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ABSTRACT 

Air pollution and green space exposure might 

affect the indigenous gut bacteria by reducing or 

increasing its richness and diversity, thereby 

mediating the origin of diseases. However, the 

effects of environmental exposures on the gut 

microbiota in healthy children remain 

uninvestigated, which is the primary goal of this 

study. Herefore, urinary and cord blood black 

carbon (BC) particles were quantified via 

femtosecond pulsed laser illumination, while 

green space exposure was assessed via ‘Green 

Map Flanders’ based on the participants’ 

residence. Meanwhile, Ion Torrent sequencing 

of the 16S rRNA gene determined the gut 

microbial composition. Spearman partial 

correlations and robust multivariable-adjusted 

linear regression models indicated that the 

Shannon index was negatively associated with 

the BC load in cord blood (-6.64%, p=0.046) and 

urine (-5.30%, p=0.014). The Simpson index was 

negatively associated with the BC load in cord 

blood (-1.84%, p=0.013) and urine (-1.35%, 

p=0.002). Furthermore, the relative abundances 

of Coriobacteriaceae (-96.24%, p=0.067) and 

Christensenellaceae (-98.01%, p=0.028) 

significantly changed after early-life BC 

exposure. The Chao index was positively 

associated with total green space within 50 m 

(47.14%, p=0.037), accompanied by positive 

trends between low green 50 m and Shannon 

diversity and total green 100 m and Chao 

richness. The relative abundance of the 

Eubacterium coprostanoligenes group 

(38999.13%, p=0.052) significantly changed 

after total green space exposure within 50 m. 

The DNeasy PowerSoil Pro kit was the most 

suitable for determining the skin microbiome 

composition. Further research is needed to 

confirm current findings and identify the role of 

microbiomes in the origination of diseases.  

 

INTRODUCTION 

Ambient air pollution consists of gasses including 

ozone (O3), nitrogen dioxide (NO2), sulfur dioxide 

(SO2), and particulate matter (PM) arising from 

both natural and anthropogenic sources (1). PM can 

be subdivided into particles with an aerodynamic 

diameter ≤ 10 μm (PM10), ≤ 2.5 μm (PM2.5), and 

ultrafine particles (UFP) (1, 2). PM2.5 includes black 

carbon (BC), the most harmful component of PM, 

which is released during the incomplete combustion 

of carbon-containing fossil-based fuels and 

biomass (3-7). After inhalation, PM10 mainly 

deposits in the upper airways, while PM2.5 reaches 

the alveoli and can penetrate into the systemic 

circulation (1, 8). Hereby, it can exert toxic effects 

throughout the body via, e.g., inducing oxidative 

stress, leading to, for example, cardiovascular 

impairments, lower birth weight, and preterm birth 

(9, 10). Besides this, exposure to ambient air 

pollution is associated with a higher risk for non-

communicable diseases (NCDs) like obesity, 

gastro-intestinal inflammatory diseases, 

cardiovascular diseases, and type II diabetes (11-

13). 

The accessibility of green spaces, like parks 

and forests, has been shown to reduce the amount 

of air pollution and noise, and it is positively 

associated with several health aspects (14, 15). For 
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example, people exposed to green spaces have a 

reduced risk of developing type II diabetes, 

depression, cardiovascular diseases, and obesity, 

suggesting that access to green spaces could help 

reduce the incidence of NDCs (13, 16, 17). 

Furthermore, it has cognitive and 

psychophysiological benefits that help to reduce 

stress and promotes physical activity and social 

cohesion (18-20). Additionally to health benefits, 

access to green spaces also increases work 

productivity leading to social benefits (21). 

Together these factors all lead to increased general 

health and wellbeing. 

Despite the association between air pollution 

exposure or access to green spaces and various 

diseases, the impact on microbiota, such as the gut 

and skin microbiome, has hardly been researched. 

The gut microbiome develops during the first years 

of life and reaches an adult-like stage around the 

age of three (22). Intestinal bacteria are 

indispensable for several functions: assisting in the 

development of the innate and adaptive immune 

system, formation of a barrier against microbial 

pathogens, contribution to the intestinal epithelium 

integrity, biosynthesis of vitamins, and catabolism 

of dietary glycans (23). 

Some factors that are known to influence the 

gut microbial composition include the mode of 

delivery, diet, and the use of antibiotics (24). 

However, the influence of environmental factors, 

such as air pollution and green space, on the gut 

microbiome has also been receiving more attention 

lately (11-13, 25, 26). After both short- and long-

term exposure to ambient air pollution, intestinal 

bacterial diversity and richness were lower in 

animal and human studies (11, 12, 27-31). For 

example, a study found that prior year O3 exposure 

was negatively associated with bacterial evenness 

and Shannon diversity in a population of 

overweight or obese adolescents (n=101) (12). The 

compositional changes make the gut microbiome 

less resilient because some bacterial functions 

might no longer be fulfilled, resulting in the 

origination of diseases (32). The effects of green 

space exposure on the gut microbiome have not 

been studied extensively. One study in adults 

(n=1177) revealed an increased gut microbiome 

diversity and richness in non-urbanized areas 

compared to urbanized areas (33).  

Alike the gut microbiome, the indigenous skin 

bacteria protect against pathogens and help to 

develop the immune system (34). Factors known to 

influence the skin microbial composition include 

hygiene and UV radiation (35). Studies on the 

effect of ambient air pollution on the skin 

microbiome composition are lacking, potentially 

because of the low microbial mass, which can 

complicate research (34, 36). However, a study on 

healthy adults (n=40) revealed an inverse 

association between PM exposure during the week 

before sample collection and a decreased nasal 

microbiome diversity, which is highly related to the 

skin microbiome (37). Furthermore, a decreased 

skin bacterial diversity has already been associated 

with various skin diseases such as eczema, acne, 

and psoriasis, suggesting that skin bacteria are 

involved in the origin of diseases (13, 34). 

On the other hand, exposure to green spaces is 

suggested to be associated with a higher skin 

microbial diversity, which might help to decrease 

the incidence of NCDs (13). This hypothesis can be 

referred to as the microbiome rewilding hypothesis 

(38). It has already been indicated that the skin 

microbiome diversity is higher amongst individuals 

living near forest and agricultural areas compared 

to those living in urban areas (39). Even exposures 

to green spaces of 15-30 minutes can already 

transfer environmental microbes onto the skin, 

exerting positive effects (13). 

Despite all previous evidence, it remains 

unclear whether air pollution and green space 

exposure can induce changes in the gut and skin 

microbiota of healthy children during susceptible 

life periods (i.e., pregnancy and early childhood). 

This study aims to determine the effects of 

ambient air pollution exposure and green space 

access on the skin and gut microbial composition in 

healthy four-to-six-year-olds enrolled in the 

ENVIRONAGE (ENVIRonmental influence ON 

early AGEing) birth cohort. We hypothesize that 

higher exposure to ambient air pollution is 

associated with lower skin and gut microbial 

diversity and richness. In contrast, we expect higher 

exposure to green spaces to be associated with 

higher microbial diversity and richness in these 

children. 

 

EXPERIMENTAL PROCEDURES 

Study population – The study population 

consisted of 85 participants aged between four-to-

six years enrolled in the ENVIRONAGE birth 

cohort framework at Hasselt University. Within this 
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longitudinal cohort, the effects of pre and postnatal 

environmental exposures and lifestyle factors are 

investigated by following up children born in the 

East-Limburg Hospital (Genk, Belgium) from birth 

till adolescence. This study was approved by the 

ethical committees of East-Limburg Hospital 

(Genk, Belgium) and Hasselt University (Hasselt, 

Belgium) and was conducted according to the 

Declaration of Helsinki guidelines.  

Immediately after birth, 42 ml of umbilical 

cord blood was collected in BD Vacutainer plastic 

whole blood tubes (BD, Franklin Lakes, NJ, USA), 

along with anthropometric data. In addition, the 

mother completed a questionnaire regarding 

lifestyle, health status, work, and educational level.  

At the age of four-to-six years, the children 

were re-invited for a first follow-up, where clinical 

examinations took place, questionnaires were filled 

in, a urine sample was collected, and informed 

consent was given for both the follow-up as the 

microbiome study. Then, a skin swab sample was 

taken by stroking the forehead for one minute using 

a FLOQSwab (Copan Diagnostics, Inc., Murrieta, 

USA) moistened with a droplet of physiological 

saline. After collection, the FLOQSwab was 

preserved in ENat (Copan Diagnostics, Inc., 

Murrieta, USA) and stored at -20 °C. The 

participants were also handed a Faeces container 

(Sarstedt AG&CO, Nümbrecht, Germany) to 

collect a stool sample at home, which was kept in 

their home freezer (-20 °C) for a maximum of one 

week. Afterward, stool samples were collected by 

the researchers, transported on dry ice, and stored 

at -80 °C. 

Air pollution exposure – To study ambient air 

pollution exposure during pregnancy and early 

childhood, BC loads in umbilical cord blood and 

urine samples were quantified based on white light 

generation of carbonaceous particles under 

femtosecond pulsed laser illumination.  

Imaging chambers were made by applying a 

coverslip on a microscopic slide with double-sided 

tape on the outside rims, sealing it with glue, filling 

it with 100 μl cord blood or urine, sealing the 

remaining edges, and storing it at -20 °C. Two 

imaging chambers for cord blood and one imaging 

chamber for urine were made for each participant. 

For urine, the osmolality was determined with a K-

7400S Osmometer (Knauer GHMB, Berlin, 

Germany).  

The BC load in the imaging chambers was 

determined using a Zeiss LSM 510 and a Zeiss 

LSM 880, respectively. Both microscopes were 

equipped with a two-photon femtosecond pulsed 

laser with a central wavelength of 810 nm. The 

white light emitted by the BC particles was 

captured by using 400-410 nm and 450-650 nm 

band-pass emission filters. Employment of these 

emission filters allows collecting the second 

harmonic generation (SHG) from e.g. collagen type 

I and the two-photon excited autofluorescence 

(TPAF) of several cell types in urine or cord blood. 

Five 3x3 tile scans were in the urine imaging 

chambers, and three 10x10 tile scans in two 

different umbilical cord blood imaging chambers 

were collected. The BC load was determined using 

MatLab. Pixels above a certain threshold were 

detected by a peak-finding algorithm. Thresholds 

were set in such a way that only the 0.5% and the 

45% most intense particles in TPAF and SHG were 

measured, respectively. Overlap of the channels 

indicated the generation of white light and thus the 

presence of BC particles. The detected BC load 

expressed as the number of BC particles was 

converted to the number of BC particles per ml.  

Furthermore, residential BC exposure levels 

were calculated for the participant’s residential 

address using spatiotemporal interpolation methods 

based on fixed air pollution monitoring station data 

combined with a dispersion model resulting in 

high-high resolution daily values of BC exposure. 

A more detailed description can be found in the 

supplementary section.  

Green space access – Residential addresses of 

the participants were geocoded, and geographical 

information system (GIS) functions of ArcGIS 10.1 

and python 3.4 were used for analysis. Low green 

(vegetation < 3 m), high green (vegetation > 3 m), 

and total green (sum of low and high green) were 

estimated in radii of (50, 100, 300, 500, 1000, 2000, 

and 3000 m) around the residential address were 

estimated based on the Green Map of Flanders 

2012, consisting of raster data with a resolution of 

1 m2. 

Gut microbiome – The gut microbiome 

richness and diversity were determined by 

sequencing the V3-V4 16S rRNA gene region. 

Briefly, automatic DNA extraction was performed 

with the E.Z.N.A. DNA extraction kit (Omega Bio-

tek, Inc., Norcross, USA). DNA yield and purity 

were quantified using Nanodrop ND-1000 
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(ThermoFisher Scientific, Waltham, USA) to 

ensure a minimum DNA concentration. A standard 

and index polymerase chain reaction (PCR) cycle 

were performed to amplify the bacterial V3-V4 16S 

rRNA gene region. Both cycles used 10 µM goTaq 

Green Master Mix, 0.5 µM forward primer, 0.5 µM 

Reverse primer, and 1 µL template DNA as input.  

First, a standard PCR was performed with the 

following primers: 341F (5′-TAC GGG AGG CAG 

CAG-3′) and 806R (5′-GGA CTA CVS GGG TAT 

CTA AT-3′) (Alpha DNA, Montreal, QC, Canada). 

During the amplicon PCR cycle, the rRNA 

underwent one initial denaturation (240 s at 95°C), 

25 rounds of denaturation (3 s at 95°C), annealing 

(45 s at 53.4°C), and extension (120 s at 72°C), 

followed by one final extension (300 s at 72°C).  

Next, an index PCR was done using a 

sequencing adaptor (underlined) and Ion Xpress 

barcoded (bold) primers (5′-CCA TCT CAT CCC 

TGC GTG TCT CCG ACT CAG CTA AGG TAA 

CGA TTA CGG GAG GCA GCA G-3′ and 5′- 

CCA CTA CGC CTC CGC TTT CCT CTC TAT 

GGG CAG TCG GTG ATG GAC TAC VSG GGT 

ATC TAA T-3′). During the index PCR cycle, the 

rRNA underwent one initial denaturation (240 s at 

95°C), 20 rounds of denaturation (30 s at 95°C), 

annealing (45 s at 65°C), and extension (120 s at 

72°C), followed by one final extension (300 s at 

72°C). Amplicon and index amplification were 

achieved on a T100 Thermal Cycler (Bio-Rad).  

Amplified products from each round were 

purified using AMPure XP beads (Beckman 

Coulter, Indianapolis, IN, USA). Barcoded 

amplicons were pooled in equimolar amounts and 

sequenced on an Ion 530 chip using 400 bp paired-

end chemistry. Sequencing data were received as a 

set of Ion Torrent-sequenced FASTQ files. 

Sequences were demultiplexed using the Ion 

Torrent software and subsequently underwent 

quality trimming (removal of the last 15 

nucleotides) and removal of primers using DADA2 

1.10.1.1. Reads were de-replicated, and error rates 

and sequence variants were inferred using the 

DADA2 default parameters. Afterward, an 

amplicon sequence variant (ASV) table was built 

and taxonomy assigned using the assignTaxonomy 

function and the SILVA v138 training set,2, 3 and 

alternatively using DECIPHER4 for taxonomic 

classification with IDTaxa function and the 

SILVA_SSU_r138_2019 database. Rarefaction 

analysis was performed with ranacapa 0.1.0.6 

Skin microbiome – We tested the QIAamp 

DNA Microbiome Kit and the DNeasy PowerSoil 

Pro Kit (both Qiagen, Hilden, Germany) to 

investigate which kit would give the best bacterial 

DNA quality and quantity. The DNA extractions 

were performed according to the manufacturer’s 

instructions, except for the DNeasy PowerSoil Pro 

Kit: Lysis buffer CD1 was reduced to 600 μl, and 

phenol chloroform isoamyl alcohol replaced the 

remaining 200 μl. Furthermore, centrifugation 

times were extended to two minutes when using the 

MB Spin Column. Lastly, only 25 μl of solution C6 

was added. The bacterial DNA extracted with both 

kits was sent to Qiagen (Hilden, Germany), where 

it was quantified and sequenced. The original 

protocols of both DNA extraction kits can be found 

in the supplementary section.  

Statistical analysis – All statistical analyses 

were performed using R Statistical Software 

(version 4.0.5; R Foundation for Statistical 

Computing, Vienna, Austria). Descriptive statistics 

are reported as mean ± standard deviation (SD) for 

continuous variables and frequency (percentage) 

for categorical variables. Shannon diversity, 

Simpson diversity, and Chao richness were 

calculated using the vegan package in R. The 

quantified BC loads in urine were normalized based 

on the osmolality via the formula: BC urine – 

(estimate x (osmolality – mean osmolality)). To 

improve the normality of the distributions, we log-

transformed BC loads and richness and diversity 

indices.  

Partial Spearman correlations (r) and robust 

linear regressions were performed to examine the 

associations between the gut microbiome richness 

or diversity indices and the BC load in urine or cord 

blood after adjusting for a priori selected 

covariates: gender (boy or girl), age, maternal 

education (low: no high school diploma, medium: 

high school diploma, or high: college or university 

diploma), season of delivery (winter, spring, 

summer, or autumn), parity, ponderal index, and 

batch. Robust models and partial correlations were 

used because of the small sample size to reduce the 

effect of influential cases. Results are expressed as 

a percentual change after quadrupling of the BC 

loads. Afterward, a sensitivity analysis was 

performed for covariates that occurred less 

frequently in this dataset but were proven to 

influence the gut microbiome in other studies: 

ethnicity (European or non-European descent), 
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partus (natural or cesarean section), alcohol use 

during pregnancy (yes or no), use of antibiotics 

during pregnancy (yes or no) and use of antibiotics 

in the month prior to sample collection (yes or no). 

The same was done for the associations of the gut 

microbiome indices with green spaces but without 

adjustments for season of delivery. P-values <0.05 

were statistically significant and are indicated with 

an asterisk.  

The ANCOM-BC package was used to find 

differentially abundant bacterial families in 

participants with higher BC loads. Multiple testing 

correction was performed using the false discovery 

rate (FDR). P-values <0.05 and q-values <0.1 were 

statistically significant and are indicated with an 

asterisk. 

 

RESULTS 

Study population characteristics and exposure 

levels – A detailed description of the 85 participants 

is shown in Table 1. The participants were mostly 

female (52.9%) of European descents (96.5%) and 

born in summer or autumn (56.4%). At the time of 

sample collection, the children were on average 4.8 

years old and had a ponderal index of 15.1 g/cm3. 

On average, the participants mothers' were 30.4 

years at birth, had a pre-pregnancy BMI of 23.4 

kg/cm2, and a pregnancy duration of 39.5 weeks. 

The participating child was generally the first born 

(51.8%), the majority of the mothers had a high 

education level (70.6%), did not use antibiotics 

(86.6%) or alcohol (76.2%), and did not smoke 

(91.8%) during pregnancy. The children were 

prenatally exposed to a mean BC concentration of 

0.92 ppb and were exposed to 0.99 and 0.70 ppb of 

black carbon in the year and week before the 

sample collection. The average BC loads in cord 

blood and urine were 58040.9, and 176962 

particles/ml on average. 

BC as an internal biomarker for exposure – To 

determine whether BC is a short- or long-term 

biomarker for air pollution exposure, we assessed 

the Pearson correlation between the modeled BC 

exposure of the week, the month, the half-year, or 

the year before sample collection with the urinary 

BC load and the BC exposure during the whole 

pregnancy and per trimester with the cord blood BC 

load. These results show that BC in urine is 

significantly correlated with the exposure from last 

month (r=0.23; p=0.046) and last half-year (r=0.24; 

p=0.036), but not with last week (r=0.17; p=0.136) 

or last year (r=0.23; p=0.052). BC in cord blood is 

significantly correlated with the exposure 

throughout the whole pregnancy (r=0.44; p<0.001) 

and with all three trimesters with the strongest 

correlation seen with the third trimester (r=0.25; 

p=0.024, r=0.28; p=0.013, and r=0.39; p<0.001) 

(Supplementary Figure S1). 

Gut bacteria – Next, we investigated which 

bacterial families had the highest relative 

abundance in the gut microbiome of the study 

population. Figure 1 shows that the two most 

common bacterial families consisted of 

Lachnospiraceae (39.07%) and Ruminococcaceae 

(24.67%), followed by Oscillospiracea and 

Prevotellaceae. The mean and SD for the Shannon 

diversity, Simpson diversity, and Chao richness 

indices in this population were 3.75 (0.44), 0.95 

(0.03), and 181.12 (67.01). 

Bacterial diversity and richness indices 

correlated with air pollution exposure – To 

determine whether air pollution exposure could 

affect the diversity and richness of the gut 

microbiome, we performed partial Spearman 

correlation analyses, adjusting for season of 

delivery, parity, ponderal index, age, gender, 

diploma of the mother and batch. Figure 2A shows 

the results from the partial correlation analysis 

between the diversity and richness indices and the 

BC loads in cord blood and urine. Bacterial 

diversity, as assessed by the Shannon and Simpson 

indices, was significantly negatively correlated 

with the BC contents in cord blood (r=-0.26; p= 

0.028 and r=-0.29; p= 0.013, respectively) and 

urine (r=-0.30; p= 0.013 and r=-0.28; p= 0.019, 

respectively). As assessed by the Chao index, the 

bacterial richness was not significantly correlated 

with the BC load in cord blood and urine (p= 0.527 

and p= 0.084, respectively). 

Bacterial diversity and richness indices 

correlated with green space exposure – Partial 

Spearman correlations between low, high, or total 

green in buffers of 50 to 3000 m and gut 

microbiome diversity and richness were examined, 

adjusting for parity, ponderal index, age, gender, 

diploma of the mother, and batch. Figures 2B-H 

show the results of these correlations. The Shannon 

diversity, Simpson diversity, and Chao richness 

indices were not significantly correlated with low, 

high, or total green. Only for total green within a 

radius of 50 m there was a statistically significant 
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positive correlation with the Chao richness index 

(r=0.24; p=0.033). 

Bacterial diversity and richness indices 

associated with air pollution exposure – To 

estimate the effect of air pollution exposure on the 

gut microbiome richness and diversity, robust 

linear regression analyzes were performed, 

adjusting for the same covariates. These results are 

shown in Table 2. The BC load in cord blood and 

urine were significantly negatively associated with 

the Shannon diversity and Simpson diversity 

indices. Every quadrupling in cord blood BC was 

associated with a -6.64% (95% CI: -12.74 to -0.12, 

p=0.046) change in Shannon diversity and a -1.84% 

(95% CI: -3.26 to -0.39, p=0.013) change in 

Simpson diversity. For urine these changes were -

5.30% (95% CI: -9.33 to -1.09, p=0.014) and -

1.35% (95% CI: -2.19 to -0.50, p=0.002), 

respectively. There were no significant associations 

between cord blood and urinary BC load (p=0.983 

and p=0.234, respectively). In a sensitivity analysis, 

we additionally corrected for the use of alcohol or 

antibiotics during pregnancy or the use of 

antibiotics in the month preceding sample 

collection or we excluded participants born with a 

caesarian section (n=1) or participants that were not 

of European descents (n=3), since these covariates 

turned out to be relevant in other studies. Table 3 

shows that these factors did not substantially impact 

our findings.   

Bacterial diversity and richness indices 

associated with green space exposure – The effect 

of green space access on the gut microbiome 

richness and diversity was also estimated by 

performing robust linear regression analyses, 

adjusting for the same covariates. These results are 

shown in Table 4 and Supplementary Table S1 The 

Chao index was significantly positively associated 

with total green space within a radius of 50 m. 

Every quadrupling of total green space within 50 m 

resulted in a 16.51% (95% CI: 2.38 to 111.47 , 

p=0.037) change in Chao richness. There were no 

other statistically significant associations between 

any of the green space radii and the Chao richness. 

Yet, positive trends were found between low green 

50 m and the Shannon diversity index (p=0.066) 

and between total green 100 m and the Chao 

richness (p=0.074). 

In a sensitivity analysis, we additionally 

corrected for the use of alcohol or antibiotics during 

pregnancy or the use of antibiotics in the month 

preceding sample collection or we excluded 

participants born with a caesarian section (n=1) or 

participants that were not of European descents 

(n=3), since these covariates turned out to be 

relevant in other studies. Table 5 shows that these 

factors did not substantially impact our findings.     

Gut bacterial families associated with air 

pollution exposure – To find out which individual 

bacterial families drive the associations between 

BC or green space exposure and the gut 

microbiome diversity or richness, we did a 

differential abundance analysis (Table 6). After 

quadrupling of the urinary BC load, a -96.24% 

change in Coriobacteriaceae (p=0.002) and a -

98.1% change in Christensenellaceae (p<0.001) 

was seen, which remained statistically significant 

after FDR correction (q=0.067, and q=0.028, 

respectively). 

A four times increase in total green space 

within a radius of 50 m was associated with a 

38999.13% increase in Eubacterium 

coprostanoligenes group (p=0.001), which 

remained statistically significant after FDR 

correction (q=0.052). 

Assessment of the most suitable DNA 

extraction kit for skin swab DNA extractions – To 

assess which DNA extraction kit, DNeasy 

PowerSoil Pro kit or Qiagen DNA Microbiome kit, 

is the most suited for the extraction of bacterial 

DNA, bacterial DNA extracted with both kits was 

sent to Qiagen for sequencing and data analysis. 

First, the fragment lengths and DNA quantity were 

analyzed after PCR. Bacterial DNA fragments 

extracted with the DNeasy PowerSoil Pro kit had an 

average fragment length of 621.2 base pairs and an 

average concentration of 19.2 ng/μl, whereas the 

extracts of the Qiagen DNA Microbiome kit had an 

average fragment length of 631.3 base pairs and an 

average concentration of 15.7 ng/μl. Furthermore, 

after sequencing and data analysis, the phylogenetic 

diversity of the extracts was compared. This 

diversity was not significantly different between the 

two kits, however, the bacterial diversity was 

slightly higher when using the DNeasy PowerSoil 

Pro kit (Figure 3). The presence of the smart control 

indicated that the 16S rRNA region was amplified. 

Because of the higher DNA concentration of the 

DNA fragments extracted with the DNeasy 

PowerSoil Pro kit and the higher phylogenetic 

diversity we decided to perform future extractions 

with the DNeasy PowerSoil Pro kit. 
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DISCUSSION 

Environmental exposures were associated with the 

gut microbiome diversity and richness  – Our study 

demonstrated that pre and postnatal BC exposures 

were negatively correlated and associated with the 

Simpson and Shannon diversity indices and not 

correlated or associated with the Chao richness 

index. These results could  

 

 

indicate an overall increase of low abundant species 

and an overall decrease of high abundant species  

without changing the total number of bacterial 

species present in the fecal samples (40). The 

results of comparable studies generally show a 

decrease or no significant effect on Shannon and  

Table 1 –Study population characteristics (n=85) 

Characteristic Mean (SD) No. (%) 

Child   

Age (years) 4,8 (0.6)  

Female   45 (52,9) 

European descent* 82 (96.5)  

Ponderal index (g/cm3) 15.1 (1.3)  

Season of birth 

 Winter  

 Spring 

 Summer  

 Autumn  

 

23 (27.1) 

14 (16.4) 

24 (28.2) 

24 (28.2) 

 

BC exposure prenatal (ppb) 0.92 (0.25)  

BC exposure last year (ppb) 0.99 (0.16)  

BC exposure last week (ppb) 0.70 (0.18)  

BC load cord blood (particles/ml)A 58040.9 (25211.3)  

BC load urine (particles/ml)A 176962 (134125)  

Mother   

Pregnancy duration (weeks) 39.5 (1,7)  

Age at delivery (years) 30.4 (3.7)  

Pre-gestational BMI (kg/cm2) 23.4 (3.5)  

Educational level** 

 Low  

 Middle  

 High 

 

 

2 (2.4) 

23 (27.1) 

60 (70.6) 

Parity  

 1 

 2 

 3 

  

44 (51.8) 

34 (40) 

7 (8.2) 

BreastfeedingB  62 (79.5) 

Use of antibiotics during pregnancyC   11 (13.4) 

Smoking behavior during pregnancy   7 (8.2) 

Alcohol use during pregnancyD 

 No alcohol 

 Occasionally  

 Not more than 1 glass/day 

  

64 (76.2) 

19 (22.6) 

1 (1.2) 
 

AData only available for 79 participants, BData only available for 78 participants, CData only available for 82 

participants, DData only available for 84 participants, *The participant was considered of European descent if at least 

2 of its grandparents were of European origin, **Mothers with high education levels completed college or university, 

middle education levels obtained a high school diploma, and low education levels did not obtain a high school 

diploma. BC: Black carbon  
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Chao indices (12, 31, 41) and no significant effect 

on the Simpson index (30, 42-47). For example, in 

the study by Liu et al. (31), they investigated the 

effect of prior 2-year PM2.5 and PM1 exposure on 

the gut microbiome diversity and richness in 

healthy and diabetic adults based on a land-use 

regression model and found that PM2.5 and PM1 

were negatively associated with the Chao-1 

richness index and the Shannon diversity index. 

Furthermore, the pollutants were negatively 

associated with observed OTUs, another indicator 

of bacterial richness, and with phylogenetic 

diversity whole tree, another indicator of bacterial 

diversity (31). 

We also showed that the Shannon, Simpson, 

and Chao indices were not correlated or associated 

with green space accessibility, except for a positive 

correlation between the Chao index and total green 

space within a radius of 50 m. Furthermore, a trend 

was seen between total green within a radius of 100 

m and an increase in Chao richness index, and  low 

green within a radius of 50 m and the Shannon 

diversity index. An intervention study through 

which children were brought in contact with nature 

and a study that compared the gut microbiome of 

people living in urbanized and non-urbanized areas 

also observed increases in the Chao richness index 

(26, 33). Another study consisting of four-month-

old participants (n=355) looked at green spaces 

within 500 and 1000 m based on the urban Primary 

Land and Vegetation Inventory. They found no 

correlation between green space access and the 

Chao richness index. However, they did find a 

negative correlation between green spaces with the 

Shannon and Simpson index, which they  

 

hypothesize might occur because exposure to green 

spaces could lead to the overgrowth of specific 

microbes (25). 

Environmental exposures were associated 

with the relative abundance of gut bacterial 

families –  After FDR correction, postnatal BC 

exposure was significantly negatively associated 

with the relative abundance of Coriobacteriaceae 

and Christensenellaceae. Total green within 50 m 

was significantly positively associated with the 

relative abundance of the Eubacterium 

coprostanoligenes group after FDR correction. 

In another study, prior year exposure to 

freeway traffic-related air pollution was correlated 

with increased Coriobacteriaceae in overweight 

adolescents (n=43) (11). This bacterial family has 

been linked with cholesterol metabolism and is 

important in processes such as the conversion of 

bile salts and steroids (11, 48, 49). Furthermore, 

Coriobacteriaceae were found to be associated with 

increased serum insulin and c-peptide levels in 

overweight pregnant women (n=70) (11, 50). 

Positive associations between air pollution 

exposure and Coriobacteriaceae were found in a 

study where mice were exposed to benzoapyrene. 

This positive association might be explained by the 

induction of cytochrome P450 to degrade 

benzoapyrene (51). Negative associations with 

Coriobacteriaceae have been found in hamsters fed 

with grain sorghum, which has cholesterol-

lowering and cardioprotective properties (49, 52).  

 

Fig. 1 – Ten most common gut microbes in the study population as determined by 16S RNA Ion Torrent 

sequencing expressed as percentual relative abundance.       
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Fig. 2 – Correlation of black carbon and green spaces with the gut microbiome diversity and richness. A) A 

higher black carbon load in urine was significantly negatively associated with the Shannon and Simpson index, 

but not significantly correlated with the Chao index. B-H) Increased green space access was not correlated with 

the gut microbiome richness or diversity, except a significant positive correlation of green space within 50 m with 

the Chao index.      
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Table 2 – Percentual changes in diversity and richness indices after quadrupling of BC loads     

 Estimate  Lower 95% CI Upper 95% CI  p-value 

Cord blood     

Shannon -6.64 -12.74 -0.12 0.046* 

Simpson -1.84 -3.26 -0.39 0.013* 

Chao -0.22 -17.95 21.34 0.982 

Urine     

Shannon -5.30 -9.33 -1.09 0.014* 

Simpson -1.35 -2.19 -0.50 0.002* 

Chao -7.45 -18.54 5.14 0.234 

 

Robust linear regression analyses between cord blood or urinary BC loads and Shannon diversity, Simpson diversity 

or Chao richness indices are shown after adjustment for  season of delivery, parity, ponderal index, age, gender, 

diploma of the mother and batch. Results are expressed as percentual change for each quadrupling in BC load.  CI: 

Confidence interval; BC: Black carbon 

* Significant p-values (p<0.05).  

Table 3 – Sensitivity analysis of associations between BC loads and Shannon or Simpson diversity indices 

 Cord blood Urine  

 Estimate  p-value Estimate  p-value 

Exclusion of participants 

Partus      

     Shannon  -0.05 0.045* -0.04 0.016* 

     Simpson  -0.01 0.014* -0.01 0.002* 

Ethnicity      

     Shannon -0.05 0.064 -0.04 0.010* 

     Simpson -0.01 0.024* -0.01 0.001* 

Addition of covariates  

Alcohol use during pregnancy  

     Shannon -0.05 0.046* -0.04 0.019* 

     Simpson -0.01 0.014* -0.01 0.003* 

Use of antibiotics during pregnancy  

     Shannon  -0.06 0.033* -0.04557 0.006117* 

     Simpson -0.01 0.013* -0.01081 0.001722* 

Use of antibiotics in the month preceding sample collection   

     Shannon -0.04 0.089 -0.03 0.029* 

     Simpson -0.01 0.049* -0.01 0.003* 

 

Sensitivity analyses of the robust linear regression results between BC loads and Shannon or Simpson diversity 

indices, adjusted for  partus, ethnicity, alcohol use during pregnancy, use of antibiotics during pregnancy, and use 

of antibiotics in the month preceding sample collection by additionally correcting for the use of alcohol or antibiotics 

during pregnancy, or the use of antibiotics in the month preceding sample collection, or by excluding participants 

born with a cesarian section or participants that are not of European descents. BC: Black carbon 

* Significant p-values (p<0.05) 



                           Senior internship- 2nd master BMW 

11 
 

 

 

Christensenellaceae is one of the most 

common gut bacteria and is involved in 

fermentation processes, such as the fermentation of 

sugars into short-chain fatty acids (53). The relative 

abundance of this bacterial is found to be decreased 

in individuals with a higher BMI, adiposity, waist 

circumference, and serum lipids and in individuals 

with metabolic syndrome (53-57). Because of their 

fermentation function, Christensenellaceae is  

 

 

responsive to diet, resulting in higher relative 

abundances in diets high in protein and fibers (53). 

However, this bacterial family has not been linked 

to environmental factors before. 

Eubacterium coprostanoligenes group has 

cholesterol-reducing properties by metabolizing 

cholesterol into coprostanol. Coprostanol is 

difficult to be absorbed in the intestines and will be  

Table 4–  Percentual changes in diversity and richness indices after quadrupling of green space exposure     

 Estimate  Lower 95% CI Upper 95% CI  p-value 

Low green 50 m 

Shannon 16.51 -0.99 37.10 0.066+ 

Total green 50 m 

Chao 47.14 2.38 111.47 0.037* 

Total green 100 m 

Chao 49.41 -3.78 132.01 0.074+ 

 
Robust linear regression analyses between green spaces and Shannon diversity, Simpson diversity, or Chao 

richness are shown after adjustment for parity, ponderal index, age, gender, diploma of the mother and batch. 

Results are expressed as a percentual change for each quadrupling in green space. CI: Confidence interval; BC: 

Black carbon 

* Significant p-values (p<0.05) 
+ p-values indicating a trend  

Table 5 – Sensitivity  analysis of associations between green spaces and diversity or richness indices  

 

 Total green 50 m 

 Estimate  p-value 

Exclusion of participants  

Partus  

    Chao  0.15 0.039* 

Ethnicity  

    Chao 0.18 0.018* 

Addition of covariates  

     Alcohol use during pregnancy  

     Chao 0.15 0.044* 

     Use of antibiotics during pregnancy 

     Chao  0.14 0.104 

Use of antibiotics in the month preceding sample collection 

     Chao 0.16 0.058+ 

 

Sensitivity analyses of the robust linear regression results between green space and the Shannon diversity, Simpson 

diversity or Chao richness indices, adjusted for partus, ethnicity, alcohol use during pregnancy, use of antibiotics 

during pregnancy, and use of antibiotics in the month preceding sample collection by additionally correcting for  

the use of alcohol or antibiotics during pregnancy, or the use of antibiotics in the month preceding sample collection, 

or by excluding participants born with a cesarian section or participants that are not of European descents. BC: 

Black carbon 

* Significant p-values (p<0.05) 
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excreted via the feces resulting in cholesterol 

removal. Therefore, a higher relative abundance of 

the Eubacterium coprostanoligenes group is linked 

to a decreased risk of cardiovascular diseases (58). 

This bacterial family has, however, not been linked 

to environmental exposures yet.  

Potential mechanisms underlying the 

associations between environmental exposures and 

the gut microbiome – Although the underlying 

mechanisms by which air pollution or green spaces 

can change the gut microbiome are not fully 

understood, it is known that PM can cross the 

respiratory membrane upon inhalation and enter the 

systemic circulation, where it can cause oxidative 

stress and inflammation. From the systemic 

circulation, PM can enter the enterocytes through 

the M cells on the Peyer's patches. In addition, PM 

may enter the gut via mucociliary clearance (28, 

59).  In the study by Wang et al. (59), they found 

that 20 μl of 1 mg/ml PM2.5 administered via 

oropharynx instillation every other day, resulted in  

 

increased levels of the peroxidation products 

malondialdehyde, 4-Hydroxynonenal, and 

deoxyguanosine in C57Bl/6J mice (n=10) after four 

weeks of exposure. This oxidative stress can lead to 

the initiation of pro-inflammatory cascades, as seen 

in the study by Ran et al. (45). This study showed 

an increase in inflammatory cytokines, including 

interleukin 6, interleukin 1 beta, and tumor necrosis 

factor-alpha, after eight weeks of whole-body 

inhalation of 226.50 μg/m3 of PM2.5 in BALB/c 

mice (n=22). Intestinal permeability is also linked 

to oxidative stress and air pollution exposure (60). 

For example, PM increased intestinal permeability 

and colonic cell apoptosis and decreased tight 

junction protein 1 expression in the gut of C57Bl/6J 

mice (n=12) after 48 hours of incubation of 200 μg 

of PM administered via gavage (61). Disruption of 

the epithelial barrier might further lead to gut 

inflammation, caused by an upregulation of toll-

like receptor 4, resulting in the recruitment of  

Table 6 – Changes in relative abundance of gut bacterial families after environmental exposures 

Exposure 

measurement 
Family Coefficient p-value q-value % change 

BC cord blood Coriobacteriaceae 2.58 0.022* 0.386 3475.32 

BC cord blood  Christensenellaceae -2.44 0.046* 0.386 -96.60 

BC cord blood Ethanoligenenaceae -1.15 0.045* 0.386 -79.69 

BC cord blood Anaerovoracaceae -0.91 0.033* 0.386 -71.68 

BC urine Methanobacteriaceae -1.28 0.033* 0.420 -83.07 

BC urine Coriobacteriaceae -2.37 0.002* 0.067+ -96.24 

BC urine  Coriobacteriales Incertae Sedis -0.97 0.033* 0.420 281.88 

BC urine Rikenellaceae -1.33 0.049* 0.420 -84.22 

BC urine Christensenellaceae -2.83 <0.001* 0.028+ -98.01 

BC urine Enterobacteriaceae 1.73 0.050* 0.420 995.49 

Total green 50 m Methanobacteriaceae -1.32 0.025* 0.305 -84.06 

Total green 50 m Micrococcaceae -1.41 0.021* 0.305 -85.83 

Total green 50 m Coriobacteriales Incertae Sedis 1.83 0.031* 0.305 1168.17 

Total green 50 m Barnesiellaceae 3.49 0.031* 0.305 12444.83 

Total green 50 m Prevotellaceae 4.11 0.048* 0.328 29561.99 

Total green 50 m 
[Eubacterium] 

coprostanoligenes group 
4.31 0.001* 0.052+ 38999.13 

Total green 50 m Anaerovoracaceae 1.50 0.044* 0.328 700.19 

 

Changes in the relative abundance of the gut microbial families are shown after adjustment for  parity, height, weight, 

age, gender, diploma of the mother and batch according to Analysis of Compositions of Microbiomes with Bias 

Correction (ANCOM-BC). In the models for urinary and cord blood BC load, we additionally adjusted for season of 

delivery.  Results are expressed as percentual change for each quadrupling in black carbon load. BC: Black carbon 

* Significant p-values (p<0.05) 
+ Significant p-values after FDR correction (p<0.1) 
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inflammatory cytokines (62, 63). Another potential 

mechanism through which air pollutants might alter 

the gut microbiota is the potential of BC to change 

the development of bacterial biofilms, which can 

interfere with bacterial survival (59). A decrease in 

perceived stress might be a potential pathway by 

which green space exposure can induce changes in 

the gut microbiome (26). 

BC as internal exposure biomarker – The 

frequently used spatiotemporal interpolation 

methods based on residential addresses might lead 

to exposure misclassification by neglecting 

individual and time-activity mobility patterns (64). 

Therefore, we chose to use BC, the most harmful 

component of air pollution, as an internal exposure 

biomarker. By using an internal exposure 

biomarker, these mobility patterns are taken into 

consideration. Urinary BC loads were found to 

reflect medium- to long-term exposure since it was 

significantly positively correlated with BC 

exposure during the month and the half-year before 

sample collection. Furthermore, a trend was seen 

for BC exposures during the year before sample 

collection. This result is in agreement with the 

findings of a previous study, in which urinary black 

carbon also correlated positively with previous 

month and year BC exposure (64). The BC loads in 

umbilical cord blood reflected exposure throughout 

the complete pregnancy and could thus be 

considered an indicator of prenatal exposure. 

 

Assessment of the most suitable DNA 

extraction kit for skin swab DNA extractions – 

Finally, we determined that the DNeasy PowerSoil 

Pro kit was the most suitable for bacterial DNA 

extractions, based on extract concentrations and 

phylogenetic diversity. Previous studies suggest an 

interaction between indigenous skin bacteria and air 

pollution. For example, He et al. (65) observed that 

the bacterial viability of bacteria comprising the 

normal skin microbiome significantly decreased 

after two hours of exposure to O3. However, it is 

unknown whether ambient air pollution can lead to 

skin microbiome dysbiosis as suggested for the 

intestinal microbiome. For green space, there is one 

study that suggests that exposure increases the 

microbial richness and phylogenetic diversity (13). 

In this study, participants (n=3) were exposed to air, 

soil, and leaves from various types of green spaces.  

Relevance, limitations and future directions – 

The preceding results are important because current 

changes in the composition of the gut microbiome 

may influence the development of diseases in later 

life (13). These diseases are mainly cardiovascular 

and metabolic disorders but also neurological 

disorders (11-13, 59). Even in our young study 

population, prenatal exposure and exposure in early 

life are already associated with the development of 

the gut microbiome. Therefore, it is essential to 

limit the amount of air pollution as much as 

 

Fig. 3 – Comparison of the DNeasy PowerSoil Pro kit (n=6), and the Qiagen DNA Microbiome kit (n=10). 
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possible, for example, by tightening the current air 

pollution guidelines. 

We acknowledge some limitations in our 

study, beginning with the relatively small sample 

size of 85 participants. Furthermore, we are aware 

of potential ambient BC contamination of the urine 

samples. Since the collection takes place in public 

toilets, possible contamination cannot be prevented. 

We did take the contamination risk into account 

during the processing of the samples by only 

processing them in a laminar flow cabinet. In 

addition, it would be important to study the 

influence of diet on the association between air 

pollution and the microbiome. Furthermore, it 

might be possible to examine whether and how 

changes in the microbiome could lead to adverse 

health effects. Lastly, potential associations 

between air pollution or green space exposure and 

the skin microbiome can be investigated.  

 

CONCLUSION 

Associations have been found between air 

pollution exposure and the gut microbiome, as seen 

in a decreased microbiome diversity and decreased 

relative abundances of gut bacterial families 

Coriobacteriaceae and Christensenellaceae. 

Furthermore, total green space within short 

proximity was associated with increased 

microbiome richness and an increased relative 

abundance of the Eubacterium coprostanoligenes 

group. Moreover, the DNeasy PowerSoil Pro kit 

turned out to be the most suited for bacterial DNA 

extractions from skin swabs. Further research will 

be needed to identify how green space and air 

pollution have an effect on the intestinal 

microbiome, identify the potential health effects of 

a changed microbiome, and find the potential 

associations between green space or air pollution 

exposure and the skin microbiome. 
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SUPPLEMENTARY SECTION 

Modeled air pollution exposure – The residential BC exposure levels were estimated based on a technique 

described in the articles Cohort profile: The ENVIRonmental influence ON early AGEing by Janssen et al. 

(68) and Presentation and evaluation of an integrated model chain to respond to traffic- and health-related 

policy questions by Lefebvre et al. (69). Here, BC exposure levels were interpolated for the residential 

addresses using the RIO interpolation method, considering CORINE land-cover datasets and pollution data 

from monitoring stations combined in a dispersion model. The first elements of this dispersion model are 

Forecasting Evolutionary Activity-Travel of Households and their Environmental RepercussionS 

(FEATHERS) and Transcad. The FEATHERS model predicts what activities are conducted by individuals 

in Flanders (Belgium), how long they last, where and when they take place, and how individuals travel to 

their activity resulting in origin-destination matrixes. These matrixes were then assigned to a road network 

by applying the Transcad model resulting in the average number of vehicles per road segment. Next, 

MIMOSA4 was used to estimate hourly traffic emissions of BC based on the previous models. The resulting 

emission data was then used in an Immission Frequency Distribution model and combined with the RIO 

model. The latter was used to estimate hourly BC concentrations based on CORINE land-cover data and 

air pollution data collected in fixed air pollution monitoring stations (n=14 for BC in Flanders, Belgium).  

 

DNeasy PowerSoil Pro kit protocol –  The following steps should be performed according to the 

manufacturer’s guidelines (70):  1) Spin the PowerBead Pro Tubes to ensure that the beads have settled at 

the bottom. Add up to 250 mg of sample and 800 µl of Solution CD1. Vortex briefly to mix. 2) Secure the 

PowerBead Pro Tube horizontally on a Vortex Adapter and vortex at maximum speed for 10 min. 3) 

Centrifuge the PowerBead Pro Tube at 15,000 x g for 1 min. 4) Transfer the supernatant to a 2 ml 

Microcentrifuge Tube (Expect 500–600 µl). 5) Add 200 µl of Solution CD2 and vortex for 5 s. 6) Centrifuge 

at 15,000 x g for 1 min. Avoiding the pellet, transfer up to 700 µl of supernatant to a clean 2 ml 

Microcentrifuge Tube (Expect 500–600 µl). 7) Add 600 µl of Solution CD3 and vortex for 5 s. 8) Load 650 

µl of lysate to an MB Spin Column. Centrifuge at 15,000 x g for 1 min. 9) Discard the flow-through and 

repeat step 8 to ensure that all of the lysate has passed through the MB Spin Column. 10) Carefully place 

the MB Spin Column into a clean 2 ml Collection Tube. 11) Add 500 µl of Solution EA to the MB Spin 

Column. Centrifuge at 15,000 x g for 1 min. 12) Discard the flow-through and place the MB Spin Column 

back into the same 2 ml Collection Tube. 13) Add 500 µl of Solution C5 to the MB Spin Column. Centrifuge 

at 15,000 x g for 1 min. 14) Discard the flow-through and place the MB Spin Column into a new 2 ml 

Collection Tube. 15) Centrifuge at up to 16,000 x g for 2 min. Carefully place the MB Spin Column into a 

new 1.5 ml Elution Tube. 16) Add 50–100 µl of Solution C6 to the center of the white filter membrane. 17) 

Centrifuge at 15,000 x g for 1 min to elute the DNA.  

 

QIAamp DNA Microbiome kit protocol – The following steps should be performed according to the 

manufacturer’s guidelines (71):  1) Add 500 µl Buffer AHL to 1 ml of sample in a 2 ml tube and incubate 

for 30 min at room temperature with end-over-end rotation. 2) Centrifuge the tube at 10,000 x g for 10 min 

and carefully remove the supernatant without disturbing the pellet. 3) Add 190 µl Buffer RDD and 2.5 µl 

Benzonase. Mix well and incubate at 37°C for 30 min at 600 rpm in a heating block or water bath. 4) Add 

https://www.qiagen.com/us/resources/resourcedetail?id=9bb59b74-e493-4aeb-b6c1-f660852e8d97&lang=en
https://www.qiagen.com/us/resources/resourcedetail?id=9bb59b74-e493-4aeb-b6c1-f660852e8d97&lang=en
https://www.qiagen.com/us/resources/resourcedetail?id=c403392b-0706-45ac-aa2e-4a75acd21006&lang=en
https://www.qiagen.com/us/resources/resourcedetail?id=c403392b-0706-45ac-aa2e-4a75acd21006&lang=en
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20 µl of Proteinase K and incubate at 56°C for 30 min at 600 rpm in a heating block or water bath. 5) Briefly 

spin the tube at a slow speed to remove condensation. Add 200 µl Buffer ATL (containing Reagent DX), 

mix well, and transfer into a Pathogen Lysis Tube L. 6) Lyse bacterial cells with Pathogen Lysis Tube L. 

Place the Pathogen Lysis Tube L in a TissueLyser LT for 10 min at 50 Hz. 7) Centrifuge the Pathogen Lysis 

Tube L at 10,000 x g for 1 min to reduce the amount of foam after lysis. Mix carefully and transfer the 

supernatant to a fresh microcentrifuge tube. 8) Add 40 µl of Proteinase K, mix by vortexing, and incubate 

at 56°C for 30 min at 600 rpm in a heating block or water bath. 9) Add 200 µl Buffer APL2. Mix by pulse 

vortexing for 30 s. 10) Incubate at 70°C for 10 min and briefly spin the tube. 11) Add 200 µl  of ethanol to 

the lysate. Mix thoroughly by pulse vortexing for 15–30 s. 12) Carefully apply up to 700 µl of the mixture 

from step 11 to the QIAamp UCP Mini Column without wetting the rim. Centrifuge at 6,000 x g for 1 min. 

13) Discard the flow-through. Put the column back into the collection tube to repeat step 12 with any 

remaining mixture from step 11. 14) Transfer the QIAamp UCP Mini Column to a fresh collection tube. 

Carefully open the cap and add 500 µl Buffer AW1 without wetting the rim. Close the cap and centrifuge 

at 6,000 x g for 1 min. Place the QIAamp UCP Mini Column into a fresh 2 ml collection tube and discard 

the filtrate. 15) Carefully open the QIAamp UCP Mini Column and add 500 µl Buffer AW2 without wetting 

the rim. Centrifuge at full speed (20,000 x g) for 3 min. 16) Place the QIAamp UCP Mini Column into a 

fresh 2 ml collection tube. Discard the filtrate. Centrifuge at full speed (20,000 x g) for 1 min. 17) Place the 

QIAamp UCP Mini Column into a fresh 1.5 ml tube and apply 50 µl Buffer AVE directly onto the center 

of the membrane. Close the lid and incubate at room temperature for 5 min. 18) Centrifuge at 6,000 x g for 

1 min to elute the DNA. 

 

Supplementary figures and tables – The supplementary figures and tables are shown below. 

 

 

 

 

 

 

 

 

 

Fig. S1 – Correlation of measured prenatal BC and black carbon in cord blood and postnatal measured BC exposure 

and BC in urine. BC: black carbon 

* Significant p-values (p<0.05) 
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Table S1–   Percentual changes in diversity and richness indices after quadrupling of green space exposure     

 Estimate  Lower 95% CI Upper 95% CI  p-value 

Low green 50m 

Shannon 16.51 -0.99 37.10 0.066+ 

Simpson 2.66 -0.50 5.92 0.100 

Chao 41.99 -10.31 124.81 0.135 

Low green 100m 

Shannon 15.90 -2.89 38.31 0.102 

Simpson 2.43 -0.87 5.83 0.151 

Chao 36.42 -18.25 127.65 0.235 

Low green 300m 

Shannon 17.01 -6.12 45.82 0.162 

Simpson 2.87 -1.34 7.27 0.184 

Chao 44.61 -26.51 184.59 0.286 

Low green 500m 

Shannon 7.29 -15.75 36.61 0.568 

Simpson 1.56 -3.14 6.49 0.522 

Chao 23.70 -39.01 150.91 0.556 

Low green 1000m 

Shannon 5.58 -19.10 37.79 0.689 

Simpson 1.11 -4.03 6.53 0.678 

Chao 7.44 -50.25 132.01 0.855 

Low green 2000m 

Shannon -0.46 -27.11 35.94 0.977 

Simpson 0.37 -5.57 6.68 0.906 

Chao -9.80 -63.12 120.62 0.821 

Low green 3000m 

Shannon -6.43 -32.42 29.54 0.689 

Simpson 0.45 -6.69 6.21 0.893 

Chao -23.29 -70.18 97.34 0.582 

High green 50m 

Shannon -1.45 -14.14 13.11 0.835 

Simpson -1.37 -4.02 1.36 0.323 

Chao 23.54 -19.18 88.84 0.329 

High green 100m 

Shannon -4.11 -17.08 10.88 0.571 

Simpson -1.84 -4.71 1.12 0.220 

Chao 16.83 -24.92 81.78 0.491 

High green 300m 

Shannon -6.23 -18.84 8.34 0.383 
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Simpson -1.55 -4.36 1.35 0.292 

Chao -3.20 -37.49 49.89 0.884 

High green 500m 

Shannon -4.60 -16.95 9.60 0.506 

Simpson -1.02 -3.82 1.86 0.483 

Chao 0.35 -34.11 52.84 0.987 

High green 1000m 

Shannon -4.57 -16.59 9.18 0.496 

Simpson -1.29 -3.91 1.39 0.342 

Chao 4.18 -30.26 55.63 0.842 

High green 2000m 

Shannon -4.76 -16.47 8.59 0.466 

Simpson -1.43 -4.03 1.24 0.291 

Chao 12.60 -23.52 65.79 0.548 

High green 3000m 

Shannon -2.50 -14.87 11.67 0.715 

Simpson -0.95 -3.66 1.83 0.498 

Chao 23.33 -70.18 97.34 0.302 

Total green 50m 

Shannon 7.68 -4.62 21.57 0.232 

Simpson 0.468 -1.88 2.87 0.698 

Chao 47.14 2.38 111.47 0.037* 

Total green 100m 

Shannon 6.75 -7.59 23.31 0.375 

Simpson -0.05 -2.88 2.85 0.971 

Chao 49.41 -3.78 132.01 0.074+ 

Total green 300m 

Shannon 0.12 -13.50 15.89 0.987 

Simpson -0.31 -3.19 2.65 0.834 

Chao 16.05 -25.34 80.40 0.508 

Total green 500m 

Shannon -2.01 -15.16 13.17 0.782 

Simpson -0.45 -3.33 2.52 0.766 

Chao 9.43 -28.14 66.65 0.675 

Total green 1000m 

Shannon -2.77 -14.71 10.84 0.674 

Simpson -0.85 -3.46 1.82 0.527 

Chao 6.24 -27.74 56.18 0.758 

Total green 2000m 
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Shannon -3.83 -14.36 8.00 0.509 

Simpson -1.08 -3.38 1.28 0.368 

Chao 8.91 -22.91 53.87 0.628 

Total green 3000m 

Shannon -2.89 -13.89 9.51 0.632 

Simpson -0.82 -3.18 1.60 0.503 

Chao 14.38 -19.80 63.12 0.458 

 

Robust linear regression analyses between green spaces and Shannon diversity, Simpson diversity, or Chao 

richness are shown after adjustment for parity, ponderal index, age, gender, diploma of the mother and batch. 

Results are expressed as a percentual change for each quadrupling in green space. CI: confidence interval; BC: 

black carbon 

* Significant p-values (p<0.05) 
+ p-values indicating a trend (p<0.10) 


