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Abstract

Mammals have a symbiotic relationship with various microorganisms called microbiota throughout their lives. These micro-
organisms are known to affect the host’s physiology, health, and even mental balance. The development of the gut microbiota
is regulated by a complex interaction between host and environmental factors, including diet and lifestyle. Herein, it is aimed
to elucidate the differences in the gut microbiota of rats living in urban and rural habitats. The taxonomic changes in the gut
microbiota of wild rats belonging to Rattus rattus species caught from urban and rural areas of Western Anatolian (Bilecik
province) were examined comparatively by 16S rRNA next-generation sequencing technique. Laboratory rats were used as
reference animals. The alpha diversities were found lower in the rural rats with respect to the urban rats, whereas the highest
alpha diversity was calculated for laboratory rats. The lower Firmicutes to Bacteroidetes ratios (F/B ratio) were accounted for
both rural and laboratory rats compared with urban rats. The Proteobacteria to Actinobacteria ratio (P/A ratio) was lower for
rural rats, but higher for laboratory rats, compared with urban rats. The heatmap analyses of taxonomic units in the micro-
biota of each group demonstrated distinct patterns at the species and genus levels. The study provided metagenomic data
on the gut microbiota of rats residing in urban and rural habitats, offering a different perspective on future environmental

biomonitoring studies.

Introduction

Microbiota forms depending on the interaction with the
environment after birth (Wopereis et al. 2014). Nutrition,
genetic factors, age, geography, and even the way of birth
affect the maturation process of the microbiota (Flandroy
et al. 2018). Mammalian microbiota has various compo-
sitions in different animal species and is quite complex
and widescale depending on their anatomical features and
nutritional preferences (omnivorous, carnivore, herbivore)
(Flemer et al. 2017). A total of 8 bacterial phyla have been
mainly identified in the human gut microbiota as Firmicutes,
Bacteroidetes, Actinobacteria, Fusobacteria, Proteobacteria,
Verrucomicrobia, Cyanobacteria, and Spirochaetes. The
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human and mouse/rat microbiota are similar in terms of
microbial diversity, except for Fusobacteria (Biackhed et al.
2005). According to the microbial sequence data of humans
and rats, Firmicutes and Bacteroidetes (93%) were similarly
dominant in both (Lleal et al. 2019). In other studies, it has
been confirmed that the gut microbiota of laboratory rats is
more similar to humans than mice (Manichanh et al. 2010).

The development of the gut microbiota is regulated by
a complex interaction between the host and numerous fac-
tors, including diet and lifestyle (Rothschild et al. 2018). The
dynamics of the gut microbiota from birth to adult age can
shed light on the variability of this community within the host
and its relationships with disease risks (Bickhed et al. 2015).
Foods such as snails, arthropods, mushrooms, seeds, leaves,
fruits, flowers, bark, and stems constitute the natural diet of
rats. Various seeds and leaves are detected in the stomach
content of Rattus rattus living in steppe areas as 70% fruits,
15% arthropods, 8% seeds, 2% root, 1% flower, 1% grass
leaf, and < 1% trace nutrients. However, since rats can adapt
to a wide variety of foods, their diet preference is largely
determined by aliment availability. For rats that cannot find
natural sources in urban life, rotten food found in the litter is
a primary food source (Traweger and Slotta-Bachmayr 2005).

@ Springer


http://orcid.org/0000-0002-5293-6447
http://orcid.org/0000-0002-6602-8570
http://orcid.org/0000-0003-1705-5107
http://crossmark.crossref.org/dialog/?doi=10.1007/s12223-022-00951-y&domain=pdf

470

Folia Microbiologica (2022) 67:469-477

Studies conducted by taking into consideration the pol-
lutant concentrations in plant cover and invertebrates,
which are the primary food sources of rodents, have pro-
vided important information about environmental pollu-
tion. Therefore, in terrestrial habitats, rats and mice are
frequently used as biomonitors to reveal environmental pol-
lution caused by heavy metals, inorganic pollutants, radio-
active pollutants, and organic pollutants (Jankovska et al.
2009). In the vast majority of microbial studies, the effect of
contaminants on gut microbiota was determined by analyz-
ing the stool microbiome with high throughput sequencing
techniques (Breton et al. 2013). The effects of pollutants
such as heavy metals and pesticides on the different rodent
microbiota were investigated in these studies carried out in
a laboratory environment (Fang et al. 2018). Recent studies
that reveal the surprising effects of intestinal microbiota on
human psychology and metabolism have been commonly
utilized in vivo rodent models (rats and mice) in addition to
other model organisms (Licht and Bahl 2019). One of these
studies demonstrated that the application of antibiotic drugs
at juvenile age seriously affects the behavior, cognition, and
memory of mice at adolescence age in line with the modula-
tions in gut microbiota (Ceylani et al. 2018). Furthermore,
the impact of intestinal microbiological changes on numer-
ous human diseases has recently made microbiota researches
the center of attention by the public and scientific commu-
nity (Helmink et al. 2019). Because of the similarities in
gut microbiota composition between humans and rodents,
these models are an important tool in evaluating the harmful
effects of all microbiota modifying factors.

Dietary preferences are recognized as a primary deter-
minant of gut microbiota composition in mammals, militat-
ing even genetic ones (Carmody et al. 2019). Today, the
scientific community is also aware of the fact that the liv-
ing environment/habitat can also affect the gut microbiota;
however, to the best of our knowledge, these in vitro and
in vivo data were mainly obtained using laboratory models,
animals, and/or humans. However, the animals living in their
natural habitats as a part of our ecosystem can introduce a
piece of valuable biological information about our lifestyle
and health, and also serve as bioindicators of environmen-
tal pollution levels in the air, water, and soil. This study
aimed to understand how urban and rural habitats modulate
the gut microbiota of natural rat populations. To this end,
a metagenomic approach that is 16S rRNA next-generation
sequencing (NGS) of bacterial populations was employed
to compare the gut microbiota patterns between rats caught
from urban and rural environments. The attention was given
to the elaboration of unique bacterial species and genera.
Moreover, the indices of alpha diversity (Shannon and
Simpson values) and healthy gut homeostasis (Firmicutes
to Bacteroidetes ratio -F/B ratio) were calculated. Since the
Proteobacteria (P) and Actinobacteria (A) are among the
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most abundant phyla in gut microbiota and implicated in
various human diseases, the P/A ratio was also evaluated.
The study is valuable as it provides microbiota information
on the of urban and rural life on mammals which can shed
light on studies dealing with the influence of urban and rural
lifestyles on human health. Furthermore, the provided gut
microbiota data may offer a different perspective on future
environmental biomonitoring studies.

Materials and methods
Animals and sampling

Rattus rattus samples were divided into two different groups
according to their habitats in Western Anatolia (Bilecik
province). The urban habitat group (RH1) consists of the
wild rat samples collected from the industrial area, whereas
the rural habitat group (RH2) comprises the wild rats living
in cow farms (Fig. 1). The distance between these habi-
tats was estimated to be approximately 11 km. Rats were
collected using 50 live traps that were randomly left to
the studied area (21000 m?). The animals were collected
with permission (permission number: 21264211-288.04-
E.3311026) of the General Directorate of Nature Conser-
vation and National Parks affiliated to the Turkish Ministry
of Agriculture and Forestry. Laboratory rats (RL) group
were kindly provided by Aydin Adnan Menderes University
(project number: TPF17040). Only male rats were included
in the study to prevent sexual variations in the microbiota.
The animals collected from the urban and rural habitats
during June 2019 were brought to the laboratory on the day
of capture, and ether inhalation anesthesia was used after
a fasting period of 4 h. The same procedure was applied to
laboratory rats. After this step, the cecum (a pouch that con-
nects the small intestine to the colon) part of the proximal
colon was dissected immediately; its contents were taken
with sterile swabs, frozen with liquid nitrogen, and stored in
sterile tubes at —80 °C until the next use. Only sterile-single
use and pre-sterilized instruments were used throughout the
process.

DNA isolation

For each experimental group, three (3) pools of feces
obtained from the cecum of different animals were subjected
to DNA isolation. Each pool was created by combining feces
obtained from 6 to 7 animals. Input DNA was isolated by
Quick-DNA TM Fecal/Soil Microbe Miniprep Kit (catalog
number: D6010/Zymo Research, USA) according to the
manufacturer’s instructions. The amount and purity of the
isolated DNA were determined fluorometrically with Qubit
Fluorometer (Invitrogen, USA). For optimum performance,



Folia Microbiologica (2022) 67:469-477

29°57'0"E 29°58'0"E 29°59'0"E 30°0'0"E 30°1'0"E 30°2'0"E

40°11'0"N

40°10'0"N

40°9'0"N

40°8'0"N

40°7'0"N

Rural Habitat
Cow Farms
40°6'0"N

[ME@@? CeelEye, Bihstr Coogrephios) CNES/ s
USES, Aol CRIDAIEN, ERehie €IS Ussr @emmun
s: @ﬂq GaimingUSES INES) — &~

Fig. 1 Satellite image of the locations where the wild rats were collected
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0.5% (v/v) p-mercaptoethanol was added to the final dilution
of the genomic lysis buffer.

Amplification of V3-V4 hypervariable region of 16S
rRNA gene

DNA load before the PCR step is equalized between sam-
ples. The V3-V4 regions of the 16S rRNA gene to be used
in species determination were amplified with the 341F (CCT
ACGGGNGGCWGCAG)-805R (GACTACHVGGGTAT
CTAATCC) primer sequences using the polymerase chain
reaction method in a thermal cycler (Applied Biosystems
SimpliAmp Thermal Cycler Thermo Fisher Scientific, USA)
(Shahi et al. 2019; Sune et al. 2020; Drengenes et al. 2021).
The reaction mixture ratios were prepared as 25 ul for each
sample (Table 1). PCR was completed by reducing the tem-
perature to 4 °C.

NGS library preparation and sequencing

Before the sequencing, 16S rRNA V3-V4 amplicon products
were purified by Column -Pure PCR Clean-Up Kit (cata-
log number: D509 /ABMGood, CAN). Library preparation
for 16S rRNA V3-V4 amplicon products was accomplished
using Nextera XT DNA Library Prep Kit (catalog number:
FC-131-1096, llumina, USA). Index operation was done by
TG Nextera XT Index Kit v2 Set A /96 Indices, 384 Samples
(catalog number: TG-131-2001, Illumina, USA). Sequenc-
ing was performed with the Illumina Miseq platform (Illu-
mina, USA) as paired-end (PE) 2 x 150.

Table 1 Polymerase chain reaction components and their quantities
(Shabhi et al. 2019; Sune et al. 2020; Drengenes et al. 2021)

PCR components Concentration
(nh

Master mix 12.5 pl

Forward primer 0.5 ul

Reverse primer 0.5 ul

dH,0 9.5pl

Genomic DNA 2.0 pl

PCR reactions were carried out in a total volume of 25 pl
containing

Thermal profile Time
Initial denaturation at 95 °C 10 min
Followed as 35 cycles of

Denaturation at 95 °C 30s
Annealing at 50-55 °C 30s
Extension at 72 °C 30s
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Bioinformatic analysis of raw data

Raw data readings (FASTQ) were made by separating
the metadata into the operational taxonomic unit (OTU)
classes with the Kraken Metagenomic system. Kraken sys-
tem assigns taxonomic tags to short DNA sequences with
high sensitivity and speed (Wood and Salzberg 2014). Taxo-
nomic assignment was done by using a commercially avail-
able OmicsBox Metagenomics module, which uses NCBI’s
taxonomy, Greengenes, SILVA, and RDP databases. From
quality check to the OTU assignment, all workflow was
conducted with this tool. For quality control (using FastQC
software); adaptor, contaminant, and low-quality sequences
(<Q20) were trimmed. Bacterial distribution and diversity
in the samples are presented as heatmap patterns and bar
graphs, respectively.

Statistics

The statistical analyses were given as mean =+ standard
deviation (SD). Tukey’s multiple comparisons test in prdi-
nary one-way ANOVA was utilized to compare the alpha
diversities and F/B ratio between the experimental groups.
The comparison was done in GraphPad Prism 8 (GraphPad
Software, USA) software. The degree of significance was
denoted as *p <0.05, *¥**p <0.001, and ****p <(0.0001.
Heatmap analysis of metagenomic counts for bacterial gen-
era and species was performed in GraphPad Prism 8 (Graph-
Pad Software, USA) software.

Results and discussion
Bacterial diversity in gut microbiota

To determine the gut microbiota changes in urban (RH1),
rural (RH2), and laboratory rats (RL), the bacterial alpha
diversity indices were calculated (Fig. 2). The Shannon and
Simpson indices reflect the alpha diversity in any population
(Zhang et al. 2017). In terms of microbial ecology, analyzing
the alpha diversity of amplicon sequencing data is known to
be the common first step in assessing differences between
microbial environments. Shannon and Simpson indices are
both popular parameters to assess microbial richness and
evenness. The former increases with richness and evenness,
and it puts more weight on the richness than on evenness,
whereas the Simpson index is more influenced by evenness
than richness (Matthews 2014). The results have shown that
the RL group has the highest alpha diversity compared with
both RH1 and RH2 groups, whereas the diversities were
found lower in the RH2 group with respect to the RH1
group (Fig. 2a, b). Therefore, our results can be interpreted
as a larger bacterial richness (Shannon index) and evenness
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(Simpson index) in the RH1 group. In other words, the num-
ber of different species in the microbiota of urban rats was
found larger than that of the rural ones. These findings are
logical since the urban environment harbors a greater variety
of food choices than the rural one.

The lower F/B ratios were accounted for both RH2 and
RL groups with respect to RH1 (Fig. 2¢). Firmicutes and
Bacteroidetes are the two most common bacterial phyla
in the human microbiome; therefore, perturbations in the

proportional composition of these two taxonomical groups
may provide insight into host health status (Razavi et al.
2019). The F/B ratio is a widely used biomarker in micro-
biota studies to propose a relationship of microbiota with
health status and/or different pathological conditions (Magne
et al. 2020). It rises from birth to adulthood, and high F/B
ratios are associated with a dysbiotic microbiome (Indiani
et al. 2018). The P/A ratio was lower for the RH2 group,
but higher for the RL group, compared with RH1 (Fig. 2d).
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Proteobacteria are reported to be high in several gut-related
and non-gut disorders, predominantly with inflammatory
traits; therefore, this phylum is suggested as a “microbial
signature” of the disease state (Rizzatti et al. 2017). On
the other hand, Actinobacteria are fundamental players in
maintaining gut barrier homeostasis, and species belonging
to this phylum are universally utilized as probiotic supple-
ments, which are valuable in the prevention of many diseases
(Binda et al. 2018).

Taxonomic distributions of bacterial genera in gut
microbiota

The distribution of dominant bacterial genera in the micro-
biota is also compared between study groups considering
metagenomic counts (Fig. 3). According to heatmap pat-
terns, each group has unique genera composition. Lactoba-
cillus, Lachnoclostridium, Mordavella, Pedicoccus, Strepto-
coccus, Desulfovibrio, Anaerostipes, Blautia, Clostridium,
and Escherichia are the main genera in descending order
for the RH1 group. Pediococcus genus was unique for the
RH1 group. On the other hand, Herbinix and Roseburia
genera were specific for the RH2 microbiota, in which the
Pedicoccus and Clostridium were absent. The genus pro-
file in the RL group contains unique players such as Dun-
caniella, Ruminococcus, Flavonifractor, Muribaculum,
Intestinimonas, Candidatus, and Marinilactibacillus. The

Top Bacterial Genera

Color Key

B

250 000 200000 150000 100000 50000 0
Metagenomic Count

® @ @ O P ©
\\\\‘6\\) 6\0&@\ & 00° 0‘\\@ &\606\‘\\ © \\‘\ O £00° 0\\)& & @\" W

'6\\\\‘6000 ‘b ?"bc,o‘\ 6‘6\6’5

P PP 10 i ¥ © ° (\\'b ¥

O O & PN

C}C}OO\O&b Q,"’\)Qe O(/, %&\\(\40&\ 00 ©
Q?* QQ \

Fig.3 The heatmap analysis of bacterial genera in the microbiota.
RHI1: Rat samples from the urban habitat, RH2: Rat samples from the
rural habitat, RL: Laboratory rat samples

@ Springer

bacterial genera were evenly distributed in the microbiota
of laboratory rats with slight deviations. However, two dif-
ferent genera (Lactobacillus and Lachnoclostridium) com-
prise much of the bacterial population in wildlife specimens.
This situation may explain the observed low alpha diversities
in wildlife groups compared with laboratory rats. In other
words, the presence of a predominant species in wild rats’
microbiota may have prevented other bacterial species from
participating in microbiota activities.

Taxonomic distributions of bacterial species in gut
microbiota

The dominant bacterial species of the microbiota are pre-
sented as heatmap visualization across studied groups consid-
ering metagenomic counts (Fig. 4). Accordingly, the microbi-
ota of each group shows distinct profiles at the species level.
Lactobacillus reuteri was found to be the most common type
of bacteria in both RH1 and RH2 groups, which was absent
in the RL group microbiota. Similarly, [Clostridium] scin-
dens, Mordavella sp. Marseille P3756, [Clostridium] sac-
charolyticum, and Lachnospiraceae bacterium GAM79 are
the top bacterial species for RH1 and RH2 groups. Besides,
the RH1 group hosts Lactobacillus paracollinoides, Lacto-
bacillus zymae, Lachnoclostridium phocaeense, Escherichia
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Fig.4 The heatmap analysis of bacterial species in the microbiota.
RHI1: Rat samples from the urban habitat, RH2: Rat samples from the
rural habitat, RL: Laboratory rat samples



Folia Microbiologica (2022) 67:469-477

475

coli, and Lactobacillus ruminis species. Distinct species of
RH2 group microbiota are Lactobacillus acetotolerans,
Anaerostipes rhamnosivorans, and Lachnospiraceae bac-
terium Choco86, whereas Lactobacillus paracollinoides,
Lactobacillus zymae, and Escherichia coli species could not
be detected. L. acetotolerans have been reported to be impor-
tant in the fermentation of many traditional food beverages.
It possesses the ability to produce many flavor compounds,
lactic acid, acetic acid, and diacetyl as end products of carbo-
hydrate fermentation (Liu et al. 2016). A. rhamnosivorans is a
rod-shaped bacterium (Bui et al. 2014) capable of producing
butyrate from acetic and lactic acids rather than sugars in the
gut (Flint et al. 2012a). Butyrate, which can protect against
cancer and ulcerative colitis (Hague et al. 1997), has also
been associated with the prevention of insulin resistance and
obesity in mice (Flint et al. 2012b).

The diverse species particularly attributed to RH1 and/or
RH2 groups were not present in the microbiota of the RL
group, except for the Lachnospiraceae bacterium GAMT9.
However, its unique bacterial profile is consisting of Dun-
caniella sp. B8, Flavonifractor plautii, Muribaculum intes-
tinale, Intestinimonas butyriciproducens, Candidatus Sac-
charimonas aalborgensis, Clostridiales bacterium CCNA10,
Marinilactibacillus sp. 15R, Oscillibacter valericigenes, and
Faecalibaculum rodentium. The food of laboratory rats has
the status of processed food of vegetable origin; therefore,
their defined diet is very different compared to wild rats. For
instance, O. valericigenes grow predominantly by producing
valerate when cultivated in a glucose-rich medium. In studies
on human gut microbiota, O. valericigenes species was found
significantly higher in healthy control groups than patients
diagnosed with Crohn’s disease (gut inflammation) (Mondot
etal. 2011). Its presence in laboratory rats’ microbiota is prob-
ably due to the balanced and controlled diet of these animals.

Black rats are found in urban areas around warehouses,
dwellings, and other human settlements such as roofs of
buildings, suspended attics, wall voids, and underground
tunnels. In rural areas, farms, barns, and rooms where crops
are stored are places suitable for their nutritional needs.
However, as rats can adapt to a wide variety of foods, food
preference is largely determined by availability. For example,
rotten food in the litter is a primary food source for rats that
cannot find natural food in an urban environment (Traweger
and Slotta-Bachmayr 2005). According to monitoring stud-
ies, the movement activities of rats living in urban areas
are between 25 and 150 m, whereas it is in between > 260
and 2000 m in rural areas (Gardner-Santana et al. 2009).
Our study areas were determined by limiting the predictable
nutrient and pollutant stocks in the habitats, considering the
rats’ mobility. In the case of laboratory rats, they have a
nutrient content consisting of many plant sources in much
more sterile environments. According to these data, each rat
group has a distinct microbiota pattern. It is assumed that

the adaptation to different living conditions led to a different
arrangement in their microbiota.

Conclusions

Environmental factors such as diet, habitat, and environ-
mental pollutants affect the microbial composition by
encouraging or suppressing the population of bacteria in
the gut microbiota of rats. Many bacterial species support
the intestinal barrier in which the formation of mucosa and
the attachment of bacteria to intestinal cells with binding
proteins creates a symbiotic habitat and provides advantages
for both microorganisms and the host. Previous studies have
shown remarkable effects of antibiotics, heavy metals, pesti-
cides, and insecticides on the microbiota. These ecological
pollutants which were taken with food decrease the variety
of species in the microbiota and cause dysbiosis. Although
the nature and dosage of the exposed contaminants have
very different effects on the microbiota, they can cause sig-
nificant changes in bacterial populations. By looking at the
microbiota content of rats, these changes can be categorized
according to certain criteria in terms of bacterial species,
which will contribute to the understanding of relationships
between microbiota and health. By the end, a unique micro-
bial profile can be created for wild rats that share the same
ecological environment and have similar nutritional prefer-
ences, even if the microbiota is specific to the individual
organism. Identifying individual and/or community-specific
microbiota profiles for rats, and monitoring them at regular
intervals will be valuable as they will contain biomonitoring
information on environmental pollutant levels and also the
health status of the human population and/or society.
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