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Rat is a widely used mammalian model for gut microbiota research. However, due to the
difficulties of individual in vitro culture of many of the gut bacteria, much information about
the microbial behaviors in the rat gut remains largely unknown. Here, to characterize the in
situ growth and division of rat gut bacteria, we apply a chemical strategy that integrates the
use of sequential tagging with D-amino acid-based metabolic probes (STAMP) with
fluorescence in situ hybridization (FISH) to rat gut microbiota. Following sequential
gavages of two different fluorescent D-amino acid probes to rats, the resulting dually
labeled gut bacteria provides chronological information of their in situ cell wall synthesis.
After taxonomical labeling with FISH probes, most of which are newly designed in this
study, we successfully identify the growth patterns of 15 bacterial species, including two
that have not been cultured separately in the laboratory. Furthermore, using our labeling
protocol, we record Butyrivibrio fibrisolvens cells growing at different growth stages of a
complete cell division cycle, which offers a new scope for understanding basic microbial
activities in the gut of mammalian hosts.
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INTRODUCTION

The compositions and activities of the microbial community in the gut reflect the co-evolution
between the host and gut microbes (Marchesi et al., 2016). The intestines represent an attractive niche
with stringent conditions, rich in nutrients andmicrobes.Meanwhile, themicrobial community in the gut
conveys significant benefits to the host, such as the enzymatic capacities to break down dietary fibers (Gill
et al., 2006), production of a great variety of metabolites (Nicholson et al., 2012), and the establishment of
a barrier against invading pathogens (Boulangé et al., 2016). Gut microbiotas differ greatly among
mammalian hosts (Ley et al., 2008). The conventional approach of in vitro culture limits our
comprehension of the gut microbiota to the characterization of cultivable microbes (Browne et al.,
2016). Increasingly updated high-throughput sequencing technologies have significantly promoted our
understanding of the composition and diversity of host-associated microbial populations that are not
investigable by culture-dependent methods. Nonetheless, their growth status and indigenous activities
have been highly challenging to study.
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Recently, we developed an integrative strategy which used
sequential tagging with D-amino acid-based metabolic probes
(STAMP) together with fluorescence in situ hybridization (FISH)
for directly probing and visualizing the in vivo microbial growth
in the mouse gut (Lin L. et al., 2020). As the first mammalian
species domesticated for scientific research, rats are commonly
used in the research of cardiovascular diseases (Kräker et al.,
2020), behavioral and neurological disorders (Zhang et al., 2017;
Vuralli et al., 2019), metabolic diseases (Kowluru, 2020), cancer
(Seluanov et al., 2018) and autoimmune diseases (Zhong et al.,
2018), as well as gut microbiotas (Tomas et al., 2012). Using
techniques such as 16S rDNA sequencing, quantitative
polymerase chain reaction (qPCR) and FISH (Qin et al.,
2010), researchers have found that rats have gut microbiotas
that are compositionally more similar with human’s than mice
have (Manichanh et al., 2010). Indeed, another study suggested
that humanized rat models had a more similar Firmicutes to
Bacteroidetes ratio with human donors, and thus could represent
the human donor better than the mouse models could (Wos-
Oxley et al., 2012). Moreover, sequencing results of mouse and rat
gut microbiotas also showed the compositional differences
between the two systems (Manichanh et al., 2010). Therefore,
it is still of great value to explore cellular microbiology, such as
bacterial growth and division patterns, of the rat gut microbiota
for further understanding the physiological and pathological
functions performed by these gut microbes.

Here, we propose the integrative use of STAMP + FISH
labeling to investigate rat’s gut microbiota. After sequentially
administered two fluorescent D-amino acid-based probes
(FDAA) containing different fluorophores to SD rats by
gavages, we identified a panel of bacterial species by FISH
staining, and imaged their in situ growth and multiplication
processes using their FDAA labeling signals. It presents an
easy-to-operate and efficient approach to address basic
microbiology questions of gut “dark matter” in rat, showcasing
the applicability of this integrative protocol in studying the gut
microbiotas in different mammalian hosts.

RESULTS

In Vivo Sequential Fluorescent D-amino
Acid Labeling of Rat Gut Microbiota
FDAAs can be covalently incorporated into bacterial
peptidoglycan (PGN) by the catalysis of endogenous D,D or L,D-
transpeptidases of the bacteria, which provides a versatile strategy for
examining PGN synthesis during the bacterial growth and division
(Kuru et al., 2019). Recently, it has been demonstrated that multiple
FDAAs could be chronologically incorporated into bacterial PGN in
vivo (Hudak et al., 2017; Lin L. et al., 2020). Here, to reveal the
growth and division patterns of gut bacteria in rats, we used the
STAMP protocol to label their gut microbiotas with two different
FDAAs: TAMRA-amino-D-alanine (TADA) and Cy5-amino-D-
alanine (Cy5ADA), containing TAMRA (tetramethylrhodamine)
or Cy5 (Cyanine 5) on their side chains, respectively (Figure 1A).

In previously reported mouse microbiota labeling, the FDAAs
were given at an interval of 3 h (Lin L. et al., 2020). Considering

that the gastric emptying and intestinal motility time of rats are
comparable to mice (Lu et al., 2017), here we adopted a similar in
vivo labeling protocol. The collected cecal microbes after STAMP
showed strong dual-color labeling, and the green and red signals
observed by confocal microscopy revealed the PGN synthesis
processes of the labeled gut bacteria (Figure 1B). Flow cytometry
also showed high labeling coverages of the two FDAAs
(Supplementary Figure S1), indicative of an efficient in vivo
labeling of the rat microbiotas.

The two-color fluorescence imaging presented a high
morphological diversity of rat gut microbes with strong FDAA
labeling throughout the cells (Figure 1B). The different
distributions of labeling signals indicated distinct growth and
division patterns: septum synthesis division (Figure 1C, No.1),
segmented/continuous diffuse synthesis (No. 2 and 3), and
asymmetric/polar synthesis (No. 4), to name a few. We also
observed bacteria with only TAMRA or Cy5 signals (No. 5 and 6),
which suggested that these cells might have different growth rates
during the two labeling stages.

Identification of Growth Patterns of
Individual Species
After obtained the resourceful imaging of the FDAA-labeled rat
gut microbiota, we set out to identify the growth patterns of
bacteria on the species level. FISH has proved to be a powerful
method for visualization and identification of microbes in
complex environments (Sunde et al., 2003). To determine the
taxonomic composition of the microbiota, we performed both
16S rDNA andmetagenomic sequencing (Supplementary Figure
S2 and Supplementary Table S1). Based on the results of
metagenomic sequencing, 25 species with relatively high
abundances (>0.12%, covering ∼35% of the total population,
Supplementary Table S1) were selected and taxonomically
labeled with corresponding FISH probes (Supplementary
Tables S2,S3). The FISH sequences were either based on
previous reports or designed in this study using an algorithm
that was previously developed and recently optimized (Kong
et al., 2010; Lin L. et al., 2020). To verify the specificities of
the newly designed FISH probes, the labeling patterns and cell
morphologies of each stained species were carefully examined.
Only the species with highly consistent patterns and
morphologies (Supplementary Figure S3) were reported
herein. Among the 25 FISH probes, we were able to confirm
the specificities of 15 sequences based on the criteria (listed in
Supplementary Table S2).

These bacteria were from 14 genera of ten families, containing
eight Gram-positive (Figure 2A–H) and seven Gram-negative
species (Figure 3A–G), among which two species,
Lachnospiraceae bacterium 28–4 and Firmicutes bacterium
ASF500, had not been separately cultivated in vitro. Most of
the labeled Gram-positive bacteria divided in binary fission.
Lachnospiraceae bacterium 28–4 (Figure 2A), Clostridium
clostridioforme (Figure 2B) and an unclassified species of the
Fusicatenibacter genus (Figure 2C), all of which belonged to the
Lachnospiraceae family, divided by synthesis at the septum. As
the most abundant species in this microbiota, Lachnospiraceae
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bacterium 28–4 was regarded as anti-inflammatory bacteria
(Daniel et al., 2017). They were shown to increase the levels of
polyamines, a group of compounds that were often associated
with colon cancer and regulate inflammation by inhibiting
butyrate production (Daniel et al., 2017). Using fluorescence
microscopy, we found that this species had a slender spindle
shape and elongated from many compact and discrete sections,
presenting a unique two-color labeling feature. C. clostridioforme
(Figure 2B), Fusicatenibacter (Figure 2C) and Firmicutes
bacterium ASF500 (Figure 2D) presented dispersed growth
during elongation and zonal synthesis for septation (Brown
et al., 2011; Cava et al., 2013). Clostridium difficile (Figure 2E)
and Intestinimonas butyriciproducens (Figure 2F) exhibited
“medial” (also known as “pre-septal”) growth (Randich and
Brun, 2015), where PGN was synthesized near the division
plane before full assembly for septation. In Eubacterium
plexicaudatum (Figure 2G) and Acetivibrio ethanolgignens
(Figure 2H), FDAA-labeling signals indicated their dispersed
mode of cell elongation (Cava et al., 2013). It is noteworthy thatA.
ethanolgignens (Figure 2H) had two highly overlapped FDAA-
signals without an apparent septum, suggesting that they might

have relatively stable cell wall synthesis rates when exposed to the
two FDAA probes without going through any cell dividing.

Compared to Gram-positive bacteria, Gram-negative bacteria
typically have a much thinner layer of PGN and exhibit relatively
weak FDAA-labeling signals. Bacteroides doreiwas labeled by FDAA
in a special striped manner and divided in binary fission
(Figure 3A). Prevotella copri was presented as short rods (∼1 μm
in length) with a clearly growing septum in the midcell (Figure 3B).
Several Gram-negative bacteria (Figures 3C–G) that taxonomically
belonged to the Clostridiales order of the Firmicutes phylum showed
comparable FDAA labeling intensities with Gram-positive bacteria.
The thickness of the Gram-negative PGN in the trilaminar outer
membrane was ∼8.5 nm (Cheng and Costerton, 1977), and Gram-
positive’s PGN was ∼30–50 nm (Higgins and Shockman, 1970;
McCready et al., 1976). Butyrivibrio fibrisolvens, which were
normally stained as Gram-negative (Cheng and Costerton, 1977),
presented a typical Gram-positive PGN labeling (Figure 3C).
Their Gram-negative staining was probably because of the
relatively thin cell walls (12∼18 nm), which could not retain
the Gram-staining complex (Cheng and Costerton, 1977), but
still thick enough to have a strong FDAA labeling.

FIGURE 1 | Schematic illustration of STAMP and FISH labeling strategy, and the two-color fluorescence imaging of the labeled rat gut microbiota. (A) TADA and
Cy5ADA were given to SD rats by gavage at an interval of 3 h. Four hours after the second gavage, their cecal microbiotas were collected and imaged. Bacterial species
of interest were then separately stained and visually identified using corresponding FISH probes. (B) Two-color fluorescence imaging of the gut bacteria sequentially
labeled by TADA (green) and Cy5ADA (red). Representative images from at least three independent experiments are shown. BF, bright field. Scale bar, 10 μm. (C)
Zoomed in views of the bacteria from the merged image above. The green and red colors indicated the distinct growth patterns of different bacteria. Scale bars, 2 μm.
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FIGURE 2 | Confocal fluorescence imaging of eight FDAA-labeled and FISH-stained Gram-positive species in rat cecal microbiota. The cecal microbiotas of rats
that received sequential labeling of TADA (green) and Cy5ADA (red) were stained by different FISH probes (blue) targeting corresponding species. (A–H) Representative
images of FDAA-labeled bacteria in eight Gram-positive species. For each species, bacterial image representative of consistent FDAA-labeling patterns from at least
three independent FISH experiments is shown. Scale bars, 2 μm.

Frontiers in Molecular Biosciences | www.frontiersin.org May 2021 | Volume 8 | Article 6819384

Chen et al. Rat Gut Microbiota Imaging

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


FIGURE 3 | Confocal fluorescence imaging of seven FDAA-labeled and FISH-stained Gram-negative species in rat cecal microbiota. The cecal microbiotas of rat
received sequential labeling of TADA (green) and Cy5ADA (red) was stained by different FISH probes (blue) targeting corresponding species. (A–G) Representative
images of FDAA-labeled bacteria in seven Gram-negative species. Scale bars, 2 μm. Photographs of bacteria, which showed consistent labeling pattern in each species
from at least three independent FISH experiments, are shown.
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Pseudoflavonifractor capillosus (Figure 3D) was originally
described as Gram-negative Bacteroides capillosus in the
early twenties, and re-categorized as Pseudoflavonifractor
that belonged to phylum Firmicutes in 2010, for its high
genomic identity (>97%) with the Flavonifractor genus
(Ricaboni et al., 2017). Belonging to the class Clostridia,
which is usually identified as Gram-positive, Hungatella Hathewayi
(Figure 3E) is, however, described as Gram-negative end-pointed
bacilli (Steer et al., 2001). These three species (Figures 3C–E)
elongated through dispersed lateral growth and divided with a
prominent red-labeled septum in the midcell. Interestingly, some
Gram-negative species belonging to the Oscillibacter genus (Figures
3F,G) of the phylum Firmicutes showed distinct labeling patterns

with relatively strong intensities. Oscillibacter ruminantium, which
could cause bacteremia (Sydenham et al., 2014), had asymmetric
PGN synthesis (Figure 3F).Oscillibacter valericigenes (Broutin et al.,
2020) exhibited a typical pre-septal elongation mode (Figure 3G).

Snapshots of Butyrivibrio fibrisolvens
Growing at Different Stages of a Cell Cycle.
Bacteria in various intestinal segments and niches were growing
at distinct cellular stages during the STAMP labeling, and
encountered the probes asynchronously. Therefore, it became
possible to infer the growth stages of individual bacteria based on
their two FDAA-labeling signals. Here, shown as an example,

FIGURE 4 | Confocal fluorescence imaging of Butyrivibrio fibrisolvens growing at different cell stages. Using FISH (blue) signals, cells of B. fibrisolvens sequentially
labeled with TADA (green) and Cy5ADA (red) in the cecal microbiota were identified. (A–F) Confocal snapshots of six B. fibrisolvens cells at different growth stages were
presented for a reconstructed cell cycle. Scale bars, 2 μm.
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cells of B. fibrisolvens in different cell cycle stages were presented.
As an important butyrate-producing rumen bacterium, B.
fibrisolvens has been evaluated as a probiotic to prevent
colorectal cancer (Ohkawara et al., 2005).

In the shown images of the two-color B. fibrisolvens (Figure 4),
it can be observed that its life cycle involves primarily two classical
growth modes: zonal cell wall synthesis and septum formation.
Zonal cell wall synthesis means the incorporation of PGN along
the sidewall, and septum formation denotes that the cytoskeletal
division proteins direct the localization of PGN synthesis to
generate nascent poles at the cell center (Brown et al., 2011;
Randich and Brun, 2015). In a “first-generation” bacterium
(∼3 µm in length), PGN was uniformly constructed along the
lengthening cell (Figure 4A). When the cell elongated to ∼5 μm,
an annular red-labeled incorporation zone appeared in the
midcell, suggesting the beginning of septal formation
(Figure 4B). With the continuous synthesis of PGN, B.
fibrisolvens cell kept elongating until it reached twice the
average length of a cell (Figures 4C,D). During division, the
zonal growth site is modified to promote inwards growth of a
septum and hydrolysis to form the new poles of the offspring cells
(Figure 4E). Meanwhile, new growth regions were launched at
the centers of the two daughter cells (Figures 4D,E). Then the
daughter cells, which had only one red-labeled pole, continued to
start the next cell cycle (Figure 4F). Through fine analysis of the
STAMP labeling of individual cells, our method provides a
unique angle to examine the basic microbial activities of
specific bacterial species in the rat gut.

DISCUSSION

FDAAs have been a powerful and versatile tool for studying PGN
synthesis (Hsu et al., 2017) owing to the efficient labeling of PGN in
most bacterial species. Here, our STAMP + FISH strategy serves as
an excellent platform to investigate microbial cytology in
mammalian gut microbiotas, which could be impractical to
approach by using other methods. Murine models have been
continuously used in biomedical research for gut microbiota
studies. Because of the compositions and diversities of bacterial
species, researchers have been exploring the gut microbiotas of rat
which show promise to become alternative to mouse microbiotas
(Liou et al., 2013; Shao et al., 2017). Our labeling strategy offers new
perspectives on bacterial activities that remain unknown,
particularly those that have not been cultured in vitro.
Furthermore, for some opportunistic pathogenic bacteria such
as C. difficile, I. butyriciproducens, and E. plexicaudatum, their
growing status and modes described here might provide insights
for developing tailored therapeutic interventions. Of note, as an
important opportunistic anaerobic pathogen, C. difficile is very rare
in the gut of specific pathogen free mouse that we studied. Its
relatively high abundance in the rat gut microbiota gives us an
opportunity to study their growth and division in the mammalian
gut, showcasing the importance of using STAMP to investigate gut
bacteria in different hosts. The capability to differentiate bacteria of
certain taxa growing at different stages, also offers an opportunity
to better understand a complete cell cycle in vivo. Moreover, studies

on gut microbiota of other mammalian hosts such as guinea pig
(Hildebrand et al., 2012), pigs (Lamendella et al., 2011; Quan et al.,
2020; Tang et al., 2020), dogs (Lin C. Y. et al., 2020), cats (Lyu et al.,
2020), and primates such as chimpanzees (Moeller et al., 2016) and
macaques (Manuzak et al., 2020), might also benefit by this
integrative labeling techniques.

METHODS AND MATERIALS

Reagents
The FDAA probes were synthesized by Chinese Peptide
Company (Hangzhou, China). Stock solutions were prepared
at concentrations of 10 mM in distilled H2O and stored at
−20°C before use. FISH probes and paraformaldehyde fix
solution were purchased from Sangon Biotech (Shanghai,
China). Other chemicals, not mentioned above, were obtained
from Sigma-Aldrich (St. Louis, MO, United states).

Animals
Male Sprague-Dawley (SD) rats (weighing 220–250 g) were
obtained from SLAC Laboratory Animal Corp (Shanghai,
China). Rats were bred in the Department of Laboratory
Animal Science of Fudan University under a 12 h day-night
cycle at 25°C and a relative humidity of 50% for 7 days,
receiving a standard chow diet and free access to clean water.
All animal experiments were carried out in accordance with
guidelines approved by the Department of Laboratory Animal
Science and Use Committee of the Fudan University Institutes of
Biomedical Sciences.

Sequential Labeling of Rat Gut Microbiotas
With Fluorescent D-amino Acid Probes
The SD rats were sequentially administered with two different
FDAA probes (1 ml, 1 mM TADA or Cy5ADA in distilled H2O)
through oral gavage with an interval of 3 h. Four hours after the
second gavage, their cecal microbiotas were collected using a
previously reported protocol (Lin L. et al., 2020). Briefly, rats were
sacrificed after anesthetized excessively by intraperitoneal
injections with 10% chloral hydrate, and the ceca were
dissected separately and finely minced with a pair of 4.5-inch
iris scissors in 6 ml of cold phosphate-buffered saline (PBS). The
tissues and digesta were then filtered with a 40 μm cell strainer to
remove most of the nonbacterial tissue debris. The filtrates were
then centrifuged. The bacterial pellets (whitish-colored) were
washed three times with 1.5 ml of PBS by centrifugation
(15,000 g, 3 min) and then resuspended in PBS to reach an
appropriate concentration for subsequent analyses by flow
cytometry and confocal fluorescence microscopy.

DNA Extraction and 16S rDNA Sequencing
DNA from the SD rat cecum’s bacterial samples was extracted
using the Omega Bacterial DNA Kit (Omega Bio-Tek, Norcross,
GA, United States) according to the manufacturer’s protocol. The
V3–V4 hypervariable regions of the bacteria 16S rDNA were
amplified by PCR and subsequently paired-end sequenced (2 ×
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300) on an Illumina MiSeq platform (Illumina, San Diego,
United States) according to the standard protocols. The
taxonomy of each 16S rRNA gene sequence was analyzed by
RDP Classifier (http://rdp.cme.msu.edu/) against the SILVA
(SSU123) 16S rDNA database with a confidence threshold of 80%.

Metagenome Sequencing
Covaris M220 (Gene Company Limited, China) was used to
construct the paired library with an average DNA fragment size of
about 400 bp, and the paired library was sequenced on Illumina
HiSeq4000 platform. BLASTP (Version 2.2.28+, http://blast.ncbi.
nlm.nih.gov/Blast.cgi) was used for taxonomic annotations by
aligning nonredundant gene catalogs against the integrated NR
(non-redundant protein sequence) database with an e-value
cutoff of 1 × 10–5.

Fluorescence in situ Hybridization
Candidate FISH probes were designed using a k-mer–based
algorithm similar to KASpOD (Parisot et al., 2012). The
FDAA labeled microbiota was washed and resuspended in
50% paraformaldehyde-PBS (v/v) and incubated at room
temperature for 1.5 h to fix the bacteria. After washed twice
with PBS, an equal volume of EtOH was then added into the
suspension and stored at −20°Cfor at least 48 h. The bacteria were
spun down and resuspended in a hybridization buffer [0.9 M
NaCl, 20 mM tris (pH, 7.5), 0.01% SDS, and formamide, if
required]. FAM-labeled FISH probes were added to the sample
with a final concentration of 5 ng/µl and incubated at 46°C for 4 h,
using a ThermoMixer (Eppendorf, Hamburg, Germany). After
hybridization, bacteria were washed two times (15 min) with
washing buffer [0.9 M NaCl, 20 mM tris (pH 7.5), and 0.01%
SDS], and then resuspended in Tris buffer [20 mM Tris and
25 mM NaCl (pH, 7.5)] before analysis with flow cytometry and
fluorescence microscopy.

Flow Cytometry
FDAA-labeled microbiota samples were analyzed using a
CytoFLex flow cytometer (Beckman Coulter Life Sciences,
Indianapolis, IN, United States). Data analyses were performed
using FlowJo (V 10.0.8R1). The tagged microbiota was identified
by flow cytometry of logFSC and logSSC, and then fluorescence
gated. For each sample, 15,000 events were collected for analysis,
with debris and dual particles excluded.

Confocal Fluorescence Microscopy
The bacterial suspension was added to an agarose pad (1.5% in
PBS, ∼1 mm thick), and the slides were covered with a glass cover
slip. Confocal fluorescence imaging was performed using a TCS
SP8 laser confocal microscope (Leica, Solms, Germany). Samples

were excited for FAM (carboxyl fluorescein) at 488 nm, TAMRA
at 555 nm, and Cy5 at 639 nm. The emission is detected by the
corresponding emission filters. Image deconvolution was
performed with Huygens Essential Deconvolution software
(Scientific Volume Imaging, Hilversum, Netherlands), using a
theoretical point expansion function.
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