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[Purpose] To determine whether physical activity (PA), primarily 
the recommended 60 minutes of moderate-to-vigorous PA, is 
associated with gut bacterial microbiota in 10-year-old children.

[Methods] The Block Physical Activity Screener, which pro-
vides minutes/day PA variables, was used to determine whether 
the child met the PA recommendations. 16S rRNA sequencing 
was performed on stool samples from the children to profile 
the composition of their gut bacterial microbiota. Differences in 
alpha diversity metrics (richness, Pielou’s evenness, and Faith’s 
phylogenetic diversity) by PA were determined using linear 
regression, whereas beta diversity (unweighted and weighted 
UniFrac) relationships were assessed using PERMANOVA. 
Taxon relative abundance differentials were determined using 
DESeq2.

[Results] The analytic sample included 321 children with both 
PA and 16S rRNA sequencing data (mean age [SD] =10.2 
[0.8] years; 54.2% male; 62.9% African American), where 189 
(58.9%) met the PA recommendations. After adjusting for co-
variates, meeting the PA recommendations as well as minutes/
day PA variables were not significantly associated with gut rich-
ness, evenness, or diversity (p ≥ 0.19). However, meeting the 
PA recommendations (weighted UniFrac R2 = 0.014, p = 0.001) 
was significantly associated with distinct gut bacterial composi-
tion. These compositional differences were partly characterized 
by increased abundance of Megamonas and Anaerovorax as 
well as specific Christensenellaceae_R-7_group taxa in children 
with higher PA.

[Conclusion] Children who met the recommendations of 
PA had altered gut microbiota compositions. Whether this 
translates to a reduced risk of obesity or associated metabolic 
diseases is still unclear.

[Keywords] physical activity, gastrointestinal microbiome, 16S 
rRNA, gut microbiota, children

[Abbreviations] 
PA	 Physical activity
WHEALS	 Wayne County Health Environment Asthma and 
	 Allergy Longitudinal Study 
HFHS	 Henry Ford Health System
CTAB 	 cetyltrimethylammonium bromide 
OTUs	 operational taxonomic units 
BKPAS	 Block Physical Activity Screener
MPA 	 estimated daily moderate physical activity minutes
VPA	 estimated daily vigorous physical activity minutes
RPA 	 estimated daily recreational physical activity minutes
MET	 metabolic equivalent
MVPA	 estimated daily moderate-to-vigorous physical 
	 activity minutes
BMI	 body mass index
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INTRODUCTION
Children can achieve substantial health benefits by engaging in mod-

erate-to-vigorous physical activity (PA) for periods of time that add up 
to 60 minutes or more each day (current recommendations for ages 6–17 
years)1. It appears that, as in adults, the total amount of PA is more im-
portant, for achieving health benefits, than any component of the activity 
(i.e., frequency, intensity, or duration) or a specific mix of activities (i.e., 
aerobic, muscle strengthening, and bone strengthening)1. However, based 
on the 2018 United States Report Card on PA for Children and Youth, 
only about 24% of children meet the recommended 60 minutes of PA 
every day2. PA is not only vital to the physical, psychological, social, and 
cognitive health of children3,4, but it may also play an important role in 
shaping the human gut microbiota5-7. 

The human gut microbiota has been associated with maintaining 
host physiological states, including immune responses, metabolism, and 
mental and physical development8. Thus, understanding the mechanisms 
that maintain microbial balance in the gut is important. Changes in the 
composition of the gut microbiota have been associated with short- and 
long-term health conditions, such as overweight, obesity9, atopy man-
ifestations, metabolic syndromes, chronic inflammatory diseases10,11, 
increased risk of allergy and asthma12,13, and neurodevelopmental dis-
orders14. Generally, a high microbial diversity is thought to be associ-
ated with a healthy gut microbiota, whereas loss of diversity appears to 
correlate with incidence of disease15. The human gut microbiome is a 
complex community that begins to develop at infancy16-18. While the gut 
microbiome composition is largely determined in early life19-27, a variety 
of factors may perturb its composition across the life course. However, 
little is known about these factors in pre-adolescents28,29. 

There is a significant lack of research regarding the effects of lifestyle 
factors such as PA on the gut microbiome of children, as most of the 
studies have focused on adults30,31. 

PA has recently emerged as a probable modulator of the human 
gut microbiome32-34. Animal studies have shown that PA training in-
dependently alters the composition and functional capacity of the gut 
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microbiota35-38 and increases the relative abundance of bu-
tyrate-producing taxa39. The influence of PA on the human 
gut microbiota has been reported in several studies40-42. For 
example, increased levels of Faecalibacterium prausnitzii, 
Roseburia hominis, and Akkermansia muciniphila were ob-
served in women who performed at least 3 hours of PA per 
week40. Moreover, longitudinal intervention studies ranging 
from six to eight weeks in duration suggest that exercise 
has independent effects on the gut microbiota43,44. Recent-
ly, studies exploring the role of PA on the gut microbiome 
of children have been published5-7. Previous studies have 
reported that exercise-induced alterations of the gut micro-
biota in children may depend on BMI and exercise modality 
and intensity and an obesity-related deleterious microbiota 
profile may be positively modified by exercise6. Specifically, 
the gut microbiota of children who exercise daily displays 
enrichment of Firmicutes and the genera Clostridiales, 
Lachnospiraceae, and Erysipelotrichaceae6. 

Despite the growing body of evidence showing that the 
gut microbiota influences health and disease in childhood, 
and the well-established benefits of PA on children’s health4, 
more research is needed on the role of PA in the compo-
sition of the gut microbiota in children. While published 
studies support an association5-7, these studies were limited 
due to factors such as broad age range (7-18 years)6, lack 
of validated instruments to assess PA6,7, and limited race/
ethnic diversity. Thus, the primary aim of this study was to 
determine whether there is an association between PA and 
gut bacterial microbiome in a cohort of 10-year-old children 
from a racially and socioeconomically diverse Wayne Coun-
ty Health Environment Asthma and Allergy Longitudinal 
Study (WHEALS) birth cohort. 

METHODS
Study population

Data were analyzed from WHEALS, a birth cohort study 
of 1,258 maternal-child pairs living in the Detroit metropol-
itan area. Details of the cohort have been published45-47. In 
brief, 21- to 49-year-old pregnant women who were receiv-
ing prenatal care at Henry Ford Health System’s (HFHS) 
obstetrics clinics were recruited between 2003 and 2007. 
They were interviewed at the initial recruitment, as well as 
during the follow-up visits at 1, 6, 12, and 24 months, and 
during a phone interview at 36 months postpartum. At 10 
years of age, the children enrolled into WHEALS were in-
vited for an additional follow-up clinic visit to perform vari-
ous measurements of health (i.e., a general health check-up), 
as well as to complete a questionnaire. Children of 10 years 
were selected because, while approximately 1/3 of obese 
preschoolers become obese adults, approximately 1/2 of 
obese school-age children will be obese as adults48. Thus, by 
studying body size at the age of 10 years, we are studying a 
time point that reveals a much greater propensity for adult 
obesity. Written informed consent was obtained from all the 
participants, including children. This study was approved by 
the HFHS Institutional Review Board (#1881). 

Stool specimen collection
The subjects who agreed to participate in the 10-year 

visit were each provided with a stool sample collection kit 
(Protocult Collection Device paper sample collector, Ability 
Building Center, Rochester, MN, USA; and a Sarstedt col-
lection tube, Nümbrecht, Germany) to collect a single fecal 
sample for analysis. The collection kits were distributed 
among the participants in small insulated cooler bags con-
taining ice packs to keep the samples cold during post-col-
lection transit. The participants were provided with a sheet 
of instructions inside the cooler bag. They were instructed 
to freeze their ice packs for at least one day prior to sample 
collection. The ice packs were rated to remain frozen for 
36–48 h in an insulated container. All stool samples were 
retrieved from the participants or delivered to the research 
facility within 24 h of collection. The stool samples were 
then stored at –80 °C. 16S rRNA sequencing was used to 
profile the bacterial gut microbiota present in these stool 
specimens. 

DNA extraction
DNA from the stool samples was extracted using the 

modified cetyltrimethylammonium bromide (CTAB) meth-
od as previously described for bacterial profiling49,50. Brief-
ly, 500 µl of modified CTAB extraction buffer was added to 
25 mg of stool in a 2 ml Lysing Matrix E (LME) tube (MP 
Biomedicals, Irvine, CA, USA) and the mixture incubated 
at 65 °C for 15 min. Samples were bead-beaten (5.5 m/s, 
30 s) in a Fastprep-24 (MP Biomedicals, Irvine, CA, USA) 
and then centrifuged (16,000 × g, 5 min). Subsequently, the 
top aqueous phase was transferred to a 2 ml polypropylene 
96-well plate (USA Scientific, Ocala, FL, USA). Modified 
CTAB extraction buffer (500 µl) was added to each LME 
tube, bead-beaten, and centrifuged to collect a total of 1 
ml of aqueous phase per sample. After adding 1 ml of phe-
nol:chloroform:isoamyl alcohol (25:24:1) to the collected 
aqueous supernatant, the samples were centrifuged (3,200 × 
g, 20 min, 4 °C), and the resulting upper aqueous phase was 
transferred to a new 2 ml polypropylene 96-well plate (USA 
Scientific). Polyethylene glycol/NaCl (2% v/v) was added to 
the collected aqueous supernatant and the mixture incubated 
at room temperature for 2 h. The samples were then centri-
fuged (3,200 × g, 60 min, 4 °C), washed with ice-cold 70% 
ethanol, and resuspended in 30 μl of TE buffer (Invitrogen; 
Waltham, MA, USA).

PCR conditions and library preparation for bacteri-
al biomarker sequencing

The V4 region of the 16S rRNA bacterial gene was am-
plified using primers designed by Caporaso et al.51. PCR 
was performed in 25 μl reactions using 0.025 U Takara Hot 
Start ExTaq (Takara Mirus Bio Inc.; San Jose, CA, USA), 
1× Takara buffer with MgCl2, 0.4 pmol/μl of F515 and R806 
primers, 0.56 mg/ml of bovine serum albumin (Roche Ap-
plied Science; Penzberg, Germany), 200 μM of dNTPs, and 
10 ng of gDNA. The reactions were performed in triplicate 
with the following conditions: initial denaturation at 98 °C 
for 2 min, 30 cycles at 98 °C for 20 s, annealing at 50 °C 
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for 30 s, extension at 72 °C for 45 s, and final extension at 
72 °C for 10 min. Amplicons from the technical triplicates 
were pooled and verified using a 2% TBE agarose e-gel (Life 
Technologies; Carlsbad, CA, USA), cleaned up and normal-
ized using SequalPrep Normalization Plates (Applied Bio-
systems), and quantified using the Qubit dsDNA HS Assay 
Kit (Invitrogen, Waltham, MA, USA). The samples were 
pooled in equal amounts (5 ng), purified using AMPure 
SPRI beads (Beckman Coulter; Brea, CA, USA), quantified 
using KAPA SYBR (KAPA Biosystems; Wilmington, MA, 
USA), denatured and diluted to 2 nM, and 5 pmol was load-
ed onto the Illumina Nextseq cartridge with 40% (v/v) of 
denatured 12.5 pM PhiX spike-in control.

Biomarker sequence data processing
Paired-end sequences were assembled using FLASH 

v1.2.752, requiring a minimum base pair overlap of 25 bp, 
and demultiplexed by barcode using QIIME v1.9.153. Qual-
ity filtering was performed using USEARCH v8.0.162354 to 
remove reads with > 2 expected errors. Quality reads were 
dereplicated at 100% sequence identity, clustered at 97% 
sequence identity into operational taxonomic units (OTUs), 
filtered of chimeric sequences by UCHIME55, and mapped 
back to the resulting OTUs using UPARSE56. The sequence 
reads that failed to cluster with a reference sequence were 
clustered de novo. Taxonomy was assigned to the OTUs 
using the Greengenes v13_5 database57. Sequences were 
aligned using PyNAST58, and a phylogenetic tree was con-
structed using FastTree 2.1.359. 

PA assessment at 10 years of age
The block PA screen (BKPAS), which has been validated 

for use in 8- to 17-year-old children60, was supplied to the 
children during their 10-year study visit. The BKPAS is an 
18-item PA screener developed by NutritionQuest that uses 
a self-report of activity over the previous 7 days to provide 
information about the frequency and duration of PA. 

Overall, five total exposure variables were used to quan-
tify the level of PA. Three of these variables were directly 
obtained from NutritionQuest: estimated daily moderate 
PA (MPA) minutes, estimated daily vigorous PA (VPA) 
minutes, and estimated daily recreational PA (RPA) min-
utes. The analysis program assigns each item to a metabolic 
equivalent (MET) value and classifies each item as either 
moderate or vigorous MET activity. It combines these MET 
values with the screener responses to calculate the num-
ber of MET minutes per day for each screener line item. 
It then calculates the number of MET minutes spent in the 
moderate and vigorous categories. The estimated daily 
moderate-to-vigorous PA (MVPA) minutes was calculated 
by summing the number of MPA and VPA minutes. Total 
MVPA was then used to determine if the child met the 
recommendation of 60 or more minutes of daily MVPA1. 
For this study, the primary exposure was meeting the rec-
ommendations of PA guidelines, as this most closely aligns 
with clinical recommendations, while the minutes per day 
variables were considered secondary exposures.

Potential confounders
Self-reported education of mothers was collected during 

prenatal interviews. Household income of the parent/guard-
ian was recorded during the 10-year visit. The season at the 
10-year visit was noted. Detroit residency criteria (as a mea-
sure of urban vs. suburban residence) were assessed using 
the location of residence (or last known location) provided 
during the 10-year-old visit. Prenatal and delivery records 
of mothers were abstracted to determine the child’s sex and 
delivery type. The child’s race was maternally reported at 
the 24-month postpartum visit. Breastfeeding status was 
maternally reported at the 1-month and 6-month postpartum 
visits. 

At the 10-year-old follow-up visit, clinical research as-
sistants measured the height and weight of children using 
protocols adapted from the PhenX Toolkit61. Body mass 
index (BMI) Z-score was calculated to define the BMI 
category (i.e., obese/overweight vs. normal/underweight), 
and overweight or obesity was defined as ≥ 85th percentile 
according to the Centers for Disease Control and Prevention 
growth charts (2000)62. The Block Kids Food Screener63 
was also included in the 10-year visit. Briefly, the children 
were asked about the frequency and quantity of consump-
tion of various foods in the previous week to determine the 
food group and nutrient estimates. Latent class analysis 
was then used to determine the dietary patterns at age 10 
as processed/energy-dense foods, variety plus high intake, 
and healthy45. The Pubertal Development Scale64 was also 
included in the 10-year questionnaire to quantify pubertal 
development. Antibiotic use within 4 weeks prior to the 10-
year stool sample collection was recorded using both chart 
abstraction and maternal reports. 

Statistical analysis
The statistical significance level was set at 0.05. Meeting 

the PA recommendation was associated with potential con-
founders using chi-square tests and ANOVA, while Krus-
kal-Wallis tests and Spearman correlations were used for the 
minutes/day variables. The rarefied OTU table was used to 
calculate the alpha (richness, Pielou’s evenness, and Faith’s 
phylogenetic diversity) and beta (unweighted and weighted 
UniFrac)65 diversity metrics. PA was associated with alpha 
diversity metrics using linear regression models. Associa-
tions with beta diversity were assessed using PERMANO-
VA with 10,000 permutations, using the adonis function of 
the R vegan package66. The multivariate homogeneity of 
group dispersions assumption of PERMANOVA was evalu-
ated using the betadisper function of the R vegan package66. 
See Additional File 1; Table S1 for alpha and beta diversity 
definitions. The unrarefied OTU table was used to examine 
OTU and other taxa-level differences. Taxonomic testing 
was performed using DESeq2 in the R packages phyloseq67 
and DESeq268, with a false discovery rate (FDR)69 adjusted 
p-value < 0.05 considered significant. 

The set of confounders to adjust for throughout analyses 
was determined using the “disjunctive cause criterion” of 
the variables associated with the exposure or outcome, or 
both70. Among the set of hypothesized confounders, those 
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that exhibited associations with any of the PA variables, al-
pha diversity, or beta diversity were retained for the adjust-
ment. This included prenatal maternal education, household 
income at age 10, location of residence at age 10, season 
during the 10-year visit, sex of the child, race of the child, 
breastfeeding status at 1-month, BMI category at age 10, 
and dietary pattern at age 10. Child sex, race, and BMI cat-
egory at age 10 were prespecified as potential effect modifi-
ers and were tested using interaction terms. 

RESULTS
A total of 383 10-year-old children studied under 

WHEALS provided stool samples for 16S rRNA sequenc-
ing, of which 321 (84%) also completed the BKPAS. The 
children who met PA recommendations spent an average 

of 139 minutes per day on MVPA (SD = 86, min = 61, max 
= 494) compared with the average of 33 minutes per day 
among children who did not meet the recommendations 
(SD=16, min=0, max=59). Children with and without BK-
PAS data were compared to examine potential sources of 
bias. This analysis revealed only one significant variable, 
season at the 10-year visit (p = 0.033), with children who 
completed the BKPAS being more likely to have the 10-
year visit in the spring or summer. This likely reflects the 
fact that children completing the visit during the spring or 
summer had more time to complete all study activities.

Factors associated with PA
We first examined factors associated with PA at 10 years 

of age. None of the examined factors were significantly 
associated with meeting the recommendation of 60 MVPA 
minutes per day (Table 1). For the minutes/day variables, 

Variable Level

MET Recommendation of 60 or More 
Minutes of Daily Moderate-to-Vigorous 

Physical Activity p-valuea

No, N=132 Yes, N=189
N (Column %) or N, Mean (SD)

Sex Male 66 (50%) 108 (57.1%) 0.206Female 66 (50%) 81 (42.9%)

BMI Category at Age 10 Normal/Under 81 (61.4%) 132 (69.8%) 0.114Obese/Overweight 51 (38.6%) 57 (30.2%)

Dietary Pattern (DP) at Age 10
DP1: Processed/EDF 53 (40.2%) 57 (30.2%)

0.060DP2: Variety + High Intake 42 (31.8%) 84 (44.4%)
DP3: Healthy 37 (28%) 48 (25.4%)

Breastfeeding Status at 1-Month
Never Breastfed 23 (17.6%) 40 (21.7%)

0.534Mixed Feeding 85 (64.9%) 118 (64.1%)
Breastfeeding Only 23 (17.6%) 26 (14.1%)

Breastfeeding Status at 6-Months
Never Breastfed 23 (17.6%) 40 (21.7%)

0.524Mixed Feeding 98 (74.8%) 134 (72.8%)
Breastfeeding Only 10 (7.6%) 10 (5.4%)

Mode of Delivery Vaginal 85 (64.9%) 122 (64.6%) 0.951C-section 46 (35.1%) 67 (35.4%)

Child Race
White 30 (22.7%) 44 (23.3%)

0.683African American 86 (65.2%) 116 (61.4%)
Other/Mixed 16 (12.1%) 29 (15.3%)

Mother’s Education HS Diploma or Less 19 (14.4%) 30 (15.9%) 0.717Some College or More 113 (85.6%) 159 (84.1%)

Household Income at 10-Year Visit

<$40K 36 (27.3%) 59 (31.2%)

0.794
$40K–<$80K 43 (32.6%) 52 (27.5%)
$80K–<$120K 23 (17.4%) 38 (20.1%)
$120 or more 21 (15.9%) 30 (15.9%)

Missing/Refused to Answer 9 (6.8%) 10 (5.3%)
Location of Residence (or Last Known 

Location) at 10-Year Visit
Suburban 69 (54.3%) 103 (57.5%) 0.577Urban 58 (45.7%) 76 (42.5%)

Antibiotic Use Within 4 Weeks Prior to 10-Year 
Stool Sample Collection

No 130 (98.5%) 188 (99.5%) 0.366Yes 2 (1.5%) 1 (0.5%)

Season at the 10-Year Visit

Winter 40 (30.3%) 45 (23.8%) 0.558
Spring 28 (21.2%) 49 (25.9%)

Summer 39 (29.5%) 56 (29.6%)
Fall 25 (18.9%) 39 (20.6%)

10-Year Pubertal Development Score 126, 1.95 (0.53) 184, 1.92 (0.48) 0.551

Table 1. Association between maternal and child characteristics and meeting the recommendations of daily physical activity minutes.

aChi-square test for categorical variables and ANOVA for numerical variables.
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Variable Level N

Estimated daily moder-
ate activity minutes

Estimated daily vigorous 
activity minutes

Estimated daily 
moderate-to-vigorous 

activity minutes

Estimated daily 
recreational 

activity minutes

Median IQR p-
valuea Median IQR p-

valuea Median IQR p-
valuea Median IQR p-

valuea

Sex Male 174 53.4 68.1 0.974 15 42.6 0.021 74.1 88.8 0.38  55.2 75 0.354 Female 147 53.1 73.5 8.4 30 70.2 78.6 46.8 66
BMI 

Category at 
Age 10

Normal/Under 213 52.5 68.4
0.905

15 35.7
0.347

73.5 77.1
0.455 

55.5 66.6
0.128Obese/

Overweight 108 54.45 73.95 8.4 32.55 69.75 91.35 42.6 72.75

Dietary Pat-
tern (DP) at 

Age 10

DP1: Pro-
cessed/EDF 110 47.25 56.7

0.028

8.4 27.9

0.757

62.1 80.1

0.085

39.3 70.2

0.03DP2: Variety + 
High 126 61.35 72 15 36.3 78.9 88.2 60.6 72.6

DP3: Healthy 85 53.1 79.2 15 31.5 72.3 85.8 49.2 62.4

Breastfeed-
ing Status at 

1-Month

Never 
breastfed 63 71.7 94.8

0.171

16.8 55.8

0.03

93 105.9

0.104

60 95.4

0.263Mixed Feeding 203 51.9 63 12.6 31.5 72.3 79.2 48.9 70.5
Breastfeeding 

Only 49 46.8 61.8 7.5 30 61.8 62.4 48.6 60

Breastfeed-
ing Status at 

6-Months

Never 
breastfed 63 71.7 94.8

0.14

16.8 55.8

0.055

93 105.9

0.075

60 95.4

0.174Mixed Feeding 232 51.3 61.35 10.5 31.8 71.85 77.55 48.9 71.7
Breastfeeding 

Only 20 45.6 64.65 8.4 16.8 59.7 55.8 43.5 42

Mode of 
Delivery

Vaginal 207 53.1 69.9
0.881

12.6 33.6
0.275

72.6 81
0.834

49.2 73.5
0.689C-section 113 53.4 70.8 15 29.4 74.4 94.5 55.5 62.4

Child Race

White 74 45.15 58.5

0.221

16.8 38.4

0.708

69 73.5

0.604

51.9 60

0.498African 
American 202 56.1 69 12.15 33.6 73.05 88.8 46.8 76.5

Other/Mixed 45 61.8 78 8.4 34.2 84.9 86.4 60 58.2

Mother’s Edu-
cation

HS diploma or 
less 49 61.8 64.5

0.393
12.6 34.2

0.972
72.3 84.9

0.524
53.4 62.4

0.669Some college 
or more 272 51.9 69.9 12.6 31.5 72.6 83.4 51 72.15

Household 
Income at 10-

Year Visit

<$40K 95 62.1 77.4

0.376

8.4 33.6

0.483

75 87.9

0.901

46.8 67.5

0.818

$40K–<$80K 95 49.2 85.8 10.5 30 72.3 95.7 46.8 82.5
$80K–<$120K 61 51.3 60.6 15 33.6 78.9 75.9 60 58.2
$120 or more 51 47.1 64.2 16.8 46.8 67.2 83.7 53.4 92.4

Missing/
Refused to 

Answer
19 44.4 44.7 16.8 40.8 66 46.2 51 54.6

Location of 
Residence (or 
Last Known 
Location) at 
10-Year Visit

Suburban 172 55.35 68.85
0.602

11.1 27.9
0.562

73.5 75.45
0.824

52.2 64.05
0.553

Urban 134 51.6 76.5 12.6 36.3 72.45 98.7 47.7 80.1

Antibiotic 
Use Within 4 
Weeks Prior 
to 10-Year 

Stool Sample 
Collection

No 318 53.4 70.8
0.425

13.8 31.5
0.074

72.6 84.6 0.214 51 69.37
0.27

Yes 3 41.7 87 0 6.3 41.7 80.7   30 57.3

Season at the 
10-Year Visit

Winter 85 48.9 75

0.385

8.4 30

0.674

64.8 93

0.678

46.2 70.2

0.561Spring 77 66.3 73.8 11.7 35.7 91.8 88.8 60 74.4
Summer 95 51.9 69.9 15 27.9 72.3 68.1 48.6 60

Fall 64 49.5 60.6 15.9 34.2 69.9 81.15 52.2 70.05

    N Spearman r p-
valueb Spearman r p-

valueb Spearman r p-
valueb Spearman r –-

valueb

10-Year Pu-
bertal Devel-

opment Score
  310 0.069 0.228 -0.047 0.413 0.033 0.565 -0.024 0.671

Table 2. Association between maternal and child characteristics and estimated daily physical activity minutes.

aKruskal-Wallis test p-value.
bSpearman correlation p-value.
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(Table 2), sex, dietary pattern at age 10, and breastfeeding 
status at 1-month were significantly associated with PA 
measures. Specifically, males had higher VPA minutes per 
day (p = 0.021) and children with diets characterized by 
processed and energy-dense foods had the least MPA (p = 
0.028) and RPA (p = 0.030) minutes per day. Additionally, 
children who were never breastfed had the highest number 
of VPA minutes per day (p = 0.030). 

Relationships between PA and microbiota diversity 
When the overall associations between PA and child gut 

alpha diversity metrics were assessed, no significant associa-
tions were found both before and after covariate adjustment 
(Table 3). However, in tests examining whether these asso-
ciations differ by child sex, race, or BMI category at age 10, 
a total of 12 significant interactions were found, although 
only six of these had any within-group significance (Table 4). 
These six interactions modified the effects of overweight/
obesity at age 10, race, and sex. Specifically, there was a 
significant positive association between meeting PA recom-
mendations and bacterial evenness among the normal/under-
weight children, but a non-significant negative association 
between the same among obese/overweight children. Addi-
tionally, race modified the association between VPA minutes 
and richness, where increased VPA minutes were associated 
with lower richness among mixed/other-race children only. 
Furthermore, sex modified the association between MPA 
minutes and diversity, where only among females, increased 
MPA minutes were associated with increased diversity.

Relationships between PA and microbiota composi-
tion 

Next, we evaluated the associations between PA and 

microbiota composition (beta diversity; Table 5). Those 
who did or did not meet the recommendation of 60 MVPA 
minutes per day exhibited compositionally distinct gut mi-
crobiota both before and after covariate adjustment, based 
on weighted UniFrac (adjusted p = 0.003), which explained 
1.3% of the variation in the composition. For a sensitivi-
ty analysis, we removed the three children who had used 
antibiotics in the 4 weeks prior to stool sample collection, 
and the results were still very similar (weighted UniFrac 
adjusted R2 = 0.014, p = 0.002). Evaluation of the multivar-
iate homogeneity of group dispersions assumption showed 
no significant difference in dispersions by group (p = 0.16), 
indicating that the significant PERMANOVA test result was 
due to true compositional distinction rather than unequal 
dispersions. In addition, estimated daily MPA minutes were 
initially associated with overall stool microbiota composi-
tion defined by unweighted UniFrac (p = 0.045, R2 = 0.005), 
but this was no longer significant after covariate adjustment 
(R2 = 0.003, p = 0.334). 

Examination of the effect modifications by child sex, 
race, and BMI category at age 10 (Table 6) revealed three 
significant interactions for unweighted UniFrac/sex only. 
Specifically, the association between MVPA minutes as 
well as RPA minutes and composition was found to depend 
on the sex; however, none of the strata-specific p-values 
reached significance. Sex also modified the effect between 
MPA minutes and composition (unweighted UniFrac inter-
action p = 0.005), where an association was found among 
females (unweighted UniFrac R2 = 0.012, p = 0.048), but 
not among males (unweighted UniFrac R2 = 0.005, p = 
0.623). 

Alpha Diversity Metric Physical Activity Variable Unadjusted Adjustedc

β SE p-value β SE p-value
Richness Met recommendation of 60 or more minutes of 

daily moderate-to-vigorous physical activity –1.21b 7.78 0.88 –0.76b 7.97 0.92

Estimated daily moderate activity minutes 5.13a 4.04 0.21 3.50a 4.14 0.40
Estimated daily vigorous activity minutes 1.14a 5.91 0.85 1.23a 5.98 0.84
Estimated daily moderate-to-vigorous activity minutes 2.53a 2.70 0.35 1.80a 2.75 0.51
Estimated daily recreational activity minutes 1.50a 2.92 0.61 0.86a 2.98 0.77

Evenness Met recommendation of 60 or more minutes of daily 
moderate-to-vigorous physical activity 0.005b 0.005 0.33 0.004b 0.006 0.46

Estimated daily moderate activity minutes 0.0007a 0.003 0.79 0.0002a 0.003 0.96
Estimated daily vigorous activity minutes –0.003a 0.004 0.40 –0.003a 0.004 0.51
Estimated daily moderate-to-vigorous activity minutes –0.0004a 0.002 0.84 –0.001a 0.002 0.79
Estimated daily recreational activity minutes –0.001a 0.002 0.63 –0.001a 0.002 0.59

Phylogenetic Diversity Met recommendation of 60 or more minutes of daily 
moderate-to-vigorous physical activity 0.16b 0.78 0.84 0.31b 0.80 0.70

Estimated daily moderate activity minutes 0.65a 0.40 0.11 0.55a 0.42 0.19
Estimated daily vigorous activity minutes 0.17a 0.59 0.77 0.14a 0.60 0.81
Estimated daily moderate-to-vigorous activity minutes 0.33a 0.27 0.23 0.27a 0.28 0.33
Estimated daily recreational activity minutes 0.21a 0.29 0.47 0.16a 0.30 0.61

Table 3. Association between physical activity and alpha diversity metrics.

aMean difference in alpha diversity metric for each 1-hour increase in a specific type of physical activity.
bMean difference in alpha diversity metric comparing those who did and did not meet recommendations. 
cAdjusted for prenatal maternal education, household income at age 10, location of residence at age 10, season at the 10-year visit, sex, child race, breastfeeding 
status at 1-month, BMI category at age 10, and dietary pattern at age 10. N = 300 due to some missing covariates.
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Physical Activity 
Variable

Effect 
Modifier

Interaction 
p-valuea

Strata 0b Strata 1c Strata 2d

β SE p-value β SE p-value β SE p-value
Richness

Met recommendation of 
60 or more minutes of 

daily moderate-to-vigorous 
physical activity

Sex 0.208 –4.56 10.81 0.674 0.58 11.98 0.961
Race 0.802 –17.76 17.05 0.303 2.76 10.09 0.785 –27.39 27.34 0.325

BMI 0.112 12.37 10.55 0.243 –18.86 13.63 0.170

Estimated daily moderate 
activity minutes

Sex 0.019 –1.32 5.29 0.803 12.33 6.74 0.070
Race 0.112 4.80 8.51 0.576 5.85 5.41 0.281 –11.49 13.30 0.396
BMI 0.568 7.41 5.30 0.164 0.73 7.53 0.923

Estimated daily vigorous 
activity minutes

Sex 0.338 –1.78 7.61 0.816 2.75 9.56 0.774
Race 0.019 19.91 14.08 0.164 3.18 7.44 0.669 –45.06 19.83 0.031
BMI 0.716 4.38 8.28 0.598 3.40 9.38 0.718

Estimated daily moder-
ate-to-vigorous activity 

minutes

Sex 0.045 –0.95 3.48 0.786 6.07 4.51 0.181
Race 0.025 6.28 6.16 0.313 3.04 3.44 0.378 –13.99 8.98 0.131
BMI 0.552 4.42 3.67 0.230 1.08 4.58 0.814

Estimated daily recreation-
al activity minutes

Sex 0.064 –1.70 3.69 0.644 4.98 5.00 0.321
Race 0.041 5.33 6.76 0.434 2.02 3.68 0.583 –15.75 10.35 0.140
BMI 0.710 3.16 4.12 0.445 1.03 4.64 0.825

Evenness
Met recommendation of 
60 or more minutes of 

daily moderate-to-vigorous 
physical activity

Sex 0.679 0.005 0.009 0.582 0.002 0.007 0.741
Race 0.785 0.016 0.013 0.225 0.002 0.007 0.802 0.004 0.015 0.802
BMI 0.032 0.015 0.008 0.049 –0.014 0.009 0.128

Estimated daily moderate 
activity minutes

Sex 0.783 0.000 0.004 0.954 –0.001 0.004 0.789
Race 0.809 0.003 0.007 0.618 –0.001 0.004 0.837 0.008 0.007 0.271
BMI 0.004 0.007 0.004 0.063 –0.013 0.005 0.008

Estimated daily vigorous 
activity minutes

Sex 0.359 0.002 0.006 0.796 –0.012 0.006 0.041

Race 0.308 0.008 0.011 0.446 0.000 0.005 0.957 –0.012 0.012 0.328

BMI 0.167 0.003 0.006 0.612 –0.010 0.006 0.109

Estimated daily moder-
ate-to-vigorous activity 

minutes

Sex 0.799 0.000 0.003 0.936 –0.003 0.003 0.252

Race 0.854 0.003 0.005 0.488 0.000 0.002 0.916 0.002 0.005 0.736

BMI 0.011 0.004 0.003 0.130 –0.007 0.003 0.017

Estimated daily recreation-
al activity minutes

Sex 0.610 0.000 0.003 0.954 –0.005 0.003 0.091
Race 0.900 0.003 0.005 0.577 –0.001 0.003 0.711 0.002 0.006 0.714
BMI 0.031 0.003 0.003 0.249 –0.007 0.003 0.030

Phylogenetic Diversity
Met recommendation of 
60 or more minutes of 

daily moderate-to-vigorous 
physical activity

Sex 0.087 –0.470 1.080 0.664 0.873 1.240 0.483
Race 0.854 –1.769 1.806 0.332 0.636 1.007 0.528 –2.53 2.71 0.358

BMI 0.095 1.584 1.052 0.134 –1.975 1.392 0.160

Estimated daily moderate 
activity minutes

Sex 0.013 0.009 0.528 0.986 1.564 0.694 0.026
Race 0.343 0.376 0.902 0.679 0.692 0.540 0.202 –0.65 1.33 0.628
BMI 0.389 0.990 0.527 0.062 –0.067 0.770 0.931

Estimated daily vigorous 
activity minutes

Sex 0.149 –0.401 0.760 0.599 0.747 0.990 0.452
Race 0.057 1.802 1.498 0.235 0.308 0.744 0.680 –3.66 2.02 0.081
BMI 0.385 0.710 0.826 0.391 –0.037 0.959 0.969

Estimated daily 
moderate-to-vigorous 

activity minutes

Sex 0.021 –0.080 0.348 0.818 0.860 0.465 0.067
Race 0.124 0.538 0.654 0.415 0.345 0.344 0.317 –1.00 0.91 0.279
BMI 0.292 0.616 0.366 0.094 –0.034 0.468 0.943

Estimated daily 
recreational activity 

minutes

Sex 0.030 –0.194 0.368 0.600 0.765 0.516 0.141
Race 0.185 0.418 0.717 0.563 0.219 0.368 0.552 –1.08 1.04 0.310
BMI 0.355 0.512 0.411 0.215 –0.072 0.474 0.879

Table 4. Association between physical activity and alpha diversity metrics by child sex, race, and BMI category at age 10.

aAdjusted for prenatal maternal education, household income at age 10, location of residence at age 10, season at the 10-year visit, sex, child race, breastfeeding 
status at 1-month, BMI category at age 10, and dietary pattern at age 10.
bIf effect modifier is sex, strata 0 = male. If effect modifier is race, strata 0 = white. If effect modifier is BMI, strata 0 = normal/underweight. 
cIf effect modifier is sex, strata 1 = female. If effect modifier is race, strata 1 = black. If effect modifier is BMI, strata 1 = obese/overweight. 
dIf effect modifier is race, strata 2 = other/mixed. Otherwise, disregard (blank). 
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Relationships between PA and gut bacterial relative 
abundance 

We first evaluated taxonomic differences at the phylum 
level to determine large taxonomic shifts (Figure 1). Act-
inobacteria was significantly decreased in those who met 
the recommendations (pFDR = 0.022), while no other phyla 
reached statistical significance. Further analyses were then 

performed to determine which bacterial taxa were differen-
tially abundant between the children who did and did not 
meet the PA recommendations of 60 or more daily MVPA 
minutes. After covariate adjustment, two genera were sig-
nificantly associated with meeting the PA recommendations 
(see Additional File 1; Table S2). Specifically, those who 
met the PA recommendations had significantly increased 

Beta Diversity Metric Physical Activity Variable
Unadjusted Adjusteda

p-value R2 p-value R2

Unweighted UniFrac Met recommendation of 60 or more minutes of daily moderate-to-
vigorous physical activity 0.451 0.003 0.469 0.003

Estimated daily moderate activity minutes 0.045 0.005 0.334 0.003

Estimated daily vigorous activity minutes 0.231 0.004 0.506 0.003

Estimated daily moderate-to-vigorous activity minutes 0.051 0.005 0.335 0.003

Estimated daily recreational activity minutes 0.194 0.004 0.491 0.003
Weighted 
UniFrac

Met recommendation of 60 or more minutes of daily moderate-to-
vigorous physical activity 0.001 0.014 0.003 0.013

Estimated daily moderate activity minutes 0.056 0.007 0.107 0.006

Estimated daily vigorous activity minutes 0.157 0.005 0.229 0.004

Estimated daily moderate-to-vigorous activity minutes 0.065 0.007 0.114 0.005
Estimated daily recreational activity minutes 0.086 0.006 0.117 0.005

Table 5. Association between physical activity and beta diversity.

aAdjusted for prenatal maternal education, household income at age 10, location of residence at age 10, season at the 10-year visit, sex, child race, 
breastfeeding status at 1-month, BMI category at age 10, and dietary pattern at age 10. N = 300 due to some missing covariates.

Effect 
Modifier

Interaction 
p-valuesa

Strata 0b Strata 1c Strata 2d

Unweighted  
UniFrac

 Weighted 
   UniFrac

Unweighted 
UniFrac

Weighted 
UniFrac

Unweighted 
UniFrac

Weighted 
UniFrac

Unweighted 
UniFrac

Weighted 
UniFrac R2 p-value R2 p-value R2 p-value R2 p-value R2 p-value R2 p-value

Met recommendation of 60 or more minutes of daily moderate-to-vigorous physical activity
Sex 0.122 0.098 0.006 0.364 0.024 0.003 0.006 0.523 0.004 0.731

Race 0.886 0.394 0.013 0.664 0.007 0.878 0.005 0.392 0.024 0.003 0.021 0.584 0.017 0.598
BMI 0.242 0.793 0.005 0.276 0.012 0.027 0.010 0.347 0.026 0.029

Estimated daily moderate activity minutes
Sex 0.005 0.240 0.005 0.623 0.012 0.077 0.012 0.048 0.006 0.532

Race 0.088 0.136 0.012 0.795 0.025 0.182 0.007 0.095 0.015 0.018 0.020 0.670 0.039 0.093
BMI 0.471 0.161 0.006 0.258 0.003 0.675 0.011 0.253 0.032 0.006

Estimated daily vigorous activity minutes
Sex 0.210 0.665 0.006 0.405 0.006 0.366 0.006 0.623 0.005 0.563

Race 0.214 0.952 0.013 0.647 0.017 0.416 0.005 0.350 0.006 0.234 0.025 0.314 0.020 0.482
BMI 0.420 0.163 0.004 0.675 0.005 0.336 0.010 0.316 0.017 0.107

Estimated daily moderate-to-vigorous activity minutes
Sex 0.026 0.314 0.005 0.560 0.011 0.103 0.010 0.091 0.006 0.516

Race 0.083 0.520 0.012 0.811 0.013 0.602 0.007 0.115 0.012 0.035 0.022 0.505 0.029 0.233
BMI 0.345 0.149 0.005 0.299 0.004 0.538 0.011 0.202 0.029 0.015

Estimated daily recreational activity minutes
Sex 0.035 0.615 0.006 0.487 0.009 0.165 0.009 0.195 0.005 0.607

Race 0.181 0.679 0.011 0.854 0.012 0.669 0.006 0.211 0.011 0.054 0.021 0.586 0.022 0.418
BMI 0.454 0.174 0.005 0.532 0.003 0.627 0.010 0.329 0.026 0.026

aAdjusted for prenatal maternal education, household income at age 10, location of residence at age 10, season at the 10-year visit, sex, child race, breastfeeding 
status at 1-month, BMI category at age 10, and dietary pattern at age 10.
bIf effect modifier is: sex, strata 0 = male; race, strata 0 = white and; BMI, strata 0 = normal/underweight. 
cIf effect modifier is: sex, strata 1 = female; race, strata 1 = African American and; BMI, strata 1 = obese/overweight. 
dIf effect modifier is race, strata 2 = other/mixed. Otherwise, disregard (blank). 

Table 6. Association between physical activity and beta diversity by child sex, race, and BMI category at age 10.
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abundance of Megamonas and Anaerovorax (both adjusted 
pFDR < 0.05). Additionally, 186 OTUs reached statistical 
significance after covariate adjustment. Six OTUs of the 
genera Christensenellaceae_R-7_group were significant, 
five of which had higher abundance in those who met the 
recommendations. Most of the members of the significant 
genus Subdoligranulum (3/4) also had higher abundance 
in children who met the recommendations (Figure 2). On 
the contrary, most of the members of the significant genera 
Blautia (9/12), Faecalibacterium (4/5), Roseburia (3/4), and 
Ruminococcaceae_UCG-014 (3/4) were less abundant in 
children who met the recommendations. 

DISCUSSION
The aim of this study was to examine whether there is 

an association between PA and gut bacterial microbiome in 
10-year-old children from a racially and socioeconomically 
diverse WHEALS birth cohort. In the current study, 59% of 
the children reported PA levels meeting the recommenda-
tions of 60 or more minutes of daily MVPA, compared with 
the nationally representative data of 42.5% of 6–11 year 
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Figure legends 

Figure 1. Mean relative abundance at the phylum level among 10-year-old children who did and 

did not meet physical activity recommendations.  

 

 

 

 

 

  
Figure 1. Mean relative abundance at the phylum level among 10-year-old children who did and did not meet physical activity recommendations.
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Figure 2. The number of significant OTUs (after covariate adjustment, FDR p < 0.05) within 

each genus by direction of association with meeting physical activity recommendations. Only the 

genera that had three or more significant OTUs are plotted. 

 

 

 

 

 

Figure 2. The number of significant OTUs (after covariate adjust-
ment, FDR p < 0.05) within each genus by direction of association 
with meeting physical activity recommendations. Only the genera 
that had three or more significant OTUs are plotted.
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old children from the 2018 United States Report Card on 
Physical Activity for Children and Youth2. After covariate 
adjustment, PA was not significantly associated with gut 
microbiota richness, evenness, or diversity at the age of 10. 
However, meeting recommendations of 60 or more minutes 
of daily MVPA was associated with distinct gut bacterial 
composition, which was partly characterized by an increased 
abundance of Megamonas and Anaerovorax, as well as spe-
cific Christensenellaceae_R-7_group OTUs, among others.

In this study, OTUs of the genera Christensenellaceae_
R-7_group, and Subdoligranulum were enriched in children 
who met the PA recommendations. Christensenellaceae has 
been previously characterized as part of a healthy gut sig-
nature71. Various relationships between Christensenellaceae 
abundance and human health have been established, and its 
enrichment in individuals with normal BMI is considered 
the most validated association between the gut microbi-
ome and BMI72,73. Moreover, Christensenellaceae has also 
been reported to be negatively correlated with multiple 
cardiometabolic risk factors including visceral fat mass, 
blood pressure, and metabolic syndrome72,74. A recent study 
found a higher relative abundance of Christensenellaceae_
R-7_group in adolescents with obesity who completed a 
six-week exercise program75. Furthermore, Subdoligranu-
lum has been previously identified to be associated with a 
healthier metabolic status76. Therefore, our study suggests 
that meeting the PA recommendations may help to create a 
healthy gut signature in children. 

This study reports a positive association between meet-
ing the daily recommended duration of MVPA and the 
abundance of Megamonas and Anaerovorax in children. 
This is in contrast with a study on Italian adults with obesity 
in which Megamonas abundance was negatively correlat-
ed with the level of PA77. These conflicting results may be 
due to differences in species or strains of this genus or the 
dietary inputs of these populations, emphasizing the need 
for additional studies of these relationships across the life 
course. Research connecting Anaerovorax to PA is limited, 
with many of the current studies being conducted in animal 
models78-80. In mice subjected to a swimming test, those 
with high exercise capacity had significantly lower abun-
dance of Anaerovorax than those with low exercise capac-
ity78. Anaerovorax has been shown to produce butyrate79, 
which can increase insulin sensitivity and reduce adiposity, 
while increasing energy expenditure when supplemented in 
the diet of obese mice80. Further investigation into the rela-
tionship between Anaerovorax and PA in children is need-
ed. Moreover, several other OTUs that we found to have 
altered abundance at different activity levels have also been 
explored in other studies. Although not as widely studied as 
Christensenellaceae in the context of cardiovascular health, 
increased exercise in adults has also been associated with 
a higher abundance of Faecalibacterium40. Conversely, we 
found a lower abundance of Faecalibacterium in children 
who met the PA recommendations. While this finding is con-
trary to the reported effects of exercise on Faecalibacterium 
in adults, further research is needed to determine whether 
Faecalibacterium may be more significantly influenced 

by lifestyle factors other than exercise. There are reports 
of higher levels of Faecalibacterium in the gut of US ado-
lescents than in that of Egyptian adolescents, which could 
be due to the differing metabolic needs between a Western 
diet rich in processed foods, animal protein, and fats and a 
Mediterranean diet rich in plant foods81. Further research 
is needed to determine whether Faecalibacterium is more 
influenced by specific macro and micronutrients, as dietary 
patterns at age 10 were significantly associated with PA in 
the current study. Our results suggest that the abundance of 
Faecalibacterium may not be altered in children who meet 
PA minimums to the same extent as it might in adults who 
exercise at least 3 hours per week. In addition, our findings 
suggest lower abundance of Blautia in children who met PA 
recommendations, which appears to be similar to the results 
found in animal models82 and adults83. We also found lower 
abundance of Roseburia in children who met PA recom-
mendations, which is contrary to what has been found in 
studies focused on active adult women40. Moreover, previ-
ous studies on pediatric patients with obesity have reported 
that PA tended to increase the abundance of both Roseburia 
and Blautia genera5; however, the conditions of a controlled 
intervention study make it difficult to compare these results 
to our observational findings. Additional studies examining 
the complex interrelationships of PA and gut microbiota 
composition and health outcomes in humans are needed. 

Several potential mechanisms have been proposed to ex-
plain the impact of PA on the gut microbiome. Exercise has 
many effects on metabolism, including decreased intestinal 
transit time84. Changes in intestinal transit time likely affects 
the gut microenvironment, altering intestinal pH, nutrient 
availability, and composition of mucus, which could alter 
the types and activities of the microbes that colonize the 
intestine33. Moreover, immune cells reside in close proxim-
ity to microbial communities in the tissues of the gut, and 
exercise might alter the gene expression of these immune 
cells, leading to the production of fewer pro-inflammatory 
and more anti-inflammatory cell-signaling proteins85. Dif-
ferential effects on individual gut microbiome taxa require 
further exploration to understand how PA influences health 
in humans. Future studies that measure stool metabolites 
are required to further understand the potential mechanistic 
pathways. 

The limitations of this study include the cross-sectional 
design and the collection of a single fecal sample, which 
is subject to day-to-day variability. Although we a priori 
hypothesized that PA would influence the gut microbiota 
composition, we cannot rule out reverse causality (i.e., gut 
microbiota composition influences a child’s activity level), 
although the results from animal studies provide support for 
our proposed direction of relationship. Additionally, the BK-
PAS evaluates PA based on the recall method with a short 
duration (7 days) that was only taken at a single time point. 
Future studies would benefit from a longitudinal measure of 
PA. Although the strength of our study was the use of vali-
dated self-report instruments for the assessment of PA and 
dietary intake, a future direction could include utilizing an 
objective measure of PA (e.g., activity tracking device or ac-
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celerometer). Studying a well-characterized, racially diverse 
cohort of pre-adolescents is also a strength, as the current 
microbiome literature in this age group is limited and rarely 
includes individuals from different races and ethnicities. 
Additionally, a wealth of information has been collected 
on these children from infancy to 10-years of age, which 
allowed us to adjust for a large set of confounding covari-
ates. Future studies should consider exploring the PA and 
microbiome across different pediatric age groups to aid in 
developing a better understanding of how the composition 
of the human gut microbiome varies across the life course.

Although PA has recently been established as a prob-
able modulator of the gut microbiome, alterations in the 
abundance of specific taxa and the extent to which specific 
taxa affect the body at different life stages remain unclear. 
Moreover, this relationship is likely confounded by several 
environmental factors, including specific nutrient informa-
tion, necessitating further studies that can establish more de-
finitive relationships. In summary, this study provides obser-
vational support for the importance of regular PA in shaping 
the gut microbiome during a period of continued growth and 
development, preadolescence. Specific taxa associated with 
health were differentially abundant among pre-adolescents 
who met the PA recommendations. Future studies need to 
assess whether this translates to a reduced risk of obesity or 
associated metabolic diseases.
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