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The influence of external environment
on human gut microbiota remains elu- t e el Paeteriis et t

sive.

We studied the effect of garden diversity
and built area (anthroposphere) on gut
bacteria (biosphere).

Yard shrubs and built area correlated
with abundance of many health-
related bacterial taxa.

Living environment, and changes
therein, likely shape gut microbiota
composition.
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mediated diseases. Differences in host characteristics such as ethnicity, living habit and diet have been used to
explain differences in the gut microbiota composition in inter-continental comparison studies. As our previous
studies imply that daily skin contact with organic gardening materials modify gut microflora, here we investi-

Editor: Lotfi Aleya gated the association between living environment and gut microbiota in a homogenous western population

along an urban-rural gradient. We obtained stool samples from 48 native elderly Finns in province Hime in Au-
Keywords: gust and November 2015 and identified the bacterial phylotypes using 16S rRNA Illumina MiSeq sequencing. We
Gut microbiota assumed that yard vegetation and land cover classes surrounding homes explain the stool bacterial community in
Elderly gut microbiota generalized linear mixed models. Diverse yard vegetation was associated with a reduced abundance of
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Clostridium sensu stricto and an increased abundance of Faecalibacterium and Prevotellaceae. The abundance of
Bacteroides was positively and strongly associated with the built environment. Exclusion of animal owners did
not alter the main associations. These results suggest that diverse vegetation around homes is associated with

health-related changes in gut microbiota composition. Manipulation of the garden diversity, possibly jointly
with urban planning, is a promising candidate for future intervention studies that aim to maintain gut

homeostasis.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The role of microbial contacts in the development and functioning of
the human immune system is well-recognized (Macpherson and Harris,
2004; Round and Mazmanian, 2009). A balanced composition of the
human commensal microbiota, particularly the gut microflora, has
been deemed crucial for the development of a healthy immune system.
Accordingly, shifts in the composition of the human gut microbiota, re-
ferred to as “microbial dysbiosis” are associated with various immuno-
logical disorders (Frank et al., 2007, Sjogren et al., 2009, Sekirov et al.,
2010). In stool samples of patients exhibiting dysbiosis, several bacterial
genera including the butyrate producing Prevotella, Faecalibacterium,
and Bifidobacterium are depleted and others, such as Bacteroides,
Ruminococcus and Dorea are enriched compared to healthy controls
(Rajilic-Stojanovic et al., 2011; Lopetuso et al., 2013; Laursen et al.,
2017).

In addition to the role of the commensal human microbiota, a num-
ber of studies have now demonstrated that microbial inputs from the
environment are also important for the development of a normal im-
mune system and protection from immune-mediated non-
communicable diseases (Strachan, 1989; Bach, 2002). In addition, the
recently proposed “biodiversity hypothesis” states that interaction
with diverse and abundant environmental microbiota is important for
the prevention of immune-mediated non-communicable diseases
(Von Hertzen et al.,, 2011). This notion has been exemplified by a high
prevalence of immune-mediated non-communicable diseases in the
densely built urban environment, which is characterized by low envi-
ronmental biodiversity and reduced probability of nature contacts
(Chapin lii et al., 2000; Haahtela et al., 2015). In line with this hypothe-
sis, studies have demonstrated that the skin microbiota of children and
adolescents are associated with the vegetation type and land cover, such
as the proportion of built area in western urban society (Hanski et al.,
2012; Ruokolainen et al., 2015; Lehtimdki et al., 2017).

There are indirect evidences suggesting that the composition of the
gut microbiota is associated with the living environment. A number of
studies have reported a higher abundance of gut Bacteroides,
Bifidobacterium, Blautia and Dorea in populations from highly urbanized
areas in USA and Europe compared to rural populations from Africa and
South America who had enriched Prevotella and members belonging to
Clostridiaceae family (Yatsunenko et al., 2012; Ou et al., 2013; Schnorr
et al., 2014; Obregon-Tito et al., 2015; O'Keefe et al., 2015; Gomez
et al.,, 2016). Even though, these studies compare the gut microbiota
composition in terms of geographical diversity, the differences observed
have been primarily attributed to host factors such as ethnicity, living
habits including diet, access to modern health care and use of antibi-
otics, prebiotics and probiotics. Therefore, it is not known whether
such differences can also be observed along an urban-rural gradient,
and how environmental factors including yard vegetation and the pro-
portion of built areas are associated with gut microbiota. Our recent
studies show that direct contact with gardening materials induces shifts
in commensal microbiota composition and the immune response
(Nurminen et al,, 2018; Gronroos et al,, 2019; Hui et al.,, 2019). In addi-
tion, our another recent study revealed that yard greening enhances
outdoor activities as well as a higher microbial diversity and biomass
in the environment (Puhakka et al., 2019), and the ecological heteroge-
neity of yard vegetation has been distinguished important in

maintaining several ecosystem services, which in turn have been asso-
ciated with the incidence of at least some immune mediated diseases
such as atopy (Hanski et al., 2012; Groffman et al., 2017; Torres-
Camacho et al., 2017). It is therefore logical to think that living environ-
ment, particularly yard vegetation, influences human interaction with
environmental microbes, which ultimately affect the gut microbiota
and the immune system. This aspect, however, has not been explored
before.

Another factor that is generally assumed to be important in shaping
the human gut microbiota is an exposure to pets and other domestic an-
imals. Exposure to dogs, cows and cats have been observed to reduce
the incidences of several immune mediated diseases (Ownby et al.,
2002; Gern et al., 2004) by increasing the indoor exposure to environ-
mental microbiota (Fujimura et al., 2010). Animal ownership is known
to increase gut microbial diversity in children (Azad et al., 2013) and
even sleeping on animal fur such as sheep skin has been suggested to re-
duce the probability of atopy and asthma (Tischer et al., 2015). How-
ever, despite growing support for the role of pets and domestic
animals in influencing the human microbiota, it is not known how ani-
mal ownership shapes potential associations between living environ-
ment and gut bacterial community within a western population.

To summarize the knowledge gap, it is not known whether health-
associated differences in gut microbiota composition exist along an
urban-rural gradient. More importantly, the roles of yard vegetation,
built environment and pet ownership in shaping the gut microbiota re-
main elusive. Therefore, we investigated the stool microbiota of healthy
aging Finns as a model population from a single geographic location and
ethnic background. We recorded yard vegetation and land cover in the
vicinity of their residences, and used these and animal ownership as
proxies of environmental diversity to explain stool microbiota composi-
tion. We hypothesized that yard vegetation and urban living environ-
ment explain the variation in the relative abundance of various stool
bacterial taxa. Additionally, we assumed that animal ownership is also
important in shaping the gut microbiota composition.

2. Materials and methods
2.1. Study area and participants

Our study participants comprised of 48 elderly retired people
(65-79 years) residing within the city of Lahti and rural municipalities
in Pdijdt-Hame and two rural municipalities (litti and Pukkila) in the
immediate vicinity of Pdijat-Hame in Southern Finland (map in Supple-
mentary Fig. S1), additional details in Parajuli et al. (2018). Participants
were chosen from a large prospective study called GOAL (Good Aging in
Lahti region; Fogelholm et al., 2006) from which participants were ran-
domly selected. A half of the study participants were living in urban
apartment houses in the city of Lahti and the remaining half in rural
areas in detached houses outside densely populated communities (de-
mographic information in Table 1). The average residence time (mean 4
SD) of urban participants was 23 (410, min = 4, max = 45) years and
the average residence time of rural participants was 49 (418, min =9
and max = 71) years.

We excluded participants that had one or more non-
communicable chronic diseases affecting the immune response, in-
cluding diabetes, rheumatoid arthritis, chronic obstructive
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Table 1
Characteristics of urban and rural participants of the study.
Urban Rural
Total participants 23 25
Gender
Female 10 10
Male 13 15
Animal ownership
Indoor/outdoor animals 3 12
No animals 20 13

pulmonary disease, celiac disease, psoriasis, dementia, multiple scle-
rosis, asthma with cortisone treatment, or cancer (active treatment
during the last year or largely spread). We also excluded daily
smokers, people taking immunosuppressive medication and corti-
sone pills. Participants who were treated with antibiotics within
the last six months were excluded before statistical analysis. Partici-
pants owning indoor pets or outdoor domestic animals (cat, dog,
cow, horse, chicken and pig) were later separated from the main
dataset in subsequent statistical analyses to study the effect of
animal-ownership on gut microbiota composition (details below).

For the potential effects of diet, study participants' food habits were
recorded in earlier surveys conducted in 2002 and 2012 by the GOAL
study. The surveys included 23 preassigned food types that were di-
vided into six food categories. For each food category, the participants
were asked whether they consumed the food type 1-2 days, 3-5 days,
6-7 days, or not at all (0 days) during the preceding week. We did not
find differences between rural and urban participants’ food habits (Sup-
plementary Table S1). Data was similar in 2002 and 2012, and therefore
only data from 2012 is shown.

2.2. Stool sample collection, DNA extraction, amplification and sequencing

A total of 90 stool samples were collected from 48 study participants
repeatedly in August (45 samples) and November (45 samples; see Sup-
plementary Fig. S2 for the flowchart describing sample collection and
subsequent processes), i.e. the three participants who did not provide
us stool samples in August were not the same as the three who failed
to do so in November. Details of sample collection, DNA extraction,
and amplicon sequencing are described in our previous study
(Nurminen et al., 2018). Briefly, the participants took the stool samples
themselves and stored them at —20 °C until collected by our study per-
sonnel a few days later. Samples were transferred in dry ice and stored
at —80 °C until analyzed. DNA was extracted from 30 to 60 mg of frozen
and unprocessed stool sample and bacterial community was assessed
by the amplification of V4 region within the 16S rDNA on Illumina
MiSeq equipment (Nurminen et al., 2018).

2.3. Bioinformatics

Paired end sequence data (.fastq) from the rRNA gene dataset of
stool bacterial communities were processed using Mothur (version
1.39.5; Schloss et al., 2009) following the protocol by Schloss and
Westcott (2011) and Kozich et al. (2013) and as described earlier
(Nurminen et al., 2018). Sequences were aligned using the Mothur ver-
sion of SILVA bacterial reference (version 132). Less abundant opera-
tional taxonomic units (OTUs) represented by 10 or fewer sequences
across all experimental units were removed to avoid PCR or sequencing
artifacts (Oliver et al., 2015). To control the varying number of se-
quences, each sample was subsampled to 4024 sequences. Observed
OTU richness (Sobs), the complement of Simpson's diversity (1/D: 1/
>_pi2), and Simpson's evenness (ED: 1/3_pi2/S), with pi representing
frequency of each OTU within a sample, were calculated in Mothur.

24. Land cover class and garden diversity determination

The proportions of land cover types within 200 m radiuses from par-
ticipants' homes' were estimated using the Pan-European CORINE Land
Cover 2012 database. The percentages of four different land cover cate-
gories. i.e., built area (including hardscapes), open area (spaces with vo-
luminous open nature), forest, and transitional area were characterized
and three of them i.e. percentage of built area, forest and transitional
area were included in statistical analyses. Open area correlated highly
significantly with other variables.

Plant inventory was done between June and July in 2015. The
number and type of vascular plant species in study participants’
yards were recorded using a 0.1 ha sampling area that excluded
roads, forests, fields and buildings. All vascular plant species were
classified into 10 different morphological-taxonomic categories:
shrubs, trees, tree seedlings (one year old), non-woody flowering
plants (excluding monocots), pteridophytes (ferns), edible berry
bushes (e.g. currants), fruit trees (e.g. apple, pear, cherries, and
plums), non-woody edible plants, perennial plants, and monocots.
Owing to a high correlation between some vegetation categories
and an insufficient number of plant species (particularly in the
urban region), the total number of plant species and the number of
species in shrubs, trees, non-woody flowering plants and ferns
were included in the analyses. In addition, we did a separate analysis
to study the association between gut microbial community and the
number of edible plant species in rural areas.

2.5. Statistical analyses

All statistical analyses were performed in R computing environment
(version 3.3.3, R Development Core Team, 2017). Differences in bacte-
rial community composition between rural and urban areas and be-
tween males and females were analyzed using permutational
multivariate analysis of variance (PERMANOVA). Non-metric multidi-
mensional scaling (NMDS) (Vegan package in R; Oksanen et al., 2013)
was used to visualize the bacterial community compositions. Plant in-
ventory and land-cover data were correlated with the community
structure using permutation tests; the vector fitting procedure (the
envfit function in Vegan) and the Bray-Curtis coefficient was used as
the dissimilarity measure.

The association between stool bacterial diversity indices as well
as relative abundances of bacterial taxa and land-cover types, sam-
pling seasons, genders and yard vegetation were evaluated using
generalized linear mixed model (GLMM) with the Imer function in
the Ime4 package in R. We used altogether three separate GLMM
models that produced all the probability values presented in the re-
sults. The models were designed to evaluate the association of yard
vegetation within 0.1 ha, land cover within 200 m and edible plants
in the rural area (within 0.1 ha) separately with stool bacterial com-
munity to have a maximum of 5 continuous predictor variables in
both models.

To study the association with yard vegetation, predictor variables in-
cluded sampling area (rural or urban), and sampling season as dichoto-
mous factors and their interaction, and number of plant species in each
vegetation category as continuous variables. We compared the differ-
ence in diversity, richness and relative abundance of bacterial taxa be-
tween rural and urban sites in this model. We visualized the results by
plotting the predicted values of the dependent variables from each
model against the rural-urban classification (permanent residence in
Lahti or outside Lahti) wherever relevant.

For the land cover data (a separate model), we removed rural-
urban classification from the factors and used land cover types as
continuous variables. The reason was that the sole rural-urban clas-
sification did not reduce but variation in land cover, and particularly
the coverage of built area, reduced the transfer of environmental mi-
crobiota indoors in our earlier study (Parajuli et al., 2018). To
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determine the season-wise variation in stool bacteria, we considered
only those dependent variables that had significant associations
with season in both models (where applicable) for a robust predic-
tion. In case of the dataset about the association between gut micro-
bial community and the number of edible plant species in rural
yards, we removed rural-urban classification, added animal owner-
ship as a dichotomous variable, and used berry bushes, non-woody
edible plants and fruit trees as continuous variables. The reasons
were that these vegetation types were abundant around rural
houses but were present in only a few urban houses, and that almost
50% of rural participants owned an animal.

We performed all analyses for the whole dataset (90 samples) as
well as for the dataset generated by excluding the study participants
with animals (63 samples) separately in the first two models because
of unequal distribution of animal owners between rural (12) and
urban (3) participants. However, for the association between edible
plants in the yard and stool bacterial taxa in rural area, we included an-
imal ownership as a factor since a half of the participants in the rural
area owned an animal.

In each case, we checked the model assumptions. We inspected the
distribution of residuals and plotted fitted values against residuals. Re-
sponse variables were transformed as log, square root or cubic root
where necessary to ensure that model assumptions were met. For
model selection, we removed non-significant terms, starting with the
term with the highest p-value. The continuous variables, i.e. plant in-
ventory and land cover were initially subject to model simplification
until only terms with p-values <0.1 were left. If the interaction between
factors remained non-significant (p-values >0.1), it was also removed.
However, to remain true to our study design, the main effects (sampling
month and rural-urban classification (in vegetation analyses)) were
retained in the model irrespective of their significance. At finer taxo-
nomic (family and genus) levels, we selected 8 and 12 most abundant
taxa respectively that had no or very few zero abundances across sam-
ples to obviate the problems caused by zero inflation that is common
with microbial sequence data. At all other taxonomic levels, we ana-
lyzed the taxa that were represented by >1% of the sequences.

To double-check the results, we analyzed each taxon separately so
that samples in which the abundance was zero were removed case by
case (Maurice et al., 2015) to confirm that zero abundances did not
cause bias.

3. Results
3.1. Bacterial community characterization

We analyzed the 16S rRNA gene amplicon dataset from 90 stool
samples collected repeatedly from 48 elderly volunteers (25 rural and
23 urban) in August and November 2015. We obtained 9239 OTUs
that represented 9 known bacterial phyla. These bacterial communities
belonged to 18 identified classes and 81 known genera. Firmicutes and
Bacteroidetes were the two dominant phyla representing >90% of the
total sequences (91% in urban and 92% in rural). Bacterial OTUs
representing Firmicutes were the most abundant in rural stool samples
with 48% of the total sequences, while Bacteroidetes was the most abun-
dant in urban stool samples with more than half (51%) of the sequences.
These were followed by Actinobacteria, Proteobacteria and
Verrucomicrobia (Fig. 1). In rural stool samples, the abundance of
Firmicutes ranged from 5 to 68% and that of Bacteroidetes was
16-93% (Supplementary Fig. S3a), while the range was 10-83% for
Firmicutes and 13-71% for Bacteroidetes in urban stool samples (Sup-
plementary Fig. S3b).

3.2. Bacterial community composition

We performed PERMANOVA to study the differences in the bacterial
community composition between rural and urban areas and between
males and females and used NMDS ordination to visualize the differ-
ences graphically. PERMANOVA and NMDS revealed that the commu-
nity composition did not differ between male and female volunteers
in August (p = 0.06; Fig. 2a) but differed in November (R?> = 0.08,
p = 0.009; Fig. 2b) in the whole dataset as well as when the animal
owners were excluded (Supplementary Fig. S4). Four environmental
vectors, percentage of built area (R* = 0.14, p = 0.033), and transitional
area (R? = 0.11, p = 0.042), and the number of shrub species (R*> =
0.08, p = 0.012) and berry bushes (R*> = 0.13, p = 0.023) was associ-
ated with the stool bacterial community composition in November
while the number of tree species (R* = 0.12, p = 0.036) was associated
with the community composition in August samples (Fig. 2) in the
whole dataset. In contrast, when the animal owners were excluded,
only the number of shrub species (R? = 0.20, p = 0.048) was associated
with the community composition in August and no environmental
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Fig. 1. Major bacterial phyla in rural and urban stool samples (values are expressed as mean + SE and a cut off value of 1% abundance was used).
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Fig. 2. NMDS ordination revealing difference in bacterial community composition in stool samples between males and females in August (a) and November (b) in the whole dataset.

Statistically significant (p < 0.05) environmental variables are shown.

variables correlated with the community composition in November
(Supplementary Fig. S4). In addition, we did not observe differences in
the bacterial community composition between rural and urban stool
samples in either datasets.

3.3. Association between vegetation and land cover type and stool microbial
communities

3.3.1. Number of yard shrub species is an explanatory variable of gut bacte-
rial community

We performed GLMM analysis to study the association between veg-
etation type as well as land cover surrounding the permanent resi-
dences and the gut microbiota of our study participants separately.
GLMM of the model containing vegetation type as predictor variables
revealed that the number of shrub species in the yard had the strongest
association with stool bacterial community. The relative abundance of
Faecalibacterium sp. (p = 0.005) and Bifidobacterium sp. (p = 0.003) in-
creased while that of Clostridium sensu stricto (p = 0.002) decreased
with an increase in the number of shrub species (Table 2). When the

Table 2
Statistical parameters revealing the association between relative abundance of stool bac-
terial taxa and number of yard shrub species from GLMM analysis.

Taxa Estimate Standard error p value
Genus level

Bifidobacterium?® 0.0077 0.0026 0.003
Clostridium sensu stricto® —0.0047 0.0016 0.002
Faecalibacterium?® 0.0131 0.0047 0.005
Family level

Bifidobacteriaceae® 0.0077 0.0026 0.003
Clostridiaceae_1* —0.0047 0.0016 0.002
Prevotellaceae® —0.0288 0.0109 0.008
Ruminococcaceae 0.0094 0.0033 0.004
Class level

Bacteroidia —0.0171 0.0064 0.007
Phylum level

Bacteroidetes —0.0179 0.0061 0.003
Firmicutes 0.0143 0.0054 0.008
(Firmicutes:Bacteroidetes)® 0.080 0.029 0.005

a = square root transformation, b = log transformation.

animal owners were removed from the data, the associations between
the number of shrub species and Faecalibacterium sp. (p = 0.006) and
Clostridium sensu stricto (p = 0.006) were retained (Supplementary
Table S2).

The same highly significant associations existed at the family level:
the relative abundance of Ruminococcaceae (that includes
Faecalibacterium sp.) increased and Clostridiaceae cluster I decreased
when the number of yard shrub species increased (p = 0.004 and
p < 0.001 with and without animal owners for Ruminoccaceae and
p = 0.002 and 0.006 for Clostridiaceae, respectively, Table 2 and Supple-
mentary Table S2). Additionally, the abundance of family Prevotellaceae
declined with increase in the number of shrub species regardless of
whether the animal owners were excluded or not (p = 0.008 with ani-
mals and p = 0.014 without animal owners, Table 2 and Supplementary
Table S2). In contrast, the association between shrubs and
Bifidobacteriaceae family and Bifidobacterium sp. became insignificant
(p > 0.05) when animal owners were removed from the data. In addi-
tion, Blautia sp. (p = 0.001) increased and Prevotella sp. (p = 0.009) de-
creased as the number of yard shrub species increased when animal
owners were excluded from the analysis (Supplementary Table S2).

At the phylum level, the relative abundance of Firmicutes increased
when the number of yard shrub species increased (p = 0.008 with and
p = 0.004 without animal owners), whereas Bacteroidetes (p = 0.003)
declined, but only when the animal owners were included. The
Firmicutes to Bacteroidetes ratio, however, exhibited positive associa-
tion with yard shrub species with and without animal owners
(Table 2 and Supplementary Table S2). At class level, the abundance of
Bacteroidia (p = 0.007) declined with increase in yard shrub species
but only when animal owners were included (Table 2).

As several garden shrubs are cultivated for edible fruits, we analyzed
shrubs species bearing edible fruits separately. The relative abundance
of stool Parabacteroides sp. increased (p = 0.026) and Prevotella sp. de-
creased with an increase in the number of shrubs species bearing edible
fruit (p = 0.005; Supplementary Table S3).

3.3.2. Built environment is associated with gut bacteria composition

The strongest positive association between the percentage of built
area and the relative abundance of stool bacteria was in case of
Parabacteroides sp. (p = 0.002; Table 3). The relative abundance of
Bacteroides sp. and family Bacteroidaceae increased with increasing
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Table 3
Statistical parameters revealing the association between relative abundance of the stool
bacterial families and genera with coverage of built area.

Taxa Estimate Standard error p value
Genus level

Bacteroides?® 0.0020 0.0007 0.008
Parabacteroides® 0.0006 0.0002 0.002
Prevotella® —0.0024 0.0011 0.028
Family level

Bacteroidaceae?® 0.0020 0.0007 0.008

a = square root transformed.

percentage of built area (p = 0.008; Table 3). When the animal owners
were removed from the analysis, these associations became less signif-
icant (p = 0.009 and p = 0.019 for Parabacteroides and Bacteroides, re-
spectively; Supplementary Table S4). The relative abundance of
Prevotella sp. decreased with an increase in the percentage of built
area regardless of the inclusion of the animal owners (p = 0.028 and
p = 0.014, respectively; Table 3 and Supplementary Table S4).

We also used urban-rural division as one of the factors in GLMM but
it did not turn out to be a significant factor affecting the relative abun-
dances of stool bacterial taxa (Supplementary Fig. S5). Genus Dorea
was the only taxon that was associated with rural-urban classification
(higher in urban), regardless of animal ownership (p = 0.010 and
p = 0.026 with and without animal owners; Supplementary Fig. S5).
Faecalibacterium sp. was less abundant (p = 0.027) and Parabacteroides
sp. (p = 0.025) and class Bacilli (p = 0.015) were more abundant
among urban participants in the whole dataset. When the animal
owners were excluded, Family Clostridiaceae 1 and genera Clostridium
sensu stricto (p = 0.025) and Prevotella (p = 0.025) were less and
genus Blautia (p = 0.008) was more abundant in urban stool samples,
but the significances were not strong (Supplementary Fig. S5). Finally,
we analyzed the importance of other land cover types and observed
that they did not have particularly significant associations with stool
bacterial taxa (Supplementary Table S5).

3.3.3. Non-woody flowering plants diversity is associated with the abun-
dance of gut bacterial taxa

The number of non-woody flowering plant species had a direct asso-
ciation with the relative abundance of the family Prevotellaceae
(p < 0.001 with animal owners and p = 0.029 without animal owners,
Supplementary Table S6) but not the genus Prevotella sp. (p > 0.05). As
an opposite, the relative abundances of Bacteroidaceae and Bacteroides
sp. (p = 0.005) decreased as the number of non-woody flowering
plants increased in the whole dataset. Likewise, the relative abundance
of the class Bacteroidia (p = 0.009 and p = 0.004 with and without an-
imal owners, respectively) and phylum Bacteroidetes (p = 0.011 and
p = 0.003 with and without animal-owners) increased with an increase
in the number of flowering plant species (Supplementary Table S6). In
contrast to flowering plants and particularly shrubs, the total number
of plant species and ferns had very few associations with stool microbi-
ota (Supplementary Table S7).

We also analyzed the whole data by removing samples having zero
abundance of the taxa being tested as a response variable. However,
the results were hardly affected, suggesting that our observations
were not biased by the nature of the bacterial sequence data (Supple-
mentary Tables S8-S12).

4. Discussion

In this study, we showed that yard vegetation and land cover in the
immediate vicinity of residences were important explanatory variables
for stool microbiota composition along an urban-rural gradient while
sampling time had no effect. Particularly, the diversity of yard shrub
species demonstrated the most profound relationships and was

associated with shifts in the relative abundance of two major gut
phyla, i.e. Bacteroidetes (reduced) and Firmicutes (increased) as well
as the Firmicutes to Bacteroidetes ratio (increased). Reduction in
Firmicutes to Bacteroidetes ratio is typical for gut flora among the el-
derly (Mariat et al., 2009), probably an indication of unstable and dete-
riorating gut microbiota, and the reduction is also associated with an
increased incidence of inflammatory bowel disease and allergic reac-
tions (Clemente et al., 2012; Kim et al., 2018). The observed increase
in this ratio with an increase in the number of yard shrub species, re-
gardless of whether the animal-owners were included or not, suggests
that abundant yard shrubs could promote gut microbiota homeostasis,
particularly among the elderly.

This assumption is supported further by the associations observed at
the family and genus level. Family Ruminococcaceae and genus
Faecalibacterium became more abundant and Clostridiaceae cluster I
and Clostridium sensu stricto less abundant with increasing number of
yard shrub species, regardless of whether animal owners were included
or not. Several members of Clostridiaceae and Clostridium sensu stricto
are known to be pathogenic (Lakshminarayanan et al., 2013; Rajilic-
Stojanovic¢ and de Vos, 2014) and have been seen as a marker of
degrading gut microbiota among the elderly (Drago et al., 2012;
Lopetuso et al., 2013), whereas, Faecalibacterium has been associated
with a healthy gut (Rajilic-Stojanovic et al., 2011; Rajili¢-Stojanovic
and de Vos, 2014). Therefore, even though we cannot say for sure
whether the shrubs were the sources of gut Faecalibacterium, there is
a good reason to assume that yard shrub diversity is linked to gut ho-
meostasis and can turn out to be an important revelation in understand-
ing how living environment and particularly the green environment is
associated with human health.

Because of the nature of our study design, we cannot state the very
reason why yard shrubs had more associations with stool microbiota
compared to other morphological vascular plant groups. However,
shrubs are about the same height as humans, they need weeding, are
cut regularly, and their microbiota in fallen leaves invade paths and pa-
tios in October and early November and therefore enhance the chances
of human contacts. Among rural participants, the number of shrubs
bearing edible fruit promoted Parabacteroides, known to cut down
sugars (Nihira et al., 2013), but the association was not highly signifi-
cant (p > 0.02), possibly due to a small sample size. As the applied
value of any strong associations between yard vegetation and gut mi-
crobiota can be huge, we encourage further research on shrubs and
their effect on gut microbiota by, for instance, utilizing metagenomics
approaches for the assessment of microbial functions.

Number of non-woody flowering plant species was associated with
the relative abundance of a number of stool bacteria including positive
associations with the phylum Bacteroidetes and class Bacteroidia.
Bacteroidia comprises two of the most abundant families in gut flora,
i.e. Prevotellaceae, that became more abundant, and Bacteroidaceae (in-
cluding only genus Bacteroides in this study) that declined with increas-
ing number of non-woody flowering plant species. Since these two
families and the Bacteroides genus have context-dependent association
with health disorders (Wexler, 2007; Ley, 2016), the associations be-
tween flowering plants species and gut microbiota were not straightfor-
ward indicators of human health. Interestingly, however, Hanski et al.
(2012) observed a negative correlation between the abundance of
non-native flowering plants in garden and atopy in Finnish children
and atopic children were found to host less Bacteroidetes and
Bacteroidia in another study (Chen et al., 2016). Although the study
populations differ, these interesting associations suggest that non-
woody flowering plant species may have a role in gut homeostasis to-
gether with woody shrubs and will require further investigations.

We observed that the built area coverage was associated with an in-
creased abundance of genera Bacteroides and Parabacteroides and a re-
duced abundance of genus Prevotella. Previously, Parabacteroides has
been linked with a healthy gut microflora in the elderly and a high
abundance of Bacteroides and Dorea have been associated with several
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adverse health conditions and obesity (Lucke et al., 2006; Pozuelo et al.,
2015; Del Chierico et al., 2017) but the effects of Bacteroides are as-
sumed bidirectional (Wexler, 2007). This suggests that built environ-
ment does not necessarily cause solely negative changes in the stool of
healthy elderly people. Interestingly, increase in Bacteroides and Dorea
and decrease in Prevotella with increased coverage of built area corre-
spond to cross-continental studies comparing urban and rural popula-
tions (Yatsunenko et al., 2012; Ou et al., 2013; Schnorr et al., 2014;
Obregon-Tito et al., 2015; O'Keefe et al., 2015; Gomez et al., 2016).
Therefore, it seems that living in highly rural areas and having a prein-
dustrial life style is not needed for a healthy gut microbiota. As our
study population comprised of a homogenous group of people, we can
exclude factors such as ethnicity, socioeconomic status, high parasite
load, access to modern health care, use of antibiotics and even diet (Sup-
plementary Table S1). Our findings therefore underline the role of ev-
eryday nature contacts and transfer of environmental microbiota
indoors (Parajuli et al., 2018; Hui et al., 2019) in the homeostasis of
gut microbiota.

Even though animal ownership affected the bacterial composition
between rural and urban participants, it did not alter the key finding
in our study, i.e. it did not affect the associations found between shrubs
and Faecalibacterium and Clostridium sensu stricto. Instead, all the asso-
ciations between stool microbiota and Bacteroides and those found be-
tween land cover classes and stool microbiota depended on the
inclusion of animal owners. As animal owners seemed to have less
Parabacteroides and Bacteroides than non-animal owners, the increased
relative abundance of these two taxa in built environment might be bal-
anced by pets and domestic animals (Parajuli et al., 2018). This associa-
tion that may even turn out to be a causal effect, however, is presumably
dependent on nature contacts; if animals and their owners do not have
access to surface soil or if the environment is polluted, surface soil mi-
crobiota is not transferred indoors or it is different compared to micro-
flora found in pristine environments (Parajuli et al., 2017; Grénroos
et al, 2019; Roslund et al., 2018; Hui et al., 2019) Further, as severe pol-
lution changes not only environmental and human microbial but also
plant communities (Sinkkonen et al., 2013; Hansi et al., 2014; Belz and
Sinkkonen, 2016; Roslund et al., 2019) associations found in relatively
unpolluted Southern Finland may not necessarily hold under severe
air pollution e.g. in megalopolises. We encourage research that takes
into account environmental factors such as land cover, traffic and varia-
tion in air and soil pollution. Intervention studies based on modification
of yard vegetation are recommended to study the importance of imme-
diate living environment in shaping gut microbiota and to develop easy-
to-use management strategies that modify the load of environmental
microbiota urban dwellers are exposed to (Puhakka et al., 2018; Hui
et al., 2019).

5. Conclusion

Our findings suggest that yard vegetation, particularly shrubs and
non-woody flowering plants, and the coverage of built area are associ-
ated with gut microbiota. As the relative abundance of Faecalibacterium
was high and that of Clostridium sensu stricto was low with an increas-
ing number of shrub species, we have a good reason to hypothesize that
yard vegetation have cascading effects on health associated gut micro-
flora in urbanized, developed societies. Living in areas with tdiverse
plant communities seems to be negatively associated with dysbiotic
shifts in gut microbiota.

Ethics approval and consent to participate

This study was carried out according to the recommendations of the
“Finnish Advisory Board on Research Integrity” and ethical approval was
obtained from the regional ethical committee. Written informed con-
sents were obtained from all subjects in accordance with the Declaration
of Helsinki.

Availability of data and materials

Raw sequences reads generated in the study are available in Se-
quence Read Archive (https://www.ncbi.nlm.nih.gov/sra) with acces-
sion numbers SAMN08991885-SAMN08992045.

Disclosure statement

The authors report no conflict of interest.

Funding

This work was funded by The Finnish Funding Agency for Innovation
(TEKES) (decision number 40333/14) to ADELE project, and a personal
grant by Onni ja Hilja Tuovisen foundation to Anirudra Parajuli.

CRediT authorship contribution statement

Anirudra Parajuli: Conceptualization, Methodology, Formal analy-
sis, Investigation, Data curation, Writing - original draft, Writing - re-
view & editing, Visualization. Nan Hui: Conceptualization,
Methodology, Validation, Formal analysis, Investigation, Data curation,
Writing - original draftWriting - review & editing. Riikka Puhakka: Val-
idation, Investigation, Data curation, Writing - review & editing. Sami
Oikarinen: Investigation, Resources, Data curation.Mira Grénroos:Val-
idation, Investigation, Data curation, Writing - review & editing, Super-
vision. Ville A.O. Selonen: Investigation, Data curation. Nathan Siter:
Validation, Investigation, Resources, Data curation. Lenka Kramna: In-
vestigation, Resources, Data curation. Marja I. Roslund: Investigation,
Data curation. Heli K. Vari: Investigation, Data curation. Noora
Nurminen: Investigation, Data curation, Writing - review & editing.
Hanna Honkanen: Investigation, Data curation. Jukka Hintikka: Vali-
dation, Resources, Data curation, Writing - review & editing. Hannu
Sarkkinen: Validation, Resources, Data curation, Writing - review &
editing. Martin Romantschuk: Validation, Resources, Writing - review
& editing. Markku Kauppi: Validation, Resources, Data curation, Writ-
ing - review & editing. Raisa Valve: Validation, Resources, Data curation,
Writing - review & editing. Ondfej Cinek: Validation, Resources, Data
curation, Writing - review & editing. Olli H. Laitinen: Methodology, Val-
idation, Writing - review & editing, Supervision. Juho Rajaniemi: Vali-
dation, Resources, Data curation, Writing - review & editing. Heikki
Hyoty: Conceptualization, Methodology, Validation, Resources, Writing
- review & editing, Supervision. Aki Sinkkonen: Funding acquisition,
Supervision, Visualization, Writing - review & editing, Resources, Vali-
dation, Methodology, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

We would like to thank Kaisa Soikkeli and Jukka Pellinen from
AlmalLab (University of Helsinki) for their laboratory assistance. The au-
thors wish to acknowledge CSC - IT Center for Science, Finland, for compu-
tational resources.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.136707.


https://www.ncbi.nlm.nih.gov/sra
https://doi.org/10.1016/j.scitotenv.2020.136707
https://doi.org/10.1016/j.scitotenv.2020.136707

8 A. Parajuli et al. / Science of the Total Environment 713 (2020) 136707

References

Azad, M.B,, Konya, T., Maughan, H., Guttman, D.S., Field, CJ., Sears, M.R,, et al., 2013. Infant gut
microbiota and the hygiene hypothesis of allergic disease: impact of household pets and
siblings on microbiota composition and diversity. Allergy, Asthma Clin. Immunol. 9, 15.

Bach, J., 2002. The effect of infections on susceptibility to autoimmune and allergic dis-
eases. N. Engl. J. Med. 347, 911-920.

Belz, R.G., Sinkkonen, A., 2016. Selective toxin effects on faster and slower growing indi-
viduals in the formation of hormesis at the population level—a case study with
Lactuca sativa and PCIB. Sci. Total Environ. 566, 1205-1214.

Chapin lii, F.S., Zavaleta, E.S., Eviner, V.T., Naylor, R.L, Vitousek, P.M., Reynolds, H.L,, et al.,
2000. Consequences of changing biodiversity. Nature 405, 234.

Chen, C,, Chen, K., Kong, M., Chang, H., Huang, ]., 2016. Alterations in the gut microbiotas
of children with food sensitization in early life. Pediatr. Allergy Immunol. 27,
254-262.

Clemente, J.C., Ursell, LK., Parfrey, LW., Knight, R., 2012. The impact of the gut microbiota
on human health: an integrative view. Cell 148, 1258-1270.

Del Chierico, F., Nobili, V., Vernocchi, P., Russo, A., Stefanis, C.D., Gnani, D., et al., 2017. Gut
microbiota profiling of pediatric nonalcoholic fatty liver disease and obese patients
unveiled by an integrated meta-omics-based approach. Hepatology 65, 451-464.

Drago, L., Toscano, M., Rodighiero, V., De Vecchi, E., Mogna, G., 2012. Cultivable and
pyrosequenced fecal microflora in centenarians and young subjects. J. Clin.
Gastroenterol. 46, S84.

Fogelholm, M., Valve, R, Absetz, P., Heinonen, H., Uutela, A, Patja, K, et al., 2006. Rural—urban
differences in health and health behaviour: a baseline description of a community
health-promotion programme for the elderly. Scand. J. Public Health 34, 632-640.

Frank, D.N., Amand, A.LS., Feldman, R.A., Boedeker, E.C., Harpaz, N., Pace, N.R., 2007.
Molecular-phylogenetic characterization of microbial community imbalances in
human inflammatory bowel diseases. Proc. Natl. Acad. Sci. 104, 13780-13785.

Fujimura, K.E., Johnson, C.C., Ownby, D.R,, Cox, M.J,, Brodie, E.L, Havstad, S.L., et al., 2010.
Man'’s best friend? The effect of pet ownership on house dust microbial communities.
J. Allergy Clin. Immunol. 126, 410.

Gern, J.E., Reardon, C.L., Hoffjan, S., Nicolae, D., Li, Z., Roberg, K.A,, et al., 2004. Effects of dog
ownership and genotype on immune development and atopy in infancy. J. Allergy
Clin. Immunol. 113, 307-314.

Gomez, A., Petrzelkova, KJ., Burns, M.B., Yeoman, CJ., Amato, KR., Vickova, K, et al., 2016.
Gut microbiome of coexisting BaAka Pygmies and Bantu reflects gradients of tradi-
tional subsistence patterns. Cell Rep. 14, 2142-2153.

Groffman, P.M., Avolio, M., Cavender-Bares, J., Bettez, N.D., Grove, J.M., Hall, SJ., et al.,
2017. Ecological homogenization of residential macrosystems. Nat. Ecol. Evol. 1, 191.

Gronroos, M., Parajuli, A., Laitinen, O.H., Roslund, M.L,, Vari, H.K,, Hy6ty, H., et al., 2019.
Short-term direct contact with soil and plant materials leads to an immediate in-
crease in diversity of skin microbiota. MicrobiologyOpen e00645.

Haahtela, T., Laatikainen, T., Alenius, H., Auvinen, P., Fyhrquist, N., Hanski, I, et al., 2015.
Hunt for the origin of allergy-comparing the Finnish and Russian Karelia. Clin. Exp.
Allergy 45, 891-901.

Hansi, M., Weidenhamer, ].D., Sinkkonen, A., 2014. Plant growth responses to inorganic
environmental contaminants are density-dependent: experiments with copper sul-
fate, barley and lettuce. Environ. Pollut. 184, 443-448.

Hanski, 1., von Hertzen, L., Fyhrquist, N., Koskinen, K., Torppa, K., Laatikainen, T, et al.,
2012. Environmental biodiversity, human microbiota, and allergy are interrelated.
Proc. Natl. Acad. Sci. 109, 8334-8339.

Hui, N., Parajuli, A., Puhakka, R., Grénroos, M., Roslund, M.L, Vari, H.K,, Selonen, V.A, Yan,
G,, Siter, N, Nurminen, N., Oikarinen, S., 2019. Temporal variation in indoor transfer of
dirt-associated environmental bacteria in agricultural and urban areas. Environ. Int.
132, 1050609.

Kim, J.A,, Kim, S., Kim, LS., Yu, D.Y., Kim, S.C,, Lee, S.H,, et al., 2018. Anti-inflammatory ef-
fects of a mixture of lactic acid bacteria and sodium butyrate in atopic dermatitis mu-
rine model. J. Med. Food 21, 716-725.

Kozich, JJ., Westcott, S.L.,, Baxter, N.T., Highlander, S.K., Schloss, P.D., 2013. Development
of a dual-index sequencing strategy and curation pipeline for analyzing amplicon se-
quence data on the MiSeq Illumina sequencing platform. Appl. Environ. Microbiol. 13.

Lakshminarayanan, B., Harris, H.M., Coakley, M., O'Sullivan, 0., Stanton, C., Pruteanu, M., et
al., 2013. Prevalence and characterization of Clostridium perfringens from the faecal
microbiota of elderly Irish subjects. J. Med. Microbiol. 62, 457-466.

Laursen, M.F., Bahl, M.I, Michaelsen, K.F, Licht, T.R., 2017. First foods and gut microbes.
Front. Microbiol. 8, 356.

Lehtimdki, J., Karkman, A, Laatikainen, T., Paalanen, L., Von Hertzen, L., Haahtela, T, et al,,
2017. Patterns in the skin microbiota differ in children and teenagers between rural
and urban environments. Sci. Rep. 7, 45651.

Ley, RE., 2016. Gut microbiota in 2015: Prevotella in the gut: choose carefully. Nat. Rev.
Gastroenterol. Hepatol. 13, 69.

Lopetuso, L.R., Scaldaferri, F., Petito, V., Gasbarrini, A., 2013. Commensal Clostridia: leading
players in the maintenance of gut homeostasis. Gut Pathogens 5, 23.

Lucke, K., Miehlke, S., Jacobs, E., Schuppler, M., 2006. Prevalence of Bacteroides and
Prevotella spp. in ulcerative colitis. J. Med. Microbiol. 55, 617-624.

Macpherson, AJ., Harris, N.L.,, 2004. Interactions between commensal intestinal bacteria
and the immune system. Nat. Rev. Immunol. 4, 478.

Mariat, D., Firmesse, O., Levenez, F., Guimaraes, V.D., Sokol, H., Doré, J., et al., 2009. The
Firmicutes/Bacteroidetes ratio of the human microbiota changes with age. BMC
Microbiol. 9, 123.

Maurice, C.F., Knowles, S.C., Ladau, ]., Pollard, K.S., Fenton, A., Pedersen, A.B,, et al., 2015.
Marked seasonal variation in the wild mouse gut microbiota. ISME ]. 9, 2423.

Nihira, T., Suzuki, E., Kitaoka, M., Nishimoto, M., Ohtsubo, K., Nakai, H., 2013. Discovery of
-1, 4-d-mannosyl-N-acetyl-d-glucosamine phosphorylase involving in the metabo-
lism of N-glycans. J. Biol. Chem. M113, 469080 jbc.

Nurminen, N., Lin, ], Grénroos, M., Puhakka, R., Kramna, L., Vari, HK, et al., 2018. Nature-
derived microbiota exposure as a novel immunomodulatory approach. Future
Microbiol. 13, 737-744.

Obregon-Tito, AJ., Tito, R.Y., Metcalf, ]., Sankaranarayanan, K., Clemente, ].C,, Ursell, LK, et
al., 2015. Subsistence strategies in traditional societies distinguish gut microbiomes.
Nat. Commun. 6, 6505.

O'Keefe, SJ., Li, J.V,, Lahti, L, Ou, J,, Carbonero, F., Mohammed, K., et al,, 2015. Fat, fibre and
cancer risk in African Americans and rural Africans. Nat. Commun. 6 (ncomms7342).

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O’hara, R.B,, et al., 2013.
Package ‘Vegan'. Community ecology package, version. p. 2.

Oliver, AK., Brown, S.P., Callaham, M.A,, Jumpponen, A., 2015. Polymerase matters: non-
proofreading enzymes inflate fungal community richness estimates by up to 15%.
Fungal Ecol. 15, 86-89.

Ou, J., Carbonero, F., Zoetendal, E.G., DeLany, J.P., Wang, M., Newton, K, et al., 2013. Diet,
microbiota, and microbial metabolites in colon cancer risk in rural Africans and
African Americans. Am. J. Clin. Nutr. 98, 111-120.

Ownby, D.R,, Johnson, C.C,, Peterson, E.L., 2002. Exposure to dogs and cats in the first year
of life and risk of allergic sensitization at 6 to 7 years of age. JAMA 288, 963-972.

Parajuli, A., Grénroos, M., Kauppi, S., Plociniczak, T., Roslund, M.I,, Galitskaya, P., et al.,
2017. The abundance of health-associated bacteria is altered in PAH polluted soils—
implications for health in urban areas? PLoS One 12, e0187852.

Parajuli, A., Gronroos, M, Siter, N., Puhakka, R., Vari, H.K,, Roslund, M.L, et al., 2018. Urban-
ization reduces transfer of diverse environmental microbiota indoors. Front.
Microbiol. 9, 84.

Pozuelo, M., Panda, S., Santiago, A., Mendez, S., Accarino, A., Santos, J.,, et al,, 2015. Reduc-
tion of butyrate-and methane-producing microorganisms in patients with Irritable
Bowel Syndrome. Sci. Rep. 5, 12693.

Puhakka, R., Valve, R., Sinkkonen, A., 2018. Older consumers’ perceptions of functional
foods and non-edible health-enhancing innovations. Int. J. Consum. Stud. 42,
111-119.

Puhakka, R, Rantala, O., Roslund, M., Rajaniemi, ]., Laitinen, O.H., Sinkkonen, A., ADELE
Research Group, 2019. Greening of daycare yards with biodiverse materials affords
well-being, play and environmental relationships. Int. J. Environ. Res. Public Health
16, 2948.

Rajili¢-Stojanovi¢, M., de Vos, W.M., 2014. The first 1000 cultured species of the human
gastrointestinal microbiota. FEMS Microbiol. Rev. 38, 996-1047.

Rajilic-Stojanovi¢, M., Biagi, E., Heilig, H.G., Kajander, K., Kekkonen, R.A., Tims, S., et al.,
2011. Global and deep molecular analysis of microbiota signatures in fecal samples
from patients with irritable bowel syndrome. Gastroenterology 141, 1792-1801.

Roslund, M.L, Gronroos, M., Rantalainen, A., Jumpponen, A., Romantschuk, M., Parajuli, A.,
et al., 2018. Half-lives of PAHs and temporal microbiota changes in commonly used
urban landscaping materials. Peer] 6, e4508.

Roslund, M.I, Rantala, S., Oikarinen, S., Puhakka, R., Hui, N., Parajuli, A., Laitinen, O.H.,
Hyoty, H., Rantalainen, A.L., Sinkkonen, A., Gronroos, M., 2019. Endocrine disruption
and commensal bacteria alteration associated with gaseous and soil PAH contamina-
tion among daycare children. Environ. Int. 130, 104894.

Round, J.L., Mazmanian, S.K., 2009. The gut microbiota shapes intestinal immune re-
sponses during health and disease. Nat. Rev. Immunol. 9313.

Ruokolainen, L., Von Hertzen, L., Fyhrquist, N., Laatikainen, T., Lehtomadki, J., Auvinen, P., et
al,, 2015. Green areas around homes reduce atopic sensitization in children. Allergy
70, 195-202.

Schloss, P.D., Westcott, S.L., 2011. Assessing and improving methods used in OTU-based
approaches for 16S rRNA gene sequence analysis. Appl. Environ. Microbiol. 77,
3219-3226.

Schloss, P.D., Westcott, S.L., Ryabin, T., Hall, ].R., Hartmann, M., Hollister, E.B., et al., 2009.
Introducing mothur: open-source, platform-independent, community-supported
software for describing and comparing microbial communities. Appl. Environ.
Microbiol. 75, 7537-7541.

Schnorr, S.L,, Candela, M., Rampelli, S., Centanni, M., Consolandi, C., Basaglia, G., et al.,
2014. Gut microbiome of the Hadza hunter-gatherers. Nat. Commun. 5, 3654.

Sekirov, 1., Russell, S.L., Antunes, L.C.M.,, Finlay, B.B., 2010. Gut microbiota in health and
disease. Physiol. Rev. 90, 859-904.

Sinkkonen, A., Kauppi, S., Pukkila, V., Nan, H., Plociniczak, T., Kontro, M., et al., 2013. Pre-
vious exposure advances the degradation of an anthropogenic s-triazine regardless of
soil origin. J. Soils Sediments 13, 1430-1438.

Sjogren, Y.M., Jenmalm, M.C,, Béttcher, MLF., Bjérkstén, B., Sverremark-Ekstrém, E., 2009.
Altered early infant gut microbiota in children developing allergy up to 5 years of
age. Clin. Exp. Allergy 39, 518-526.

Strachan, D.P., 1989. Hay fever, hygiene, and household size. BMJ [Br. Med. J.] 299, 1259.

Team, R.C., 2017. R development Core team. 55. R: A Language and Environment for Sta-
tistical Computing, pp. 275-286.

Tischer, C., Standl, M., Lehmann, L, Schaaf, B., von Berg, A., Heinrich, J., 2015. Sleeping on
animal fur is related to asthma outcomes in later childhood. Eur. Respir. J. 46,
107-114.

Torres-Camacho, K.A.,, Meléndez-Ackerman, EJ.,, Diaz, E., Correa, N., Vila-Ruiz, C., Olivero-
Lora, S, et al., 2017. Intrinsic and extrinsic drivers of yard vegetation in urban residen-
tial areas: implications for conservation planning. Urban Ecosyst. 20, 403-413.

Von Hertzen, L., Hanski, I, Haahtela, T., 2011. Natural immunity: biodiversity loss and in-
flammatory diseases are two global megatrends that might be related. EMBO Rep. 12,
1089-1093.

Wexler, H.M., 2007. Bacteroides: the good, the bad, and the nitty-gritty. Clin. Microbiol.
Rev. 20, 593-621.

Yatsunenko, T., Rey, F.E., Manary, MJ., Trehan, 1., Dominguez-Bello, M.G., Contreras, M., et
al,, 2012. Human gut microbiome viewed across age and geography. Nature 486, 222.


http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0005
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0005
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0005
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0010
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0010
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0015
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0015
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0015
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0020
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0025
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0025
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0025
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0030
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0030
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0035
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0035
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0035
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0040
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0040
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0040
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0045
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0045
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0045
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0050
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0050
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0055
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0055
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0060
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0060
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0060
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0065
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0065
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0070
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0075
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0075
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0080
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0080
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0085
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0085
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0085
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0090
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0090
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0095
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0095
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0095
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0100
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0100
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0100
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0105
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0105
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0105
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0110
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0110
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0115
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0115
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0120
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0120
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0125
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0125
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0130
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0130
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0135
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0135
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0140
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0140
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0145
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0145
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0145
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0150
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0155
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0155
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0155
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0160
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0160
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0160
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0165
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0165
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0170
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0170
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0175
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0180
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0180
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0180
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0190
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0190
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0190
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0195
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0195
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0200
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0200
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0205
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0205
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0205
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0210
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0210
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0210
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0215
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0215
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0215
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0220
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0220
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0220
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0225
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0225
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0230
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0230
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0235
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0235
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0240
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0240
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0240
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0245
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0245
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0250
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0250
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0255
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0255
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0255
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0260
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0260
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0260
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0265
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0270
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0270
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0275
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0275
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0275
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0280
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0280
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0285
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf2005
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf2005
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0290
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0290
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0290
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0295
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0295
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0300
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0300
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0300
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0305
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0305
http://refhub.elsevier.com/S0048-9697(20)30217-5/rf0310

	Yard vegetation is associated with gut microbiota composition
	1. Introduction
	2. Materials and methods
	2.1. Study area and participants
	2.2. Stool sample collection, DNA extraction, amplification and sequencing
	2.3. Bioinformatics
	2.4. Land cover class and garden diversity determination
	2.5. Statistical analyses

	3. Results
	3.1. Bacterial community characterization
	3.2. Bacterial community composition
	3.3. Association between vegetation and land cover type and stool microbial communities
	3.3.1. Number of yard shrub species is an explanatory variable of gut bacterial community
	3.3.2. Built environment is associated with gut bacteria composition
	3.3.3. Non-woody flowering plants diversity is associated with the abundance of gut bacterial taxa


	4. Discussion
	5. Conclusion
	Ethics approval and consent to participate
	Availability of data and materials
	Disclosure statement
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


