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Background: It is well known that having maladaptive emotion regulation skills during childhood may predict mental health issues later in life, therefore, establishing links with gut microbiome could help develop gut-derived interventions directed at improving maladaptive emotion regulation skills during this critical developmental period. While differences in gut microbiome diversity and composition have been associated with several mental health problems in adults and in infants, the current study is the first one to examine whether the gut microbiome diversity and composition are related to emotional regulation abilities during early childhood.

Method: In the current cross-sectional study, mothers of seventy-three children aged 2–6 years completed several questionnaires assessing their child's and their own emotion regulation skills and mental health, provided a stool sample from their child (via at-home gut microbiome testing kits), and reported on their child's dietary intake.

Results: Results revealed that compared to children in the low maladaptive emotion regulation group, alpha diversity, relative abundance of butyrate-producing genera (Butyricicoccus and Odoribacter), and vitamin synthesis scores (Vitamins B2, B3, B6, and B9) were significantly lower in the high maladaptive emotion regulation group.

Discussion: These findings suggest that maladaptive emotion regulation skills link to gut microbiome alterations in early childhood, a crucial time of both brain and gut-immune development, hence, may open the way to the development of early novel (dietary or pre/probiotic) interventions.
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1 Introduction

The relationship between the gut microbiome and brain health has gained popularity over recent years, spurred by an increased understanding of the key role microbiome may play in mediating the bidirectional communication between the gut and the brain (i.e., the microbiome gut-brain axis [MGBA]) (Cryan and Dinan, 2012; Allen et al., 2017; Foster et al., 2017; Cryan et al., 2019). It has now been well-accepted that several environmental factors such as traumatic/chronic stress can cause disruptions in the gut microbiome (Leigh et al., 2023), on the other hand, altered gut microbiome can induce changes in behavior and cognition (Cryan et al., 2019).

Of specific importance, increasing evidence is showing the impact of the microbiota in regulating mood, behavior, and cognitive function (Cryan and Dinan, 2012; Allen et al., 2017; Foster et al., 2017; Cryan et al., 2019) and on a variety of psychological disorders such as anxiety (Jiang et al., 2018), depression (Jiang et al., 2015), schizophrenia (Li et al., 2021), bipolar disorder (Evans et al., 2017), neurodevelopmental conditions such as autism spectrum disorder (Kelly et al., 2017; Garcia-Gutierrez et al., 2020), and attention deficit hyperactivity disorder (Boonchooduang et al., 2020). These psychopathologies are known to be promoted by a range of factors, including cognitive impairments in attentional control (Eysenck et al., 2007; Derakhshan, 2020) and difficulties in emotion regulation (Cisler et al., 2010; Compare et al., 2014). Notably, emotion dysregulation (i.e., difficulties in self-regulating one's own negative emotions) have been repeatedly shown to be related to the development of a myriad of mental health disorders including major depressive disorder, generalized anxiety disorder, eating, and alcohol related disorders (Aldao et al., 2010).

It is believed that the MGBA plays a role in regulating emotion, possibly via the MGBA-related alterations in the expression of receptors for the neurotransmitter GABA and/or glutamate (Cryan and Dinan, 2012; Varesi et al., 2023) and/or through biosynthesis of pantothenate, coenzyme A, and adenosine (Ke et al., 2022). Up till now, only one study has shown that better emotion regulation skills (i.e. greater use of reappraisal, and lower use of suppression) were associated with distinct compositional profiles of the gut microbiome at the species level in healthy women (Ke et al., 2022). Specifically, their findings revealed that Bacteroides xylanisolvens, F. bacterium CAG 95, and Parabacteroides distasonis were correlated with higher levels of cognitive reappraisal but lower levels of suppression. Moreover, cognitive reappraisal was associated with lower abundance of Anaeromassilibacillus sp. An250, Bacteroides faecis, Blautia hydrogenotrophica, Clostridium bolteae CAG 59, Clostridium leptum, F. bacterium CAG 94, R. bacterium D16, Sellimonas intestinalis, and Streptococcus parasanguinis, while suppression was associated with higher abundance of these species.

Importantly, to date, only a few behavioral and neural outcomes (e.g., temperament, cognitive and brain function) have been linked to the MGBA in infants—albeit inconsistently (Alving-Jessep et al., 2022). For instance, in newborn infants (mean age = 25 days), negative emotionality and regulation/orienting were marked by an enrichment of Bifidobacterium (Kelsey et al., 2021). Whereas, in 2.5- month-old infants, increased abundance of Bifidobacterium and Streptococcus were linked to higher positive emotionality, and higher diversity were linked to negative emotionality (Aatsinki et al., 2019). Similarly, Bifidobacterium was positively correlated with “soothability” and Hungatella was negatively correlated with “cuddliness” in 12-month-old infants (Wang et al., 2020), while higher surgency (positive emotionality) was associated with a more diverse gut microbiome in toddlers aged between 18–27 months (Christian et al., 2015). Recent longitudinal evidence has shown that Bifidobacterium and Lachnospiraceae abundance at 1–3 weeks of age was positively associated with surgency/extraversion at 12 months of age (Fox et al., 2022); Prevotella abundance at 12 months of age was negatively associated with internalizing problems at 2 years of age (Loughman et al., 2020), highlighting the role of the infant gut microbiota for neurodevelopment and mental health in later life. However, no clear evidence of associations between gut microbiome diversity (as well as taxonomies or functions) and mental health problems were found at 10 years of age (Kraaij et al., 2023).

Within this rapidly expanding evidence base, key gaps remain. First of all, current studies have been based almost entirely on either infants or school-aged children, even though psychiatric disorders typically manifest earlier in childhood as emotional and behavioral problems (Solmi et al., 2022). The only exception to this is a study by Flannery et al. (2020), who recruited 5-to-7-year-olds with a range of adverse experiences and caregiver stressors and relationships, and found that Bacteroides fragilis was associated with reduced levels of aggressive behavior, emotional reactivity, externalizing behavior, sadness, and impulsivity, as well as an increased inhibitory control. As such, it remains unclear whether associations reported in other published studies are evident during early childhood in healthy samples. Additionally, it appears that mother's mental wellbeing plays interdependent role and may impede the child's emotion regulation (Morelen et al., 2016), as previous research has repeatedly shown associations between maternal mental health and emotion regulation and children's emotion regulation abilities (Zimmer-Gembeck et al., 2022). However, apart from Querdasi et al. (2023) controlling for prenatal and preconception adversity by measuring childhood trauma and anxiety in mothers, no research has accounted for parental mental health while assessing the association between microbial and behavioral/temperamental outcomes of the offspring.

To address these gaps, in the current study, our aim was to examine cross-sectional associations between the gut microbiome (diversity and composition) and emotion regulation in 2-to-6-year-old children, while accounting for maternal mental health, as well as other known and potential confounds.



2 Methods


2.1 Participants and study design

One hundred and eleven mothers with 2-to-6-year-old children responded to online advertisements and completed an online survey (delivered on Qualtrics; https://www.qualtrics.com) assessing their child's and their own demographic and clinical outcomes (please see Section 2.2. Behavioral Outcomes for details). Out of the initial sample of participants, only 81 mothers agreed to provide their child's stool sample and were sent at-home microbiome testing kits. However, only 73 kits were returned for stool analysis. Therefore, the final sample consisted of 73 participants. By using the Emotion Regulation Skills Questionnaire parent form (ERSQ) (Mirabile, 2014), Low (n = 37) and High ( = n = 36) Maladaptive Emotion Regulation (MA ER) groups were established based on median splits.

Children were excluded if they had a significant acute or chronic co-existing illness (including functional gastrointestinal disorders, inflammatory bowel disease, coeliac disease, lactose intolerance etc.), immunological, psychiatric, neurodevelopmental disorders, and metabolic disorders. Additionally, children were not included if they had taken any prebiotic or probiotic supplements or antibiotics 4 weeks prior to enrolment in the study. Mothers received £60 for participation. All participants provided informed consent. The study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethical Committee at the University of Roehampton (Reference: PSYC 23/452).



2.2 Behavioral outcomes

All mothers completed a demographics form (developed in-house) that assessed their child's age, sex, birth, current weight and height, number of siblings, living arrangements (i.e., who they are living with), physical activity [via Parent-reported Physical Activity and Sedentary Time in Young Children Questionnaire (Sarker et al., 2015)], stay in neonatal intensive care >24 h, breastfeeding status at some point, delivery type, as well as their own age, weight and height, education, ethnicity, employment, age during delivery, and relationship to child, as well as household income. These measures were used to ensure that High and Low MA ER groups did not differ for these demographic and environmental/lifestyle factors.

Emotion Regulation Skills Questionnaire (ERSQ) (Mirabile, 2014), a 52-item questionnaire, that measures child's maladaptive and adaptive ER skills was used. Mothers rated each item on a 5-point Likert scale by the mothers (from 0 = never to 4 = almost always), and scores averaged to create component indicators of adaptive (consists of children's self-directed speech, instrumental coping, information gathering, social distraction, object distraction, self-soothing, comfort seeking, and support seeking strategies) and maladaptive (consists of children's focus on the distressing object, venting, aggression, avoidance, and suppression strategies) ER. In the current paper, MA ER subscale scores were used. The ERSQ MA ER subscale demonstrates good internal consistency (Cronbach's alpha ranging from 0.61 to 0.85) (Mirabile and Thompson, 2011; Mirabile, 2014).

Beck Depression Inventory (BDI) (Beck et al., 1996), a 21-item questionnaire, was used to assess maternal depression. Each item was rated on a 5-point Likert scale (from 0 = not at all to 4 = severely). A score of 0–13 indicate none or minimal depression, 14–19 mild depression, 20–28 moderate depression, and 29–63 severe depression. The BDI demonstrates good internal consistency (Cronbach's alpha of 0.86 and 0.81 for clinical and subclinical samples, respectively) (Beck et al., 1988).

Spielberger State Trait Anxiety Inventory (STAI) (Spielberger et al., 1983), a 40-item measure of trait and state anxiety, was used to assess maternal anxiety. Each item was rated on a 5-point Likert scale (from 1 = not at all to 4 = very much so) and scores range from 20- to 80, where higher scores denote severe levels of anxiety. The STAI demonstrates good internal consistency (Cronbach's alpha), ranging from 0.86 to 0.95 (Spielberger et al., 1983).

Difficulties in Emotion Regulation Scale (DERS) (Gratz and Roemer, 2004), a 36-item questionnaire, was used to measure maternal emotional regulation skills. Each item was rated on a 5-point Likert scale (from 1 = almost never to 4 = almost always). This measure comprises of 6 subscales: lack of emotional awareness, lack of emotional clarity, limited access to emotion regulation strategies, non-acceptance of emotional responses, difficulty in engaging in goal-directed behaviors and difficulties in controlling impulses. All items are summed to create a total score, with higher scores reflecting greater difficulties in emotion regulation. The DERS demonstrates good internal consistency (Cronbach's alpha) of 0.93 (Gratz and Roemer, 2004).



2.3 Fecal sample collection and pre-processing

A few days after completing the online questionnaires, mothers were sent at-home gut microbiome testing kits. Microbiome sample collection was performed using the Omnigene Gut OM-200 kit (DNA Genotek, Ottawa, CA), provided by Atlas Biomed in ISO 13485:2016-accredited packaging (medical device). The OM-200 kit facilitated the DNA extraction and stabilization (Chen et al., 2020) prior to being sequenced by the Illumina MiSeq platform (Caporaso et al., 2012; Ravi et al., 2018). The raw data were then analyzed using the Deblur algorithm (Amir et al., 2017). The taxonomic classification of the denoised reads was performed with the QIIME2 Naive-Bayes classifier (Bolyen et al., 2019). The classifier was trained on a 16S rRNA sequence database (Greengenes database v.13.5) (DeSantis et al., 2006). ASVs (amplicon sequencing variants) detected in negative control samples that were known to be skin or environmental dwellers were removed from the analysis. For alpha-diversity analysis, the classified reads were randomly rarefied to the same number (3,000 reads per sample), for each sample. Estimation of alpha-diversity for each sample was performed using the Shannon Index (Shannon, 1948). Read counts of microbial species, genera, and families were calculated as the sum of reads assigned to the ASVs within each taxonomic group, and then the taxonomic table was normalized to represent the relative abundances across different taxonomic levels. Additionally, for vitamin synthesis analysis, based on the representation of specific bacteria in the gut (please see the Supplementary material for a list of these bacteria that was created based on prior work showing the role of them in the production of specific vitamins), vitamin synthesis scores (ranging from 1 to 10; higher scores representing above-average microbiome ability to produce vitamin) for Vitamins B1, B2, B3, B5, B6, B7, B9, K were created.



2.4 Dietary recall

Mothers were also asked to report on their child's dietary intake (everything eaten the day before stool sample collection, between midnight and midnight) via Intake241 (https://intake24.co.uk) (Bradley et al., 2016). Data from Intake24 were used to estimate energy, macro- and micro-nutrient intakes.



2.5 Statistical analyses

Statistical analyses were carried out using IBM® Statistical Package for Social Sciences (SPSS Version 29) (SPSS Inc., Chicago, Illinois). High vs. Low MA ER groups were compared on demographic and clinical measures by using independent-samples t-tests or chi-squared tests where appropriate. Separate ANCOVAs [adjusted for child's sex, age, calorie intake,2 physical activity, breastfeeding status, and delivery method, as well as mothers depression (see text footnote 2) and BMI] were used to compare High vs. Low MA ER groups on (i) alpha diversity, (ii) relative abundance of the 30 most abundant genera (iii) relative abundance of butyrate-producing microbes (Faecalibacterium, Roseburia, Anaerostipes, Odoribacter, Eubacterium hallii group, Flavonifractor, Butyricicoccus, Butyricimonas, Butyrivibrio, and Coprococcus), and (iv) vitamin synthesis scores. A statistical significance threshold of p < 0.05 (two-tailed) was applied throughout. Multiple comparisons were adjusted using Bonferroni correction.




3 Results


3.1 Participant characteristics

Participant characteristics in the total sample and separately in high and low MA ER groups are reported in Table 1. Groups did not differ in terms of child's age, sex, birth, current weight, number of siblings, living arrangements (i.e. who they are living with), physical activity, energy, carbohydrate, fat, and protein intake, stay in neonatal intensive care >24 h, breastfeeding status, delivery type, as well as maternal age, body-mass-index, education, ethnicity, employment, age during delivery, and relationship to child, depression, trait and state anxiety, and household income. By design, groups differed on child's MA ER scores. Additionally, groups differed on child's current height, fiber intake (Englyst method), and maternal DERS scores; a trend in group difference on fiber intake (AOAC method) was also observed. For micronutrient comparisons, please see the Supplementary material.


TABLE 1 Descriptive characteristics of the total sample and high and low maladaptive emotion regulation groups.
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3.2 Gut microbiome diversity and composition

There was a significant main effect of group on alpha diversity [F(1, 71) = 4.299, p = 0.042, η2 = 0.066], such that, High MA ER group (M = 5.12, SD = 0.72) had reduced alpha diversity compared to Low MA ER group (M = 5.48, SD = 0.72) (Figure 1A).


[image: Figure 1]
FIGURE 1
 (A) Alpha diversity and (B) summary of the 30 most abundant genera in the Low and High MA ER groups. Bars represent error rates.


The bacterial composition results showed that sequences from the High MA ER group were mainly assigned to Bacteroides, Faecalibacterium, undefined Veillonellaceae, and undefined Prevotellaceae at the genus level; the most abundant genus in the Low MA ER group was also Bacteroides, followed by Faecalibacterium, undefined Lachnospiraceae, and Alistipes (Figure 1B). Compared to those in the Low MA ER group (M = 0.0045, SD = 0.003), the relative abundance of Butyricicoccus [F(1, 69) = 5.217, p = 0.026, η2 = 0.081] was significantly lower in the High MA ER group (M = 0.0026, SD = 0.003) (Figure 2A). Additionally, the relative abundances of Ruminococcaceae UCG-002 [F(1, 58) = 3.402, p = 0.07, η2 = 0.066; Low MA ER M = 0.025, SD = 0.022, High MA ER M = 0.013, SD = 0.022], and undefined Ruminococcaceae [F(1, 58) = 2.816, p = 0.100, η2 = 0.055; Low MA ER M = 0.031, SD = 0.020, High MA ER M = 0.021, SD = 0.020] were nominally lower in the High (vs. Low) MA ER group (Figure 2A). No significant or nominal group differences were observed for other genera (all p > 0.1).


[image: Figure 2]
FIGURE 2
 (A, B) Bacterial genera and (C) vitamin synthesis scores that were significantly or nominally different between the Low and High MA ER groups. Bars represent error rates.




3.3 Butyrate and vitamin synthesis capacity

In addition to Butyricicoccus results reported above, the relative abundance of butyrate-producing microbe Odoribacter was significantly lower in the High (M = 0.001, SD = 0.003) [vs. Low (M = 0.010, SD = 0.0135)] MA ER group [F(1, 40) = 4.414, p = 0.044, η2 = 0.128] (Figure 2B). No significant or nominal group differences were observed for other butyrate-producing microbes (all p > 0.1).

Compared to those in the Low MA ER group, vitamin synthesis scores for Vitamin B2 [F(1, 71) = 4.382, p = 0.040, η2 = 0.067; High MA ER M = 5.36, SD = 1.93; Low MA ER M = 6.23, SD = 1.91], Vitamin B3 [F(1, 71) = 7.466, p = 0.008, η2 = 0.109; High MA ER M = 5.75, SD = 1.99; Low MA ER M = 6.85, SD = 1.82], Vitamin B6 [F(1, 71) = 8.160, p = 0.006, η2 = 0.118, High MA ER M = 6.25, SD = 1.87; Low MA ER M = 7.40, SD = 1.58], and Vitamin B9 [F(1, 71) = 4.334, p = 0.042, η2 = 0.066; High MA ER M = 6.25, SD = 1.98; Low MA ER M = 7.40, SD = 1.51] were significantly lower in the High MA ER group (Figure 2C). No significant or nominal group differences were observed for other vitamin synthesis scores (all p > 0.1).




4 Discussion

In the current cross-sectional study, we examined the associations between the gut microbiome (diversity and composition) and emotion regulation in 2-to-6-year-old children and observed that high MA ER skills were associated with (i) a less diverse gut microbiota, (ii) distinct compositional profiles of the gut microbiome, and (iii) alterations in vitamin synthesis scores.


4.1 Gut microbiome diversity and composition

Our finding of an association between higher MA ER skills and reduced alpha diversity is consistent with prior studies that identified significant associations between increased alpha diversity and (i) reduced suppression (a maladaptive emotional regulation strategy that is involved in inhibiting emotional behavior after emotions occur) in adults (Ke et al., 2023), and (ii) higher surgency/positive emotionality in toddlers (Christian et al., 2015). As it has been suggested that MA ER during childhood is associated with risk for developing depressive and anxiety symptoms later in life (Aldao et al., 2010), our finding highlights that reduced microbial diversity is associated with host behavior, operationalised as maternal ratings, and a possible early biomarker of MA ER, hence, adolescence/adulthood depression. However, more biologically meaningful descriptors are required, as microbial diversity provides a summary of a highly dimensional dataset.

We also considered microbiome associations at the genus level and showed that those with high maladaptive ER tendencies had significantly lower relative abundance of Butyricicoccus and Odoribacter. Our findings also revealed that the relative abundances of Ruminococcaceae UCG-002 and undefined Ruminococcaceae were nominally lower in the high (vs. low) MA ER group. Consistently, studies in infants have also shown that various behavioral outcomes (such as temperament) were associated with distinct compositional profiles of the gut microbiome at the species level (Christian et al., 2015; Aatsinki et al., 2019; Loughman et al., 2020; Wang et al., 2020; Kelsey et al., 2021; Fox et al., 2022). However, it is important to highlight that the bacterial signatures of behavioral outcomes are different across these studies, which is not surprising given the vast variation in the developing gut microbiome composition early in life (Bäckhed et al., 2015). Nevertheless, these species were previously reported as being associated with psychopathological conditions that have also been linked with emotional distress and dysregulation (Guimond et al., 2021). For instance, low preponderance of Butyricicoccus, Odoribacter, Ruminococcaceae UCG002 genera as well as Oscillospiraceae and Ruminococcaceae family has been observed in individuals with generalized anxiety, obsessive compulsive, and depressive disorders (Jiang et al., 2018; Cheung et al., 2019; Valles-Colomer et al., 2019; Barandouzi et al., 2020; Turna et al., 2020; Simpson et al., 2021; Radjabzadeh et al., 2022; Kim et al., 2023).

In terms of mechanisms, both Butyricicoccus and Odoribacter are known butyrate producers (Geirnaert et al., 2014; Petra et al., 2015; Gomez-Arango et al., 2016; Rivière et al., 2016). Butyrate is a short-chain fatty acid produced by bacterial fermentation of fiber in the colon, and it is the main energy source for colonic epithelial cells, and it is known to (i) enhance epithelial barrier integrity, (ii) prevent “leaky gut” syndrome (increased gut permeability), and (iii) inhibit inflammation (Hamer et al., 2008). As such, lower levels of butyrate-producing bacteria in children with high MA ER skills may be associated with lower colonic butyrate, increased intestinal permeability, and hence, microbial dysbiosis that is known to have a role in psychiatric conditions (Clapp et al., 2017; Andrioaie et al., 2022; Grau-Del Valle et al., 2023). Given that children in the high MA ER group consumed less dietary fiber, our findings showing reduced relative abundance of butyrate-producing bacteria in the gut are not surprising, however, future studies are warranted to measure colonic butyrate levels to confirm our results. Ruminococcaceae, on the other hand, was reported to be correlated with energy metabolism pathways, including gluconeogenesis, glycolysis, and the pentose phosphate pathways in animal studies (Zhang et al., 2019). Therefore, lower Ruminococcaceae in children with high MA ER skills could be related to altered energy metabolism, which is also a common finding in patients with depression, bipolar disorder, schizophrenia, and autism (Gu et al., 2021; Kolar et al., 2021; Oyarzábal et al., 2021), possibly due to the role of glucose in regulating glutamate, acetylcholine, gamma-aminobutyric acid (Dienel, 2019). It is also important to note that, aforementioned bacteria show potential involvement in the synthesis of glutamate, serotonin and gamma amino butyric acid, key neurotransmitters for mental health disorders (see Supplementary Data of Valles-Colomer et al., 2019) potentially directly by passing the blood-brain-barrier (BBB) [e.g., via gut dysbiosis affecting BBB permeability (Tang et al., 2020)] or indirectly via peripheral routes [e.g., via the vagus nerve (Cryan et al., 2019)].



4.2 Vitamin synthesis

Ccompared to those in the Low MA ER group, vitamin synthesis scores for Vitamin B2, Vitamin B3, Vitamin B6, and Vitamin B9 were significantly lower in the High MA ER group. Our results are consistent with prior work that found lower serum levels and/or intakes of Vitamins B2, B3, B6, and B9 was associated with increased mental health complaints and/or risk of psychopathology (Cornish and Mehl-Madrona, 2008) that is known to be linked with emotional dysregulation (Guimond et al., 2021).

Vitamin B2 derivatives, specifically flavin adenine dinucleotide and flavin mononucleotide (Zempleni et al., 2013), possess antioxidant properties and are cofactors in the metabolism of fatty acids in brain lipids, hence dysregulation of this process could be associated with broad negative consequences for brain function (Kennedy, 2016). Additionally, Vitamin B2 is known to inhibit inflammation in adipocyte and macrophage co-cultures (Mazur-Bialy and Pocheć, 2016) and similarly, Vitamin B3 is known to decrease the expression of the pro-inflammatory cytokines, IL-1, IL-6, and TNF-α by the macrophages (Bialonska et al., 2010). Thus, dysregulation of inflammatory processes may mediate the connection between synthesis of Vitamins B2 and B3 and maladaptive emotion regulation, due to the link between inflammation and mental health outcomes (Goldsmith et al., 2016; Yuan et al., 2019; Hepsomali and Coxon, 2022). Moreover, both Vitamin B3 and serotonin are synthesized from tryptophan, and altered Vitamin B3 synthesis can lead to lower levels of serotonin (Fukuwatari and Shibata, 2013), which may, subsequently, contribute to maladaptive emotion regulation skills, as serotonin is a crucial modulator of emotional behavior (Lesch, 2007). Vitamin B6, on the other hand, is particularly well known for its role in the synthesis of dopamine from L-DOPA, serotonin from 5-HTP, and gamma-aminobutyric acid from glutamate (Calderón-Ospina and Nava-Mesa, 2020). Similarly, Vitamin B9 is also involved in the synthesis of dopamine, norepinephrine, and serotonin (Bottiglieri et al., 2000; Lam et al., 2022) and by converting homocysteine to methionine, Vitamin B9 also facilitates the production of S-adenosyl methionine, which influences the synthesis of these neurotransmitters (Bottiglieri et al., 1994). Alterations in the aforementioned neurotransmitters are known to be associated with exacerbations of psychiatric and neurodevelopmental disorders (Szabo et al., 2004; Ramamoorthi and Lin, 2011; Moretto et al., 2018; Carvajal-Oliveros and Campusano, 2021).



4.3 Limitations

Certain limitations in the current study should be noted. Firstly, although small sample sizes are common in human microbiome research, in the current study a relatively small sample size was used. Secondly, the cross-sectional nature of this study does not allow us to test for causality and/or directionality (especially considering the role of nutrition in modulating the gut microbiome), hence, reverse causation is also possible. Thirdly, emotion regulation was reported only by the mother, and parental reports might not always correlate strongly with observer reports in standardized conditions (Mangelsdorf et al., 2000) and might be influenced by maternal temperament and other characteristics such as age, gender, stress and depression (Bayly and Gartstein, 2013), as well as parents' ability to read their children's emotions and monitor and report dietary intake accurately. Fourthly, gut microbiome data was processed using 16S rRNA sequencing instead of using the more precise whole genome sequencing (Laudadio et al., 2018), which provides information on microbial composition but not function (e.g., bacterial gene content or metabolite levels). However, as 16S rRNA sequencing is currently the most widely used application to study microbiota, this makes the current study comparable with others in the field. Fifthly, we utilized median splits to artificially categorized MA ER, and although it is not an uncommon and unacceptable practice (Iacobucci et al., 2015), future studies are warranted to examine the associations between MA ER and gut microbiome markers in a continuous manner in a larger sample. Sixthly, although we excluded participants if their child had a significant acute or chronic disorder based on maternal reports, we cannot guarantee a psychopathological problem-free sample. Finally, both emotion regulation and gut microbiome were assessed only at a single time point. Although it is important to note that prior work highlighted significant temporal variation in the adult gut microbiome (Davenport et al., 2014; Riddle and Connor, 2016), intraindividual variability in key groups of microorganisms was found to remain relatively low during infancy (Subramanian et al., 2014; Raman et al., 2019). These limitations are balanced by considerable strengths which include a detailed consideration of potential confounding factors, information to estimate dietary intake, and the use of validated questionnaires.




5 Conclusion

In conclusion, our study contributes to a growing literature that links gut microbiota to host behavior and physiology, by demonstrating that microbial diversity and composition are associated with host behavior, operationalized as maternal ratings of emotion regulation skills. As maladaptive emotion regulation skills might precede psychopathology and adaptive emotion regulation skills, on the other hand, might present as resilience factors, the results may have implications on early prevention of child mental health problems in the future. Future studies in larger cohorts, utilizing designs that allow causality/directionality, ideally by incorporating metagenomics, metabolomics, as well as neuroimaging (at multiple timepoints to involve serial and concurrent sampling and measurements) will help begin to elucidate the bidirectional association between early life microbiota and developmental trajectories of early life behavioral and cognitive risk factors and potential development of psychopathology.
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Footnotes

1Intake24 is an open-source web-based dietary assessment research tool based on the 24-hour recall method, primarily designed for self-completion. Intake24 was created by Newcastle University (UK), funded by Food Standards Agency, Scotland and is now maintained and developed through a collaboration between Cambridge University (UK), Monash University (Australia) and Newcastle University (UK).

2Due to multicollinearity, only children's calorie intake and mother's depression scores (but not other nutrients and mental health parameters) were added as covariates. Correlations between (i) calorie and nutrient intakes, and, (ii) depression and anxiety and emotion regulation, please see the Supplementary material.
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Childs current weight (kg) 16.61 £ 4.49 17.01 £3.15 16.22 £5.54 0726 0.471 0.176
Childs current height (m) 99.56 £ 17.32 103.84 £ 11.30 94.87 £21.36 2.143 0.036 0.532
Number of siblings 114 £084 1.06 £0.89 122£079 —0.816 0417 —0.191
Child is living with 1.001 0317 0.117

Birth parents 69 34 35

One parent 74 3 1
Childs physical activity (mins) 190.50 £ 123.61 182.31 £86.77 198.24 £ 151.31 —0.544 0.588 —0.128
Childs energy intake (keal) 1,240.50 £ 516.98 1,258.48 & 403.72 1,227.88 £ 620.69 0.248 0.805 0.058
Childs carbohydrate intake (g) 165.91 £ 62.27 171.08 £ 53.80 161.07 £ 8147 0.615 0.541 0.145
Childs fat intake (g) 47.62 £ 26.79 47.85£23.32 47.83 £3041 0.003 0.997 0.001
Childs protein intake (g) 47.68 £ 27.29 46.77 £ 18.30 48.62 % 34.58 —0.283 0.778 —0.067
Childs fiber intake - englyst (g) 9.44 £ 547 10.82 £5.63 8.18 £ 5.07 2.092 0.040 0.493
Childs fiber intake - AOAC (g) 12.88 £7.55 14.68 £7.82 11.26 £7.00 1.952 0.055 0.460
Mothers age (years) 36.34 £ 4.51 37.22+£4.09 3549 +4.78 1.664 0.101 0.390
Mothers BMI 26.52£6.16 2571£5.35 27.32£6.84 -1.117 0.268 —0.261
Mothers education 5170 0.522 0.266

GCSE/O levels 8 6 2

A levels/completed secondary 10 5 5

Commenced trade course/appr. 1 0 1

Completed trade course/appr. 3 1 2

Commenced degree course 2 1 1

Completed degree course 30 17 13

Commenced/completed PG 19 7 12
Mothers ethnicity 3.939 0.558 0.232

UK 56 30 26

Europe 9 3 6

America 1 1 0

Asia 3 1 2

Multiple 1 0 1

Other 3 2 1
Mothers employment 7.155 0.128 0313

Employed full-time 28 10 18

Employed part-time 29 6 13

Unemployed (seeking work) 1 1 0

Home duties 14 10 4

Student 1 0 1
Household income 9.026 0.108 0.352

<£18,000 7 6 1

£18,000-£30,999 8 6 2

£31,000-£51,999 18 8 10

£52,000-£100,000 30 11 19

More than £100,000 9. 5 4

Do not know 1 1 0
Relationship to child 0.986 0321 0.116

Biological parent 72 36 36

Adoptive parent 1 1 0
Mothers age during delivery 32.18 +£4.28 3294 +£3.96 31.43 £ 4.50 1.521 0.133 0.356
Delivery type 0.117 0733 —0.040

Vaginal 56 29 27

Cesarean 17 8 9
>24 hr stay in neonatal intensive care 0.377 0.539 0.072

Yes 3 1 2

No 70 36 34
Breastfeeding status 4.173 0.124 0.239

Exclusive breastfeeding 37 2 15

Partial breastfeeding 26 9 17

No breastfeeding 10 6 4
Childs MA ER score 1.64 £ 042 198 £0.23 1294024 —12.662 0.001 —2.964
Mothers depression (BDI score) 1229 £9.37 14.05 £9.95 10.47 & 8.49 —1.653 0.103 —0.387
Mothers trait anxiety (STAI score) 41.92 £ 10.96 44.14£11.28 39.64 £10.28 —-1779 0.080 —0.416
Mothers state anxiety (STAI score) 3478 £ 10.64 36,95+ 1145 32.56 & 9.39 —1.788 0.078 —0.419
Mothers ER (DERS score) 7579 £21.18 82.08 £22.86 69.33 £17.34 —2.679 0.009 —0.621

MA, maladaptive; ER, emotion regulation; kg, kilograms; cm, centimeters; m, meters; mins, minutes; keal, kilocalorie; g, grams; BMI, body mass index; Appr, apprenticeship; PG, postgraduates
BDI, Beck Depression Inventory; STAL, Spielberger State Trait Anxiety; DERS, Difficulties in Emotion regulation. Bold p-values indicate statistical significance.
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