depression Scale, STAI-s = State and Trait Anxiety Inventory (state), STAI-t = State and Trait Anxiety 
Inventory (trait), IQR = interquartile range, SD = standard deviation, HM = human milk, AUC = Area under the 
curve
1 = based on cortisol values of the two collection days together, difference statistically tested using Linear 
Mixed Models to control for within-person repeated measures
** = p<0.01, *** = p<0.001
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Figure 3. Milk bacterial composition and comparison by stress groups (A) Relative abundance  of bacterial 
composition summarized at genus level for all samples and collapsed by (B) stress group and (C) stress group 
and time point. (D) Within-sample diversity by stress group, using multiple α-diversity metrics. No significant 
differences detected with Analysis of Variance (ANOVA). (E) PCoA plot of Bray-Curtis dissimilarities between 
samples by stress group, p-value calculated using distance-based Permutational Multivariate Analysis of 
Variance (db-PERMANOVA). (F) Genus level differences in relative abundances by stress group showing the 15 
most abundant genera, p-values denote Pearson correlation after FDR-correction. (G) Log fold change of diffe-
rentially abundant ASVs between stress groups, showing ASVs with significance (p<0.05) detected by DESeq-2 
analysis with relative abundance >0.5% in at ≥2 samples.

To quantify which HM bacteria constituted the difference in β-diversity between HS 
and CTL samples we performed differential abundance analysis. When summarised at 
genus level, we found that HS samples had significantly lower relative abundances of 
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Streptococcus, Gemella and Veillonella and higher Corynebacterium (Figure 3F). Since 
genus-level differences provides a general overview of the bacteria differences, we also 
performed an ASV-level differential abundance analysis to compare differences of each 
uniquely detected bacteria amplicon sequence. We found several Klebsiella and Acineto-
bacter and single Enterobacter and Stenotrophomonas ASVs at significantly higher levels 
in HS samples, while a Streptococcus and a Gemella ASV were significantly lower (Figure 
3G).

Next, using network analysis to infer microbial interactions we examined whether 
inter-bacterial interactions in the HM communities differed between the HS and control 
HM samples. While in the CTL HM the majority of interactions were identified between 
Streptococci, Staphylococci, Acinetobacter and Gemella species (Figure 4A), the HS 
HM samples the majority of interactions detected involved Gemella ASVs, including 
Klebsiella-Gemella interactions, while fewer Acinetobacter interactions were detected 
(Figure 4B).

Figure 4. Inter-bacterial interactions. Bacterial abundance correlation networks from control (A) and high 
stress (B) samples summarized at genus-level. Summary of the number of detected edges between ASVs in 
BEEM-Static interaction network analysis, coloured by genus.

Because it is likely that other factors than stress could also affect HM properties, we 
examined the relationship of the  bacterial community (β-diversity) with maternal clini-
cal features as well with infant sex. We found that the largest correlation with β-diversity 
was with stress group, followed by maternal education level, Perceived Stress Scale 
(PSS) stress score and infant sex (p<0.05) (Figure 5A). Maternal BMI and Life Stressor 
Checklist-Revised (LSCr) stress score had weaker correlations and were borderline 
significant (p<0.1). Because child sex was one feature that was not balanced between 
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study groups (Table 1), we re-ran the β-diversity correlations while adjusting for sex. 
Adjusting for infant sex did not affect which correlations were significant. No signifi-
cant correlations were detected for HM bacterial β-diversity between infant outcomes 
(temperament and weight) (Figure S3A). Cortisol measurements (in hair, HM and saliva) 
did not correlate significantly with β-diversity (Figure S3B). When correlating individual 
bacterial abundances directly with the various cortisol measurements, the abundance 
of Paracoccus exhibited a significant positive correlation with saliva morning cortisol 
(Figure S3C).

We then used redundancy analysis (RDA) to visualize which bacterial community drove 
the correlations with each clinical feature (Figure 5B). While HS study group correlated 
mainly with the abundance of the Klebsiella genus and partially with Gemella, Veillonella, 
Haemophilus and Staphylococcus, these these genera correlated negatively with LSCr 
stress score and infant sex which were correlated with Acinetobacter and Stenotroph-
omonas (Figure 5B).

Figure 5. Microbiome correlation with clinical factors.  Effect-size plot of the strength of correlation bet-
ween clinical phenotypes and the composition of the bacterial community. dbPERMANOVA was run individu-
ally for each variable using CSS-normalized Bray-Curtis dissimilarity matrices and FDR correction performed. 
(B) Redundancy analysis (RDA) ordination plot showing the correlation of the clinical variables on the milk 
bacterial composition and individual bacterial genera using CSS-normalized bacterial counts.

Discussion

We here examined the relationship between maternal stress in the first month post-
partum and the human milk (HM) microbiome using the Amsterdam Mother’s milk 
observational cohort study. We reveal significant differences in HM bacterial β-diversity 
between the HS and control group. HM of lactating women with high stress levels due 
to infant hospitalization had an overall lower relative abundance of Streptococcus, Ge-



Chapter 5

142

mella and Veillonella and higher abundances of Staphylococcus, Corynebacterium and 
Acinetobacter. While the high stress group had the strongest correlation with HM bacte-
rial in β-diversity, we also observed significant correlations with maternal educational 
level and perceived stress score (PSS) as well as with maternal BMI and lifetime stress 
scores, even though the latter two were somewhat weaker. Infant sex also exhibited a 
significant correlation with bacterial β-diversity, but did not confound the previous as-
sociations. No significant associations with HM cortisol concentrations were observed.

The HM microbiome was dominated by Streptococcus, Acinetobacter and Staphylococ-
cus, with the latter decreasing over time, corroborating previous characterizations of 
the HM microbiome (28, 46, 47). To our knowledge, only two previous studies have 
examined the association between maternal stress and HM microbiome to date (28, 29). 
The first study, focusing on the early postpartum period studied the impact of stress on 
HM microbiome in HM of mothers who delivered preterm. This study found no differ-
ences HM bacterial β-diversity, but did observe that HM samples of mothers with high 
stress levels trended towards decreasing proportions of Firmicutes and increasing pro-
portions of Proteobacteria over the first 2 weeks of lactation compared to mothers with 
low stress (29). These trends are opposite to what we observed in our current study. This 
discrepancy can likely be attributed to the substantial differences in the HM microbiome 
profiles of preterm versus term born infants (46, 48). The second study investigated term 
births and described an negative association between postpartum stress on α-diversity 
of the HM microbiome at 12 weeks postpartum (28) While we did not detect differences 
in α-diversity, we here focused only on the first postpartum month, suggesting that 
the impact of stress on HM microbial diversity might be delayed and or be lactation 
stage dependent. In addition, they described a positive correlation between stress 
and Acinetobacter, Flavobacterium, and Lactobacillus at the genus level (28).  We also 
found several Acinetobacter ASV to be stress associated, suggesting that these changes 
might be of relevance. While the function of Acinetobacter in HM is still unclear, it was 
previously found to be negatively correlated with Staphylococcus, Streptococcus and 
other Gram-negatives (49), and was described to be increased in milk from women with 
subacute mastitis (50). We can thus speculate that a pro-inflammatory maternal state, 
which is also commonly present during stress (51), could contribute to  the observed 
increase in HM Acinetobacter.

Gemella abundance was reduced in HS samples compared to CTLs. Interestingly Ge-
mella has been described to be increased in HM from obese women with gestational 
diabetes mellitus (GDM) or impaired glucose tolerance (52, 53). The pathogenesis of 
GDM and the stress system are interwoven and influence each other bi-directionally 
(54), so modulation of Gemella could be a converging mechanism. The functional impli-
cation of such modulation will need to be further investigated, especially considering 
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that we here observed an inverse relationship. Veillonella, an early coloniser of the infant 
gut, was reduced in HS samples. Lower infant gut levels of Veillonella have been associ-
ated with higher asthma risk (55). Interestingly, maternal stress in the perinatal period 
has also been associated with higher asthma risk in children (56), suggesting a possible 
role of Veillonella levels in linking maternal stress and increased asthma risk. Coryne-
bacterium and several Klebsiella species at the ASV level were increased in HS samples. 
Corynebacterium are typically skin-associated and non-pathogenic, containing species 
that are opportunistic pathogens (57). Klebsiella are also early HM-to-gut colonizers (58) 
and has been positively correlated with infant intestinal inflammation and necrotizing 
enterocolitis (NEC) (59), two conditions that have also been linked to maternal perinatal 
stress (60, 61). When we examined inter-bacterial interactions, we found that HS samples 
exhibited increased interaction between the Gemella and Klebsiella genera (Figure 4). 
This could be a result of general increased presence of disease-associated HM bacteria 
in the stress group, and/or could indicate that these bacteria are interacting in a shared 
response to risk-factors. The majority of detected interactions in control samples were 
between Gram-negative Acinetobacter and the Gram-positive Gemella, Staphylococcus 
and Streptococcus genera. Since Acinetobacter was increased in HS samples, this could 
indicate that stress samples have less regulation by gram-positive commensals that out-
compete or inhibit gram-negative opportunistic pathogens under healthy conditions. 
Similar negative correlations between gram-positive versus gram-negative genera were 
reported in a study investigating HM microbiomes from healthy Chinese mothers (49).

Maternal acute stress (PSS) scores significantly correlated with HM bacterial β-diversity, 
mostly explained by differences in Streptococcus. In contrast, the correlation with life-
time stress (LSC-r) scores were mainly explained by increased Acinetobacter relative 
abundances. These differential effects suggests a different impact of acute and chronic 
stress on the HM microbiome, which in turn might contribute to different offspring 
outcomes as previously reported (62, 63). Infant sex has been found by several studies 
to correlate with infant gut microbiota (64, 65), but to our knowledge this is the first 
time it has been shown to be the case for HM as well. Unfortunately, we do not have 
sufficient power to further untangle the effects of sex and stress in this study.  Stress 
during pregnancy has been shown to impact the infant gut microbiome in sex-specific 
manner (66). While the HM microbiome could similarly be a vector of sex-specific impact 
of stress and bacterial transfer, further analyses are needed to explore this in detail  (49).

We did not detect correlation between the HM microbiome and cortisol measurements, 
although several previous studies have correlated HM nutrient composition and cortisol 
levels (9, 10, 67, 68). This lack of correlation suggests that stress effects on HM bacterial 
composition are not mediated by cortisol but rather through other mechanisms. Given 
that the HM microbiome is thought to predominantly originate from the maternal 
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intestinal/oral microbiome, we can speculate that the observed differences in HM de-
rive from transfer of a stress-associated maternal microbiome phenotype, rather than 
reflecting stress-induced differences in HM nutrient composition (69). These findings 
could be explained by the fact that we did not find a difference in cortisol between 
high stress and control groups. Normally, in response to stress, cortisol is released in 
the maternal circulation, (70, 71), however, during breastfeeding, oxytocin is released, 
counteracting the release of cortisol (72, 73), which could explain the lack of elevated 
cortisol concentrations in the HS group and possibly the lack of associations.

Strengths of this study are 1) the study period; the first month postpartum has been fre-
quently missed in earlier HM research, but since breastfed infants depend on HM during 
this period as their only source of nutrition, these first weeks after birth represent a very 
sensitive time window. 2) the frequency of HM sample collection (three times a day). 3) 
the fact that mothers were exposed to a stressor (i.e. infant hospitalization) ensured that 
the study population contained participants with established high levels of perceived 
stress. 4) extensive information on additional maternal and infant characteristics and 
on both maternal psychological and biological stress, was collected. 5) A relatively 
large sample size compared to previous studies addressing stress and HM microbiome 
composition. A main limitation of this study is the imbalance of stress group sizes (22 
HS, 66 controls). In addition, all infants in the HS group were hospitalized for at least two 
days after birth, and even though the mothers did not stay at the hospital, the effect 
of frequent hospital visits on the HM microbiome cannot be ruled out or corrected for 
and, might cause bias. As our cohort mostly consisted of healthy and highly educated 
women, selection bias cannot excluded and our findings might be hard to generalize to 
the population. Lastly, the majority of our participants were of a Western ethnic back-
ground and this may also limit generalizability of the results.

In conclusion, results from this prospective observational cohort study suggest that 
maternal stress in the early postpartum period is associated with altered microbiome 
composition of HM. As the HM microbiome colonizes the infant gut and its composition 
has been associated with infant (mental) health outcomes, future preclinical research 
should aim at uncovering causality in the relationship between stress and milk, but also 
in the transfer from mother to pup and later life health outcomes. This will be important 
to allow for clinical translation and the opportunity to design clinical trials with the 
aim to investigate to what extent stress-associated changes in milk are of physiological 
importance for infant development and health.
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Supplementary figure 1 (S1). Milk bacterial composition comparison between time points. (A) Relative 
abundance barplot of bacterial composition summarized at phylum level for all samples and collapsed by (B) 
time point. (C) Within-sample diversity by stress group, using multiple alfa diversity metrics. No significant 
differences detected using Analysis of Variance (ANOVA). (E) PCoA plot of Bray-Curtis dissimilrities between 
samples by time point, p-value calculated using distance-based Permutational Multivariate Analysis of Variance 
(db-PERMANOVA).



Chapter 5

152

Supplementary figure 2 (S2). Bacterial differential abundances between groups split by time point. 
Genus level differences in relative abundances by stress group split by sample timepoint, arranged by mean 
relative abundance, p-values denote Pearson correlation after FDR-correction.

Supplementary figure 3 (S3). Microbiome correlation with infant outcomes and cortisol measurements. 
Effect-size plot of the strength of correlation between the composition of the bacterial community and (A) key 
infant outcomes or (B) cortisol measurements. Db-PERMANOVA was run individually for each variable using 
CSS-normalized Bray-Curtis dissimilarity matrices and FDR correction performed. (C) Correlation between bac-
terial genus-level relative abundances and cortisol measurements for each time point, p-values denote Pearson 
correlations after FDR-correction.




