Journal of Microbiology (2020) Vol. 58, No. 5, pp. 377-386

DOI10.1007/s12275-020-9365-3

eISSN 1976-3794
pISSN 1225-8873

Full-repertoire comparison of the microscopic objects composing the

human gut microbiome with sequenced and cultured communities

Edmond Kuete Yimagoul, Jean-Pierre Baudoin’,
Rita Abou Abdallah', Fabrizio Di Pinto',
Jacques Yaacoub Bou Khalil**,

and Didier Raoult'

'Aix Marseille Univ., IRD, AP-HM, MEPHI, VITROME,
IHU Méditerranée Infection, Marseille, France

’Institut Hospitalo-Universitaire Méditerranée-Infection,
Marseille, France

(Received Jul 26, 2019 / Revised Feb 11, 2020 / Accepted Feb 11, 2020)

The study of the human gut microbiome is essential in micro-
biology and infectious diseases as specific alterations in the
gut microbiome might be associated with various patholo-
gies, such as chronic inflammatory disease, intestinal infec-
tion and colorectal cancer. To identify such dysregulations,
several strategies are being used to create a repertoire of the
microorganisms composing the human gut microbiome. In
this study, we used the “microscomics” approach, which con-
sists of creating an ultrastructural repertoire of all the cell-like
objects composing stool samples from healthy donors using
transmission electron microscopy (TEM). We used TEM to
screen ultrathin sections of 8 resin-embedded stool samples.
After exploring hundreds of micrographs, we managed to
elaborate ultrastructural categories based on morphological
criteria or features. This approach explained many inconsis-
tencies observed with other techniques, such as metagenomics
and culturomics. We highlighted the value of our culture-
independent approach by comparing our microscopic im-
ages to those of cultured bacteria and those reported in the
literature. This study helped to detect “minimicrobes” Can-
didate Phyla Radiation (CPR) for the first time in human
stool samples. This “microscomics” approach is non-exhaus-
tive but complements already existing approaches and adds
important data to the puzzle of the microbiota.
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components remains a challenging objective (Lagier et al.,
2012; Hugon et al., 2013, 2017). The human microbiome con-
sists of the microorganisms living in or on the human body
(Whitman et al., 1998; Lloyd-Price et al., 2016). Microor-
ganisms are especially abundant in the human gut, and the
composition of the gut microbiome varies with physiological
conditions, such as age, geographical origin, and external fac-
tors, such as dietary habits (Holdeman et al., 1976) and the
use of antibiotics or probiotics (Hugon et al., 2017). In the
past few years, specific alterations in the gut microbiome
were found to be associated with various pathologies, such
as obesity, inflammatory disease, intestinal infection and col-
orectal cancer (Clemente et al., 2012; Weir et al., 2013).
Accessing the human gut microbiome remains a particular
issue. Although stools can be considered waste material, they
represent an indirect way to obtain easy access to gut micro-
biome components and are appropriate for the search for
pathological dysregulations (Lagier et al., 2017). Several ap-
proaches have been developed to characterize the indigenous
gut microbiota: culture-based, later renamed culturomics
(Lagier et al., 2012), as well as high-throughput deep-sequ-
encing methodologies (Lagier et al., 2016; Nibali and Hen-
derson, 2016; Hugon et al., 2017). Although 16S RNA sequ-
encing has given us new insight into the microbiota, these
different approaches have yielded contradictory results, high-
lighting the absence of a satisfying global approach capable
of listing all the components of the gut microbiota. A list of
the gut microbiota components can be provided by micro-
scopy, which is a complementary method that provides im-
ages of all the biological objects contained in stool samples.
For centuries, microscopy has played an important role in
human gut exploration, providing a catalog of the gut mic-
robiota. (Allen et al., 2011), or in situ in healthy or infected
animals (O’Toole et al., 2004; Earle et al., 2015; Geva-Zator-
sky et al., 2015; Propheter and Hooper, 2015). However, the
resolution limit of light microscopy prevents us from obtain-
ing ultrastructural details of the fine subcellular components
of the microbiome. Transmission electron microscopy (TEM)
is the only tool that can provide access to the ultrastructure
of micrometer-sized cells (Costerton, 1979). In humans, TEM
has been used since the 1960s to investigate human epidermal
samples, tooth surfaces, and oral and vaginal mucosa (Scott
et al., 1989; Paul et al., 1993; Villegas et al., 1997; Arora and
Chapman, 2000; Nibali and Henderson, 2016). Regarding the
gut microbiota per se, TEM has been especially used in situ
directly on dissected gut tissue in insects (Breznak and Pank-
ratz, 1977), fish (Ringg et al., 2001, 2003, 2007) and mammals
(Mantani et al., 2015) and in humans on gut biopsies of pa-
tients with AIDS (Hovind- Hougen et al., 1982; Connolly et
al., 1991; Leite et al., 2013), and three studies used TEM to
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image or explore the microbiome of human stool samples
(Browne et al., 2016; Hugon et al., 2017).

In the present study, we used a culture-independent appro-
ach and took advantage of the strengths of TEM imaging to
elucidate ultrastructural features of all biological objects pre-
sent in ultrathin sections of resin-embedded stool samples,
thus creating a unique repertoire of the gut microbes present
in stool samples. The terminology “microscomics” is reported
for the first time herein as a new approach that will be com-
plementary to the previous “omics” such as “culturomics”,
“proteomics”, and “metagenomics”. This assay is a micro-
scopic approach processed at a large scale for the study of the
microbiome. We were particularly interested in investigating
CPR, a new domain of life that represents 15% of the domain
Bacteria in the oral cavity and has not yet been described in
the stool. After acquiring hundreds of micrographs, we sorted
all cell-like objects present in the ultrathin sections based on
morphological criteria only, such as cell body diameter, cell
body density, internal elements, the peripheral membrane or
peripheral cell wall structure, and peripheral elements. We
sorted objects into 32 distinct morphological categories or
morphotypes (Arora and Chapman, 2000), some of which
may have contained previously undescribed microorganisms.
We also performed a comparison based on the Gram stain-
ing of the objects between our TEM data in our “micros-
comics” approach and the data obtained from light micro-
scopy and metagenomics approaches. We finally compared
our “microscomics” catalogue to the ultrastructural features
of the most abundant bacteria found by metagenomics, cul-
turomics or both approaches to establish a correlation be-
tween these techniques and to emphasize the advantages of
the new “microscomics” approach.

Materials and Methods

Stool sample collection

Fresh stool samples were collected from 8 volunteer donors
in our laboratory. We labeled these samples Megagut 1 to 8,
where Megagut stands for the whole microbiome represent-
ing the microbial community present in the stool. Donors
signed written consent, and the project received ethics com-
mittee approval under the number IHU-2016-011. No cli-
nical manifestations of diarrhea were observed in any sub-
ject. Volunteers had no antibiotics or any other treatment 6
months prior to sampling. Fecal samples were distributed
into 1-gram aliquots at the time of collection and were either
frozen at -80°C upon receipt or used as fresh samples. Aliquots
of unfrozen stool samples were used for electron microscopy.

Electron Microscopy: Resin embedding, Ultramicrotomy, and
Transmission Electron Microscopy (TEM)

Stool samples were fixed in 2.5% glutaraldehyde in 0.1 M
cacodylate buffer overnight at 4°C. Samples were washed
three times for 10 min with 0.2 M saccharose in 0.1 M ca-
codylate buffer. Samples were postfixed for 1 h at room tem-
perature with 1% osmium tetroxide in 1.25% potassium fer-
rocyanate/0.1 M cacodylate solution. Samples were washed
three times for 10 min with distilled water and gradually de-

hydrated with increasing concentrations of ethanol in water:
25, 50, 75, 90, 99, and 100% ethanol for 10 min, 3 min, 3 min,
10 min, 10 min, and 30 min, respectively. Resin substitu-
tion was achieved by incubating the samples in successive
15-min intervals in mixtures of Epon812 resin and 100% etha-
nol solution, with the respective proportions of 25%/75%,
50%/50%, 75%/25%, and overnight in 100% Epon812 resin.
Finally, samples were placed in 100% fresh Epon812 resin,
and polymerization was achieved at 60°C for 3 days. Between
all these steps, the samples were ultracentrifuged at 5,000 x g,
and the supernatant was discarded. Ultrathin sections (70
nm) were cut on a UC7 (Leica) ultramicrotome and depo-
sited on 300 mesh copper/rhodium grids (Maxtaform HR25,
TAAB). For each sample, three sections were collected each
time at 10 um apart in the depth of the resin inclusion blocks
to cover a large and diverse area of the sample. Sections were
poststained with 5% uranyl acetate and lead citrate accord-
ing to the Reynolds method (Reynolds, 1963). Electron mi-
crographs were obtained on a Tecnai G* transmission elec-
tron microscope (FEI) operated at 200 keV equipped with
24,096 x 4,096 pixel resolution Eagle camera (FEI). Magni-
fication ranged between X 14,000 and X 25,000.

Metagenomic sequencing

Samples were extracted in two kinds of lysis protocols: one
with protease and the other including deglycosylation steps,
both detailed in the work of Angelakis et al. (2016). After-
wards, pooling, barcoding, and 16S rRNA sequencing were
performed as follows. Briefly, for each protocol, metageno-
mic DNA was amplified for the 16S “V3-V4” regions by PCR
for 40 cycles using Kapa HiFi Hotstart ReadyMix 2x (Kapa
Biosystems Inc.), and the surrounding conserved region
V3_V4 was amplified with primers with overhang adapters,
RevOvAd_785R GTCTCGTGGGCTCGGAGATGTGTAT
AAGAGACAGGACTACHVGGGTATCTAATC. After puri-
fication on AMPure beads (Beckman Coulter Inc.), the con-
centration was measured using high sensitivity Qubit tech-
nology (Beckman Coulter Inc.), and the DNA was diluted
to 1 ng/ul. At this step, the library of protocol 1 was pooled
volume to volume to the library of protocol 5 so that the sub-
sequent limited cycle PCR was performed with 15 ng DNA,
and Illumina sequencing adapters and dual-index barcodes
were added to the amplicon. After purification on AMPure
beads (Beckman Coulter Inc.), this library was pooled with
95 other multiplexed samples. The global concentration was
quantified by a Qubit assay with a high sensitivity kit (Life
Technologies). Before loading for sequencing on MiSeq (Illu-
mina Inc.), the pool was diluted to 7 pM. Automated cluster
generation and paired-end sequencing with dual index reads
were performed in a single 39-h run in a 2 x 250 bp.

Bacterial species used as morphological references for me-
thod validation

We used the nine most abundant bacterial species found in
common in both metagenomic and culturomic approaches
(Lagier et al., 2015) on the eight Megagut stool samples to
correlate these bacterial morphological structures to our 32
categories. These nine bacteria were pure and underwent the
same experimental procedures regarding embedding, sec-



tioning and TEM screening and observations, as described
previously. We compared each pure bacterial morphotype
to our 32 categories. We looked for a relationship/link be-
tween microscomic categories and the top pure bacterial mor-
phology or structures. We also used images of species des-
cribed in the literature.

Gram staining and light microscopy

One gram of unfrozen stool sample was diluted in 200 pl of
PBS, spread on a glass slide with an inoculation loop and
dried over a gentle flame. We then carried out heat-fixed pre-
parations with the Gram staining technique, which is rou-
tinely used in our laboratory and many other microbiology
labs. The slides were observed at 100X (oil immersion) mag-
nification (HCX, PL, and PH 3CS) with a numerical aper-
ture of 1.4 using a DMI 6000 (Leica) inverted microscope
in bright-field mode. A minimum of 500 cells per slide were
counted for positive or negative Gram stain results. The Cell
Counter plugin in Image] (NIH) was used for cell counting.

PCR targeting Candidate Phyla Radiation (CPR)

DNA extraction was performed using the EZ1® DNA Tissue
Kit as recommended by the provider (Qiagen), and PCR was
performed with 25 pl of Taq (Ampli Taq Gold), 18 pl of wa-
ter, 1 ul of each primer M-7580F; TM7-1177R (Takenaka et
al., 2018) with a concentration of 0.60 ptM and 5 ul of DNA.
The following program was used for amplification by DNA
Taq polymerase: initial denaturation at 95°C for 15 min,
denaturation at 95°C for 5 min, annealing at 63°C for 1 min,
extension at 72°C for 5 min, and final extension at 15°C for
10 sec. Electrophoresis was performed in a 1.5% agarose gel,
and the gel was examined under a UV lamp (E-gel imager,
Life Technologies). PCR products were purified with a Nu-
cleoFast plate (Macherey-Nagel) followed by the sequenc-
ing process. Sequences were further analyzed by Chromas
Pro software.

Statistical analysis

Statistical analyses were performed using SPSS software
version 22. Means and standard deviations are shown for
quantitative variables. Two-sided statistical tests were used
for comparisons between groups. Since we had more than
two groups and the variations were nonhomogeneous, the
Kruskal Wallis test was used, which is the nonparametric
equivalent of the one-way ANOVA test. Student’s t-test was
used to compare two means, and a p-value less than 0.05
was considered significant. The Spearman correlation co-
efficient was used to correlate quantitative variables.

Results

Ultrastructure repertoire and defined categories of Megagut
stool sample components by the microscomic approach

After embedding Megagut stool samples in Epoxy resin fol-
lowing standard protocols, we made ultrathin sections by
collecting sections 10 um apart at the depth of the inclusion
block to avoid repetitive observations of the same object.
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For each of the 8 samples, we observed 3 ultrathin sections,
capturing each of the objects of interest. An object was con-
sidered of interest, further considered as a cell and analyzed
in detail if it enclosed material surrounded by a single or
several wall(s) or closed peripheral membrane(s). Classifica-
tion of the objects/cells was based on 1) the diameter of the
cell body, 2) the density of the cell body, 3) the internal ele-
ments, 4) the structure of the peripheral membrane or pe-
ripheral wall, and 5) the peripheral elements. The shape of
objects was not considered an important criterion. Indeed,
a bacillus or a coccus section located in some areas could
look similarly round-shaped even if the gross morphology
of the whole cells differed. When we looked at the ultrathin
sections, objects appeared more or less clustered among re-
gions. Some tissue fractions, such as micrometer-sized debris
or larger (more than 10 microns), were also found in sections.
We acquired a mean number of 505 + 143 (n = 8) objects per
stool sample (Supplementary data Table S1), representing a
total number of 4,038 objects.

Based on morphological criteria, we sorted objects into 32
ultrastructural categories (Fig. 1). These categories included
the single or several morphological criteria explained below.
We used the term ‘morphotype’ to name these categories
(Arora and Chapman, 2000).

Two specific categories were made regarding cell diameter:
1) cells with a maximum diameter below 300 nm (category
32, Figs. 1 and 2) cells with a maximum diameter above 3 pm
(category 22, Fig. 1). Cells with a maximum diameter between
300 nm and 3 um were not sorted into a specific diameter
category. The shapes of objects from category 32 with a dia-
meter less than 300 nm (Fig. 1) did not correspond to the ty-
pical symmetrical morphology of viruses but rather bacterial
morphologies, with typical surrounding membranes.

The cell body was classified as hyper or hypodense. Hyper-
dense objects showed an electron-dense cell body, in general,
completely filled with material. In comparison, hypodense
cells had a lesser electron-dense cell body, generally contain-
ing electron-lucent regions lacking material. The internal
cytoplasm was classified as smooth or granular. In smooth cy-
toplasm cells, the electron density was homogeneous, whereas
in granular cells, darker thick electron-dense spherical spots
were present in some areas of the cytoplasm or in the whole
cytoplasm (category 13, Fig. 1). These thick granules were dif-
ferent from the thinner dispersed grains found in the cate-
gory ‘disc with grains’ (category 5, Fig. 1). The internal ele-
ments, when present, were classified as intracytoplasmic com-
partments, internal membranes, mesosomes, detached mem-
branes, inclusions, vacuoles, or dense bodies. Intracytoplas-
mic compartments (category 2, Fig. 1) corresponded to dou-
ble membranes enclosing an internal compartment. Internal
membranes differed from internal compartments, as they did
not clearly enclose a region inside the cell bodies. Mesosomes
corresponded to peripheral membranes reaching the central
parts of the cell inside the cytoplasm (category 16, Fig. 1).
Detached membranes corresponded to distinct membranes
below the cell wall, superposed to the inner membrane of the
cell wall and further detached from it (category 29, Fig. 1).
Inclusions corresponded to spherical compartments differ-
ing from the vacuoles by their electron-dense characteristics
(category 9, Fig. 1). Vacuoles corresponded to round electron-
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lucent structures (category 19 and 23, Fig. 1). Condensed
cells possessed diffuse central electron-dense regions with a
cytoplasm not enclosed by a membrane (category 8, Fig. 1),
and dense bodies referred to the same type of material, ex-
cept that the electron-dense material was smaller and more
concentrated inside the cell (category 11, Fig. 1).

The double membrane at the periphery of the objects was
classified as thin or thick, ranging from a few nanometers
(category 25, Fig. 1) to 50 nm (category 24, Fig. 1) between
the two membranes, respectively. When we observed more
than one double membrane, the so-called peripheral wall was
classified according to the Gram definition, when possible.
Gram-positive cells (Gram+) possessed a single peripheral
double membrane below an outer thick electron-dense layer
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(category 15 and 28, Fig. 1). Gram-negative cells (Gram-)
possessed an inner double membrane, an outer double mem-
brane and a thin electron-dense layer in-between (category
6 and 27, Fig. 1). Cells with a cell wall not recognizable as
Gram-positive or Gram-negative were sorted into the ‘un-
defined’ category. The aspect of the peripheral wall was also
sorted into specific categories if its shape was not straight
and regular, such as serrated (category 3, Fig. 1), zipper-like
(category 21, Fig. 1), or wavy (category 30, Fig. 1). A category
was made for objects with no distinguishable peripheral wall
or peripheral single membrane and was referred to as the
discoid category (category 4, Fig. 1). In this category, the
objects were round and filled with homogeneous densities
of cytoplasmic-like material.

Fig. 1. TEM reference images of the 32 ultrastructural categories (mor-

photypes) found in the stool samples.

1. Hyperdense sporulated

2. Hyperdense internal compartment

3. Hyperdense serrated

4. Hyperdense discoid

5. Hyperdense disc with grains

6. Hyperdense Gram-

7. Hyperdense Gram- hairy

8. Hyperdense Gram+ condensed

9. Hyperdense Gram+ with dense bodies and inclusions

10. Hyperdense Gram+ with dense bodies and spicules

11. Hyperdense Gram+ with dense bodies

12. Hyperdense Gram+ with envelope

13. Hyperdense Gram+ granulated

14. Hyperdense Gram+ spiky

15. Hyperdense Gram+

16. Hyperdense Gram+ with spicules and mesosomes

17. Hyperdense Gram+ with spicules without mesosomes

18. Hyperdense Gram+ hairy

19. Hyperdense Gram- with vacuoles

20. Hyperdense with brushy hair

21. Hyperdense with zipper membranes

22. Hyperdense with diameters greater than 3 pum, thick wall

23. Hyperdense Gram+ with vacuoles

24. Hypodense double thick membrane

25. Hypodense double thin membrane

26. Hypodense double membrane with spicules

27. Hypodense Gram-

28. Hypodense Gram+

29. Detached membranes

30. Wavy membrane

31. Dividing

32. Diameters less than 300 nm

Pictures: 6, 25. Scale bars = 100 nm

Pictures: 1,9, 13, 14, 15, 18, 19, 21, 23, 26, 27, 28, 29, 30, 32. Scale bars
=200 nm

Pictures: 2, 3,4, 5,7, 8,10, 11, 12, 16, 17, 20, 22, 24, 31. Scale bars
=500 nm



Peripheral elements, when present, were classified as thin
spicules (categories 16, 17, and 26, Fig. 1), thick spikes (hed-
gehog-like; category 14, Fig. 1), hairy envelopes (categories
7 and 18, Fig. 1), brushy hair envelopes (category 20, Fig. 1)
or homogeneous envelopes (category 12, Fig. 1). Dividing
cells were grouped into a category (category 31, Fig. 1), cor-
responding to cells with a cell body possessing a central con-
stricted region. ‘Sporulating’ cells were also grouped toge-
ther (category 1, Fig. 1), corresponding to cells with periph-
eral membrane stacks surrounding a central electron-dense
region.

Following this classification, we used our qualitative catalog
of the morphotypes present in the Megagut samples to quan-
tify the number of objects present in each sample. The results
of the morphotype distribution for each of the 8 Megagut sam-
ples are listed in Supplementary data Table S1. A graphical
representation of one Megagut sample (Megagut4) is shown
in Fig. 2. Morphotypes are listed in Figs. 1 and 2 according
to the density of the cell body: hyperdense objects first (cate-
gories 1-23, Fig. 1; dark-gray panel in Fig. 2), then hypo-
dense objects (categories 24-28 Fig. 1; light gray panel in Fig.
2) and finally ‘other’ morphotypes (categories 29-32 Fig. 1;
white panel in Fig. 2). The respective abundance of each cell
body density class for the 8 Megagut stool samples is illus-
trated in Supplementary data Fig. S1. On average, we found
71 £ 11% hyperdense cells, 15 = 10% hypodense cells, and
14 + 4% ‘other’ cells among the 8 samples.

Our quantification of the ultrastructural categories showed
that each morphotype was found in at least two Megagut
samples (Supplementary data Table S1). Out of the 32 mor-
photypes, 11 morphotypes were found in common in all 8
Megagut samples: morphotypes 1, 4, 5, 12, 15, 18, 27, 29,
30, 31, and 32. The abundance between each morphotype
among the 8 Megagut samples was compared, which showed
a p-value less than 0.001. The main difference resided in
morphotypes 1, 12, and 17, which corresponded to hyper-
dense sporulated cells, hyperdense Gram+ cells with a pe-
ripheral envelope and hyperdense Gram+ cells with spi-
cules, respectively (Supplementary data Fig. S2).
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Gram analysis of the Megagut stool samples by “microsco-
mics” and its comparison to light microscopy and metage-
nomic approaches

Since Gram staining may sometimes lead to bacterial mis-
identification due to the staining variability of some bacteria
(Hugon et al., 2013), we decided to resolve the Gram nature
of the microbes present in the Megagut stool samples. For
this, we compared our microscomic TEM data to data from
classical Gram staining and from metagenomics.

Gram nature and microscomic analysis : We analyzed the
distribution of the morphotype categories based on three large
groups composed of either Gram-positive objects, Gram-
negative objects or objects with unclear Gram characteriza-
tion (‘other’ category). The results are shown in Supplemen-
tary data Fig. S3. Overall, the distribution of the Gram-posi-
tive, Gram-negative and ‘other’ categories was homogeneous
among the 8 Megagut stool samples: the mean abundance
of Gram+, Gram- and ‘other’ objects was 57 + 5%, 19 + 4%
and 24 + 5%, respectively. Abundances between Gram+ and
Gram- and between Gram+, Gram-, and the ‘other’ objects
were significantly different (p < 0.005). The ratio (%Gram+/
%Gram-) was equal to 3.0.

Gram staining and light microscopy analysis : We performed
Gram staining on all eight samples followed by light micro-
scopy, and we counted a total of 5,469 cells for the 8 Megagut
samples on 3 images for each sample on average. A repre-
sentative image of the stained Megagut 4 sample is shown in
Supplementary data Fig. S4. The mean number of Gram+
cells was 420 + 63, and the mean number of Gram- cells was
307 + 36 cells, on average, corresponding to mean abundan-
ces of 62 + 5% and 38 + 5%, for Gram+ and Gram-, respec-
tively. Mean abundances between Gram+ and Gram- cells
were significantly different (p < 0.01). The ratio (%Gram+/
%Gram-) was equal to 1.6.

Gram and metagenomic analysis : By metagenomics, we
found a mean number of 135 + 18 known bacterial species
and a mean number of 1,674 + 905 unknown bacteria at the
species level per sample (Supplementary data Table S2). The
known bacterial species thus represented only a very small

Fig. 2. Distribution of the objects found in
stool sample 4 among the morphotype cate-
gories.
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fraction of the total bacterial species present in the samples
(8% versus 92%, on average; Supplementary data Table S2).
Among the bacteria known at the species level in each of the
8 stool samples, given the respective metagenomic abun-
dance of each species, we calculated the percentage of the
top 10 most abundant species for the 8 samples. Among the
8 samples, the top 10 species represented on average 73.9 +
5.8%. These top 10 known bacterial species of each sample
could be found in only one sample but also in several sam-
ples: after merging all these species, we obtained a total of
35 core microbiome species (Supplementary data Table S3).
These 35 core-microbiome species represented among the
8 samples a mean abundance of 86 + 2% of the total bacteria
species. Statistically, the abundances of these 35 core bacte-
rial species in all 8 samples were different (P-value < 0.001).
The main difference resided in the top species, Bifidobacte-
rium faecale. Principal component analysis (PCA) of the 35
top bacterial species from the 8 studied stool samples showed
that Bifidobacterium faecale, Romboutsia timonensis, and
Akkermansia muciniphila are a group separated from the rest
of the other bacterial species (Supplementary data Fig. S5).
There was no significant difference between the top 1 Bifido-
bacterium faecale, top 2 Romboutsia timonensis, and top 3
Akkermansia muciniphila bacteria species (Supplementary
data Table S3). These results were in concordance with the
statistical analysis shown in Supplementary data Table S3.
For each stool sample, we calculated the abundance of each
Gram category regarding the number of species it contained
versus the total number of known species. (Fig. 3 and Sup-
plementary data Table S4) and found the following values:
62 + 7.5% Gram+ species, 36.9 + 6.8% Gram- species and
1.1 + 1.1% of other species (Gram variable or archeobacteria).
The comparison of the number of bacterial species among
the Gram categories showed a significant difference (p-value
inferior to 0.001), where Gram+ species were more repre-
sented than Gram- species (Supplementary data Table S4).
We also calculated the cumulated number of reads/hits of
known bacterial species of each Gram category for each stool
sample, i.e., the actual number of known bacteria, corres-
ponding either to the Gram+, Gram- or ‘other’ group (Sup-
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Fig. 3. Mean Gram distribution among the 8 stool samples by metagenomics.
Mean abundance of the bacterial species regarding their Gram category
(dashed bars), regardless of the number of bacteria, and the mean abun-
dance of bacteria of each Gram category, regardless of their species (full
bars).

plementary data Table S5). We found that the average abun-
dances of each class of Gram regarding the number of bac-
teria were 68.8 * 24.6% for Gram+, 30.3 + 24.3% for Gram-
and 0.9 £ 1.6% for bacteria of unknown Gram characteriza-
tion or archeobacteria. The ratio (%Gram+ bacteria/%Gram-
bacteria) was equal to 2.3 (Fig. 3 and Supplementary data
Table S5).

Correlation between microscomic categories/morphotypes
and known microbial ultrastructures

To compare our microscomic repertoire to the ultrastruc-
tural features of frequent bacteria found in the Megagut sam-
ples by metagenomics and/or culturomics, we chose 9 specific
bacterial species (Supplementary data Table S6 and Fig. 1).
First, we chose bacterial species found among the 35 core
metagenomic species (Supplementary data Table S3), which
were also found by the culturomic approach (Lagier et al,
2015). We chose Escherichia coli, Bacteroides vulgatus, Bifido-
bacterium longum, Holdemanella biformis, Lactobacillus ru-
minis, Methanobrevibacter smithii, and Streptococcus saliva-
rius. Then, to study the bacillus and clostridium genera pre-
sent in the 35 core metagenomic bacteria (Bacillus tequilensis
and Clostridium saudii), we also studied Bacillus massiliensis
and Clostridium amazonitimonensis. For the remaining bac-
teria, we looked for their micrographs in the literature and
tried to link their morphology to our classified categories.
We performed TEM analysis of the 9 selected pure bacte-
rial species, and we found between one and three micros-
comic morphotypes for each species. The results of this an-
alysis are listed in Supplementary data Table S6 and repre-
sentative images are shown in Fig. 4. Out of the 32 micros-
comic categories, 14 morphotypes were found in the micro-
graphs of the 9 selected bacteria. Among these 14 morpho-
types, each morphotype was found in one to four bacterial
species. The most represented morphotypes were numbers
15 and 28, hyperdense Gram+ and hypodense Gram+ cells.

Molecular biology targeting CPR

Among the 8 stools tested, stool sample 1, which showed a
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Fig. 4. Morphotypes of cultured bacterial strains.




percentage of 2.5% of objects corresponding to category or
morphotype 32, was PCR positive with a 600 base pair band.
After sequencing, the PCR material of stool sample 1 re-
vealed the phylum TM7 Saccharibacteria.

Discussion

Our unique TEM image repertoire initiated both qualitative
and quantitative analysis of the objects present in stool sec-
tions. We established a repertoire of diverse objects based on
morphological features. We showed a clear difference in the
level of distribution and diversity among the tested healthy
individuals. The microscomic approach suggests that the
Gram+ population is more abundant than what was shown
by conventional Gram staining or metagenomic profiling
(Fig. 5): the ratio between the mean abundances of Gram+
and Gram- bacteria among the 8 stool samples for Gram
staining, metagenomics and “microscomics” was 1.6, 2.3, and
3.0 respectively (Fig. 5). If Gram+ bacteria from old cultures
appeared or stained as Gram-negative (Taras et al., 2002),
we avoided such Gram staining artifacts linked to the age of
culture as we stained uncultured stool samples. The discor-
dance between metagenomics and “microscomics” can be
explained herein as follows. First, the anomaly detected by
Hugon et al. (2013) between the number of Gram- and Gram-
phyla was recently explained by the fact that a significant
number of Firmicutes, which are supposed to be Gram+, are
Gram-. Thirty-two orders and four families in the negativi-
cutes (such as Veillonellales, Acidaminococcales, and Sel-
enomonadales) represent a large part of the gut microbiota,
which can explain why the microscomic approach found a
higher proportion in Gram classification than the one found
by metagenomics. Another discrepancy can also be due to
the DNA extraction process, especially for bacteria with a
thick cell wall, which are less represented. Other bacteria are
also less represented by metagenomics, where some inhibi-
tors, such as sugar and biofilms, inhibit proteolysis and thus
DNA extraction (Angelakis et al., 2016).

This approach allowed many discoveries, mainly that of
morphotype 32, characterized by objects with a diameter be-
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Fig. 5. Ratio (%Gram+)/(%Gram-) of the classical Gram staining technique
and of metagenomics and “microscomics” approaches.
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low 300 nm (Morphotype 32; Fig. 1), that are highly corre-
lated or matched with the Candidate Phyla Radiation (CPR),
a recently described expansion of the tree of life that repre-
sents more than 15% of all bacterial diversity with an ultra-
small cell size (200-300 nm) (Danczak et al., 2017; McLean
et al., 2018). This makes our study the first to illustrate the
presence of CPR in stools since all previous studies detected
these microorganisms only in the oral cavity and in the en-
vironment. Regarding these results and images, we used mo-
lecular biology to target CPR and confirmed our findings
by specific and positive PCR results (Fig. 6). In addition, cor-
relative microscopy using targeted probes is an ongoing
method to validate and quantify CPR in stools. This study
showed the importance of this approach to detect bacteria
previously undetected by culture or Gram staining.

We did not observe any structure resembling a flagellum
of bacteria in the Lactobacillus or Clostridium genera (cate-
gories 1,4,8,9,10, Fig. 4), although some species from the me-
tagenomic top core microbiome (Supplementary data Table
S3) represented bacteria with a flagellum: Lactobacillus ru-
minis and Clostridium saudii (Southern, 1975; Gatson et al.,
2006; Forde et al., 2011; Angelakis et al., 2014). Thus, when
cut into ultrathin sections, flagella might not be clearly recog-
nizable, at least with our method. “Microscomics” suggests
that there might be differences between stool gut-derived cells
and cells in culture regarding their morphology and their en-
vironment, where most bacterial ultrastructures mentioned
in the literature are obtained from cultures and not directly
derived from samples. We did not find the corresponding
morphotype (12) for Bacteroides vulgatus and Methanobre-
vibacter smithii (categories 2 and 11, Fig. 4). Capsules were
only found for Streptococcus salivarius (categories 11, Fig. 4).
This was the same result for spore-forming bacteria that are
most likely represented by category 1 (hyperdense sporula-
ting; Fig. 1), with a mean abundance of 9.1%. The cumulative
abundance based on metagenomics of spore-forming bac-
teria (Clostridium saudii and Bacillus tequilensis) represents
4.5%. No spores were detected in cultured Bacillus massiliensis
or Clostridium amazonitimonensis, although they are spor-
ulating species. Culture conditions such as nutrient avail-
ability may influence spore formation, as may the gut mi-
crobiota (Serra et al., 2014; Meeske et al., 2016). In our TEM
images of cultured Bacillus massiliensis (categories 1, Fig. 4),

Fig. 6. Amplification of stool sample PCR products.
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Fig. 7. “Microscomics”, a new approach to
study the human gut microbiota

A: Overall charactrization of the gut microbiota
A: Microscomics, a news piece added to the puzzle
describing human gut microbiota

these morphotypes were nevertheless not found. Regarding
‘dividing’ cells, the mean abundance of morphotype 31 in
“microscomics” was low (2.1 + 2.2%; Fig. 1) compared to its
abundance in cultured cells (up to 30%; Supplementary data
Table S6). The extent to which morphologically dividing cells
in stools represent the actual proliferation rate of the micro-
biome in situ remains to be explored. Comparing the images
to known cell types is useful considering that many external
factors (such as cell cycle and metabolic state) other than
taxonomy also affect cell morphology. Regarding ultrastruc-
tural similarities, we found hypodense cells that likely cor-
respond to dead cells prior to chemical fixation, except for
morphotype 25, which may include mycoplasma cells that
can present a thin single double-membrane and a hypodense
internal compartment (Sato et al., 2012). Hypo-dense cells
were also present in the TEM images of cultured bacteria
(categories 1, 4, 7, and 9, Fig. 4). Akkermansia muciniphila
and Faecalibacterium prausnitzii, the top 3 and top 6 bacte-
rial species of the core microbiome (Supplementary data
Table S3), were reported to be key markers of a healthy gut
(Dao et al., 2016; Ferreira-Halder et al., 2017). The abundance
of morphotypes that are likely to correspond to these bac-
teria (morphotypes 27 and 18, Fig. 1) corroborates the heal-
thy status of our individuals.

The wavy-membrane objects in microscomics (category 30,
Fig. 1) were found for cultured Escherichia coli and Lacto-
bacillus ruminis [Fig. 4(5); Fig. 4(8-10)]. Morphotype 30 also
resembles the morphology of Ruminococcus obeum (see Fig.
4 in [Browne et al, 2016]). This morphotype may group non-
sporulating bacteria of several species. Morphotype 16 (Fig.
1) was closely linked to the Bifidobacter family, with Bifido-
bacterium faecale (top 1) and Bifidobacterium longum subsp.
longum (top 13) from metagenomic studies (Supplementary
data Table S3). Indeed, mesosomes are morphological features
often observed in Bifidobacter strains (Bauer et al., 1975), and
TEM images of cultured Bifidobacterium longum showed
these mesosomes [Fig. 4(3)].

Hyperdense objects with a diameter beneath 3 ym and a
thick wall (morphotype 22, Fig. 1) may include radio-resis-
tant bacteria such as Geodermatophilus (Ivanova et al., 2010)
or larger eukaryotes such as yeasts (Walker et al., 2010). It
has been shown that yeasts represent 0,001 to 0.01% of the

human mycobiome (Nash et al., 2017; Auchtung et al., 2018).
The internal compartment of the objects from morphotype
2 (hyperdense internal compartment; Fig. 1) is likely indi-
cative of cells with a nucleus and thus may include eukaryotic
cells as well as planctomycetes eubacteria cells (Santarella-
Mellwig et al., 2010; Fuerst and Sagulenko, 2011; Pinos et
al., 2016).

Finally, to our knowledge, the nature of the objects found for
morphotypes 3 (hyperdense serrated), 14 (hyperdense Gram+
spiky), 20 (hyperdense with brushy hair), and 21 (hyperdense
with zipper membranes) (Fig. 1) is still unknown.

Our “microscomics” approach is unique, as it provides a
whole repertoire of gut-derived microbiome components,
with no dependence on cell culture or staining interpretation.
Our “microscomics” approach showed that the abundance
of Gram+ cells in the analyzed stool samples was probably
underestimated after classical Gram staining and metageno-
mics approaches. It showed cellular ultrastructures typical
of known bacterial species but also previously undescribed
morphologies, which may belong to unknown microorga-
nisms. This approach is complementary to other “omics”
disciplines used in microbiota studies, mainly culturomics
and metagenomics. It will bring new insight and clear many
unresolved problems that culturomics and metagenomics
have raised. This representative and non-exhaustive method
is complementary and supplements the understanding of the
gut microbiota (Fig. 7). Future progress in correlating trans-
mission and/or scanning electron microscopy data to pre-
cisely identify the objects present in ultrathin sections of stool
samples will help utilize our approach to obtain a full reper-
toire of the cells present in the gut microbiome. Fluorescence
in situ hybridization-FACS (FISH-FACS) methods are cur-
rently under development in our laboratory for this objec-
tive. Coupled with an automated detection and recognition
procedure of the objects in ultrathin sections, an improved
“microscomics” approach will help to catalog the complete
gut-derived microbiome composition. Ultimately, “micros-
comics” will provide a method to directly detect variations
between individuals, which could be linked to symptomatic
or asymptomatic diseases.
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