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Technical comment

[DOI: 10.1002/eji.201646297]

High-resolution
microbiota flow
cytometry reveals
dynamic
colitis-associated
changes in fecal
bacterial composition

For the determination of the complexity
of the microbiota, we have developed an
approach based on high-resolution flow
cytometric determination of bacterial for-
ward scatter and DNA content. This anal-
ysis resolves up to 80 different popu-
lations per fecal microbiota. Individual
populations are phylogenetically homoge-
neous and their frequencies change dra-
matically when monitored in the course
of murine T-cell transfer-induced coli-
tis. High-resolution flow cytometry of the
microbiota provides a fast and inexpen-
sive tool for the analysis of the microbiota
and offers the unique opportunity to iso-
late defined bacterial populations for fur-
ther molecular and functional analysis.

The mammalian gut is colonized by
a myriad of microbes referred to as the
commensal microbiota. It has been esti-
mated that the human intestine harbors
a total number of 1013 bacteria. Recent
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evidence suggests that 99% of the total
human microbiota are comprised of 66
species and that 75% of each individual’s
microbiota are composed of about 40 dif-
ferent species [1, 2]. These bacteria are not
only important for nutrient metabolism but
also for the development and homeosta-
sis of the immune system [3, 4]. Patho-
logical changes in the composition of the
microbiota, known as dysbiosis, are sug-
gested to contribute to an array of dis-
eases including inflammatory bowel dis-
ease (IBD), arthritis, encephalitis, and can-
cer [5]. Up-to-date few technologies for
the determination of the composition of
the microbiota exist. Classical microbiolog-
ical technologies such as in vitro cultiva-
tion are confined to a few species. With
the advent of high-throughput sequencing
the profiling of the commensal microbiota
by 16s rDNA or metagenome sequencing
has become the current standard in the
field, but it is time and labor intensive [6].
While sequencing can provide information
on the taxonomy of the microbiota, it tends
to overestimate the microbial diversity [1]
and is not easy to standardize [7].

Here, we introduce a method based on
the flow cytometric measurement of light
scattering and DNA content to analyze the
heterogeneity and dynamic changes of the
intestinal microbiota. In the murine model
of T-cell transfer-induced colitis [8], we
could demonstrate that overall microbial
diversity decreases and that changes in the
composition of the fecal microbiota in coli-
tis coincide with weight loss and diarrhea.

Colitis was induced by transfer of 4 ×
105 CD4+CD45RBhi Th cells into Rag1−/−

recipients. Colitis was characterized by
weight loss, diarrhea, and histopatholog-
ical changes of the colonic mucosa (Sup-
porting Information Fig. 1). To analyze

colitis-associated changes in the compo-
sition of the microbiota at the level of
single bacterial cells, fecal bacteria were
harvested before induction of colitis and
during established colitis, formaldehyde-
fixed, Tween-permeabilized, stained with
DAPI, and analyzed by flow cytome-
try. According to forward scatter (FSC)
and DNA content (DAPI staining) of the
fecal bacteria, discrete populations of the
microbiotic community were detectable
(Fig. 1A). For quantitative assessment of
the changes measured by flow cytome-
try between the different samples, we
used the cytometric barcoding (flowCy-
Bar) approach [9] for which we defined a
gate template composed of all gates occur-
ring in any of the samples of the study
(Fig. 1A, right panel and Supporting Infor-
mation Fig. 2 for gating and numbering).
In established colitis, the frequencies of
bacteria in four gates defined by flowCy-
Bar significantly increased, while in 19 oth-
ers frequencies significantly decreased, as
compared with the microbiota of the same
mice before induction of colitis (Fig. 1B,
Supporting Information File 2). Compar-
ing the frequencies of bacteria in all of
the 80 gates of 12 healthy and 11 col-
itic mice by nonmetric, multidimensional
scaling allowed the unambiguous distinc-
tion between colitic and healthy mice
(Fig. 1C). Similarly, using an unbiased
comparison approach, the cytometric his-
togram image comparison (CHIC) algo-
rithm [10], the microbiota of healthy ver-
sus colitic mice was clearly distinguishable
(Supporting Information Fig. 3).

Changes in the microbiota composi-
tion coincided with clinical signs of coli-
tis, i.e. weight loss and diarrhea. Weight
loss and diarrhea developed between day
6 and 10 after T-cell transfer (Fig. 1D).

C© 2016 The Authors. European Journal of Immunology published by WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

www.eji-journal.eu

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial
License, which permits use, distribution and reproduction in any medium, provided the original work
is properly cited and is not used for commercial purposes.



Eur. J. Immunol. 2016. 46: 1300–1303 Technical comment 1301

Figure 1. Flow cytometry detects dynamic changes in the microbiota during colitis. Colitis was induced by i.v. transfer of 4 × 105 CD4+ CD45RBhi

T cells into Rag1−/− recipients. Fecal bacteria were stained with DAPI and analyzed by flow cytometry as detailed in the Materials and methods
provided in the supplemental information. (A) Representative plots of bacterial forward scatter (FSC, x-axis) and DNA content (DAPI, y-axis) of
the fecal microbiota in healthy mice (upper panel) and during colitis (lower panel) without (left) and with (right) electronic gates. The two white
spots mark the area of the control beads, 0.5 and 1 μm diameter which were gated out electronically (See Supporting Information Fig. 2 for full
gating strategy). (B) Frequencies of events in gates shown in (A) for healthy and colitic mice filtered for significantly different gates and sorted for
FDR-adjusted p-value depicted as median and 25th/75th percentile (box) and min/max values (whiskers). Data show n = 12 healthy mice and n =
11 mice after colitis onset pooled from three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 by Student’s t-test for independent
samples and Benjamini–Hochberg FDR adjustment. (C) Nonmetric multidimensional scaling (NMDS) plot for n = 12 healthy mice and n = 11 mice
after colitis onset (same as for (A) and (B)). (D) Frequencies of fecal bacteria in selected populations analyzed at days 0, 4, 6, 8, 10, and 15 after
colitis induction in four individual mice (black lines and symbols, mean ± SEM, left y-axis). Means ± SEM of relative weight (gray line, right y-axis)
and diarrhea score (gray dashed, left y-axis). Shown is one representative experiment of two experiments with comparable results.

The populations of gates 44, 63, and 70
started to contract at day 6 and were
almost absent on day 10. Cell populations
in three gates (57, 71, and 77) that were
increased in established colitis, started to
expand at day 6. Evidently, dysbiosis coin-
cides with the clinical manifestation of
colitis. Together, these data demonstrate
that high-resolution flow cytometry of bac-
terial size and DNA content allows for
the rapid detection of dynamic changes
of the fecal microbiota composition during
colonic inflammation.

The dysbiosis was validated by the cur-
rent gold standard, 16s rDNA sequenc-

ing, before and during established coli-
tis. Similarly to the cytometric assessment,
the overall microbial diversity was reduced
in colitic mice, as compared with healthy
mice, as indicated by a decreased Shan-
non index and smaller numbers of differ-
ent species found in the rarefraction anal-
ysis (Supporting Information Fig. 4 and
File 3).

To identify the bacteria contained in
distinct cytometric gates, we sorted 5
× 105 bacterial cells from representative
gates (Supporting Information Fig. 5) and
determined their composition by 16s rDNA
sequencing. As indicated in Fig. 2A, all

sorted populations of the microbiota were
composed to at least 50% of one single
genus (Fig. 2A, Supporting Information
Fig. 6 and File 3).

Gates 44 and 70, populated only
in healthy mice, were composed to 88
and 78%, respectively, of Lachnospiraceae
(Fig. 2A, Supporting Information File 3).
Gate 63, also only populated in healthy
mice, consisted to 75% of the genus Alis-
tipes. Gates 32/41/18, populated only in
colitic mice, were composed to 73% of
the genus Blautia. The composition of gate
14, populated in healthy and colitic mice,
changed upon induction of colitis, in that in
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Figure 2. Electronic gates comprise distinct bacterial phyla. Bacteria were sorted by FACS from the feces of n = 3 individual mice before and/or
after the onset of T-cell transfer-induced colitis. Isolated DNA was analyzed by next-generation sequencing and classified with the Ribosomal
Database Project (RDP) as specified in the Materials and methods provided in the supplemental information. (A) 16s rDNA sequence analysis of
flow-sorted populations of fecal bacteria from n = 3 individual mice (same individuals as for Supporting Information Fig. 4) before and/or after
the onset of T-cell transfer colitis. Depicted is the phylogenetic composition of the gates as median frequencies of bacterial taxa that make up �
50% of at least one of the sorted populations. (See Supporting Information Fig. 6 for detailed composition) (B) Frequencies of events in cytometric
gates (black symbols) and corresponding frequencies of 16s rDNA reads (gray symbols) for the taxa identified in (A) in n = 3 individual healthy
mice (filled circles) and after the onset of colitis (filled rectangles).

healthy mice, 57% of the bacteria belonged
to the genus Barnesiella, and after induc-
tion of colitis, 80% belonged to the genus
Enterobacter.

The changes in the cytometric gates
44, 70, 63, and 32/41/18 and the over-
all changes of the microbiome according to
16s rDNA sequencing of healthy versus col-
itic mice were similar (Fig. 2B, Supporting
Information Files 2 and 3). Whereas gates
44 and 70 showed a median reduction
of 150-fold and 28-fold, respectively, their
main constituting taxon unclassified Lach-
nospiraceae was reduced 40-fold, accord-
ing to 16s rDNA sequencing. The frequency
of events in gate 63 decreased 30-fold in
colitis, while its constituting genus Alistipes
was reduced ninefold in the microbiome.
The 1.6-fold expansion of events in gates
32/41/18 in colitis was paralleled by a 16-
fold increase in Blautia 16s rDNA, the pre-
vailing genus found in that gate.

While the frequency of events in gate
14 did not differ between healthy mice
and colitic mice, the changes in its com-

position paralleled those detectable by
16s rDNA sequencing of the entire micro-
biome. Enterobacter 16s rDNA increased
in colitis in total fecal bacteria from
below 1 to 21%. Conversely, 16s rDNA of
Barnesiella, the main constituent of gate
14 in healthy mice, dropped 13-fold in
colitic microbiomes. Taken together, 16s
rDNA sequencing confirmed the relative
colitis-accompanying changes in the fecal
microbiota composition detected by flow
cytometry.

In summary, we show here for the first
time, that flow cytometry offers unique
options to analyze the heterogeneity of the
intestinal microbiota. We have used this
cytometric approach for the profiling of the
microbiota from healthy and colitic mice.
We were able to discriminate up to 80
distinct populations per microbiome, most
of which had a rather homogenous phy-
logenetic composition. When compared
with the current gold standard, 16s rDNA
sequencing, our flow cytometric approach
revealed similar relative changes in the

fecal microbiota composition upon coli-
tis. Flow cytometry of the microbiota thus
qualifies for high-throughput clinical stud-
ies that aim at linking dynamic changes in
the fecal microbiota to diagnosis and prog-
nosis of diseases.
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Charitéplatz 1, 10117 Berlin, Germany
Fax: +49/(0)30/28460-603
e-mail: chang@drfz.de

Received: 11/1/2016
Revised: 10/2/2016
Accepted: 19/2/2016
Accepted article online: 23/2/2016

�
The detailed Materials and methods
for Technical comments are
available online in the Supporting
information

C© 2016 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

www.eji-journal.eu


